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Preface 
 
The 16th international conference on RF superconductivity (SRF 2013) took place from 
September 23th to 27th 2013 in Cité Internationale Universitaire, Paris, France.  
Hosted by Commissariat à l’Energie Atomique (CEA-IRFU) of Saclay and Institut de Physique 
Nucléaire d’Orsay (CNRS-IN2P3-IPN Orsay), the organization of the event was also supported by 
Grand Accélérateur National d’Ions Lourds (GANIL, Caen), Laboratoire de l’Accélérateur Linéaire 
(LAL Orsay), Laboratoire de Physique Subatomique et de Cosmologie (LPSC Grenoble) and 
Synchrotron Soleil.  

411 delegates from 22 different countries attended the conference and nearly 120 persons 
followed the lab tours of CEA Saclay, Synchrotron Soleil, IPN Orsay and LAL Orsay. For the 
conference, 65 speakers were invited by the international program committee, and 370 
abstracts (poster + talks) were proposed, which finally summed up into the 297 contributions 
presented in these proceedings. It is nearly 80 more contributions than the 2011 edition and it 
traduces the vitality of our community. The conference was preceded by 3 tutorials days held at 
Ganil, Caen, where 69 attendees followed the lectures related to Superconducting RF science 
and technology. They also had the opportunity to visit the site were the Spiral2 linac is being 
assembled. 

Indeed during this event, we have heard about outstanding new results and we were  glad to 
see than not only technical progress were reported, but also that many young scientist turned 
themselves to understanding of more theoretical aspects of RF superconductivity. The number 
of reported large scale projects is another proof of the dynamism of our community. We also 
had the chance to have two exceptional closing talks with Michel Brune (from the 2013 Nobel 
Prize awarded S. Haroche’s group) on “Quantum measurement with "trapped" microwave 
photons in a SRF cavity”, and Pr. Hitoshi Murayama on “Pathways to a Higgs Factory: 
International Linear Collider” (theme of the 2014 Nobel prize), showing that SRF is a key 
technology for the most advanced and recognized Physics topic.  

We enjoyed a beautiful Parisian venue, including the gala dinner at the historical Salle Wagram 
where we all delegates shared a pleasant dinner accompanied by a “jazz manouche” band. The 
the SRF tradition was honored with a relaxing boat tour on the famous “bateaux-mouche”.  

24 industrial partners and 7 institutional sponsors allowed us to sponsor fully or partially the 
coming of 37 students and young scientists and to issue two young scientist awards. The 
financial support to so many young scientists was possible in particular thanks to the CERN-
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CATHI program.  The best Young scientist Poster award, sponsored by Research Industry was 
attributed by the international committee to Takayuki Kubo (KEK) for is poster on “Vortex 
Penetration Field in the Multilayered Coating Model”, and the best young scientist talk, 
sponsored by Niowave, was attributed to Julia Vogt (HZ Berlin) for her talk “High Qo Research : 
The Dynamic of Flux Trapping in SC Niobium ”. 

We hope that you have enjoyed your stay at Paris and went back to your respective labs with 
renewed ideas and motivations to do even more excellent work on SRF. We also want to thank 
the Jacow edition board for their patient work in editing this final version of the proceedings. 

 

Claire Antoine and Sébastien Bousson,  

SRF2013 Chair and co-Chair 
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THE FRIB PROJECT AT MSU* 
M. Leitner#, B. Bird, F. Casagrande, S. Chouhan, C. Compton, J. Crisp, K. Elliot, A. Facco, A. Fox, 

M. Hodek, M. Johnson, G. Kiupel, I. Malloch, D. Miller, S. Miller, D. Morris, D. Norton, R. 
Oweiss, J. Ozelis, J. Popielarski, L. Popielarski, A. Rauch, R. Rose, K. Saito, M. Shuptar, N. Usher, 

G. Velianoff, D. Victory, J. Wei, J. Whitaker, K. Witgen, T. Xu, Y. Xu, O. Yair, S. Zhao 
FRIB, Michigan State University, MI 48824, US

Abstract 
The Facility for Rare Isotope Beams (FRIB) is ready to 

start construction. The facility will utilize a high-intensity, 
heavy-ion driver linac to provide stable ion beams from 
protons to uranium up to energies of >200 MeV/u and at a 
beam power of up to 400 kW. The superconducting cw 
linac consists of 330 individual low-beta (beta = 0.041, 
0.085, 0.29, and 0.53 at 80.5 MHz and 322 MHz) cavities 
in 49 cryomodules operating at 2 K. This paper discusses 
the current development status of the project with emphasis 
on the linac SRF acquisition. SRF coldmass and 
cryomodule component designs are briefly summarized. A 
SRF production facility, currently under construction, is 
described. 

INTRODUCTION 
The Facility for Rare Isotope Beams (FRIB) is a new 

national user facility for nuclear science research, funded 
by the U.S. Department of Energy Office of Science (DOE-
SC) and operated by Michigan State University (MSU). 
FRIB has been baselined by DOE-SC at a total project cost 
of $ 730M with project completion in June 2022 (early 
completion Dec 2020). The main mission of FRIB will be 
the production and study of rare isotopes not commonly 
found in nature. These isotopes are produced by the 
fragmentation technique where a primary beam of high-
energy, stable ions impinges on a graphite target producing 
a shower of isotopes. These isotopes are subsequently mass 
analyzed in a high-resolution mass separator and 
transported to the respective nuclear science experiments. 

At its core FRIB requires a unique cw superconducting 
heavy-ion driver linac [1] which combines features 
typically only associated with operation of high power 
proton accelerators with the distinct operational flexibility 
commonly required of heavy ion facilities, see Fig. 1. 
Following list summarizes several unique characteristics 
which – as a combination - push the state of the art for 
heavy ion accelerators: 

 The FRIB driver linac needs to provide stable ion 
beams from protons to uranium up to energies of 
>200 MeV/u and at a beam power of up to 400 kW 
raising heavy-ion beam power by two orders of 
magnitude from current radioactive heavy-ion beam 
facilities. 

 Concerns about beam loss in cavities and machine 
protection become main design drivers which require 

specialized design solutions. For instance, FRIB will 
utilize cold beam position monitors inside the 
cryomodules to allow active (software-controlled) 
beam steering. Temperature sensors inside the 
cryomodule beamline sections in combination with 
beam halo monitors between cryomodules will be 
utilized as diagnostics elements for machine 
protection. 

 For the same reason, and due to the length of the 
driver linac involved, cavity and magnet alignment 
within the cryomodules becomes a critical design 
requirement. As described below, FRIB developed a 
new cryomodule concept to achieve superior 
alignment capabilities. 

 Once complete FRIB will be the largest 
superconducting heavy-ion linac incorporating 330 
low-beta cavities. Due to the heavy mass and 
correspondingly low velocity of the accelerated ions 
involved FRIB needs four different low-beta SRF 
resonator designs to reach the required energy range. 

 As a consequence, for low-beta structures FRIB will 
most likely be the first facility requiring industrially 

 
Figure 1: The FRIB driver linac will uniquely combine 
features of a heavy-ion with a high-power accelerator. By 
raising available cw heavy-ion beam power by two orders 
of magnitude the linac design has to address challenges 
related to heavy-ion accelerator operation, e.g. multi-
charge beam transport and flexibility in accelerated ions, as 
well as related to high-power beam transport, e.g. machine 
protection system and diagnostics. This paper summarizes 
the impacts to the SRF subsystem designs. 

 ____________________________________________ 

* This material is based upon work supported by the U.S. 
Department of Energy Office of Science under Cooperative Agreement 
DE SC0000661. 
# LeitnerM@frib.msu.edu) 
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produced components on a larger scale. Mechanical 
designs and procurement strategies have been 
optimized accordingly [2]. 

 Contrary to current high-power accelerator facilities 
FRIB science experiments will require ion beam 
changes every two weeks to one month. Ultimately a 
set of 20-40 pre-developed ion beam tunes will be 
needed. Table 1 lists ten ion beams which will be 
required during first year of facility operation. 

 To allow such flexible operation FRIB will utilize 
two electron-resonance-cyclotron injector ion 
sources installed above ground for ease of 
maintenance. The ion beam is directed to the linac 
tunnel level ten meters below ground. The rest of the 
FRIB front-end [3] consists of a multi-harmonic 
buncher and a room-temperature 500 keV/u four-
vane radio frequency quadrupole accelerator. The 
front end is designed for a mass to charge ratio of 1/3 

to 1/7 and will provide typical beam currents of 350 
electrical μA for the heaviest masses. To achieve the 
highest possible currents for the heaviest masses a 
capability to prepare and accelerate two charge states 
is provided. A medium energy transport section 
including two additional bunchers and 
superconducting focusing solenoids prepares the ion 
beam for injection into the linac. 

 To increase the acceleration efficiency of the linac a 
liquid metal lithium stripper [4] is installed at the 
optimum stripping energy of approx. 16 to 20 MeV/u. 
The stripper will increase the ion charge state by a 
factor of 2 to 3 (depending on ion). The subsequent 
linac sections will accept five charge states from the 
stripper for simultaneous acceleration. 

 To ease identification of the radioactive isotopes in 
the fragment separator the FRIB driver linac needs to 

 
Figure 2: 3D rendering and schematic layout of the FRIB driver linac. For easier maintenance the ion sources are located 
on ground level. The room-temperature RFQ accelerator and the superconducting linac are located approx. 10 m below
ground. To minimize conventional building construction cost the linac has been folded into three sections each approx.
150 m in length. By combining the technical features of a heavy-ion with a high-power accelerator the FRIB linac becomes 
uniquely challenging in several aspects as outlined in the text. 
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provide flexible and fast output energy adjustments 
between 0% to -20%. 

 The FRIB linac lattice has been optimized for 
transverse solenoid focusing primarily driven by the 
required capability to accelerate multiple charge 
states. 8 Tesla superconducting solenoids are installed 
inside the cryomodules which requires a careful 
cavity magnetic shielding design to guarantee 
optimum resonator performance. 

 FRIB will operate a large cryoplant with a nominal 
facility heat load of 12 kW normalized at 4.5 K (using 
Carnot cycle coefficient of performance; the explicit 
heat loads are projected to be 2.5 kW at 2K, 3.2 kW 
at 4.5K, and 13.5 kW at 38/55 K). All cavities 
including the quarter wave resonators will be 
operated at 2 K. FRIB superconducting magnets 
including the solenoids in the cryomodules will be 
operated at 4.5 K. 

Under the current project baseline schedule cryomodule 
construction will start in fall of 2014. Cryomodule 
installation in the tunnel will start in 2016 and will last until 
2019. 45% of the total project cost of $ 730M are allocated 
towards the linac hardware, 28% towards the conventional 
building, and 10% towards the target and fragment 
separator with the remaining distributed to management, 
pre-operations and R&D. During peak construction time 
the accelerator assembly and installation will need approx. 
180 employees. 

Above driver linac requirements are reflected in the 
design choices for the superconducting accelerator 
technology developed for FRIB. The rest of the paper will 
summarize the detail design status of the FRIB 
superconducting RF sub-systems. 

SRF SYSTEMS 
Table 2 summarizes the cavity and cryomodule count 

required for the FRIB driver linac. The FRIB cryomodules 
have two cryogenic circuits operating cavities at 2 K and 

solenoids at 4.5 K. Due to the low velocity of the ions at 
the beginning of the linac the β=0.041 and β=0.085 
cryomodules incorporate 2 or 3 solenoids respectively. 
They also include cold beam position monitors after each 
solenoid to enable predictive beam steering. The half-wave 
cryomodules which are operated at higher optimum β=0.29 
and β=0.53 require only a single solenoid each. The 
cryomodule length, which is approx. 5 m depending on 
type, is a result of combined beam physics, RF power, 
maintainability, and SRF gradient optimization and is 
driven by a compromise between warm diagnostics 
requirements and mechanical design constraints and the 
desire to minimize cryomodule count. 

Cavities 
FRIB had to develop and prototype four different cavity 

types as summarized in [5]. As described in [2] the 
additional need to industrialize fabrication of more than 
330 cavities constitutes one of the main challenges for the 

Table 1: FRIB ion beams and respective ion source 
parameters as required during first year of operation 

Ion Mass 
[amu] 

Charge 
State 

Current 
[eμA] 

Type 

Krypton 78,86 16 560 Gas 

Argon 40,36 11 750 Gas 

Oxygen 16,18 6 900 Gas 

Neon 22 6 730 Gas 

Xenon 124 24 600 Gas 

Calcium 40,48 10 600 Metal 

Germanium 76 x  Metal 

Tin 124 x  Metal 

Bismuth 209 x  Metal 

Uranium 238 33 550 Metal 

 

 
Figure 3: The FRIB driver linac requires four different low-
beta cavity types as shown. Due to the large quantity of 
cavities in the driver linac the current development effort 
focuses strongly on minimization of fabrication costs [2]. 

Table 2: Cavity and cryomodule counts required for the 
FRIB driver linac as shown in Fig. 2 

Type Quantity of 
Cavities  

Quantity of 
Modules 

Quantity of 
Solenoids 

β=0.041 12 3 6 

β=0.085 88 11 33 

β=0.29 72 12 12 

β=0.53 144 18 18 

Additional 
Bunching 
Modules 

6 
4 
4 

2 (β=0.085) 
2 (β=0.29) 
1 (β=0.53) 

n/a 

Total 330 49 69 
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project. Table 3 summarizes the main operational design 
parameters for the FRIB cavity types. The final FRIB 
cavity shapes are shown in Fig. 3 and have been optimized 
to increase safety margin on gradient by limiting Bpeak and 
Epeak to less than 70 mT and 35 MV/m respectively for a 
conservative point of operation. 

FRIB cavities are BCP processed and furnace treated at 
600 ºC. The helium vessels are made out of titanium. All 
cavities are sufficiently stiffened to withstand material 
yielding below a pressure of 2.2 atm at room temperature. 
This requirement is more stringent than pressure vessel 
code requirements which are consequently also fulfilled. 
The pressure relief system is designed to limit the helium 
pressure at the cavity during cold operation to below 
10.8 atm in case of an accidental vacuum leak to the 
beamline vacuum (the most severe accident scenario). Due 
to the significant increase in material yield strength at cold 
temperatures the cavities can withstand that pressure. 

Currently, FRIB has successfully tested eight β=0.041, 
eleven β=0.085, and five β=0.53 prototype cavities 
incorporating all features and final shapes compared to the 
production cavities. The production cavity designs have a 
slightly increased outer diameter (e.g. for β=0.085 from 
Ø=0.24 m to 0.27 m; for β=0.53 from Ø=0.4 m to 0.46 m) 
to increase safety margin on Bpeak or to allow future 
operation at higher gradients if so desired. 

The actual FRIB production cavities are procured from 
industry in a phased approach: 

 2 development cavities (without helium vessel) to 
confirm the final design, 

 10 pre-production cavities (with helium vessel) in 
order to validate production capabilities, 

 Full production quantity. 
So far we have received and tested development cavities 
for β=0.29 and β=0.53 (made by Roark Welding, Inc.). The 
β=0.085 development cavities will be completed in spring 

 
 

Figure 4: Typical Q0 vs. Eacc (Va/βλ) curves measured 
during vertical tests of β=0.085 FRIB prototype cavities 
which will be used in a Re-Accelerator cryomodule [6]. 
The final FRIB cavity designs will have an increased outer 
diameter (from Ø=0.24 m to 0.27 m) to further increase the 
operational safety margin or to allow future operation at 
higher gradients if so desired. 

Table 3: Main FRIB cavity parameters (QWR … quarter 
wave resonator, HWR … half wave resonator) 

Type QWR 
#1 

QWR 
#2 

HWR 
#1 

HWR 
#2 

β 0.041 0.085 0.29 0.53 

Frequency [MHz] 80.5 80.5 322 322 

Temperature [K] 2 2 2 2 

Aperture [mm] 36 36 40 40 

Cavity Øinner [m] 0.18 0.27 0.29 0.46 

βλ [m] 0.16 0.317 0.27 0.493 

R/Q [Ω] 401.6 455.4 224.4 229.5 

G [Ω] 15.3 22.3 77.9 107.4 

Avg. Accel. Va [MV] 0.81 1.78 2.09 3.7 

Va/βλ [MV/m] 5.1 5.6 7.7 7.5 

Va/Cavity Øinner [MV/m] 4.5 6.6 7.2 7.5 

Ep at Va [MV/m] 30.8 33.4 33.3 26.5 

Bp at Va [mT] 54.6 68.9 59.6 63.2 

Dissipation at Va [W] 1.32 3.88 3.55 7.9 

Max. Beam Power [W] 313 690 1526 2701 

Min. RF Bandw. [Hz] 40 40 30 30 

Installed RF Power [kW] 0.7 2.5 3.0 5.0 

 

 
Figure 5: Q0 vs. Eacc (Va/βλ) curves measured during 
vertical tests of β=0.53 FRIB prototype cavities as well as 
test results from a β=0.53 production cavity which 
incorporates all final FRIB design features. The outer 
diameter of the final cavity design has been increased from 
Ø=0.4 m to 0.46 m compared to the prototypes 
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2014 (made by Pavac Industries, Inc.). The final FRIB 
production contracts for all cavity types will be placed by 
end of 2013. 

Fig. 4 shows typical Q0 vs. Eacc (Va/βλ) curves measured 
at 2 K during vertical tests of β=0.085 FRIB prototype 
cavities which will be used in a Re-Accelerator 
cryomodule [6]. The final FRIB cavity designs will have 
an increased outer diameter (from Ø=0.24 m to 0.27 m) 
thereby increasing the operational safety margin. 

Fig. 5 shows Q0 vs. Eacc (Va/βλ) curves measured at 2 K 
during vertical tests of β=0.53 FRIB prototype cavities as 
well as test results from a β=0.53 development cavity 
which incorporates all final FRIB design features. The 
outer diameter of the final cavity design has been increased 

from Ø=0.4 m to 0.46 m compared to the prototypes. As 
can be seen in Fig. 5, the final cavity design reaches FRIB 
design specifications by a safe margin. 

Fig. 6 shows pictures of the β=0.085 prototype cavity as 
well as the β=0.53 FRIB production cavity. As shown in 
table 2 the largest quantity of cavities are required in these 
two types which are also the most expensive ones (due to 
the size). Therefore, most development effort went into 
these two cavity shapes. 

Niobium 
To fulfill the cavity production schedule FRIB has 

already procured the entire niobium material at a purchase 
value of $ 13.2M. The material is delivered in four task 
orders. Their time-phasing is summarized in Fig. 7. The 
material production is divided between three vendors: 
Tokyo Denkai for Nb sheets, Ningxia for Nb sheets and Nb 
tubes, and Wah Chang for all NbTi material. 

As for all large niobium procurements efficient quality 
control procedures at the vendor as well as receiving 
inspection procedures at FRIB become critically important. 
In addition to visual inspection of all sheets FRIB examines 
detailed material properties of minimum two samples per 
production lot. Following material properties are collected 

 
Figure 6: Pictures of the β=0.085 prototype cavity as well 
as the β=0.53 FRIB production cavity. The β=0.53 
production cavity incorporates all final FRIB design 
features, e.g. stiffening structures, as visible in the picture, 
to satisfy pressure vessel requirements. 

 
Figure 7: FRIB has already procured the entire niobium 
material at a purchase value of $ 13.2M. The material is 
delivered in four task orders as shown in the graph. 

 
Figure 8: FRIB requires mass-production of large sizes of 
niobium sheets (up to approx. 1 m times 1 m) due to the 
dimensions of the low-beta cavities. The image shows a 
typical sheet size during final vendor inspection. 

 
Figure 9: A fraction of the initially delivered large sheets 
included visually observable pits as shown. FRIB 
investigated the pit structures and surrounding material 
properties [7] and could identify the cause of pitting. Loose 
niobium particles, most probably originating from rough-
cut sheet edges, get caught on the sheet rollers and become 
subsequently imprinted during the next rolling steps. 
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and compared to vendor-supplied data: Ultimate strength, 
yield strength, elongation, hardness, grain size, crystal 
orientation, recrystallization, residual resistivity ratio. First 
material acceptance results are discussed in detail in [7]. 

FRIB requires mass-production of large sizes of niobium 
sheets (up to approx. 1 m times 1 m) due to the dimensions 
of the low-beta cavities. Fig. 8 shows a typical sheet size 
during final vendor inspection. A fraction of the initially 
delivered large sheets included visually observable pits as 
shown in Fig. 9. FRIB investigated the pit structures and 
surrounding material properties [7] and could identify the 
cause of pitting. Loose niobium particles, most probably 
originating from rough-cut sheet edges, get caught on the 
sheet rollers and become subsequently imprinted during the 
next rolling steps, see Fig. 9. This particle contamination 
issue is significantly more severe for the larger sheet sizes. 
FRIB is supporting the vendors in identifying and 
alleviating the contamination sources. 

Etching and rinsing of large and heavy niobium sheets 
become another challenge, which the vendors have to 
address. For instance, Tokyo-Denkai has developed a 
custom etching cabinet for automatic and safe processing 
without cross-contamination, see Fig. 10. 

Power Couplers 
FRIB utilizes two different power coupler designs for the 

quarter-wave resonators and the half-wave resonators. 
Table 4 summarizes the respective coupler specifications 
and heat loads. 

The FRIB quarter-wave cavities utilize a co-axial, side-
mounted coupler close to the bottom of the cavity. This 
coupler is developed by Argonne National Laboratory [8]. 
The coupler is designed for a power rating of 4 kW and has 
the ability for manual coupling adjustment facilitated by 
copper-plated bellows. The side-mounting requirement 
lead to the use of a cold window design with a 90-degree 
bend since the RF transmission line is connected at the 
bottom of the cryomodule. As shown in Fig. 11 the coupler 
is optimized for 2 K operation with a liquid-cooled 4.5 K 
thermal intercept close to the cavity flange, and a 38/55 K 
liquid-cooled, cold window which constitutes the vacuum 
boundary to the cavity. 

The FRIB half-wave cavities utilize a modified SNS-
style, coaxial coupler with a single warm window. Fig. 12 
illustrates the mechanical design of the coupler with the 
thermal intercept locations indicated. This coupler 
incorporates copper-plated bellows for manual coupling 
strength adjustment. Figure 12 also shows pictures of the 
coupler mounted on a cavity as well as installed on its RF 
conditioning teststand. 

The FRIB half-wave coupler is designed for a nominal 
power rating of 10 kW. The coupler possesses several 
electron multipacting levels due to its original 50 Ω co-
axial geometry. It is possible to go through the multipacting 
levels during conditioning. However, we want to reduce the 
risk for prolonged or repeated conditioning needs during 
FRIB operation since the linac has 216 half-wave 
resonators installed. Therefore, FRIB is currently 
developing a modified, “multipacting-free” coupler design 
which maintains the current cavity flange as well as RF 

 
Figure 11: The FRIB quarter-wave cavities utilize a co-
axial, side-mounted coupler close to the bottom of the 
cavity. This coupler is developed by Argonne National 
Laboratory [8]. 

 
Figure 10: Tokyo-Denkai has developed a custom etching 
cabinet for automatic and safe processing of large and 
heavy niobium sheets without cross-contamination 

Table 4: Coupler specifications and heat loads for both 
FRIB coupler designs for the quarter-wave resonators and 
the half-wave resonators 

Coupler Type QWR 
β=0.085 

HWR 
β=0.53 

Frequency [MHz] 80.5 322 

Cavity RF Bandwidth 40 30 

Installed RF Power [kW] 2.5 5 

Max. Coupler Power Rating 
[kW] 4 10 

Manual Coupling Adjustment ½ To 2 Times Bandwidth 

Coupler Interface 1-5/8” EIA 3-1/8” EIA 

Total Heat Load To 2 K 
At Nominal RF Power [W] 0.13 0.6 

Total Heat Load To 4.5 K 
At Nominal RF Power [W] 1.3 2.7 

Total Heat Load To 38/55 K 
At Nominal RF Power [W] 7.1 6.2 
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connection flange sizes. Fig. 13 shows schematically the 
new coupler design which incorporates tapered sections to 
transition the line impedance from 50 Ω to 75 Ω at which, 
according to simulations, multipacting levels are 
suppressed up to FRIB operational electric fields. 

Tuners 
Fig. 14 and 15 display the mechanical tuners for the 

FRIB quarter-wave and half-wave resonators. Table 5 
summarizes the main design parameters. 

The quarter-wave cavities utilize a standard, stepper-
motor-driven drive system to move a tuning plate inside the 

bottom of the cavity. The tuning plate is shown in Fig. 14. 
Due to the required tuning range of 15 mm the plate needs 
convolutions and slots for stress-relief. Also visible is a 
niobium “puck” welded in the center of the tuning plate. 
The height of that puck can be dimensioned after all cavity 
frequency stack-up operations have been completed for 
additional, final frequency adjustment of ±30 kHz. 

The original half-wave tuner utilized an external, scissor-
jack style design with flex-pivot bearings. However, 
operation of that tuner transferred vibrations to the cavity 
during prototype cryomodule testing. In addition, the flex-
pivot bearings are made out of magnetic material, which 
cannot be located close to the cavity. Instead of redesigning 
the scissor-jack tuner we decided to incorporate a 
pneumatically driven tuner design as already successfully 
operated at the Argonne National Laboratory ATLAS 
facility. That tuner can apply significant force to the cavity 
at much lower cost than a scissor-jack tuner. 

Fig. 15 shows a pneumatically driven tuner mounted on 
a FRIB half-wave cavity. A piston filled with helium gas at 

 
Figure 12: The FRIB half-wave cavities utilize a modified 
SNS-style, coaxial coupler with a single warm window. 
Also shown are pictures of the coupler mounted on a cavity 
as well as installed on its RF conditioning teststand. 

 
Figure 14: The FRIB quarter-wave cavities utilize a 
standard, stepper-motor-driven drive system to move a 
tuning plate inside the bottom of the cavity. 

Table 5: Main tuner design parameters for the quarter-wave 
and half-wave resonators 

Tuner Type QWR 
β=0.085  

HWR 
β=0.53 

Minimum Tuning Range [kHz] 30 120 

Tuning Resolution 
(2% of Bandwidth) [Hz] 0.8 0.6 

Maximum Backlash 
(5% of Bandwidth) [Hz] 2 1.5 

Cavity Tuning Sensitivity 
(calculated) [kHz/mm] ~ 3.2 ~ 236.2 

Maximum Displacement [mm] 
(*) port-to-port ±7.5 ±0.5 (*) 

Cavity df/dp (Free Tuner) 
(calculated) [Hz/torr] ~ -1.4 ~ -3.43 

Cavity LFD (Free Tuner)  
(calculated) [Hz/(MV/m)2] ~ -0.7 ~ -3 

 

 
Figure 13: A modified half-wave coupler design which 
incorporates tapered sections to transition the line 
impedance from 50 Ω to 75 Ω suppresses multipacting 
levels up to FRIB operational electric fields. 
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adjustable pressure stretches a system of tension cables 
which transform the tuning force to the cavity flanges. As 
demonstrated during first experiments the slow tuning 
capacity of a pneumatic tuner is sufficient for 2 K operation 
where pressure fluctuations are minimal. 

CRYOMODULE 
FRIB is currently working on completing all cryomodule 

detail design drawings after successfully finalization of the 
SRF sub-systems as described above. The SRF department 
will build two more cryomodule prototypes before 2015 at 
which point cavity and cryomodule mass production will 
commence. 

Fig. 16 illustrates the main components of a FRIB-style 
β=0.085 quarter-wave cryomodule currently under 
construction. FRIB cryomodules are optimized for mass-
production and for use in large-scale linac installations. 
They incorporate significant innovations as described 
in [9]. Table 6 summarizes the projected cryogenic heat 
load for the β=0.085 quarter-wave cryomodule. 

The FRIB cryomodule is assembled on top of a steel 
bottom plate and includes three stainless steel rail sections 

 
Figure 15: A pneumatically driven tuner is mounted on a 
FRIB half-wave cavity prepared for vertical testing. The 
design is adapted from a tuner developed at the Argonne 
National Laboratory ATLAS facility. 

 
Figure 16: Illustration of the main cryomodule components for a FRIB-style β=0.085 quarter-wave cryomodule currently 
under construction. FRIB cryomodules are optimized for mass-production and for use in large-scale linac installations. 

Table 6: Projected cryogenic heat load for the FRIB
β=0.085 quarter-wave cryomodule 

Projected Heat Load Static Dynamic 

2 K 5.8 W 32.0 W 

4.5 K 30.4 W 2.1 W 

38/55 K 168.1 W 33.4 W 
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as support for the coldmass components. Cryogenic 
connections are made via a bottom-mounted bayonet 
assembly. This allows warming up and disconnecting the 
cryomodule from a cold linac string. The cryomodule 
includes two cryogenic circuits for 2 K cavity and 4.5 K 
solenoid operation. A cold magnetic shield is wrapped 
locally around the cavities. That configuration is more 
versatile than a global magnetic shield at the cryomodule 
vacuum vessel wall since it reduces the need for excessive 
inspection of cryomodule components for magnetization. 
In addition, for a long cryomodule a local magnetic shield 
requires significantly less material than a global shield 
making it by far the cheapest option available. 

One particular new development includes a self-aligning 
cavity support system built of stainless steel rails supported 
on G-10 posts. To ease assembly and alignment the 
precision machined rails are sat on top of pre-assembled 
G-10 posts which are mounted on a structurally solid steel 
bottom plate as shown in Fig. 17. The G-10 posts limit rail 
contraction in a kinematic and pre-determined way as 
shown in Fig. 18. One rail corner is fixed in space whereas 
the rest of the G-10 posts are mounted on linear bearings 
allowing thermal contraction towards the predefined static 
point. Cool-down experiments on a test cryomodule have 
validated the accuracy of that support system. Cavity 
alignment could be maintained within 0.003 inch as 
independently measured by optical targets as well as a wire 
position monitoring system. Previous cryomodules 

utilizing hanging cold masses took days up to a week to 
precision align. The new self-aligning support system took 
on the order of hours to fully assemble and align within a 
test cryomodule. 

The cavity mount on the support rails has to allow 
differential thermal contraction between the cavities (made 
out of niobium and titanium) and the rails (made out of 
stainless steel for cost reasons). Fig. 17 indicates a roller-
bearing solution which allows in-plane thermal contraction 
but limits rocking motion. Latter mode of motion is 
especially harmful due to its potential in amplifying 
vibration transmission to the tall quarter wave resonators. 

SRF PRODUCTION FACILITY 
FRIB is currently constructing a 27,000 sqft SRF 

production facility to prepare for mass-production of 330 
cavities and 49 cryomodules. A 3D CAD model of the 
facility is shown in Fig. 19. The high bay will include 
following systems to enable certification of one cavity per 
day: 

 A large cleanroom which can incorporate two high 
pressure rinse stations and two coldmass assembly 
lines. 

 A new chemical etch room with automated etch 
tools and enclosed acid storage. 

 A chemical scrubber and an ultra-pure water system. 
 Four vertical pits including the vertical test dewars. 

Removable shielding blocks will allow operation of 
two dewars simultaneously while servicing the rest. 

 A test insert preparation area. 
 A control room with RF amplifiers. 
 A coupler conditioning area with several RF 

conditioning stands plus their own control racks. 
 Two cryomodule bunkers which allow operation of 

one cryomodule while preparing a second one. 
 The cavity heat treatment furnace. 

 
Figure 17: One particular innovation in the FRIB 
cryomodule design includes a self-aligning cavity support 
system built of stainless steel rails supported on G-10 posts. 
To ease assembly and alignment the precision machined 
rails are sat on top of pre-assembled G 10 posts which are 
mounted on a structurally solid steel bottom plate 

 
Figure 18: The support rail G-10 posts limit rail contraction 
in a kinematic and pre-determined way. One rail corner is 
fixed in space whereas the rest of the G-10 posts is mounted 
on linear bearings allowing thermal contraction towards 
the predefined static point. 
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 A 900 W cryoplant which will service the vertical 
test facility as well as the cryomodule bunkers. 

 An R&D area with smaller dewars, a cavity 
preparation area, and storage space. 

After completion of FRIB construction this 
infrastructure is planned to be transformed into a general-
use SRF research facility. It will establish a future low-beta 
SRF center promoting Michigan State University campus-
wide synergies and innovation. 

SUMMARY 
The U.S. Department of Energy – Office of Science has 

baselined the FRIB construction project at a cost of $ 730M 
at an earliest completion in 2020. All FRIB SRF subsystem 
designs have been finalized and prototypes have been 
successfully tested. To date FRIB industrial production 
contracts have been awarded for all niobium material as 
well as all linac β=0.53 cavities. The FRIB cryomodule 
design incorporates innovative design features. The SRF 
department will build two more cryomodule prototypes 
before 2015 at which point cavity and cryomodule mass 
production will commence. 
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Figure 19: FRIB is currently building a 27,000 sqft SRF production facility to prepare for mass-production of 330 cavities 
and 49 cryomodules at a processing and vertical testing rate of 1 cavity per day. 
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Abstract 
GANIL is significantly extending its facility with the 

new SPIRAL2 project. It is based on a multi-beam 

Superconducting Linac Driver delivering 5 mA deuterons 

up to 40 MeV and 1 mA heavy ions up to 14.5 MeV/u. 

 SPIRAL2 construction is staged in two phases. 

SPIRAL2 phase 1 includes the superconducting 

accelerator driver and two research rooms, NFS and S3. 

In NFS (Neutrons For Science), the accelerated protons 

and deuterons will generate extremely intense neutron 

beams for fundamental physics experiments and 

numerous applications. SPIRAL2 will also accelerate 

stable heavy ion beams of very high intensity. S
3
, the 

Super Separator Spectrometer is dedicated to heavy and 

super-heavy nuclei studies using theses ions beams. 

SPIRAL2 phase 2 includes the RIB production building, 

the links to the existing GANIL complex and the future 

DESIR experimental hall.  

The Superconducting Linac incorporates many 

innovative developments on Quarter-Wave resonators and 

their associated cryogenic and RF systems in order to 

fulfill the broad beam demands of the physics. The 

installation of the SPIRAL2 accelerator at GANIL has 

started. Status of the Spiral 2 SRF linac is presented, with 

a highlight of the various SRF challenges met by this 

project and how/what solutions were chosen. 

INTRODUCTION  

The GANIL facility [1] (Caen, France) is one of the 

major Rare (or Radioactive) Ion Beam (RIB) and stable-

ion beam facilities for nuclear physics, astrophysics and 

interdisciplinary research in Europe. From the very 

beginning of the SPIRAL1 project, an upgrade – 

SPIRAL2 – was foreseen to increase both the range and 

the mass of exotic nuclei produced by SPIRAL1 [2, 3]. In 

the recent years, RIBs have been recognized by the 

international scientific community as one of the important 

path for the development of fundamental nuclear physics 

and astrophysics, as well as in applications of nuclear 

science. 

As an important step between the existing and the next-

generation facilities (EURISOL), SPIRAL2 is a facility 

which meets the criteria of European dimension in terms 

of physics potential, site and size of the investment as it 

was recognized in the ESFRI (European Strategy Forum 

on Research Infrastructures) roadmap.  

The SPIRAL2 facility should extend the GANIL 

possibilities to heavier radioactive beams, and/or with 

much higher intensities [4]: it will provide intense beams 

of neutron-rich exotic nuclei (10
6
–10

11
pps in the mass 

range 60 to 140), created by the ISOL production method. 

The extracted exotic beam will be used either in a new 

low energy experimental area called DESIR, or 

accelerated by the existing SPIRAL cyclotron (CIME). 

The S3 exotic production can also be analyzed in the 

DESIR extension.  

The project has already been described in many 

documents e.g. [3]. It is built in two phases. The first one 

includes the linac building, the linac experimental halls 

(AEL) and the accelerator process (green part of Figure 

1). The AEL include the Neutrons For Science (NFS) hall 

and the Super Separator Spectrometer (S
3
) hall. Phase two 

includes the whole RIBs production equipments and 

infrastructure, starting from the HEBT to the production 

building, the production and connections to the existing 

GANIL facility for post acceleration. Recent decisions 

were taken to favor the start of physics as soon as 

possible. The phase 2 construction strategy is modified to 

anticipate the DESIR facility construction, while the 

production building will come later on. Development, 

studies and tests will continue in the meanwhile with the 

production equipments. 

Both S
3
 and DESIR were recognized as major research 

equipments by the French government and received an 

EQUIPEX funding. 

 
Figure 1: Existing GANIL and SPIRAL2 extension. 

The accelerator construction is already well advanced, a 

large list of components being already delivered and 

tested [5, 6]. It is presently being installed in the building 

with the objective of obtaining the first source beams by 

mid 2014.  
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Cryomodules are being processed in CEA Saclay and 

IPN Orsay, inter-cryomodule "warm" sections in GANIL. 

While installation of the accelerators components is going 

on in the new SPIRAL2 building in Caen, installation of 

the cryomodules will begin during the first quarter of 

2014. The latest results of the cryomodules tests as well 

as the installation strategy are depicted in this paper. 

SUPERCONDUCTING LINAC 

Beam Requirements 

The layout (Figure 2) of the SPIRAL2 driver 

accelerator [7] takes into account the wide variety of 

physics demands. It shall be able to accelerate high-

intensity beams of protons, deuterons, ions with q/A>1/3, 

and optionally ions with q/A>1/6 (Table 1). Our biggest 

challenge is to manage this variety of beams, a quite high 

beam power (200kW, CW) and the deuteron beam (safety 

issues). This was the main reason for the multi small 

cryostat design of the superconducting (SC) linac. 

Table 1: Beam specifications 
Particles H

+
 

3
He

2+
 D

+
 ions ions 

Q/A 1 3/2 1/2 1/3 1/6 

Max. I (mA) 5 5 5 1 1 

Min. energy (MeV/A) 0.75 0.75 0.75 0.75 0.75 

Max energy (MeV/A) 33 24 20 15 9 

Max. beam power (kW) 165 180 200 45 54 

Linac General Description 

The LINAC accelerator is based on superconducting, 

independently-phased resonators. In order to allow the 

broad required ranges of particles, intensities and 

energies, it is composed of 2 families of short 

cryomodules developed by the CEA/IRFU and 

IN2P3/IPNO teams [8]. The first family is composed of 

12 quarter-wave resonators (QWR) with =0.07 (one 

cavity/cryomodule), and the second family of 14 QWR at 

=0.12 (two cavities/cryomodule) (see Figure 3). The 

maximum gradient in operation of the QWRs is 

Eacc = Vacc/βλ = 6.5MV/m. The transverse focusing is 

ensured by means of warm quadrupole doublets located 

between each cryomodule, in so-called “warm sections” 

also equipped with beam diagnostic and vacuum pumps. 

All cavities, six cryomodules type A and one 

cryomodule type B have been validated (see Table 2). 

The last cryomodules are expected to be ready by mid 

2014. 

Developed by IN2P3/LPSC (Grenoble), the RF power 

couplers shall provide up to 12 kW CW beam loading 

power to each cavity [9, 10]. Both cryomodules use the 

same power coupler with two different external conductor 

lengths, in order to provide two different coupling factors. 

Couplers have been validated up to 40kW CW in 

traveling wave. Their conditioning up to 20 kW CW in 

standing wave (open circuit) is now shorter than one hour. 

The last coupler should be prepared by the end of 2013. 

Table 2: Cryomodules performances 

 

 

 

 
Figure 3: The SPIRAL2 superconducting cryomodules   

(left: =0.07 – 1 cavity, right: =0.12 – 2 cavities). 

Figure 2: Accelerator scheme. 
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5, 10 and 19 kW solid-state amplifiers will be used to 

power the linac cavities. Manufacturing is in progress and 

first units were tested at the GANIL site in 2012. 

Various challenges had to be taken into account for the 

design of this SRF linac. The SC cavities have to provide 

6.5 MV/m in cryomodule operation, which is very 

demanding. The separate vacuum is a consequence of this 

demand. The compactness of the design is challenging, 

with short 300-4 K transitions, lots of potential pollution 

sources and small helium buffer reserve. The high power 

couplers, working in CW mode, are not common. 

CRYOMODULES 

In the past, the main difficulties of the cryomodules 

were related to pollution problems and are explained in 

details in [8]. Many cryomodules showed strong field 

emission due to dust pollution, and optimization of the 

preparation procedures of both cryomodules and power 

couplers allowed us to solve the problem.  

Cryomodule A Status 

The designs of the cavity and cryomodules A (CMA) 

have been described in several conferences [11]. The next 

paragraphs will describe the recent key points that ensure 

today's success.   

The CMA are small cryomodules housing one single 

quarter wave resonator at =0.07. As a consequence, it 

was not possible to include a classical helium buffer, and 

the volume of helium is quite small. In order to ease the 

phase separation, porous metallic plates have been 

introduced on top of the cavities.  

After the vertical cryostat test, the cavities are stored 

under static vacuum, sometimes for months. At the time 

of the cryomodule assembly in the clean room, and due to 

the presence of an indium seal between the removable 

bottom flange and the cavity, they are slowly brought to 

atmospheric pressure with filtered nitrogen. No HPR is 

provided before installation inside the cryomodule, as it is 

usually recommended at this point. Despite this choice, 

the preparation and RF conditioning run smoothly, as 

already 8 of the 12 CMA have been assembled and 6 have 

been tested with success (Figure 4). No cryomodule failed 

the qualification test since the above procedure has been 

optimized. The time optimization of the assembly process 

leads us to set up pairs of cryomodules simultaneously in 

clean room. At the time of this paper, all possible 

assemblies have been made, and we are waiting for the 

clean room availability.  

One of the peculiar difficulties is the result of the strong 

coupling required by the various beams. The antenna tip 

protrudes inside the cavity resulting in a high electric field 

(12 MV/m) similar to the one in the accelerating gap area 

(around 37MV/m). Therefore careful RF conditioning 

methods are required once the coupler is installed in the 

cryomodule. The coupler is first conditioned at room 

temperature at low level in pulsed mode, then in CW 

mode from 0 to 10 kW. The same procedure is repeated 

once the cryomodule has been cooled down at 4 K. In 

both cases, the cavity is detuned. 

 

 
Figure 4: CMA ready for delivery. 

Then the cavity is tuned and the RF conditioning of the 

cavity is performed up to 4 MV/m in CW mode. Above 

this level the RX emissions are too high and lead to 

quenches, and the cryogenic system is unstable because of 

a high consumption. Then a kind of High Peak Power 

Processing (HPPP) is started, switching the conditioning 

in pulse mode at 50 Hz. Duty cycle is limited to level 

accepted by the cryogenics and RF power is progressively 

increased as high as possible to ignite the electronic 

emission sites. At the end of the RF conditioning cycle, 

the cavity is well above the required gradient level 

(around 10 MV/m, typical final duty cycles are around 

20-30%). Clear evidence of antenna processing is 

observed. At nominal gradient (6.5 MV/m) nevertheless, 

field emission is negligible and the cavity shows 

performances similar to those measured in vertical 

cryostat. The cryomodule RF conditioning lasts from 

typically a few hours and up to almost 6 days in the worst 

case (one cryomodule).  

The cavities being stiff, very little microphonics have 

been observed, which eases the RF test. It is even possible 

to run in open loop at the nominal field with helium 

fluctuation in the order of ±10 mbar. 

CMAs exhibit very low static losses, which are very 

close to the design values. 

Cryomodule B Status 

The cryomodule B (CMB) was describe in many 

publications [12, 13, 14]. Each of the cryomodules 

contains two QWR of =0.12. Like the low beta cavities, 

the cavity preparation includes “classical” BCP and HPR. 

The main difference between the two families is related to 

the absence of removable bottom flange. 

All B cavities have been baked at 120 K for 48 hours. It 

was shown that this baking improves the cryogenic losses 

by a factor ~2 at the design accelerating gradient 

(6.5 MV/m). (No similar improvement could be obtained 

with low beta cavities.) 

All cavities were qualified twice in vertical cryostat, 

once without and once with the cold tuning plunger in 

right position.  

The various tests showed reliable and stable cryogenics, 
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allowing fast cool-down necessary not only to avoid the 

"Q-disease" but also to ensure that the Amuneal™ 

magnetic shield is fully efficient, and therefore cooled 

down before the cavity transition. 

Two cryomodules were validated with respect to RF, 

vacuum and cryogenic loss requirements; one (CMB2 in 

Table 2) was unfortunately out of tolerances for one 

cavity not properly aligned. The second one (CMB1) has 

been successfully tested. It has already been delivered to 

GANIL, waiting for the tunnel availability (Figure 5 in 

the storage area).  

During the qualification procedures of the CMB, some 

difficulties were encountered with the cold tuning system. 

First, quenches possibly localized around the plunger 

were eliminated by BCP treatment of all plungers, 

followed by a qualification of every cavity equipped with 

its own tuning plunger in vertical cryostat. Secondly, the 

tuning systems showed a strong mechanical hysteresis 

leading to a "negative" backlash. This problem is fully 

described in this conference [15]. It was solved by careful 

control of the plunger displacement avoiding any swing 

motion. This innovative tuning system is now fully 

performing, and has many advantages in the case of such 

rigid cavities.  

 
Figure 5: The first cryomodule in GANIL, ready for 

installation in the linac tunnel. 

The alignment system is an easy, cheap and effective 

system allowing cavity positioning both at cold and warm 

temperatures. The cavity alignment is accessible from 

outside the cryomodule, giving us possible knobs when 

will finally come the time of the tunnel installation. The 

alignment rods of the cavities are not pre-loaded, but are 

only kept in place at 4.5 K.  

Pressure sensitivity is a very important parameter in 

operation. It was measured around 5 Hz/mbar thanks to 

the niobium thickness (4.2mm). 

The cryomodules are now in a routine assembly 

process. We expect the delivery at GANIL of one 

cryomodule every two months, the last one around 

summer 2014. 

COUPLERS 

We have 26 couplers along the linac, 12 for the 0.07 

beta cavities and 14 for the 0.12 beta cavities. Up to now 

20 couplers have been prepared at LPSC Grenoble, 9 for 

the low beta cavities and 11 for the high beta cavities. 11 

couplers have been assembled and tested in the various 

cryomodules with results in or better than specifications.  

 
Figure 6: Electropolished antenna tip. 

As already mentioned, the electric field on the antenna 

tip is quite high (10.5MV/m in CMB and 12 MV/m in 

CMA). Therefore cleanliness and preparation 

requirements for the power couplers are similar to those 

of the superconducting cavities [10]. Antenna tips are 

now electropolished (Figure 6), and the number and size 

of particles is checked at every step of the preparation in 

the clean room, as it is for every component installed 

inside the beam vacuum of the cryomodules. The required 

time for the RF conditioning step, done first on the LPSC 

test stand before sending the coupler to the cryomodule 

teams, improved a lot with the new preparation steps. 

Couplers are now commonly RF conditioned in about 

1 hour. 

The couplers are now cleaned, dry, assembled, RF 

tested and transported in vertical position, upside down. 

They are reversed only at the time of the cryomodule 

assembly. 

The goal is to finish the preparation of all the couplers 

by Christmas 2013. 

RF AMPLIFIERS 

Each cavity is driven by a solid state amplifier (SSA) 

[16], protected by an external circulator as shown in 

Figure 7. 

 
Figure 7: Power chain of the SC linac cavities. 

The circulator sits as close as possible to the cavity, to 

reduce stress and losses in the transmission (T) lines. Due 
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to the building layout and to room availability in the 

accelerator hall, we have a first T-line section from the 

amplifier to the circulator, L1, standing a reduced 

mismatching (4% of reflected power or VSWR<1.5) and 

a second section, L2, with high VSWR.  

The base module is equipped with four, 1 kW 

transistors (BLF578, NXP) combined by in-phase, 

isolated combiners (Wilkinson). Two modules are 

combined again with the same kind of device to obtain 5 

kW units. Two or four of these sets are coupled using star, 

non-isolated combiners to obtain the 10 and 19 kW units. 

At the end, we get four kinds of SSA, all based on the 

same 2.5 kW module for maintenance purpose. 

 
Figure 8: First cabinets of solid state amplifiers being 

tested at GANIL on the variable VSWR test bench. 

First 2.5 kW, 5 kW, 10 kW and 19 kW units have been 

commissioned and fit the project requirement: 4% of 

reflected power, at any phase and at nominal output 

power (Figure 8). 

WARM FOCUSING SECTIONS 

The transverse focusing is made by a doublet of warm 

quadrupoles sitting in-between cryomodules. The warm 

section design required a difficult consensus to allow the 

insertion of a number of elements in the very short 

available space: two quadrupoles, two steering magnets 

(one horizontal and one vertical), one BPM for beam 

position, information on beam size (transverse matching) 

and phase measurements, one longitudinal beam 

extension monitor, and pumping and vacuum diagnostics 

system. 

  
Figure 9: warm sections during clean room assembly 

(left) and on alignment bench (right). 

  
Figure 10: left - Laminar air flow in-between 

cryomodules in the linac tunnel, right – test of the 

assembly between a warm section and a CMA in Saclay. 

Assembly of all components connected to beam 

vacuum is performed in an ISO5 clean room in Saclay by 

the GANIL team.  

The most critical step of the linac installation is the 

connection between warm sections and cryomodules. 

Cavities are being kept under static vacuum (vacuum 

level being checked regularly and kept below a 0.1 mbar 

threshold). The warm sections are kept at atmospheric 

pressure, but dust-free sealed. Connection will be 

performed under a mobile, ISO5 laminar air flow, 

specially designed to fit inside the very constraint space 

between two cryomodules and under the valves box 

support platform (Figure 10). Meticulous cleaning and 

particle counts will ensure that the environment is clean 

enough to perform the connection operation, which is 

itself very delicate: a Helicoflex™ seal shall be inserted 

and sealed in a very tight space. This connection has been 

tested at CEA Saclay with an empty cryomodule. 

GANIL INSTALLATION 

Transportation 

Cryomodule transportation from Saclay and Orsay to 

GANIL is made by truck (250 km by road). It has been 

identified as being a critical operation, potentially 

destructive for the coupler. Therefore one transportation 

test has been organized in March 2013. One fully 

performing low  cryomodule was moved from Saclay to 

GANIL, unloaded in GANIL, then loaded again on the 

truck and transported back to CEA Saclay for tests and 

controls on the test stand. As expected, strongest shocks 

happend during loading/unloading phases. They stay 

below 5 g, well under the power coupler limits (10 g in 

the horizontal plane).  

The RF test of the cryomodule surprisingly showed 

slightly better performances after the transportation, with 

reduced field emission. X-rays emission dropped from 

730 µSv/h before the transport to 9 µSv/h at nominal 

gradient, and the maximum accelerating gradient 
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increased from 7.8 to 9.1 MV/m. Total cryogenic 

consumption improved insignificantly. Alignment of 

cavity inside the cryomodule has been checked before and 

after transportation; no movement was recorded. 

These results have shown that the shock absorber works 

well, but also that, despite the strong effort put in the 

cryomodules preparations, we still have dust moving 

around in the cavities. This time the particles 

displacement resulted in better performances, but the 

question of a possible degradation is still open. 

Installation 

Although the construction of the accelerator building is 

not completely achieved and not yet officially transferred 

to GANIL, the installation of the accelerator itself started 

in November 2012, in order to be able to provide beams 

as soon as possible. 

 
Figure 11: linac and valve boxes support in the tunnel. 

In the linac tunnel, the valve boxes platform is already 

in place. The linac supports are also in place and aligned.  

PHASE 1 BUILDINGS PROGRESS 

The deuteron beam has a strong impact on the safety 

issues and maintenance strategies. Losses lower than 

1 W/m are allowed along the tunnel, and the building 

design takes into account the neutron production issue. 

The major constrain on the building design was to favor 

external aggression resistance like truck explosion or 

major earthquake. As a consequence, all the tunnels and 

experimental halls are located underground (-9.5 m). 

Building is designed to resist a level 5.2 earthquake on the 

Richter scale at 10 km. 

The key dates of the building construction are: 

 Construction permit: October 2010 

 Excavation start: January 2011  

 Low energy building block available: November 2012 

 Linac Tunnel block made available: December 2012 

 Expected building turnover: mid 2014 

 

 
Figure 12: View of the SPIRAL2 phase-1 building 

construction (July 2013). 

At the end of July 2013, all the concrete had been 

poured (14,000 m
3
), and the crane removed (Figure 12). 

The finishing work, painting, cabling, etc... will continue 

up to mid 2014. 

CONCLUSION 

SPIRAL2 is a major nuclear facility that will allow a 

broad range of research at GANIL. The cryomodules 

parts are now in a routine assembly process and testing. 

Six A-type cryomodules have been successfully tested, as 

well as one B-type cryomodule. This last one has already 

been delivered to GANIL. The RF tests in the tunnel 

should start by the last quarter of 2014, as soon as 

possible and mostly depending on the building 

availability.  
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THE CHALLENGE AND REALIZATION OF THE CAVITY PRODUCTION 
AND TREATMENT IN INDUSTRY FOR THE EUROPEAN XFEL 

W. Singer, J. Iversen, A. Matheisen, H. Weise, DESY, Hamburg, Germany 
P. Michelato, INFN Milano-LASA, Segrate (Mi), Italy 

Abstract 
The main effort in production of 1.3 GHz cavities for 

the European XFEL (XFEL) was dedicated to transfer of 
the superconducting technology to the industry. This 
know-how transfer was executed by DESY and 
INFN/LASA team.  

The preparation phase based on prototype cavities 
covered: qualification and certification of potential 
vendors for material and cavity fabrication; work out 
recipe and strategy for qualification of the infrastructure 
for cavity surface treatment at industry; definition of the 
quality management strategy and documentation.  

The largest in the cavity history production of 800 
series cavities is contracted to companies Research 
Instruments (RI) and Ettore Zanon S.p.A. (EZ) on the 
principle “build to print”. High purity niobium and NbTi 
for resonators provides DESY. The conformity of 
production principles with European Pressure Equipment 
Directive are developed together with the notified body. 
New or upgraded infrastructure has been established at 
both companies. Until KW 37/2013 106 series cavities 
have been produced, treated and handed over to DESY for 
2K RF acceptance test. Most of the cavities fulfill 
immediately the European XFEL specifications. The 
cavity production will be finished mid of 2015. 

INTRODUCTION 
The activities of the XFEL Work Package SC Cavities 

(WP04) are very comprehensive and cannot be described 
in all details in this paper. More information can be found 
in the references [1-15]. The activities are separated into 
two phases: preparation phase (2006-2010) and 
production phase (2011-2015).  

The main task during the preparation phase was 
working out and verifying the strategy for the large scale 
mechanical fabrication and treatment of the cavities at the 
industry and required for this transfer of the 
superconducting technology, developed in the frame of 
TESLA and TTC collaborations. The following aims were 
pursued during preparation phase.  

Material issues: qualification and certification of new 
vendors for high purity niobium, in particular, in term of 
material production according European Pressure 
Equipment Directives PED.  

Mechanical fabrication issues: accommodation of the 
TESLA cavity design to the European XFEL demands, 
establishing manufacturing in conformity to the PED 
requirements.  

Treatment and assembly for RF measurement: 

establishing the XFEL treatment recipe, in particular the 
final surface treatment; check the accessible yield and 
check the possibility of the RF test of the cavity welded 
into a helium tank HT.  

Documentation and data issues: work out of the XFEL 
specifications for material, mechanical fabrication, 
treatment and final assembly, data transfer from 
manufacturing companies to DESY and data storage. 
R&D on large grain cavities LG: verification of large 
grain material and LG cavity treatment as a possible 
option for XFEL.  

The main effort during the production phase of 
superconducting RF cavities for the European XFEL was 
dedicated to transfer of knowledge and experiences in 
superconducting technology to the industry, development 
and implementation of a strategy for set up and 
qualification of the infrastructure for surface treatment, 
ramp up the fabrication to require for the complete project 
production rate.  

PREPARATION PHASE 
Material Issues 

In addition to three established suppliers of cavity 
material (semi-finished products SFP), Wah Chang 
(USA), Tokyo Denkai (Japan) and HERAEUS (Germany) 
several companies have been anticipated to be qualified. 
Three steps of qualification for the XFEL have been 
defined:  

Step 1: material testing.  
Step 2: single cell cavity fabrication and treatment at 

DESY followed by RF tests.  
Step 3: nine-cell cavity fabrication, treatment at DESY 

and RF tests.  
Only two companies PLANSEE (Austria) and Ningxia 

Orient Tantalum Industry Co. (China) successfully passed 
all three steps and were therefore considered as qualified 
material suppliers for the XFEL in the procurement 
procedure. 

Some qualified vendors were not certified as producer 
of material for pressure bearing parts. This certification 
was supplementary done by a “notified body” TUEV 
NORD [13]. 

Prototype Cavities 
Minor changes in comparison to the original TESLA 

design have been done for the XFEL to reduce costs and 
to simplify fabrication. Removal of coupler port stiffener, 
reduction of flange machining on cavity’s short side, 
removal of outside recess of the cells in the equator area, 
reducing the number of holes and thinning of the stiffener 
ring, in particular, have been done. 

 ___________________________________________  
#waldemar.singer@desy.de 
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A special single cell program for XFEL created at 
DESY [15] was an important step of the preparation for 
cavity industrialization. The program was very helpful, 
particularly for the qualification of new suppliers of high 
purity niobium, for the work on niobium specifications 
(e.g. optimization of tantalum content), the work on 
specifications for cavity mechanical fabrication (e.g. 
check requirements for welding preparation of parts), for 
the development of LG cavities etc. 

After single cell cavities more than 50 prototype 9-cell 
XFEL cavities have been produced at two European 
companies ACCEL (RI since 2009) and EZ under 
supervision of DESY. Material and HT for prototypes 
have been purchased by DESY, the cavity mechanical 
fabrication was done by the factory, preparation and RF 
tests were done mainly at DESY. 

The HT welding process was developed and 
implemented [2]. A special field profile measurement 
system (FMS) was invented for that. The system allows 
protection of the inner cavity surface from particle 
contamination. It was proven that integration of the cavity 
in the helium tank does not change the resonant 
frequency.  

During treatment of prototype cavities the main issue 
pursued was establishing the XFEL recipe, in particular 
the final surface treatment. The prior (rough EP) 
treatment consists of removal by electropolishing EP of a 
110-140 μm surface layer, followed by an ethanol rinse, 
outside BCP etching and 800°C annealing under UHV 
conditions. Two options of final treatment have been 
investigated. Final EP of 40-50 μm with subsequent 
ethanol rinse followed by high pressure ultra-pure water 
rinsing (HPR) and 120°C bake or, alternatively, a Flash 
BCP of 10 μm, HPR and 120°C bake. For prototyping 
cavities this major treatment steps have been done at 
DESY. Only the rough EP treatment was done at 
companies HENKEL and ACCEL. 

The specified European XFEL requirements to cavity 
performance are as follows following. The so called 
average usable gradient has to fulfill three parameters: 
Eacc>23.6 MV/m, Qo>1x10 ,10  X-Rays level <1x10 -2 
mGy/min.  
Analysis of the vertical RF acceptance tests on prototype 
cavities shows two main limitations [3].  

About 25% of the first tests are limited by field 
emission for both types of the final surface treatment 
(final EP or Flash BCP). In most cases the field emission 
limitation was cured sufficiently by an additional high 
pressure water rinsing HPR only.  

Gradients of several cavities of one vendor were 
limited by quench at 15-17 MV/m. In order to analyse the 
reason of reduced performance, samples have been 
extracted from four cavities and investigated [4]. Detected 
defects that caused quenches can be separated in two 
categories: defects of topographical nature (holes, bumps) 
and defects showing inclusions of foreign elements 
(aluminium, iron, areas with increased content of carbon). 
Both effects (field emission and early quenches) limited 
the yield to 70% - 80% of the design demand. With an 

additional HPR and re-test reached yield was close to 
90%. 

Based on prototype cavities it was decided that for the 
European XFEL cavity production industry will carry out 
the mechanical fabrication, helium tanks fabrication and 
integration of the cavities into the helium tanks, cavity 
treatment according to DESY recommendations and 
assembly of provided by DESY High Order Mode HOM - 
antennas, pick-up antennas, high Q fix antennas in the 
required clean conditions for the RF test. Vertical RF test 
will be done at DESY. In order to avoid the overheating 
of HOM couplers a pulse acceptance test with ca. 5s long 
pulses and off time of ca. 50s has been proposed [5]. 

Documentation 
The specifications for the XFEL cavity production 

define the requirements for mechanical fabrication, 
treatment, assembly and quality management. In addition, 
the specification contains in an annex to the specification 
the detailed practical recommendations based on DESY 
experiences. The required inspection data and 
documentations are listed.  

It was defined that a commercially available EDM 
System (Engineering Data Management) in use at DESY 
since several years should be used for XFEL as a central 
repository of all engineering information. This includes 
all documentation of the manufacturing process from 
niobium sheets to the cavity integrated in the helium tank 
[6]. The external manufacturers are being connected to 
the EDMS. Upload scripts are programmed that allow 
DESY to perform quality control activities and to access 
process documentation especially during early stages of 
the production process. 

Large Grain Cavities 
The manufacturing approach of slicing discs from the 

melted ingot and producing cavities by deep drawing and 
electron beam welding (large grain LG) was taken into 
consideration for XFEL as an option [7]. Several single 
cell and eleven 9-cell cavities have been produced from 
LG material. The tested cavities demonstrated adequacy 
for XFEL performance even using a simplified treatment 
procedure (BCP only).  

After the BCP treatment (removal of 100 µm surface 
layer inside and 20µm outside, annealing at 800°C for 2h, 
final BCP of 20 µm inside followed by baking at 125°C-
135°C for 48h.) an accelerating gradients of 25-30 MV/m 
in the π-mode measurement and up to 35 MV/m in the 
pass band measurement was achieved in a stable and 
reproducible manner for all eleven 9-cell LG TESLA 
shaped cavities.  

After additional EP consisting of Main EP of about 
50µm-70µm, followed by an ethanol rinse, an additional 
standard 800°C annealing and a final EP consisting of ca. 
50µm removal, ethanol rinse, final six HPR cycles and 
baking at 120°C the performance of the cavities was 
significantly improved up to 31 - 45.5 MV/m at Q0-values 
above 1010 limited mostly by breakdown. Another 
interesting aspect of LG cavity behavior, that has to be 
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stressed, is the rather high unloaded quality factor Q0, 
after EP treatment. Q0 value for EP treated LG cavities is 
ca. 25-30 % larger than for conventional fine grain 
cavities and indicates the high potential of LG cavities in 
applications requiring high Q0, for example in continuous 
wave CW applications. Superiority of the Q0 of LG 
cavities after BCP treatment is less pronounced. 

Unfortunately, it turned out that there could be a 
shortage on the market of the amount of LG material 
required for EXFEL fabrication. In order to minimize the 
risk for the project it was decided to use conventional fine 
grain material for the XFEL. Only one LG cavity cryo-
module was produced. It is already tested and fulfills the 
European XFEL performance requirements. 

PRODUCTION PHASE 

Contracts and Production Sequences 
560 serial cavities are contracted at two (previously 

qualified on base of prototype cavities) companies 
Research Instrument RI and E. Zanon on the principle 
“build to print” in September 2010. Technology transfer 
to industry and monitoring of the vendor’s work executes 
DESY and INFN/LASA team. 

In order to inspire the competition between these two 
companies the allocation of additional 240 cavities was 
foreseen for late phase of production. This option has 
been allocated end 2012 - beginning 2013 (120 at EZ and 
120 at RI). 

In addition 24 ILC HiGrade cavities (12 per company) 
have been allocated end 2010. For XFEL HiGrade 
cavities used as a tool for quality control QC [8].  

Production of superconducting cavities for the 
European XFEL includes mechanical fabrication, prior 
electro-polishing (EP) treatment, ethanol rinse, outside 
etching, 800°C annealing, tuning to resonant frequency, 
final surface treatment, high pressure water rinsing 
(HPR), 120°C bake, integration of the cavity into helium 
tank (HT), assembly of supplied by DESY HOM-pick up 
and high Q antennas and finally shipment for the 
acceptance RF test to DESY.  

The companies had the opportunity to choose the type 
of the final surface treatment themselves. the company RI 
applies 40 µm electro-polishing (Final EP), while EZ has 
chosen buffered chemical polishing of ca. 10µm (BCP 
Flash).  

Material for Cavities 
The procurement of material, QC, documentation and 

shipment to cavity-producers has been carried out by 
DESY [9]. Four companies (Heraeus, PLANSEE, Tokyo 
Denkai and Ningxia OTIC) produced ca. 25.000 semi-
finished parts of high purity niobium and Nb-Ti within 
2.5 years (2011-2013). DESY has taken over incoming 
visual control, independent QC for required parameters 
(RRR, interstitial impurity (H, N, O, C), metallic 
impurities, metallography, tensile test, hardness, HV, 
surface roughness), Eddy-Current scanning of sheets, 
documentation using the DESY EDMS (guarantee of 

traceability for pressure bearing parts), marking and 
delivery to cavity producers.  

Statistic of the main flaws and foreign material 
inclusions in niobium sheets for cavity half-cells is 
presented in figure 1 [9]. Thanks to the close contact with 
manufacturers and to well-timed feed-back the quality of 
the material became better and better from shipment to 
shipment. 
 

 

Figure 1: Defect frequency and defect types in Nb sheets 
for half-cells of EXFEL material providers. 

Set up and Qualification of the Infrastructure  
Essential part of the work was dedicated to set up, 

debugging and qualification of a new infrastructure for 
cavity treatment at both companies [10-12].  

The infrastructure comprises several techniques and 
equipment mostly available by DESY/INFN (Table 1). 
The main challenge consists of technology transfer from 
laboratory to industry, including personnel training. 
DESY provided both companies with in-house developed 
sophisticated machine for cavity tuning at room 
temperature (CTM) [13], and equipment for RF 
measurement of dumb bells and end groups called 
HAZEMEMA [14]. DESY has taken over the 
responsibility for stable work of the equipment.  

The debugging and qualification of the new 
infrastructure was a challenging task. To carry out this 
task the following strategy has been developed. Each 
company produced 8 special cavities (4 so-colleddummy 
(DCVs) and 4 reference (RCVs) cavities respectively).  

The objectives of the DCVs are: mechanical check and 
optical inspection, but no treatment. The DCVs are used 
at the company for operator training, mechanical test of 
devices, process parameter adaptation, infrastructure set 
up and ramp-up, plants verification, final treatments test, 
tuning test etc. DCVs stay all the time at the company up 
to the end of series production and they are used for 
infrastructure check, if necessary (i.e. after repair). At 
least one DCV has to be integrated in the HT for 
infrastructure ramp-up (handling of cavity with HT). 

The objectives of the RCVs are: Mechanical check, 
optical inspection, treatment at DESY including the final 
treatment (final EP for RI, flash BCP for E. Zanon) and 
RF test at DESY. After treatment at DESY the RCVs of 
both companies reached an RF accelerating gradient Eacc 
of 30-35 MV/m. exceeding the XFEL specifications. The 
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RCVs were then used for stepwise qualification of surface 
treatment infrastructure (after infrastructure set-up using 
DCV has been done).  

Table1: Techniques And Equipment Transferred To 
Industry 

Availability of infrastructure 
DESY/ 

INFN 
Industry 

Electron beam welding EBW 
equipment 

yes partly 

ISO 7 and ISO 4 clean rooms 
with cleaning, rinsing and BCP 

yes no 

Ultra-pure water (UPW) 
systems, clean nitrogen and 
other gases 

yes no 

High pressure water rinsing 
equipment HPR 

yes no 

Electropolishing EP facility  yes partly 

800C annealing furnaces yes no 

120C final baking oven (3-4 per 
company)  

yes no 

Tools for mech. measurement, 
cavity welding,  integration in 
HT, pressure test equipment 

partly partly 

Slow pumping slow venting 
vacuum system (SPSV)  

yes no 

Systems for visual inspection of 
cavity internal surface 

yes partly 

Machine for cavity tuning at 
room temperature (CTM)  

yes no 

Equipment for RF measurement 
of dumb bells and end groups 

yes no 

Qualified and trained personnel 
for cavity surface treatment 

yes no 

 
Five steps for qualification of the treatment 

infrastructure have been defined:  
1st-transportation between DESY and company.  
2nd-SPSV including leak check and rest gas analysis 
(RGA).  

3rd-disassembly of beam tube flange (short side), high 
pressure water rinsing HPR-cycle, drying and reassembly 
of tube flange.  
4th-disassembly of all flanges, assembly of flanges, full 
HPR-cycle, leak check with RGA.  
5th-final 40 µm EP (RI) / Final 10 µm BCP (E. Zanon), 
full HPR-cycles, ethanol rinse, assembly of field 
measurement system, 120°C bake.  

After each step, the respective RCV was sent to DESY 
for cold RF testing. Each qualification step has to be 
repeated in case of failure. Both companies successfully 
finished the qualification based on rules described above. 

After the test procedure the RCVs stay all the time at 
the company up to production end for possible 
infrastructure requalification (for example after repair). If 
RCVs survived, they will be integrated in HT and shipped 
to DESY. 

Implementation of Pressure Equipment 
Directive 

Another important issue was the implementation of the 
Pressure Equipment Directive (PED). The cavity with 
helium tank has to be built as a component according to 
European Directive PED/97/23/EC. To avoid a pressure 
test on the complete cryomodule a procedure consisting 
of two steps has been developed.  

The first step is a detailed examination (EC type-
examination) which includes: examination of design; 
FEM calculations; qualification of welding processes; 
qualification of further PED relevant processes 
(annealing, deep drawing, forming); production and 
destructive examination of test pieces; production 
qualification on first 8 series cavities. An important stage 
of this activity was the qualification of test pieces. The 
test piece is composed by two cells with helium vessel, 
without end groups, representing all pressure bearing 
parts and welds. It has to be built using exactly the same 
manufacturing methods and welding parameters that will 
be later used in the series production. Two test pieces per 
company have been produced and successfully qualified 
by destructive examinations.  

After passing the detailed test a simplified procedure 
can be applied to series production (product verification) 
and includes mainly visual inspections, control of 
documents and a pressure test for each cavity. The 
contracted “notified body” (TUEV NORD) advices and 
tracks the process. 

As mentioned above, DESY provides the cavity 
manufacturers with cavity material (semi-finished 
products). Semi-finished products for pressure bearing 
sub-components of cavities and helium tanks are also 
qualified and purchased according to PED 97/23/EC.  
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Quality Management and Information Flow 
Information flow from the companies to DESY/INFN 

is organized in the following way (fig. 2): all documents are 
deposited in DESY EDMS; transfer of documents/data 
from data system to EDMS is automated; for statistical 
analysis relevant data are picked up from EDMS and 
transferred to XFEL data bank; the data has to be received 
“in time” by the EDMS; cavity manufacturers have access 
to documents and selected data (relevant for them only); 
paperless documentation [6]. 

 

Figure 2: Schema of the information flow from he 
companies to DESY. 

For statistical analysis the cavity data bank created for 
FLASH at DESY was rearranged and extended for XFEL 
tasks.  

Supervising Strategy 
Main principle of the supervision of the production 

means that the cavities have to be built strictly according 
to the XFEL specifications, but a performance guarantee 
is not required. The supervision consists of: Quality 
Control Plan (also for pressure equipment directive 
(PED)); internal quality assurance (QA) and quality 
management (QM) system of the companies; 
nonconformity reports, regular visits to the company by 
DESY/INFN expert teams, telephone- and 
videoconferences. In addition there are regular meetings 
“Project Meeting” at the company site (once per month, 
depending on the production progress and quality).  

Cavity Shipment and Performance 
Production and shipment status up to 10th of 

September 2013 is following.  
Mechanical fabrication of series cavities is going on 

(figure 3). More than 220 cavities in total are fabricated at 
the two companies E. Zanon and RI.  
 

 
 

Figure 3: EXFEL cavities at company Ettore Zanon 
S.p.A. after annealing at 800°C. 

Delivery of series cavities completely prepared for RF 
test series cavities was started end 2012 - beginning 2013. 
Until KW 37/2013 106 series cavities have been treated 
using the new qualified infrastructure and shipped to 
DESY (65 by E. Zanon, 39 by RI). Production of all 800 
series cavities and 24 HiGrade cavities will be completed 
till mid of 2015 (production rate: ca. 4 cavities per week 
per company).  
It should be considered that most cavities fulfil the XFEL 
requirements already in the first RF test. Few shipped 
cavities demonstrated in the first test unacceptable field 
emission load. The field emission was suppressed by an 
additional high pressure water rinsing done at DESY.  

Taking into account this improvement, reached average 
usable gradient is: 29 +/- 3.9 MV/m and exceeds the 
XFEL specification requirement. The so far achieved Eacc 
results are very encouraging and close to the expectations 
based on data to prototype cavities (for more details see 
[16]). 

SUMMARY 
At two companies Ettore Zanon S.p.A. and Research 

Instruments an upgraded infrastructure for mechanical 
fabrication and a completely new industrial infrastructure 
for cavity preparation is set up and qualified. More than 
100 series cavities have been fabricated, undergone the 
complete surface treatments and shipped to DESY for 
acceptance RF test. All 800 series cavities are planned to 
be delivered till mid of 2015. The cavity performance is 
close to performance reached on prototype cavities and 
exceeds the EXFEL specification requirement. 

The so far gained first experiences of the European 
XFEL demonstrate that industry is in position not only to 
perform the mechanical fabrication of SC Cavities, but 
also implement the complete cavity preparation up to the 
acceptance vertical RF test. 

ACKNOWLEDGEMENTS 
We would like to thank all participating colleagues whose 
enthusiastic effort allows pushing forward the work on 
cavities for European XFEL project. 

REFERENCES 
[1] W. Singer et al., Preparation Phase for 1.3 GHz 

Cavity Production of the European XFEL, 
IPAC2010, Kyoto, Japan, May 23-28, THOARA02. 

[2] A. Schmidt et al. Update on 1.3GHz Cavity Weld to 
Helium Vessel and Application of the FMS. 
Proceedings of the 14th International Workshop on 
RF Superconductivity, Berlin, Germany, September 
20-25, 2009. 

[3] D. Reschke et al. Analysis of RF Results of Recent 
Nine-Cell cavities at DESY. Proceedings of the 14th 
International Workshop on RF Superconductivity, 
Berlin, Germany, September 20-25, 2009. 

MOIOA03 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

22C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

01 Progress reports and Ongoing Projects

B. Project under construction



 

 

[4] W. Singer et al. Surface investigation on prototype 
cavities for the European X-ray Free Electron Laser, 
Phys. Rev. ST Accelerators and Beams 14, 050702 
(2011). 

[5] J. Sekutowicz. Pulse Acceptance Test for XFEL 
Cavities. TTC Meeting, Chicago, USA, April 19-22, 
2010. 

[6] J. Iversen et al. Using an Engineering Data 
Management System for Series Cavity Production for 
the European XFEL, MOP035, these proceedings. 

[7] W. Singer et al. Development of Large Grain 
Cavities, Phys. Rev. STAB 16 (2013), 012003-1. 

[8]  A. Navitski. ILC-HiGrade Cavities as a Tool of 
Quality Control for EXFEL. MOP043, these 
proceedings. 

[9] X. Singer et al. Experiences on Procurement of 
Material for European XFEL Cavities. MOP050, 
these proceedings. 

[10] A.Matheisen et al. Strategy of Technology Transfer 
of EXFEL Preparation Technology to Industry. 
MOP039, these proceedings. 

[11] A.Matheisen et al. Industrialization of XFEL 
Preparation Cycle “final EP ” at Research 
Instruments Company. MOP040, these proceedings. 

[12] Birte van der Horst et al. Industrialization of EXFEL 
Preparation Cycle “BCP Flash” at E. Zanon 
Company. TUP056, these proceedings. 

[13] J.-H. Thie et al. Mechanical Design of Automatic 
Cavity Tuning machines. Proceedings of the 14th 
International Workshop on RF Superconductivity, 
Berlin, Germany, September 20-25, 2009. 

[14] J. Iversen et al. Development and Design of a RF 
Measurement Machine for the European XFEL 
Cavity fabrication. Proceedings of the 14th 
International Workshop on RF Superconductivity, 
Berlin, Germany, September 20-25, 2009. 

[15] A. Schmidt et al. 1.3 GHz Niobium Single‐Cell 
Fabrication Sequence. TTC Report 2010‐01.P. 1-11. 

[16] D. Reschke. Infrastructure, Methods and Test Results 
for the Testing of 800 Cavities. THIOA01, these 
proceedings. 

Proceedings of SRF2013, Paris, France MOIOA03

01 Progress reports and Ongoing Projects

B. Project under construction

ISBN 978-3-95450-143-4

23 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s
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Abstract 

Many of the challenges associated with operating a 

Superconducting RF (SRF) Energy Recovery Linac 

(ERL) are independent of the choice of operating 

frequency, beam energy, and overall purpose of the 

machine.  Worldwide there are an increasing number of 

ERLs in various stages of development and operation 

which are facing a number of similar challenges and often 

solving them in very different ways.  This paper will seek 

to summarize the main challenges the community as a 

whole faces, address how different laboratories are 

working to solve these problems, and seek to identify 

areas of overlap where the community can work together 

to solve some of these common problems. 

INTRODUCTION 

The development of Energy Recovery Linacs (ERLs) 

over the past 10 years has grown at an impressive rate.  

There are currently 10 institutions pursuing the 

development of SRF ERLs with 2 institutions actively 

operating ERLs as light sources, and for basic R&D.  The 

reason for the rapid expansion of ERL development is 

centered on the energy recovery process and what this 

means to the operational cost and feasibility of running a 

low-emittance, high-current light source, photo-fission 

driver, electron-nucleon collider or small electron 

scattering experiment [1-4]. 

For the ERL operation there are two distinct sections of 

the machine, the electron source (photoinjector) and 

booster module comprise the first section with the linac 

module making up the second section.  Figure 1 shows a 

schematic of the HZB BERLinPro ERL and these two 

distinct sections [1].  In the photoinjector and booster 

there is no energy recovery processes, so the cavities are 

heavily beam loaded and require a significant amount of 

RF power to accelerate the electrons, on the order of 200 

kW per cavity in the case of the BERLinPro project 

which will operate with a 100 mA average beam current.   

 

On the other hand, once the electrons reach the linac the 

energy recovery process takes place and the power 

required to drive the linac cavities is on the order of 10 

kW or less.  This is due to the fact that as the electron 

bunch enters the linac it is accelerated on the crest of the 

RF wave, and when it returns, after making a pass around 

the ring, it is decelerated on the trough of the RF wave, 

returning the power to the cavity.  Hence there is 

effectively zero net beam loading if done correctly and 

therefor allows for operation with much lower RF input 

power, and thus reduced operating cost. 

 

 

 

Figure 1:  The layout of the BERLinPro ERL showing the main components of a superconducting RF ERL.  On the top 

right are the injector and booster sections, which do not benefit from the energy recovery process.  While in the middle 

top is the linac cryomodule which does utilize the energy recover process to accelerate and then decelerate the electron 

beam. 
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  In addition there is no high energy, 100 mA, electron 

beam that must be disposed of after it is used. 

The challenges presented by the construction of these 

machines come from all different areas of technological 

development, and this paper will seek to address them by 

looking at the following main issues:   

1. The cavity design 

2. The higher order mode damper design and 

operation 

3. The stable RF operation and control of 

microphonics 

4. The cryomodule design 

 

There are certain challenges that are more specific to 

the different cryomodules required for the ERL, and these 

will be addressed in sections below.  This paper will also 

try to summarize the latest developments in the area 

mentioned above. 

CAVITY DESIGN 

The cavity design that is required for the ERL differs 

from that of other electron accelerators in large part due 

to the high average beam currents at which these new 

machines are being designed to operate.  Table 1 provides 

a summary of the ERLs that are currently under design, 

construction or operation.  From this table it is clear that 

an operating current of 10-100 mA or greater is desired 

for most machines.  The 100 mA average current, which 

many machines will seek to reach either initially or during 

upgrade phases places great, but very different demands 

on all of the SRF cavities that make up an SRF ERL. 

SRF Photoinjectors    

The specific challenges associated with an SRF ERL 

photoinjector, such as that is being developed at HZB, 

and BNL [5, 6] are related to the fact that the 

photoinjectors are designed to operate at a very high 

electric field, Epeak = 40 – 60 MV/m, while coupling in 

several hundred kilowatts of RF power and utilizing a 

normal conducting photocathode as the electron source.  

In addition these cavities are not true =1 electron 

accelerating structures since the electrons are created in 

this cavity and thus undergo acceleration from their 

nascent state, thus further complicating the design.  In 

addition since each of these SRF photoinjectors is usually 

a unique design, the benefits gained from fabrication of a 

large number of identical cavities does not exist, thus 

making the photoinjector development that much more 

exciting and challenging, but also costly. 

 

Table 1:  A list of the existing ERLs around the world.  The status of the machine is given in the right hand column. 

Location Purpose Current Energy Status 

SINAP (China) THz FEL 20 mA 20 MeV Prototype 

BNL (USA) high current R&D/eRHIC 50-300 mA 20 MeV Commissioning 

Daresbury (UK) FEL (IR), THz, Demo 13 mA 27.5 MeV Operational 

PKU (China) FEL 1 mA 30 MeV Prototype 

IHEP (China) ERL & FEL 10 mA 35 MeV Design Phase 

KEK (Japan) cERL/ light source 10-100 mA 35 MeV/3 GeV Commissioning 

TRIUMP (Canada) Photo-fission driver 10 mA 50 MeV Construction 

HZB (Germany) R&D for future light source 100 mA 50 MeV Construction 

Mainz (Germany) Electron scattering experiments 1-10 mA 100 MeV Design Phase 

JLab (USA) FEL (IR, UV) THz 10 mA 200 MeV Operational 

Cornell (USA) X-ray light source 100 mA 5 GeV Prototype 

CERN (Switzerland) LHeC (EIC) 6.4 mA 60 GeV Design Phase 
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 The main challenges for the SRF photoinjectors are 

summarized in table 2, with a sectional view of the HZB 

photoinjector given in figure 2.  In this figure the 

challenge associated with these photoinjectors is easier to 

visualize.  The cavity cell shape is complicated and 

requires a great deal of machining to fabricate the cell 

components as well as the cathode insertion device.  As 

only one cavity is being fabricated, this adds to the 

challenge of the fabricated cavity matching the RF design 

exactly.   It can also be seen that the chemical processing 

and high pressure water rinsing of the cavity becomes 

more complicated than for a traditional elliptical SRF 

cavity due to the  complicated geometry near the cathode 

stalk and RF choke cell shown on the right hand side of 

the image.   

 

Table 2:  A summary of the requirements and challenges 

for a SRF Photoinjector for an ERL 

Requirement Challenge 

2.3 MeV 100 mA beam 

= 230 kW RF power 

 

- Dual High power 

RF power couplers 

(115 kW each) 

 

Loaded Q (10
4
-10

7
) 

 

- Coupler Penetration 

into beam pipe 

leading to coupler 

kicks of the soft 

beam, possible 

interception of beam 

halo. 

- Power dissipation in 

coupler region  

- gasket heating 

 

Multiple beam operating 

conditions  

- Bunched operation 

- High current mode 

- High charge mode 

 

- Variable coupling  

- LLRF control,  

- cavity stability 

 

Superconducting magnet 

near the cavity 

 

-Magnetic Shielding 

-Quench recovery 

 

Normal conducting 

cathode in SRF cavity 

 

-Thermal isolation 

- Cathode cooling 

-Multipacting 

-Contamination 

 

 

SRF Booster Cavities 

The cavity required for the booster module is often a 

single or two cell cavity as this represents the best 

compromise between beam loading and the accelerating 

voltage per cavity [7, 8].  These cavities require very 

strong RF coupling, since the beam loading is heavy, 

again on the order of 200 kW per cavity for a 100 mA 

beam.   

This presents challenges less so for the cavity design 

itself, as this is an elliptical accelerating structure, where 

the reduced number of cells reduces the complexity, but 

instead moves the challenges to the RF input couplers as 

well as the HOM damper design.  Recent experiences 

from KEK have shown that management of the power 

dissipation in the HOM antennas is a critical design issue 

which can limit the overall performance of the 

cryomodule, even at low accelerating gradients in the 

cavity on the order of 5 MV/m[9].  

 

Figure 2: A cross sectional view of the BERLinPro SRF 

injector.  The design of the cathode insert is based on the 

HZDR SRF photoinjector design [10]. 

 Fortunately a modification to the HOM coupler design 

and the antenna ceramic will allow for this problem to be 

overcome, however it illustrates the problems that can 

arise with new designs for such high beam current.  

Alternatively, ferrite/ceramic based beam tube HOM 

couplers are being pursued by Cornell, BNL and HZB 

among others, which do not suffer from the KEK 

problems but do pose a significant danger of dust 

contamination and charging issues, more of which is 

discussed below. 

SRF Linac Cavities 

The main accelerating linac has design criteria that are 

somewhat different from those of the photoinjector and 

booster cavities.  For an ERL, the linac cavity is typically 

a 5-9 cell cavity operating between 700 MHz and 1.5 

GHz.  The choice in the number of cells depends on the 

current for which the cavity is being designed as well as 

how well the HOMs are able to be coupled out of the 

structure, something that depends on the design and 

operating frequency.  The choice of optimum frequency is 

a complicated matter that is related to the design 

operating current of the machine, the charge per bunch, 

bunch pulse length and the HOM power extraction 

required.  Regardless of the chosen operating frequency 

and temperature there are several parameters which 

remain general design goals.  In general the linac cavity 

must satisfy the following conditions: 

1. Maintain a high Q0 at the operating gradient, 

which is typically agreed to be between 15 and 

20 MV/m. 
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2. Maintain a good emittance for a reasonable 

charge per bunch, typically 100 pC/ bunch for a 

1300 MHz RF cavity.  

3. The design should strive to reduce the Epeak/Eacc 

ratio as this has a direct relationship to field 

emission in the cavity, something which is 

detrimental to high Q0 operation.  

4. The design must provide good HOM 

propagation to allow for the higher order mode 

power to be absorbed beyond the cavity itself.  

In addition the cavity should be designed to 

avoid trapping any dangerous HOMs inside the 

cavity as this can potentially lead to beam 

instabilities. 

5. The cavity should be designed for a minimum 

df/dp ratio so that pressure fluctuations do not 

disrupt the operation of the narrow-bandwidth 

linac cavities. 

6. The sensitivity to microphonics should also be 

minimized in the cavity design to allow for 

operation with as high a loaded Q as possible, 

thus reducing the required RF power to drive the 

cavity. 

Recent results from Cornell have demonstrated that this 

list of parameters can be satisfied in the vertical and 

horizontal test cryostat for a 7 cell ERL linac cavity, 

albeit without beam [11].  

HIGHER ORDER MODE DAMPERS 

As mentioned previously, the higher order modes 

excited in the cavities, the linac in particular, require 

suitable damping in order to avoid beam break-up 

instabilities or unwanted heating of the SRF cavity.  For a 

7 cell linac cavity with an HOM loss factor of  kHOM = 12 

V/pC, a charge of 77 pC, and a 100 mA average current it 

is possible to produce 200 W of HOM power in each 

cavity based on equation 1. 

 

                         (1) 

 

 As this amount of power must be removed from the 

cavity in order to maintain operations an adequate HOM 

design is required.  There are currently three general 

different design philosophies for HOM damping in SRF 

ERL cavities.  The first two damper designs both make 

use of a broadband RF absorbing material, typically 

ferrite, SiC or AlN.   In the first design the absorber is 

placed in a section of waveguide off of the cavity beam 

pipe, as shown in figure 3.   In the second design the 

absorber is placed adjacent to the cavity along the beam 

pipe length.  A picture of the beamline HOM absorber 

from BNL is shown in figure 4.   

This type of absorber has several advantages, namely 

the broadband RF absorbing properties, the high power 

levels at which they can operate, and the ability to 

fabricate the material in the shape that best suits the 

application. 

  The waveguide absorbers also have the benefit of 

being further removed from the SRF cavity while not 

occupying much additional space along the length of the 

cryomodule, thus helping maintain a high real estate 

gradient, a key parameter for machine design.  The 

downside of these types of absorbers is that they are not 

particulate free, so any dust from the absorber material 

can be detrimental to the cavity performance and the 

desire to maintain a high Q0.   

 

Figure 3:  The JLab 750 MHz SRF cavity which utilizes 6 

waveguide HOM absorbers. 

This is perhaps more important for the beamline 

absorber which resides adjacent to the cavity due to its 

close proximity and direct line of sight to the cavity itself.  

In addition there have been issues in the past with the 

ferrite absorbers becoming insulating at 80K, their design 

operating temperature when used in the beamline 

configuration.  This has led to serious problem with beam 

instabilities [12, 13].  Furthermore, care must be exercised 

when cooling the absorber to 80K as cooling down too 

quickly can result in cracking the ferrite material, thus 

increasing the likelihood of contamination of the SRF 

cavity. 

 

Figure 4:  The BNL beamline HOM absorber used in the 

BNL ERL. 
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The other type of HOM damper that is being employed 

is a RF antenna design.  This is currently being used at 

KEK on the booster module as well as at BNL on the new 

BNL3 cavity design [7, 14].  This design is, to first order, 

a high pass filter.  A notch is set to prevent the 

fundamental mode from being absorbed by the filter, 

while the higher order modes couple well to the antenna.  

The design of both the KEK and BNL HOM antenna is 

shown in figure 5 for reference.   

 

 

Figure 5:  The KEK (left) and BNL (right) HOM antennas 

for ERL applications. 

This configuration has the benefit of utilizing very little 

space, thus helping maintain a high real estate gradient, as 

well as being a particulate free design, and thus 

compatible with the SRF cavity.  The downside of this 

type of coupler is the difficulty to adequately cool the 

superconducting HOM antenna to avoid run-away heating 

issues, as previously mentioned. 

RF STABILITY 

For the SRF linac cavity, which sees zero net beam 

loading, the amount of RF power required to operate the 

cavity is primarily determined by how well much the 

cavity is detuned due to external noise sources. The 

microphonics instability from external sources as well as 

the mechanical design play a large role in determining 

both the external coupling factor required for the cavity, 

QL, and in turn the amount of RF power required for the 

cavity to operate in a stable manner.  For the ERL an 

amplitude phase stability, A/A, of better than 1x10
-4

 and 

a phase stability, of better than 0.02° is required in 

order to operate with QL > 1x10
8
.  This performance was 

demonstrated at HoBiCaT with a TESLA 9-cell cavity by 

HZB and Cornell utilizing the Cornell LLRF system. [15]  

The cavity was operated with a QL of 2x10
8
 which 

corresponds to a cavity half bandwidth of 3.4 Hz and was 

stable with peak microphonics of 30 Hz [16].  By being 

able to operate the main linac cavities with a high QL 

significant cost savings can be realized in both the capital 

procurement of RF transmitters and power couplers as 

well as in the operational cost of running the RF system.  

Recent tests at Cornell have demonstrated the ability to 

utilize a 5kW solid state amplifier for operation of an 

ERL linac cavity [16]. 

CRYOMODULE 

The cryomodule design requires the integration of the 

SRF cavity into a helium vessel nested inside of magnetic 

shielding along with high power input couplers, HOM 

absorbers, beam diagnostics and the associated cryogenic 

systems.  The system must be designed such that precise 

alignment of the cavity beam axis is maintained, thus 

helping reduce the chance of emittance dilution in the 

module.  In addition, all of the external heat loads must be 

well intercepted prior to reaching the 2K circuit to allow 

for the best operational performance of the module as 

previously mentioned. 

The greatest challenge in building the cryomodule is 

ensuring that the cavity performance, as measured in 

vertical RF tests, is not degraded or compromised by any 

item in the cryomodule.  Very often the assembly process 

itself is the biggest culprit resulting in early onset field 

emission, and thus degraded cavity performance, many 

times limiting the maximum achievable gradient due to 

the increased cryogenic load.  In addition, HOM loads, 

input couplers and cold magnets placed inside the 

cryomodule can also adversely affect the performance. 

However, HZB has been analysing mechanisms that 

deteriorate the Q-factor in cryomodule operation.  In 2009 

HZB demonstrated that the performance of SRF cavities 

could actually be improved by carefully controlling the 

cool down through the transition temperature to avoid 

thermal gradients [17].   More recent results support the 

hypothesis that temperature gradients cause thermo-

currents which in turn result in additional trapped flux as 

the cavity goes superconducting.  Hence cavity quality 

factor can be improved significantly if the cavity is cycled 

a little above the transition and then cooled down again.  

In these experiments at HZB the residual resistance of the 

cavity was reduced by a factor of 2.5 through the use of 

thermal cycling [18-20].  Cornell University has also 

adopted this technique and has recently measured Q0 

values for a 7 cell 1300 MHz cavity in excess of 6x10
10

 at 

an operating gradient of 16.2 MV/m, the design gradient 

for the Cornell ERL [11].   

CONCLUSIONS 

The number of laboratories working on development of 

SRF Energy Recovery Linacs is at an all-time high.  Great 

advances are being made in the fields of cavity design, RF 

control, HOM damper development and cryomodule 

performance optimization.  The efforts of many 

contributors over the past decades is making the 

development of a high Q0, high gradient ERL a reality 

around the world.  While there are many challenges to 

face, the current state of cavity design, testing and 

cryomodule assembly is encouraging, and for laboratories 

entering the field there is much to be learned and great 

opportunities to collaborate in the development of next 

generation Energy Recovery Linacs.   
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SRF IN HEAVY ION PROJECTS 

Dong-O Jeon
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Abstract 
SRF technologies are widely applied to heavy ion 

accelerator projects in the world such as the RAON, C-

ADS, ATLAS Upgrade, SPIRAL2, ISAC-II, HIE-

ISOLDE, FRIB, SARAF, HIAF, HIE-ISOLDE (EU), etc. 

In this paper, status report, design choices of projects on 

going in Asia along with ATLAS upgrade and SRF 

challenges met in heavy ion machines are presented. 

INTRODUCTION 

With its application to ATLAS, SRF technology is 

increasingly adopted for heavy ion accelerator projects 

around the world due to high field gradient and low 

operation cost. There are a few heavy ion accelerator 

projects under construction right now such as RAON, C-

ADS and FRIB and ATLAS upgrade, SPIRA2. Also there 

are projects emerging on the horizon such as HIAF. All 

these projects are based on SRF technology.  In this paper 

status report design choices and challenges met are 

presented. 

CHALLENGES IN SRF LINAC 

Among heavy ion accelerator projects, trend is to build 

high intensity superconducting heavy ion accelerators, 

providing hundreds of kilo watts of beam for users. 

Significant progress has been accomplished lately, 

making superconducting linacs more efficient and 

powerful. Challenges met in constructing heavy ion 

superconducting linacs are briefly mentioned.   

Alignment and Beam Quality 

It is known that elements in cryomodules move a few 

millimeters during cool down and attentions are paid to 

mitigate alignment issues related with this. Alignment 

tolerance matters as the beam intensity goes up and more 

stringent requirements need to meet. Some facilities such 

as ATLAS upgrade adopt optical devices to track 

elements movement, while others WPMs (wire profile 

monitors).  

There are two camps. One camp adopts relatively long 

cryomodules with superconducting solenoids installed 

inside. ATLAS upgrade, C-ADS, FRIB, SARAF etc 

belong to this camp. This camp pays attention to accurate 

modeling and control of optical elements movement. The 

other adopts short cryomodules and normal conducting 

quadrupoles between cryomodules. SPIRAL2 and RAON 

belong to this camp.  

It turns out that for RAON, detailed analysis shows that 

cost and cryogenic load of these two options do not differ 

much. Regarding cryogenic load, current leads of SC 

solenoids seem to compensate the benefit of long 

cryomodules. 

Cavity Gradient 

In SC cavity gradient front, there has been a 

significant improvement over years and now some low 

beta cavities reach Epeak > 80 MV/m [1]. With better 

understanding of cavity processing recipes including high 

temperature baking, both BCP and EP techniques seem 

viable solutions. EP can produce a very smooth surface 

compared with BCP, and is regarded slightly superior to 

BCP for maximum performance, although more 

expensive. ANL has successfully implemented EP in 

processing low beta cavities. ANL’s low beta cavities 

employ double conical design, highly optimized EM 

design, minimizing ratio such as Bpeak/Eacc and Epeak/Eacc.  

High Efficiency 

High efficiency frontier seeks mainly to increase the 

cavities’ Q, especially at high field. Although not fully 

understood, Q slope is generated by several known causes 

like; 1) hydrogen in Nb leading to Q disease, 2) surface 

contamination by foreign materials leading to field 

emission, vacuum issues, 3) trapped magnetic field, and 4) 

surface roughness which creates local peak magnetic field. 

These issues are addressed through recipes such as high 

temperature baking, high pressure rinsing etc. Q disease 

can now be cured by heat treatment at 600 - 800 °C in 

vacuum, which removes hydrogen from Nb bulk. 

Magnetic shielding is used to minimize trapped magnetic 

field. This can be an issue particularly for a cryomodule 

design with SC solenoids in. 

 STATUS REPORT 

Status report is summarized for RAON, C-ADS, and 

ATLAS upgrade projects for other on-going projects will 

be presented.  

RAON 

Heavy ion accelerator facility called RAON is under 

construction in Korea to support a wide range of cutting 

edge science programs in nuclear science, material 

science, bio & medical science, astrophysics, and atomic 

physics as well as interdisciplinary science programs. The 

RAON facility consists of accelerator systems [2] that 

support the 400 kW In-flight Fragmentation (IF) facility 

and Isotope Separator On-Line (ISOL) facility. There are 

also papers reporting progress in superconducting linac 

and RF system of the RAON [3-5].  

The driver accelerator for the IF facility is a 

superconducting linac that can accelerate up to 200 

 _______________________________________  
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MeV/u in case of uranium beam and up to 600 MeV for 

proton beam with more than 400 kW beam power to the 

IF target and various other targets. The driver for the 

ISOL facility is an H
-
 70-MeV cyclotron that delivers 

beam to the ISOL target. The cyclotron has dual 

extraction ports with thin carbon foils for charge 

exchange extraction of H
-
 beam. The rare isotope beams 

generated by the ISOL system is re-accelerated by a chain 

of post accelerators: RFQ, MEBT and superconducting 

linac SCL3 up to 18.5 MeV/u. The RI beams can be 

delivered to the low energy experimental hall or can be 

injected through P2DT to the driver linac to accelerate to 

higher beam energy. The schematic layout of the RISP 

facility is shown in Fig. 1. 

 

Table 1: Parameters of RAON Accelerator Systems 

Parameter Value 

Linac energy 200 MeV/u (uranium) 

Linac ions proton to uranium 

Linac beam power 400 kW 

Linac frequency 81.25/162.5/325 MHz 

Duty factor 100% 

Beam Loss <1 W/m 

Cyclotron energy 70 MeV 

Cyclotron ion H- 

Cyclotron current >700uA 

 

 
Figure 1: Plot of the RAON facility layout. 

 

RAON driver linac consists of injector, low energy 

superconducting linac (SCL1), charge stripper section 

(CSS), and high energy superconducting linac (SCL2) 

delivering beams to the IF target and other targets. SCL1 

accelerates uranium beam to 18.5 MeV/u and SCL2 to 

200 MeV/u.  

The driver SCL is designed to accelerate high 

intensity heavy ion beams and to meet the needs of 

various users. Large cavity apertures (4 and 5 cm) are 

chosen to reduce uncontrolled beam loss on the 

superconducting cavities. Cavity geometric betas are 

optimized and an optimum set of  = [0.047, 0.12, 0.30, 

0.51] is obtained. Its results are shown in Fig. 2 and 3. 

 

 
Figure 2: Plots of four types of superconducting cavities 

used for RAON superconducting linac. 

 

 
Figure 3: Plots of the optimized geometric betas of the 

superconducting cavities of RAON SCL. 

 

Table 2: Cavity Parameters 

Parameters Unit QWR HWR SSR1 SSR2 

g - 0.047 0.12 0.30 0.51 

Resonant freq MHz 81.25 162.5 325 325 

No of cavities - 21 98 69 120 

Aperture mm 40 40 50 50 

QRs Ohm 21 42 98 112 

R/Q Ohm 468 310 246 296 

Vacc MV 1.05 1.52 2.22 4.20 

Epeak MV/m 35 35 35 35 

Bpeak mT 58.1 57.4 50.1 64.6 

Op. temp K 2 2 2 2 

 

 

 
Figure 4: Plot showing thermal contraction due to cool-

down to 2K and stiffeners reduces frequency shift by 

cool-down and pressure change. 
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EM/mechanical characteristics of the superconducting 

cavities are analyzed using the CST and ANSYS codes to 

study and to ensure that the cavity design meets the 

requirement of Lorentz force detuning, detuning due to 

helium pressure fluctuation (df/dP), microphonics 

detuning etc. EM design has been conducted to reduce 

Bpeak and Epeak which in turn reduces the Lorentz force 

detuning. Stiffening the cavity endwalls and shell reduces 

the Lorentz force detuning and detuning due to helium 

pressure fluctuation. Endwalls of spoke resonators are 

reinforced with two types of ribs: donut ribs and daisy 

ribs. Figure 4 shows the contraction due to cool-down and 

the modeling of stiffening structure of the QWR cavity. 

Figure 5 shows the mechanical vibration modes and its 

characteristic frequencies of bare QWR cavity.  

 
Figure 5: Analysis of mechanical vibration modes and 

characteristic frequencies of QWR cavity with He jacket. 

Lowest mode frequency is 160 Hz and the next 280 Hz. 

 

Multipacting analysis is conducted for the combined 

structure of the cavity and power coupler. Analysis is 

done and shows that some multipacting bands can be 

found at low cavity field. 

 
Figure 6: Drawing of QWR with helium jacket. 

 

Prototyping of superconducting cavities are under way 

right now and Fig. 6 shows a drawing of QWR with 

helium jacket. Four types of superconducting cavities are 

optimized by the IBS. Fabrication of cupper and niobium 

cavities is proceeding through vendors for each type of 

cavities and it is under bidding process. The other track is 

to do prototyping in collaboration with international 

laboratories. Prototyping of cryomodules are on going as 

well and Fig. 7 shows schematic drawing of QWR 

cryomodule. 

 

 
Figure 7: Plots of the QWR cryomodule. 

 

Chinese ADS Project 

Supported by the Chinese Academy of Sciences (CAS), 

the Chinese ADS project is now on-going based on the 

collaboration of several Chinese institutions. The proton 

accelerator of Chinese ADS is a superconducting CW 

linear accelerator. Its energy is 1.5GeV, with beam current 

of 10mA. Institute of High Energy Physics (IHEP) and 

Institute of Modern Physics (IMP) are responsible for 

developing the two injectors respectively and IHEP is the 

leading institute for the developing of the main Linac [6].  

Two different injector schemes are under development 

by IHEP and IMP respectively and the final solution will 

be chosen based on the R&D results. IHEP is developing 

one injector based on 325 MHz RFQ and beta=0.12 

Spoke SC cavity; IMP is developing the other based on 

162.5 MHz RFQ and beta=0.10 HWR SC cavity. 

 

 

Figure 8:  Layout of Chinese ADS Proton Accelerator. 

Table 3: Specifications of Chinese ADS Proton Accelerator 

(Courtesy of IHEP)  

Parameter Value 

Energy 1.5 GeV 

Current 10 mA 

Beam power 15 MW 

Frequency 162.5/325/650 MHz 

Duty factor 100% 

Beam Loss <1 (0.3) W/m 

Beam trips/year 

<25000   for 1s<t<10s 

<2500     for 10s<t<5m 

<25         for t>5m 

 

Table 3 shows the main parameters of Chinese ADS 

proton accelerator SC cavities. 162.5 MHz half-wave 

resonator (HWR) is developed for the injector-II, 325 
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MHz Spoke cavities and Elliptical cavities are developed 

for the injector-I and the main accelerator. 

 Spoke012 Cavity: The 325 MHz spoke012 cavity for 

the 3~10MeV injector-I is designed and first two cavities 

have been fabricated by IHEP-PKU-HIT joint group.  

 

Figure 9: Two fabricated spoke012 prototype cavities 

(Courtesy of IHEP). 

The post-processing and vertical tests of the two 

prototype cavities have finished at the end of 2012. There 

are no serious multipacting effects observed, and the VT 

tests results are quite promising (Figure 10). 

 

Figure 10: Vertical test result of Spoke012: Q0 = 5.8x10
8 

@ 6MV/m, 4K; Q0 = 3.4x10
8 
@ 7MV/m, 4K (Courtesy of 

IHEP). 

 HWR009 Cavity: The 162.5 MHz HWR010 cavity for 

2.1~10 MeV injector-II is being constructed by IMP. Four 

HWRs have been tested at IMP. Two of them are ready 

for helium-vessel welding. Figure 11 shows fabricated 

HWR cavity and Figure 12 shows vertical test results of 

HWR010.  

 

Figure 11: HWR010 cavity (Courtesy of IHEP). 

 

Figure 12: Vertical test results of HWR010 (Courtesy of 

IHEP). 

 Spoke021 Cavity: The 325 MHz spoke021 cavity 

(Figure 9) has been designed for the main accelerator in 

the range of 10~40 MeV. Fabrications of two prototype 

cavities have been finished and vertical test is planned to 

carry out at the middle of 2013.  

 

Figure 13:  The spoke021 cavities parts (Courtesy of 

IHEP). 

 

ATLAS Upgrade 

The ongoing ATLAS upgrade project requires several 

substantial developments in accelerator technologies: a 

CW heavy ion RFQ and a high-performance cryomodule 

with seven low-beta cavities [1,7]. For ATLAS upgrade 

project, on-line commissioning is planned November-

December 2013.  

For a high performance cryomodule, new innovative 

superconducting cavity fabrication and surface treatment 

technologies are applied. The cryomodule consists of 

seven G = 0.077 QWRs at 72.75 MHz SC cavities and 

four 9-Tesla SC solenoids. The engineering 3D model of 

the cavity string suspended from the cryostat lid is shown 

in Fig. 14. New cryomodule features include the 

separation of the cavity and the cryogenic vacuum 

systems, and top-loading of the cleaned and sealed cavity-

string subassembly. The new QWRs will create 

accelerating gradients a factor of three higher, on average, 

whose test results are shown in Fig. 15, achieving Epeak 

over 80 MV/m.  

A key processing step for the cavities was the heavy, 

150 um, electropolishing on the complete cavity. Two 

separate rounds of polishing are performed. First, after 

fabrication, the cavities were electropolished on 

consecutive days, removing 65 um of niobium each day. 

Total polishing time was about 12 hours. The cavities 

were then baked under vacuum at Fermilab for 14 hours 

at 625°C in order to degas hydrogen. Last, the cavities 
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were returned to Argonne for a final light 20 um 

electropolish.  

Improvements other than electropolishing have been 

made since the 2009 upgrade. Electromagnetic (EM) 

optimizations of the 72 MHz QWR accounts for about   

20% of the performance increase relative to the previous 

109 MHz ATLAS Energy Upgrade cavities. However, the 

most substantial new feature is the conical-shaped outer 

housing which reduces by 20% compared to a straight 

cylindrical housing. No additional beam-axis space is 

needed since the expanded volume occupies the empty 

space already needed to join cavities together.  

 

  
Figure 14: ATLAS upgrade cryomodule drawing on the 

left and photograph of cryomodule assembly on the right 

(Courtesy of ANL). 

 

 
Figure 15: Plots of 5 QWRs tested for ATLAS upgrade 

(Courtesy of ANL). 

 

HIAF (Heavy Ion Accelerator Facility) 

A heavy ion accelerator facility, High Intensity Heavy 

Ion Accelerator Facility (HIAF), has been promoted by 

Institute of Modern Physics in China. The injector of the 

accelerator facility is a superconducting linac. It is a high 

intensity heavy ion linac and works on pulse mode. The 

final energy is 100 MeV/u [8]. The accelerated species 

are from Proton to Uranium. The designed current is 1.0 

emA. This linac consists of SC cavities with beta [0.041, 

0.085, 0.21, 0.40]. Table 4 lists some parameters of HIAF 

injector SCL.  

 

 

 

 

 

Table 4: HIAF SCL Cavity Parameters 

Parameters Unit QWR QWR SSR1 SSR2 

g - 0.041 0.085 0.21 0.40 

Resonant freq MHz 81.25 81.25 325 325 

No of cavities - 18 88 90 72 

Epeak MV/m 31.25 31.25 35 35 

CONCLUSION 

Although there are many challenges met in the SRF 

technology, the SRF technology maturing and 

superconducting heavy ion linacs become a preferred 

choice. There are many superconducting linacs are under 

construction at present such as RAON, C-ADS, ATLAS 

upgrade and so on. Brief status reports are presented 

along with challenges met.  
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HIGH POWER PROTON/DEUTERON ACCELERATORS 

J.-L. Biarrotte
#
, CNRS/IN2P3, IPN Orsay, France 

Abstract 
High power proton and deuteron linear accelerators can 

give rise to a large variety of scientific applications, 

useful for both fundamental and applied research. Thanks 

to the on-going efficient development of the 

Superconducting RF (SRF) technology, more and more 

projects based on such machines have emerged during the 

last 2 decades. This paper will review these existing high 

power proton/deuteron accelerator facilities or projects, 

trying in particular to emphasize in each case the various 

specificities and challenges related to the SRF technology. 

GENERAL OVERVIEW 

Introduction 

There is presently a clear growing demand for high-

power proton or ion accelerators to better support various 

fields of science like particle physics, nuclear physics, or 

neutron-based physics. These applications typically ask 

for beams with very high mean power in the GeV range, 

which goes significantly beyond the present capability of 

most of existing facilities.  

The panorama of high-power proton and deuteron 

beams is presently largely dominated by room- 

temperature machines as illustrated in Figure 1, with the 

single exception of the recently built US Spallation 

Neutron Source (SNS), which delivers its ~1 MW proton 

beam thanks to a 1 GeV SRF-based linac. In order to 

reach and exceed the MW range, SRF linear machines are 

indeed becoming more and more mandatory, leading to 

several new superconducting accelerators being 

constructed or planned. 

SRF as Low as Reasonably Achievable 

One of the main reasons among others for using SRF 

accelerators is obviously to minimize the overall power 

consumption and therefore decrease the operating costs. 

But one has to keep in mind that this statement isn’t 

always true since it heavily depends on the operating RF 

or beam duty cycle (dc), as shown in the above simplified 

formula: when dc approaches zero, the total power 

consumption Ptotal is dominated by the power required by 

the cryogenic plant Pcryo, which will in turn encourage to 

choose a full room-temperature solution.  

   cryobeamcav PPPdc totalP . (1) 

This straightforward statement suggests that for a given 

duty cycle, one can ideally find an optimal transition 

energy between the normal conducting (NC) and the 

superconducting (SC) structures of a given linac, which 

will minimize its overall power consumption. This is 

illustrated on Figure 2 that plots the actual NC to SC 

transition energy for the main high-power ion SRF linacs 

presently existing or planned. Two main families clearly 

appear: the pulsed proton machines (SNS, ESS, SPL), 

with duty cycles in the range of a few percents and 

transition energies in the vicinity of 100 to 200 MeV, and 

the Continuous Wave (CW) machines for which the 

worldwide rule has clearly become since a few years 

“SRF As Low As Reasonably Achievable” (i.e. down to 

 

Figure 1: Panorama of high power proton/deuteron beams worldwide (non exhaustive plot). 

____________________________________________  

#biarrott@ipno.in2p3.fr 
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the RFQ). It is by the way to be underlined that most 

present high power proton/ion linac projects plan to 

operate CW. Such machines were previously very 

difficult to envisage due to the enormous power 

dissipations in the copper RF cavities; they have been 

clearly made feasible thanks to the recent progress of SRF 

technology. 

Panorama of SRF Cavities  

The SRF accelerating cavities to be developed and used 

in these machines can be roughly gathered into 4 different 

families, each one covering a given range of beam 

velocity as shown in Figure 3. Right after the RFQ, low 

frequency (~80 MHz) Quarter-Wave Resonators (QWR) 

are used for very low beta acceleration of heavy ions, 

whereas higher frequency (~160 MHz) Half-Wave 

Resonators (HWR) or CH structures become preferable 

when considering proton or deuterons CW acceleration. 

Spoke cavities are then very promising as far as medium-

energy range is concerned, with a lot of prototyping going 

on presently worldwide around ~350 MHz. Finally 

elliptical cavities obviously remain the more efficient 

structure for higher energies, from typically 200 MeV on.  

This paper will try to review the state-of-the-art of 

proton and deuteron high-power linacs, with a special 

focus on the following machines or projects: SNS – the 

present reference – ESS, SARAF, IFMIF, Project X –  the 

more or less “under construction” machines – SPL, 

MYRRHA and C-ADS – the main other on-going projects 

still in the design phase. Heavy-ion high-power linacs, 

like F-RIB, RAON or SPIRAL-2, which will actually 

become soon the world first operating CW high-power 

SRF linac for proton and deuteron acceleration, will not 

be included in this overview; more information on these 

projects can nevertheless be found in the present 

proceedings [1-3]  

ELLIPTICAL-BASED SRF HIGH POWER 

PROTON LINACS 

High-Power Pulsed Proton Linacs 

The SNS [4,5] is presently the only operating high-

energy SRF linac for protons – actually H
-
 – and the first 

MW-class one. It is pulsed but at relatively high duty 

cycle (6% macro-pulses). Originally designed to produce 

a 1.44 MW proton beam on target at 1 GeV, the SNS 

present routine operation point is limited to 1.1 MW, with 

a final beam energy slightly below design value 

(935 MeV). The SNS is presently the second more 

powerful proton accelerator worldwide, the first one still 

being the PSI cyclotron with 1.3 MW [6].  

The European Spallation Source (ESS) project [7], 

which is about to start its construction phase (first 

neutrons planned in 2019), is also based on a high-power 

proton linac, but with higher final energy (2 GeV) and 

beam power (5 MW). Operating at 4% duty cycle, its 

design is very similar to the SNS, including two families 

of elliptical SRF cavities covering the 200 MeV - 2 GeV 

energy range [8], as shown in Figure 4. The main 

noticeable difference is that the CCL copper section is 

replaced in ESS by superconducting Spoke cavities [9]. 

This can be considered as a rather risky choice since the 

full demonstration of the technology is still to be fully 

established, but this also clearly underlines the very high 

interest of SRF technologies for medium-energy 

acceleration, even in the case of pulsed operation. 

 

Figure 4: ESS linac architecture [7]. 

The CERN SPL (Superconducting Proton Linac) [10] is 

the third one in the family of high-power pulsed proton 

linacs. This 4 MW machine is especially studied as a 

possible proton driver for a neutrino physics facility. It 

would be used as an extension of the new CERN Linac4 

160 MeV injector, presently under construction, to 

provide a possibility for direct injection into the PS2. Like 

for SNS and ESS, the design of the SPL 5 GeV linac is 

also based on SRF elliptical cavities of two different types 

–β=0.65 and β=1.0 in this case [11]. 

 

Figure 2: Beam duty cycle vs NC/SC transition energy for 

present high-power ion linac machines & projects. 

 

Figure 3: Panorama of SRF structures to be used for 

proton or deuteron acceleration in high-power linacs. 
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The SNS Operational Feedback 

One of the main challenges to face for high-power 

proton machines is obviously the management of beam 

losses and of the induced activation. In the SNS, the 

situation is very satisfactory on this point of view, with an 

activation level very well contained. Nevertheless some 

unpredicted beam losses have been observed, which have 

been recently explained by the intra-beam stripping 

phenomenon [12]: accelerating protons instead of H
-
 in 

the SNS actually leads in 30 times reduced beam losses, 

underlining that proton operation should be generally 

favoured when possible in such machines. Moreover, due 

to the very high beam power density, the SNS showed 

that the Machine Protection System (MPS) needs to be 

very carefully operated, and the beam power ramping up 

performed with great care – 3 years have been actually 

needed to reach the 1 MW level in the SNS case. 

All in all, the SNS machine is running extremely well, 

with an overall recorded availability higher than 90%. In 

particular, the SRF linac has proven to be extremely 

reliable (less than 1 trip per day), actually substantially 

more reliable than the normal conducting linac despite the 

high number of RF stations and the complexity of 

cryogenics. Looking in more details at the SRF linac 

systems downtime breakdown (cf. Figure 5) shows that 

most of the failures come from RF systems, as expected, 

and very few from the SC modules themselves. This very 

good behaviour of the SRF systems actually encourages 

the SNS team to plan a 3 MW upgrade by adding some 

additional cryomodules to reach 1.3 GeV while increasing 

the beam current. The replacement of the DTL plus CCL 

by SRF cavities is also being considered [14].  

As far as SRF cavities operation is concerned (cf. 

Figure 6), the recorded trips are mainly due to “errant” 

beam hitting the cavity surface, which can lead to gas 

desorption creating an environment for arcing with RF; 

such errant beams, usually partial beam pulses with low 

current or/and incorrect energy, are typically created after 

a MPS system trigger, which is most of the time initiated 

by discharge/arcing in the warm part of the linac and/or 

by the induced beam losses. More generally, SRF cavities 

performance degradation is also observed, but can be 

most of the time recovered by thermal cycling of the 

cryomodule. It is finally to be stressed that multiple 

cryomodule repairs have been performed in house for 

various reasons (coupler window leaks, helium or vacuum 

leaks, tuner failures, HOM couplers...). 

Accelerating Gradients 

One of the main design constraints for high-power 

proton linacs is related to the maximum accelerating 

gradient reasonably achievable in SRF cavities. In order 

to minimize the investment cost, there is obviously a 

tendency to push the gradients as much as possible to 

minimize the linac length. This is especially true in the 

case of pulsed operation for which the dynamic cryogenic 

load remains rather moderate in the overall cost balance. 

The ESS and SPL projects therefore logically tends to 

base their design on very high accelerating gradients (e.g. 

20 MV/m for the ESS β=0.86 cavity in the very last 

“Optimus” design which is supposed to significantly 

decrease the machine cost [6]) at the expense of obviously 

increased technical risks. 

The amplitude of this risk is illustrated in Figure 7 that 

shows the present SNS operating gradients superimposed 

with a few projects design goals. This plot indeed shows 

that the target gradients are usually very ambitious, 

especially in the case of pulsed machines – 25 MV/m for 

the SPL β=1 cavity is even higher than the X-FEL 

23.6 MV/m specification [15]. It also strongly suggests 

that margins and operational flexibility should be a key 

issue to seriously consider during the design phase to 

secure beam operation within nominal parameters. As a 

matter of fact, the SNS experiences a very huge gradient 

variability, which is by the way the main reason why the 

machine final energy is presently limited to 935 MeV in 

“safe” standard operation. This variability is directly 

related to the fact that achievable gradients in the SNS are 

limited, especially at high duty factors. This is most of the 

time due to heating from electron activity (mutipacting,  

 

Figure 5: SNS SRF linac downtime breakdown [13]. 

 

Figure 6: SNS SRF cavity trip breakdown [13]. 
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field emission even including collective effects within 

cryomodules [5]). In practice; almost every SNS run, a 

few cavities actually experience problems, resulting in 

degraded set-points (lower accelerating field) or even in a 

complete turn-off and therefore leading to a complete 

longitudinal linac retuning. Also note that this observation 

underlines how crucial is the SRF cavities cleanliness and 

surface preparation to secure optimal operation. 

Power Couplers 

Besides cavity gradients, the other main constraint for 

high-current linac designers is the maximal RF power 

available from the main power coupler. This power is 

presently a clear technological limit, in particular when 

dealing with pulsed operation. In the case of the SNS for 

example, the design limit was set to 550 kW peak power, 

corresponding to 48 kW mean power, but the coupler was 

tested up to about 2 MW in test stand. In the case of ESS, 

the design limit has been set to 1.1 MW peak power, 

which is presently considered as the safe “state-of-the-art” 

limit for such power couplers.  

A lot of R&D is being performed worldwide on high 

power couplers (e.g. CEA, CERN [16], CNRS [17], 

FNAL...), both for pulsed and CW operation, and it’s 

interesting to notice that most of the proposed designs are 

very similar. They are usually derived from the 805 MHz 

SNS coaxial coupler [18] – which was in turn scaled from 

the original KEK 508 MHz coupler [19] – with fixed 

coupling and in most of the cases only some differences 

on the cooling strategy. These very strong similarities 

would therefore suggest to try to concentrate the R&D 

effort worldwide on a single power coupler design for all 

planned machines (1 MW pulsed / 100 kW CW typically). 

This would probably lead in a more efficient development 

work in order to, in a second step, try to push the limits 

towards higher powers. 

Other Components 

It has now become a general agreement that High Order 

Modes (HOM) couplers are not mandatory for high-

power proton linacs. As a matter of fact, several beam 

break-up analyses have shown that the HOM voltages 

build-up is not an issue in such machines [e.g. 20], thanks 

in particular to the natural damping provided by the 

power coupler and to the high HOM frequency dispersion 

from cavity to cavity. One has therefore only to check that 

HOMs are sufficiently away from the main machine lines, 

which is usually the case. Even in the case where such a 

very unlikely event would happen, a detuning/retuning of 

the concerned cavity might be sufficient to slightly move 

the HOM away from the beam resonance, at least for the 

“soft” elliptical cavities. The fact remains that no HOM 

couplers are foreseen for the cavities of ESS, Project X or 

MYRRHA; moreover, SNS is presently in the process of 

taking out all HOM feedthroughs (15 cavities are already 

operating without HOM coupler). 

In pulsed operation, SRF elliptical cavities particularly 

suffer from the Lorentz force detuning. Contrary to SNS 

for which this dynamic detuning remains manageable 

with RF power, active detuning with piezo-actuators have 

become a real necessity for ESS and SPL due to the 

higher operating gradients. Most of the present developed 

tuners, usually based on the “Saclay-type” design, 

therefore plan to include such additional fast tuning 

capabilities [e.g. 21], the reliability of which clearly needs 

to be further improved given the quite mixed recorded 

performance of presently used piezo-systems in 

accelerator-like environment. 

Finally, concerning cryomodule design, the main goal 

in pulsed operation is obviously to minimize static heat 

loads, which by the way is not the primary concern for 

CW operation as discussed here after. Present designs are 

usually inspired either from the DESY-style concept or, 

more often, from the CEBAF concept (e.g. SNS). 

Information about the ESS and SPL designs for example 

can be found in the present proceedings [22-24]. 

 

Figure 7: SNS operating gradients (blue points [14]) superimposed with a few project design goals (lines). 
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CW SRF HIGH POWER LINACS 

Main Specificities of CW Operation 

Dealing with CW beam operation slightly changes the 

overall picture described here before on a few points.  

First of all, as already underlined, CW operation 

favours the use of SRF cavities down to the RFQ output 

or nearly: all CW high-power linac projects indeed plan to 

use low-beta SRF cavities (QWR, HWR, CH, Spokes) as 

shown in Figure 2. The point here is that these 

technologies, unlike elliptical SRF cavities, are not yet 

very mature, especially for high current operation: the 

only low-beta SRF cavities presently operating with a 

high-current beam are actually the SARAF HWR ones 

[25], with quite poor results as detailed here after. But 

besides cavities development, one of the main difficulties 

of such superconducting injectors is also to find the good 

compromise between very high compactness, which is 

required for beam dynamics reasons at such low 

velocities, and feasibility/operability in terms of beam 

diagnostics and maintenance especially. A complete 

technology demonstration is therefore clearly required for 

such low-beta CW SRF linacs. This is by the way what is 

presently being initiated in the case of Project-X (PXIE 

demonstrator [26]) and of IFMIF (LIPAC demonstrator 

[27]).  

Another difference is that the peak beam current is 

usually much lower in CW operation compared to pulsed 

operation – except in the IFMIF case. This obviously 

leads in reduced space-charge effects on the beam 

dynamics point of view, but on the other hand, this also 

implies lower optimal RF coupling (higher Qext) and 

therefore narrowest cavity bandwidths. The management 

of microphonics thus becomes a more serious issue to be 

considered. For this reason, several CW linac projects 

plan to use piezo-based tuners for microphonics’ 

compensation and favour a cryogenic operation at 2 K to 

minimize the helium bath pressure fluctuations. There is 

presently a general agreement for a 2 K operation down to 

350 MHz spoke cavities at least. MYRRHA and Project-

X are even fully 2 K down to their low frequency first 

cavities (162.5 MHz and 176.1 MHz respectively), 

although a 4.5 K operation would be theoretically more 

efficient in this case given the already very low BCS 

surface resistance at these frequencies. 

Even if the peak beam current is usually lower, the 

mean beam current is actually often higher in CW beam 

operation: while SNS and ESS exhibit 1 mA and 2.5 mA 

average beam intensities respectively, MYRRHA is for 

example 4 mA, SARAF 5 mA and C-ADS 10 mA. This 

shows that beam loss mitigation and MPS management 

remain very high concerns for CW high-power proton 

linacs, probably even higher than for pulsed machines. 

Moreover, this statement is reinforced by the fact that 

such machines use superconducting structures at very low 

energies, as already underlined, in which several 

additional difficulties potentially complicates the beam 

loss mitigation compared to higher energies: the beam is 

larger and very “soft”, tails from the RFQ need to be 

managed, available space for beam diagnostics and 

collimation is limited and last but not least, beam 

apertures are much smaller. 

Finally CW beam operation obviously means CW RF 

operation. Dynamic heat loads therefore clearly dominate 

cryogenics operation cost: contrary to the case of pulsed 

operation, the SRF cavities quality factor (Q0) is therefore 

an important cost driver for CW machines for which it’s 

often preferable not to push too much the accelerating 

gradients so as to keep affordable cryogenic loads. More 

generally, CW RF operation is also considered to be more 

harmful as far as electron activity is concerned 

(multipacting, field emission) and for the thermal 

management of all room-temperature copper structures, 

especially the RFQ. On the other hand, RF power 

generation has somehow become simpler and more 

reliable than for pulsed operation thanks to the recent 

emergence of tens of kW solid-state amplifiers [28]. 

Project X and the PXIE Demonstrator 

Project-X [29] is a typical example of how could look a 

CW high-power proton linac: as shown in Figure 8, SRF 

cavities of different types – HWR [30], Spoke [31,32], 

elliptical [33] – bring the beam from 2.1 MeV (RFQ 

output) up to 3 GeV in this case, including 2 frequency 

jumps (162.5, 325 & 650 MHz).  

In order to validate the Project X concept and eliminate 

the already discussed technical risks related to the SRF 

injector, a 25 MeV front-end demonstrator (PXIE) is 

presently under construction (see Figure 9). Beam CW 

operation at 1 mA is planned to start there between 2016 

and 2018. 

 

Figure 8: Acceleration scheme for Project-X. 

 

Figure 9: HWR (left) & spoke (right) cavities for PXIE. 
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SARAF, IFMIF and the LIPAC Demonstrator 

As already mentioned, SARAF is presently the only 

facility worldwide operating an HWR cryomodule behind 

its RFQ with (high-current) beam. The machine is 

presently able to produce 1 mA CW protons at 4 MeV 

(2.1 mA at 2 MeV) and 4.8 MeV deuterons at 50% duty 

cycle but suffers from several technical problems. As far 

as SRF cavities operation is concerned, the main present 

limitations are related to the heating of the power couplers 

[34] and to the management of microphonics [35], which 

has appeared to be rather problematic given the very high 

sensitivity of the SARAF HWR cavities to He pressure 

fluctuations (60 Hz/mbar) and the difficulties encountered 

with the piezo-tuners operation. All in all, the 

simultaneous operation of all 6 cavities at nominal field 

was actually not achieved for long period. Given the 

present difficulties, a new plan is by the way foreseen for 

the SARAF 40 MeV upgrade by 2019, probably by means 

of a contract with vendor [30]. 

 

Figure 10: IFMIF/LIPAC HWR cryomodule. 

Like SARAF, the IFMIF project also plans to accelerate 

deuterons up to 40 MeV using HWR SRF cavities. A 

9 MeV demonstrator (LIPAC, first beam planned in 2016) 

is presently under construction, and uses a very compact 

concept more or less similar to the PXIE and SARAF 

ones (see Figure 10). But compared to the SARAF or the 

PXIE cases, IFMIF is carrying the additional big 

challenge to accelerate a 50 times higher beam current 

(125 mA CW)! This obviously leads in additional 

technical difficulties related to the beam transport tuning, 

to beam losses mitigation, but also to RF power 

distribution since 70 kW RF power needs to be safely 

injected inside each cavity in a compact way [36,37].  

MYRRHA and the Chinese-ADS 

The goal of the MYRRHA project is to demonstrate the 

technical feasibility of transmutation in a 100 MWth 

Accelerator Driven System (ADS) by building by 2023 a 

new flexible irradiation complex in Mol (Belgium). The 

MYRRHA facility requires a 600 MeV accelerator 

delivering a maximum proton flux of 4 mA in CW 

operation (2.4 MW beam power), with an additional 

specific requirement for exceptional reliability (Mean 

Time Between Failures > 250 hours) since only a very 

limited number of unforeseen beam interruptions can be 

sustained by the reactor structures. To try to fulfil this 

very specific requirement, the MYRRHA linac design is 

therefore based on several redundancy schemes [38]. In 

particular, the 17 MeV injector [39], based on CH SRF 

cavities [40], is doubled to provide a hot stand-by spare 

able to quickly resume beam operation in case of any 

failure in the main one. Moreover, the MYRRHA main 

SRF linac [41], composed with spoke and elliptical SRF 

cavities from 17 to 600 MeV, is designed with significant 

RF power and gradient overhead throughout the 3 SC 

sections to ensure enhanced “fault-tolerance” capabilities: 

RF units failures are recovered by using a local 

compensation method (while stopping the beam for not 

more than 3 seconds) during which the RF fault is 

compensated by acting on the RF gradient and phase of 

the 4 nearest neighbouring cavities. A dedicated R&D 

program is presently on-going in order to try to 

demonstrate experimentally the feasibility of such 

procedures [42]. 

It is finally to be underlined that a very ambitious ADS 

program has also started in China since 2011. This 

Chinese-ADS project aims at building a 15 MW ADS by 

2032 (1.5 GeV, 10 mA) and basically plans to use the 

same reliability-oriented concepts as MYRRHA, as 

illustrated on Figure 11. Very active R&D is presently on-

going around this project [43], including in particular the 

planned construction of two 10 MeV front-end SRF 

injectors by 2015 and a lot of associated R&D on HWR, 

Spoke, and elliptical cavities. More information can be 

found in the present proceedings [e.g. 44-46]. 

 

Figure 11: C-ADS linac structure. 

CONCLUSIONS 

This paper tries to give an overview of present SRF-

based high-power proton/deuteron linac machines and 

projects. From this analysis a few straightforward but 

interesting conclusions can be derived.  

First of all, it is to be stressed that such high-power 

hadron accelerators have been made feasible thanks to the 

SRF technology, leading to more and more SRF linac 

machines and projects. This is especially true for CW 

operation where SRF is to be used from the RFQ on. The 

next 20 years will clearly be the “golden age” for SRF 

high-power linacs with the probable construction of 

several new large machines of this kind.  

Second, the main present R&D challenges can be 

roughly summarized as follows: on the one hand, secure 

high gradients operation for elliptical-based pulsed 

machines (ESS, SPL) and on the other hand, demonstrate 

the SRF injector technology for CW machines (through 
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PXIE, SARAF, LIPAC, C-ADS demonstrators), including 

Q0 optimization. R&D on piezo-actuators, which become 

more and more a necessity, is also to be reinforced.  

Many R&D activities are going on worldwide for high-

power proton/deuteron SRF linacs, clearly leading to a 

very high potential for new synergies and collaborations 

on all SRF-related technologies in general. On these 

aspects, one could even think about establishing some 

common component designs usable for different projects: 

this could concern power couplers, as already mentioned, 

but might also be applied to larger components like full 

cryomodules – ESS, MYRRHA and SPL for example 

share the same elliptical SRF section at β=0.65... Finally, 

the R&D on reliability enhancement pursued for the ADS 

programs is also to be followed closely since it could be a 

potential benefit for all future projects.  

ACKNOWLEDGEMENTS 

The author would like to warmly thank all the friends 

and colleagues who provided useful information to 

prepare this review paper, and in particular Sang-Ho Kim 

(ORNL), Frank Gerigk (CERN), Dan Berkovits 

(SOREQ), Jean-Paul Carneiro (FNAL), Zachary Conway, 

Peter Ostroumov (ANL), Dominik Mäder (IAP), Pierre 

Bosland, Nicolas Chauvin, Stéphane Chel (CEA) and 

Sébastien Bousson (CNRS). 

REFERENCES 

[1] R. Ferdinand, “Status and Challenges of Spiral2 SRF 

Linac”, these proceedings. 

[2] M. Leitner et al., “The FRIB Project at MSU”, these 

proceedings. 

[3] D. Jeon, “SRF in Heavy Ions Projects”, these proceedings. 

[4] S. Henderson, “SNS operation at 1 MW and beyond”, Proc. 

of LINAC 2010, Tsukuba, Japan. 

[5] S.H. Kim, “The Status of Superconducting Linac and SRF 

Activities at the SNS”, these proceedings. 

[6] M. Seidel et al., “Production of a 1.3 MW proton beam at 

PSI”, Proc. of IPAC 2010, Kyoto, Japan. 

[7] C. Darve et al, “The ESS Superconducting Linear 

Accelerator”, these proceedings. 

[8] G. Devanz et al., “Cryomodules with Elliptical Cavities for 

ESS”, these proceedings. 

[9] P. Duchesne et al., “Design of the 352 MHz, beta 0.50, 

Double-Spoke Cavity for ESS”, these proceedings. 

[10] F. Gerigk et al., “Layout and machine optimization for the 

SPL at CERN”, Proc. of LINAC 2010, Tsukuba, Japan. 

[11] O. Capatina et al., “CERN Developments for 704 MHz 

Superconducting Cavities”, these proceedings. 

[12] J. Galambos et al., “Increased understanding of beam losses 

from the SNS linac proton experiment”, Proc. of LINAC 

2012, Tel-Aviv, Israel. 

[13] S.H. Kim, private communication. 

[14] M. Champion et al., “Conceptual Design for Replacement 

of the DTL and CCL with Superconducting RF Cavities in 

the Spallation Neutron Source Linac”, these proceedings. 

[15] M. Hüning, “Status of the European XFEL”, Proc. of IPAC 

2013, Shanghai, China. 

[16] R. Bonomi et al., “SPL RF Coupler Cooling Efficiency”, 

these proceedings. 

[17] E. Rampnoux et al., “Design of 352.21 MHz RF Power 

Input Coupler & Window for the ESS”, these proceedings. 

[18] M. Stirbet et al., “Fundamental power coupler 

developments for the SNS SC linac cavities”, Proc. LINAC 

2002; Gyeongju, Korea. 

[19] F. Naito et al., “The input coupler for the KEKB ARES 

cavity”, Proc. APAC 1998, Tsukuba, Japan. 

[20] M. Schuh et al., “Influence of higher order modes on the 

beam stability in the high power superconducting proton 

linac”, Phys. Rev. ST Accel. Beams 14, 051001 (2011). 

[21] N. Gandolfo et al., “Deformation Tuner Design for a 

Double Spoke Cavity”, these proceedings. 

[22] V. Parma et al., “Status of the Superconducting Proton 

Linac (SPL) Cryomodule”, these proceedings. 

[23] D. Reynet et al., “Design of the ESS Spoke Cryomodule”, 

these proceedings. 

[24] G. Olivier et al., “ESS Cryomodules for Elliptical 

Cavities”, these proceedings. 

[25] D. Berkovits et al., “Operational experience and future 

goals of the SARAF proton/deuteron linac”, Proc. LINAC 

2012, Tel-Aviv, Israel. 

[26] S. Nagaitsev et al., “PXIE: Project X injector experiment”, 

Proc. IPAC 2012, New Orleans, USA. 

[27] F. Orsini et al., “Progress on the SRF linac developments 

for the IFMIF-LIPAC project”, Proc. IPAC 2013, Shangai, 

China. 

[28] M. Di Giacomo, “Solid state RF amplifiers for accelerator 

applications”, Proc. PAC 2009, Vancouver, Canada. 

[29] P. Yakovlev et al., “Status of the SRF development for the 

Project X”, these proceedings. 

[30] P. Ostroumov, “Development of Compact Cryomodules 

Housing HWRs for the Front End of High-intensity CW SC 

Linacs”, these proceedings. 

[31] L. Ristori, “Development and Performance of 325 MHz 

Single Spoke Resonators for Project X”, these proceedings. 

[32] A. Sukhanov, “Cold tests of SSR1 resonators for PXIE”, 

these proceedings. 

[33] S. Som, “Development of 650 MHz cavities for the GeV 

Proton Accelerator in Project X”, these proceedings. 

[34] J. Rodnizki et al., “SARAF Phase-I HWR Coupler Cooling 

Design”, these proceedings. 

[35] A. Perry et al., “SARAF SC module commissioning 

status”, Proc. SRF 2009, Berlin, Germany. 

[36] N. Bazin et al., “Cavity Development for the Linear IFMIF 

Prototype Accelerator”, these proceedings. 

[37] H. Jenhani et al., “Validation Procedures for the IFMIF 

Power Coupler Prototypes”, these proceedings. 

[38] J-L. Biarrotte et al., “Beam operation aspects for the 

MYRRHA linear accelerator”, Proc. TC-ADS 2013, 

Nantes, France. 

[39] D. Mäder et al., “Consolidated Design of the 17 MeV 

Injector for MYRRHA”, these proceedings. 

[40] M. Bush et al., “Cold Measurements on the 325 MHz CH-

Cavity”, these proceedings. 

[41] J-L. Biarrotte et al., “Design of the MYRRHA 17-600 MeV 

Superconducting Linac”, these proceedings. 

[42] M. El Yakoubi et al., “Developments and Tests of a 700 

MHz Cryomodule for the MYRRHA Superconducting 

Linac”, these proceedings. 

[43] Y. He et al., “SRF cavities for ADS project in China”, these 

proceedings. 

[44] J. Dai et al., “Development of a very low beta SC single 

spoke cavity for China-ADS linac”, these proceedings. 

[45] Z. Li, “Design of the SSR021 cavity for the proton 

accelerator main linac of China ADS”, these proceedings. 

[46] P. Sha, “The Research on Spoke 0.40 Cavity”, these 

proceedings. 

Proceedings of SRF2013, Paris, France MOIOB01

02 Future projects

C. Future Project

ISBN 978-3-95450-143-4

41 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



TOWARDS A 100mA SUPERCONDUCTING RF PHOTOINJECTOR FOR
BERLinPro ∗
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S. Schubert, J. Smedley (BNL, Upton, Long Island, New York),
J. Sekutowicz (DESY, Hamburg)

E. Zaplatin (FZJ, J ¨ulich)
V. Volkov (BINP SB RAS, Novosibirsk),

G. Ciovati, P. Kneisel (JLAB, Newport News, Virginia)
I. Will (MBI, Berlin)

R. Nietuby ´c (NCBJ, Swierk/Otwock)

Abstract
For BERLinPro, a 100 mA CW-driven SRF energy re-

covery linac (ERL) demonstrator facility, HZB needs to de-

velop a photo-injector superconducting cavity which deliv-

ers a at least 1mm·mr emittance beam at high average cur-

rent. To address these challenges of producing a high peak

brightness beam at high repetition rate, at first HZB tested

a fully superconducting injector with a lead cathode [1, 2],

followed now by the design of a SC cavity for operation

up to 4 mA. It uses CW-modified TTF-III couplers and a

normal conducting high quantum efficiency (QE) cathode

using the HZDR-style insert scheme. This talk will present

the latest results and an overview of the measurements with

the lead cathode cavity, we also describe the design and

optimization process, the first production results of the cur-

rent design and an outlook to the further development steps

towards the full power version.

INTRODUCTION
For BERLinPro HZB needs to develop a SRF photoinjec-

tor cavity which has to fulfill demanding requirements with

respect to beam properties and SRF systems. BERLinPro is

a high current 100 mA 50 MeV energy recovery linac aim-

ing to combine high peak brightness, small emittance and

short pulse electron bunches with an average current com-

parable with the storage ring regime of hundreds of mA [3].

Therefore the injector cavity has to produce a small emit-

tance beam at high peak brightness, which demands a high

QE cathode with prompt response time and a low work

function for operation with state of the art laser systems

at high repetition rate. Further the cavity needs to handle

beam power of 230 kW to accelerate the 100 mA beam to

at least 2 MeV kinetic energy. To compensate for space

charge driven beam expansion, the emission process has to

take place at field levels as high as possible. The latter re-

quirement as well as the low work function is competing

with the demand, that the level of dark current needs to be

∗Work supported by Bundesministerium für Bildung und Forschung

and EuCARD SRF
† Axel.Neumann@helmholtz-berlin.de

Figure 1: Pictures of cavity 0.1 with lead cathode plasma

arc deposited on the back wall (top row) and cavity 0.2 with

a lead coated plug version simplifying the deposition.

omitted to a level as low as possible. This is mandatory to

avoid beam halo formation and loss in the ERL, especially

within the recirculator.

To account for all these diverging challenges, HZB has

started an injector cavity test programm in collaboration

with JLab, DESY, NCBJ, BNL, BINP, FZJ, HZDR and

MBI in a three stage approach. The first step was to test

and understand the beam dynamics of a one and a half cell

injector cavity, which is an interesting candidate for CW

driven low average current free electron lasers, a hybrid

lead cathode niobum 1.6 cell injector cavity designed by J.

Sekutowicz [4]. Here, the experimental results of two ver-

sions of this cavity which have been tested between 2011

and 2012 will be described.

The following step is a cavity with a new RF design [5]

allowing for improved beam dynamics properties [6] and

a high brightness beam introducing a normal conducting

high QE cathode into the SC cavity using the HZDR style

choke cell and insert system [7]. This cavity is currently

being manufactured at JLab and awaiting the welding of

the half cells and first processing and vertical testing. The
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Figure 2: Experimental set up of the cavity measurement at

the HoBiCaT horizontal test facility including cold section

and warm diagnostic beam line for beam visualization as

well as energy and current measurements.

design will be presented in the second half of this paper.

The third step will be a high power modification of the

current design using two modified KEK-style [8] funda-

mental power couplers and being more optimized with re-

spect to HOM properties and propagation.

HYBRID LEAD NIOBIUM CAVITY
Two versions of the hybrid PbNb cavity (see Figure 1)

have been fabricated at JLab and received the supercon-

ducting lead cathode at NCBJ in Swierk(Poland) [9]. After

completion of the cavity production and cathode deposi-

tion by plasma arc discharge, the cavity received its an-

cillary components and was installed within the HoBiCaT

horizontal test facility at HZB, which was extended with a

diagnostic beam line. This setup is shown in Figure 2.

For the first cavity the lead spot was deposited on the

back wall by mounting the whole structure to the deposi-

tion system. Afterwards the cavity received a final short

BCP and HPR using a protective mask for the cathode in

order to remove remnants by the plasma arc process [10].

This cavity was operated without any tuner and thus re-

ceived a strong back wall stiffening. It was equipped with

an adjustable TTF-III coupler, allowing external Qs rang-

ing from 1 · 109 down to 6 · 106 including a three-stub

tuner [11]. The second cavity features an improved back

wall stiffening, molding the stiffener bars directly out of the

back wall material, a modified Saclay-I style tuner system

and a niobium plug in the center of the back wall. The plug

system allowed for a more direct and uniform formation of

the cathode as it was installed very close to the lead source

of the deposition set up. Improvements and obstacles due

to this construction will be discussed in the following sec-

tions. Table 1 summarizes the simulated and measured RF

properties of both cavities. Note, that significant higher

field levels and thus beam energies were achieved with the

plug cavity.

Quality Factor
Given in Figures 3, 4 and 5 are the unloaded quality fac-

tors Q0 as a function of the peak on axis field E0, located

at the cathode, as measured after the final assembly in the

Table 1: Cavity figures of merit for the TM010-π mode of

the hybrid lead cathode niobium 1.6 cell cavity for E0= 27

MV/m. Note, that all parameters except the first four RF

properties are measured values. The latter were obtained

by Superfish and CST MWS simulations.

Parameter Cavity 0.1&0.2

R/Q(Ω) 190

Epeak/E0 1.2

Ecathode/E0 1.0

Bpeak/Epeak (mT/(MV/m)) 4.4

Φlaunch(Ekin,max) (deg.) 15

Elaunch (MV/m) 5&7

Ekin (MeV) 1.8&2.5

kcc (%) 1.47

Qext 6.6 · 106
f1/2(Hz) 98

Pforward (kW) ≤ 2
Δfpeak (Hz) 20-40

vertical test stand with and without lead cathode compared

to the values achieved within the horizontal beam produc-

tion set up. Note, that the vertical tests were done at 2.0

K, while the horizontal ones at 1.8 K. The bare cavities
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109

1010

1011

E0  (MV/m)

Q
0

0 5 10 15 20 25 30 35 40 45

0

10

20

30

40

50

60

70

I FE
 (n

A
)

Before processing
After laser
cleaning

VTA
VTA Pb cathode
Horz. before proc.
Horz. after laser cleaning

Figure 3: Measured unloaded quality factor Q0 of cavity

0.1 versus on axis peak electric field after cavity assem-

bly and treatment in the vertical test stand (grey squares) at

JLab, after deposition of the cathode (blue circles), the first

horizontal test after installation and beam line assembly at

HZB (black triangles) and after laser cleaning of the lead

cathode(red triangles).

achieved low field Q0s of the order of 2·1010 reaching max-

imum fields up to a quench field of 45 MV/m for cavity

0.1 and 55 MV/m for cavity 0.2. It is in common for the

back wall and plug set up, that both cavities saw an increase

by a factor of two of the surface resistance after receiving

the lead cathodes. This seems to be a general contamina-

tion problem rather than additional dissipation in the lead

film, as can be seen by RF calculations (see Figure 6), that

the peak magnetic field is only 2 mT at 20 MV/m. The

fraction of the cathode losses to the total cavity losses as-
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Figure 4: Q0 vs. E0 of cavity 0.2 in the vertical test stand

with the uncoated Nb plug installed (grey squares), after

installation of the lead coated plug (blue circles) and finally

calorimetrically measured Q0 at the horizontal test facility

at HZB including the diagnostic beamline.
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Figure 5: A comparison of the vertical and horizontal test

results of Q0(E0) for cavities 0.1 and 0.2.

suming same surface resistance is only 3.6 · 10−6% and

for the whole plug about 2 · 10−4%. Finally, after trans-
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Figure 6: Electric and magnetic surface field distribution of

the TM010-π mode on the plug surface. These calculations

were done using CST MWS [12] in order to understand

possible loss mechanisms observed at the plug location.

port to Berlin and installation in HoBiCaT, the measured

quality factor was again decreased by a factor of two for

cavity 0.2, for cavity 0.1 the Q0s were in general a factor of

two lower than for the second cavity and it further features

a much earlier onset of field emission at 12 MV/m in the

horizontal tests. After laser cleaning of the cathode it im-

proved to 18 MV/m [2, 13]. The maximum operating fields

were thus limited to 20 MV/m for cavity 0.1 due to a strong

contribution by dark current, whereas cavity 0.2 was able to

operate up to 27 MV/m. Cavity 0.1 was installed in HoBi-

CaT with two magnetic shields whereas cavity 0.2 was not

equipped with a second shielding. Cavity 0.2 had a resid-

ual resistance of 35 nΩ in the horizontal tests. This cannot

be explained by the missing shielding, as the remnant mag-

netic field in HoBiCaT is about 1-2 μT.

Findings with the plug design First RF tests in HoBi-

CaT showed a rather low achievable field and strong multi-

pacting of the plug design at field levels of 3 and 8 MV/m.

This was correlated with an increase of the cavity and beam

line vacuum to 1·10−7 [14]. Most likely this was a λ-
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Figure 7: Quench event of cavity 0.2 close to the instanta-

neous quench field level at 28 MV/m. It was operated at

E0=25 MV/m (green line), a strong increase of the dissi-

pated power into the superfluid helium was observed (red

line, 2 K flow) and an increase of the temperature measured

on the solid back wall of the Nb plug was observed.

leak between the superfluid helium bath and inner cavity

caused by the indium seal of the plug, even though special

care was taken for a proper installation. Nevertheless, by

RF processing the peak fields were increased to 27 MV/m,

the multipacting barriers can even be passed running with

an LLRF system, instead of the phase-locked loop used

for the quality factor measurements. The processing came

along with a decrease of the observed radiation level 1.5 m

downstream the cryostat by three orders of magnitude. The

first notable dark current was seen at 25 MV/m. The cav-

ity quenched instantaneously at 28 MV/m. At 25 MV/m it

took about one hour of continuous operation for the quench

to manifest itself. As depicted in Figure 7 a slow heating

and increase in helium consumption comes along with field

levels beyond 24 MV/m. The increase in temperature was

measured in the liquid at the back wall of the rather thick

Nb plug. We suspect to have a bad thermal contact between

the cooled cavity back wall and the plug system leading to
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a warming and finally quench at the cathode and even in-

dium seal location.

QE and dark current The measured field emitted

dark current originated mainly from the cathode area as was

demonstrated with tracking calculations by V. Volkov [2].

Figure 8 shows dark current of both cavities at different

field levels focussed by the SC solenoid on the first view

screen. For the plug design the dark current seems to be a

mapping of the plug’s gap area, comparable with the high

electric field distribution shown before in Figure 6.

Figure 8: Comparison of dark current for both cavities

measured at the first screen at different field levels using

the solenoid to focus the beam. The field emission onset

of cavity 0.2 was significantly higher than for cavity 0.1,

especially after additional RF processing.

It is mainly caused by irregularities in the morphology

and tip on tip like substructures of the lead coating. Es-

pecially for cavity 0.1 small droplets were observed and

areas of dark current were identified to have a rather small

QE and a strong fluorescence in the visible regime when

illuminated by the cathode laser [13, 15]. The plug cath-

ode featured a smoother and also more isotropic surface

regarding the QE distribution and therefore much less dark

current. The same appears for the fluorescence maps taken

without field illuminating the cathode with the drive laser

and taking pictures with a CCD in the visible regime.

With cavity 0.1 at areas of very low QE and strong flu-

orescence strong field emitters exploded with currents at

least ten times higher than the wanted beam when illumi-

nated with the cathode laser at specific RF field level [2].

After this procedure these field emitters seemed to be re-

moved, the fluorescence level was reduced. This shows,

that for contaminated cathodes even with the cathode laser

some cleaning of the cathodes is possible. But for an over-

all increase of the QE a laser cleaning is mandatory.

Figure 9 shows the QE obtained with the lead cathode

of cavity 0.1 before and after laser cleaning with a KrF ex-

cimer laser at 248 nm compared to values achieved with

samples [16]. The values are below the best witness sam-

ples but exceed the QE of cleaned Nb by a factor of five.

Unfortunately there was no measurement time to perform

laser cleaning with the plug cavity, but it achieved similar
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Figure 9: Comparison of measured quantum efficiency

(QE) versus laser pulse energy at BNL [7] of electro-plated,

arc-deposited lead and bulk Niobium samples with the QE

obtained for the arc-deposited lead cathode of cavity 0.1

before and after laser cleaning.

QE as the uncleaned back wall cathode, but with a much

more uniform distribution. Summing up, lead cathodes

allow only small beam currents, but they are very robust

against contaminations and processing of field emitters and

can be brought back to full performance by laser cleaning.

Operational Experience, Field Stability
Both cavities were operated with a modified version of

Cornell’s LLRF system [17]. Cavity 0.2 is even equipped

with a Saclay tuner system, whereas with cavity 0.1 the

master clock for LLRF and laser system referenced to a

lowpass filtered phase locked loop following cavity drifts.

Figure 10 depicts the piezo modulation to RF detuning
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Figure 10: Measured piezo to RF detuning transfer func-

tion of the piezo stacks installed in the adapted Saclay I

style tuner. The first mechanical eigenmode appears at 248

Hz

transfer function of the Saclay tuner installed with cav-

ity 0.2. The response is very flat until the first mechani-

cal eigenmode appearing at 248 Hz, beyond the loaded Q
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bandwidth of the cavity. The measured detuning spectra

(Figure 11) mainly feature external vibrations acting on the

cavity. Using a heater to simulate RF losses within the liq-

uid helium it was shown, that the spectral lines appearing

for higher losses are correlated with activity in the helium

bath (LHe). These spectral lines below 100 Hz appear to

increase with the localized losses produced by the heater.

This increase of dynamics of the LHe bath at field levels

100 101 102 103
0

2

4

6

8

10

12

Frequency (Hz)

A
Δ 

f (H
z)

E0=22 MV/m
E0=25 MV/m

LHe dynamics

1st mech. eigenmode

Figure 11: Measured microphonics detuning spectrum at

two different field levels. At about 25 MV/m strong activity

in the helium bath takes place and an increase of the excited

first mechanical eigenmode was observed.

near the quench level, where a warming of the cathode

region leads to a localized increase of the heat deposited

in the bath, comes along with an increase of the mechani-

cal eigenmode detuning contribution. More measurements

about heat transport within the helium bath, LHe heat trans-

port capacity and measured microphonics are planned for

the future.

Table 2 gives an overview of the field stability and mea-

sured detuning levels for different scenarios of both cavi-

ties. Beam energy modulation experiments using the piezo

tuner have shown, that the contribution of the phase and

amplitude stability compared to laser time jitter and laser

pulse length to the beam’s energy jitter is negligible.

Table 2: Cavity field stabilities and detuning measured at

different field levels for both cavities
Cavity 0.1

QL
E0 σf σΦ σA/A

(MV/m) (Hz) (deg)

1.4 · 107 12.0 5.02 0.02 1.5 · 10−4

6.6 · 106 20.0 7.0 0.017 1.2 · 10−4

Cavity 0.2
6.6 · 106 22.0 5.6 0.026 1.1 · 10−4

6.6 · 106 25.0 13.8 0.039 1.6 · 10−4

Beam Parameters and Quantum Efficiency Mea-
surements

Besides studying the RF parameters and achievable sur-

face resistance and field limits, the main goal was to under-

stand the beam dynamics within the injector cavity and to

measure the beam’s phase space to extract the emittance.

Table 3 gives an overview of the obtained beam and field

parameters achieved with the two versions of the PbNb hy-

brid cavity. The same UV 258 nm cathode laser was used

for both measurement runs, operating at 8 kHz. For all

emittance measurements the space charge contribution was

negligibly low with charges below 1pC and short pulses to

omit RF curvature contributions. To determine the normal-

ized emittance both the slit mask and solenoid scan meth-

ods were applied. More details about the beam measure-

ments can be found in [1, 18, 19]. In summary one could

Table 3: This table summarizes typical beam parameters

and cavity settings for both PbNb hybrid cavities illumi-

nated with 258 nm cathode laser at 8 kHz repetition rate at

the given maximum on axis fields.

Parameter 0.1 0.2

Cathode type Pb back wall Pb plug

Cathode QEmax 1 · 10−4 1 · 10−5

E0max. 20 MV/m 27 MV/m

Elaunch 5 MV/m 7 MV/m

Ekin at max. E0 1.8 MeV 2.5 MeV

Bunch charge 6 pC 187 fC

Emission time 2-4 ps 2.5-3 ps

Average current 50 nA 1.5 nA

Normalized emittance/mm 5.4 1.9

laser spot size mm mrad mm mrad

state, that due to the improved cathode deposition tech-

nique, as already discussed with the QE and dark current,

a much more smoother surface with less protrusions and

droplets was achieved. This resulted in a lower dark cur-

rent level, higher achievable fields and finally a lower beam

emittance, as the cathode morphology directly contributes

to the thermal emittance as discussed in [18].

Another hint for the cathode surface structure contribut-

ing to the overall emittance is given by the transverse phase

space measurement shown in Figure 12. This measurement

was done at E0=10 MV/m and 15 deg. emission phase, as

at that time a failure of the IOT limited the available for-

ward power. For large laser spot sizes, as given here by

0.66 mm RMS, a substructure of the transverse divergence

across the vertical bunch coordinate hints at different emis-

sion points with different thermal emittance contributions.

Figure 13 gives an overview about the phase dependance

of the kinetic beam energy for different field levels. For

higher fields, though not visible in the plot, a maximum

appears at low phases of about 15 deg.
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Figure 12: Reconstruction of vertical phase space at

E0=10.0 MV/m for cavity 0.2.

−10 0 10 20 30 40 50 60 70
0

0.5

1

1.5

2

2.5

3

Phase (deg.)

E
ki

n (M
eV

)

0.1 12MV/m
       20MV/m
0.2 10MV/m
      12.5MV/m
      19MV/m
      27MV/m

Figure 13: Measured kinetic beam energies Ekin at differ-

ent field levels for both cavities versus emission phase with

respect to the RF field.

AN INJECTOR FOR BERLinPro
Experience gained with the measurements of the cavity

0.1 folded with the requirements of the BERLinPro project

resulted in the design of the next injector cavity towards

the full power 100 mA version. The first step, called cavity

1.1, should demonstrate the beam dynamics requirements

for the ERL with respect to emittance, energy spread, jitter

requirements, dark current studies and peak brightness at

the full charge of 77 pC and currents up to 4 mA. Thus, a

normal conducting semiconductor cathode has to be imple-

mented.

The final cavity geometry was an outcome of a combined

RF and tracking simulation to optimize parameters as e.g.

skew back wall and path length of the half cell. This pro-

cess ended up in a 1.4·λ/2 cell design, to mainly achieve

a higher launch phase compared to cavity 0.1 to have an

effective ratio of maximum surface field and field seen by

the beam.

Thus a whole new RF design [20] was created account-

ing for:

• A high launch phase for the maximum energy gain un-

der the given forward power constraint. This should

guarantee a high emission field to compensate for

space charge driven beam expansion, as the fraction

of maximum on-axis field to emission field level is

minimized. The longitudinal on-axis field for differ-

ent cathode positions is presented in Figure 14.

• Further, to account for the avoidance of dark current,

the maximum on axis field level is not located on the

cathode surface (which has a low work function) it-

self, but close after. This is achieved by a skew back

wall and the curvature of the cathode insert open-

ing. This also features transverse field components

for beam focussing.

• Finally by fine tuning the design the electric peak sur-

face field was moved from the cathode opening to the

inner iris towards the back wall. This is a less proba-

ble origin for field emitted particles to leave the struc-

ture contributing to dark current transported through

the accelerator.
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Figure 14: Longitudinal electric field component at r=0

mm and radial electric field at r=1 mm versus z for differ-

ent cathode positions.

Table 4 summarizes the cavity RF properties calculated

by Superfish [21] and CST MWS.

Ancillary Equipment
A sketch of the cavity and its ancillary components is

given in Figure 15. It shows the 1.4 cavity cell with the

cathode opening in the back wall followed by the HZDR

style insert system of choke cell and Petrov filter. The

beam tube is enlarged such to allow for propagation of the

lowest dipole mode and still coupling of two CW-modified

TTF-III coupler [22] delivering up to 10 kW each. The

coupling is optimized for low kick and a beam current of

4mA. Downstream the beam tube will be the superconduct-

ing solenoid followed by a beam tube HOM absorber. The

cavity will be equipped with a blade tuner system similar

to the Cornell version including four piezos for fine tuning.

RF Design

Proceedings of SRF2013, Paris, France MOIOB02

07 Cavity design

D. SRF Photoinjector

ISBN 978-3-95450-143-4

47 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Table 4: Cavity figures of merit for the TM010-π mode of

injector cavity 1.1 at E0= 30 MV/m and cathode retracted

from 0-2.5 mm. Note, that Qext is optimized for 4 mA beam

current.

Parameter Cavity 1.1

R/Q(Ω) 150-149.5

Epeak/E0 1.5-1.45

Ecathode/E0 1-0.58

Bpeak/Epeak (mT/(MV/m)) 2.2

Φlaunch(Ekin,max) (deg.) 60-50

Elaunch (MV/m) 26-13.3

Ekin (MeV) 2.6

kcc (%) 1.6

Qext 3.6 · 106
f1/2(Hz) 185

Pforward (kW) 8.4

Δf/ΔPLHe (Hz/mbar) 10 (expected)

Iavg (mA) 4

Qb (pC) 77

Figure 15: Drawing of the SRF photo-injector cavity with

the cavity, beam tube, choke cell and cathode insert in sil-

ver grey. Also shown are ancillary components such as

the helium vessel, blade tuner, stiffening ring and CW-

modified TTF-III coupler.

Combined electro-magnetic-mechanical calculations by

E. Zaplatin [23] were performed in order to find a stiff-

ening ring position and material thickness for minimum

detuning to pressure sensitivity of the cavity Δf/ΔPLHe.

The expected tuning sensitivity will be 1.6 MHz/mm and

Δf/ΔPLHe ≈10 Hz/mbar. Tuning the structure by 300

kHz will result in a maximum field flatness change of 3%,

below tolerances for beam dynamics considerations.

At the moment, this cavity is being manufactured at JLab

and will see its first vertical RF test presumably Fall of this

year. A first impression of the half cell manufacturing can

be obtained from the picture in Figure 16 showing three of

the four half cell sections and the beam tube stacked for

mechanical inspection.

Figure 16: Cavity 1.1 in production at JLab. Here the cav-

ity is only stacked and the first half of the 0.4·λ/2 cell is

missing.

Figure 17: Calculated Qext for modes up to 3 GHz for a

port at the HOM absorber location.

HOM Studies
HOM calculations of the current design have shown, that

higher order monopole modes and dipole modes are leav-

ing the structure propagating to the beam tube absorber (see

Figure 17). But some quadrupole modes seem to be trapped

within the half cell. Further it has to be taken into account,

that the R/Q depend on the evolution of β within the cavity

cells and thus on the maximum on axis field level. Calcu-

lations have shown [20], that for monopole π modes R/Q‖
increases with E0 and decreases for the zero mode. For

dipole modes R/Q⊥ behaves in the opposite manner.

OUTLOOK: CAVITY 2.1
The high power cavity version will be equipped with two

KEK-style couplers which were modified in design using a

golf tee shaped tip form for improved coupling and reduced

coupler kick. For this cavity version it has to be understood

whether the trapped quadrupole and sextupole modes play
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any role in unwanted beam cavity interaction and how to

change cell-to-cell coupling and the exit iris to allow even

those modes to escape. Further work has already started to

improve and simplify the choke cell design as well as the

cooling of the cathode plug at the expected RF losses and

laser power.
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SRF PHOTOEMISSION ELECTRON GUNS AT BNL: FIRST 

COMMISSIONING RESULTS* 

S. Belomestnykh
#
 

Brookhaven National Laboratory, Upton, NY 11973-5000, U.S.A.  

Stony Brook University, Stony Brook, NY 11794, U.S.A.

Abstract 
Two SRF photoemission electron guns are under 

development at BNL. The first gun operates at 704 MHz 

and is design to deliver high bunch charge and high 

average current beams for the R&D ERL facility. Its 

cavity is of an elliptical geometry. The gun cryomodule 

has been commission without a cathode up to the design 

voltage of 2 MV. The experiments with a copper cathode 

are underway. The second gun utilizes a quarter wave 

resonator geometry with a coaxial cathode insert and 

beam tube RF power coupler. It will be used to produce 

high bunch charges, but low average beam currents for 

the Coherent electron Cooling Proof-of-Principle 

experiment. This 112 MHz SRF gun was first tested two 

years ago. Since then it was rebuilt in a new cryomodule 

and cryogenically re-tested in late 2012 / early 2013, 

reaching the accelerating gap voltage of 0.9 MV. This 

paper describes main design features of the two SRF 

guns, presents test results and discusses future plans. 

INTRODUCTION 

Two SRF photoemission electron guns are in 

commissioning/installation stages at BNL. A 704 MHz ½-

cell elliptical gun [1, 2] will deliver high bunch charge 

and high average current beams for the R&D ERL facility 

[3]. A 112 MHz quarter wave resonator (QWR) gun [4] 

will produce high bunch charges, but low average beam 

currents for the Coherent electron Cooling Proof-of-

Principle experiment (CeC PoP) [5]. 

DESIGN AND COMMISIONING OF THE 

704 MHz SRF GUN FOR R&D ERL 

The R&D ERL at BNL is a facility dedicated to 

develop accelerator technologies for future energy 

recovery linac applications [3]. The project will be 

commissioned in several stages. While the gun is capable 

to deliver the beam current as high as 500 mA, our 

eventual goal is to demonstrate average beam current of 

300 mA, which will be required for a future electron-

hadron collider eRHIC [6]. A 704 MHz elliptical half-cell 

SRF gun cavity was designed by BNL [1, 2] and 

fabricated by AES, Inc. The cryomodule was designed 

and fabricated by AES. Its layout is shown in Figure 1. 

The gun’s main parameters are listed in Table 1. 

A copper cathode stalk with a multi-alkali 

photoemission layer is connected to the cavity via a 

specially designed quarter-wave choke joint. All surfaces  

 

Figure 1: Layout of the 704 MHz ERL gun cryomodule. 

Table 1: Parameters of the 704 MHz SRF Gun 

RF frequency 703.5 MHz 

Cavity active length 8.5 cm (0.4 cell) 

Maximum energy gain 2.5 MeV 

Maximum field at the cathode 33.4 MV/m 

Eacc at 2.5 MV 29.4 MV/m 

e- emission RF phase at 2.5 MV 33.4º 

Energy gain at 500 mA 2.0 MeV 

e- emission RF phase at 2.0 MV 29.9º 

Beam power at 500 mA 1 MW 

R/Q 96.2 Ohm 

Cavity geometry factor 112.7 Ohm 

Cavity Q0 at 2 K 31010 

Cavity operating temperature 2 K 

Cavity RF losses (2 K) at 2.0 MV 1.4 W 

Cathode operating temperature 80 K 

Copper cathode RF losses (80 K) at 2.0 MV 226 W 

 

of the choke joint are grooved to prevent multipacting [7]. 

The gun has two fundamental RF power couplers (FPCs) 

allowing delivery of 1 MW to a 500 mA electron beam. 

The couplers were manufactured by CPI/Beverly. FPCs 

____________________________________________  
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were conditioned with maximum RF power of 250 kW 

pulsed and 125 kW CW in a full standing-wave mode [8].  

A beamline ferrite load with a ceramic break separating 

the ferrite tiles from beam vacuum provides strong HOM 

damping [9, 10]. A high temperature superconducting 

(HTS) solenoid is located inside the cryomodule near the 

beam exit. 

The cryomodule was assembled at BNL, including its 

hermetic string preparation in the clean room. It was 

installed in the ERL blockhouse where its commissioning 

without a cathode began in November of 2012 and was 

completed in March of 2013 [11]. Eventually, the gun 

cavity achieved 2 MV (the original design voltage) and 

220 kW of RF power in CW mode. In pulsed mode, with 

a 0.7 ms pulse duration and 1 Hz repetition rate, the RF 

power was up to 400 kW. This allowed high-power RF 

processing (HPP) of field emission in the cavity, as 

illustrated in Figure 2. 

 

Figure 2: X-ray level near the SRF gun before and after 

high-power RF processing. 

Digital LLRF was commissioned, demonstrating the 

cavity field amplitude stability of 2.3·10
-4

 and phase 

stability of 0.035° (both rms). Measured Lorentz force 

detuning coefficient is -11.9 Hz/(MV/m)
2
, the cavity 

frequency sensitivity to He bath pressure is 704 Hz/Torr. 

Commissioning with a copper cathode has begun in 

August of 2013 [11]. So far, we have reached 1.8 MV 

with an RF pulse duration of 40 ms; and 2.2 MV with 

0.5 ms. The pulse repetition frequency was 10 Hz in both 

cases. At low field levels there was multipatcing in the 

choke-joint, which was conditioned easily. At higher 

fields we have to re-condition FPCs. The conditioning 

will continue until we reach stable operation at 2 MV in 

CW. Testing with a multi-alkali cathode and first beam 

generation is tentatively scheduled for November of 2013. 

112 MHz SRF GUN FOR COHERENT 

ELECTRON COOLING EXPERIMENT 

A superconducting 112 MHz quarter-wave resonator 

type SRF gun will be used to produce high charge 

bunched at 78 kHz repetition rate for CeC PoP experiment 

[12]. The gun was developed by collaborative efforts of 

BNL and Niowave, Inc. [4]. The low frequency was 

chosen to take full advantage of QWR benefits. The long 

wavelength allows generating long bunches and thus 

reducing space charge effects. A short, with respect to the 

wavelength, accelerating gap makes transit time factor 

close to unity and the gap field practically constant. 

The gun will operate at 4.5 K with liquid helium 

provided from a quiet helium source via the cryomodule 

cryogenic tower. Assuming a residual surface resistivity 

of 10 nOhm and a residual magnetic field of 60 mG, we 

expect to achieve the cavity quality factor of 1.810
9
. 

The QWR’s center conductor geometry naturally 

accommodates a half-wavelength choke joint and allows 

mechanical decoupling of the cathode assembly from the 

niobium cavity [13]. A low RF loss photocathode stalk 

operates at room temperature. It is hollow, allowing 

inserting a small photocathode pack via a load lock 

system. The gun’s cryomodule layout is shown in Figure 

3 and the gun parameters are listed in Table 2. 

 

Figure 3: 112 MHz SRF gun cryomodule. 

Table 2: Parameters of the 112 MHz QWR SRF Gun 

RF frequency 112 MHz 

Maximum energy gain 2.0 MeV 

Bunch charge 1 to 5 nC 

Bunch repetition frequency 78 kHz 

R/Q 127.3 Ohm 

Geometry factor 38.5 Ohm 

Cavity Q0 at 4.5 K 1.8109 

Cavity RF losses at 2.0 MV 17 W 

RF losses in the cathode stalk at 2.0 MV 38 W 

Frequency tuning range 78 kHz 

Frequency tuning with FPC 3 kHz 

Qext of FPC, min. 1.25107 

Available RF power 2 kW 

 

The 112 MHz gun uses a dual-purpose fundamental RF 

power coupler/fine frequency tuning assembly [13]. The 

fine frequency tuning is achieved via adjusting the FPC 

position and has a range of 3 kHz. It will be controlled 
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remotely. The fine tuner will complement a larger range 

(78 kHz) coarse mechanical tuner. The coarse tuning is 

achieved by deforming the cavity gap. It will be used only 

for an initial frequency set up. A focusing solenoid is 

placed on top of the FPC close to the cryomodule beam 

exit flange. 

The cavity was designed and built originally as an 

SBIR project at Niowave, Inc. It was cold tested there and 

the results were reported previously [4]. Over the last two 

years, the gun was refurbished and modified to be 

compatible with installation into the RHIC tunnel. The 

modified gun was cold tested again at Niowave in 

December of 2012 and February of 2013 [14]. The gun 

reached an accelerating voltage of 0.92 MV, limited by an 

insufficient radiation shielding of the experimental set up. 

Figure 4 shows the gun cavity behavior during the cold 

test at Niowave. 

After completion of the cold test, the gun cryomodule 

was shipped to BNL, where it is installed in the RHIC 

tunnel. The commissioning will begin as soon as 

cryogenic and other systems are ready, tentatively in 

January of 2014. 

 

Figure 4: Q vs. Vc plot showing the gun cavity behavior 

during conditioning and the final curve. 

SUMMARY 

The superconducting RF photoemission electron guns 

promise to provide high-quality electron beams for a 

variety of accelerator applications. At BNL, we are 

pursuing several design options, two of which are in the 

installation or commissioning stages. The 704 MHz gun, 

manufactured by AES, Inc. for the R&D ERL, is 

assembled and is under commissioning with a copper 

cathode insert. As soon as this phase is complete, a multi-

alkali photoemission layer will be deposited on the copper 

cathode to generate first electron beam. Eventually, it is 

expected to generate high intensity current beams to 

demonstrate parameters needed for the future ion-hadron 

collider eRHIC. The second gun, the 112 MHz QWR, is 

designed to produce high bunch charge, low average 

current beam for the CeC PoP experiment. The gun is 

manufactured, delivered to BNL and installed in the RHIC 

tunnel. Before shipping, it was cold tested at Niowave, 

Inc. It will be re-tested at BNL and conditioned to full 

voltage after the linac set up in the RHIC tunnel is 

complete in early 2014. 
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COMMISSIONING AND OPERATION OF DC-SRF INJECTOR* 
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Abstract 
As a new and compact injector with medium beam 

current, the DC-SRF injector at Peking University has 
been upgraded recently. With a new 20 kW solid state 
RF power source, an improved LLRF control system and 
related diagnostic devices on the new beam line, a series 
of experiments have been carried out for stably operating 
the DC-SRF injector at 2 K temperature. The description 
of the system, experiment process and results will be 
presented. 

INTRODUCTION 
As a compact photocathode injector with medium 

beam current, DC-SRF injector, which combines a DC 
pierce gun and a superconducting cavity, was first 
proposed by Peking University in 2001 [1]. A prototype 
of this kind of injector with 1.5-cell superconducting 
cavity was designed and constructed in 2004 [2]. The 
preliminary experiment at 4.2 K demonstrated the 
feasibility of DC-SRF structure. An upgraded DC-SRF 
injector with a 3.5-cell large grain cavity has been 
designed, constructed and improved since 2007. The 
beam dynamics simulation, fabrication and vertical test 
of the 3.5-cell cavity, RF test of the system at 2 K were 
reported in the previous SRF conferences [3, 4]. To 
obtain stable electron beam, a series of improvements on 
2 K cryogenic system, RF power supply, LLRF control 
and beam line have been carried out recently. The brief 
description of DC-SRF injector, recent improvements of 
the system and the beam experiments are presented in 
this paper. 

DC-SRF INJECTOR 
As shown in Fig. 1, the main components of the DC-

SRF injector are a DC pierce gun, a 3.5-cell 
superconducting cavity, a cryostat and a RF power 
coupler. 

The designed DC voltage is 90 kV. The distance 
between the anode and the cathode is 14 mm. The 
surface electric field on the cathode is almost 5 MV/m, 
and the peak electric field is lower than 13 MV/m. 
Simulations show that electron beam gets a focusing 
force when it leaves the cathode and defocuses around 
the anode. The anode is also a part of the 3.5-cell cavity. 
It is made of a single crystal niobium sheet with a 
diameter of 70 mm. This avoids the discharging at high 
surface field. 

 
  Fig. 1: Sectional view of the 3.5-cell DC-SRF injector. 

After the DC pierce structure, the electron beam still 
has low energy and the space charge effect is remarkable. 
To maintain good emittance, the 3.5-cell superconducting 
cavity which focuses and accelerates the electron beam is 
as near as the pierce structure. To avoid the RF field and 
DC static field infiltrating into each other, the connecting 
beam pipe between the DC anode and the half cell of the 
cavity is designed as 17 mm long. The 3.5-cell cavity is 
made of large grain niobium and the gradient of the 
cavity reaches 23.5 MV/m, Q0 value is higher than 
1.2×1010 in vertical test at Jlab [3]. 

The cryostat of DC-SRF injector consists of liquid 
helium vessel, helium gas collector, liquid nitrogen 
shielding, tuner, vacuum vessel and etc. The magnet field 
shielding is produced by the vacuum vessel which is 
made of pure iron. The residual magnetic field in the 
cavity area is less than 20 milli-gauss. 

The main coupler has a kind of compact capacitive 
couple structure, consists of a ceramic cold window at 
liquid nitrogen temperature, a ceramic warm window and 
a coaxial-waveguide transition structure (door knob). 
The cold window and warm window are separated and it 
is convenient for assembling and repairing.   

EXPERIMENTAL FACILITIES 
In order to produce high quality beam and to have 

stable operation of the DC-SRF injector, auxiliary 
facilities including 2 K cryogenic system, photocathode 
chamber, RF power supply, LLRF control system and 
beam line have been improved or maintained in a good 
condition. 

 ___________________________________________  
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Cryogenic System 
A closed-loop 2 K cryogenic system from Linde was 

installed in our SRF laboratory. The 2 K sub cooling 
system is in experimental hall together with DC-SRF 
injector and the helium liquefier system and pumping 
system is in a separate room. 

The commissioning was carried out firstly by closing 
the 2 K Coldbox with two test caps. A gas heater was 
installed inside the 2 K Coldbox to simulate the heat load 
of the cryostats. The pressure stability of saturated 
pressure of 2.0 K helium was controlled within ±0.1 
mbar around 30 mbar while the heating power was 58 W 
and the helium level was kept within ±1 liter in the 20 
liter helium buffer inside the 2 K Coldbox. Then the 2 K 
cryogenic system was connected to the 1.3 GHz DC-SRF 
photocathode injector with liquid helium transfer line. A 
heater in the cryostat was adopted to simulate the 
constant heat loss of the superconducting cavities to help 
getting the proper running parameters. Successive 
approximation method was used to optimize the working 
parameters. The high and low limits of the control valves 
were preset and finely adjusted to avoid large fluctuation 
of the helium pressure and level. The fast change of the 
pressure was mainly controlled by the bypass valves of 
the pumping system and the slow change was adjusted 
by the variable frequency driver of the pumps. After 
optimization, the stability of the helium pressure in the 
cryostat can be controlled within ±0.1 mbar at 2.0 K and 
the helium level is within ±5%. 

The cooling capacity at 2.0 K was also measured. The 
total static heat load at 2.0 K was about 20 W, which is 
obtained by calibrated helium gas flux measurement. It 
includes the static heat load of the 2 K Coldbox, the 
transfer line and the injector cryostat. Deducted the head 
load of 2 K Coldbox, the static heat load for the transfer 
line and the cryostat is about 15W. The dynamic cooling 
capacity was simulated with the heater in the cryostat. 
The 2 K cryogenic system can running stable at 2.0 K 
when the heating power was increased up to 50 W. Thus 
the total cooling capacity of the 2 K cryogenic system is 
more than 65 W at 2.0 K, which is larger than the 
designed value of 57.5W [5]. 

Photocathode Chamber  
The vacuum deposition chamber for fabrication of 

Cs2Te photocathode is improved to 10-7 Pa level with a 
sputtering ion pump (600 l/s). A SAES NEG pump (200 
l/s) has been equipped recently. The plug is first 
transferred into the transfer chamber after fabrication, 
and then inserted to the injector. All the work is done in 
high vacuum with magnetic coupled actuator. The plug is 
made of stainless steel. Before being transferred into the 
deposition chamber, the plug should be polished 
mechanically, then rinsed in ethanol and acetone 
ultrasonically, and then is heated at 120-150 degree for 
more than 10 hours to remove the residual gas. 

The driving laser system composes of a GE-100 XHP 
seed laser from the Timebandwidth Co., Switzerland and 

amplifier, SHG, FHG, lenses, control system and cooling 
system. The laser output power is 5 W for seed laser 
(1064 nm), 40 W after being amplified, 10 W for green 
light (532 nm) and around 1 W for UV light (266 nm). 
The repetition rate is 81.25 MHz. 

The quantum efficiency (QE) of fresh Cs2Te 
photocathode is around 8% and stabilized at 0.5% for 
months. The QE of the used photocathode could be 
rejuvated by being heated at 120 degree and laminated 
under the Hg lamp. 

1.3 GHz Solid State RF Power Supply 
The 1.3 GHz 5 kW solid-state RF power supply was 

replaced with a new 1.3 GHz 20 kW solid-state power 
source in 2011, which was designed and fabricated under 
the cooperation of BBEF and Peking University. The RF 
power source is composed of eight plates and each plate 
has one pre-amplifier and ten amplifiers. It can work in 
both pulse mode and CW mode. The output RF power 
can achieve 20 kW with matched load, and 16 kW with 
total reflection. The 3 dB bandwidth is more than 30 
MHz. To keep the stability of the output power, a 
dedicated cooling water system, which provides cooling 
water with a temperature of within ±0.5 �, has been 
constructed for RF power supply. 

LLRF Control 
In order to stabilize the accelerating field in PKU 3.5-

cell DC-SRF injector, a digital LLRF control system was 
designed. The designed digital LLRF control system has 
two feedback control loops for amplitude control and 
phase control. By comparing the pick-up signal with set 
point, the PI controller in FPGA can adjust output signal 
to compensate the deviation, thus make the system stable 
[6]. 

Recently a series of improvements have been carried 
out. A DC offset block was added in the FPGA to 
compensate the DC offset observed in the tests. To allow 
pulse operation, gate signal was added to the feedback 
path and the control algorithm was modified to handle 
Lorenz detuning. A hardware UDP core was 
implemented for high speed signal monitoring. The 
control UI was also re-written by Python. The new 
control UI offers many new features such as run-time 
plotting/modifying for many internal parameters. With 
those improvements, the LLRF control system has been 
used for the commissioning and operation of DC-SRF 
injector. Field stability is better than designed values of 
0.5% for amplitude and 0.2 deg for phase. In recent 
experiments, long-time stability (>2 h), pulse mode 
operation and beam-loaded operation had been 
successfully tested. 

Upgraded Beam Line 
The preliminary beam test of 3.5-cell DC-SRF injector 

was carried out with the beam line which was used for 
the beam test of the 1.5-cell prototype injector. There 
were many problems when we tried to increase the beam 
current. Therefore a new beam line as shown in Fig. 2 
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was designed and constructed for recent experiments. 
Two solenoid lenses and a quadrupole magnet and a 
dipole magnet are adopted for beam focusing and 
deflecting. The first solenoid lens is installed as close as 
possible to the cryomodule and the second one is put 
before the undulator (not installed yet). The dipole 
magnet is used to deflect the electron beam to a faraday 
cup with water cooling as dump. Before the faraday cup, 
a quadrupole magnet is used to defocus the beam. There 
are many beam diagnostic devices such as YAG or 
quartz screens, faraday cups and a beam emittance meter 
in the new beam line. 

 
Fig. 2:  New beam line for beam test of 3.5-cell DC-SRF 
injector. 

EXPERIMENTS AND RESULTS 

RF Conditioning and Eacc Measurements 
Before the measurements of accelerating gradient, RF 

power coupler was conditioned at room temperature and 
low temperature from low RF power and low duty factor 
to high RF power and high duty factor. The temperature 
at several points inside the coupler was monitored by 
temperature sensors (see Fig. 3). The cavity was non-
resonance during the conditioning. The highest power 
was 20 kW with duty factor of 40%. 

 
Fig. 3: Conditioning process of the main coupler. 

The Eacc in different conditions have been investigated. 
The Eacc was increased up to 17.5 MV/m in pulsed mode 
with a duty factor of 10% and a repetition rate of 10 Hz. 
Higher Eacc was difficult to reach due to field emission. 
For CW mode, the Eacc reached 14.5 MV/m and the 
limitation was mainly the heat loss from the connection 

area of beam tube and main coupler. The above results 
were obtained in phase-lock mode. When we used the 
LLRF control system to stabilize the acceleration field, 
the Eacc was a little bit lower for safety operation of the 
solid-state RF power supply. The Eacc was 12.9 MV/m 
for a long-term test.  Fig. 4 shows the amplitude (up) and 
phase (below) signals of 3.5-cell DC-SRF injector at 
12.9 MV/m without beam load. 

The microphonics effect has also been investigated. 
The frequency spectrum was measured as shown in Fig. 
5. The vibrations at the frequency of 2 Hz and 14.5 Hz 
may affect the cavity. The investigation of the sources of 
these vibrations is underway.     

 
Fig. 4: Long-term test of LLRF control for DC-SRF 
injector. 

 
Fig. 5: Real-time measurement of cavity microphonics. 

Beam Experiment 
In order to avoid the electron beam bombarding the 

beam tube, beam tuning was carried out with a low beam 
current. This is realized by reducing the duty factor of 
laser rather than reducing laser power to keep the same 
bunch charge for different average current. When the 
duty factor of laser was 1% at 10Hz, the average beam 
current is about 2.5 A. Under this beam current, the 
parameters of the elements in the beam line were 
optimized and the beam emittance was measured. Fig. 6 
shows the reflected and pickup RF signals with pulsed 
beam load. When the beam tuning was finished, the duty 
factor was increased gradually to 100% and the average 
current increased to 250 A at certain laser power. The 
beam current could be increased further by increasing 
laser power but the degassing of the dump faraday cup 
became serious. 
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Fig. 6: The reflected (green) and pickup (blue) RF 
signals with pulsed beam load. 

For stable operation, the Eacc was 8.0 MV/m during the 
beam test. The beam energy is about 3.3 MeV at this 
accelerating gradient. The energy of electron beam 
estimated with bending magnet and energy spectrum of 
radiation were 3.2 MeV and 3.1 MeV respectively, 
consistent with the calculation result from the gradient. 

The beam emittances were measured at different DC 
voltages of 50 kV, 42 kV and 36.6 kV. Fig. 7 shows a 
picture of beam passing through multi-slits (left) and 
relative intensity (right). 

 
Fig. 7: Transverse emittance measurement by multi-slits 
method. 

The normalized emittances are all around 3.0 
mm·mrad. When the average beam current is 250 A 
with repetition rate of 81.25 MHz, the space charge 
effect is very weak. 

SUMMARY AND PROSPECT 
Progress has been made on the 3.5-cell DC–SRF 

photocathode injector based on the improvements of RF 
power supply, photocathode preparation system and 
beam line. The beam experiments have been carried out 
and 0.25 mA CW electron beam has been obtained. The 
current limitation is mainly degassing of dump faraday 
cup. With a beryllium window before the dump, the 
beam current is expected to be about 1mA and the DC-
SRF injector will be used for THz radiation production 
and then for ERL-FEL as the electron source.   
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Abstract 
Cavity Thermal Boundary Resistance is something 

extremely complex and not completely understood by the 
theory. Often identified with the Kapitza resistance or 
with the Khalatnikov acoustic phonon mismatch at the 
interface metal-liquid Helium, it depends on so many 
different and uncontrolled parameters, that its 
interpretation is not covered by a complete and exhaustive 
treatise of the phenomenon. Therefore, 99%, or even 
more, of the literature about superconducting cavities 
worries about the cavity interior, imagining every possible 
surface treatment inside the resonator, while almost 
nothing is reported on treatments applied to the exterior. 
In the authors’ opinion, there is a lack in experimental 
data analysis just due to the fact that the cavity is often 
considered as a whole adiabatic entity interacting only 
with RF fields. On the contrary, the cavity is immersed in 
liquid Helium and the cavity behavior cannot prescind 
from its thermal properties. Indeed in the normal state He-
I has poor thermal conductivity and high specific heat. 
Moreover the heat exchange at He-II obeys to further 
mechanisms besides the phonon mismatch. Then, driven 
by the hypothesis that thermal losses are dominant for 
ultraclean cavities, we have collected a plethora of 
surprising experimental results. 

INTRODUCTION 
The main idea at the basis of this work can be resumed 

in the following question: let us suppose we have an ideal 
cavity, made by a perfectly homogeneous mono-crystal of 
extremely high purity Niobium with no trapped magnetic 
flux, no losses on the joints, no any parasitic problem.  
Will then the cavity have zero residual resistance? In 
other words will be there any contribution due to a bad 
thermal exchange with the Helium bath? 

A partial answer to this question comes from the 
analysis of the heat exchange of the Niobium surface to 
the Liquid Helium, limited by the appearance of a thermal 
boundary resistance at the Nb-Liquid He interface, and 
giving rise to a temperature difference Ts.  

Two potential contributors determine such a 
temperature discontinuity: 

i) A thin He fluid layer of thickness d into which the 
heat diffuses. The temperature difference across 

the layer, Tf, is determined exclusively by heat 
diffusion in the bulk fluid. 

ii) A truly interfacial temperature difference Tk 
occurring within a few atomic layers of the solid-
helium boundary and attributed by Khalatnikov [1] 
to the mismatch of phonon heat transport between 
the two media.  

This latter mechanism is referred to a quantity called 
Kapitza Conductance defined as  

 
(1)

having a strong Tn temperature dependence with n equal 
to 3, but more often in literature [2-5] n is found to vary 
between 2 and 4.  

Khalatnikov model assumes that only a fraction of 
thermal phonons impinging on the interface from either 
side is transmitted. Nevertheless the main part of the 
experimental results show higher Kapitza conductance 
values than predicted by Khalatnikov’s Theory, 
suggesting additional mechanisms through which thermal 
energy is transmitted. 

Kapitza Conductance is however a quantity depending 
on the interface between the 2 materials: not only 
Niobium, but also the liquid Helium wetting Niobium. 
Hence it is natural to ask the following question: Does the 
Residual Resistance, RRES depends also on Liquid He 
rather than only on Nb material? In other words, if we 
cooled the cavity in 3He rather than in 4He, should we 
wait a different RRES? 

THE EXPERIMENTAL MEASUREMENT 
OF SURFACE RESISTANCE VERSUS 

TEMPERATURE 
One of the most measured quantities worldwide 

measured by the SRF community is the Surface resistance 
as a function of the reciprocal of the Temperature RS(1/T) 
Nothings is more sure and well-established in 
Superconducting RF theory and practice than the famous 
statement  

RS (T) = RBCS(T) + RRE (2)

 
where for T<TC/2, it can be shown that RBCS can be 

approximated by the “modified Arrhenius exponential”  
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(3)

 
being s the Strong Coupling factor, generally found 

equal to 3.8 for Niobium.  
It must be however taken into account that the above 

mentioned equations hold only at very low accelerating 
field, i.e. at almost zero RF power.  But a measurement at 
almost zero RF power is experimentally rather impossible. 
Therefore, a second question arises:  When RS(1/T) is 
measured at low temperatures, it is more correct to 
acquire the experimental points at fixed accelerating field 
or at fixed RF power? In better words, which one of the 
curve is the most useful one? The RS(1/T) curve measured 
at constant W or the RS(T) at constant accelerating field, 
Eacc? 

 
Figure 1: The Q factor for a 6 GHz cavity at 4.2 K and at 
1.8 K, measured at constant accelerating field (2 MV/m) 
and at 3 different RF power values (100 mw, 150 mW and 
200 mW). 
 

Both type of measurement are shown in Fig. 1. 
Theoretically both of them should give coincident curves 
whenever the Q-factor is independent of accelerating field, 
Eacc. A difference arises for non-ideal curves of Q-factor 
versus field. 

So let us consider the system of a Niobium wall facing 
the oscillating electromagnetic field on one side and the 
liquid Helium bath on the other, as in fig. 2. 

 

 
Figure 2: The Niobium cavity wall, facing the 
Electromagnetic RF fields at one side and the liquid 
Helium at the other side.  

 
From a thermodynamic point of view, however the two 

different RF measurements displayed in fig. 1, at constant 
accelerating field or at constant power, correspond to two 
totally different situations: a) moving from 4.2 K to 1.8 K 
at constant field, it means that we acquire a serial of 
points of decreasing temperature and decreasing RF 

power; b) moving to low temperatures instead at constant 
RF power, it means that we will decrease simultaneously 
temperature and field.  

However unless of considering Magnetic/Electric field 
dependent problems, the constant W measurement is the 
only possible choice, if we desire to observe any thermal 
problem connected with the Kapitza conductance, by 
varying no other significant parameter different than 
temperature. 

Therefore if we measure the Q-factor at different 
temperatures but at constant power, we observe (fig. 3) 
the presence of an anomaly at the lambda transition 
between He-I and He-II. 

Figure 3: The RS(1/T) curve useful for separating the 
residual resistance from the BCS term. Around 2.18 K it 
is visible an anomaly. 

THE JUMP OF SURFACE RESISTANCE 
AT THE LAMBDA POINT 

After a deeper exam of the SRF technical literature, we 
realized that the jump discovered by the authors for 6 
GHz, it was omnipresent in published papers [6], 
appearing both at low and at high frequency, although not 
recognized important. 

However after a more accurate measurement across T 
and a detailed analysis of the phenomenon, it comes out 
(fig. 4) that the surface resistance jump is extremely well 
defined and of non-little importance. 

 
Figure 4: If the Surface resistance is measured with great 
accuracy, a clear step appears around T, showing a lower 
value of the residual resistance (blue fitting line).  

 
Figure 4 shows that if no any step would be present at 

T, probably RS(1/T) would saturate at low temperatures 

0,2 0,3 0,4 0,5 0,6

1E-6

1E-5

1E-4

R
S
 Nb 122 After ATM Annealing

 

 

 f(T) @ 2MV/m
 FitRs1 (User) Fit of Sheet1 Rs

R
S
 [

]
1/T [K-1]

Model Fit

Equ ���� C+(

���� Red 3,55369E-13

���� Adj 0,99425

Value Sta

Rs

A 0,00367 4,32631E-4

B 14,47994 0,51509

C 1,22522E-6 3,56914E-7

MOIOC01 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

58C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Cavity performance limiting mechanisms

E. Calculation: Theory



to a higher value than the one found experimentally. That 
means that the residual resistance is affected by the nature 
of the surrounding liquid Helium. This is the answer to 
the initial question about the possible cavity performances 
at 1.8 K but in liquid 3He. Therefore if RS(1/T) has a 
transition just at 2.18 K, this happens because Liquid 
Helium is changing its thermal properties. As a 
consequence the Physics of thermal exchange cannot be 
neglected when interpreting the experimental data 
collected. 
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Figure 5: The RS(1/T) at different RF powers. It can be 
easily observed that the step at T depends on power. 
 

Moreover RS(1/T) depends on the RF Power W and 
figure 5 clearly shows that dependence. The more we 
inject RF power into the cavity, the higher the jump at T 
will be, because it is changing the slope of the Arrhenius 
exponential. As far as the RF power is decreased, the 
jump becomes less and less visible. That explains why all 
the curve at Constant Accelerating field approaching the 
zero almost never report that jump. 

In literature, this instability at the liquid helium lambda 
point, when noticed, sometimes appears treated simply 
with the data simply masked in proximity of the transition. 
This is substantially wrong and it brings to an 
overvaluation of the strong coupling factor s.  

Let us consider indeed the usual realation for the BCS 
Surface Resistance, where T0 is the temperature of the 
Helium bath,  

 

(4)

 
Then in case of a Temperature difference T at the 

interface of Niobium with liquid Helium, the equation 
becomes  

 
or simply 

(6)

 
The quantity s is the true strong coupling factor of the 

Niobium and the relation (6) is the one that should be 
used when trying to fit a Q vs Eacc curve taken at constant 
power, when the T jump is visible.  

To mask the experimental points at the T instability in 
order to use the equation (1) instead than equation (6) will 
then give a wrong value s1, differing from the real s value 
of Niobium by eq. (7).  

 
(7)

Moreover, since  is dependent on RF power, the 
error on strong coupling factor evaluation is higher and 
higher, the higher is the RF power injected into the cavity. 
In other words, the RS(1/T) should be measured or at 
constant Eacc, but at almost “zero RF power” by means of 
extremely sensitive and not conventional instrumentation, 
or at constant W, and in such a case it is interesting to 
acquire different curves of Rs(1/T) at several RF power 
values. 

If we choose this second approach, we will measure the 
Surface Resistance as a function of Temperature and as a 
function of RF power. Then we can plot the surface 
resistance in a 3-dimentional graph of the type of Fig. 6. 

 

 
Figure 6: The tridimensional plot of Rs versus the reciprocal of 
temperature T and versus the RF injected power W. This 3D 
graph shows very clearly the transition from He-I to He-II. 

 
The relevant information in the 3-D plot however 

appears also in two dimensions, if we plot Q versus Eacc at 
different values of W as in fig. 7. 

Figure 7 is an extremely explicative graph. Indeed not 
only it clearly shows how the transition from He-I to He-
II increases with power, but also contains a hidden 
information. Let us look the Q-factor at He-I just before 
the transition. It is clearly visible that the slope of the Q 
decay versus accelerating field is suddenly changing 
between 200 and 400 mW. The Q-factor decays 
quadratically with the Accelerating field, up to a certain 
level of critical power, and once overcome it the slope 
decreases becoming linear. 











00

2

0 2
exp)(

T

sT

T

A
TR C

BCS


















 


000

2

0 1
2

exp)(
T

T

T

sT

T

A
TTR C

BCS



 
(5)











)(2

exp)(
00

2

0 TT

sT

T

A
TTR C

BCS



Proceedings of SRF2013, Paris, France MOIOC01

05 Cavity performance limiting mechanisms

E. Calculation: Theory

ISBN 978-3-95450-143-4

59 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 7: Q versus Eacc at different W and at different temperatures. Here the transition from He-I to He-II is even more 
clearly visible. 
 

What kind of Physical mechanism can ever explain a 
dissipation that at low field is rather severe, then at higher 
power flux becomes less important? The answer there is 
and it is well known in cryogenics: at low RF power, the 
quadratic decay suggests the thermal nature of such 
dissipation problem. In that case, at a certain critical 
power the Helium boiling on the cavity external surface is 
started and the bubbles formation helps in removing heat 
from the surface. He-I has a poor thermal conductivity, 
but a great specific heat. He-II is just the opposite. So the 
convective motion promoted in the boiling regime by 
bubbles can be a very efficient heat removal mechanism 
in He-I. 

As displayed by fig. 7, the presence of a critical power 
at which it is located the slope change of the Q vs Eacc 
appears at any temperature below Lambda Transition. 
Then in the hypothesis of the heat removal due to 
detachment and migration of the Helium bubbles 
nucleated on the Niobium external surface, it is natural to 
ask next question: Is any trace of this effect observable 
also in He-II?  

The first answer to this question would be negative, 
since He-II has perfect thermal conductivity, no specific 
heat. But we must keep into account that this is true only 
at zero Kelvin. The operational temperature of 1.8 K is 
very close to the 2.18 K of T, and in the two fluid model 

of superfluidity, 
.

, so at 1.8 K the density of 

normal fluid is still 34%, and it is not negligible at all. 
Actually the literature is full of examples of suspect 

deviations from the standard quadratic decay, including 
the graph of the best CERN Nb sputtered Cu cavities 
replot by K. Saito that indicated such deviation with the 
question “are we really sure that this is really 

multipacting?” In our hypothesis, this inflection point 
could be the effect of He boiling on the Niobium external 
surface.  

 
Figure 8: The Q factor versus accelerating field for the 

best Nb-Sputtered Cu 1,5 GHz cavity fabricated at CERN  
[7] and replot by K. Saito [8] that suspected the flex in the 
curve could not be caused by multipacting. 

ACTING ONTO THE CAVITY EXTERNAL 
SURFACE 

So in the hypothesis that the Thermal Boundary 
resistance is a limitation, we have tried to act on the 
external surface of the cavity in order to increase the 
cavity performances. 

The first action then consisted in RF testing a 6 GHz 
Nb cavity at low temperatures , then extracting it from 
liquid Helium, warming it at room temperature and 
cycling it down to 1,8 K without breaking the vacuum. As 
shown in fig. 9 The Q-factor at 1,8 K was practically the 
same. That means that the RF test, done with variable 
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coupling, has high reproducibility, if the cavity is kept 
under U.H.V. for both measurements and in beetween. 

 
Figure 9: A bulk Nb 6 GHz cavity measured twice, just 
cooling the cavity down to He-II, then extracting from 
Helium and warming it out at room temperature without 
opening the cavity to air, then cooling it again to He-II. 
What is important is that during this double cycling from 
Room temperature to Liquid Helium, the cavity remains 
always under U.H.V. 
 

Then we took the same cavity and we anodized the 
external obtaining a beautiful blue color as in fig. 10, 
always without breaking the vacuum. Then the cavity was 
rf Tested again at low temperature. 

 

 
Figure 10: A 6 GHz cavity with a standard external 
surface (left). The same cavity after the RF test has been 
anodized only externally (right) and then re-measured. 
What is important to consider is that such operation is 
done when keeping the cavity on the stand always under 
U.H.V. 
 

The obtained result (fig. 11) is that the external bleu 
anodization increases both the Q-factor and the 
accelerating field. But what is even more interesting is 
that when the anodized layer is removed we see that the Q 
is lowered. All operations were done without breaking the 
vacuum. 

Our explanation considers several factors: a) the 
Niobium oxide has a lower Debye Temperature than pure 
niobium, so the Kapitza resistance will be lower; b) a 
specular surface will reflect phonons while the 
anodization produces a mat surface; c) the external oxide 
is more porous and rough, enhancing the possible 
nucleation of Helium bubbles. Most probably, the 
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Figure 11: RF test of the cavity of fig. 9. The read curve 
refers to the cavity prepared in a standard way. The blue 
curve refers to the same cavity after anodization of the 
external surface. The green curve refers to the same cavity 
after the stripping of the external anodization. What is 
important to consider is that such operations were done by 
never exposing the cavity interior to the air. 
 
observed effect is a linear combination of those fore 
different factors. 

However the surface specularity seems to definitely 
affect the cavity performances. Fig. 12 indeed shows the 
Q vs Eacc Curve for a standard 6 GHz cavity before and 
after external electropolishing.  

 

 
Figure 12: A 6 GHz cavity treated in standard way, and 
the same cavity after the electropolishing of the only 
external surface 

 
The authors think that a smooth and specular surface as 

can result after electropolishing will have a double 
problem: it will reflect phonons and especially in He-I it 
will induce superheating in liquid Helium. In our 
judgment, superheating in He-I can be rather detrimental 
for cavity performances. Last test performed on the Nb 
external surface consisted in dipping a cavity before in 
water and then immediately cooling down to Helium the 
wet cavity in order to have a kind of ice film outside of 
the cavity. Fig. 13 reports a slight increase both in field 
and in figure of merit. We suppose that ice on the external 
wall of the cavity will promote Helium bubbles nucleation 
on the surface of the cavity, promoting the thermal 
exchange. 
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Figure 13: Q factor versus Accelerating field of a 6 GHz 
cavity measured after the standard surface treatment; after 
the grinding of the external surface, after a thicker 
anodization of the external surface; and after the growth 
of an ice film on the external surface. Again what is 
important to consider is that such operation is done when 
keeping the cavity on the stand always under U.H.V. 

CONCLUSIONS 
For years we have considered a cavity as an adiabatic 

system made by the RF fields + Niobium, because the He 
bath has been considered as a stable and infinite reservoir 
at fixed temperature. It is now the time to consider instead 
the adiabatic system composed by RF fields + Niobium + 
Liquid Helium. 

We have discovered a jump in the Surface resistance 
versus temperature at the superfluid Lambda transition, 
when measuring at constant RF power. This jump, that 
happens when helium becomes superfluid, just proofs that 
thermal exchange is more important than what previously 
foreseen.  

Starting from this consideration, we have seen that  
 the external anodization of Niobium 6 GHz cavities 

is beneficial in terms of Q and accelerating field;  
 the removal of such oxided layer is detrimental; 

 a cavity electropolished outside has poorer 
performances; 

 the superheating of liquid Helium is a not less 
importance of superheating of the Niobium material; 

 an externally wet cavity immediately cooled in 
liquid He will result in better performances. 

The Q variations in this paper are relatively small, but 
however existent. We retain that the main role of this 
paper is to have open a new horizon of research: the 
control of the external surface immersed in Liquid Helium. 
Working on the thermal boundary resistance will be 
certainly the way to a finer and more comprehensive 
understanding of superconducting cavity technology. 
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SURFACE IMPEDANCE OF BCS SUPERCONDUCTOR* 

B. P. Xiao1# and C. E. Reece2 
1 Brookhaven National Laboratory, Upton, New York 11973 

2 Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606  

Abstract 
There is a need to understand the intrinsic limit of 

radiofrequency (RF) surface impedance that determines 
the performance of superconducting RF cavities in 
particle accelerators. Here we present a field-dependent 
derivation of Mattis-Bardeen theory of the RF surface 
impedance of BCS superconductors based on the shifted 
density of states resulting from coherently moving Cooper 
pairs. Our theoretical prediction of the effective BCS RF 
surface resistance (Rs) of niobium as a function of peak 
surface magnetic field amplitude agrees well with 
recently reported record low loss resonant cavity 
measurements from JLab and FNAL with carefully, yet 
differently, prepared niobium material. The surprising 
reduction in resistance with increasing field is explained 
to be an intrinsic effect. 

INTRODUCTION 
Superconducting radiofrequency (SRF) accelerating 

cavities for particle accelerators made from bulk niobium 
(Nb) materials are the state-of-art facilities for exploring 
frontier physics. Remarkable results have been achieved: 
for a single-cell re-entrant shape cavity in Cornell 
University, the maximum accelerating gradient has been 
pushed to 52 MV/m with quality factor (Q) higher than 
1010 at 1.3 GHz and 2 K temperature [1]; and for a single-
cell CEBAF shape cavity in JLab, the Q has been pushed 
to 5×1010 with 80 mT magnetic field at 1.47 GHz and 2K 
temperature [2]. Theories are needed to explain the 
limitations on the magnetic field, as well as the Q we can 
achieve for Nb cavities [3], and to be extended to the 
alternative materials for possible SRF applications. In this 
paper, the authors are trying to address the intrinsic limit 
of RF surface impedance that determines the performance 
of SRF cavities in particle accelerators based on an 
extension [4] of Mattis-Bardeen theory [5].  

EXISTING THEORIES 
In Figur e1,

  vs magnetic field, or Rs vs magnetic field) of several Nb 
cavities measured in JLab. From the figure one can see 
that for the 7-cell cavity, an additional electropolishing 
(EP) after buffer chemical polishing (BCP) extended the 
peak magnetic field the cavity can achieve, at the same 

with 3 h 1400°C baking has a quality factor of 5×1010

 with 80 mT magnetic field, with a quench effect at 
~100 mT [2]. 

 
Figure 1: Cavity performance at 2 K for: ▲ 1.5 GHz 7-
cell CEBAF cavity with 230 μm BCP ■ 230 μm BCP + 
34 μm EP ● 1.5 GHz single cell CEBAF cavity with 3 h 
1400 °C baking. 

The RF surface impedance of a superconductor may be 
considered a consequence of the inertia of the Cooper 
pairs in the superconductor. The resulting incomplete 
shielding of RF field allows the superconductor to store 
RF energy inside its surface, which may be represented 
by surface reactance. The RF field that enters the 
superconductor will interact with quasi-particles, causing 
RF power dissipation, represented by Rs. Mattis-Bardeen 
theory was developed to calculate the surface impedance 
of conventional superconductors at high frequency, low 
temperature and low field limit [5]. It started from the 
BCS theory [7], by using the electron states distribution at 
0 K and probability of occupation at T < Tc, the single-
particle scattering operator was calculated and applied 
into the anomalous skin effect theory to get the surface 
impedance.  

Theories have been developed trying to address the 
behavior of the cavity performance, and a summary can 
be found in [8]. These theories, however, did not give a 
theoretical limit for the quality factor while changing the 
magnetic field. 

In this paper, surface impedance is calculated based on 
a statement in the BCS theory: States with a net current 
flow can be obtained by taking a pairing (k1↑, k2↓) with 
k1+k2 = 2q, and 2q the same for all virtual pairs [7]. By 
applying this change into the Mattis-Bardeen theory, a 
new form of RF field dependence of the surface 
impedance has been obtained and compared to the 
experimental results. 
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we show several cavity performance results (Q

time degraded the quality factor [6]. The single cell cavity 
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EXTENSION OF MATTIS-BARDEEN 
THEORY 

In BCS theory, paired particles in the ground state, with 
total mass 2m and zero total momentum that occupy state 
(k↑, -k↓), with velocity Vk in random direction, and 
energy relative to the Fermi sea εF (with Fermi velocity at 
VF and Fermi momentum PF) of εk, have been considered 
to give minimum free energy for superconductors. States 
with a net flow in a certain direction can be obtained by 
taking a pairing (k+q↑, -k+q↓), with total momentum 2q 
the same for all Cooper pairs, corresponding to net 
velocity Vs = q/m. This change could be represented in 
the Fermi sphere, depicted in Figure 2. 

 
Figure 2. Fermi sphere of the superconductor: in the low 
field limit (left), and with net momentum 2q the same for 
all Cooper pairs (right). Numbers labeled are based on 
typical Nb parameters shown in [4]. 

With this extension, the Bloch energies for the 
electrons in a Cooper pair no longer remain the same; 
they split into two different Bloch energies, shown as 
equations (4) and (5) in [4], following with an angle 
dependent on each of them: even though the absolute 
value of Vs is much smaller than that of VF, the angle α 
between these two velocities significantly affects the 
Bloch energies for the electrons. The modified density of 
state and probability of occupation at T<Tc, with their 
angle integrations shown as equations (21) and (20) in 
[4], are both angle dependent. The modified density of 
state, as well as the probability of occupation at T<Tc, as 
a function of the Bloch energy that were shown in Figure 
1 in [9] in the low-field limit and Cooper pairs’ net 
momentum to be 0, are plotted in Figure 3 integrated in 
angle, and in Figure 4 with angle dependence, under a 
certain Cooper pairs’ net momentum. 

 
Figure 3: Density of states (dotted curve) and distribution 
function (solid curve) with moving cooper pairs, angle 
averaged, plotted with = /2 and T/Tc=0.97. 

  
Figure 4: Density of states (dotted curve) and distribution 
function (solid curve) with moving cooper pairs, angle-
dependent. 

From the Figures above one can see that even in the 
average effect, the gap is reduced by a value of PFVs, the 
energy that is needed to separate the electrons in a Cooper 
pair will not change while α changes, with its value 
constant at 2 . If the tunnelling effect is used to measure 
the gap, which is actually measuring the gap in quasi-
particle distribution, this would show a value of          
2( -PFVs); whereas if infrared spectrum were used to 
measure the energy to break the Cooper pairs, the value 
would be 2 . 

The changes in the modified density of states and 
probability of occupation cause a significant change in the 
single particle scattering operator [4, 7], which leads to a 
field dependence of Rs, with the detailed calculations 
shown in [4]. 

CALCULATION RESULTS AND 
EXPLANATION 

Using the following characteristic parameters: 
0/kTc(0) = 1.85, Tc(0) = 9.25 K, T = 2.0 K, coherence 

length ξ0 = 40 nm, London penetration depth 
λL(0) = 32 nm, and mean free path ι = 50 nm, the BCS 
surface resistances under different field level at 1.5 GHz 
are calculated. The result is plotted in Figure 5, together 
with the recently reported Rs measurement between Hpk  
of 5 mT and 90 mT on a CEBAF shape single cell cavity 
made from ingot niobium with 3 hours 1400°C high 
temperature baking by Dhakal et al [2], after subtracting a 
1.7 nΩ temperature independent residual resistance. 
Similar procedure has been applied to FNAL fine grain 
Tesla shaped cavity at 1.3 GHz using the same parameters 
as above, and compared with the experimental data [10] 
after subtracting 3.0 nΩ residual resistance. -

-
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Figure 5: Field-dependent BCS surface resistance at 2.0 
K, calculated by Xiao’s code and recent very low loss 
cavity test data from JLab at 1.5 GHz [2] and FNAL at 
1.3 GHz [10] prepared by different methods. 

The calculations and the experimental results for three 
cavities shown above, exhibit a corresponding increasing 
in Q with field well beyond the range of the familiar 
“low-field Q slope” at <20 mT, to a value of ~80 mT.  

From the “golden rule” [9] with 
, with  the photon energy, the 

quasi-particles, after absorbing photons, are tending to 
jump back to their original state after the so-called 
relaxation time, and at the same time, release energy and 
cause power dissipation, as shown in the top of Figure 6. 

 
Figure 6: Energy relaxation procedure of quasi-particles: 
in low field limit (top), and with net momentum 2q the 
same for all Cooper pairs (bottom). 

 With an angle between  (which could be in any 
random direction) and , the Bloch energy for two 
electrons in a Cooper pair, get split and an angle 
dependence appears, the energy relaxation which  
happens between two fixed modified energy states E+ ω 
and E in the low field limit changes to between E+εext+ ω 
and E+εext’, with εext =PFVscosα being the addition energy 
from the energy split, and ε’ext that for another electron 
state with different angle α’.  

The golden rule in this extension theory changes to 

. A consequence appears to be 
attractive: While the energy relaxation happens from high 
energy (purple dot in the top chart of Figure 6) to low 
energy (red dot in the top chart of Figure 6) in Mattis-
Bardeen theory, it is possible this procedure happens from 
low energy (red bar in the bottom chart of Figure 6) to 
high energy (purple bar in the bottom chart of Figure 6), 
and the overlap between these two energy ranges could be 
significant since that PFVs >>  could happen. 
Although this process “borrows” energy from those 
scatterings from high energy to low energy, the net effect 
still obeys the 2nd law of thermodynamics and gives a net 
power dissipation effect, thus a positive yet decreasing Rs 
appears with field increasing up to a certain level. 

SUMMARY 
A field-dependent derivation of Mattis-Bardeen theory 

of the RF surface impedance of BCS superconductors has 
been introduced. Calculation results show a good 
correspondence to the recent high-Q experimental results. 
The attractive Q-increase with field increase up to 80 mT 
is explained based on the quasi-particle relaxation 
procedure that may happen from a lower energy level to 
higher one. 
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CASCADE: A CAVITY BASED DARK MATTER EXPERIMENT 

M. Kalliokoski, I. Bailey, G. Burt, S. Chattopadhyay, A.C. Dexter, N. Woollett, Cockcroft Institute, 

Lancaster University, UK 

P. Goudket, A. Moss, S. Pattalwar, T. Thakker, P.H. Williams,  

Accelerator Science and Technology Centre, STFC Daresbury Laboratory, Warrington, UK 

J. Dainton, Cockcroft Institute, Liverpool University, UK 

 

Abstract 
An experiment is proposed that uses a pair of RF 

cavities as a source and detector of hidden sector photons 

(HSP). HSP's are hypothetical low-mass dark matter 

candidates with coupling to ordinary photons. SRF 

cavities are favoured in this experiment as they are able to 

store a high number of photons for a given input power 

due to the high Q available. When powered, such a cavity 

will act as a source of HSP’s, while an empty cavity will 

be able to capture any HSP's decaying back into RF 

photons. Such an experiment (CASCADE) is being 

developed at the Cockcroft Institute using single cell 1.3 

GHz cavities previously utilised for manufacturing and 

BCP (Buffered Chemical Polishing) studies. The aims of 

the CASCADE project are detailed, along with the system 

specification. 

INTRODUCTION 

Many extensions of the Standard Model (SM) predict 

the existence of a hidden sector. The particles in the 

hidden sector interact only very weakly with the particles 

of the SM. Because of this, the detection of these particles 

is very difficult [1].  

In one model a hidden sector photon (HSP) is 

hypothesised. The HSP does not couple to SM matter 

[2,3], but the  introduction of HSP terms to the SM 

Lagrangian can give rise to photon – HSP oscillations.  

Since the HSP does not interact with matter, it can 

traverse obstacles that would normally be impenetrable to 

standard light. The “light shining through wall” (LSW) 

experiment utilise this phenomenon. Oscillation of a 

photon to HSP allows it to bypass the obstacle and then 

oscillate back into a photon for detection. 

Typical LSW-type experiments are optical precision 

measurements that utilize lasers [4-6]. In these 

experiments, laser light is shone on to a ‘wall’ and 

photons reappearing behind the wall are monitored. The 

same principle can be applied at other wavelengths, and 

hence microwave cavities can be used in a photon 

regeneration experiment to search for HSPs. This type of 

setup consists of two resonance-matched cavities that are 

isolated from each other and from external RF sources. 

One of the cavities is powered and a small portion of the 

photons inside the cavity will oscillate into HSPs. Since 

the HSPs do not interact with the cavity walls, they can 

radiate freely towards the second cavity, the detector 

cavity. If some of these HSPs then oscillate back into 

photons inside the detector cavity, a signal could be 

detected. 

The probability of transmission from an emitting cavity 

to a detector cavity is [7]: 

 

       
    

     
            

   
 

  
 | |     (1) 

where Pdet and Pemit are the powers inside the respective 

cavities, χ is the ‘kinetic mixing’ parameter (a free 

parameter in the HSP model), Q is the quality factor of 

the cavity, mγ’ is the HSP mass and ωγ is the angular 

frequency of the photons. G is a dimensionless function 

that encodes the geometric setup of the two-cavity system 

[7]: 
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where V is the respective volume of a cavity, kγ and kγ’ 

are the photon and HSP wavenumbers and A is the 

normalized spatial part of the resonant electromagnetic 

field inside the cavities. 

The idea of using microwave cavities in LSW 

experiments was originally proposed for axion searches 

[8] requiring an additional magnetic field, and was later 

applied to  HSP measurements [9,10]. So far the latter 

have been performed with normal-conductive cavities at 

room temperature or even by heating up the cavities to 

reduce the thermal fluctuations. The resonance 

frequencies in these experiments have been 3.9 GHz or 

higher. 

The CASCADE collaboration is studying the 

possibilities of using two superconducting cavities in HSP 

searches in the 1.3 GHz region. The limitations in using 

normal-conductive cavities are the low Q value and 

relatively low input power. By replacing the normal-

conductive cavities by two superconducting cavities, the 

overall Q of the system can be increased significantly. 

Also at superconducting temperatures the amount of 

thermal noise interfering with the measurement is 

minimized. 

Fig. 1 shows the possible exclusion that could be 

reached with two superconducting cavities utilizing the 

TM010 mode at 1.3 GHz. In the plot the cavities are 

expected to have Q = 10
10

 and input power of 100 W for 

the emitting cavity. In the absence of signal, this would 

give a 5 standard deviation exclusion limit of χ = 10
-11.4
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when mγ’ = ωγ = 5.37 µeV when running for 20 days. The 

sensitivity to χis impaired due to non-optimal positioning 

of the cavities. In the calculations the cavities are placed 

side-by-side and separated by four cavity lengths. In the 

optimal case for the TM010 mode the cavities would be 

placed on top of each other. However this is not feasible 

due to the shielding requirements. 

 
Figure 1: Expected reach of the CASCADE 

superconductive cavity setup. In the plot the other 

exclusion limits come from Coulomb law tests, searches 

of solar hidden photons with the CERN axion solar 

telescope CAST, laser-based LSW experiments and 

cosmic microwave background measurements of the 

effective number of the neutrinos and blackbody nature of 

the spectrum [11].  

CASCADE EXPERIMENT 

The experiment is proposed to capitalise on the existing 

program of research into 1.3 GHz SRF cavities at 

Daresbury Laboratory. Several single-cell cavities have 

been produced and are regularly tested in a vertically 

cryostat. The experiment would ideally have two cavities 

with high external Qs as in most standard vertical tests. 

This would maximise the HSP flux transmitted to the 

second cavity as both Q factors would be high. However 

this would also require both cavities to be at the same 

frequency to within a cavity bandwidth. Even if the two 

cavities could be reliably tuned to be that close together, 

microphonics would certainly make the frequencies vary 

with time to within several hundred Hz. The transmitter 

cavity could in principle be tuned with piezoelectric 

tuners, however, as the receiver cavity is unfilled, it is not 

possible to measure and tune its frequency. The solution is 

to ensure that one of the cavities has a bandwidth wider 

than the maximum frequency excursion due to 

microphonics. As it is beneficial that the transmitter 

cavity, which has the higher losses, has the highest Q 

factor it was decided to widen the bandwidth of the 

receiver cavity. The bandwidth is chosen to be ~1 kHz, 

hence a Q of around 10
6
 is required. 

In the initial phase of the project both the transmitter 

cavity and the receiver will be copper pillbox cavities 

mounted on top of each other, as shown in Fig. 2. Initially 

these will be at room temperature but will later be cooled 

with LN2. In the second stage the transmitter cavity will 

be a single cell 1.3 GHz cavity inside the vertical cryostat, 

while both the copper cavities will be utilised as receivers 

placed in the service tunnel beside the vertical test 

cryostat. The product of the Q factors in the second 

scenariois higher, however the positioning of the cavities 

is not ideal. For TM modes the pattern is maximised in 

the direction of the electric field. When the two pillbox 

cavities are on top of each other the G is 0.4 - 1.0 

depending on the distance between the cavities. For the 

two copper cavities plus an SRF emitter cavity the G 

value is of the order of 0.005-0.01. This depends on the 

distance between the cryostat and the service tunnel and 

of the angle between the emitter and the detector cavities. 

While it may seem like a good idea to place both 

cavities inside a single cryostat, this could lead to a small 

RF leakage between the cavities providing a false-positive 

result, hence this option is not considered practical.  
The copper pillbox cavities have been manufactured 

and have a room temperature Q factor of 22,000. When 

cooled with LN2 the Q factor is expected to increase to 

around 10
5
 although this has yet to be measured. Further 

increases in the product of Q factors in a two-cavity 

experiment could be obtained by placing a second 

Niobium cavity inside a cryo-cooler near the cryostat. 

This design is currently being investigated. 

 

 

Figure 2: The copper pillbox cavities on their test stand. 
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CAVITY ISOLATION 

At the exclusion limits we intend to reach, the HSP flux 

is around 10
-25

 Watts, which requires that the shielding 

between the cavities attenuates the input signal by around 

-220 dB. The typical cross coupling between the two 

cavities is measured to be around -100 dB, by connecting 

the network analyser to the SMA connections on the input 

coupler on each cavity hence additional shielding is 

required. In order to avoid false positive results the 

shielding must be actively monitored. However it is 

difficult to measure attenuation of -200dB. It is proposed 

to enclose the receiver cavity inside two or three 100dB 

shielded boxes such that the attenuation of each box can 

be verified independently. The shielding of each box will 

be verified using transmitters/receivers at  frequencies 

close to the cavity frequency but not within the cavity 

bandwidth as shown in Fig. 3. 

 

Figure 3: The proposed circuit diagram to excite/measure 

the signals and verify shielding. 

 

The difficulty is then how to have a measurement 

system shielded to -100 dB. All feed-through and cable 

connections must be accounted for. The first cage will 

contain the cavity, cold box and an oscillator and mixer to 

down-convert the signal coming out of the cavity to 50 

kHz. The oscillator will be synchronised to a 10 MHz 

master oscillator via an RF-to-optical converter. The 50 

kHz signal will then be fed into a second shielded box 

within the first box where it will be read into a DSP and 

passed to an optical converter. The whole system will be 

enclosed in a 3rd shielded box. Batteries or thermoelectric 

converters are proposed to avoid power leads passing 

between the shielded box, and all connections to the 

outside will be via optical connections. At no point is a 

1.3 GHz signal passed between the boxes. 

CONCLUSIONS 

The CASCADE experiment proposes to use coupling 

between isolated RF cavities as a potential method of 

detecting hidden sector photons. In order to increase the 

sensitivity of the experiment a superconducting 

transmitter cavity is proposed with copper receiver 

cavities cooled with liquid Nitrogen. The proposed 

experiment allows us reach further into the unconstrained 

region of the HSP parameter-space enabling us to search 

for these elusive particles. 

ACKNOWLEDGMENT 

The authors would like to thank F. Caspers and M. Betz 

at CERN for helpful discussions and suggestions. This 

work was supported in part by the STFC Cockcroft 

Institute Core grant No. ST/G008248/1. 

REFERENCES 

 

[1] P. Arias, J. Jaeckel, J. Redondo and A. Ringwald, 

“Optimizing light-shining-through-a-wall 

experiments for axion and other weakly interacting 

slim particle searches”, Phys. Rev. D 82 (2010) 

115018. 

[2] I.B. Okun, “Limits on electrodynamics: 

paraphotons?”, Sov. Phys. JETP 56 (1982) 502-505. 

[3] H. Georgi, P. Ginsparg and S.L. Glashow, “Photon 

oscillations and cosmic background radiation”, 

Nature 306 (1983) 765-766. 

[4] K. Van Bibber et al., “Proposed experiment to 

produce and detect light pseudoscalars”, Phys. Rev. 

Lett. 59 (1987) 759-762. 

[5] R. Cameron et al., “Search for nearly massless, 

weakly coupled particles by optical techniques”, 

Phys. Rev. D 47 (1993) 3707. 

[6] M. Fouche et al., “Search for photon oscillations into 

massive particles”, Phys. Rev. D 78 (2008) 032013. 

[7] J. Jaeckel and A. Ringwald, “A cavity experiment to 

search for hidden sector photons”, Phys. Lett. B 659 

(2008) 509. 

[8] F. Hoogeveen, “Terrestial axion production and 

detection using RF cavities”, Phys. Lett. B 288 

(1992) 195-200.  

[9] R.G. Povey, J.G. Hartnett and M.E. Tobar, 

“Microwave cavity light shining through a wall 

optimization and experiment”, Phys. Rev. D 82 

(2010) 052003. 

[10] M. Betz and F. Caspers, “A microwave paraphoton 

and axion detection experiment with 300 dB 

electromagnetic shielding at 3 GHz”, in Proc. IPAC 

2012, C1205201 (2012) 3320-3322.  

[11] M. Ahlers, J. Jaeckel, J. Redondo and A. Ringwald, 

“Probing hidden sector photons through the Higgs 

window”, Phys. Rev. D 78 (2008) 075005. 
 

MOP001 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

68C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

02 Future projects

B. Project under construction



CONCEPTUAL DESIGN FOR REPLACEMENT OF THE DTL AND CCL 
WITH SUPERCONDUCTING RF CAVITIES IN THE SPALLATION 

NEUTRON SOURCE LINAC 

M. Champion, Marc Doleans, S-H. Kim, ORNL , Oak Ridge, TN, USA *

 
Abstract 

The Spallation Neutron Source Linac utilizes normal 
conducting RF cavities in the low energy section from 
2.5 MeV to 186 MeV. Six Drift Tube Linac (DTL) 
structures accelerate the beam to 87 MeV, and four 
Coupled Cavity Linac (CCL) structures provide further 
acceleration to 186 MeV. The remainder of the Linac is 
comprised of 81 superconducting cavities packaged in 23 
cryomodules to provide final beam energy of 
approximately 1 GeV. The superconducting Linac has 
proven to be substantially more reliable than the normal 
conducting Linac despite the greater number of stations 
and the complexity associated with the cryogenic plant 
and distribution. A conceptual design has been initiated on 
a replacement of the DTL and CCL with superconducting 
RF cavities. The motivation, constraints, and conceptual 
design are presented. 

INTRODUCTION 
The Spallation Neutron Source (SNS) Linac utilizes 

traditional normal-conducting Drift Tube Linac (DTL) 
and Coupled Cavity Linac (CCL) structures to accelerate 
a H- ion beam from 2.5 MeV to 186 MeV. Representative 
photographs of the DTL and CCL are shown in Fig. 1 and 
Fig. 2, respectively. The Linac operates at 60 Hz with a 
macro pulse width of 1 ms and an average macro pulse 
current of 26 mA [1]. 

 

 
Figure 1: The SNS Drift Tube Linac. 

The six DTL and four CCL structures are powered 
individually by 402.5 MHz, 2.5 MW klystrons and 
805 MHz, 5 MW klystrons, respectively. The structures 
are water cooled via individual Resonance Control 
Cooling Systems (RCCS) that remove heat and maintain 

the operating frequency. The RF power is delivered to the 
structures via rectangular waveguide. The DTL structures 
feature a single RF power coupler comprised of a RF 
vacuum window, a waveguide taper, and a coupling iris, 
whereas the CCL structures feature dual RF power 
couplers, each comprised of a RF vacuum window, a 
waveguide section, and a coupling iris. 

The remainder of the Linac is comprised of 81 
superconducting RF cavities packaged in 23 cryomodules. 
Thirty-three medium-beta (=0.61) cavities and 48 high-
beta (=0.81) cavities are installed in 11 and 12 
cryomodules, respectively. These cavities are individually 
powered by 805 MHz, 550 kW klystrons. 
 

 
Figure 2: The SNS Coupled-Cavity Linac. 

Motivation 
The motivation to investigate replacement of the DTL 

and CCL (hereafter referred to as the Normal Conducting 
Linac) with superconducting cavities is based largely on 
reliability concerns and experience with contemporary 
Linac designs. 

The Normal Conducting (NC) Linac is a significant 
source of down time at the SNS primarily due to the long 
thermal time constants of the structures. The turn-on time 
after a fault requires up to 30 minutes due to the need to 
warm up the structure and achieve phase-locked RF 
control at exactly 402.5 or 805 MHz. In contrast, the 
superconducting cavities can be turned on in a few 
minutes or less. Additional motivating factors are listed as 
follows: 
 RF power levels are high in the CCL and will be 

further increased as the beam power on target is 
increased towards 1.4 MW. Beam loading will 
increase as the average macro pulse current increases 
from 26 to 42 mA. The klystrons in this section 
require cathode voltages up to 135 kV. 

 ___________________________________________  

*ORNL is managed by UT-Battelle, LLC, under contract  
DE-AC05-00OR22725 for the U.S. Department of Energy. 
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 The high voltage converter modulators in the NC 
Linac section operate at the highest voltages and 
power levels and tend to require more maintenance 
than those in the SC Linac. 

 RF vacuum windows have been somewhat 
problematic throughout the NC Linac. Several 
failures have occurred and caused uncontrolled 
venting of the structures and/or leakage of deionized 
water into the structures. 

 The DTL structures utilize many elastomer O-rings 
for vacuum and water sealing. The lifetime of these 
seals is uncertain, and poorly understood gas releases 
sometimes occur when the RF power is switched off 
in preparation for Linac maintenance. 

 The DTL structures contain many water-cooled drift 
tubes (max of 59 drift tubes in DTL1). There is a risk 
of water leaks due to erosion and/or corrosion as the 
structures age. 

 Many water circuits and flow meters are utilized in 
the NC Linac. Flow balancing and maintenance of 
these circuits requires significant resources; 
instrumentation failures are not infrequent and are a 
source of down time. 

 The gas load caused by operation of the NC Linac is 
non-negligible. Nearly all of the ion pumps on the 
CCL had to be replaced in 2012 due to saturation, 
and a major upgrade of the NC Linac vacuum system 
is being planned. 

 
The SNS Linac commissioning was completed in 2006. 

A variety of H- and heavy ion Linacs have been designed 
since then, and a common theme is widespread adoption 
of superconducting RF cavities throughout the Linac. For 
example, Project X at Fermilab calls for the first 
superconducting cavity to accept H- beam at just 
2.1 MeV, the beam energy at the exit of the Radio 
Frequency Quadrupole [2]. Another example is the FRIB 
Linac planned for construction at Michigan State 
University, where the first superconducting cavity accepts 
heavy ions at 0.5 MeV/u [3]. Finally, the European 
Spallation Source plans to utilize superconducting 
cavities beginning at 78 MeV [4]. It is probable that the 
SNS Linac would contain more superconducting cavities 
if it were to be designed today. 

CONSTRAINTS 
There are a number of significant constraints that must 

be accommodated in developing a plan to replace the 
existing NC Linac with a SC Linac. Primary constraints 
include: linear and transverse space in the Linac tunnel; 
beam dynamics lattice requirements; waveguide chases to 
the klystron gallery; and sufficient cryogenic plant 
capacity. 

Space 
The linear space occupied by the existing DTL and 

CCL is fixed, so any upgrade of the accelerating 
structures must fit within the existing footprint. The DTL 

and CCL have lengths of 36.6 m and 55.1 m, respectively. 
The Linac tunnel has a width of 4.27 m, a height of 
3.05 m, and readily accommodates the existing SC Linac 
cryomodules. The distance from the beam axis to the 
walls is 1.68 m on the back side and 2.59 m on the aisle 
side. 

Beam Dynamics 
The beam energy at the entrances of the DTL and CCL 

is 2.5 and 87 MeV, respectively. The average macro pulse 
current ranges from 26 to 42 mA dependent on the 
required beam power on target. The beam pulse length is 
1 ms maximum at a repetition rate of 60 Hz. 

The existing medium-beta section of the SC Linac has a 
lattice period of 5.3 m. 

Beam loss in the Linac must be controlled to less than 
1 W/m. 

Waveguide Chases 
The NC Linac structures are serviced by 17 chases 

linking the Linac tunnel to the klystron gallery. Twelve of 
these chases contain RF waveguide (four chases for 
DTL3-6 and eight chases for CCL1-4). The chases 
contain water pipes and a variety of cables in addition to 
RF waveguide. The DTL and CCL chases have diameters 
of 0.91 m and 0.61 m, respectively, and lengths of 6.86 m. 
Typical DTL and CCL chases are shown in Fig. 3 and 
Fig. 4, respectively. 

 

 
Figure 3: Typical DTL waveguide chases as viewed from 
the klystron gallery. The chase diameter is 0.91 m, and 
the waveguide size is WR2100. 

Cryogenic Plant Capacity 
The existing cryogenic plant distributes helium to the 

Linac tunnel at 4.5 K and 40 K for cooling of the 
superconducting cavities, the RF power couplers and the 
thermal shields. Operation at 2 K is achieved via four-
stage cold compressors. The cryogenic transfer lines enter 
the Linac tunnel at the middle of the SC Linac (between 
cryomodules 16 and 17). The transfer lines extend 
upstream to the first cryomodule and downstream beyond 
the final cryomodule to the end of the energy upgrade 
region, which includes nine additional slots for high-beta 
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cryomodules. The transfer lines do not pass through the 
NC Linac. The cryogenic plant capacity is 125 g/s at 2 K, 
8500 W at 40 K, and 15 g/s at 5 K for the coupler cooling. 
The existing cryogenic capacity at the SNS is sufficient to 
support the DTL/CCL replacements and the nine energy-
upgrade cryomodules. 
 

 
Figure 4: Typical CCL waveguide chases as viewed from 
the klystron gallery. The chase diameter is 0.61 m, and 
the waveguide size is WR1150. 

CONCEPTUAL DESIGN 
In this phase of the design study we are considering 

only the replacement of the CCL structures with 
superconducting cavities. In this region, where the H-
beam is accelerated from approximately 87 to 186 MeV, 
the logical choice of accelerating structure is an elliptical 
multi-cell 805 MHz cavity with a geometric beta in the 
range 0.4 to 0.55. This structure choice takes advantage of 
the existing SNS cryomodule design and experience and 
offers a significantly increased beam aperture compared 
to 30 mm in the existing CCL. The proposed cavity type 
is also compatible with the SRF infrastructure at SNS. 

Initial studies indicate that a six-cell elliptical cavity 
with =0.45 is approximately optimal with respect to 
transit time factor (Fig. 5). The prototype cavity is 
illustrated in Fig. 6, and its parameters are listed in 
Table 1. The proposed accelerating gradient is 9 MV/m, 
which corresponds to peak surface electric and magnetic 
fields of 31.3 MV/m and 63.9 mT, respectively. 

We propose a low-beta Linac configuration of nine 
cryomodules, each containing three =0.45 cavities, for a 
total of 27 cavities. Adjacent cryomodules will be 
connected via warm sections that contain magnetic 
focusing and diagnostics (as in the existing SC Linac). At 
this stage we have maintained the same physical layout as 
for the =0.61 Linac for simplicity, i.e., the new 
cryomodules would have the same length as the existing 
=0.61 cryomodules. The total length for nine 
cryomodules and the interleaved warm sections is 48 m, 
which is a reduction of 7 m compared to the existing 
CCL. The additional space could be utilized for a longer 
matching section, enhanced differential pumping between 

the NC Linac and the SC Linac, additional diagnostics, or 
perhaps an additional =0.45 cryomodule. 

 

 
Figure 5: Transit time factor for the =0.45 and =0.61 
sections of the SC Linac. 

Beam dynamics for the proposed configuration was 
checked at beam currents of zero and 42 mA using 
Trace 3D. The emittance parameters of the injected beam 
are based on measured emittances in the SNS Linac [5-7]. 
The results of the simulations indicate the design is 
adequate from a beam dynamics perspective. The 42 mA 
case is depicted in Fig. 7. 

The existing medium-beta Linac operates at an output 
energy of 425 MeV with 32 (of 33) cavities in service. 
The design of the SNS Linac specifies 386 MeV at this 
location, but the medium-beta cavities are operated at 
higher-than-design gradients. Based on the average 
operating gradient of the medium-beta Linac and the 
proposed operating gradient for the low-beta Linac, the 
energy gain per cavity has been calculated as shown in 
Fig. 8. In this case, the output energy of the medium-beta 
Linac would be 440 MeV. 

 

 
Figure 6: Geometry for proposed six-cell, =0.45 cavity. 

The SC Linac at the SNS is very flexible due to its 
topology of one cavity per RF station. Individual cavities 
can be switched off or operated at different gradients with 
minimal impact on overall Linac performance. Entire 
cryomodules may be removed and the remainder of the 
Linac can be re-tuned to maintain neutron production, 
albeit at a reduced beam energy. The proposed low-beta 
Linac is similarly robust, and calculations indicate the 
overall Linac would be operable with a low-beta 
cryomodule offline. Further studies are needed to validate 
this assertion, especially for the case of the first 
cryomodule being inoperable. 
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Table 1: =0.45 Cavity and Cryomodule Parameters 

Geometric beta,  0.45 
Accelerating gradient, Eacc 9 MV/m 
Ep/Eacc 3.48 
Bp/Eacc 7.1 mT/MV/m 
Effective acceleration length 504 mm 
r/Q (at design  142 Ohm 
Rs*Q 130 Ohm 
Cell-to-cell coupling 1.5 % 
Beam pipe diameter 76 mm 
External Q 7e5 
Cavities per cryomodule 3 
Number of cryomodules 9 
Input energy 86 MeV 
Output energy 193 MeV 

 
A design option under consideration would change the 

number of low-beta cryomodules to eight and replace the 
9th cryomodule with an additional medium-beta 
cryomodule. In this case the output energy of the 
medium-beta Linac would be 447 MeV (given the 
assumptions applied in generating Fig. 8). The robustness 
of the SC Linac would be unchanged with respect to 
operability with missing cavities. 

 

Figure 7: Trace 3D results for an input beam energy 
of 86 MeV and 42 mA beam current. Period tuned 
with RF phases at -20 degrees and quadrupole 
focusing strength of 3.2 T/m. Phase advances are 
72 degrees (transverse) and 94 degrees (longitudinal). 

CONCLUSION 
This study demonstrates the feasibility of replacing the 

existing CCL structures with superconducting cavities. 
The next steps in the development of this upgrade 
include: 
 Beam matching studies between the DTL and the 

upgraded SC Linac 
 Multi-particle beam dynamics simulations 
 Studies on the impact of inoperable cavities and 

cryomodules 
 Mechanical design and analysis of the beta=0.45 

cavity and cryomodule 

 Physical layout of the upgrade to ensure 
compatibility with the existing Linac components and 
infrastructure 

The replacement of the DTL with superconducting 
cavities has not been addressed in this study and will be 
investigated in the future. 

 

 
Figure 8: Energy gain per cavity along the low-beta and 
medium-beta sections of the proposed Linac. 
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IMPLICATIONS OF INCREASED BEAM CURRENT FOR THE DIAMOND 

STORAGE RING RF SYSTEM 

C. Christou, A. Bogusz, P. Gu, M. Maddock, P. Marten, S. A. Pande, A. Rankin, D. Spink, 

A. V. Watkins, 

Diamond Light Source, Oxfordshire, U.K.

Abstract 
Diamond Light Source presently operates for users with 

300 mA beam current and initial tests have begun to 

upgrade this current towards an ultimate goal of 500 mA. 

The implications of such a beam current increase for the 

storage ring RF system will be significant, including the 

installation of a third superconducting cavity and a 

possible modification of the coupling parameters of the 

existing cavities. An overview of the planned 

enhancements of the RF system is presented, including an 

update of the procurement of a new CESR-design cavity 

and options for installation and operation of this cavity 

and supporting infrastructure. 

OPERATIONAL HISTORY OF DIAMOND 

LIGHT SOURCE 

Diamond is a 3 GeV third-generation light source. The 

SR RF straight is designed to accept up to 3 

superconducting 500 MHz cavities similar to those used 

on CESR [1]. Currently two cavities are installed each 

connected to an IOT based 300 kW amplifier [2] and a 

LLRF system. The cavities are supplied with Liquid 

Helium from a Liquid Helium Refrigerator also 

considered part of the SR RF System. Any one of the 

three high-power RF amplifiers can also be configured to 

feed a fully shielded cavity conditioning area known as 

the RF Test Facility. 

User operation began in January 2007 in decay mode, 

with 125 mA storage ring current. Top-up operation was 

introduced in October 2008 and beam current has been 

gradually increased to the present 300 mA. Over this 

period, the number of operational beamlines has increased 

from an initial 7 in 2007 to 22 in 2013. The storage ring 

tunnel shielding is designed to accommodate 500 mA 

current, and a full radiation survey has been carried out 

with every increase in beam current and installation of 

additional beamline in order to verify radiation safety. 

Beam current history, shown in Fig. 1, is intimately 

linked to the availability of the RF cavities. The second of 

the two initially installed cavities was brought into 

operation shortly after the beginning of user operations 

and allowed the beam current to be increased to 250 mA 

by the end of 2009. Withdrawal of one cavity from 

service at beginning of 2010 following an incident during 

a scheduled cavity warm-up [3] temporarily reduced 

beam current to 150 mA, although the installation of a 

replacement cavity that year allowed 250 mA beam to be 

recovered by the end of 2012 and 300 mA to be delivered 

to users in mid-2012. The second original cavity was 

replaced in a single shutdown in late 2012, after which a 

period of 250 mA operation was necessary before 

returning to 300 mA beam current in early 2013. It is 

planned to increase user beam current to 350 mA in 

October 2013. 

 

Figure 1: Diamond beam current history. The general 

envelope shows beam delivered to users, with gaps 

indicating shutdowns and occasional spikes of test beam 

in preparation for the next step up. 

The storage ring RF system acts directly on the beam 

and contains no redundancy in its design and so beam 

trips on Diamond have always been dominated by this 

system, as can be seen in Fig. 2. In order to address the 

RF reliability issue, in mid-2010 titanium sublimation 

pumps were installed in the RF straight and ion pumps 

were upgraded and a programme of full and partial cavity 

warm-ups was instigated [4]: the reduction in the rate of 

fault accumulation through 2010/2011 is clear in the 

figure. 

 

Figure 2: Accumulated faults sorted by technical group. 

The top three contributing groups are indicated. 
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As the beam current is increased towards 500 mA care 

must be taken to maintain this improvement in reliability, 

particularly in terms of identifying safe cavity voltages, 

IOT operating parameters and conditioning procedures. 

POWER DEMANDS 

Each Diamond cavity is equipped with a three-stub 

tuner in order to provide some flexibility in the coupling 

of the cavity to the amplifier: this method has been 

successfully used on CESR for some time [5] and is used 

on Diamond to minimise the total power requirement as 

the beam current is raised. Studies [6] show that the 

external Q of the cavities can be reduced well below 

1x10
5
, allowing 500 mA beam current to be maintained 

with all operating insertion devices with three CESR 

cavities operating at a proven reliable voltage for 

Diamond. Fig. 3 shows a typical operating scenario, using 

three identical cavities with Q0 = 6.0x10
8
 and 

Qext = 1.2x10
8
 operating at 1.4 MV to support beam 

currents up to 500 mA without exceeding the amplifier 

power limit of 300 kW. 

 

Figure 3: Total amplifier power (red), beam power (blue) 

and reflected power (green) for three identical CESR 

cavities in the Diamond storage ring. 

In fact the Diamond cavities are not identical in their 

quality factors and reliable operating voltages, and so the 

exact operational configuration will differ somewhat from 

that shown in the figure. Nevertheless, it is clear that 

500 mA operation requires the installation of a third 

cavity. 

CRYOGENIC SYSTEM 

Installation of a third cavity in the storage ring will 

increase the load on the helium plant. Recently, the 

second cavity to be removed from the storage ring has 

been under test in the Test Facility in order to establish its 

reliability as a spare. This trial involved a period of CW 

operation at 1.8 MV at the same time as a run of user 

beam with 300 mA beam current and two operational 

cavities. Under these conditions, the load on the Cold 

Box, based on the automatic attenuation of the turbine 

load maintaining a fixed level in the helium storage 

Dewar, was 82% of its capacity. Three major factors will 

change if a third cavity is placed in the storage ring: 

 Beam heating in the storage ring will increase the 

cryogenic load on the third cavity compared to the 

load experienced in the Test Facility. 

 Running the third cavity from the same storage ring 

valve box will mean that the Test Facility valve box 

and the two Multi-Channel Lines (MCLs) will not 

need to be used. This will decrease the heat load by 

approximately 50 W. 

 The increase in beam current will also increase the 

dynamic heat load on each of the currently installed 

cavity modules. 

The heat load on the RF helium plant when three 

cavities are running at 500 mA will need further 

investigation. It is highly likely that operation at this level 

will be close to the full 500 W capacity of the plant. 

A further implication of three-cavity operation is the 

amount of gas storage space required when cooling down 

all three cavities within 24-36 hours. Currently, there is 

105 m
3
 of space, at 14.5 barA max. of which 3 barA must 

be left in the tanks. When cooling down two cavities, we 

find that 3.5-4 barA space is required in the buffers to 

accommodate the cool-down boil-off. Taking this into 

consideration, it leaves a usable volume of 1900 liquid 

litres equivalent.  This is enough for three cavities, but 

does not leave a great deal of room for error. 

PROCUREMENT OF A NEW RF CAVITY 

The trial in the Test Facility has established that the 

more recently removed cavity is a viable system and so 

Diamond currently has two operating cavities and one 

spare. In order to maintain the spare for 500 mA 

operation, procurement of a fourth CESR cavity is 

underway. The cavity is being manufactured by RI 

Research Instruments GmbH, as were the first three, and 

contract completion is scheduled for early 2014. The final 

design uses the SSRF coupler tongue design and the CLS 

pump-out box to bring the external Q down from nearly 

2.5x10
5
, for the installed cavities to 1.5x10

5
. This value 

may then be further reduced with the three-stub tuner. 

 

Figure 4: Cavity 4 under test at Cornell University. 
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The cavity vertical cold test was carried out at Cornell 

University in July 2013. Fig. 4 is a picture of the niobium 

cavity being transferred to the test Dewar. Q0 was 

measured as a function of accelerating field and the 

results, shown in Fig. 5 established that the quality factor 

of the cavity comfortably exceeds the specification of 

Q0 > 1x10
9
 at Vacc < 6.67 MV/m and Q0 > 5x10

8
 at 

Vacc < 9.33 MV/m. 

 

Figure 5: Q0 as a function of accelerating voltage 

measured during the vertical test. 

The high-power conditioning and test of the window 

for the fourth cavity was carried out at the Diamond RF 

Test Facility in March and April 2013, together with that 

of a second window intended for another RI project. Both 

windows were shown to withstand 300 kW CW travelling 

wave power for extended periods and were also placed in 

the maximum of a standing wave field for 160 kW CW 

amplifier operation and pulsed power levels in excess of 

200 kW without any degradation of performance. 

Following the successful vertical test, the cavity and 

window have been shipped to RI and are currently being 

integrated into the cryostat. 

SITING OF THE NEW CAVITY 

The new cryostat is designed to fit into the RF straight 

together with the other two operational cavities, although 

other possible locations are also being investigated. The 

RF straight is constructed with large bore beam pipes and 

large, relatively slow gate valves and so the entire RF 

system may be at risk of catastrophic failure in the event 

of a leak at some point in the RF straight. The only 

example we have on Diamond of a comparable vacuum 

event occurred in the injection straight in July 2009, when 

the septum vessel developed a leak during beam injection. 

A slow pressure record is presented in Fig. 6, and the 

peak pressures measured immediately after the event are 

shown in Fig. 7. In this case, the loss of vacuum extended 

across the whole of the injection straight and, to a lesser 

extent, into the neighbouring cells. There would therefore 

be some advantage to placing the new cavity distant from 

the RF straight. 

 

Figure 6: Pressures recorded in the vicinity of the 

injection straight following the vacuum event in July 

2009. 

 

Figure 7: Peak pressures recorded after the July 2009 

event. Colours denote different cells, with gauges in the 

straights (round markers) and arcs (square markers). 

The exact positioning of a new cavity, if placed away 

from the RF straight, will depend on the space available 

in other parts of the ring, and the ability of the cryogenic 

system to supply helium to a cryostat that may be located 

some hundred metres distant from the current RF straight. 

There are two possible approaches to the cryogenic 

issue: one to use the existing valve box and build a multi-

channel line to the new location with manual shut-off 

valves, and a second option to build a new valve box 

close to the new location with a supply from the existing 

helium ‘fridge. 

The first option looks the more viable. The implications 

are that of increased heat load, the cost of line and the 

controllability of the system with the valve box being 

more remote that it is currently. It is felt that the extra 

heat load will be about 30 W. 

The second option would mean the modification of the 

manifold and MCL that feed the current valve box. It 

would also mean the production of a new valve box and a 

slightly simpler MCL than in the first option. The 

advantage would be the possible better control of the 

cryogen feeds into the cryostat. 

If the test facility is to remain operational at the same 

time as three cavities then a fourth high-power amplifier 
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will be necessary. A study of the options available is 

ongoing, and encompasses both IOT-driven amplifier 

options and also solid state amplifiers similar to those 

installed at other light sources [7, 8]. The modular nature 

of solid state amplifiers is reported to result in a much 

greater reliability than IOT-based systems, although a 

fourth IOT-based amplifier would be preferable in terms 

of spares and support. 

OTHER RF SYSTEMS 

The requirement for 500 mA storage ring current 

affects other RF systems at Diamond. In particular the 

requirement for minimised Mean Time To Recover 

(MTTR) following a beam loss and reduction in the 

duration of the disturbance to the beam during top-up 

demands high electron emission from the linac in 

multibunch and single bunch mode respectively. The 

linac gun cathode, an Eimac YU-171 dispenser cathode, 

was exchanged in September 2013 for the first time since 

linac commissioning in 2005 and the increase in bunch 

charge is evident and shown in Fig. 8, suggesting that the 

original cathode was beginning to show signs of BaO 

depletion. No detrimental effects have been observed on 

temperature or pressure in the storage ring cavity or 

waveguide with the rapid increase in amplifier power 

during the swift storage ring fill since the new linac gun 

cathode was installed. 

 

Figure 8: Bunch charges from old, partially depleted linac 

gun cathode and new cathode installed in September 

2013. 

The booster RF system, consisting of a five-cell copper 

cavity driven by a single IOT, is affected indirectly in a 

small way by the increase in storage ring current to 

500 mA. The requirement for MTTR and top-up 

minimisation demands maximum efficiency of beam 

transfer from the linac through the booster into the storage 

ring. Investigations of beam capture at the booster 

injection energy of 100 MeV [9] show that beam transfer 

efficiency is increased slightly when the minimum cavity 

voltage on injection is dropped below the normal value 

available from the present LLRF system. Work is 

therefore underway to increase the dynamic range of the 

booster RF amplitude loop. 

Increased Touschek scattering at 500 mA operation will 

reduce the lifetime of the beam in the storage ring. This 

effect may be offset by the addition of a higher harmonic 

cavity system to increase the electron bunch length. 

Several variants of this approach are available, including 

both superconducting and normal conducting systems, 

and active or passively powered devices [10, 11]. High 

current operation at Diamond would benefit from the 

installation of a higher harmonic cavity, and so the study 

has begun of the requirement, advantages, location and 

support of such a device. 

SUMMARY 

Investigations of how to bring about an increase in 

beam current at Diamond Light Source from the 300 mA 

currently offered to users towards an ultimate target of 

500 mA have begun. The enhanced current affects all 

technical groups, particularly through increased beam 

heating, but is primarily of interest to the RF group 

because of its requirement for a third operational cavity 

and the necessity of lower external Q values to ensure a 

good match to the amplifier at higher beam currents. 

Progress towards the increased current target has been 

described and plans for possible changes to the RF and 

cryogenic system have been outlined. The need for the 

maintenance of high reliability at the increased beam 

current has been stressed. 
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THE ESS SUPERCONDUCTING LINEAR ACCELERATOR 
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Abstract 
The European Spallation Source (ESS) is one of 

Europe's largest planned research infrastructures. The 

collaborative project is funded by a collaboration of 17 

European countries and is under design and construction 

in Lund, Sweden. The ESS will bring new insights to the 

grand challenges of science and innovation in fields as 

diverse as material and life sciences, energy, 

environmental technology, cultural heritage, solid-state 

and fundamental physics. A 5 MW, long pulse proton 

accelerator is used to reach this goal. The pulsed length is 

2.86 ms and the repetition frequency is 14 Hz (4 % duty 

cycle). The choice of SRF technology is a key element in 

the development of the ESS linear accelerator (linac). The 

superconducting linac is composed of one section of 

spoke cavity cryomodules (352.21 MHz) and two sections 

of elliptical cavity cryomodules (704.42 MHz). These 

cryomodules contain niobium SRF cavities operating at 

2 K. This paper presents the superconducting linac layout 

and its requirements. 

INTRODUCTION 

The European Spallation Source (ESS) is one of 

Europe's largest planned research infrastructures and the 

world’s leading facility using a 5 MW neutrons source [1-

2]. The ESS will bring new insights to the grand 

challenges of science and innovation. 

The ESS project is a collaborative project supported by 

seventeen European countries. This joint partnership build 

capacity and increase proficiency in scientific research 

mainly driven by applications related to material sciences.  

The high level accelerator requirements are to design 

and construct a proton accelerator capable of delivering to 

the target a time averaged proton beam power of 5 MW at 

the completion with a stage at 1 MW in 2019.  

The linear proton accelerator is composed of an ion 

source, Radio Frequency Quadrupole (RFQ), Drift Tube 

Linac (DTL), and beam transport sections as normal 

conducting sections plus the superconducting linac. The 

different energy gains for the linac are such that 95 % of 

the accelerator is superconducting. The superconducting 

linac is composed of 26 spoke cavities with an optimal β 

of 0.50, the medium-β elliptical section uses 36 six-cell 

elliptical cavities with a geometric β of 0.67 and finally 

84 five-cell high β elliptical cavities with a geometric β of 

0.86 bring the beam to its final energy. The nominal 

resonant frequency of the spoke cavity is 352.21 MHz 

whereas the centre frequency of the high power RF 

provided to the elliptical cavities is 704.42 MHz.  

This paper introduces the ESS SRF linear accelerator 

requirements, its Optimus layout and a short description 

of the SRF components. 

ESS ACCELERATOR REQUIREMENTS 

BASED ON THE OPTIMUS LAYOUT 

Optimization of SRF Linac 

To reduce the cost of the ESS accelerator Linac, the 

number of cryomodules and RF sources had to be reduced 

by decreasing the final energy from 2.5 GeV to 2.0 GeV 

and adjusting the beam current to compensate for it as 

well as increasing the gradients in the SRF cavities by 

11.25 %. Consequently, using the Optimus lattice, the 

number of spoke and elliptical cavities have been reduced 

from 15 and 45 to 13 and 30, respectively [3]. 

To reach this lattice, the linac has undergone several 

rounds of iterations and optimizations, including the 

transition energies within the normal conducting frontend, 

i.e., between RFQ and DTL, and the transition energy 

from normal conducting to superconducting and those 

from one superconducting structure to the downstream 

one. On top of these, the beam current and final energy 

have been optimized to achieve the desired beam power 

on target while neither the beam quality nor transmission 

has been compromised. 

Figure 1 shows the layout of the ESS linac.  

The pulse length and the 4 % duty cycle (2.86 ms pulse 

at a maximum repetition rate of 14 Hz) must remain 

unchanged due to ESS instrument requirements. 

The power to the coupler shall remain below 1.1 MW. 

Hence, the ESS accelerator has been redesigned to 

account for the peak beam current raised from 50.0 mA to 

62.5 mA. Table 1 shows the length of the different section 

of the linac with their associated energy.  

 

Figure 1: Block diagram of the Optimus layout
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Table 1: Length and Energy along the Linac 

Item Length (m) Energy (MeV) 

Ion source 2.5*  0 

LEBT 2.38 0.075 

RFQ 4.50 0.075-3.6 

MEBT 3.62 3.6 

DTL 38.88 3.6 to 90 

Spoke 55.62 90 to 216 

Medium-β 76.68 216 to 561 

High-β 176.92 561 to 2000 

Contingency 119.28 2000 

High-β upgrade 59.64 2000 

HEDP 6.32** 2000 

A2T /DogLeg 14.16 2000 

A2T / Expander 44.4 2000 

Sum 602.4 - 

* This length is excluded from the length calculations. 

** This length is adjusted to keep the source (exit) to target 

distance at 602.4 m. 

 

At 90 MeV of beam energy at the beginning of spoke 

section the beam is energetic enough to be accelerated in 

a double spoke cavity, and the optimum β of these spoke 

cavities have been chosen to transfer the RF power most 

efficiently to beam in the range where spoke cavities 

accelerate. It has to be mentioned that the transition 

energies and the optimum β of the cavities are correlated 

and both optimizations have to be performed 

simultaneously. Both of these are a function of the 

available power, accelerating gradient of cavities, beam 

physics requirements and number of cells per cavity, 

which itself is another optimization parameter. Figure 2 

shows the accelerating gradient over the SRF linac.  

To achieve a uniform lattice and increased reliability of 

the superconducting linac as a whole, the period length, 

i.e. the length of cryomodule plus a quadrupole doublet, 

in the elliptical section, medium and high-β is the same, 

and is also equal to twice of spoke period length, 

permitting their replacement in the unfortunate case 

where the gradient in one structure is not achieved by the 

sequence of installed cavities.  

 

Each double spoke cavity has three gaps with an 

accelerating gradient of 9 MV/m. Each pair of these 

cavities is housed in a cryomodule separated from the 

following cryomodule by a quadrupole doublet used for 

transverse beam control. Elliptical cavities are having a 

surface peak field of 45 MV/m and are grouped in four 

and housed in identical cryomodules.  

 

 
Figure 2: SRF Linac accelerating gradient profile 

Risk Assessment and Sustainable Infrastructure 

Even if the major impact of the accelerator redesign 

lays in the front-end normal conducting component 

operation, it also leads to larger operational risks to SRF 

linac components. For instance, the SRF cavities 

accelerating voltage must handle an additional 30 %. 

Hence, the probability of thermal breakdown and field 

emission are larger since SRF cavities are operating at a 

higher surface field.  

In addition, risk assessment studies have been 

performed in order to identify the requested interlock 

systems and to define the Machine Protection System [4]. 

One of the most stringent requirements for the ESS 

project is the requested reliability of 95 % per hour, which 

in other words means that the mean time between failures 

of the accelerator shall exceed 22 hours.  

During operations, the electrical power consumption of 

the accelerator should not exceed 28 MW. The recycled 

waste heat from the accelerator will be optimized. The 

design and operating process of accelerator components 

comply with the ESS sustainability program. The ESS 

accelerator makes use of renewable, recyclable, 

responsible and reliable equipment design and operations. 

SRF LINAC COMPONENTS 

The ESS layout is composed of 13 spoke cavity 

cryomodules, 30 elliptical cavity cryomodules with four 

cavities in each and quadrupole doublets between 

cryomodules. The spacing and location of the power 

coupler ports are the same for the high-β and medium-β 

cryomodules, providing capability to be interchangeable 

in the tunnel. The details of the spoke and elliptical 

cryomodules are shown in [5-10]. 

The SRF cavities are aligned within 1.5 mm of the 

beam axis. The nominal accelerating voltages at the 

optimal betas and the maximum loaded quality factor of 

the cavity coupler system are listed in Table 2. 

The dynamic heat loads at 2 K per medium and high- 

cavities at nominal operation are 4.9 W and 6.5 W, 

respectively. They match the ESS estimated average 
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electricity (45 MW) and cooling needs (44 MW). As well, 

the maximum forward power supplied to the fundamental 

power coupler is an important constraint to reasonably 

optimize the technology used the accelerator redesign. 

Those two later requirements are also listed in Table 2 

together with the baseline parameters. 

 

Table 2: Summary SRF component parameters 

Style Spoke Medium-β High-β 

Freq. (MHz) 352.21 704.42 704.42 

Cavity # 26 36 84 

Velocity    

range 

0.42 to  

0.58 

0.58 to 

0.78 

0.78 to 

0.95 

Nom. Acc. 

Voltage (MV) 

5.74  14.3  18.2  

Loaded quality 

factor 

2.85 × 105 8 × 105 7.6 × 105 

Dynamic heat 

load (W) 

0.8  4.9  5.5  

Max. forward 

power (kW) 

335 1100 1100 

RF (baseline) Tetrode Klystron IOT 

 

The expected mechanical time constant of the cavities 

is about 1 ms compared to the pulse length of 2.86 ms. 

This constraint has a large impact on the tuning scheme of 

the SRF cavities. Because of the enormous gradients in 

superconducting cavities, we expect over 400 Hz of 

detuning. The static frequency tuning requirements are 

possible using a cold tuning system (CTS) installed on 

each SRF cavity. The piezo needs to compensate the 

Lorenz force detuning. In the ESS long pulse 

configuration, the static pre-detuning as done in SNS will 

not be sufficient and the dynamic de-tuning compensation 

using piezo-electric tuners is crucial. For this matter, the 

resonant frequency of the fundamental mode of the cavity 

is controllable over a range exceeding 10 kHz.  Due to the 

heavy beam loading, it is only necessary to hold the 

resonant frequency of the fundamental mode constant to 

within an accuracy of ~100 Hz over the entire pulse. 

All other cavity modes are at least 0.45 MHz and 

1 MHz away from the fundamental accelerating mode for 

the medium and high-β cavities. In the case of the 

elliptical cavity design, all higher order modes (HOMs) 

are at least 5 MHz away from integer multiples of the 

beam-bunching frequency (352.21 MHz) for any HOMs 

whose resonant frequencies are below the cut-off 

frequency of the beam-pipe. 

CONCLUSION 

The ESS accelerator lattice has been modified in order 

to reduce the overall cost of the ESS project, while 

reducing the number of cryomodules and RF sources. As 

a result the beam current has been raised from 50 to 62.5 

mA. Additional risks are handled by the cavity operating 

at a higher surface field. The cryomodule design has been 

standardized to allow flexibility in the lattice. 
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STATUS OF THE SC CW-LINAC DEMONSTRATOR 

V. Gettmann, M. Amberg, S. Jacke, HIM, Mainz, Germany 

W. Barth, S. Mickat, GSI, Darmstadt, HIM, Mainz, Germany 

K. Aulenbacher, HIM, Mainz, IKP, Mainz, Germany 

A. Orzhekhovskaya, GSI, Darmstadt, Germany 

U. Ratzinger, H. Podlech, F. Dziuba, IAP, Frankfurt am Main, Germany

Abstract 
The kick-off for the cw Linac Demonstrator project at 

GSI was in 2010 with the aim of a “full performance test” 

of a 217 MHz sc CH-Cavity at the GSI-High Charge 

Injector (HLI). Meanwhile the design of the key 

components is finalized and their fabrication has started. 

In addition the test environment at GSI HLI is about to be 

completed, so that the commissioning of the sc cw Linac 

Demonstrator is planned in 2014, when the key 

components are expected to be delivered. In the following 

the project status is reported. 

CW LINAC DEMONSTRATOR 

Table 1: Main Parameters 

CH-Cavity 

  0.059 

max A/Q  6 

Frequency MHz 217 

Gap number  15 

Total length mm 690 

Cavity Diameter mm 409 

Aperture mm 20 

Effective gap voltage kV 225 

Accelerating gradient MV/m 5.1 
 

 

Cryostat 

Inside length mm 2200 

Inside diameter mm 1120 

Material  Al 

Operating temperature K 4.4 

Operating pressure 

above atmosphere 

bar < 1 

 

 

Solenoids 

Bore mm 30 

Overall length mm 380 

Max. field T 9.3 

Nominal current A 110 

Homogeneity  0.001 
 

 

The Demonstrator project kick-off at GSI was in 2010, 

which was followed by design studies for the key 

components like the 217 MHz CH cavity, two sc 

solenoids, and the cryostat itself. Meanwhile the design of 

the components is finalized and their fabrication has 

started. The main parameters are listed in table1. 

The concept of a suspended support frame, which 

carries the cavity embedded by two sc solenoids, is 

followed [1]. The support frame as well the accelerator 

components are suspended each by eight tie rods in a 

cross-like configuration (nuclotron suspension) balancing 

the mechanical stress during the cooling-down and warm 

up (Fig.1). This way the components will always stay 

within the tolerance limits related to the beam axis (long. 

±2mm, trans. ±0.2mm). 

 
Figure 1: The cw Demonstrator comprising a CH-cavity 

embedded by two solenoids on a support frame, which is 

hung into the cryostat. 

 
 

Figure 2: Loading/unloading the cryostat scheme.
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Figure 3: The layout of the GSI accelerator facility with the cw-LINAC Demonstrator integrated in the existing HLI. 

 

Together with Cryogenic Limited (UK), the provider of 

the cryostat and the solenoids, the design was optimized 

with respect to assembling and maintenance. The 

cryostat’s outer tank is three divided and allows a 

convenient loading and unloading (Fig.2). 

Another mentionable feature concerns the two 

sc solenoids. A configuration of one main coil out of 

NbSn and two compensation coils made from NbTi 

shields the maximum magnetic field of 9.3 T within 10 

cm to acceptable 30 mT at the position of the neighbored 

cavity. The solenoids are connected to LHe pots inside the 

cryostat by copper tapes allowing dry cooling. 

The CH cavity is cooled with LHe directly using a He 

jacket out of titanium. The manufacturer is Research 

Instruments (GER). The delivery is expected at the end of 

2013 [2]. 

SETUP AT GSI HLI 

Commissioning of the Demonstrator is planned in 2014 

at the GSI HLI, which operates at 108 MHz (Fig.3). A 

new beam line in straightforward direction to the HLI, 

which transports the beam to the new radiation protection 

shelter locating the Demonstrator, was designed regarding 

beam dynamical simulations. It is shown that for 

transverse matching one additional quadrupole doublet in 

front of the Demonstrator is needed (Fig.4). 

 
Figure 4: Transverse envelope from the HLI IH exit to the 

Demonstrator.  

 

For adequate longitudinal matching the existing HLI 

buncher must be combined with a second 108 MHz 

buncher (Fig. 5). 

 

 
Figure 5: Longitudinal emittance at HLI IH exit (input) 

and calculated emittance in front of the Demonstrator 

directly (output) using the existing HLI buncher only 

(top) and in combination with a second buncher (bottom). 

 

The new beam line with focusing and steering magnets 

has been installed already as well as beam diagnostic 

components in front of and behind the Demonstrator 

(Fig.6). The beam line is equipped with profile grids, 

beam transformers and an emittance measurement station. 

Phase probes are used for output energy measurements 

applying the time of flight (TOF) method. 
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Figure 6: Radiation protection shelter in front of the HLI 

shelter in December 2012. 

TIMETABLE 

Table 2: Timeline 

 cw-LINAC – Demonstrator-Project 

2010 Kick-off at GSI 

Tendering of demonstrator components 

2011 Delivery of LHe-supply and rf-

amplifier 

Ordering of cavity, solenoids, cryostat 

Assembly of test area @GSI started 

2013 Delivery of cavity  

1st tests (warm + cold) at IAP 

2014 Delivery of solenoid and cryostat 

2014/15 Full performance test at GSI HLI 

OUTLOOK & FUTURE APPLICATIONS 

The Demonstrator project is a proof of principle on the 

CH cavity. Successful full performance tests with beam of 

the sc CH-cavity open a broad field of accelerator 

applications, e.g.: 

- The first 360 MHz prototype was developed within 

EUROTRANS (European research program for the 

transmutation of high level nuclear waste in an 

accelerator driven system). The follow-up project, 

MYRRHA, is planned to be commissioned in 

2023. Four 176 MHz sc CH cavities are integrated 

into the accelerator driven system (ADS) [3]. 

- Another future application is the sc cw-LINAC at 

GSI [4]. Especially the Super Heavy Elements 

(SHE) program at GSI and at the Helmholtz 

Institute Mainz (HIM) benefits highly from such a 

dedicated accelerator. As a next step the extension 

of the Demonstrator to a string of five 217 MHZ 

CH-cavities is proposed(advanced Demonstrator) 

(Fig.7) [5]. 

 

 
Figure 7: Draft version of a multi cavity advanced 

demonstrator layout. 
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THE STATUS OF THE SUPERCONDUCTING LINAC AND  
SRF ACTIVITIES AT THE SNS* 
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T. Neustadt,   S. Ottaway, C. Peters, J. Saunders, A. Shishlo, S. Stewart, W.H. Strong, D.

Abstract 
There have been substantial gains at the Spallation 

Neutron Source (SNS) in the last 7 years in understanding 
of pulsed superconducting linac (SCL) operation 
including system and equipment limiting factors, and 
resolution of system and equipment issues. Significant 
effort and focus are required to assure on-going success of 
the operation, maintenance and improvement of the SCL, 
and to address the requirements of the upgrade project in 
the future. The SNS is taking a multi-faceted approach to 
maintaining and improving its linac. A balanced set of 
facilities which support processing, assembly, repair, and 
testing of cavities and cryomodules are currently being 
placed into service. This paper summarizes the status of 
the SNS SCL operation and related superconducting 
radio-frequency (SRF) activities such as development of 
ASME code-stamped spare cryomodules, R&D activities 
for SRF cavity performance improvements, SRF cavity 
development for power upgrade project, and SRF facility 
development/ upgrade to support all required activities. 

SNS SCL STATUS 
Since the initial commissioning of the accelerator 

complex in 2006, the SNS has begun neutron production 
operation and beam power ramp-up has been in progress 
toward the design goal. Since the design beam power is 
almost an order of magnitude higher compared to existing 
neutron facilities, all subsystems of the SNS were 
designed and developed for substantial improvements 
compared to existing accelerators and some subsystems 
are first of a kind. Many performance and reliability 
aspects were unknown and unpredictable and it takes time 
to understand the systems as a whole and determine the 
needs for additional performance improvements. From the 
series of tests and operational experiences more 
understanding of systems and their limiting conditions in 
the pulsed mode are being obtained at high duty 
operation.  

The SNS SCL houses eighty-one SRF cavities in 
twenty three cryomodules, eleven of which are β=0.61 
structures with 3 cavities in each structure, and twelve of 
which are β=0.81 structures with 4 cavities in each. The 
SNS SCL is 179-m long in the tunnel including warm 
quadrupole focusing sections and has 71-m long space 
reserved for additional 9 cryomodules for the future 
power upgrade. The SNS SCL is the first high-energy 

proton accelerator using elliptical SRF cavities with 
reduced betas for the pulsed operational machine at a 
relatively high duty factor, which makes this accelerator a 
very important milestone for learning operating 
conditions of this type of cavities.  

As  reported  in  [1
about operation of pulsed SCL, such as operating 
temperature, heating by electron field emission, 
multipacting at a various locations, higher

-4],  SNS  gained lots of experience 

-order-mode 
coupler, RF control, mechanical tuners, beam loss, 
interlocks, machine protection systems, reliability aspects, 
machine availability as a user facility, etc. Through a 
series of commissioning campaigns, the limiting 
condition and the limiting gradient of each SRF cavity 
were identified in various operating conditions. Actual 
operating parameters for a stable operation required 
continuous update of operating gradient and settings of 
other supporting systems, since the stable operating 
condition depends on not only the operating gradients 
which were set based on the limiting gradients achieved, 
but also conditions of other supporting systems and 
machine conditions. The current set of cavity accelerating 
gradients along with all other supporting systems is 
providing a very stable and reliable operation of the 
system. The linac output energy is presently about 935 
MeV and the last cavity is mostly running at zero beam-
loading as an energy reserve. All linac structures are 
running at the full design duty factor. 

SCL Operational Statistics 
Achieving high availability is one of the most 

important aspects for user facilities. Fig. 1 shows the 
downtime breakdown of the sub-systems for the SCL 
system for three years. Each run has different issues that 
affect the machine availability. Fiscal Year 2013 (FY13) 
data is up to the end of May 2013 before the summer 
maintenance down period. Last three years the overall 
availability has been staying at about 98 %. Fig. 2 shows 
the detailed breakdown of the down time from the ‘cavity 
trip’ in Fig. 1, which represents the availability of the 
SRF cavities and cryomodules (SRF cavity/CM). The 
availability of SRF cavity/CM in FY13 is 99.85 % and 
that in FY12 is 99.64 %. In FY13 the RF in the linac was 
set for the full design duty factor, which results in more 
down time in FY13 in the category of ‘cavity 
conditioning’ than that in FY12. It is noticeable that 
there’s a large reduction of downtime in FY13 by ‘errant 
beam’ and ‘beam halo’ and/or their consequences. More 

 ___________________________________________  
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details on the ‘errant beam’ will be discussed in the 
following section. 
 

 
Figure 1: SCL System downtime statistics by sub-systems. 

 
Figure 2: Downtime breakdown of cavity trips.

Errant B  eamB
The term, ‘errant beam’ refers to an off-energy beam 

generated anywhere in the accelerator and transported to 
the downstream in a fault condition, which is different 
from the beam loss in a normal operating condition. Since 
the errant beam is off-energy beam, it is mostly lost while 
transported through the linac, which results in beam trips 
caused by excessive beam loss. At an errant beam 
condition, the excessive beam loss region ranges over 
several- to ten-cryomodule length or longer. Two 
mechanisms are identified as sources of errant beam: 1) 
RF truncations in upstream RF structures and 2) beam 
current fluctuations in the front-end that includes the ion 
source, the low energy beam transport (LEBT) region and 
RFQ.  

Each RF structure has its own fast interlocks that 
truncate a RF pulse at an upset condition such as 

discharge, arc, and/or any RF signals beyond the 
predefined thresholds. There interlocks trigger the 
machine protection system (MPS) that disables beam. 
There’s a delay time for the MPS to terminate beam from 
the source. The full amount of beam from the start of an 
errant beam till beam shut-off by MPS is lost in the linac, 
which trips many of the beam loss monitors (BLM) in the 
linac. The second case is lower current beam pulse than 
the nominal one or partial beam current pulse from the 
ion source and/or low energy beam transport due to any 
upset conditions such as high voltage arcing in that 
region. Acceleration of this kind of an abnormal beam 
throughout the linac generates off-energy beam since the 
adaptive feed forward (AFF) is only for the nominal beam 
pulse and/or the beam property from the start would be 
abnormal. In this case BLMs are the first indicator for the 
event. The MPS delay is the same as the previous RF 
truncation case.  

The MPS system is providing ‘beam termination’ in 10 
to 25 μs at the errant conditions. The original requirement 
of the MPS delay at the SNS is 30 μs. Fig. 3 shows an 
example of beam current monitor signals before and after 
the SCL region at an errant beam condition caused by an 
RF truncation in one of warm linac structures. In this 
example the whole beam for about 22 μs was lost in the 
SCL. Also BLMs trip accordingly. 

 
Figure 3: Beam current monitor signals in the CCL region 
(red waveform: before SCL) and in the HEBT region 
(blue waveform: after SCL) at the event of RF truncation 
in one warm linac structure.  

An example of errant beam events from the front-end is 
shown in Fig. 4. The beam current waveforms after the 
front-end and before the SCL are shown in red and green. 
The orange waveform is the cavity field waveform in one 
warm linac RF structure. In this example, beam current 
dropped down in the middle of a pulse from the front-end 
and cavity fields of all linac RF structures do not provide 
a flat field because of nature of the AFF. That portion of 
the beam becomes an off-energy beam and lost in the 
linac. As mentioned earlier BLMs trigger the MPS system 
and the MPS system shuts beam off.  

The severity of the events depends on locations where 
errant beams are lost and conditioning status of errant 
beam sources (warm linac and front end) that is related 
with frequency of the events. Usually during the first few 
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weeks after a long maintenance shut-down or during the 
first week of a new ion source installation, errant beam 
events are more frequent. The average number of errant 
beam events in the past had been about 30-40 times a day 
out of five million pulses a day. Most of errant beam 
events just end up with BLM trips or sometimes with 
small vacuum excursions. However, when similar events 
repeat over time, there’s a chance an errant beam could 
evaporate gases and a following interaction with RF could 
create an environment for discharge or arcing. The energy 
of one mini pulse (about 1 μs beam) corresponds to about 
20 J. Since the beam loading in the SNS SRF cavities are 
high, available RF power is large enough to create a 
dangerous discharge. The unwanted consequences from 
errant beam events could be performance degradation 
from surface damages or newly introduced contamination 
in a bad place, and component damage such as ceramic 
windows and feed-throughs.  

 
Figure 4: Beam current monitor signals after the front-end 
(green), in CCL region (red) and cavity field amplitude of 
on warm linac RF structure (orange). 

The first noticeable degradations of SRF cavity 
performances were observed during the operation in 
2009. After this observation there was an intense 
investigation on the MPS system and the MPS delay was 
found to be much longer than the specification as long as 
300 μs or longer. In 2010 the MPS delay issue was fixed 
to satisfy the original specification that is 30 μs.  

When cavities show performance degradations during 
an operation period, cavity fields needs to be lowered 
down or cavities have to be turned off, which requires 
retuning of the linac if there is an energy reserve to keep 
the linac output energy same or retuning the whole 
accelerator. In average two or three cavities showed 
performance degradations per one operating period that is 
4.5-month long. Most performance degradations have 
been recovered by careful RF conditioning or thermal 
cycling of cryomodules during the long maintenance 
period, which implies that, the performance degradation 
was mostly caused by gaseous contamination. So far only 
one cavity has not recovered after thermal cycling. More 
expensive consequences are having damages of parts. 
Vacuum leaks were created at two power coupler 
windows presumably in 2009 and developed over time. 
There two cryomodules were taken out from the tunnel 
and power couplers were replaced. Both cases were not 
catastrophic failure. The leak rates are in the range of 10-6 

torr/l/s. Fig. 5 shows an arc trace on the fundamental 

power coupler window taken out from the cryomodule. 
To have better understandings on errant beam events, 
diagnostic tools have been added to capture all errant 
beam events along with the source of events. Examples 
are shown in Fig. 3 and Fig. 4. Errant beam could hit 
anywhere in the linac because there are multiple sources, 
all RF structures and the front end. The main focus has 
been aimed to minimize the frequency of the events and 
to shorten the MPS delay. Various efforts have been put 
to minimize number of events such as the front end and 
warm linac conditioning, routine maintenance of vacuum 
systems, and continuous adjustment of operating 
parameter for warm linac structures. Presently the 
frequency of errant beam events is about 10-15 times per 
day. To minimize the downtime from the errant beam and 
to minimize the further performance degradation or 
damages, operating gradients of SRF cavities that are 
showing a precursor are slightly lowered down by about 5 
% proactively. BLM trip conditions have been also 
tightened up. Developments of new beam instrumentation 
to abort beam in 5-6 μs is in progress [5]. 

 
Figure 5: arcing trace (shown in the circle) on the 
fundamental power coupler window.  

Other Subjects 
There has been an extensive effort to understand the 

mechanism for beam loss in the SCL. Even though the 
amount of activation in the SNS SCL is mild, beam loss 
in the SCL during normal operating conditions was a big 
question since beam dynamic calculations do not predict 
any beam loss. The mechanism is nicely explained with 
the intra-beam stripping theory through both calculations 
and experiments [6]. 

Occasionally increments of field emission are observed 
from several cavities due to gaseous contamination. Most 
of them were recovered after thermal cycling. Every long 
maintenance period, two or three cryomodules are 
thermally cycled to recover the performance. No major 
unrecoverable performance degradation has been 
observed in the past seven years of operation, except one 
cavity due to the errant beam as mentioned above. There 
is an issue with a thermal cycling because leaks could be 
created or developed further during the process.  

The SNS decided to remove HOM coupler 
feedthroughs as needed after re-evaluation in 2007 for 
which actual HOM characteristics of all cavities were 
measured, and dependencies on beam current, length, and 
pulse repetition rate were compared. Feedthroughs were 
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taken out and blanked off in five cryomodules that were 
out of the tunnel for repair. Many of them had vacuum 
leaks and bad electrical contacts. 

Keeping an energy reserve is essential to circumvent 
problems that cannot be addressed during operation or to 
minimize a down time. Almost every run a few cavities 
have problems in sustaining the nominal operating 
gradients in various reasons such as loss of operational 
stability, cavity performance degradations, coupler 
condition changes, issues with HPRF system. Those 
cavities need to be turned off or those operating gradients 
need to be lowered down.  In SNS, an unstable cavity is 
defined as a cavity having more than 1 trip/day for several 
days. At every start of a 4.5-month long operation, the 
linac is tuned and the last SCL cavity is kept as an energy 
reserve. Accelerator physics personnel are continuously 
improving application software for the fast retuning of the 
SCL [7]. 

SRF ACTIVITIES 
To ensure long-term sustainability and improvement of 

the SCL system, the SNS is taking a multi-faceted 
approach.  

Cryomodule Development 
The spare cryomodule for the high beta section has 

been designed, fabricated, and tested by SNS personnel 
[8]. This is the world’s first pressure vessel code stamped 
cryomodule (Fig.6). The approach to the engineering 
design for this cryomodule was to maintain critical 
features of the original design such as bayonet positions, 
coupler positions, cold mass assembly, and overall 
footprint. However, this new cryomodule design was 
required to meet the pressure requirements put forth in 10 
CFR 851: Worker Safety and Health Program. The most 
significant engineering change was applying Section VIII 
of the ASME Boiler and Pressure Vessel Code to the 
vacuum vessel of this cryomodule instead of the 
traditional designs where the helium circuit is the pressure 
boundary. 

This cryomodule has successfully passed a series of 
tests in the SNS test facility and was installed during the 
summer outage in 2012 for the machine operation. All 
functions are working properly with existing systems. The 
achieved accelerating gradients of all 4 cavities for stable 
operation are 16 MV/m which exceeds the design 
specification. The spare cryomodule and in-house 
capability gained through the development will increase 
the long-term sustainability of the SNS SCL operation. 

 
Figure 6: The SNS high beta spare cryomodule.  

R&D for In-Situ Processing 
As mentioned above the linac output energy is lower 

than the design output energy, 1GeV mainly due to 
heating effects from the electron activities in the high beta 
cavities. In order to reach 1-GeV operation, the electron 
activities in high beta cavities need to be lowered down 
and operating gradients of the high beta cavities need to 
be increased by 15 %. Rebuilding a cryomodule for 
performance improvements is time-consuming and 
expensive. The cost effective processing with minimal 
impact on the machine operation is preferable. Possible 
candidates for in-situ processing were examined for the 
SNS cryomodule case mainly between helium processing 
and plasma processing. Plasma cleaning process is chosen 
based on the preliminary studies conducted at SNS in 
2009. R&D on plasma processing started in the middle of 
FY12 and aims at deploying the new in-situ technique in 
the linac tunnel by 2016 [9]. 

Cryomodule Repairs and Reworks 
Cryomodule repairs are required for various reasons 

such as tuner repairs, removal of HOM antennas, repair of 
helium leak, repair of insulating vacuum leak, 
fundamental power coupler replacement, replacement of 
instruments, etc. In average one cryomodule per year is 
taken out from the tunnel for the repair. Fig. 7 was taken 
during the replacement of the fundamental power coupler. 

 
Figure 7: Cryomodule repairs in the clean room. 

Prototyping for Upgrade Project 
The existing cavities have some issues with HOM 

couplers, materials used, and manufacturing method. New 
cavity design has been complete based on the lessons 
learned in operation. Development of the new cavity is in 
progress. This new cavity will serve as the basis for the 
power upgrade project (Fig. 8).  

Cavities for the power upgrade require a power coupler 
with higher average power capacity, 70 kW than the 
original one, 48 kW. RF characteristic of the existing one 
is pretty satisfactory. Relatively there’s less concern with 
peak power capacity. The existing one was tested up to 2 
MW at full travelling wave condition and tested at over 
500-kW peak power with real cavity operation. Mainly 
thermal/mechanical design was taken into account to 
reduce the temperature at the inner conductor. The design 
and prototyping are complete and ready for testing. 
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Figure 8: High beta cavity refurbishment with new end 
group design. 

SRF Facility Development 
With the required facilities in place, the SNS can 

conduct its own repairs, R&D for the machine 
performance improvement, and the energy upgrade 
project with increased capability, which is a critical 
component in supporting a large scale user facility. A 
balanced set of facilities which support processing, 
assembly, repair, testing, and R&D of cavities and 
cryomodules are currently being placed into service [10]. 
Facilities in operation are coupler processing station, 
cleanroom, high pressure rinse system, test cave, and 
control room, which are shown in Fig. 9, 10 and 11. 
Recently the SRF cavity vertical test system (Fig. 12) and 
the cryogenic test facility (CTF) system (Fig. 13) were 
successfully commissioned at 4 K. The horizontal test 
apparatus (HTA) for the plasma processing R&D and 
cavity system qualifications with the helium vessel and 
the power coupler is under development.  

Until recently, tests and research and development 
initiatives were serviced by the main cryogenic plant.  
This coupled the testing and R&D with the operation of 
the linac.  The CTF was designed to service the vertical 
test area and the test cave which can house either a 
cryomodule or the HTA [11]. The CTF has a refrigeration 
capacity of 650 W at 4.4 K and liquefaction capacity of 
240 l/hr. This system was commissioned in July of 2013. 
Additional capability will soon be added that will allow 
for 2K operation of these facilities.  Also, a portable 
liquid helium Dewar fill station is being added to mitigate 
supply chain issues of liquid helium for the neutron 
instrument and sample environment areas.  

 
Figure 9: Fundamental power coupler RF processing 
system. 

 
Figure 10: High pressure Rinse in the clean room. 

 
Figure 11: Test cavity with 4-way waveguide system.  

 
Figure 12: Vertical test area. 

  
Figure 13: Cryogenic test facility. 
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SUPERCONDUCTING LINAC FOR THE RISP

H. J. Kim, H. J. Cha, M. O. Hyun, H. J. Jang, D.-O Jeon, J. D. Joo, M. J. Joung, H. C. Jung,
Y. C. Jung, Y. K. Kim, M. K. Lee, G.-T. Park, IBS, Daejeon, Korea

Abstract
The RISP (Rare Isotope Science Project) has been pro-

posed as a multi-purpose accelerator facility for providing
beams of exotic rare isotopes of various energies. It can
deliver ions from proton to Uranium. Proton and Uranium
beams are accelerated upto 600 MeV and 200 MeV/u re-
spectively. The facility consists of three superconducting
linacs of which superconducting cavities are independently
phased. Requirement of the linac design is especially high
for acceleration of multiple charge beams. In this paper, we
present the RISP linac design, the superconducting cavity,
and cryomodule.

INTRODUCTION
The RISP (Rare Isotope Science Project) accelerator has

been planned to study heavy ion of nuclear, material and
medical science at the Institute for Basic Science (IBS). It
can deliver ions from proton to Uranium with a final beam
energy, for an example, 200 MeV/u for Uranium and 600
MeV for proton, and with a beam current range from 8.3
pμA (Uranium) to 660 pμA (proton) [1, 2]. The facility
consists of three superconducting linacs of which super-
conducting cavities are independently phased and operat-
ing at three different frequencies, namely 81.25, 162.5 and
325 MHz.

SUPERCONDUCTING LINAC
Lattice Design

The configuration of the RAON accelerator facility
within the rare isotope science project (RISP) is shown in
Fig. 1. An injector system accelerates a heavy ion beam
to 500 keV/u and creates the desired bunch structure for
injection into the superconducting linac. The injector sys-
tem comprises an electron cyclotron resonance ion source,
a low energy beam transport, a radio frequency quadrupole,
and a medium energy beam transport. The superconducting
driver linac accelerates the beam to 200 MeV/u. The driver
linac is divided into three different sections as shown in Fig.
2: low energy superconducting linac (SCL1), charge strip-
per section (CSS) and high energy superconducting linac
(SCL2). The SCL1 accelerates beam to 18.5 MeV/u. The
SCL1 uses the two different families of superconducting
resonators, i.e., quarter wave resonator (QWR) and half
wave resonator (HWR). The CSS accepts beam at 18.5
MeV/u. The charge stripper strips electrons from heavy ion
beams to enhance the acceleration efficiency in the high en-
ergy linac section. The SCL2 accepts beam at 18.5 MeV/u
and accelerates it to 200 MeV/u. The SCL2 uses the two
types of single spoke resonators, i.e., SSR1 and SSR2. The

Figure 1: Layout of the RISP accelerator.

Figure 2: The RAON linear accelerator.

SCL2 provides beam into the in-flight fragmentation (IF)
system via a high energy beam transport (HEBT).

The cavity optimum beta and frequency are chosen to
maximize acceleration efficiency for each accelerating cav-
ity and to minimize the beam loss. Quarter wave resonator
segment is minimally used because of the dipole kick and
the asymmetric field of quarter wave resonator. Unlike the
quarter wave resonator, half wave resonator does not have
the β-dependent dipole kick due to their symmetric nature
of electromagnetic fields of the cavity. By adopting the
half wave resonator, beam quality control becomes easier
especially for high intensity beam operation. Single spoke
resonators are applied in the high energy section after the
charge stripper section because of the advantage that the
single spoke resonator can have a larger bore radius. This
is an advantage in reducing the uncontrolled beam loss in
the high energy segment of the superconducting linac for
high intensity operations. Optimization of the geometric
betas of superconducting cavities is done and an optimum
set of βg = [0.047, 0.12, 0.30, 0.51] is obtained. The param-
eters and requirement for the superconducting driver linac
are given in Table 1.

The post accelerator (SCL3) is designed to accelerate the
rare isotopes produced in the ISOL (Isotope Separation On-
Line) system. The SCL3 is, in principle, a duplicate of the
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Table 1: Parameters of the RAON superconducting linac
for uranium and proton.

Parameters unit Requirement

Beam species Uranium Proton

Input energy MeV/u 0.5 0.5

Output energy MeV/u 200 600

Beam power kW 400 400

Horizontal emittance (εx,rms) mm-mrad 0.19 0.14

Vertical emittance (εy,rms) mm-mrad 0.17 0.12

Longitudinal emittance (εz,rms) keV/u-ns 4.11 0.15

Bunch length ps 20.5 8.5

Table 2: Machine Imperfection of RISP Lattice
Parameters SC Cavity Quadrupole

Displacement (mm) ±1 ±0.15

Phase (deg) ±1 -

Amplitude (%) ±1 -

Rotation (mrad) ±5 ±5

driver linac up to low energy linear accelerator. The ac-
celerated rare isotope beams are reaccelerated in the SCL2.
Hence, the RISP accelerator provides a large number of
rare isotopes with high intensity and with various beam en-
ergies.

The linac lattice is optimized by minimizing emittance
growth and potential for beam loss by keeping a beam en-
velope smooth and regular. A transverse phase advance per
period is kept under 90 degrees to prevent envelope insta-
bilites. The ratio of transverse to longitudinal phase ad-
vance is kept in the range of 1.2 to 1.6 to avoid a resonance
due to parametric coupling between longitudinal and trans-
verse planes.

For the actual SCL, machine imperfections cannot be
avoided. The error comes from the misalignment of the
linac elements and the limitation of manufacturing accu-
racy and various control errors. For instance, steering mag-
nets are used to correct beam orbit displacements. In the
baseline design of the RISP linac, steering magnets are
placed where normal conducting quadrupoles are. The
misalignment analysis includes all superconducting cavi-
ties and focusing elements assuming a uniform distribution.
Table 2 summarizes tolerances for the lattice consisting of
superconducting cavity and normal conducting quadrupole.
In the misalignment and RF error analysis, charge states of
33+ and 34+ of Uranium beams are used. Effect of ma-
chine imperfection on beam envelope is shown in Fig. 3.
The maximum envelope is kept well below the transverse
aperture 20 mm in the low energy linac. The envelope is
under 25 mm in the high energy linac.

Superconducting Cavity
In the optimization of superconducting cavity, the fab-

rication cost, symmetry of transversal field around drift
tubes, and minimization of peak fields are mainly con-

Figure 3: Plot of rms and maximum horizontal envelope
for the driver linac due to machine imperfections.

Figure 4: Plot of multipactor in QWR when Niobium is
baked at 300◦C.

cerned. The multipacting barriers of QWR are predicted
by using CST PIC [3] code with the secondary emission
yield (SEY) of a 300◦C baked Niobium as shown in Fig.
4. Several peaks are shown in the plot of multipacting fac-
tors of 4 RF periods. The most serious multipactor occurs
around the upper end of QWR at 1/8 of the accelerating
gradient. The detuning due to the tolerances of fabrication
and the frequency sensitivities to mechanical deforming are
estimated. The cavity is fabricated by electron beam weld-
ing of hydroformed 3 mm Niobium sheets, drift tube and
4 additional ports without bottom flange. Two ports in the
lower end are added for RF power and pickup coupling.
The other two ports are installed for evacuation and high
pressure rinsing. The predicted detunings and sensitivities
of the bare cavity are shown in the Table 3.

SSR1 design has been upgraded. The previous design of
SSR1 was based on end-walls with flat areas. In a recent
design, the end-walls are changed from flat to round shape,
as shwon in Fig. 5. We have performed simulations on
electromagnetic analysis with changing the design param-

Table 3: Detuning and Frequency sensitivities of QWR
cavity.

Frequency shift Value

Cavity length(upper) -67kHz/mm
Cavity length(lower) +1.3kHz/mm

Chemical etching(nose) +20kH/mm
Chemical etching(others) -8.6kHz/mm

External pressure -4.6Hz/mbar
Cool down(293K to 2K) +200kHz

Lorentz force -1.7Hz/(MV/m)2
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Figure 5: Design change of SSR1: flat end-walls (left) and
round end-walls (right).

Table 4: Superconducting Cavity Parameters
Parameter Unit QWR HWR SSR1 SSR2

Frequency MHz 81.25 162.5 325 325

βg 0.047 0.12 0.30 0.51

Leff = βgλ m 0.173 0.221 0.277 0.452

Q 10
9 2.1 4.1 9.2 10.5

QRs Ω 21 42 98 112

R/Q Ω 468 310 246 296

Eacc MV/m 5.2 5.9 6.9 8.6

Epeak/Eacc 5.6 5.0 6.3 7.2

Bpeak/Eacc mT/(MV/m) 9.3 8.2 6.63 7.2

eters of the single spoke resonator. It is not possible to de-
sign the cavity with simultaneously optimizing the figure-
of-merit characteristics. Therefore, we determined the de-
sign parameters sensitive to the resonant frequency. The
peak electric and magnetic fields were selected for min-
imizing the field emission in the cavity surface and main-
taining the superconducting properties. Finally, the remain-
ing design parameters were determined to maximize the
R/Q and Vacc. Table 4 summarizes the parameters of four
different superconducting cavities for the RISP supercon-
ducting linac.

Cryomodule
The linac has five types of cryomodules for four different

kinds of cavities. The main roles of the cryomodules are
maintaining operating condition of superconducting cavi-
ties and alignment of the cavities along the beam line. High
level of vacuum and thermal insulation are required for the
cryomodule to maintain the operating temperature of super-
conducting cavities. The cryomodules including QWR and
HWR cavities are box-type while those including SSR1
and SSR2 cavities are cylindrical. The QWR is vertically
installed while the HWRs are horizontally installed in the
cryomodule as shown in Fig. 6. The main components of
the cryomodule are dressed cavities and two phase pipe,
power couplers to supply RF power to the cavities, tuners
to control the operation of the cavities, and support systems
to fix the cavities along the beam line. Since the operating
temperature of the superconducting cavities are 2 K, 70 K
thermal shield which is cooled by cold helium gas and 70 K
and 4.5 K thermal intercepts are installed to minimize the
thermal load. The cold mass including cavity string, cou-

Table 5: Thermal Load of Superconducting Linacs
SCL11 SC12 SCL21 SCL22 SCL31 SCL33

Dynamic (W) 128.7 528.3 536.6 929.3 128.7 528.3

Static (W) 128.7 782.7 869.4 3780.0 128.7 782.7

Sum (W) 257.4 1311.0 1406.0 4709.3 257.4 1311.0

Figure 6: Layouts of HWR cryomodule.

pler and tuner is installed on the strong-back and then in-
serted into the vacuum vessel with thermal shield and MLI.
The thermal load of superconducting linacs are summaried
in Table 5. Dynamic and static loads are 70% and 30%
out of the total thermal load, repectively. The design of the
cryomodule components has been conducted based on the
thermal and structural concerns. The thermal design starts
from the estimation of the thermal loads that determine the
required size of the components such as two phase pipes
and other cryogenic pipes. Three levels of cryogenic flow
are necessary such as 2 K, 4.5 K and 70K.

SUMMARY
The RISP linacs have been presented. In the design, four

cavities, such as QWR, HWR, SSR1 and SSR2, are used
to accelerate the beam in the linac. The parameters of the
cavities are optimized. The box-shaped and cylindrical cry-
omodules are designed for hosting cavities.
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Abstract 
The Advanced Photon Source at Argonne conducted 

R&D on design, fabrication, prototyping, and testing of 
superconducting deflecting cavities aimed at the 
production of short x-ray pulses at the Advanced Photon 
Source. In collaboration with Jefferson National 
Laboratory, we focused on prototyping and testing a 
number of single-cell deflecting cavities. At ANL, we 
designed, prototyped, and tested silicon carbide as 
damping material for higher-order-mode (HOM) 
dampers, which are broadband, to handle the HOM power 
across the frequency spectrum produced by the APS 
beam.  In collaboration with Lawrence Berkeley National 
Laboratory, we have been developing state-of-the-art 
timing and synchronization system for distributing stable 
rf signals over optical fiber capable of achieving tens of 
femtoseconds phase drift and jitter. Collaboration with the 
Advanced Computations Department at Stanford Linear 
Accelerator Center looked into simulations of complex, 
multi-cavity geometries. This contribution provides a 
summary report on the accomplishments of the SPX 
R&D. 

INTRODUCTION 
We previously reported on SPX R&D (SPX0) [1]. The 

concept of using transverse superconducting rf deflecting 
cavities to produces high-repetition-rate picosecond x-
rays with the APS has been previously described [1-3]. 
Since our last report in 2012, substantial progress has 
been made in prototyping, components testing, and 
performance characterization of deflecting cavities. A 
summary of the major technical accomplishments 
supported by the APS Upgrade Project is described here.  

CAVITY AND CRYOMODULE 
Four on-cell damped deflecting cavities (see Figure 1) 

were fabricated, processed and vertically tested. They 
were lightly etched by a standard buffered chemical 
polishing (BCP) process near the weld prep and joined by 
electron beam welding. The deflecting mode field  
 

Figure 1: SPX superconducting deflecting cavity. 

symmetry in the on-cell damped deflecting cavities was 
determined to be very sensitive to geometry 
imperfections. Multipacting simulation indicated that 
poor field symmetry could result in enhanced 
multipacting as the field in the on-cell coupler increases. 
The higher field in the on-cell coupler could also increase 
the joint rf losses. Temperature mapping system indicated 
temperature rising during the multipacting events [4]. A 
careful tuning was needed to the tune deflecting mode 
field to minimize field leakage to the on-cell damping 
coupler. The symmetry tuning was maintained as the 
cavity cooled down during vertical testing. Three cavities 
exceeded specifications; two were chosen for helium 
vessel dressing and cryomodule assembly. The vertical 
test results of the two cavities are shown in Figure 2 [5]. 
Cavity performance was limited by quenches. One cavity 
experienced multipacting before quench events. One 
cavity suffered additional joint losses and did not meet the 
specifications. The low-performing cavity was used to 
test the helium vessel attachment procedures. The other 
two cavities were dressed and tested. Test results 
indicated the helium vessel attachment did not degrade 
the cavity performance. 

A preliminary design of the two-cavity cryomodule has 
been completed as shown in Figure 3 [5]. For the 
cryomodule we adopted a side loading design with a 
space frame supporting the cavity string and nitronic rods 
to allow alignment control. The tuner is a shortened 
design of the CEBAF scissor-jack tuner. Its slow tuner 
provides a ±200-kHz tuning range and better than 40-Hz 
resolution when attached to a highly sensitive dressed 

 ___________________________________________  

*Work supported by the U.S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CH11357.  
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deflecting cavity. A piezo actuator is built into the tuner 
system to provide super-high-resolution tuning, fast 
detuning, and possible active microphonics compensation 
when needed. Both slower tuner motor and piezo 
actuators are located in the warm section and are external 
to the cryomodule. 

Figure 2: Performance results of four SPX deflecting 
cavities. 

The horizontal test of a dressed cavity with tuner 
indicated the cavity system without dampers worked 
exceptionally well; all subsystems worked flawlessly to 
provide a well-controlled deflecting cavity operation in a 
horizontal fashion nearly identical to cryomodule settings 
[6]. Those subsystems include the cavity, helium vessel, 
tuner, piezo detuner, low-level rf control, and high-level 
rf system. 

Figure 3: A preliminary design of a 2-cavity cryomodule. 

DAMPERS AND WAVEGUIDES 
The dampers for the R&D phase of the SPX (SPX0) 

consist of iso-pressed silicon carbide (SiC) material from 
St. Gobain due to its rf, mechanical, and vacuum 
properties.  It is a lossy ceramic material with an average 
loss tangent of approximately 0.1 and relative permittivity 
of approximately 11.5 across the SPX0 frequency band. 
Electrical material properties that were evaluated from 
various vendors, manufacturing methods, and fabrication 
batches were found to be consistent. During the 
fabrication of the dampers, slabs of SiC were cut into 

multiple 50-mm wedge-shaped tiles for soldering onto the 
copper waveguide bodies, as shown in Figure 4. The 
detailed fabrication process and test results are 
summarized in [7].  

(a)                                            (b) 

Figure 4: HOM damper assemblies: (a) copper damper 
half with soldered SiC tiles and (b) E-beam welded 
prototype damper assembly. 

RF SYSTEM 
A 2.815-GHz/5-kW cw rf power amplifier system was 

designed and built for the SPX0 effort.  The amplifier 
utilizes a conventional klystron output device with 
permanent-magnet focusing, and includes a complete rf 
interlock system to provide equipment protection for 
internal amplifier components and personnel protection 
against high-voltage and rf-radiation hazards. The 
amplifier output waveguide system also includes two 
waveguide shutters to provide key-lock protection against 
personnel exposure to rf power downstream of the 
amplifier, and an internal 5-kW test load and waveguide 
switch to provide the capability for full-power testing of 
the amplifier without disassembling any part of the 
waveguide system. Figure 5 shows a completed 5-kW 
amplifier system used for horizontal deflecting cavity 
tests.  

Figure 5: A 5-kW S-band rf amplifier system for SPX0. 

The SPX0 low-level rf (LLRF) system has to meet the 
most stringent rf phase stability specification of 0.038 deg 
rms differential phase error between two deflecting cavity 
sectors. In collaboration with LBNL, the SPX0 LLRF 
system was designed to meet the phase stability 
requirement. The system developed will stabilize the 
cavity rf field with a digital LLRF controller with respect 
to an rf phase reference distributed via fiber to 
synchronization heads at the cryomodule in the tunnel.  
While the timing-synchronization system monitors and 
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calibrates the phase drifts along the fiber cables, the 
LLRF controller monitors and calibrates the phase drifts 
along the rf signal transmission coaxial cables between 
the sync-head and the LLRF controllers.  The key 
electronics technology for this system is an advanced 
implementation of the multi-frequency channel digital 
transceiver in which the rf cable phase drift is measured 
and compensated for with an rf pilot-tone. 

TIMING AND SYNCHRONIZATION 
Since the timing and synchronization system was last  

reported [8], four synchronization heads—three rf and 
one optical—have been manufactured and tested. In 
addition, all chassis for the 16-channel transmitter/sender; 
i.e., the cw laser oscillator, rubidium (Rb) locker, 
modulator, and EDFA amplifier and sender, have been 
manufactured and tested.  

The sync heads are constructed with a double case with 
thermal insulation between the two cases (see Figure 6).  

 
Figure 6: The rf synchronization head. 

The internal temperature of the sync head is regulated 
to 0.01°C to minimize temperature effects on the 
internal components. The rf sync head accepts as input 
the field probe signal of a cavity. The optical sync head 
provides an optical input that will be coupled to a 
beamline laser oscillator optical output to sample the 
phase.  

A critical requirement for the transmitter sender is the 
frequency stability of the cw laser oscillator. The 
wavelength of the cw laser is locked to a hyperfine 
absorption line of rubidium to stabilize the wavelength. 
The stability of the cw laser/Rb locker was measured by 
beating it against another stabilized cw laser oscillator. 
The frequency stability was measured to be 2.3  10-9. 
This frequency stability will contribute less than a 4-fs 
error to synchronization for the longest (300 m) fiber 
cable planned for SPX. 

A two-channel test using two rf sync heads and two 
LLRF receivers with the transmitter/sender is planned at 
LBNL. One receiver will regulate the phase of a 2815-
MHz vcxo, and the second receiver will be used to do an 
out-of-band measurement of noise and stability. 

MECHANICAL SUPPORT 
The effort toward testing the SPX0 cryomodule in the 

APS storage ring has involved the design of a 
considerable amount of hardware, much of it fabricated.  
The straight section assembly needed to physically 
integrate the SPX0 cryomodule into the storage ring 
vacuum system was built and tested offline (see Figure 7).  
The system consists of a 2.5-m-long insertion device 
vacuum chamber (IDVC) including a tapered transition 
from the IDVC aperture to the 52-mm-diameter 
cryomodule beam tube aperture; a water-cooled photon 
absorber to shield SPX systems from bending magnet 
radiation; an rf-shielded gate valve to isolate the IDVC 
from cryomodule installation and removal operations; 
spools to substitute for the cryomodule when it is not in 
place; a special tapered chamber to transition from the 
cryomodule beam tube aperture to the APS accelerator 
chamber aperture; ultra-high vacuum pumps and gauges; 
and various minor vacuum and mechanical support 
hardware.   

Figure 7: SPX0 straight section vacuum system. 
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Abstract 
Assembly and tests of the SPIRAL2 superconducting 

linac's cryomodules at CEA/Saclay and IPN/Orsay have 

now reached cruising speed after having faced a series of 

problems, among them contamination. 19 cryomodules 

are composing the whole Linac and IPN Orsay is in 

charge of the 7 cryomodules B, housing two 88 MHz, 

beta 0.12 Quarter-Wave Resonators. Three cryomodules 

have been assembled and successfully tested up to the 

nominal gradient of 6.5 MV/m for all cavities with also 

cryogenic losses within specifications. Two of them are 

fully qualified and already delivered to GANIL. The third 

one showed misalignment of one cavity which could lead 

to partial disassembly if needed. This paper presents the 

results of those cryomodules tests as well as the status of 

the remaining ones. 

INTRODUCTION 

GANIL is presently extending its facility with the new 

SPIRAL2 project which aims at producing heavy 

radioactive beams of high intensities: it will provide 

intense beams of neutron-rich exotic nuclei (10
6
–10

11 
pps 

in the mass range 60 to 140) created by the ISOL 

production method. Many details can be found in [1-3]. 

The accelerator is based on a multi-beam 

superconducting linac, composed of two different families 

of cryomodules, which will deliver 5 mA deuterons up to 

40 MeV and 1 mA heavy ions up to 14.5 MeV/u. Recent 

achievements and updated status of the linac construction 

and installation can be found in [4]. 

Each cryomodule houses 88 MHz independently-

phased QWRs (Quarter Wave Resonator): one beta 0.07 

in cryomodule A developed by the CEA/IRFU and two 

beta 0.12 in cryomodule B designed by IN2P3/IPNO (see 

Fig. 1). Both institutes have had to deal with pollution 

problems [5] during several months before getting very 

good RF and cryogenics performances leading to the first 

cryomodules qualification [6]. 

In this paper, we present the last results of the two 

qualified cryomodules B which have been already 

delivered to GANIL and the upcoming activities on the 

five other ones. 

2010-2011: BAD RESULTS 

IPNO which is in charge of the assembly and the test at 

4 K of the 7 cryomodules B (called CMB1, 

CMB2…CMB7) shall deliver them to GANIL within the 

specifications listed in Table 1. 

We will not describe the cryomodule in this paper. 

Many details on the cryomodule components and also the 

tests of the qualification cryomodule can be found in 

several papers [7-9]. After the good performances of this 

qualification cryomodule and the delivery of the 6 series 

cryomodules, we started, beginning of 2010, the assembly 

of the 3 first cryomodules. 

 

 
Figure 1: Cryomodule B. 

 

Table 1: Main Specifications for Cryomodule 

Qualification 

Min. accelerating 

gradient  
> 6.5 [MV/m] 

Pressure sensitivity  < -8.0 [Hz/mbar] 

Cavity alignment 

(cylindricity)  
< 1.20 [mm] 

Total dynamic 

losses at 4 K and 

6.5 MV/m  

< 36.0 [W] 

Beam vacuum  < 5 10-7 [mbar] 

Beam vacuum leaks  < 5 10-10 [mbar.l/s] 

 

Pollution and Mechanical Problems 

These 3 first cryomodules CBM1, CMB2 and CMB3 

have been assembled and tested between September 2010 

and June 2011. Unfortunately, we observed two main 

problems on every cryomodule:  ___________________________________________  

#olry@ipno.in2p3.fr 
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 high X-ray dose (> dozens of mSv/h) and cavity 

quenchs at low accelerating field (often below 4 

MV/m)  

 and high mechanical hysteresis (hundreds of Hz) 

and “negative” backslash (frequency overshoot 

while changing the moving direction of the plunger) 

of the tuning system because of a swinging motion 

of the plunger (see Fig. 2).  

 

 

 
Figure 2: Cavity frequency evolution with respect to plunger 

displacement. 

 

This led to the disassembly of all cryomodules and, for 

months, intensive work has been done to track down the 

origin of the different sources of pollution (see Fig. 3 for 

example). In parallel, a complete analysis of the tuning 

system operation has been carried out. 

 

 
Figure 3: Rust particles inside the pumping tubes and 

of sparks on the antenna tip marks. 

2012: NEW CRYOMODULE PROCESSING 

To solve the problems, we changed and improved our 

cleaning and assembly procedures (Fig. 4), especially in 

clean room with new high pressure rinsing, active drying 

and particle counting stages. A quality control plan was 

established for all components assembled. The RF coupler 

preparation and conditioning process were improved; its 

antenna was also electropolished. 

 

 
Figure 4: Particles counting stage and new guiding system 

for plunger introduction. 

 

To test those improvements in cavity’s preparation and 

new solutions for the tuning system, we used a special 

version of the CMB2 cryomodule, called “hybrid”. This 

cryomodule had one cavity with beta=1 antenna and the 

other one cavity with its coupler, no common vacuum 

between the two cavities and additional temperature 

sensors. 

Three tests were necessary to get good RF 

performances (Accelerating gradient up to 8 MV/m with 

reduced X-ray doses) and a satisfying tuning system 

operation with no more “negative” backlash and 

drastically reduced mechanical hysteresis (see Fig. 5).  

 

 
Figure 5: Cavity frequency evolution with respect to 

plunger displacement. 

 

This nice result shown on Figure 5 was obtained at 

room temperature and needed to be validated at 4 K. 

2013: CRYOMODULES QUALIFICATION 

Thanks to the good results of the hybrid cryomodule, 

we started again the assembly and test of the series 

cryomodules.  

December 2012: CMB2 

CMB2 was tested in December 2012 and showed very 

good performances: gradients up to 8.3 and 9.2 MV/m 

and no “negative” backslash during the tuning system 

operation. We also measured a reduction of the radiation 

dose with respectively, 3.5 and 0 mSv/h in the cavities at 

6.5 MV/m (Fig. 6). The dynamic losses were 12% below 

the target (i.e. 36 W) 

Despite these good performances, the cryomodule was 

not qualified because of misalignment of the MB03 cavity 

(cylindricity of 2.54 mm instead of 1.2 mm). This 

problem is now clearly understood. The cavities were pre-

aligned at room temperature before the cooling down 

process and this operation led to additional tensions into 

the vertical and horizontal rods used to move the cavity 

from the outside. The MB03 cavity was “blocked” into a 

tilted position and no action was possible on the vertical 

rods. New procedures for the alignment were established: 

during the assembly, before the cool down and during the 

alignment process at 4 K. This works very well now.  
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Figure 6: Forward power (left ordinate axis) and Radiation 

dose (right ordinate axis) vs. Eacc for MB01 (blue 

diamonds) and MB03 (green diamonds) cavities. 

 

April 2013: CMB1 

This cryomodule was the first qualified. 

As for CMB2, the RF conditioning process of the 

couplers was performed at 300 K and 4 K without any 

difficulties in a short time; between 45 and 90 minutes up 

to 6 kW in CW mode (Fig. 7). This emphasises rather 

more all the progresses done during the couplers 

preparation phases [10]. 

 
Figure 7: RF conditioning process up to CW 6 kW (blue 

curve). 

 

The two cavities reached 8 MV/m. We decided not to 

exceed this value in order to limit the risk of a potential 

degradation of the cavity by field emission ignition. As 

for CMB2, one cavity showed no X-ray at 6.5 MV/m and 

the second one several mSv/h. The tuning systems reacted 

nicely as they did with CMB2. The dynamic losses were 

below 30 W and the cavities were aligned better than 0.35 

mm of cylindricity for the worst one. 

After this qualification, we decided to deliver the 

cryomodule to GANIL. The transport was done in August 

with a dedicated truck. The cryomodule is fixed on a 

specific shock absorber frame (see Fig .8), designed to 

damp all frequencies higher than 10 Hz and limit the 

accelerations to a maximum value of 5g in the horizontal 

planes and 10g in the vertical plane (i.e. specifications for 

the RF coupler window ceramic). Two 3-axis 

accelerometers were installed to record the shocks during 

the transport. One was set on the truck and the second one 

onto the cryomodule top plate. About 20 events below 1g 

absolute were recorded on the cryomodule whereas 

measurements up to 5 g were recorded on the 

accelerometer fixed on the truck’s floor.  

 

 
Figure 8: CMB1 “kiss landing” operation on the shock 

absorber frame.  

September 2013: CMB3 

The CMB3 cryomodule was tested end of September-

beginning of October and validated in 4 days. 

As for CMB1, the RF couplers were conditioned in 

several hours at 300 K and 4 K without any problems and 

the tuning systems motions were validated as well (Fig . 

9). 

 

 
Figure 9: MB02 cavity frequency evolution (red curve) 

and displacement instruction (blue curve) as a function of 

time. 

 

As illustrated in Figure 10, we saw for the first time no 

X-ray for both cavities at 6.5 MV/m. 

RF conditioning of MB12 cavity coupler 

Shock absorber frame 

CMB1 

quench 

quench 
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The total dynamic losses at 6.5 MV/m was about 27 W 

and the alignment within the specifications (a factor of 3 

better). 

 

 

 
Figure 10: Forward power (blue diamonds) and Radiation 

dose (red squares) vs. Eacc for MB02 (upper graph) and 

MB14 (lower graph) cavities. 

 

This cryomodule has been also shipped to GANIL and 

only one event was recorded (4.2 g in the horizontal y 

axis) by the accelerometer fixed onto the cryomodule’s 

top plate (see Fig. 11). This event is typical from a sudden 

braking. 

 

 
Figure 11: Recorded event during the transport of CMB3. 

Maximum value of 4.2 g was recorded (green curve). 

CONCLUSION AND OUTLOOK 

Thanks to intensive and tedious work done by the 

IPNO team mainly on cavity preparation, cryomodule 

assembly and tuning system operation, two cryomodules 

have been validated and delivered to GANIL (see Table 

2). For the coming weeks, we plan to test again in 

November CMB2 by applying the same procedure of pre-

alignment as for CMB1 and CMB3. Moreover, this 

cryomodule will be also connected to warm section which 

will include a Bunch Extension Monitor (BEM), then 

tested again. There are 2 goals associated with this new 

experiment:  

 to measure the background level of the BEM with 

X-rays emitted by the neighbouring cavities. 

 to verify the connection procedure between the 

cryomodule and the warm section by opening the 

cryomodule valve and comparing the X-ray doses 

before and after connection. 

The fourth cryomodule (CMB4) is presently been 

assembled and should be finished mid of December. The 

remaining 3 cryomodules will be assembled and tested 

every 2 months from January 2014. The last 

transportation should be done just before summer 2014. 

 

Table 2: Cryomodules B Tests Results Summary 

 

  Unit Specs CMB1 

validated 

CMB2 CMB3 

validated 

Max. acc. Gradient MV/m > 6.5 >8.0 >8.0 >8.0 >8.0 >8.0 >8.0 

Total losses @4K, 6.5MV/m W < 36.0 29.5 32 27 

Static losses @4k W <12.5 17 18 19 

Pressure sensitivity Hz/mbar < 8.0 5.7 5.1 5.3 5 5.2 4.5 

Beam vacuum mbar < 5.0e-7 < 6.0e-8 < 6.0e-8 <5.0e-8 

Beam vacuum leaks mbar.l/s < 5e-10 < 1e-10 < 1e-10 < 5e-11 

Cavity alignment mm 1.2 0.16 0.34 0.88 2.54 0.24 0.38 
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Abstract 
The third harmonic system of the European XFEL 

(EXFEL) is a joint INFN and DESY contribution to the 
project. Achievements, status and activity plan for the 
cavity and cryomodule components are reviewed here. 

INTRODUCTION 
The European XFEL [1] linac will deliver beams with 

sufficiently low emittance to produce the 1 Å FEL 
radiation for the experimental users. The high quality 
beam is generated in the Injector complex, where the 
linearization of the RF induced curvature in phase space, 
introduced by the first accelerating module after the RF 
gun, is necessary to preserve the beam quality in the 
subsequent bunch compressors stages before entering the 
main linac. The RF curvature linearization is achieved by 
a 3rd harmonic section (consisting of a single module with 
8 SRF cavities at 3.9 GHz), provided by INFN and DESY 
as in-kind contribution to the EXFEL. 

As a preparatory phase to the production of the module, 
three cavity prototypes have been produced and tested 
several times, in different test conditions. 

The experimental infrastructure at LASA is capable to 
test two cavities per cooldown during different fabrication 
and preparation stages for qualification (e.g. with and 
without Helium Tank integration, with or without HOM 
pickup antennas). 

This paper presents the results so far achieved, the 
status of the facilities, and the status of the EXFEL 
3.9 GHz module components. 

EXPERIENCE WITH CAVITY 
PROTOTYPES 

Three 3.9 GHz cavity prototypes were fabricated in 
Europe early in the EXFEL project stage [2] on the base 
of the structures developed by FNAL [3], now 
successfully operated in the FLASH ACC39 third 
harmonic system [4]. The EXFEL prototypes cavities 
have been extensively used to develop the 
fabrication/treatment tooling (for forming, welding, 
tuning, etching etc.) at the vendor and the cold RF testing 
infrastructure at INFN-LASA [5], that will be used for the 
production and qualification of the series components. 

The cavities have been repeatedly tested and retreated 
in different conditions to qualify also the ancillary 
components (RF pickups, HOM antennas) and to train the 
INFN personnel for clean room operation.

Setup of the Vertical Test Station 
Currently the vertical test station is equipped with an 

insert (shown in Figure 1) capable to test two cavities in a 
single cooldown cycle, at different stages during their 
qualification (full RF CW characterization in all passband 
modes of the naked cavity, fundamental mode tests in 
pulsed conditions when the cavity is equipped with HOM 
antennas either with or without the helium tank). A 
common vacuum system connects the two cavities. Each 
cavity could be tested either with fixed or variable 
coupling at all stages of its qualification. 

After upgrading the subcooling system to a cooling 
capacity of approximately 40 W [5] and after the 
commissioning experience with many tests, the test time 
was reduced from a full week to three days. He batch 
operation of the cryogenic infrastructure limits the test 
capabilities to a full cooldown cycle every three weeks, 
the bottlenecks being the He recovery/purification 
systems and clean room operation. 

The prototype testing was also used to equip the test 
station with a quench detection system based on OST 
devices, to push this technique to the needed spatial 
resolution required by the small geometrical dimensions 
of the 3.9 GHz cavities. Moreover, a fast thermometry 
readout system has been developed to complement and 
cross check the second sound analysis [6]. 

 

 
Figure 1: Vertical test insert with two prototypes. 

____________________________________________  
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In order to validate the tests obtained at the INFN-
LASA infrastructure one of the three cavities has been 
sent to FNAL for further independent measurements, 
which have shown similar RF performances [5]. 

Lessons Learned with Vertical Tests 
As an outcome of the vertical testing of the cavity 

prototypes one cavity (3HZ03), which was repeatedly 
tested in different setups (variable coupling, fixed 
coupling, with and without HOM antennas), reached fully 
the EXFEL specifications in terms of needed gradient and 
quality factor. The other two show hard quenches at 
approximately 12 (3HZ01) and 16 MV/m (3HZ02) and 
Q0 values lower by approximately a factor of 2 with 
respect to 3HZ03.  

OST signal analysis [6] suggests that the quenches are 
located at the equatorial weld region, where a step-recess 
(lip) weld preparation [2] was attempted for the first time 
by the manufacturer, in order to simplify the weld tooling 
with respect to a head-to-head weld. The suspect is that 
foreign material could have contaminated a few equatorial 
welds. The same weld preparation is now used for the 
production of the 1.3 GHz main linac XFEL cavities and 
has been fully and systematically qualified by the cavity 
manufacturer, giving confidence of better results for the 
series production of the 3.9 GHz EXFEL cavities. 
Furthermore, the new cavity production infrastructure 
available at the manufacturer [7] has a higher degree of 
cleanliness and control with respect to the state at the time 
of the three 3.9 GHz prototypes. 

Horizontal Tests and Cold Tuners 
The prototype cavities will be soon integrated into their 

helium vessels and equipped with tuner prototypes of the 
INFN “blade” type [8] in order to be tested horizontally in 
a dedicated cryostat in the AMTF facility at DESY, 
designed and provided by BINP [9]. 

Helium vessels and blade tuners have been fabricated 
and are waiting for the final integration welds to the 
cavities. The subcomponents have been extensively 
characterized in warm conditions prior to their integration 
with the cavities [8], demonstrating the possibility to 
achieve the performances evaluated during the design 
phase. The tuner concept is derived from the ILC “slim” 
tuner design [10], successfully used in the S1-Global 
experiment [11] and in the CM2 module at FNAL. 

PRODUCTION OF THE 3.9 GHz
EXFEL CAVITY SERIES 

The contract of a series of 10 cavities (8 for the module 
and 2 spare) has been awarded to the same manufacturer 
of the cavity prototypes.  

The fabrication of an additional set of cavities for a 
spare 3.9 GHz module for the injector is foreseen in the 
next years and future upgrades of the EXFEL facility 
foresee the realization of a second injector system, for 
which the space in the injector building has already been 
reserved. 

European Pressure Equipment Directive 
According to the EXFEL Project specifications, the 

3.9 GHz cavities - similarly to the main linac cavities [12] 
– are defined as subcomponents of pressure vessel, and 
need to comply with the provisions of the European 
Pressure Equipment Directive (PED/97/23/EC). This 
activity requires the involvement of a “notified body” 
both for the design examination and during the 
supervision of the cavity fabrication. TUEV-Nord, 
already involved for the main linac cavities process, has 
been appointed to the task. 

Differently from the context of the large scale 
production of the 1.3 GHz cavities, where the approach of 
Module B+F was followed (EC type-examination 
performed with destructive tests on test pieces, followed 
by a simplified product verification on the series 
components), the small series of 3.9 GHz cavities are 
being fabricated following Module G provisions for 
Category IV pressure equipment (EC-unit verification, 
where each series component is examined) [13]. 

In the PED process non-standard materials for pressure 
vessel production (as Nb or NbTi) need to be approved by 
the notified body and procured by suppliers qualified for 
the procurement of pressure components. Therefore all 
the material for the 3.9 GHz cavity production was 
procured following the experience of the main linac 
cavities [12] and material traceability and Quality Control 
strategies are followed during the cavity production, as 
for the case of the main linac components. The complete 
set of technical documentation and fabrication 
instructions is in the hands of the notified body in order to 
start the cavity fabrication process under its supervision. 

Workflow for the Cavity Series 
The moderate gradient required for the 3.9 GHz 

cavities (40 MV of maximum voltage for the module, 
corresponding to approximately 15 MV/m of accelerating 
gradient), allows using a standard BCP treatment. The 
fabrication and treatment specifications were based on 
those used for the main EXFEL linac cavities. Figure 2 
shows the sharing of work and responsibilities between 
the cavity manufacturer and the Institutions. 

 

 
Figure 2: Cavity production and test workflow.

Proceedings of SRF2013, Paris, France MOP011

09 Cavity preparation and production

B. Project under construction

ISBN 978-3-95450-143-4

101 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 3: The string of beamline elements (8 cavities and a magnet package) supported by the Helium Gas Return Pipe 
of the cryomodule. 

THE THIRD HARMONIC CRYOMODULE 
The third harmonic cavity string is placed in a 

cryomodule which is directly connected to the first 
EXFEL accelerating module. The module design is thus 
constrained to follow the same concept and have the same 
transverse cross section as the main linac modules, 
especially concerning the distribution of the cryogenic 
lines in the transverse cross section.  

The layout of the cavity string is shown in Figure 3, 
where only the supporting Helium Gas Return Pipe of the 
module is shown. Cavity packages are of two different 
types, with coupler ports facing opposite directions, since 
a configuration with alternating coupler ports has been 
selected in order to compensate coupler induced dipole 
kicks to the beam at the low energy of the injector section. 

The transverse cross-section is depicted in Figure 4. 
 

 
Figure 4: The cryomodule transverse cross-section. 

A vessel of approximately 5 m hosts the beamline 
elements: 8 3.9 GHz cavities and a magnet package 
(quadrupole, steerers and BPM). Fabrication of the cold 
mass components is starting at Ettore Zanon SpA. 

CONCLUSIONS 
The main components for the third harmonic system of 

the EXFEL have been prototyped, tendered to qualified 
vendors and fabrication of all component and ancillaries 
is on the way. Cavities and cold mass are expected by 

summer 2014, for the technical commissioning of the 
injector before the end of the year. 
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Abstract 
The Superconducting heavy ion Linac at Inter-University 
Accelerator Centre (IUAC), New Delhi has been 
delivering high energy ion beams to users since 2008 [1, 
2]. Initially the first accelerating module, housing eight 
Quarter Wave Resonators (QWRs), became operational 
together with the Superbuncher having one QWR and the 
Rebuncher having two QWRs. In subsequent years, the 
remaining two modules have also been installed and 
commissioned. The complete Linac was operated recently 
and several ion beams were delivered for scheduled 
experiments. The maximum energy gain was 8 MeV per 
charge state. Operational highlights include, successful 
operation of four resonators in the third module with 
Piezo based [3] mechanical tuning, implementation of 
remote phase locking of all the resonators in the three 
modules [4], development of a scheme for auto locking of 
resonators and testing of a capacitive pickup as a beam 
diagnostic  element. Details will be presented vis-à-vis the 
problems encountered and the future course of action. 

INTRODUCTION 
The Superconducting heavy ion Linac at IUAC is 

designed to have three accelerating modules each housing 
eight Quarter Wave Resonators, a Superbuncher module 
having one and a Rebuncher module having two QWRs 
respectively. Beam delivery from the Linac for scheduled 
experiments started with the commissioning of the first 
module together with the Superbuncher and the 
Rebuncher. In subsequent years the second and third 
accelerating modules have been installed and 
commissioned. The QWRs installed in the first module 
are among the first batch of twelve resonators that were 
designed and fabricated at Argonne National Laboratory 
(ANL) [5, 6]. The second and third modules house the 
QWRs which have been fabricated indigenously using the 
facilities developed at IUAC [7]. Initial tests of the 
indigenous resonators in the test cryostat yielded poor 
results. Several steps were taken to overcome the problem 
[8]. These included electropolishing (EP) to remove an 
additional ~50 μm of niobium material, optimization of 
the EP procedure followed at IUAC and improvements in 
the post EP surface cleaning techniques. Subsequently, 
there was a considerable improvement in the performance 
of the resonators and they were installed in the second 
and third Linac modules. 

Meanwhile, a substantial effort was put in making the 
entire system more reliable and easy to operate with 
minimal human intervention. Several new developments 
were done in this regard. These include, successful 
implementation of piezo actuator based mechanical 
tuning, remote phase locking of resonators, successful 
testing of a scheme for auto locking of resonators, 
installation and initial tests of a capacitive pickup as a non 
interceptive beam diagnostic element and improvements 
in the existing gas based mechanical tuning system in the 
resonators. 

 LINAC OPERATION 
In the recent Linac operation, which extended for a 

period ~2 ½ months, several beam species from the 15 
UD Pelletron accelerator [9] were accelerated through the 
three Linac modules and delivered for user experiments. 
A total of twenty two resonators (eight each in the first 
and the second modules and six in the third module) were 
available for the operation, out of which nineteen could 
be phase locked and used for beam acceleration. Table 1 
lists the different beams, the energy from the Pelletron, 
the time widths achieved at the Linac entrance, the energy 
gain from the Linac and the total beam energy at the 
target. Resonators in Rebuncher, though fully operational 
were not used since there was no requirement from the 
users for time/energy bunched beams at the target. The 
beam acceleration was done with -10º phase offset in the 
resonators to achieve higher energy gain.  

 
Table 1: Beams accelerated through Linac 

Beam 
species

Pelletron 
energy 

(MeV) 

ΔT @ Linac 
entrance 

(ps) 

Egain from 
LINAC 
(MeV) 

Total 
energy 

(MeV) 

48Ti 14+
162 ~204 108 270 

162 ~185 95 257 

30Si 12+ 112 ~132 84 196 

28Si 11+ 124 ~143 65 189 

28Si 8+ 110 ~225 50 160 

30Si 12+ 100 ~260 80 180 
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single cavity (R25) operating at ~3 MV/m. It was thought 
that these resonators were getting severely loaded with 
field emission due to which the extra power going in to 
the liquid helium was being used up in generation of field 
emission electrons. Figure 3 shows results of X-ray 
measurements done in the vicinity of one of these 
resonators (R25). The results corroborate the field 
emission effect and it has been decided to give high 
pressure rinse to all the resonators to reduce field 
emission.  

 
Figure 3: X-Ray measurements for R25 resonator. 

 
PLANNED IMPROVEMENTS 

With the successful operation of the entire system the 
Superconducting Linac project at IUAC draws to a close. 
Efforts are now being made to improve the resonator 
performances and to make the operation smooth and 
operator friendly. A high pressure rinsing facility is being 
developed in a class 100 clean room for the final cleaning 
and assembly of the resonators. After the successful 
operation with piezo based tuning system, more piezo 
actuators have been procured for installation in all the 
resonators of the second and third modules. The 
electronics for the same is being developed in-house. 
Since the piezo cannot be installed in the first module due 
to space constraints inside the cryostat, these resonators 
will continue to operate with helium gas based tuning 
system. The existing array of proportional and solenoid 
valves in the pressure and vacuum circuits of the 
mechanical tuner bellow will be replaced with better 
quality proportional valves which have a nearly linear 
response over the whole operating range. These valves 
will now be operated in pulsed mode with suitable 
changes in the control electronics. Initial tests of the 
modified control electronics of the mechanical tuner, 
performed in the test cryostat, have yielded positive 
results [11]. More tests will be done to fine tune the 
electronics before it is implemented in the Linac.  

To reduce human intervention in system operation, an 
auto phase locking technique is being developed wherein 
a digital circuit tracks the instantaneous resonance 
frequency of the resonator and operates the mechanical 
tuner accordingly to bring it close to the reference 

frequency. Thereafter the phase feedback is switched on 
automatically. After tuning the circuit in actual running 
conditions in the Linac the implementation work in the 
first module has been initiated. 

The possibility of non interceptive beam energy 
measurements by using capacitive pickups is also being 
explored. For this purpose a custom designed probe 
(suitable for the beam currents and energies available at 
IUAC) has been procured together with the electronics for 
signal processing. This was installed in the Linac beam 
line and tested during the Linac operation. It qualified the 
first stage of tests. A reasonably clean signal could be 
achieved for beam currents of the order of ~3 nA. It also 
provided reliable information of the beam arrival phase. 
In the next step an identical probe will be mounted at a 
known distance from the first one and beam energy 
information will be extracted by setting up a Time of 
Flight (TOF) between the two devices. The TOF signal 
can also be used for the automation of the Linac tuning 
procedure. 
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Abstract 

FRIB status is now in the CD-3a stage, and civil 
construction is ready to begin. CD-3b, which is FRIB 
accelerator system ready for construction, will be in mid-
2014. MSU has made or is making many developments 
before CD-3b. This paper will report summaries about 
these developments: Technology Demonstration 
Cryomodule (TDCM), fundamental power coupler (FPC) 
development, tuner development for HWR, magnetic 
shielding and superconducting solenoids, and Engineer 
Test Cryomodule (ETCM).  

TDCM 
The cryomodule (CM) is a key component for FRIB. 

FRIB CMs contain SRF QWRs (= 0.041, 0.085)/ HWRs 
(= 0.29, 0.53) and 8T superconducting solenoid coils for 
beam focusing [1]. They constitute both the bulk of the 
cryogenic load and a significant fraction of the accelerator 
cost. The proper design, production, test and validation of 
these CMs are critical to the success of FRIB.  Therefore, 
a decision was made to build a Technology 
Demonstration Cryomodule (TDCM), to operate at 2K, 
which is a 1/3 scale model of FRIB 0.53 CM as illustrated 
in Figure 1. 
   The TDCM includes two 0.53 half wave resonators 
(HWRs) and 8kW fundamental power coupler (PFC), 
mechanical tuner on each cavity, and one 9T solenoid 
package. The intent is to demonstrate: production, 
processing and testing of all the individual components, 
their assembly into a cold mass, the cold mass assembly 
into a cryomodule, the design and installation of 
supporting cryogenics, vacuum, controls, RF and safety 
systems, and finally a full RF test of the cryomodule 
under vacuum at 2K. 
   The first TDCM test was done in spring 2012 but the 
remnant magnetic field from the tuner components 
limited the cavity QO to lower value ~ 5E+9 at 2K. The 
second test was done in November 2012 after removing 
the most of the magnetic components in the tuner. 
However, a leaking LN2 line in the thermal shield limited 
the experiment. The third test took place after installing a 
supplementary LN2 cooling loop and produced successful 
results. High Q performance was demonstrated in the 
third TDCM experiment, as shown in Figure 2. Below are 
main achievements of these experiments.

 
1) Demonstrated successful 2K operation.  
2) Demonstrated FPC performance up to 8kW in the 

third test after 140OC baking 
3) Confirmed long term stable cavity operation even 

without tuners in the TDCM first test. 
4) High Q performance (1E+10 at Ep=15MV/m) at 2k 

after the removal of magnetized components from 
tuner. 

5) Successful 9T solenoid operation but in short term. 
6) Confirmed degaussing effect in the third test. 

The detailed reports of the TDCM tests are in [2] and [3]. 

 
Figure 1: TDCM cut-away graphic showing two HWRs, 
scissors-jack tuners straddling each HWR and a solenoid 
to the left. 

 
Figure 2: Summary of 4K and 2K Q0 measurements in the 
third TDCM test.  

 ___________________________________________  

*Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661.  
#Saito@frib.msu.edu 
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FPC DEVELOPMENT FOR FRIB HWR 
   TDCM experiment was successful and many lessons 
were learnt at MSU. R&D of multipacting (MP) free FPC 
is one of them. In the third TDCM experiment, the FPC 
finally achieved 8kW FRIB specification after 140OC 
baking, but persistent multipacting conditioning with all 
phases of the standing wave was needed. The RF 
conditioning effort needed more than 16hrs, which is a 
time consuming process. In the FRIB operation this might 
be an issue.  
   Multipacting in the FPC was analysed in detail. MP free 
FPC design was developed for FRIB HWRs [4]. Figure 3 
shows the comparison of the designs between TDCM 
FPC and new MP free FPC. Figure 4 shows the MP 
performance. The new design has no MP on cavity 
resonance and 1/10 of the TDCM FPC on cavity detuned. 
The key point of this design is increased impedance in the 
coaxial wave guide from 50 to 75 to push MP away. 
The fabrication of new FPC is under way. 

 
Figure 3: Comparison of design between TDCM FPC 
(left) and new MP free FPC (right). 

 
Figure 4: Comparison of MP between the TDCM FPC 
and new MP free coupler. 

TUNER DEVELOPMENT FOR FRIB 
HWRS 

Baseline Change with HWR Tuner 
The second lesson learnt from TDCM is about tuners. 

Scissors-jack tuner (Figure 5 left) was the original 
baseline for FRIB HWR’s mechanical tuner. However, 
this tuner uses magnetized materials (420SS) at the flex 
pivots and results in high remnant field ~ 1G in the 
cryomodule [2]. The replacement to nonmagnetic 

components is not cheap. High Q was limited in the first 
TDCM experiment. In the second TDCM experiment, the 
magnetic components were mostly taken off. However, Q 
measurement was impossible in the second test due to a 
leaking LN2 thermal shield line. The third test after 
installing a supplementary LN2 cooling loop was 
successful. High Q performance of the cavity was 
demonstrated as already shown in Figure 2.  
    This tuner operation was very noisy in the first TDCM 
experiment. In addition, this tuner system has a weakness. 
There is no way to perform offline tests in the current 
vertical test system used for cavity certification. MSU has 
now decided to apply the ANL type pneumatic tuner 
showed in Figure 5 right, which is very well established at 
ANL. This tuner utilizes Helium pressure to actuate for 
cavity tuning mechanism. This pressure causes the 
bellows to expand and push down on the frame and pulls 
on the cable attached to the tuning arms. 

Figure 5: The baseline change from the scissors-jacket 
tuner to ANL type pneumatic tuner for FRIB HWRs. 

Prototyping of ANL Type Pneumatic Tuner 
   This pneumatic tuner was prototyped as shown in 

Figure 6 and bench tested at room temperature and in a 
Dewar at cryogenic temperatures [5]. Figure 7 shows one 
example result, with a tuning range up to 70psi of Helium 
gas pressure. Tuner speed was also measured at cold 
temperature and found to be 0.5 kHz/s. The performance 
is summarized in Table 1. 

 
Figure 6: Prototyped pneumatic tuner on a=0.53 HWR. 
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Figure 7: Tuning range experiment result, Helium 
pressure up to 70 psi. vs. cavity frequency shift at warm 
and cold temperature. 

 
Table 1: Test Result of the Pneumatic Tuner 

Parameter Warm Test Cold Test
Frequency Shift 

(kHz) 35.6 23.8

df/dx (kHz/mm) 57.8 -
df/dF (Hz/N) 
[Calculated] 3.3 2.22

dF/dx (kN/mm) 
[Calculated] 17.2 -

df/dP (kHz/psi) 
(Piston) 0.52 0.34

 
Tuner Operation Demonstration with Cavity at 
2K 
   This tuner has been operation tested with a HWR at 2K 
and demonstrated the cavity stable operation under the 
tuner operation. Figure 8 shows the cavity phase locking 
and the amplitude stability by the tuner operating. When 
cavity RF frequency was actively modulated around at 
0.7Hz/s within a bandwidth, both phase and field 
amplitude of the cavity nicely locked. 

 
Figure 8: Demonstration of the tuner operation with a 
HWR at 2K. 

CM LOCAL MAGNETIC SHIELD 

Local Magnetic Shielding for FRIB CMs 
FRIB CM is long and needs thicker -metals (3.2mm) 

in global shielding scheme to attenuate the earth’s 

magnetic field to less than the FRIB specification of 
15mG [6]. The local shield scheme, shown in Figure 9, 
allows for such shielding with 1.0mm thick cryomagnetic 
materials like Cryoperm or A4K [6].  Another benefit of 
this scheme is more reliable shielding performance 
against fringe fields from the SC solenoid coil located in 
the vicinity of the cavities. From the shielding 
performance and cost optimization point of view, FRIB 
finally chose local magnetic shield scheme with a 
contingency option for global shield. 

Figure 9: Local shielding scheme to be applied for FRIB 
cryomodules. 8T SC solenoid coils are located between 
cavities (green components).  

Magnetic Shield Material Study  
   A cryogenic magnetic shielding material (Cryoperm or 
A4K) has to be used in this scheme, however these 
materials have very low magnetic saturation behaviour at 
below 10 G [7]. The shield will be exposed to a fringe 
field of about 130G under 8T solenoid operation. The 
magnetic shield performance is worrisome for such high 
magnetic field exposure. Magnetic material 
characterization is important for the local magnetic shield 
to be a success. MSU has started a magnetic shielding 
material characterization program [8]. Here, the AC 
magnetic permeability is measured and its frequency 
dependence investigated. The estimated DC magnetic 
permeability from these measurements are shown in 
Figure 10. 

Figure 10: Frequency dependence of magnetic 
permeability at room temperature and cryogenic 
temperatures. 
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COLD TESTS OF SSR1 RESONATORS FOR PXIE

A. Sukhanov∗, M. Awida, P. Berrutti, C.M. Ginsburg, T. Khabiboulline, O. Melnychuk,
R. Pilipenko, Yu. Pischalnikov, L. Ristori, A. Rowe, D. Sergatskov, and V. Yakovlev,

Fermilab† , Batavia, IL 60510, USA

Abstract

Fermilab is currently building the Project X Injector ex-

periment (PXIE). PXIE linac will accelerate 1 mA H−

beam up to 30 MeV and serve as a testbed for validation of

Project X concepts and mitigation of technical risks. A cry-

omodule of eight superconducting RF Single Spoke Res-

onators of type 1 (SSR1) cavities operating at 325 MHz is

an integral part of PXIE. Ten SSR1 cavities were manufac-

tured in industry and delivered to Fermilab. In this paper

we discuss surface processing and tests of bare SSR1 cav-

ities at the Fermilab Vertical Test Stand (VTS). We report

on the measured performance parameters of nine cavities

achieved during tests.

INTRODUCTION

Project X (PX), a multi-MWH− source, is under devel-

opment at Fermilab [1]. It will provide intense muon, kaon,

neutrino and nuclei beams, allow the study of applications

of proton accelerators for energy production, and may be-

come a driver for a future Neutrino Factory and/or Muon

Collider. In order to validate the concept of Project X and

mitigate technical risks, Fermilab is designing and building

the Project X Injector Experiment (PXIE), which will ac-

celerate 1 mA beam of H− ions up to 30 MeV [2]. The final

stage of acceleration in PXIE is performed by a cryomod-

ule of eight superconducting RF Single Spoke Resonators

of type 1 (SSR1) operating at 325 MHz [3]. For the PXIE

application, SSR1 cavities are required to have 2.4 MeV

maximum energy gain per cavity, corresponding to the ac-

celerating gradient Eacc = 12 MV/m, and the quality fac-

tor Q0 ≥ 5 × 109. The assembled cavity, jacketed in a

helium vessel with tuner, is required to have sensitivity to

the LHe bath pressure variations less than 25 Hz/Torr.

Results of high gradient tests of two prototype SSR1 cav-

ities have been reported elsewhere [4]. Another ten SSR1

cavities have been recently manufactured by C.F. Roark [5]

and delivered to Fermilab. Details of SSR1 design, manu-

facturing and mechanical measurements are reported in [6].

We present the cavity surface preparation procedure and

results of the cold tests of nine SSR1 bare cavities in the

Fermilab VTS.

∗ ais@fnal.gov
† Operated by Fermi Research Alliance, LLC under Contract No. De-

AC02-07CH11359 with the United States Department of Energy.

CAVITY TESTS
Preparation of Cavities for Tests

Upon delivery, all cavities undergo incoming quality

control/assurance (QC/QA) inspection, which includes vi-

sual inspection, coordinate machine measurements, RF QC

and vacuum leak check. Then cavities enter a processing

cycle at the Fermilab-Argonne cavity processing facility,

beginning with ultrasonic (US) degreasing and ultra-pure

water (UPW) rinsing. In the next step, 120–150 μm BCP

etching is done in two sessions, 60–75 μm each. For the

etching, cavities are oriented with their vacuum and power

coupler ports in the vertical direction. Between etching ses-

sions, cavities are flipped from top to bottom to balance

material removal throughout the cavity. After the 2nd US

degreasing/UPW rinse and high pressure rinse (HPR) hy-

drogen degassing is performed for 10 hours in ultra-high

vacuum (UHV) at 600 C. Then final RF tuning is done, fol-

lowed with 3rd US degreasing/UPW rinse and subsequent

light (20–30 μm) BCP. Prior to the cleanroom assembly,

cavities undergo final HPR, which is done in two orienta-

tions, with the cavity axis vertical and horizontal, in order

to provide better reach to the internal cavity surface. Af-

ter assembly, cavities are evacuated and checked for leaks

(10−10 mbar-l/s or better). In the final step of processing,

cavities are baked for 24–48 hours at 120 C to reduce sur-

face water content. Exhaust of the vacuum pump is ana-

lyzed with an RGA during baking. Partial pressure of hy-

drogen, water and some other gases is monitored. Typi-

cally, the water partial pressure drops by a factor of 100

after 24 h.

Typical Test Sequence

Cavity mounted on top plate

Cage and Pinc coupler

Installation of the 2nd sound system

Figure 1: SSR1 cavity attached to the VTS top plate.

Cold tests of bare SSR1 cavities are performed in the

Fermilab VTS cryostat. Cavities are connected to the vac-
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uum pump, but usually are not actively pumped during

tests. Vacuum in the warm cavity is 10−7 Torr. The fi-

nal tuning of the cavity resonance frequency is performed

at this stage. Cavities are instrumented with Oscillating Su-

perleak second-sound Transducers (OST) to detect second-

sound emitted by a quench [7]. OSTs are positioned close

to the spoke-to-sidewall transition area, near the maximum

magnetic field region, where the quench is most likely to

happen. Fig. 1 shows the attachment of SSR1 cavity to the

VTS top plate and connection to the vacuum system (left),

cavity suspension Ti cage and input RF power coupler (cen-

ter), and layout of OSTs (right).

We place a radiation detector on the top plate outside

the cryostat in order to monitor X-ray radiation when field

emission (FE) is present in the cavity. Note that due to

internal radiation shielding installed at VTS [8], our sensi-

tivity to the FE induced X-ray radiation is lower compared

to the vertical test stands in other laboratories. In our tests,

axis of the SSR1 cavity is oriented horizontally. The ma-

jor part of the FE X-rays is radiated along the cavity axis

and only small fraction of the radiation reaches the detec-

tor. Because of these, the direct comparison of our FE mea-

surements to the results obtained in other laboratories can

be difficult.

At the first stage of the test, multipactor (MP) condi-

tioning is performed at 4.4 K. With 150 W of RF power

available at VTS, it usually takes from 3 to 8 hours to pro-

cess most of the MP “barriers”. The very first production

SSR1 cavity was not baked at 120 C before it came for the

cold test. We observed strong MP in this test, which did

not completely process away even after 20 hours of con-

ditioning. The cavity was warmed up and baked. In the

subsequent cold test all MP was processed in just 3 hours.

We incorporated 120 C baking during 48 hours as the fi-

nal step of cavity preparation for cold test. Fig. 2 shows

typical behavior of SSR1 cavity during MP conditioning.

Strong multipactors were observed at 4.5 and 6.5 MV/m.

It took 3.5 hours to clear MP in cavity S1H-NR-107, while

in the first test of another cavity, S1H-NR-108, 6.5 MV/m

MP was present even after 9 hours of processing. We also

observed mild field emission during this test. The cavity

was warmed up, re-rinsed and baked at 120 C and then re-

tested. During the second test of this cavity all MP barriers

were cleared after 4 hours of conditioning.

After MP conditioning the cavity is cooled down from

4.4 to 2 K. During cool-down cavity is usually kept on res-

onance at low field (2–3 MV/m) and measurements of the

cavity frequency shift Δf vs LHe bath pressure and Q0

vs T are performed. Measurement of the slope parameter

df/dp of the bare cavity is important for the validation of

the computer model, which has been used for the optimiza-

tion of the sensitivity of the jacketed cavity to the LHe bath

pressure variations. Data on the temperature dependence

of Q0 can be used to fine tune the cavity processing proce-

dure.

Results of measurements of the resonance frequency

shift Δf as a function of LHe bath pressure are shown in
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S1H-NR-107 : July 27, 2012 (4.4K)
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after 3.5 h
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after 9 h processing
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Figure 2: Multipactor processing.
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0.4 S1H-NR-113, March 7, 2013: dF/dP = -662.8 Hz/Torr

S1H-NR-108, January 16, 2013: dF/dP = -683.1 Hz/Torr
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S1H-NR-105, March 29, 2012: dF/dP = -645.4 Hz/Torr

Figure 3: Measurement of the resonance frequency shift vs
LHe bath pressure during cool-down from 4.4 K to 2 K.

Fig. 3 for two cavities in four separate tests. The curve of

Δf vs pressure has two linear parts. The high pressure (4.4

K) regime with smaller slope df/dp corresponds to the cav-

ity constrained by the Ti cage. At low pressure (2 K), the

cavity becomes unconstrained and df/dp slope increases.

The measured value of df/dp of the unconstrained cavity

is approximately 650 Hz/Torr and agrees well with simula-

 T, K
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Figure 4: Measurement of surface resistance vs tempera-

ture.

tion.
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Table 1: Summary of Cold Tests of SSR1 Cavities

Cavity ID Test # Performance Limitation Status
Eacc, MV/m Q0(12 MV/m), ×1010

S1H-NR-105 1 MP

S1H-NR-105 2 (120C) FE

S1H-NR-105 3 (HPR+120C) 19.5 0.8 quench Qualified
S1H-NR-107 1 21.7 0.8 quench Qualified
S1H-NR-108 1 MP + FE

S1H-NR-108 2 (HPR+120C) 21.3 1.2 quench Qualified
S1H-NR-109 1 19.6 0.98 quench Qualified
S1H-NR-110 1 MP + FE

S1H-NR-110 2 (light BCP+HPR+120C) 17.3 0.8 quench Qualified
S1H-NR-111 1 MP to be re-tested

S1H-NR-112 1 17 (at 4.4 K) 1.3 (at 6 MV/m) MP Qualified
S1H-NR-113 1 18.5 1 quench Qualified
S1H-NR-114 1 MP + FE to be re-tested
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2) No apparent FE loading

3) Back to 6.5 MV,
not able to proc.

Figure 5: Multipactor conditioning is S1H-NR-112.

Fig. 4 shows results of measurements of the cavity sur-

face resistance as a function of LHe bath temperature. We

determine surface resistance from Q0 using the following

relation, Rs = G/Q0, where the geometry factor of SSR1

cavity isG = 84 Ω [6]. We approximate Rs vs T data with

the expression Rs(T ) = R0 +
C
T exp [−Δ/T ]. Here R0 is

the temperature independent residual resistance, while the

temperature dependent part describes BCS resistance. At 2

K and 325 MHz of RF frequency, the BCS component is

typically small (∼ 1 nΩ) compared to ∼ 6 nΩ of residual

resistance.

Cavity performance is evaluated at 2 K, including mea-

surements ofQ0 vsEacc curve, maximum achievable field,

Q0 and radiation level at the maximum field, onset field of

field emission (FE), if present.

A study of performance degradation due to quenching in

magnetic field has been done on few a SSR1 cavities during

their cold tests. Results are reported elsewhere [9].

RESULTS
Since March 2012 we have tested nine SSR1 cavities in

13 cold cycles. Table 1 summarizes the results of the tests

and cavity status.

Three cavities (S1H-NR-107, -109 and -113) had very

mild MP, which was completely conditioned within 3–9

hours of the test. These cavities demonstrated good per-

formance, reached parameters (Eacc ≥ 12 MV/m and

Q0 ≥ 5 × 109) required for PXIE and were qualified for

cryomodule assembly. Note, that operational conditions for

SSR1 cavities in Project X linac (Eacc = 10 MV/m and

Q0 ≥ 5 × 109) are less limiting, and all cavities that are

qualified for PXIE automatically satisfy PX requirements.

Four cavities (S1H-NR-105, -108, -110 and -114)

showed performance limited by strong field emission dur-

ing the initial tests. Two of these cavities (105 and 108)

received additional HPR and 120 C baking before the sec-

ond test. Additional light (20-30 μm) BCP was performed

on two other cavities (110 and 114) before HPR and 120

C bake. Cavities 105, 108 and 110 were subsequently re-

tested, showed improved performance and qualified for the

PXIE cryomodule. Cavity 114 has yet to be re-tested.

Cavity S1H-NR-111 showed strong MP during its initial

test. The cavity will receive additional 48 hours baking at

120 C and it will be re-tested.

Cavity S1H-NR-112 had strong MP at 6.5 MV/m. Data

taken during MP conditioning of this cavity are shown in

Fig. 5. The cavity temporarily reached 17 MV/m at 4.4

K, but when the input power level was decreased, the ac-

celerating gradient dropped back to the 6.5 MV/m MP bar-

rier. Subsequent conditioning at 100–120 W of input power

for more than 10 hours did not clear MP and we were not

able to increase field in the cavity above 6.5 MV/m. At 2

K and Eacc ≤ 6.5 MV/m we measured a quality factor

Q0 = 1.3 × 1010 comparable to the other qualified cavi-

ties at the same field level. We expect that the additional

light BCP and HRR, which the cavity will receive during
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Figure 6: Summary of results of SSR1 cavity tests at 2K.

jacketing, will reduce MP level. Since this cavity showed

potentially good performance and we did not find any per-

formance degradation associated with the manufacturing,

we “conditionally” qualified this cavity for PXIE cryomod-

ule.

Fig. 6 shows results of 2 K tests for all SSR1 cavities

qualified for the PXIE cryomodule assembly. Maximum

achievable field in these cavities is in the range from 17

to 22 MV/m and is limited by quench in all cavities but

S1H-NR-112. OST system detected quench signals near

the spoke to sidewall transition area in four cavities. In one

test, OST signals were not detected during quench and we

conclude that the area of the quench in this case is on the

cavity end-wall.

Four cavities (S1H-NR-105, -108, -112 and -113) show

very little radiation, while three other cavities (107, 109 and

110) have FE onset at 10, 13 and 17 MV/m. Cavities will

receive additional light BCP (20–30 μm) and HPR during

jacketing. We expect that additional processing and HPR

will reduce the level of FE in cavities 107, 109 and 110.

SUMMARY
We performed cold tests of nine production SSR1 cavi-

ties. Seven cavities demonstrated Eacc ≥ 12 MV/m and

Q0 ≥ 5 × 109 and were qualified for PXIE cryomodule

assembly. Two other cavities will receive additional pro-

cessing and be re-tested. Strong MP is an issue in the cold

tests of SSR1 cavities. UHV baking at 120 C for 48 hours

helps to reduce the time needed to condition MP during

tests.
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Abstract 
Project X is a high intensity proton facility being 

developed to support a world-leading program of Intensity 

Frontier physics over the next two decades at Fermilab. 

The superconducting RF (SRF) portion of this facility 

consists of two linacs: a continuous wave (CW) linac to 

accelerate beam from 2.1 MeV to 3 GeV and a pulsed 

linac to accelerate 5% of the beam up to 8 GeV. In the 

CW linac, five families of superconducting (SC) cavities 

are used: half-wave resonators (162.5 MHz), single-spoke 

cavities (SSR1 and SSR2 at 325 MHz), and elliptical 5-

cell β=0.6 and β=0.9 cavities (650 MHz). The pulsed 3-8 

GeV linac is based on 9-cell 1.3 GHz cavities. In this 

paper, the basic requirements and the status of 

development of the SC accelerating cavities, auxiliaries 

(couplers, tuners, etc.) and cryomodules are presented as 

well as some of the technological design challenges. 

INTRODUCTION 

Fermilab is pursuing advanced R&D towards Project X 

[1] which is a proposed high intensity proton facility 

capable of supporting many experiments simultaneously. 

The current plan calls for building Project X in stages. 

Each stage is associated with compelling scientific 

programs and maintains synergy with existing Fermilab 

infrastructure. After several iterations, the current “un-

folded paper-clip” configuration was adopted as a 

baseline for the reference design report (see Fig. 1).  
 

 
 

Figure 1: Acceleration scheme for the first two stages. 
 

Stage 1 involves the construction of a 1 GeV, 1 mA 

(average) CW linac providing beams to the existing 

Booster synchrotron, to a new muon campus (under 

construction), and to a new 1 GeV experimental facility. 

Stage 2 doubles the average current in the 1 GeV linac 

and provides acceleration for half of the beam to 3 GeV in 

a second linac, with the 3 GeV beam aimed at a new high 

power muon and kaon campus located in the area 

enclosed by the old Tevatron. Stage 3 further accelerates a 

small fraction of the 3 GeV beam up to 8 GeV in a pulsed 

superconducting linac for injection and accumulation into 

the existing Recycler ring. Further acceleration will be 

provided after transfer into the Main Injector synchrotron. 

Project X enables a world-leading program in neutrino 

physics and a broad suite of rare decay and nuclear 

physics experiments. Note that technology of the Project 

X CW linac is well suited for Accelerator Driven Systems 

(ADS) applications. ADS projects in India [2] and China 

[3] are based on the Project X concept. 

The CW linac of Project X contains: (i) a front end with 

a room-temperature injection system having an H
-
 source, 

a Low-Energy Transport Line (LEBT), a 162.5 MHz 

RFQ, a Medium-Energy Transport Line (MEBT) with a 

beam chopper; (ii) a low-energy section based on 162.5 

MHz Half-Wave Resonators (HWR) and 325 MHz 

Single-Spoke Resonators (SSR); and (iii) a high-energy 

section based on 650 MHz 5-cell elliptical cavities. The 
accelerator details for each section are summarized in 
Table 1.  HWR cavities and cryomodule are under 

development at Argonne National Lab (ANL) in the 

framework of a Fermilab-ANL collaboration [4]. 
 

Table 1: The Project X SRF cavities and cryomodules  
 

Section Freq 

MHz 

Trans. 

Energy 

(MeV) 

Cavity 

/magn 

/CM 

Gain 

MV 

Q0 

10
10

 

CM 

conf 

HWR* 162.5 9.13 8/8/1 1.7 0.5 8×(sc)# 

SSR1 325 32.44 16/8/2 2.05 0.5 4×(csc) 

SSR2 325 155.8 35/21/7 5.3 1.2 sccsccsc 

LB650 650 487.8 36/12/6 11.5 1.5 cccdccc 

HB650
1
 650 1000 42/7**/7 17.6 2 6×(c) 

HB650
2
 650 3000 120/15**/15 17.6 2 8×(c) 

*
HWR cavity and cryomodule  developed by ANL [4] 

**
warm doublets, # s – solenoid, c-cavity, d – doublet. 

1
Stage I CW linac. 

2
Stage II CW linac. 

____________________________________________  

*Work supported by FRA under DOE contract DE-AC02-07CH11359 
#yakovlev@fnal.gov                
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325 MHZ SPOKE CAVITIES 

Initially, SSR1 was developed at Fermilab for 

acceleration of proton/H
-
 beams in the HINS pulsed 

accelerator [5]. Switching to CW operation and 2 K 

operating temperature required a design change for the 

SSR1 cavity. The bare cavity and the He vessel are shown 

in Figure 2. The first SSR1 cavity prototype was 

manufactured by ZANON, the cavity was tested at our 

Vertical Test Stand (VTS) and outfitted with a helium 

vessel. The second prototype was manufactured by 

ROARK, tested and showed acceptable performance [6]. 

Subsequently, ten other SSR1 cavities were manufactured 

and delivered to Fermilab.  

Table 2: Cavity parameters for Project X 

 

 

The cavity design parameters for the low-energy 

sections and high-energy sections are shown in Table 2.  

The measured performance [7] of these cavities tested 

at 2 K is displayed in Figure 3.  Note that the cavities are 

made of niobium, which is not certified for high-gradient 

operation and demonstrated higher losses than material 

from certified vendors. However, all seven tested cavities 

show a Q0 > 0.7×10
10

 at 2 K at the operating gradient of 

10 MeV/m, which is well above the required value of Q0 

> 0.5×10
10

. Note that the first two cavities made of 

certified material demonstrated a Q0 = 1.1×10
10

 at 2 K at 

the operating gradient. 

A new design for the helium vessel, shown in Figure 4, 

was developed for these resonators with the main goal of 

reducing the frequency sensitivity of the resonator to 

variations in helium pressure [8], which is critical for the 

Project X cavities because of their narrow bandwidth.  

 
 

 

Figure 2: SSR1 cavity, bare (left) and dressed (right). 

 

 
Figure 3: Test results for SSR1 bare cavities at 2 K. 

 
 

 
 

Figure 4: The mechanical design of the new SSR1 He 

vessel (3rd
 generation).  

 

A transition ring couples the SSR1 niobium cavity wall 

to the steel vessel wall and can be seen on the left side of 

the cavity in Figure 4. The bellows is visible on the right.  

The first prototype of the new vessel has been 

manufactured [9]; see Figure 2, on the right. Tests were 

performed at room temperature with the cavity free to 

move at the tuning interface and also with a dummy-

tuning device which simulated a tuner having a rigidity of 

30 kN/mm. The sensitivities measured in both conditions 

were ~10 Hz/Torr for a free interface and ~ 4 Hz/Torr for 

an engaged interface. This provides the maximal 

frequency detune of < 1 Hz at the expected maximal value 

of He pressure fluctuation of ~0.1 mbar (0.07 Torr), 

Parameter  Value    

Cavity HWR SSR1 SSR2 LB6

50 

HB650 

Cavity type Half-

wave 

Spoke Spoke Ell. Ell. 

Frequency, 

MHz 

162.5 325 325 650 650 

Operating 

temp,K 

2 2 2 2 2 

Optimal 

beta, βopt 

0.11 0.22 0.515 0.64 0.95 

Leff= βopt, 

cm  

20.7   20.5 47.5 70 104 

Aperture, 

mm 

33 30 50 83 100 

Accel. 

gradient,  

MeV/m 

8.2 10.0 11.1 16.4 16.9 

Epeak/Eacc 4.7 3.84 3.53 2.27 2.07 

Bpeak/Eacc, 

mT/(MV/m) 

5.0 5.81 6.25 4.25 3.78 

G = Q0Rs,  48 84 118 191 255 

R/Q0,  272 242 275 387 638 
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which is well below the required design value of 20 Hz 

[1].  

A new tuner was developed despite the good results of 

the first prototype due to the different behavior of the 

resonator in the new helium vessel (Fig. 5). Other aspects 

of the tuning system were improved such as access to the 

tuner motor and piezoelectric actuators from outside the 

cryomodule [10]. 

 

 
 

 

Figure 5: SSR1 tuner scheme (top) The mechanical 

advantages are about 2:1 between piezos and probes, and 

about 3:1 between motor and piezos. Actuating elements 

of the tuning system (bottom). 

 

The SSR1 cryomodule [11] contains 8 cavities and 4 

focusing solenoids (Fig. 6).  The length of the cryomodule 

is 5.2 m. The overall design is very far along, although the 

detailed design of individual components and assemblies 

has just started. We have drawings for the strong-back, 

support posts, and vacuum vessel, three of the major 

components, but there is a lot of detailed design work to 

complete and many drawings to make. It is worth 

mentioning that new approach to setting requirements for 

the allowed magnetic field generated inside a cryomodule 

after cooling down was established and verified by a 

series of special tests. Using this approach resulted in 

significant relaxation of requirements for the local 

magnetic shielding, and for the SSR1 cryomodule allowed 

complete elimination of the local shielding [12]. 

 

 
 

Figure 6: SSR1 cryomodule design. 

 

The electro-magnetic and conceptual mechanical design 

of the SSR2 cavity is complete as shown in Figure 7 and 

based on the SSR1 cavity design [13, 14].  The design of 

the He vessel for the SSR2 resonator has been optimized 

in order to achieve a near zero df/dp for the system. The 

main elements that affect this performance have been 

introduced and optimized.  The optimal design of the He 

vessel with the ideal combination of the bellows diameter 

and tuner passive stiffness has been determined.  

 

 

 
Figure 7: Design of the SSR2 cavity. Major components 

(top) and a sectioned view (bottom). 

 

The SSR2 cryomodule contains 5 cavities and 3 

solenoids, see Figure 8.  The length of the cryomodule is 

6.5 m. 
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Figure 8: SSR2 cryomodule design. 

 

Both SSR1 and SSR2 cavities will use the same input 

coupler, see Figure 9. The coupler is designed for 30 kW 

traveling wave (TW) at full reflection [15]. The input 

impedance is 50 Ω; the output impedance is 105 Ω. The 

coupler is not adjustable. DC bias is utilized in order to 

suppress multipactoring. For SSR2 cavities the coupler 

will be air-cooled. Three couplers are ordered and 

expected to be manufactured in this fall. The test stand is 

ready, see Figure 10. 

 

 
 

 
 

Figure 9: The 325 MHz input coupler for SSR1 and SSR2 

cavities (top) and the coupler parts (bottom). 

 

 
 

Figure 10: The coupler test stand with dummy couplers. 

 

650 MHZ ELLIPTICAL CAVITIES 

A HB650 single-cell cavity was designed at Fermilab, 

and six were built by AES, see Figure 11. The tests results 

for two of them are shown in Figure 12 [16]. The Q0 at 

operating gradient of ~17 MeV/m well exceeds 

requirements, which gives assurance that the designed 

value of  2×10
10

  will be achieved in a cryomodule. 

Four 5-cell HB650 cavities were recently manufactured 

by AES, see Figure 13. RF measurements demonstrated 

the field flatness of the operating mode to be within ±10% 

even without tuning. High-order modes have been 

measured. The cavities will be tuned, processed and tested 

at VTS this year.  

The 2
nd

 generation of HB650 cavity was designed 

having much lower df/dP and better tunability [17] 

compared to the 1
st
 generation of HB650 cavity 

mentioned in Table 2. In addition, this cavity has no 

trapped higher order modes (HOMs) which allows it to 

operate at high beam current. The cavity has an increased 

aperture of 118 mm. The conceptual design of the cavity, 

helium vessel and tuner are shown in Figure 14 [18]. 

 

 

 
 

Figure 11: HB650 single-cell cavity. 
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Figure 12: Test results of the HB650 single-cell cavities at 

2 K. 

 

 

 

Figure 13: HB650 five –cell cavities fabricated by AES. 

 

 

 
Figure 14: Conceptual design of the 2

d
 generation HB650 

cavity and He vessel (top) and tuner (bottom). 

 

 

The cryomodule concept for the HB650 cavities is 

shown in Figure 15 [19]. For the 1 GeV section it contains 

six cavities and no focusing elements. We have a 

conceptual design of the cryomodule that includes 

placement of the cavities in the vacuum vessel, a concept 

for a support system and some rudimentary piping.  

 

 
 

Figure 15: Cryomodule design for HB650 cavities. 

 

 

The cryomodules for Project X have substantial 

operational features: 100% duty cycle, and thus, a high 

RF load of ~200 W/CM at 17 MeV/m.  Achieving high 

gradients is not an issue for the Project X cavities, but 

achieving low RF load, or high Q0 is a technical 

challenge. RF load in the CW regime determines the 

power consumption of the cryogenic system, which is a 

major cost driver for the project. The capital cost of a 

cryogenic system is proportional to (RF load)
0.6

  Q0
-0.6

 

for big machines [20]. Thus, the cost of the entire project 

(cost of the cryogenic system is about 15% of the cost of a 

big machine) is a strong function of Q0. Operational costs 

are proportional to RF load, or Q0
-1

. 

Different approaches to increase Q0 are under 

development at Fermilab [21].  One of them is interstitial 

doping of different gas species into the SRF surface layer 

in order to decrease the mean free path of Cooper paired 

electrons and therefore lower the BCS resistance at the 

SRF surface.  Recent experiments [21] have demonstrated 

Q0 as high as 7.5 × 10
10

 at 2 K for a large grain 1.3 GHz 

TESLA shaped single cell cavity (Figure 16). The next 

natural step is to introduce the successful R&D results 

into the cavity production stream. 
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Figure 16: Q0 versus Eacc for a NbN experiments at 2 K. 

SUMMARY 

For a staged concept of Project X, the current “un-

folded paper-clip” configuration of the accelerator was 

adopted as a baseline described in the reference design 

report.  The types of cavities, frequencies and transition 

points have been selected. Development of SRF cavities 

for the Project X CW linac - 325 MHz spoke cavities 

SSR1 and SSR2, and 650 MHz elliptical cavities HB650 - 

is in progress as well as cryomodule design.  The research 

program for Q0 improvement is developing successfully at 

Fermilab, demonstrating breakthroughs in physics 

understanding and optimizing the cavity processing 

recipe. 
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Abstract 
A short 22-MeV linac under development at BNL will 

provide high charge, low repetition rate beam for the 

Coherent electron Cooling (CeC) demonstration 

experiment in RHIC. The linac will include a 112 MHz 

SRF gun and a 704 MHz five-cell accelerating SRF 

cavity. The paper describes the two SRF systems, 

discusses the project status, first test results and schedule. 

INTRODUCTION 

A Proof-of-Principle (PoP) experiment is under 

preparation at BNL to demonstrate feasibility of the 

Coherent electron Cooling (CeC) for future improvements 

of luminosity in high-energy hadron-hadron and electron-

hadron colliders [1, 2]. During this experiment we aim to 

cool only one bunch in RHIC. This will require a high-

bunch-charge (up to 5 nC), but low-repetition-rate 

electron beam. The bunch repetition frequency (78 kHz) 

is equal to the revolution frequency of ion bunches in 

RHIC. To generate such a beam, we are building a short 

22-MeV superconducting linac [3]. The linac includes two 

SRF systems: a 112-MHz Quarter Wave Resonator 

(QWR) photoemission electron gun [4] and a 704-MHz 

booster cavity cryomodule. Two normal conducting 

bunching cavities [5] will provide velocity modulation to 

shorten electron bunches between the two SRF 

cryomodules. The linac layout is shown in Figure 1. In 

this paper we describe the two SRF systems, report on the 

project status and test results, and discuss testing and 

commissioning plans. 

 

 

Figure 1: Layout of the CeC PoP linac. 

112 MHz SRF GUN 

A superconducting 112 MHz quarter-wave resonator 

was developed by collaborative efforts of BNL and 

Niowave, Inc. [6, 7]. The gun operates at 4.5 K with 

liquid helium provided from a quiet helium source via the 

cryomodule cryogenic tower. Assuming a residual surface 

resistivity of 10 nOhm and a residual magnetic field of 

60 mG, we expect to achieve the cavity quality factor of 

1.810
9
. The QWR’s center conductor geometry naturally 

accommodates a half-wavelength choke joint and allows 

mechanical decoupling of the cathode assembly from the 

niobium cavity [8]. A low-RF-loss photocathode stalk 

operates at room temperature. It is hollow, allowing 

inserting a small photocathode pack via a load lock 

system. Electron beam will be generated by illuminating a 

multi-alkali (CsK2Sb or NaK2Sb) photocathode with a 

green (532 nm) light from a laser. 

The 112 MHz gun is equipped with a double-purpose 

fundamental RF power coupler / fine frequency tuning 

assembly [8]. The fine frequency tuning with a range of 

about 3 kHz will be used for remote frequency 

adjustment. It will complement a larger range (>78 kHz) 

tuner, which will be used only for an initial frequency set 

up. The mechanical design of the fundamental power 

coupler (FPC) is described elsewhere [9]. A focusing 

solenoid is placed on top of the FPC close to the 

cryomodule’s beam exit flange. 

After the first cryomodule cold test at Niowave in 

December of 2010 [6], the gun has undergone 

modifications for compatibility with installation in RHIC 

tunnel. The modified gun was cold tested again at 

Niowave in December of 2012 and February of 2013. 

During the test we have encountered multipacting zones 

at very low fields, which were processed only after we 

modified the RF input coupler to increase its coupling. 

After that we were able to proceed to higher fields, where 

several events occurred, presumably due to activation of 

an emitter first and then burning it out as we switched to 

pulsed RF power conditioning. Eventually, the gun 

reached an accelerating voltage of 0.92 MV, limited by an 

insufficient radiation shielding of the experimental set up. 

Figure 2 illustrates the gun cavity behavior during the 

cold test. 

____________________________________________  

*Work is supported by Brookhaven Science Associates, LLC under 

contract No. DE-AC02-98CH10886 with the US DOE. 
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Figure 2: Q vs. Vc plot showing the gun cavity behavior 

during conditioning and the final curve. 

After completion of the cold test, the gun cryomodule 

was shipped to BNL and is currently installed in the 

RHIC tunnel. The commissioning will begin as soon as 

cryogenic, photocathode transport, RF and other systems 

are ready, tentatively in January of 2014. 

704 MHz BOOSTER CRYOMODULE 

The 704 MHz booster cryomodule will house one 5-cell 

SRF cavity of the BNL3 shape [10-12]. The cavity will 

deliver an energy gain up to 20 MeV. It will operate at 2 K 

with an internal superfluid heat exchanger to better isolate 

the cavity from microphonic noise originated in the 

cryogenic system. The mechanical design of the cold 

mass is described elsewhere [13]. A sectional view of the 

cryomodule is shown in Figure 3. A fundamental RF 

power coupler (FPC) will be of a coaxial antenna type and 

will be able to transmit power up to 20 kW CW. The 

cryomodule design is being finalized and its production 

will begin soon at Niowave, Inc. with the delivery to BNL 

scheduled for summer of 2014. Table 1 lists main 

parameters of the booster system. 

 

Figure 3: 704 MHz booster cryomodule for CeC PoP. 

Two cavities have been fabricated: BNL3-1 by AES, 

Inc. and BNL3-2 by Niowave, Inc (Figure 4). Both 

cavities have undergone standard preparation for vertical 

acceptance tests (bulk BCP, vacuum bale at 600ºC for 10 

hours, light BCP, HPR). The tests will be performed in 

October/November of 2013. 

Table 1: Parameters of the 704 MHz SRF Booster 

RF frequency 704 MHz 

Maximum energy gain 20 MeV 

R/Q 506 Ohm 

Geometry factor 283 Ohm 

Cavity Q0 at 4.5 K 21010 

Cavity RF losses at 2.0 MV 37 W 

Frequency tuning range 78 kHz 

Qext of FPC, min. 2.8107 

Available RF power from solid state amplifier 20 kW 

 

 

Figure 4: BNL3-2 cavity at Niowave, Inc. 

SUMMARY 

The SRF systems for the CeC PoP experiment have 

been designed. The 112 MHz SRF gun cryomodule has 

been fabricated and tested up to 0.92 MV, limited only by 

insufficient radiation shielding. It will be re-tested and 

conditioned to full voltage after installation in the RHIC 

tunnel is complete in January of 2014. This will be 

followed immediately by commissioning of the 2 MeV 

beam line. Two 704 MHz 5-cell cavities have been 

fabricated: one by AES, Inc. and one by Niowave, Inc. 

Both cavities went through standard cavity preparation 

cycle and will be vertically tested within two months. One 

of the cavities will be chosen for integration into the 

booster cryomodule. The booster cryomodule design is 

being finalized and its fabrication will begin soon at 

Niowave. Its delivery to BNL is scheduled for summer of 

2014. 
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Abstract 
A search for the QCD Critical Point has renewed 

interest in electron cooling of RHIC ion beams at energies 

below 10 GeV/nucleon. The electron cooling will utilize 

bunched electron beams from an SRF linac at energies 

from 0.9 to 5 MeV. The SRF linac will consist of two 

quarter-wave structures: a photoemission electron gun and 

a booster cavity. In this paper we present preliminary 

design considerations for this SRF linac. 

INTRODUCTION 

A search for the QCD Critical Point requires ion-ion 

collisions at low energies, below 10 GeV/nucleon, RHIC 

will have to operate below injection energy. However the 

collider luminosity drops rapidly as particles are 

decelerated. To alleviate this effect, a cooling scheme with 

bunched electron beams was proposed [1]. The electron 

cooler will have to deliver high average current and high 

bunch charge beams at energies from 0.9 to 5 MeV. 

Beams for the Low Energy RHIC electron Cooling 

(LEReC) will be provided by a short superconducting RF 

(SRF) linac, which comprises a quarter wave resonator 

(QWR) photoemission electron gun, a QWR SRF booster 

and a normal conducting harmonic cavity to correct RF-

induced energy spread. Unlike QWRs for low- linacs, 

the LEReC cavities operate in a horizontal orientation. 

The two SRF structures will be housed in the same 

cryomodule with a superconducting solenoid in between. 

In this paper we describe the requirements for such an 

SRF linac and the preliminary design considerations. 

SRF LINAC REQUIREMENTS 

Parameters of the LEReC electron linac for two 

representative beam energies and two choices of RHIC 

RF frequency are listed in Table 1. A new low-frequency 

4.6 MHz RF system was proposed [2] to extend the low 

energy reach of RHIC down to  = 2.7. At higher energies, 

operations with either the old RF system (28 MHz) or the 

new one are feasible. 

The electron beam will be generated by illuminating a 

multi-alkali (CsK2Sb or NaK2Sb) photocathode with 

green (532 nm) light from a laser. The photocathode is 

inserted into an 84.5 MHz quarter-wave SRF cavity thus 

forming an SRF photoemission electron gun. The 

photocathode is located in a high electric field. Immediate 

acceleration of the electrons to a high energy reduces 

emittance degradation caused by a strong non-linear 

space-charge force. The low RF frequency of the gun 

reduces the effect of RF curvature on the beam. The gun 

will produce bunch trains with relatively long electron 

bunches, about 750 ps, with a 84.5 MHz bunch repetition 

frequency. The bunch train repetition rate will be the same 

as the repetition rate of ion bunches in RHIC. The optical 

system will allow creation of dedicated bunch patterns for 

different RHIC energies and ion bunch lengths with 

several bunches spaced at the 84.5 MHz frequency 

followed by a long gap corresponding to the frequency of 

ion bunches. 

While the required beam current (up to 35.8 mA) has 

yet to be demonstrated from an SRF gun, even higher 

beam currents were already achieved from photocathodes 

in an RF gun [3] and a DC gun [4]. 

The SRF gun design will be similar to the 112 MHz 

SRF gun developed for the Coherent electron Cooling 

Proof of Principle (CeC PoP) experiment at BNL [5], with 

the following major differences: 1) The gun cavity shape 

will be optimized to improve surface fields and reduce 

wall losses; 2) The gun will be equipped with two high-

power fundamental RF power couplers; 3) There will be a 

frequency tuner of an improved design. The cathode 

insertion mechanism and the photocathode stalk will be 

scaled copies of the 112 MHz gun designs [6, 7].  

The RF power, up to 93 kW per cavity, will be 

delivered via two symmetrically located fundamental 

power couplers (FPCs). The couplers will be of a coaxial 

antenna type with fixed coupling. Computer simulations 

show that the SNS-type coaxial RF window has very good 

RF properties at 84.5 MHz. At SNS, these windows 

operate at average RF power exceeding 100 kW. At BNL, 

we use similar windows in the FPCs of the ERL SRF gun 

and five-cell cavity. 

The sinusoidal shape of the SRF voltage introduces a 

quadratic beam energy spread due to on-crest 

acceleration. To bring the energy spread within the 

required 5·10
-4

, we plan to use a 6th harmonic normal 

conducting copper cavity. Correction of the energy spread 

will require an acceleration voltage up to 138 kV. 
 ___________________________________________  

* Work is supported by Brookhaven Science Associates, LLC under 

Contract No. DE-AC02-98CH10886 with the U.S. DOE 
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SRF GUN AND BOOSTER CAVITY SHAPE 

OPTIMIZATION 

The cavity shape optimization goals are to keep the 

peak surface electric and magnetic fields below 40 MV/m 

and 80 mT correspondingly, and to improve the cavity RF 

performance. The surface fields cited above are accepted 

in the SRF community as “rule of thumb” design goals for 

CW operation. As the beam pipe aperture in LEReC 

injector is reduced from 10 cm to 5 cm as compared to 

CeC PoP, it makes it easier to achieve the desired peak 

surface fields in the cavities. Preliminary optimization of 

the cavity shape (Figure 1) shows that achieving the goals 

is possible: see the cavity parameters in Table 1. ANL has 

a proven record of designing and building low- QW 

cavities that exceed the LEReC requirements for 

maximum surface fields [8, 9]. 

 

 

Table 1: Parameters of the LEReC Electron Linac 

Beam    

Lorentz factor 4.1 10.7 10.7 

RHIC RF frequency 4.55 MHz 4.67 MHz 28.03 MHz 

Electron beam kinetic energy 1.58 MeV 4.96 MeV 4.96 MeV 

Total charge per bunch train 4 (9 bunches) 7 (5 bunches) 4 (2 bunches) 

p/p, rms 5e-4 5e-4 5e-4 

Normalized rms emittance 2.5 mm·mrad 2.5 mm·mrad 2.5 mm·mrad 

Transverse rms beam size 4.3 mm 2.6 mm 2.6 mm 

Full bunch duration 0.5 to 1 ns 0.5 to 1 ns 0.5 to 1 ns 

Electron beam current 18.2 mA 32.7 mA 35.8 mA 

Beam power 28.8 kW 162 kW 178 kW 

SRF gun and booster    

SRF frequency 84.48 MHz 84.47 MHz 84.47 MHz 

Gun voltage 1.65 MV 2.58 MV 2.58 MV 

Peak surface electric filed, Epk 25.7 MV/m 40.3 MV/m 40.3 MV/m 

Peak surface magnetic field, Bpk 52.5 mT 82.2 mT 82.2 mT 

R/Q 122.7 Ohm 122.7 Ohm 122.7 Ohm 

Geometry factor, G 34.7 Ohm 34.7 Ohm 34.7 Ohm 

Cavity intrinsic quality factor, Q0, at 4.5 K >1.7e9 >1.7e9 >1.7e9 

Loaded Q factor 5.3e5 5.3e5 5.3e5 

Gun RF power 30.7 kW 84.9 kW 92.5 kW 

Frequency tuning range 78 kHz 78 kHz 78 kHz 

Booster voltage 0 2.58 MV 2.58 MV 

Booster RF power 0 84.9 kW 92.5 kW 

Other parameters    

Harmonic cavity frequency 506.9 MHz 506.9 MHz 506.9 MHz 

Harmonic cavity voltage 63.4 kV 198 kV 198 kV 

Lase wavelength 532 nm 532 nm 532 nm 

Average optical power on cathode 0.85 W 1.52 W 1.67 W 

Laser time jitter, rms 100 ps 100 ps 100 ps 

Bunch charge jitter, rms 7 7 7 

 

 

Proceedings of SRF2013, Paris, France MOP017

02 Future projects

C. Future Project

ISBN 978-3-95450-143-4

127 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

Figure 1: An optimized geometry proposed for the 

84.5 MHz SRF booster cavity (all dimensions are in cm). 

This geometry has lower surface fields and higher G·R/Q 

parameter than the original 112 MHz SRF gun cavity. 

 

The booster cavity will be of a similar design as the 

gun, but with a simplified center conductor as there will 

be no need to accommodate the photocathode stalk. Both 

cavities will be designed to provide energy gain up to 

2.6 MeV per cavity. At lower energies, the booster cavity 

might be turned off and detuned to become “transparent” 

to the beam. Figure 1 shows one of the optimized 

geometries proposed for the SRF cavities. Both the SRF 

gun and the booster cavity will be housed in a single 

cryostat with a superconducting solenoid occupying the 

space between them. 

SUMMARY 

We are considering a new SRF linac for the LEReC 

project under development at BNL. The short linac will 

have to deliver a bunched electron beam with energies 

from 0.9 to 5 MeV and average currents up to 35.8 mA. 

The linac will comprise two QWR SRF structures, a 

photoemission electron gun and a booster cavity, and a 

normal conducting harmonic cavity for compensation of 

the beam energy spread induced by SRF cavities. The 

SRF structures will be housed in a single cryomodule with 

a focusing superconducting solenoid placed between 

them. Our plans are to design, fabricate and test the SRF 

cavities in a vertical cryostat within the next two years. 
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Abstract 
The goal of the MYRRHA project is to demonstrate the 

technical feasibility of transmutation in a 100MWth 

Accelerator Driven System (ADS) by building a new 

flexible irradiation complex in Mol (Belgium). The 

MYRRHA facility requires a 600 MeV accelerator 

delivering a maximum proton flux of 4 mA in continuous 

operation, with an additional requirement for exceptional 

reliability. This paper will briefly describe the beam 

dynamics design of the main superconducting linac 

section which covers the 17 to 600 MeV energy range and 

requires enhanced fault-tolerance capabilities. 

INTRODUCTION 

MYRRHA (“Multi‐purpose Hybrid Research reactor 

for High‐tech Applications”) is a new flexible fast 

spectrum research reactor that is planned to be operational 

around 2023 in SCK●CEN Mol (Belgium) [1]. Composed 

of a proton accelerator, a spallation target and a 100 MWth 

core cooled by liquid lead‐bismuth, it is especially 

designed to demonstrate the feasibility of the ADS 

concept in view of high‐level waste transmutation. To 

feed its sub‐critical core with an external neutron source, 

the MYRRHA facility requires a powerful proton 

accelerator (600 MeV, 4 mA) operating in continuous 

mode, and above all featuring a very limited number of 

unforeseen beam interruptions.  

The conceptual design of such an ADS‐type proton 

accelerator has been initiated during previous EURATOM 

Framework Programmes (PDS‐XADS and EUROTRANS 

projects). It is a linac (linear accelerator) based solution 

that brings excellent electric efficiency thanks to the use 

of superconductivity and high potential for reliability by 

the use of several redundancy schemes. R&D on ADS-

type accelerators is presently being pursued in the frame 

of the MAX project [2], supported by EURATOM FP7. 

This project aims at delivering an updated consolidated 

reference layout of the MYRRHA linac with sufficient 

detail and adequate level of confidence in order to initiate 

in 2015 its engineering design and subsequent 

construction phase. To reach this goal, advanced beam 

simulation activities are being undertaken and a detailed 

design of the major accelerating components is being 

carried out, building on several prototyping activities. A 

strong focus is also put on all the aspects that pertain to 

the reliability and availability of this accelerator, with the 

development of a detailed reliability model of the 

MYRRHA accelerator and with dedicated R&D, to 

experimentally prove in particular the feasibility of the 

innovative “fault‐tolerance” redundancy scheme. 

LINAC DESIGN 

The architecture of the 17-600 MeV MYRRHA main 

SC linac is summarized in Table 1. It is composed of an 

array of independently‐powered superconducting cavities 

with high energy acceptance and moderate energy gain 

per cavity (low number of cells and very conservative 

accelerating gradients), the goal being to increase as much 

as possible the tuning flexibility and to provide sufficient 

margins for the implementation of the fault-tolerance 

scheme. Three distinct cavity families are used to cover 

the full energy range: the first section uses 352.2 MHz 

Spoke 2-gap cavities (βopt=0.37), while the two following 

sections use 704.4 MHz elliptical 5-cells cavities 

(βopt=0.51 & 0.70). Such a choice is based on the results 

of a longitudinal optimization using the GenLinWin 

simulation code [3]; this analysis actually clearly shows 

that 3 sections is a straightforward choice for such a 17-

600 MeV SC linac, and that playing around with cavities 

beta & number of cells doesn’t change much the picture. 

It is nevertheless to be underlined that using ESS-type 

β=0.5 double-spoke cavities [4] could be an interesting 

back-up option for section #2.  

The main RF characteristics of the MYRRHA 

accelerating cavities are also summarized in Table 1. The 

design of the elliptical cavities has been performed 

through previous dedicated R&D programs, including 

prototyping and RF tests [5, 6]. The design of the 

MYRRHA spoke cavity [7] has been recently achieved 

within MAX and prototyping should begin very soon. The 

operating accelerating gradients of the MYRRHA cavities 

have been chosen on the conservative side, taking in 

particular as a reference the actual average operating 

point of the SNS β=0.61 cavities in 2008 [8]. The chosen 

rules for the operation of the MYRRHA superconducting 

cavities are the following: 1. the RF fields at the inner 

surface of the SC cavities is always kept under 35MV/m 

peak electric field and 60mT peak magnetic field; the 

nominal “de-rated” operation points are then obtained 

removing 30%, to be used as a margin for fault 

compensations. These rules lead to nominal accelerating 

fields of 6.4, 8.2 & 11.0 MV/m in the 3 different sections, 

with a required maximum Eacc capability of 8.3, 10.7 & 

14.3 MV/m respectively. 
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Table 1: MYRRHA Main Linac Parameters 

Section # #1 #2 #3 

Ein (MeV) 17.0 80.8 184.2 

Eout (MeV) 80.8 184.2 600.0 

Focusing type NC quad doublets 

Cav. Technology Spoke Elliptical 

Cav. freq. (MHz) 352.2 704.4 704.4 

Cavity optimal β 0.375 0.510 0.705 

Nb of cells / cav. 2 5 5 

Bpk/Eacc* (mT/MV/m) 7.3 5.5 4.6 

Epk/Eacc* 4.3 3.3 2.5 

R/Q** (ohms) 217 159 315 

Eacc_nom* (MV/m) 6.4 8.2 11.0 

Eacc_max* (MV/m) 8.3 10.7 14.3 

Nb cav / cryom. 2 2 4 

Total nb of cav. 48 34 60 

Synch. phase (°) -40 to -18 -36 to -15 

4 mA beam load per 
cav. (kW) 

1.5 to 8 2 to 17 14 to 32 

Required QL 2.2 106 8.2 106 6.9 106 

Nominal Qpole 

gradients (T/m) 
5.1 to 7.7 4.8 to 7.0 5.1 to 6.6 

Beam aperture (mm) 56 80 90 

Section length (m) 73.0 63.9 100.8 

*Eacc is given at optimal beta and normalized to Lacc = Ngap.βopt.λ/2 
**R/Q is given at optimal beta with the “linac” definition 

 

The linac architecture is based on the use of regular 

focusing lattices, with not‐too‐long cryostats (about 6 

metres maximum) and room-temperature quadrupoles 

doublets in between. Such a scheme provides several 

advantages: easy maintenance and fast replacement if 

required, easier magnet alignment at room-temperature, 

possibility to provide easily reachable diagnostic ports at 

each lattice location, nearly perfect optical lattice 

regularity (no specific beam matching required from 

cryostat to cryostat) and last but not least, possibility to 

operate the beam with a full cryomodule missing.  

The quadrupole magnets have been chosen sufficiently 

long to minimize fringe field effects, and with low 

operating gradients to ensure reliable operation. In 

nominal operation, the magnetic field on the pole is 

always kept below 0.3 T, giving some comfortable room 

for gradients increases if needed. Additional coils are to 

be included in the quadrupole magnet design to ensure the 

required dipolar steering capability for beam orbit 

correction. In association with these steerers, about 60 

beam position monitors (BPM) will be located at each 

lattice warm section for beam alignment purposes.  

As far as beam instrumentation is concerned, beam 

profilers and bunch shape monitors will also be needed in 

the typically 3 or 4 first lattices of each linac section, in 

order to be able to perform a suited beam matching. Other 

possible needs, still to be assessed, could concern 

additional beam current measurements from place to 

place and an intermediate energy Faraday cup to be used 

as a low power beam dump for very early beam 

commissioning purposes. Finally, several (about 100) 

beam loss monitors will have to be located all along the 

linac to detect any abnormal beam loss and trigger the 

machine protection system. 

BEAM DYNAMICS 

Even if the pulse current is rather low (4mA) hence 

leading to quite safe tune depression ratios (>0.75), the 

main tunings of the beam dynamics through the 

MYRRHA linac (see Figure 1) have been determined 

according to the standard rules usually considered for 

high-power ion linear accelerators [9].  

The synchronous phase at the linac input is chosen 

sufficiently low to bring a very large and safe longitudinal 

acceptance, able in particular to cope with the different 

longitudinal settings to be used by the compensation 

schemes. The synchronous phase law through the linac is 

optimized to keep constant this acceptance, especially at 

the RF frequency transition [10]. 

The longitudinal & transverse phase advance at zero-

current are always kept below 90° per lattice, so as to 

avoid any structure & space-charge driven resonance and 

subsequent emittance growth and halo formation [11]. 

This especially implies limitations on the allowed 

accelerating voltage per lattice. The dangerous σT=σL/2 

parametric resonance [12] is avoided by keeping the 

transverse phase advance always above 70% of the 

longitudinal one and any energy exchange between 

transverse and longitudinal planes is minimized by tuning 

the linac lattices set-points as far as possible from the 

space-charge driven parametric resonances, by operating 

when possible near the equipartitioned regime [13].  

The phase advance per meter is kept as smooth as 

possible through the linac so as to minimize the potential 

for mismatch and ensure a current-independent lattice as 

far as possible. This especially implies limitations on the 

allowed accelerating voltage after the frequency jump. 

Finally, a clean beam matching at the linac input and 

between sections is performed in all planes to avoid 

envelope oscillations and minimize emittance growth. 

 

Figure 1: Phase advance laws and emitance growth 

through the MYRRHA main linac. 
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Beam multi-particle simulations have been performed 

with TraceWin [3] using 3D field-maps models for 

accelerating cavities and with an input matched beam 

distribution of 10
5
 macro-particles with a Gaussian shape 

truncated at 4σ and RMS normalised emittances of 0.28 

(transverse) and 0.38 (longitudinal) π.mm.mrad, 

according to the preliminary injector results obtained so 

far [14]. The results (see Figure 1) show no significant 

emittance growth and negligible halo growth. Moreover 

several conclusive tests have been performed to check the 

robustness of the design, showing very low sensitivity to 

input beam distribution, to input beam mismatch, to 

cavities gradient spread or to beam current fluctuations. 

The requirements for the stability of RF fields have been 

also defined (better than ±0.2% ±0.2° RMS).  

In its nominal operating conditions, the MYRRHA 

linac design also provides a very large transverse 

acceptance with a ratio beam tube to RMS envelope 

always substantially higher than 10 and even 20 in the 

high energy end. The longitudinal acceptance is also quite 

large thanks to the safe synchronous phase law, giving the 

possibility to accelerate a beam with a longitudinal full 

emittance up to 50 times the nominal RMS one. These 

choices are mandatory to try to reach a safe operation in 

all possible envisaged conditions (i.e. with or without 

fault conditions and in presence of errors). 

TOLERANCE TO FAULTS 

The MYRRHA main linac is designed to ensure 

enhanced fault-tolerance capabilities, which is absolutely 

necessary to try to reach the reliability goal [15] i.e. an 

MTBF of 250 hours. This is done by providing significant 

RF power and gradient overhead throughout the 3 

superconducting sections. In the present design, this 

operation margin in terms of acceleration capability was 

fixed to 30%, leading to a main linac overcost estimated 

to about 20%. This value was chosen considering an 

average MTBF value of about 10 000 hours for RF 

systems units leading to a global MTBF for the whole 

main linac accelerating RF system of about 70 hours: 

about 30 to 35 failures are therefore to be expected (and 

compensated) simultaneously during the foreseen 3 

months MYRRHA mission time if no on-line repair can 

be performed, that corresponds to 25% of the total 

number of cavities.  

The present reference scheme for recovering RF units 

failures is to use a local compensation method (while 

stopping the beam for not more than 3 seconds): the RF 

fault is compensated by only acting on the RF gradient 

and phase of the 4 nearest neighbouring cavities operating 

de-rated (i.e. not already used for compensation), the 

maximum allowed number of consecutive failed cavities 

being 2 (in sections #1 & #2) or 4 (section #3). Based on 

the initial studies made a few years ago [16, 17], new 

simulations have been performed on the up-to-date 

MYRRHA main linac design to better assess its fault-

tolerance capability in terms of RF failures and evaluate 

more accurately the induced requirements: amplifiers 

power needs, power couplers coupling factors, LLRF and 

tuner regulation strategies, machine reconfiguration 

procedures. For this new analysis, the TraceWin code has 

been used with the following constraints for the cavities 

retuning scheme (Figure 2): recover the nominal beam 

phase and energy at the first “un-retuned” linac lattice, 

rematch the beam through the 4 first following lattices, 

both in the transverse and longitudinal dimensions 

(keeping all the quadrupoles gradients unchanged), while 

limiting the cavity voltage & the RF power (beam 

loading) increase below 30% and 40% respectively. 

 

Figure 2: Retuning strategy used in TraceWin for 

compensation optimisation. 

 

 

Figure 3: Beam dynamics through the MYRRHA main 

linac with Spoke cryomodule #18 off-line. 

This retuning strategy has been successfully assessed in 

several fault test scenarii [18, 19], as shown in Figure 3, 

including the case of the lower energy cavities (including 

MEBT bunchers) and the case of multiple simultaneous 

faults (1 cryomodule off in each section). The main 

conclusion of these fault-recovery scenario analyses is 

that the fault recovery scheme is a priori feasible 

everywhere in the MYRRHA main linac to compensate 

for the loss of a single cavity or of even a full 

cryomodule. This statement should be confirmed by the 

upcoming advanced beam dynamics studies to be 

performed in the MAX project, where these compensation 

schemes will be also assessed through full start-to-end 

(source to target) simulations including random errors.  

Proceedings of SRF2013, Paris, France MOP018

02 Future projects

C. Future Project

ISBN 978-3-95450-143-4

131 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



In order to practically implement such compensation 

schemes, a first detailed recovery procedure has been 

defined [20]. Several steps of this procedure appear to be 

non straightforward and will require further studies. The 

switching time of less than 3 seconds will clearly be a 

critical issue, with probably huge consequences on the 

required capabilities of the machine control system 

(efficient and fast fault diagnostic, fast automated beam 

restart and associated consequences...). Also, an efficient 

predictive beam simulation code will need to be 

developed and benchmarked during the machine 

commissioning phase so as to be able to efficiently 

predict the optimal retuning set points in every fault 

configuration.  

On the RF cavity side, dedicated LLRF digital systems 

and fast and reliable cold tuning systems also need to be 

developed together with suited regulation loops. A R&D 

program is on-going in MAX at IPN Orsay [21, 22] on 

these aspects, especially on the tuner design that 

specifically needs to provide a large detuning range 

during the duration of the recovery procedure (i.e. a few 

seconds) to provide a negligible (decelerating) effect on 

the beam and induce sustainable power dissipation in the 

helium bath when the beam comes back. To reach this 

goal, the cavity typically needs to be detuned by more 

than 100 nominal bandwidths, as illustrated by Figure 4, 

this statement being still valid if the cavity is quenched. 

 

Figure 4: Effect of beam loading on a failed spoke cavity: 

if the cavity is still superconducting, the important 

criterium is the induced decelerating voltage (to be 

lowered below 0.5% of nominal voltage); otherwise, it is 

the dissipated power, especially for a quenched but still 

cold cavity. 
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Abstract 
LUNEX5 (free electron Laser Using a New accelerator 

for the Exploitation of X-ray radiation of 5th generation) 
aims at investigating the production of short, intense, and 
coherent pulses in the soft X-ray region. It comprises two 
types of accelerators connected to a single Free Electron 
Laser (FEL), enabling the most advanced seeding 
configurations: High order Harmonic in Gas (HHG) 
seeding and Echo Enable Harmonic Generation (EEHG) 
with cryogenic in-vacuum undulators. The 400 MeV 
Conventional Linear Accelerator (CLA) uses 
superconducting (sc) cavities, compatible with a future 
upgrade towards high repetition rate for investigating 
advanced FEL schemes. It will also enable multi-user 
operation by splitting parts of the macropulse into several 
FEL lines. A 0.4 - 1 GeV Laser Wake Field Accelerator 
(LWFA) will also be qualified in view of FEL 
applications, in the single spike or seeded regime. After 
the Conceptual Design Report, R&D has been launched 
on a cryo-ready 3 m long in-vacuum undulator, a variable 
strong permanent magnet quadrupole, Smith-Purcell and 
electro-optics diagnostics. A test experiment is under 
preparation for validating the computed beam transport 
from the LWFA. 

INTRODUCTION 
Several X-ray FEL's in the X-ray range at LCLS (USA) 

[1], SACLA (Japan) [2] and in the VUV/soft X-ray at 
FLASH (Germany) [3], SCSS Test Accelerator (Japan) 
[4] and FERMI (Italy) [5] are now under operation and 
provide unique sources for multidisciplinary 
investigations of matter. They can supply only a restricted 

number of beamlines. Superconducting RF (SRF) 
technology, besides providing the possibility to operate at 
a high repetition rate of interest for coincidence 
experiments for example, enables to produce long 
electron macro-pulses which can be split into different 
FEL branches, approaching thus a multi-user facility like 
synchrotron radiation light sources. A step forward will be 
provided by the start of the European XFEL [6].  

GENERAL DESCRIPTION OF LUNEX5 
PROJECT 

LUNEX5 [7, 8] proposes to develop a demonstrator for 
investigating the production of short, intense, and 
coherent pulses in the soft X-ray region. It will comprise 
two types of accelerators (see Fig. 1): a sc linac for 
enabling high repetition rate and multi-user operation and 
a low repetition rate LWFA, to be qualified in view of 
FEL application. The common FEL line will apply the 
most advanced seeding configurations (HHG seeding, 
EEHG) and provide flexibility. To assess the performance 
of these sources from a users' perspective, the facility will 
include a photon transport beamline equipped with an 
optional monochromator. This beamline will serve two 
end stations, which are optimized for experiments with 
gazeous and solid samples, respectively. The precise 
required equipment will be identified in close 
collaboration with the growing French XFEL user 
community, which is organized within the XFEL-Science 
research network and financially supported by the CNRS. 
User representatives will also participate in defining the 
science vision going beyond the LUNEX5 demonstrator 
project towards the needs for a further full scale facility. 

 
Figure 1: LUNEX5 scheme. 
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THE SUPERCONDUCTING LINEAR 
ACCELERATOR 

For the 400 MeV LUNEX 5 CLA, two options were 
considered and compared, normal conducting (nc) S-band 
at 3 GHz versus superconducting (sc) L-band at 1.3 GHz. 
It quickly came out that the latter was more attractive, 
achieving better performance for comparable investment 
and operational costs in pulsed operation and moreover, 
providing the possibility of further upgrading towards 
CW operation. It allows achieving average current, 
several orders of magnitude larger than the nc version. 
Therefore we assumed as base line the use of the SRF 
technology developed for XFEL [9], slightly modified in 
order to ensure a safe CW operation [10, 11, 12]. The 
12 m long XFEL type cryomodule (CM) houses a string 
of height 9-cell cavities, each equipped with an adjustable 
antenna input power coupler, two HOM dampers and a 
monitoring pick-up; their frequency tuning is ensured by 
a motor driven mechanism, which changes the cavity 
length and fast piezo-tuners, aimed at controlling the 
microphonics. A layout of the CLA is shown in Fig. 1. It 
will be built in two phases (Table 1). The phase 1 SRF 
system will be designed for pulsed operation up to 10 % 
duty cycle, namely 100 bunches per macropulse of 500 s 
flat-top at 50 Hz max. repetition rate. Only two CM's 
operating at 24 MV/m will be first implemented, which 
requires an overall cryogenic power of ~ 120 W at 2K, 
including the 3rd harmonic CM. In phase 2, for CW 
operation, the implementation of a third CM will reduce 
the accelerating gradient from 24 down to 16.5 MV/m, 
hence keeping the cryogenic load at a reasonable level 
(< 500 W at 2K). For this purpose, the phase 1 cryogenic 
system will be upgraded by installing 3 staged cold 
compressors, additional exchangers and an intermediate 
turbine. One RF transmitter and LLRF system will be 
used for each cavity in order to achieve a high stability in 
phase and amplitude. Solid state amplifiers, capable of 
delivering up to 20 kW CW at 1.3 GHz, providing 
modularity and low phase noise, will be developed at 
SOLEIL. The gun will be a normal conducting 1.3 GHz 
PITZ type photo-gun [13] (1 .mm.mrad total transverse 
normalized emittance, 1 nC, 60 MV/m accelerating 
voltage, 20 ps flat top laser profile), powered with a 
10 MW multibeam klystron, pulsed by a commercial solid 
state modulator. For repetition rate much higher than 
1 kHz in CW mode, a new type of gun will be required. 
There are essentially two types of low emittance gun 
allowing for repetition rate at the MHz level, either a nc 
VHF photo-gun [14], or a sc L-band one [15]. 

 
ASTRA [17] simulations along the RF-gun and the first 

CM, up to about 200 MeV, exhibit total transverse 
emittances of the order of 0.9 .mm.mrad for 1 nC bunch 
and about 50 A peak current. A magnetic compressor, 
located just downstream of the first CM, further increases 
the peak current. The emittance grows moderately up to 
1.22 .mm.mrad (calculation with CSRtrack [18]), mainly 

because of the Coherent Synchrotron Radiation in the S-
chicane compressor. A third harmonic CM (16.5 MV/m) 
in opposite phase linearizes the longitudinal phase space 
profile, leading to 500 A peak current. The second CM 
running on crest enables to reach 400 MeV; it is followed 
by a long free section for an optional third CM, an 
anachromatic dogleg dedicated to collimation and a 
matching section for the downstream undulalors. Beam 
performances are shown in Fig. 2. 

 
Table 1: The two phases of the LUNEX5 CLA (P1, P2 and 
Pt are the 1.3 GHz CM, the 3rd harmonic CM [16] and the 
overall cryogenic load, respectively. 
 

Mode Nb of 
CMs 

E-field 
[MV/m] 

Qo 
[1010] 

P1 [W]  
at 2K 

P2 [W]  
at 2K 

Pt [W]  
at 2K 

Pulsed 
~10% 

2 25 1.0 55 10 120 

CW 3 16 1.5 140 80 500 

 

Figure 2:  Longitudinal chirped phase space and slice 
parameters along the bunch in the undulator section at 
400 MeV, (1 nC).  

 

ADVANCED FEL LINE 
Advanced FEL searches both control of the spectral and 

temporal properties and more generally the longitudinal 
coherence, and frequency multiplication for a compact 
FEL line. After the first Coherent Harmonic generation 
experiments in the VUV [19-21], seeding with 
conventional laser has demonstrated the suppression of 
the spikes, the reduction in gain length and an increase in 
coherence [22]. Efficient up-frequency conversion can be 
achieved either by High Gain Harmonic Generation in 
cascade [23] or with the Echo Enable Harmonic 
Generation (EEHG) scheme [24-26]. Short wavelength 
seeding with High order harmonic generated in gas has 
been efficiently operated [27-30]. Self-seeding 
efficiently cleans the SASE spectrum [31-33].  

The FEL line comprises transport magnetic elements, 
dump dipole and cryo-ready in-vacuum undulators with 
periods of 30 (modulators) or 15 mm (PrFeB cryogenic 
radiators) [34]. A 3 m long 15 mm period cryogenic 
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undulator with PrFeB magnets is under construction, 
relying on the SOLEIL experience of the construction of a 
first PrFeB 2 m long cryognenic undulator, presently 
installed on the ring [35]. A Ti-Sa oscillator (30 fs @ 800 
nm), followed by a regenerative and a multipass amplifier 
(30 fs, 800nm, 10 mJ, 50 Hz, option at 1 kHz) will be 
used in both seeding schemes. For the Echo, the amplifier 
output is tripled (266 nm) and split into two parts. For 
High Harmonic generated in Gas, the amplifier output 
injects directly the gas cell.  

TOWARDS A LWFA BASED FEL 
DEMONSTRATION 

With respect to conventional accelerators, LWFA 
beams exhibit very different characteristics of phase 
space: in longitudinal, short bunch duration and large 
relative energy spread and in transverse, large divergence 
and micrometer size [36]. An electron beam of 1 % 
energy spread, 1 mrad divergence, 1 mm size, 4 kA peak 
current is first strongly focused in variable permanent 
quadrupoles, a prototype of which is under study; then it 
enters a magnetic chicane for sorting the electrons in 
energy, enabling to reduce the slice energy spread down 
to 0.1 % while lengthening from 2 fs to 20 fs; thereafter it 
is transported in a second triplet of quadrupoles for 
focusing one slice after the other through the undulator 
[37]. A demonstration test experiment targeting 200 nm is 
under preparation with the 60 TW laser of the Lab. 
d’Optique Appliquée and either the 3 m long cryogenic 
undulator or a 2 m NdFeB U20 undulator.   

CONCLUSION 
LUNEX5 R&D with specific funding has started. 

Complementary studies with respect to the CDR include 
sensitivity to the parameters for FEL sources. A new 
transport of the electron beam from a LWFA to the 
undulator enables theoretical FEL amplification with 
more realistic parameters. R&D on the components is 
also launched such as for the 3 m long cryo-ready 
undulator and for some diagnostics.  
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CONCEPTUAL DESIGN OF SC LINAC FOR RIBF-UPGRADE PLAN

K. Yamada∗, K. Suda, N. Sakamoto, and O. Kamigaito,
RIKEN Nishina Center, Wako, Saitama 351-0198, Japan

Abstract
An upgrade plan for the RIKEN RI-Beam Factory is un-

der discussion, the objective being to significantly increase
the uranium beam intensity. The upgrade will change the
first half of the accelerator chain of the RIBF almost com-
pletely. For example, the first ring cyclotron will be re-
placed by a new linac, mainly consisting of superconduct-
ing (SC) cavities, which will boost the uranium beam from
the RILAC2 injector to 11 MeV/u. The present status of
the design study of the new linac is summarized in this pa-
per. The choice of the modular structure, basic specifica-
tion parameters, and initial design of the SC cavity will be
discussed.

INTRODUCTION
The Radioactive Isotope Beam Factory (RIBF) [1] at the

RIKEN Nishina Center was established in order to produce
the world’s most intense radioactive isotope (RI) beams
over the entire range of atomic masses. Among various
heavy-ion beams, the uranium beam is one of the most im-
portant beams in RIBF, because the in-flight fission of ura-
nium ions can produce intense neutron-rich RI beams far
from the stability line on the nuclear chart. The maximum
intensity of the uranium beam has recently reached 15 pnA
(≈1011 pps) at 345 MeV/u, owing to the continuous efforts
in the past [2]. The intensity of the uranium beam is to be
increased at least by a factor of three in the next few years.
Recently, an upgrade plan for RIBF has been proposed

with the objective of expanding its capabilities to the study
of nuclear reaction mechanisms with RI beams. The beam
intensity mentioned above is, however, insufficient to meet
this demand; it should be at least ten times higher than
the maximum achievable intensity with the present RIBF
accelerators. The difficulty in the present acceleration
scheme shown in the upper half of Fig. 1 mainly stems from
the two-stage charge stripping located at 11 and 50MeV/u,
respectively, which yields a total stripping efficiency of 5%
at most. In addition, the RF frequency of the RILAC2 in-
jector [3], 36.5 MHz, is twice that of the succeeding ring
cyclotron (RRC), which causes beam losses in the RRC de-
spite the use of the prebuncher operating at 18.25 MHz.
Therefore, we proposed the new acceleration scheme

shown in the lower half of Fig. 1. First, the fRC will be
replaced by a new cyclotron (New fRC) that will be de-
signed to accept the U35+ ions without charge stripping;
the required K-value and RF frequency will be 2,300 MeV
and 36.5 MHz, respectively. Second, a new linac, mainly
consisting of superconducting (SC) cavities, will replace

∗ nari-yamada@riken.jp

28 GHz
SC-ECRIS

RILAC2
36.5 MHz

RRC
18.25 MHz

Stripper Stripper

Stripper

fRC
54.75 MHz

IRC
36.5 MHz

SRC
36.5 MHz

S-RILAC
73 MHz

New-fRC
36.5 MHz

Present

Upgrade plan

35+ 64+ 86+

86+35+

11 MeV/u 345 MeV/u50 MeV/u

Figure 1: Present (upper half) and proposed (lower half)
accelerator chains for the uranium beam at RIBF. The final
beam energy is 345 MeV/u. The RF frequencies, stripping
energies, and charge states are indicated.

the RRC. The RF frequency is chosen to be 73 MHz, as
mentioned below, and the beam transmission is expected
to be improved. This linac is also free from the potential
risk of space charge effects expected in the RRC at higher
beam currents in the future. By these modifications, we
aim to increase the beam intensity by at least one order of
magnitude compared to the achievable beam intensity with
the present accelerator chain.
In order to evaluate the feasibility, we started a design

study of the SC linac recently. This paper summarizes the
present status of the study.

OVERVIEW OF NEW LINAC
The new linac is designed to accelerate heavy ions with

a mass-to-charge ratio (m/q) of ∼7, such as 238U35+ and
124Xe19+, up to an energy of 11 MeV/u in the cw mode.
A layout plan of the new linac is shown in Fig. 2. The
present injector, RILAC2, will be used for the low-energy
end. We will add a short room-temperature (RT) section to
RILAC2, which will boost the beam energy from 0.68 to
1.4 MeV/u. The main part is the succeeding superconduct-
ing (SC) section working in the energy range from 1.4 to
11 MeV/u.

RILAC2

SC-Linac, 14 cryomodules, L=43 m

RT-cavities
Additional

28-GHz SC-ECRIS

1.4 MeV/u 11 MeV/u

RFQ
Rebuncher

Figure 2: Layout plan of new linac injector.

The beam energy at the border of the RT and SC sections
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was chosen so that the SC section could be covered by a
single structure of a quater-wavelength resonator (QWR).
As shown below, a sufficiently high acceleration efficiency
was obtained by optimizing the dimensions of the SC-
QWR. On the other hand, the RT section requires three
additional resonators operated at 36.5 MHz that follow the
RILAC2 injector directly. The designed gap voltages of the
three resonators are 260, 320, and 320 kV, respectively, for
the gap numbers 8, 6, and 6, respectively. We also roughly
designed the resonators based on the QWR structure in the
same manner as the DTL resonators of RILAC2 [4]. The
inner diameters of the three resonators could be made com-
mon (1300 mm), and each resonator could be excited by an
RF amplifier with a maximum output power of 40 kW.
The SC section consists of 14 cryomodules, each of

which contains four QWRs operated at 73 MHz. A
quadrupole doublet is placed in each gap between the cry-
omodules. The total length will be 43 m for the SC section.
The design procedure is presented below.

DESIGN STUDY OF SC SECTION
We first chose the RF frequency to be 73 MHz, which

is twice that of the RILAC2. It should be noted that the
QWRs of the intensity upgrade program of ATLAS at ANL
operate at a similar frequency in the similar velocity re-
gion [5]. The gap voltage was assumed to be 800 kV.
Second, the gap length and cavity diameter were opti-

mized so as to minimize the number of QWRs involved
in the section. The energy gain of each gap was cal-
culated based on the hard-edge approximation. The RF
phases at the centers of the two gaps in a QWR, φgap1 and
φgap2, were assumed to have the following relations with
the length between the gap centers d:

φgap1 =
π

2
+ φs − πd

β0λ
, (1)

φgap2 = φgap1 +
2πd
β1λ

− π, (2)

where β0 and β1 are the injection velocities to the first and
second gaps, respectively, and φs is the synchronous phase,
which was chosen to be -25◦. After several iterations, we
have determined that d = 160 mm with a total cavity num-
ber of 56. The gap length was decided to be 60 mm. The
value of d corresponds to βgeom = 0.078 through the rela-
tion d = βgeomλ/2. The evolution of the transit time factor
for each QWR is plotted in Fig. 3.
The modular configuration of the SC section was opti-

mized based on the first-order approximation for the trans-
verse and longitudinal motions in the next step. The follow-
ing four configurations were checked for whether a semi-
periodic envelope could be obtained or not with moderate-
strength focusing elements, while keeping the longitudinal
acceptance large enough to capture the output beam from
the RT section:

• 5 QWRs + SC solenoid in one cryomodule; 11 cry-
omodules in total.

Figure 3: Transit time factor of the designed QWR plotted
as a function of beam energy from 1.4 to 11 MeV/u. Fifty-
six QWRs are involved.

• 3 QWRs + SC solenoid + 2 QWRs in one cryomodule;
11 cryomodules in total.

• 4 QWRs in one cryomodule + RT quadrupole doublet
in between; 14 cryomodules in total.

• 3 QWRs in one cryomodule + RT quadrupole doublet
in between; 18 cryomodules in total.

The spatial separation between the cavities was fixed to be
400 mm in all cases. Realistic spaces were kept between
the other components for mounting necessary instruments
such as valves and diagnostics boxes.

Cavity1 Cavity2 Cavity3 Cavity4

DQ

Cryomodule

F DDiagn-
ostics

Figure 4: Selected layout plan of one periodic structure.

It was found that the first case listed above had an insuf-
ficient longitudinal acceptance, while the second case had
a large acceptance. However, we chose the configuration
shown in Fig. 4 for the SC section; the third case listed
above. This configuration did not give the best longitudinal
acceptance among the four. However, the advantage is that
the RT quadrupoles, having an aperture diameter of 50 mm
and a field gradient of less than 20 T/m, would be easier to
make and operate compared to the SC solenoid. The sep-
aration between the quadrupole magnets was set as 0.3 m
for mounting the diagnostics box.
The transverse and longitudinal beam envelopes are also

plotted by using the TRACE3-D code [6] in Fig. 5. The ini-
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tial longitudinal ellipse was assumed to have a phase spread
ofΔφ = ±10◦ and an energy spread ofΔE/E = ±3.0%;
these values were larger than the calculated longitudinal
emittance of the output beam from the RT section. As
shown in Fig. 5, the envelopes are kept small enough.
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H A=  1.2493       B=  2.0491                                                                                                                       
V A=  5.4735       B=  7.1764                                                                                                                       

Z A=  0.0000       B= 1.00040E−03                                                                                                                   

BEAM AT NEL1=    1                                                                                                                            

H A=−0.34203       B=  3.5665         
V A=  1.5140       B=  6.7180         

Z A= 0.40772       B= 2.78894E−04     

BEAM AT NEL2=  308               I=     1.0mA                                                                         
W= 333.2000 2664.1434 MeV                                                                   

FREQ=  73.00MHz   WL=4106.75mm                                                                 
EMITI=   9.611    9.611 99960.00                                                                
EMITO=   3.390    3.390 99960.00                                                                

 N1=    1   N2=  308                                                                    
  PRINTOUT VALUES
 PP PE       VALUE
MATCHING TYPE =  0                                                                       

CODE: Trace 3−D v69ly                                                                   
FILE: srilac_type9_1mA_10deg_3per.t3d                                                   
DATE: 09/10/2013                                                                        
TIME: 21:15:06                                                                          

Phi=  0.0deg,  W=*******MeV                                                                                    
DP=  5.28deg,  DW= 20444.99keV,                                                                                                                    DZ=   9.25mm,  DP/P=  3.860mrad, Ez=  33.08pi−mm−mrad                                                          

Figure 5: Transverse and longitudinal beam envelopes plot-
ted by TRACE3-D code.

The initial designs of the SC QWR were carried out us-
ing CST Microwave Studio 2013 (MWS). Figure 6 shows
the magnetic-field distribution in the QWR. The SC cav-
ity will be operated at 4.5 K. The RF surface resistance is
assumed to be 25 nΩ on the safe side, where the BCS resis-
tance is negligibly small. The parameters of the SC section
at present are listed in Table 1. Here, the definition of the
effective length for the determination of Eacc is selected to
be the inner diameter of the cavity.

Figure 6: Magnetic-field strength of the QWR calculated
by MWS.

OUTLOOK
Although the conceptual design of the new linac is still

at the initial stage, we have obtained a reasonable solution
to meet the requirement. Further study is under way on the
SC QWR, including the mechanical considerations, tuner
design, and coupler design. In parallel, we are going to

Table 1: Design parameters of the SC section of the new
linac.

Frequency [MHz] 73
Duty [%] 100
Mass-to-charge ratio (m/q) ∼7
Input energy [MeV/u] 1.4
Output energy [MeV/u] 11.0
Number of cavities 56
Number of cryomodules 14
Number of quadrupole magnets 28
Total length [m] 43

Cavity inner diameter [mm] φ280
Cavity height [mm] 1103
Gap length g [mm] 60
Gap voltage Vgap [kV] 800
βgeom of cavity 0.078
Beam aperture a [mm] φ40
Synchronous phase φs for βgeom [◦] -25
Operating temperature T [K] 4.5
G = Q0 ×Rs [Ω ] 21.0
Ra/Q0 [Ω] 601.9
Rs = RBCS +Rres [nΩ] 25
Q0 8.4×108
Shunt impedance Ra [Ω] 5.1×1011

Rf power loss P [W] 5.1
Eacc [MV/m] 5.1
Epeak/Eacc 6.1
Bpeak/Eacc [mT/(MV/m)] 11.6

start thermal and mechanical studies of cryostats based on
the initial design shown above. We expect to complete the
first mechanical drawing of the cryomodule by the end of
this year.
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PRELIMINARY DESIGN OF CEPC RF SUPERCONDUCTING SYSTEM 

H. J. Zheng#, J. Y. Zhai, S. Jin, Z. C. Liu, J. Gao, T. X. Zhao, Y. L. Liu 
IHEP, Beijing, 100049, China  

Abstract 
In order to study the Higgs boson in more detail, 

construction of Higgs factory is proposed. This article 
mainly introduce the preliminary RF superconducting 
system design of 704MHz e+e- Higgs Factory (CEPC) 
proposed by Chinese scientists. RF parameters related to 
choosing of cavity, main coupler, HOM coupler and 
cryogenic system have been given. 

INTRODUCTION 
CERN announced that the detection of new particle 

before is suspected Higgs particle [1]. Chinese scientists 
are also actively involved in the research of the 
construction of the Higgs Factory for study the new 
particle. Compared with linear collider, the circular 
collider has mature technology and rich experience. So, 
design of circular Higgs Factory is proposed and several 
proposals have been put forward [2]. The electron and 
positron eventually are accelerated to the centre of mass 
of energy 240GeV. In order to ensure the normal 
operation of the machine, the RF superconducting system 
is essential. RF system is used to provide energy to 
compensate the synchrotron radiation and higher order 
mode loss when the machine is in operation. At the same 
time it also provides longitudinal force for bunches.  

PARAMETERS OF STORAGE RING RF 
SYSTEM 

High Frequency Voltage 
High frequency voltage is expressed as follows 

 
2

2
cos p

rf s
rf z

cC E
V

e
 


 

  (1) 

where Vrf is the high frequency voltage, φs is the 
synchrotron phase, ωrf is the frequency of fundamental 
mode, c is the velocity of light, C is the circumference of 
storage ring, αp is the momentum compaction factor, E is 
the energy of the ring, σε is the energy spread, σz is the 
bunch length. 

Beam Power 
Beam power is 

 b SR HOM wigglerP P P P    (2) 

where Pb is the beam power, PSR is the synchrotron 
radiation power, PHOM is the higher order modes power 
and Pwiggler is the radiation power loss produced by 
wiggler. PSR is given by 

 0b
SR

I U
P

e
  (3) 

PHOM is given by 
 = 2 //. .  (4) 

where k// is the longitudinal loss factor and Qbunch is the 
bunch charge. There is a factor 2 because the CEPC 
storage ring has two beams. 

Machine Parameters Related to High 
Frequency System 

The designed operation frequency of superconducting 
cavity is 704 MHz. Machine parameters (see Table 1) 
related to high frequency system can be obtained by 
CEPC beam designed parameters. 

SUPERCONDCUTING CAVITY 

Cavity Type Choice 
This article uses low loss cavity shape [3] which is used 

for ILC to do the related calculation. The ILC cavity is 
scaled by a scaling factor 1300/704 [4]. The low loss 
shape is used to reduce the power dissipated on the cavity 
wall. At first, we did not do any optimization of cavity 
shape. With high R/Q*G value and small iris diameter, 

Table 1: Machine Parameters Related to RF System 

 Symbol 704MHz 704MHz 

Numbers of IPs N 1 1 

Energy (GeV) E 120 120 

Circumference (km) C 50 50 

Beam current (mA) Ib 5.07 16.9 

Bunch length (mm) σz 2.2 2.2 

Bunch number nb 19 22 

Particle number/bunch  Nb 0.28 0.79 

Momentum compaction 
(10-4) 

αp 0.38 0.38 

SR loss/turn (GeV) U0 2.96 2.96 

SR power/beam (MW) P0 15 50 

Parasitic mode loss/beam 
(MW) 

Uk 0.509 4.787 

Harmonic number (105) h 1.174 1.174 

Cyclotron frequency 
(kHz) 

f0 5.996 5.996 

Longitudinal oscillation 
wave number 

υs 0.176 0.176 

RF voltage (GV) Vrf 6 6 

Luminosity (1034cm-2s-1) L0 1.58 3.1  ____________________________________________  

#zhenghj@ihep.ac.cn 
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this type of cavity has large HOM loss. According to the 
experience, the best accelerating gradient of CW machine 
is 15-20 MV/m [5]. The accelerating gradient of BEPC is 
chosen by 15MV/m according to the 700 MHz 
superconducting cavity design experience [6-8]. The 
accelerating voltage of a single cavity is given by 
 = .  (5) 

where L is the effective length of cavity. According to 
the simulation result, the effective length of 704MHz 
cavity is 1059 mm. The total voltage of CEPC needed is 6 
GV from Table 1. With equation (5), we can get that 378 
cavities are needed to accelerate the beam. All of the 
cavities are symmetrically placed on both sides of the 
collision point.  

HOMs Loss 
Higher order mode damping is one of the most 

challenging problems in storage ring [9]. HOM absorber 
is used to absorb the energy loss on the cavity when beam 
passes through the cavity. The losses include both 
broadband loss and narrowband loss.  

We choose the beam length σ=2.2mm. The total loss 
factor of cavity can be calculated by ABCI. The loss 
factor calculated by ABCI includes both fundamental 
mode and HOMs. The result is shown in Figure 1. For a 
certain beam length σ, the loss factor of the fundamental 
mode is  

 = . .  (6) 

where ω0 is the fundamental mode frequency, R/Q is 
the shunt impedance and σz is the longitudinal beam 
length. So the loss factor of HOMs is 
 0HOMk k k   (7) 

Under the condition of main parasitic modes are deeply 
damped, we choose the narrowband impedance loss factor 
equals broadband impedance loss factor. So the total loss 
factor is 
 2total HOMk k  (8) 

We can get 5.93 /totalk V pC  from equation (6) (7) (8) 

and the parameters given by Table 1. The total HOM 
power absorbed by absorber in every cavity can be 
calculated from equation (4). 

2.694HOMP kW  

The modes with frequency lower than the tube cut-off 
frequency can be extracted by coaxial coupler [10] while 
the other modes can be absorbed by beam pipe load [4, 
11].  

Operating Temperature and Q0 
The quality factor Q0 depends on the cavity surface 

treatment, operating temperature and magnetic shielding.  

 0
s

G
Q

R
  (9) 

where G is the geometry factor and Rs is the surface 
resistance of superconducting material.  
 s BCS res magR R R R    (10) 

 

 

Figure 1: Wakefield and loss factor of cavity. 

The first item of equation (10) is BCS surface resistance 
[12].  

 = 2. 10 . exp	 − .
 (11) 

When the operating temperature is chosen by 1.8K and 
frequency is 704 MHz, RBCS=1.335 nΩ. 

The surface resistance caused by external magnetic 
field is 

 
22

ext
mag n

c

H
R R

H
  (12) 

When we choose 2cH =2400 Oe, RRR=300, f=704 MHz 

and extH =30 mG [11], we can get 7.551magR n  . 

According to the current multi cell processing experience, 
surface resistance can be controlled between 5~10 n . 

From equation (9), we can get Q0 is about 102 10  ~
105 10 . Through the analysis above, we choose Q0=
102 10  under 1.8 K for the design goal. 

INPUT POWER COUPLER AND RF 
POWER RESOURCE 

The input power coupler is mainly used to transfer RF 
power from the generator to the cavity and the beam. 
Most of accelerators such as LEP [13], Cornell ERL [11], 
ILC [10] and BNL use the type of coaxial coupler as input 
coupler. Qe of the input coupler is 

 = ²
 (13) 

where V=15.885MV for CEPC cavity, then we can get Qe 

=
65.1 10 .  

The CW mode klystron working around 700MHz at 
present is VKP7952 which is produced by CPI [14]. The 
largest positive transmission and average power are 1 
MW. Its efficiency is 65% and the klystron to beam 
transmission efficiency is about 44% [10]. CPI has 
already produced klystron with peak power 1 MW and 
works on CW mode for BNL. We can choose klystron 
with peak power 1MW for CEPC. The total number of 
klystron is about 70. 
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COLLECTIVE INSTABILITIES 
The limitation of the longitudinal broadband impedance 

is coming mainly from bunch lengthening. Because of the 
coupling impedance of the vacuum bow in the storage 
ring, with the increase of beam current, the bunch length 
will be stretched due to potential well distortion and 
microwave instability. In particular, microwave instability 
is the cause for the degradation of the luminosity at the 
electron positron collider. It demands that the designed 
current under the microwave instability threshold. 
According to Boussard or Keil-Schnell criterion, we can 
make the threshold of longitudinal impedance as follows 

 
2
0

/ /

2 p e z
th

eff

E
I

Z
eR

n

  
  (14) 

where 0e  is the energy spread, R is the radius of storage 

ring and thI  is bunch current. From equation (14) and 

beam parameters, we can get the threshold of impedance. 
The result is shown in Table 2. In contrast, we give the 
LEP3 and TLEP results [15].  

Table 2: Threshold of Longitudinal Instability [15] 

 CEPC LEP3 TLEP 

Beam 

current 
(mA) 

0.768 0.367 0.32 0.27 1.8 0.45 

/ /

( )

eff
Z n


 0.007 0.015 0.02 0.02 0.039 0.009 

From above, we can see when the bunch charge of 
CEPC is 0.768 mA, its impedance is smaller than TLEP. 
The impedance is so small that it may cause bunch 
lengthening and energy spread increasing.  

In a storage ring, the beam instabilities in both the 
longitudinal and the transverse directions caused by a RF 
system are mainly from the HOMs of the RF cavities. The 
basic contribution in the narrowband impedance is made 
by the parasitic higher order modes of accelerating 
cavities. It requires the multi-bunch instability rise time 
longer than radiation damping time. The radiation 
damping time is given by 
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From Table 1, we can get 0.014x y s   ,

36.761 10z s   . 

The multi-bunch instability growth in longitudinal is  
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   (18) 

where pn = 2f0  (pnb + n + s), f0  is cyclotron frequency, 
nb is bunch number, bI  is the beam current. 

Similarly, in the transverse 
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   (19) 

We choose   =50m in the cavity region. 

The main contribution to the longitudinal impedance is 
from the monopoles and the transverse instability is 
caused by the dipoles and the dipole components of the 
quadrupole mode. Here, we only consider the first three 
band of the HOMs. The impedance threshold value is 
shown in Table 3. 

The calculation results show if the HOMs Qe<104, there 
are no instability issues. This needs more detailed HOM 
damping design.  

Table 3: Impedance Threshold Value 

 Longitudinal 

τz=0.007s 

Transverse 

τx,y=0.014s 

Mode TM011 TE111 TM110 

f(MHz) 1175.7 917.6 1040.7 

R/Q 146.0Ω 1.0Ω/cm2 2.7Ω/cm2 

Qe 1000 1000 1000 

Ztot 0.06GΩ 0.2GΩ/m 0.5 GΩ/m

16.9mA τ(s) 1 0.1 0.05 

Zth 8.3 GΩ 1.8 GΩ/m 1.8 GΩ/m

8.45mA τ(s) 2 0.25 0.1 

Zth 16.6 GΩ 3.5 GΩ/m 3.5 

6.76mA τ(s) 2.5 0.3 0.13 

Zth 20.7 GΩ 4.4 GΩ/m 4.4 GΩ/m

5.07mA τ(s) 3.4 0.41 0.17 

Zth 27.7 GΩ 5.8 GΩ/m 5.8 GΩ/m

Requirement Qe<105 Qe<104 

CRYOGENIC SYSTEM 
CEPC storage ring totally needs 378 cavities to 

compensate synchrotron and HOMs loss. We plan to put 
4 cavities into 1 cryomodule. There are components 
between cryomodules and cavities, such as HOM 
absorber, valves and bellows [16].  

In order to select refrigeration capacity at low 
temperature, the thermal load estimation of srf system is 
as follows. The total cryogenic loss is shown in Table 4. 
 Static heat loss at 1.8 K is about 7.28 W/module 

[11]. The cavity wall loss is 
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 = = ²
 (14) 

We can get the wall loss of every cavity is 20.16W 
from the cavity’s parameter. 

 The 5~8K transmission line is mainly used to 
transport helium to cryogenic device. The use of LHe 
cooling coupler, tuner and the other components 
bring about 55W/module loss.  

 The 40~80K transmission line is mainly used to cool 
HOM absorber and radition shield. This will bring 
10.8kW/module loss. 

CONCLUSIONS 
This article mainly gives parts of basic design of RF 

system of CEPC after beam parameter optimization. The 
cryogenic loss is reduced because the beam decrease, 
however, the HOMs loss is still very large. The extraction 
of HOMs loss is a big problem. More optimization and 
design will be preceded next. 
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Table 4: Cryogenic Loss [10, 11] 

Beam current (mA) 16.9 8.45 6.79 5.05 

Pc / cavity (W) 20.16 20.16 20.16 20.16 

SR loss/turn (GeV) 2.96 2.96 .2.96 2.96 

SR power/beam (MW) 50 25 20 15 

βIP x/y (m) 
0.2 
0.001 

0.071 
0.00048 

0.056 
0.00042 

0.041 
0.00035 

Luminosity (1034 cm-2s-1) 3.1 2.31 1.97 1.58 

Pc (kW) 7.62 7.62 7.62 7.62 

PHOM / cavity (kW) 25.33 6.093 4.233 2.694 

PHOM total (MW) 9.575 2.303 1.6 1.018 

RF-beam power efficiency 44% 44% 44% 44% 

Pklystron (MW) 250 119 95 70 

RF source efficiency 65% 65% 65% 65% 

1.8K heat load (kW) 8.312 8.312 8.312 8.312 

5K heat load (kW) 5.225 5.225 5.225 5.225 

80K heat load (MW) (cold HOM 
absorber) 

9.575 2.303 1.6 1.018 

80K heat load (kW)  (HOM coupler 
and warm absorber) 

6.4 6.4 6.4 6.4 

1.8K efficiency W/W 800 800 800 800 

5K efficiency W/W 200 200 200 200 

80K efficiency W/W 16 16 16 16 

Cryogenic safty factor 1.5 1.5 1.5 1.5 

1.8K AC power (MW) 9.974 9.974 9.974 9.974 

5K AC power (MW) 1.567 1.567 1.567 1.567 

80K AC power (MW)   229.8 55.272 38.4 24.432 

80K heat load (MW)  (HOM coupler 
and warm absorber) 

0.15 0.15 0.15 0.15 

Cryogenic AC power (MW) (cold 
HOM absorber scheme) 

241.341 66.813 48.695 34.727 

Cryogenic AC power (MW) 
(HOM coupler and warm absorber 

scheme) 
11.691 11.691 11.691 11.691 

RF AC power (MW) 384.615 183.077 146.154 107.7 
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NOVEL SRF GUN DESIGN* 
F. Marhauser#, MuPlus, Inc., Newport News, VA, USA 

Z. Li, K. Lee, SLAC, Menlo Park, CA, USA 

 
Abstract 

A high brightness superconducting radio frequency 
(SRF) photoinjector gun cavity has been developed to a 
level ready for construction. The design aims to prevent 
operational limitations encountered with existing 
concepts. 

INTRODUCTION 
A novel SRF photoinjector gun cavity (short: gun) has 

been proposed recently for use in next generation small- 
to large-scale electron facilities such as compact light 
sources (for industrial and medical uses) and high average 
power free electron lasers [1]. These facilities demand 
challenging beam properties from the electron source. 
Typically, transverse beam emittances in the order of 
~1 π mm-mrad (rms) with bunch charges up to 1 nC at 
repetition rates of 1 MHz and beyond are envisioned. This 
embraces both high peak and average beam brightness 
operation. Presently, the combination of these 
requirements cannot be fulfilled with any DC or RF 
electron source (normal-conducting or superconducting). 
Particularly, research for SRF guns has remained an 
active field since the late 1980s, which implies a rather 
slow development. Prevalent limitations are mostly 
related to the photocathode to be inserted into the SRF 
environment. Due to design complexities and associated 
vulnerabilities, damage and contamination of the delicate 
interior and/or photo layer have been encountered 
repetitively among the differing concepts (i.e. elliptical, 
quarter wave resonator, DC-SRF hybrid, and Nb/Pb 
hybrid guns). This prevented from operating stably at the 
proclaimed field levels either in vertical or horizontal 
tests (e.g. [2-5]). Thus, a blemish-free superconducting 
surface is the key for success. 

 

 
 

Figure 1: Left to right: Demountable back plate, main gun 
body, and joined structure. A waveguide input and two 
HOM couplers attached to the beam tubes are shown. 

This consideration has led to the concept depicted in 
Fig. 1. It utilizes a non-conventional accelerating RF 
mode (TM020) in the first half cell to facilitate a complete 
exchange of the back wall. Easy access for chemical 
treatment and high pressure ultrapure water rinsing is 
granted to aim for high fields at high quality factors, 
while mitigating field emission, dark currents, and/or 
multipacting issues. The RF joint between the back wall 
and the main gun body is facilitated with a flange-gasket 
connection to allow repetitive access to the interior even 
after fabrication to eventually rid the cavity from any 
major contamination. Furthermore, both parts can be 
fabricated and cleaned independently from each other to 
be assembled in a clean-room after a final rinse. 

A cathode hole in the back wall and a rather complex 
cathode exchange system is not considered. Associated 
risks and costs are eliminated. Instead, the back plate 
carries a photo layer. This concept adopts the idea 
proposed in the last decade to merely laser-illuminate a 
photo layer at the center of the back wall (e.g. [6], [7]). A 
metal cathode - preferably a superconductor - can 
principally provide unlimited lifetime while being less 
susceptible to contaminations than delicate mono- or 
multi-alkali cathodes (e.g. Cs2Te, CsK2Sb). Though metal 
cathodes (incl. Nb) usually exhibit low quantum 
efficiency (QE), a superconducting Pb photo layer is 
considered adequate for applications requiring modest 
average beam currents (~ 1 mA, i.e. 1 nC/1 MHz or 
100pC/10 MHz) with reasonable laser power. 
Specifically, plasma arc-deposition of Pb on Nb has been 
found to provide the highest QE of up to 0.55 % (in the 
UV range) among other coating techniques [6]. The 
successful deposition of a high-quality Pb photo layer 
(μm-thick) on Nb cavities (‘Nb/Pb hybrid guns’) has been 
demonstrated in the past [7]. Yet, the coating process 
remains delicate. E.g., a Nb/Pb hybrid gun produced 
recently for HZB/Berlin has suffered a significant Q-
degradation after coating when tested in the horizontal 
cryostat [5]. However, the Pb layer exhibited an uneven 
profile with droplets that caused elevated field emission. 
Hence, producing a high quality thin film coating 
avoiding Pb droplets is mandatory. Practical difficulties 
during the coating process arise from the fact that the Pb 
ion beam has to pass the whole cavity. The proposed gun 
simplifies the coating process since the deposition can be 
done directly onto the back wall without requiring the 
main gun body. This offers improved quality control, e.g. 
immediate optical inspection of the photo layer. 

Further details of the gun design are described in the 
following including RF, thermal and structural aspects. 

 ___________________________________________  

*Work supported under U.S. DOE Grant Application Number 
98802B12-I 
# e-mail: frank@muplusinc.com 
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DESIGN ASPECTS 
The main feature granting to remove the back wall is 

the TM020-mode resonating in the first half cell of the gun. 
It exhibits a ring with vanishing magnetic fields at a radial 
offset far away from the cathode. The back wall can be 
opened at this position with minor RF losses. Subsequent 
(full) cells can operate in the conventional TM010 mode to 
not significantly compromise the accelerating efficiency. 
The half cell is larger in diameter to yield the same 
frequency as a full cell. It can be optimized in conjunction 
with the aperture radius to, e.g., provide a flat accelerating 
field along the axis. The principal design is illustrated in 
Fig. 2 by means of a 1½-cell gun depicting a cutaway 
view, the surface electric field amplitude, and magnetic 
flux density from left to right. 

 

 
 

Figure 2: Left to right: Cutaway view and surface electric 
and magnetic field contours. 

 
The demountable back wall is joined to the gun body 

via a flange-gasket connection. This inevitably creates a 
coaxial line. Though the magnetic field vanishes at the 
beginning of the line, the electrical field exhibits a local 
maximum. Residual RF fields then still leak into the line 
towards the end of the filter. The rejection of the 
fundamental mode can be done efficiently by choosing 
the appropriate length of the line (close to λ/2). Note that 
the following absolute results refer to a 1.5 GHz design, 
though the geometry is scalable to any frequency. The 
practical objective is to sustain a surface field as high as 
50 MV/m at the cathode layer, which is essential to limit 
space charge forces at the origin. Normalized to this 
value, Fig. 3 plots the electrical field (black) and magnetic 
flux density (red) along the surface interior from the 
cathode to the beam tube end. The extent of the back wall, 
filter line, 1st cell, iris, and 2nd cell are marked on the left. 

 

 
 

Figure 3: Absolute surface RF electric (black) and 
magnetic flux density (red), respectively, along the 
surface interior. 

 
The right figure is a magnified view of the surface 

fields within the filter line. The simulation includes the 
features of a flat gasket pressed between two flanges. It 

reveals that the magnetic flux density is in the μT-regime 
all along the RF joint. This is a flux density comparable to 
that far within the beam tube, i.e. where cavities are 
routinely connected with each other not requiring a 
superconducting joint. Moreover, a few μT inhibit 
thermal runaways of the cavity even in case the flanges 
and the gasket are in a normal conducting state. A 
corresponding thermal calculation using stainless steel 
flanges (SS 316L) and a copper (OFHC, RRR = 100) 
gasket is shown in Fig. 4 (five degree slice model). 

 

 
 

Figure 4: Thermal distribution in the SRF gun walls 
operating in CW mode (50 MV/m at cathode). 

 
The simulations were conducted with the 

supercomputing code TEM3P that allows for the non-
linear properties of all materials and the Kaptiza 
resistance at the metal/He interfaces [8]. Note that the 
details of a standard ConFlat flange with knife edges and 
a crushed gasket have been modelled. The materials used 
are indicated in the right plot, which is a closer view 
around the RF joint. The gun is fully immersed in 
superfluid helium (He II) at 2 K. The result reveals that 
the temperatures at the normal conducting RF joint reach 
only 2.04 K in maximum. 

Further calculations have been performed to study the 
effect of laser heating at the photo layer (Ø = 3 mm). The 
laser deposits additional power (Plaser) depending on the 
QE of the cathode at a given average beam current (Iave). 
The absorbed power is Plaser·(1-R-QE) with R denoting 
the reflectivity of the photocathode. To be most 
conservative, R and QE were set to zero such that the full 
laser power was applied as a heat source. A calculation 
with Plaser = 2.6 W to obtain Iave = 1 mA (QE = 0.27 %, 
half of max. for Pb) resulted in a peak temperature of 
2.72 K in the mid of the cathode layer. Hereby, the higher 
temperatures around the cathode are confined to a fraction 
of the Nb wall thickness, thus not causing a thermal 
runaway. In a separate calculation a normal conducting 
layer (Cu) has been assumed instead of Pb. Even in this 
case the temperatures were confined similarly around the 
cathode (max. 2.62 K) since the RF magnetic flux density 
vanishes at the center. The finding implies that the use of 
a normal conducting photo layer is a feasible option. 

Note that up to the dome region, flat walls have been 
employed for the half cell to not only ease fabrication, but 
to symmetrize the fields between adjacent walls. This 
makes the filter efficiency less susceptible to fabrication 
tolerances. For instance, a major contributor to 
geometrical inaccuracies is the known springback effect 
of the cavity sheet material after deep-drawing. It 
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typically results in up to 100 μm deviations from the ideal 
profile. For the flat walls the springback effect is mostly 
eliminated or can be reversed, but still can affect the 
dome region. Tolerance studies have been performed that 
considered deviations from the ideal geometry. For 
instance, a geometrical change of the filter line length 
from its optimum by as much as ± 2 mm caused a 
negligible increase of field levels (merely 0.1 μT). Most 
critical is a radial mismatch of the filter’s center line with 
respect to the zero magnetic field. A filter mismatch of 
± 0.5 mm from its ideal location (i.e. ~5× the max. 
expected springback effect) resulted in an elevation of the 
peak flux density to maximally 1.2 mT at the RF joint. 
This value is still far below critical field levels of possible 
superconducting flange (e.g. NbTi, NbZr, NbN) and 
gasket (e.g. Nb, In, Pb) materials, but becomes critical if 
one relies on normal conducting materials only (1e5-1e6 
higher resistances). Thermal calculations in case of such a 
mismatch (+ 0.5mm) have been performed for different 
combinations of flange (SS 316L, NbTi) and gasket (Cu, 
AlMg, Nb) materials. The results are documented in 
Fig. 5. While a pure normal conducting connection (SS 
316L + Cu) would lead to a thermal runaway (case 1), all 
other cases are feasible. The crucial result is that 
conventional NbTi flanges can be used in combination 
with normal conducting gaskets (Cu or AlMg). 

 

 
 

Figure 5: Thermal distributions as in case of Fig. 4, but 
with a filter line misplaced by +0.5mm from its ideal 
position. Four cases with material combinations have 
been studied as indicated. 

 
The gun design also addressed the suppression of 

multipacting (MP) in the cavity cells and the filter line. 
Geometrical cell optimizations (for the dome region) have 
led to soft MP barriers (if at all), e.g. with secondary 
impact energies below those in standard TESLA cavity 
cells. This is seen in Fig. 6 (left) indicating the 
improvement from an initial (gray) to the final design 
(green) covering operating regimes up to 100 MV/m at 
the cathode. Analytical calculations have been performed 
for the filter line concerning potential two-point MP 
between the walls (Fig. 6 right). The filter gap width has 
been varied within 1-10 mm and possible resonant MP 
conditions up to the 5th order (n) studied. The blue area 
indicates the electric amplitudes feasible for a gap width 
of 6 mm at 50 MV/m at the cathode. These fields are 1-3 

orders of magnitude lower than required for any MP 
resonance to take place, which also provides a margin 
concerning geometrical tolerances. The absence of MP in 
the filter line was confirmed by numerical studies. 

 

 
 

Figure 6: Multipacting assessment for the cavity cells 
(left) and the filter line (right). See text for more details. 

 
Eventually, structural analyses were carried out to 

assess the static Lorentz force detuning under different 
mechanical constraints that allowed obtaining  
-0.6 Hz/(MV/m)2 in best case. Beam dynamical studies 
for a split photoinjector setup with a short linac 
demonstrated the high brightness performance (see also 
[1]) and revealed that a 2½ -cell gun is most favourable. 
Furthermore, the generator power requirements have been 
assessed in presence of microphonics (less than 10 kW), 
while different coupler designs were conceived (coaxial, 
waveguide). One additional benefit is that the TM020-
mode grants attaching HOM waveguide couplers directly 
on the cell (opposite to filter) without creating a surface 
field enhancement. Further work included the engineering 
design reusing CEBAF cavity coupler hardware to 
minimize effort and project costs and commence with the 
fabrication at our envisioned partner institution JLab. 

DISCUSSION 
A novel SRF gun has been developed up to an 

engineering design ready for construction. The ultimate 
goal was to build and high power test a prototype to 
demonstrate stable operation at higher than presently 
achievable field levels in presence of a photocathode 
layer. The work has been funded as part of the Small 
Business Innovation Research program (Phase I) by the 
US Department of Energy (DOE) for a one year period. 
Funding beyond phase I however was not granted by the 
DOE, such that any further activities have been halted. 
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THE SRF PHOTO INJECTOR AT ELBE  - DESIGN AND STATUS 2013 
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P. Kneisel, TJNL, Newport News, USA
 

Abstract 
In order to improve the gradient of the cavity and the 

beam quality of the gun, a new design for the SRF photo 
injector at the Helmholtz-Zentrum Dresden-Rossendorf 
has been developed. Apart from the special design of the 
cavity itself – as presented at SRF09, Berlin – the next 
update will include a separation of input and output of the 
liquid nitrogen supply system. This is supposed to 
increase the stability of the nitrogen pressure and enable a 
better monitoring of its temperature. The implementation 
of a superconducting solenoid inside the cryomodule is 
another major improvement. The position of this solenoid 
can be adjusted with high precision using two step 
motors, which are thermally isolated from the solenoid 
itself. The poster will present the progress of turning the 
first design models into reality. 

INTRODUCTION 
The Rossendorf superconducting RF photo injector 

(SRFgun) developed within a collaboration of the 
institutes HZB, DESY, MBI and HZDR has been put into 
operation in 2007. It is designed for medium average 
current beam and operation in CW mode with high 
repetition rate [1]. The superconducting cavity, the main 
part of SRF gun, consists of three TESLA cells and one 
optimized half-cell. The Cs2Te photocathode is inserted in 
the half cell isolated by a 1mm vacuum gap. Additionally, 
a resonant superconducting choke filter surrounding the 
cathode is served to prevent RF leakage. During the gun 
operation, the cavity quality limits the achievable 
acceleration gradient and thus the electron beam 
parameters could not approach the design values [2]. For 
that reason two new niobium cavities were fabricated and 
treated in collaboration with Jlab. Simultaneously a new 
cryomodule was designed and fabricated. 

 DESIGN OF THE NEW CRYOMODULE 
The design of the new cryomodule for the SRF gun up-

grate is shown in Fig. 1. The stainless-steel vacuum vessel 
has a cylindrical shape with 0.73 m diameter and 1.3 m 
length. The cavity is passively protected against ambient 
magnetic fields by means of a μ-metal shield, placed near 
the inside of the vacuum vessel. The thermal shield is 
cooled with liquid nitrogen. It consists of a cylindrical Al 
sheet welded to two circular tubes filled with N2. The 
liquid N2 tank is in the upper part of the cryomodule. 
From the N2 tank tubes lead to the photocathode cooler 
and the main power coupler. Eleven Ti spokes hold the 
cold mass (cathode cooling and support system, He tank 

with cavity, superconducting solenoid) and allow a 
precise alignment of the cavity by means of micrometer 
screws from outside. The He port and the N2 port are on 
top of the cryomodule. From the port the He flows 
through a heater pot and the two-phase supply tube into 
the chimney of the He tank. The cryomodule is designed 
for superfluid He at 2 K (31 mbar) and RF operation in 
continuous wave mode with a heat losses of up to 50 W. 
The static He head load is about 5 W. There are two He 
level sensors, one in the He tank and one in the heater pot. 
The later and an electrical heater serve for the He level 
control in the cryomodule. Three rotary feedthroughs at 
the backside allow an adjustment of the photocathode 
with respect to the niobium cavity.      

 

 
Figure 1: 3D cut view of the new cryomodule. 
 
The main difference of the new cryomodule to that of 

the present operating SRF gun is the integration of a 
superconducting solenoid. Furthermore the liquid N2 
filling level measurement has been improved. The 
cryomodule was assembled without the Nb cavity and 
tested in 2013.  Fig. 2 shows a photograph.   

INTEGRATION OF THE 
SUPERCONDUCTING SOLENOID 

The superconducting solenoid consists of a coil with 
NbTi wires and a soft iron joke. It can produce a peak 
field of 0.45 T with a 10 A current. The inner boring 
diameter is 60 mm.  A Cu plate with a U-shaped tube in it 
cools the solenoid with liquid He. Flexible tubes realize 
the connection to the He heater pot.  
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Figure 2: Photograph of the new SRF gun cryomodule. 

The solenoid and the cavity must be precisely aligned 
to each other. Therefore the solenoid support is connected 
to the cavity tank with three stable rods (see Fig. 3). A 
first mechanical alignment of the solenoid is carried out 
during the assembly. Thereby the solenoid have to tilt 
correctly in order that it axis is parallel to the cavity axis.   
After cooling down, a remote controlled, beam based 
alignment procedure will be applied for horizontal and 
vertical positioning. The solenoid is placed on an x-y 
table with two stepper motors. The position system of 
PI miCos GmbH is suitable for use in vacuum and at 
cryogenic temperatures. The traveling range is 6 mm for 
both directions. The traction current as well as the 
permanent holding current of the stepper motor causes a 
heat input which was expected to be too high for the He 
system. Therefore the x-y table is on 70 K and cooled 
with liquid N2. This solution requires its thermal isolation 
with respect to the He cavity vessel and the solenoid.   
The photograph in Fig. 4 shows the realized technical 
design with the superconducting solenoid, its He cooling 
connections, the solenoid mount, and the x-y table with 
stepper motors.  

Within a functional test the cryomodule was completely 
assembled with exception of the Nb cavity, evacuated and 
cooled with liquid N2 and liquid He (4 K). The He colling 
of the SC solenoid worked properly and the field profile 
could be measured at the nominal current of 10 A [3]. 
Furthermore, the operation of the operation of the stepper 
motors at 70 K temperature was tested. With a number of 
temperature sensors the proper thermal isolation between 
He vessel, x-y table, and SC solenoid was checked. 

 
  

                
Figure 3: Drawing of the cold mass, from left to right: 
Beam tube, x-y table, stepper motors and superconducting 
solenoid, liquid He vessel of the cavity, photocathode 
cooling system, vacuum tube for cathode exchange. 

NEW CAVITIES 
During the last years two new Nb cavities for the SRF 

gun has been fabricated, treated and tested in 
collaboration with Jlab. One of them has been completed 
with the He vessel as can be seen in Fig. 5. In comparison 
to the existing SRF gun at ELBE the new cavity will have 
a higher performance with respect to the intrinsic quality 
factor and the maximum acceleration gradient.   

  

 
Figure 4: Photograph of superconducting solenoid after 
assembly in the new cryomodule. 
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The new cavity has 3½ cells and is in its shape similar 
to the existing one. Some improvements concern the 
higher stiffness of the half-cell and a modified design of 
the choke filter pick-up antenna (see Fig. 6) [4]. After a 
final performance test it is planned to assemble the cold 
mass in the Jlab clean room, and after that to ship it to 
HZDR for final cryomodule assembly. 
 

 
 

Figure 5: Photograph of SRF gun cavity with He tank 
before the vertical test. 

 
 
Figure 6: Drawing of the 3½ cell SRF gun cavity. 
 

PHOTOCATHODES 
In 2013 a new photocathode laboratory was established 

and put into operation in the ELBE accelerator building. 
It consists of a laboratory room and a class 100 clean 
room. The existing preparation system for Cs2Te photo 
cathodes was moved into the new laboratory. The photo 
cathode diagnostics has been upgraded to allow multi 
wavelengths quantum efficiency measurements. The 

future work on Cs2Te photo cathodes will be focused on 
the suppression of multipacting. A new preparation 
system for GaAs photocathodes  (see Fig. 7) is being built 
to allow the use of these photocathodes at the SRF gun in 
future.  

 
 
 

 
 

Figure 7: Photograph of the new preparation system for 
GaAs photocathodes. 
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Abstract
Many future electron accelerator projects such as energy

recovery linacs (ERLs), high power free electron lasers
(FELs) and also some of the new collider designs rely on
the development of particle sources which provide them
with high average beam currents at high repetition rates,
while maintaining a low emittance. Superconducting ra-
dio frequency (SRF) photo injectors represent a promising
concept to give just that, offering the option of a continuous
wave (CW) operation with high bunch charges. Neverthe-
less, emittance compensation for these electron guns, with
the goal of reaching the same level as normal conducting
sources, is an ongoing challenge. This paper is going to
discuss several approaches for the 3-1/2-cell SRF gun in-
stalled at the accelerator facility ELBE at the Helmholtz
Center Dresden-Rossendorf including the installation of a
superconducting solenoid within the injector’s cryostat and
present the currently used method to determine the beam’s
phase space.

MOTIVATION
The motivation of the design and development of an

SRF photo injector is to combine the advantages of well
known normal conducting injectors, such as thermionic or
photo DC guns, and normal conducting (NC) RF injectors.
While the latter ones usually generate the best, so smallest,
beam emittance values and are able to provide hight bunch
charges, DC guns give the option to operate at much higher
repetition rates—eventually CW mode—and therefore of-
fer high beam currents. Instead of normal conducting RF
accelerator structures, including injectors, which are lim-
ited in their repetition rate due to the large power loss by
electrical heating, a superconducting RF resonator is able
to accelerate charged particles in CW operation making it
possible, to build a whole CW particle accelerator. Turning
the injector itself superconducting too, gets the advantages
of both sides—DC and RF—together. Nevertheless, while
it is a common approach to focus an RF gun’s beam using a
solenoid around or at least close to the resonator’s exit, this
is very complicated for the concept of a superconducting
structure. Hence, alternatives have to be developed.

The HZDR at Rossendorf, Germany, has started to de-
velop a 3-1/2-cell niobium electron gun in 2004 [1] and is
currently operating it at the ELBE accelerator facility. This
gun can supply the local linac with electrons at a repetition
rate of up to 13 MHz.

∗h.vennekate@hzdr.de

EMITTANCE COMPENSATION
Since the presence of any additional magnetic field at the

location of the RF cavity of the injector is unfavorable, the
first approach to reduce the emittance growth has been the
installation of a large solenoid just outside the gun’s cryo-
stat and its magnetic shielding. Such a magnet can focus
the electron beam similar to an optical lens with its refrac-
tivity being represented by the integral of its quadratic mag-
netic field on the beam axis along its spatial extent in this
dimension.[2]. The used solenoid has a diameter of about
70 cm and is 12 cm long. It reaches a maximum magnetic
field on the beam axis of about 440 mT, which corresponds
to a quadratic field integral of

∫
z′ B

2
z dz = 0.012 T2m. The

distance to the cathode of the gun is roughly 1.1 m.
In addition to the solenoid outside the gun cryostat, an-

other effect inside the resonator itself aids to focus the elec-
tron bunches released by the cathode. The Rossendorf de-
sign of the SRF gun combines a 3-1/2-cell superconduct-
ing resonator with normal conducting photo cathodes con-
tained in an elaborate cooling system, making it possible to
exchange the individual cathodes without warming up the
whole SRF part of the injector. The NC cathodes are in-
serted into the first half-cell of the niobium cavity through
a small feed through. Their front surface is coated with
Cs2Te, which emits electrons when excited by photons of a
certain wavelength from an external laser. When retracted
for a few millimeters into the connection tube, the front
side of the cathode “sees” a certain electric field due to the
RF fields inside this rod. These fields contribute to direct-
ing the electrons along the beam axis. This RF focusing is
described in more detail in [3]. Its improvement is also part
of the present research at HZDR.

Emittance Measurement
The transverse emittance of the beam can be determined

in a special diagnosis beam line separate from the actual
linear accelerator at Rossendorf. This setup allows a paral-
lel operation of the main machine and the SRF gun. Within
the diagnosis beam line several options to measure the
emittance, like a quadrupole scan, are available. Most re-
cently, a new single slit scanning method has been estab-
lished. It uses a movable slit mask to sample a small beam-
let out of the entire beam on a YAG screen downstream the
beam line. This beamlet is being recorded and analyzed
by a LABVIEW program. Moving the slit along the beam
gives a complete information of its transverse phase space.
A complete description of the method and the used analysis
algorithms has been presented at the recent FEL 2013 [4].
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Figure 1 gives a representation of the setup.

Figure 1: Scheme of the setup for the Single-Slit-Scan
Method: The slit mask samples a beamlet of the beam
which gets detected on YAG screen at a certain distance.
Afterwards the angle distribution of the beamlet on that
screen is integrated. Scanning the whole beam with this
mask results a representation of the complete phase space
[4].

Superconductiong Solenoid

In order to get the focusing forces closer to the cath-
ode and so the initial start of the electron bunch, a new
gun cryostat has been designed including a superconduct-
ing solenoid next to the SRF cavity, surrounded by an addi-
tional magnetic shield. This solenoid is manufactured us-
ing NbTi-wires and supposed to be cooled by the same liq-
uid helium supply system as the niobium gun resonator.

Figure 2: Drawing of the cavity string of the 3-1/2-cell
resonator with highlighted position of the superconducting
solenoid which is located about 70 cm from the cathode in
the first half-cell.

The cooling itself is done via an U shaped tube filled
with liquid helium inside a solid copper ring, which is
thermally connected to the solenoid yoke via an indium
disc as shown in figure 3. The whole structure rests upon
two stepping motors, that are able to move the magnet
around the beam pipe in the plane perpendicular to the
beam axis to compensate for possible errors in its field dis-
tribution. The superconducting solenoid has a diameter of
14 cm and reaches a peak magnetic on-axis field of about
Bz,max ≈ 450 mT. With its length of approximately 6 cm
it generates a refractivity of

∫
z′ B

2
z dz ≈ 0.009 T2m at a

distance of about 70 cm from the cathode.

Figure 3: Exploded view of the superconducting solenoid,
from left to right: Front plate with base plate, connec-
tor, copper cooler with helium pipe, indium disc, solenoid
yoke, coil, yoke back plate.

Field mapping As a first step in characterizing the su-
perconducting solenoid, a special installation has been set
up. It consists of three stepping motors and a hall probe
to determine the magnet’s field distribution in beam direc-
tion. This setup has been used to map the magnetic field of
the solenoid at room temperature using low currents around
60 mA as depicted in the photograph in figure 4. During the

Figure 4: Photograph of the hall probe setup for the room
temperature field mapping of the solenoid, the gun cryostat
is open and no beam pipe is installed yet.

measurements, the hall probe scanned a square shaped area
of 37 mm2 inside the imaginary beam pipe—which was not
installed at that point—and did record the z-component of
the magnetic field for each 1 mm-step of the motors in x-
and y-direction. After recording such a field slice, the hall
probe advanced again by 1 mm in negative z-direction and
scanned the next square of the field as indicated in figure
5. The resulting collections of field slices were used to re-
construct their individual “barycenters” as represented for
a single one in 6 and in conclusion to extrapolate the axis
of the total solenoidal field.
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Figure 5: Scheme of the measuring procedure of the field
mapping: The hall probe is scanning a square in the plane
perpendicular to the beam axis and does take data every
1 mm sized step. After finishing one square it advances to
the next by 1 mm.
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Figure 6: Example of the evaluation of the field slices, the
recorded field map is fitted with two Gaussian functions in
x- and y-dimension giving a field focus center.

These measurements confirmed that the magnetic axis
of the solenoid is mostly in good agreement with its geo-
metric one, as the measured deviations are in the order of
magnitude of the uncertainties of the measurement itself.

α[◦] β[◦] ∆x[mm] ∆y[mm]
0.7 ± 1.0 1.5 ± 0.3 −1.0 ± 1.3 0.4 ± 1.0

Table 1: Field Map Results

With the help of four small screws holding the base plate
of the solenoid, which rests on a small metal ball, in place,
some fine adjustments improving on the measured devia-
tions of the axes could be performed.

Field Profiles at Low Temperatures In order to check
on its superconductivity and the corresponding magnetic
field levels at high currents, the solenoid has been cooled
down to about 4 K. For this more complex procedure, it had
to be installed inside the new gun cryostat, which does in-
clude a large heat shield using liquid nitrogen to cool down
most of the inside parts. Secondly, the solenoid had to be
connected to the internal helium supply system, cooling it
down below its transition temperature. This whole process
is described in [5]. As shown in figure 7 the same hall probe

Figure 7: Photograph of the hall probe setup for low tem-
perature experiments, the gun cryostat is closed and the hall
probe enters the solenoid field through the installed part of
the beam pipe.

setup could be used to record the field profiles along the
beam axis, this time from outside the gun cryostat through
the actual beam pipe.

Since the time of the solenoid being superconducting
was limited by the available helium supply, only the field
profiles not the entire distributions were recorded. The
coil of the solenoid was connected to a laboratory current
source and supplied with 7, 8, 9, and 10 A for this mea-
surement. the results of the measurements are presented
in figure 8. The lower part of the illustration shows a 2D
representation of the cross section of the beam pipe, the
solenoid, and the hall probe and their arrangement. Prior
to the experiment, the same geometry has been simulated
using the POISSON SUPERFISH solver from LANL. The
resulting field profiles are shown in the same plot. Table 2
summarizes the peak field values of the z-components and
further parameters of the experiment. The given uncertain-
ties are only of systematical not statistical nature [6].

Vol. [V ] Curr. [A] Bz,meas[mT ] Bz,sim[mT ]
0.8 8 367 ± 1 381
1.3 10 449 ± 1 476

Table 2: Peak Fields

SUMMARY
Conclusion

The 3-1/2-cell SRF gun at HZDR is a successful exam-
ple of a superconducting injector for CW operation. Yet,
compensating the emittance is still a complicated problem
that requires sophisticated solutions. The current approach
is, to get a solenoidal magnetic field as close to the cath-
ode as possible. This concept has advanced from a normal
conducting magnet outside to a superconducting one inside
the gun cryostat at Rossendorf. The SC solenoid itself has
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Figure 8: Upper part: Plot of the simulated field profiles for
8 and 10 A combined with the measured data points from
the low temperature hall measurement. Lower part: Two
dimensional representation of the setup’s geometry with
the exit flange of the beam pipe as the left and the (imagi-
nary) SC resonator as the right border.

been tested at room temperature as well as at low temper-
ature and performs within the range of expectations from
earlier simulations. The next step before the final installa-
tion is, to analyze its thermal behavior when being operated
at high currents for a long time. The solenoid yoke and the
links to the liquid helium system have been monitored by
temperature sensors during all the tests. The data analysis
of these recordings does still demand further investigations
and recalibrations of some of the sensors, which is sched-
uled for the coming weeks. Further tests of the installation
may follow.

Outlook
The next mayor step in order to improve the current situ-

ation of emittance compensation of the SRF gun at HZDR
is the installation of a new gun including the well tested
superconducting solenoid. The niobium resonator for this
purpose has already been produced at JLab in the US and is
currently being processed and tested there. Together with
this cavity another large grain cavity has been manufac-
tured and is planed to be tested and eventually also installed
in a new cryostat at Rossendorf. Both cavities are supposed
to reach much higher gradients than the currently used one,
thereby improving the beam’s emittance.

Besides these efforts, further concepts to focus the in-
jector’s beam at an early stage have been developed. For
example, additional studies concerning the RF focusing on
the cathode depending on its exact position are projected
in the near future. Another ambitious concept is to gener-

ate a TE-mode coexisting with the accelerating TM-mode
inside the cavity. By choosing certain frequencies, these
two modes can be synchronized to get a solenoidal field
right into one of the resonator’s cells, focusing the released
electrons even closer to the cathode than with the supercon-
ducting solenoid as shown in figure 9. [7].

Figure 9: Example of a field distribution of the combination
of a TM-mode (red) and a TE-mode (blue) to demonstrate
the effect inside the 3-1/2-cell cavity from [7]
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Abstract 
The R&D ERL project at BNL serves as a test bed for 

future RHIC projects, i.e., e-cooling and eRHIC, so this 

prototype ERL aims to demonstrate the main parameters 

for electron beam in these projects. The 704 MHz half-

cell SRF gun is designed to deliver up to 0.5 ampere 

beam at 2 MeV with 1 MW of CW RF power. The gun 

commissioning without a cathode stalk insertion in the 

ERL block house started in November of 2012. After high 

power RF conditioning, the cavity was able to operate at 

2 MV (23.5 MV/m) in CW mode. The commissioning 

with the cathode stalk insertion is still in progress, and so 

far, the gun reached 1.8 MV with 40% duty cycle. This 

paper briefly addresses the SRF gun system design, then 

describes the cold emission tests and discusses the results. 

INTRODUCTION 

The Collider-Accelerator Department at Brookhaven 

National Laboratory is building a high-brightness 500 mA 

capable ERL [1] as one of its main R&D thrusts towards 

eRHIC, the electron-hadron collider upgrade of the 

operating RHIC facility [2]. The ERL 5-cell SRF linac 

cavity [3] has been extensively tested already [4], and 

commissioning of the SRF gun without a cathode stalk 

insertion was completed in early 2013. The half-cell SRF 

cavity reached the design requirement for the ERL 

operations [5]. The commissioning with the cathode stalk 

is ongoing now. So far, the cathode stalk went through the 

multipacting zones that were found during vertical testing 

of the gun cavity. To date, the gun reached 1.8 MV with 

40% duty cycle. In this paper, we describe main results of 

the SRF gun commissioning. 

SRF GUN SYSTEM  

The SRF gun is a half-cell cavity that is designed to 

deliver 0.5 A at 2 MeV with 1 MW of CW RF power. It 

incorporates a double quarter-wave (QW) choke joint 

cathode insert, a pair of opposing fundamental power 

couplers, a high-temperature superconducting (HTS) 

emittance compensation solenoid and a beam-pipe 

damper of Higher Order Modes (HOMs). The layout of 

the ERL SRF gun cryomodule is shown in Figure 1. For 

the details of the SRF gun system, please refer to 

reference [1]. 

 

SRF GUN COMMISSIONING 

The strategy of the SRF gun commissioning is 

following: 1. Commissioning without a cathode stalk 

insertion; 2. Commissioning with the cathode stalk 

insertion; 3. Electron beam commissioning. The first step 

was completed earlier this year. The gun went through 

FPC conditioning in situ, which took most of the time for 

rising the forward RF power and the cavity accelerating 

voltage. Eventually, after pulsed processing with the RF 

power up to 490 kW with the pulse duration of 700 μs, we 

reached 2.2 MV in CW mode, although accompanied by 

heavy field emission. The cavity was able to operate at 

2 MV with little radiation. The commissioning (step2) 

with the cathode stalk insertion started in Aug. 2013. The 

main purpose of this test was to condition the 

multipacting in the quarter wavelength RF choke-joint for 

cathode insertion, where multipacting happened in 

vertical tests. The simulation results showed that 

multipacting occured at 3.5 MV/m, 6 MV/m and 

11 MV/m. During the commissioning, we confirmed this 

multipacting zones and also went through them quickly 

with high power conditioning. After less than 20 hours of 

the 2 K test, the accelerating voltage in the gun reached 

1.8 MV with 40 % duty cycles.      

 

 

Figure 1: ERL SRF gun cryomodule. 
 ___________________________________________  
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Cavity Performance 

RF losses in the cavity walls can be measured either via 

the helium boil-off flow rate or the liquid helium level 

change. However, the boil-off data is too noisy to resolve 

heat loads of the order of 1 W, and the liquid helium level 

measurement is unreliable at present. In addition, the 

static heat load is about 14 W (without cathode stalk 

insertion) and 21 W (with cathode stalk insertion), which 

is much higher than the dynamics heat load at field levels 

below the field emission onset. This makes measurements 

of Q0 even more difficult. Rough estimation, the Q0-value 

should be about 10
9
 at 1.8 MV and will be better with 

reduction of field emission if we spend more time on the 

RF processing.  

Helium Pressure Sensitivity and Lorentz Force 

Detuning 

Due to the half-cell geometry, the cavity is very 

sensitive to the helium bath pressure, the frequency 

changes from 704.535 MHz at 4 K to 704.158 MHz at 

2 K only because of pumping down. The simulated 

helium pressure sensitivity of the SRF gun is 651 Hz/Torr, 

which is in good agreement with the tested result, i.e., 703 

Hz/Torr. This measurement was done by closing the 

helium pumping valve to allow the helium pressure to 

drift up to 30 Torr.  

The cavity’s Lorentz detuning factor was measured to 

be -11.9 Hz/(MV/m)
2
. This high value is due to the cavity 

shape with almost vertical back wall. The Lorentz force 

detuning data are shown in Figure 2. 

The tuner range was measured at 2 K. We were able to 

tune the cavity from 703.6945 MHz to 704.604 MHz with 

911,416 steps of the stepper motor (~ 1 Hz/ step). 

 

 

Figure 2: Lorentz detuning of the SRF gun cavity. 

Microphonics 

Figure 3 shows the typical frequency error signal of the 

phase-lock loop (PLL), measured at low field with the 

helium bath pressure regulated at 20 Torr. The data set 

here was sampled at a 1 kHz rate. The standard deviation 

of the frequency error is 77.8 Hz. The microphonics 

spectrum is shown in Figure 4. There is a dominant 24 Hz 

line in the spectrum. It is a mechanical resonance of the 

cryomodule, which can be excited by any background 

vibrational source. Occasionally, we observe bursts at this 

frequency. The bursts can be correlated with different 

actions such as closing/opening the liquid helium ballast 

valve, increasing the forward power and so on. 

We tried to close the valve in the liquid helium 

pumping line and measured the frequency deviation 

versus pressure rising, however, this did not help to calm 

down the spectrum at all because the helium pressure was 

not regulated any more. 

 

 

Figure 3: Baseline signal.  

 

 

Figure 4: FFT microphonics spectrum. 

Field Stability 

The field in the ERL SRF cavity can be controlled 

through the I/Q feedback loop and/or the phase-lock loop 

(PLL).  However, during operation with beam, the gun 

frequency will have to be locked with the laser and the 5-

cell cavity, so only the I/Q control loop will be 

implemented. Figure 5 shows the field stability with I/Q 

feedback loop on and off. The field amplitude stability 

(measured at 1.5 MV gun voltage) is 2.8×10
-3

 peak-to-

peak or 4.8×10
-4

 rms. And the phase stability is 1.4 peak-

to-peak or 0.2 rms. The phase stability will be able to 

improve through suppressing noise in LLRF and klystron 

power supply. 
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Figure 5: Field stability with I/Q loop. 

Commissioning with the Photocathode Insertion 

Insertion of K2CsSb photo-cathode in the ERL SRF gun 

presents special challenges. The photocathode is 

deposited in a clean room outside the ERL blockhouse 

and transported to the gun cryomodule for insertion using 

a specially designed transport cart. Figure 6 shows the 

load-lock photocathode preparation system, which 

comprises a preparation chamber and transport cart. The 

deposition system and cathode are baked and pumped 

with sputter ion pumps and titanium sublimation pumps 

to achieve the required vacuum of 10
-10

 Torr. Figure 7 

shows the cathode transport cart connection with SRF 

gun. The cathode stalk is cooled by LN2, which is 

supposed to take away 188 Watt heat load.  

During the vertical test in 2009, multipacting in the 

quarter wavelength choke-joint was found when a Nb 

photocathode stalk was inserted. A series of studies 

revealed that mulitpacting was caused by distortion of the 

anti-multipacting grooves by BCP. There are three 

multipacting zones found in the simulations, which are at 

gradient of 3.5 MV/m, 6 MV/m and 11 MV/m [6]. The 

commissioning with the cathode stalk insertion confirmed 

these multipacting zones and went through quickly as it is 

shown in Figure 8. So far, the field level reached in the 

SRF gun with the cathode stalk insertion is 1.8 MV with 

40% duty factor. 

 

 

Figure 6: The load-lock photocathode preparation 

system.  
 

 

 

Figure 7: Photocathode stalk insertion cross-sectional 

view (top) and photo (bottom). 

 

Figure 8: Conditioning through multipacting zones in 

the QW choke-joint. Top: two FPCs’ vacuum and 

cavity’s vacuum; Bottom: Gun voltage.  
 

Tuning Qext by Adjusting Phase Difference  

RF power from the 1 MW klystron is transmitted via a 

WR1500 waveguide. A shunt tee is used to split the power 

into two waveguide arms, terminated by two fundamental 

power couplers. The phase difference between these two 

arms will affect the Qext value [7]. Different initial phase 

state of the two arms would influence how the Qext 

changes with phase difference  between the arms. In 

LN2 pipe 

Cathode stalk 
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Figure 9, θ represents the initial phase of phase shifters in 

the arm 1 and 2, then one phase shifter is fixed at phase θ 

and the phase of the other is adjusted from θ to θ+ϕ. 

Simulation results show that there are always two Qext 

peaks within one period (360). One peak is fixed at 180 

for all conditions and the other one would move with the 

different initial phase θ periodically with a period of 180. 

When there is no phase shift for both phase shifters (both 

set at 0), the Qext of the system was measured as 

5.75×10
4
. The phase shifter in each arm is only able to 

shift the phase by 40. Measured Qext versus phase shift in 

the actual ERL SRF gun setup is compared with 

simulations in Figure 10. Measurements were carried out 

at both high power (via LLRF) and low power with a 

network analyzer, producing the same results.  

 

 

Figure 9: The Qext changes with one phase shifter at 

different initial states.  
 

 

Figure 10: Comparison of measured Qext and simulation 

results. 

Fundamental Power Coupler for HOM 

Damping 

The HOMs damping for the SRF gun is achieved by 

enlarging beam pipe enough to allow propagation of all 

HOMs to the ferrite HOM load, which is at room 

temperature downstream of the cavity. Additionally, in 

simulation and measurements, we found that the HOMs 

of the SRF gun cavity are damped by FPCs [8]. 

Simulation results showed that the FPCs couple strongly 

to many of the HOMs. However, the damping capability 

of the FPCs is limited by the narrow-band doorknob, 

which has a reasonable transmission only up to ~2 GHz. 

The Q measurement was taken up to 2.2 GHz, through S21 

from the waveguide to pickup. Currently, the ferrite HOM 

damper is not installed yet. The measurement results for 

the first three HOMs are shown in Table 1. One can see 

that the two lowest dipole modes are damped pretty well 

by the FPCs. 

Table 1: HOM measurements 

Mode Frequency 

(GHz) 

Q_load Mode type 

1 1.00827 47,600 Dipole 

2 1.47795 800,000 Monopole 

3 2.1459 76,000 Dipole 

 

SUMMARY AND PLAN  

The BNL R&D ERL project reached a milestone with 

commissioning of the SRF gun. After conditioning, the 

cavity voltage reached the goal of CW, 2 MV without a 

cathode stalk insertion. The commissioning with the 

cathode stalk insertion is ongoing and reached 1.8 MV 

with 40% duty cycle.  
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CRYO-LOSSES MEASUREMENTS OF THE XFEL PROTOTYPE 

AND PRE-SERIES CRYOMODULES 

S. Barbanotti
#
, J. Eschke, K. Jensch, W. Maschmann, O. Sawlanski, DESY, Hamburg, Germany 

X. L. Wang, ESS, Lund, Sweden 

W. Gaj, L. Kolwicz-Chodak, W. Maciocha, IFJ-PAN, Krakow, Poland 

Abstract 
Heat loads measurements (cryo-losses) of the 3 XFEL 

prototype and 1 pre-series cryomodules are here presented 

and compared with the XFEL requirements. Heat loads at 

the 5/8 K, 40/80 K and 2 K temperatures are calculated 

during the test period at CMTB (CryoModule Test Bench) 

at DESY to qualify the cryomodules before installation. 

This paper summarizes the test procedure for the different 

circuits (2 K, 5/8 K, 40/80 K) and in different load 

conditions: static loads, loads due to the magnet and 

dynamic loads due to the RF power sent to the cavities. 

INTRODUCTION 

The European XFEL Free Electron Laser is under 

construction at Hamburg, Germany [1]. The XFEL will 

deliver X-ray flashes with wavelength between 0.05 and  

6 nm. The required electron beam energy of 17.5 GeV 

will be obtained using a superconducting (SC) accelerator 

operating at 2 K. The linac will consist of about 800 SC 

niobium cavities. Eight cavities and one SC magnet 

package will be assembled in one cryomodule about 12 m 

long. The design of the accelerator module is based on the 

third generation for the TESLA cryomodules [2]. 

From the cryogenic point of view, the thermal 

performances of the modules are crucial to qualify the 

modules in series productions, determine the heat load 

budget, capacity and cost of the European XFEL 

refrigerator and guarantee efficient operation of the 

system. The thermal performances can be separated in 

two main contributions: the static heat loads, which arise 

from the overall module design and are present during 

cold operation of the accelerator, and the dynamic heat 

loads, which originate during the RF and beam operations 

from specific components: the cold magnet and its current 

leads, and the cavities and power couplers. 

This paper presents the measurement methodology 

applied to determine the static and dynamic heat loads for 

the 3 prototype modules (PXFEL1, 2 and 3) and the first 

(pre-) series module (XM-3) and compares the results 

with previous measurements and analytical calculations 

[3]. 

CALCULATIONS AND XFEL BUDGET 

Extended analytical and numerical calculations of the 

heat loads have been performed for single elements of the 

cryomodule as well as for the whole assembly. An 

extended paper summarizing all these studies is under 

preparation and will be published soon. 

The required XFEL Refrigerator Capacity (XRC) is based 

 

 on the XFEL Refrigerator Budget (XRB), which is an 

updated version of the TDR heat load table [4], taking 

into account the latest analysis and measurements of the 

TESLA modules. The safety factor of 1.5 is taken into 

account to design the XFEL refrigerator, XRC=1.5*XRB. 

MEASUREMENT METHODOLOGY 

The test of the cryomodule take place in a dedicated 

cryogenic facility at DESY: the CryoModule Test Bench 

(CMTB, Figure 1).  

 

Figure 1: Overview of a cryomodule in the CMTB. 

Two different measurement methods are applied for the 

evaluation of the heat loads at 2 K or at 5/8 K and  

40/80 K. 

Heat Loads at 5/8 K and 40/80 K 

The heat loads at 5/8 K and 40/80 K can be measured 

using the “specific enthalpy” method, since the flow 

meters for these circuits are sufficiently precise and 

reliable. 

If we consider the steady-state working mode of a 

cryomodule, without fluctuations of the latent energy, and 

no generated thermal energy, we can calculate the total 

power supplied to the helium flow as: 

Q̇    = ṁ(h   (p   , T   ) − h  (p  , T  )) − Q̇  

where ṁ is helium mass flow, ∆h is the difference of 

the specific He enthalpy at the inlet and outlet of the 

module at a certain temperature and pressure, Q̇  is the 

power lost throw the feed-cap and the end-cap of the 

module (since the flow meters are positioned after the end 

and feed caps). 

In our case,  ̇ ,  =      ,  ̇ ,   =      at the outer 

shield temperature of around 40 K. 
 ___________________________________________  
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Heat Loads at 2 K 

The 2 K heat loads measurement is performed using the 

“latent heat” method, due to the inaccuracy of the cold 

helium flow measurement in the 2 K temperature region. 

For this method, we stop supplying liquid helium to the 

module and measure the total mass flow of the evaporated 

gas just after the warm pump station (this flow meter at 

the ambient temperature is much more precise and 

reliable than the one on the 2 K circuit). This 

measurement includes also the feed and end caps, since 

these are located between the module and the compressor. 

We have to guarantee during this measurement that 

enough liquid helium is always available (for example, 

the cavities are always completely immersed in LHe) so 

that we can consider this measurement isothermal. Then, 

the amount of LHe evaporated is directly proportional to 

the power flowing into the system. We consider 3 main 

sources of power: 

  ̇    , thermal energy coming from the environment 

through the cryomodule 

  ̇ : thermal energy generated by the module magnet 

or by the RF to the cavities and couplers 

  ̇ ,  : thermal energy coming from the end and feed 

boxes to the module. 

We can then calculate the heat load at 2K as: 

Q̇ = Lṁ − Q̇ ,  − Q̇  

where ṁ is the mass flow of the evaporated helium 

after the compressor, L the latent heat of the helium and 

 ̇ ,  = 1    . 

TEST SET-UP 

The following conditions have to be reached before we 

can perform the measurement: 

 The pump station is in use only for the CMTB 

system; 

 Stable cryogenic conditions are reached since more 

than 72 hours; 

 The isolation vacuum inside the cryomodule is  

< 1x10-5 mbar 

 The leak rate of the cryomodule is < 1x10-5 mbar-l/s  

 The flow in the 40/80K circuit is circa 5 g/s and 40 K 

 

The measurement is then repeated, for each circuit  

(2 K, 5/8 K, 40/80 K) in the following conditions: 

 Static loads: no RF to the cavities, no current to the 

magnet ( ̇ =  ) 
 Dynamic RF loads: RF to the cavities, no power to 

the magnet ( ̇  = power to the cavities) 

 Dynamic magnet loads: no RF to the cavities,  

3*50 A to the magnet ( ̇  = power to the magnet) 

 

The standard test is performed with the outer shield 

temperature around 40 K. Additional tests have been 

performed to evaluate the influence of the outer shield 

temperature on the static heat loads at 5/8 K and 40/80 K. 

A warm helium flow has been added to the outer shield 

cooling circuit to reach the 80 K temperature and the heat 

loads have been measured. 

RESULTS 

The following tables summarize the results of the 

measurements performed on the prototype modules 

(PXFEL) and on the first 2 pre-series modules (XM). 

For the prototype modules, we consider the 

measurement performed on PXFEL2_1 and 3_1: each 

module has been disassembled and reassembled for 

training purposes and a new MLI material and blanket 

design has been installed. 

Heat Loads at 2 K 

Table 1: Heat Loads at 2 K, W 

Module 

Static 

loads 

W 

Dynamic loads 

Magnet 

(3*50A), W 

RF loads 

W (MV/m) 

PXFEL 1 9.9 - 4.9 (25) 

PXFEL 2_1 5.9 1.4 4.9 (25*) 

PXFEL 3_1 6.4 0.5 3.1 (24.4#) 

XM-3 6.41 2.2 3.0 (23.5) 

Calculated 2 0.1 8.5 

XRC 7.2 12.9 
1 value to be confirmed 

* Two detuned cavities, #three detuned cavities 

 

The measured values show a good agreement between 

each other but they are much higher than the value 

calculated with numerical simulations. This can be 

attributed to the difficulty and complexity of accurately 

estimate the heat load through the cables and the fact that 

the thermal intercept performance of current leads is 

strongly affected by the real installation skills 

Among the measured values, the higher heat load of  

9.9 W from PXFEL1 can be explained by a different 

current lead layout, which has a shorter heat transfer 

length between the 2 K and the 5/8 K thermal intercept. 

Heat Loads at 5/8 K 

Table 2: Heat Loads at 5/8 K 

Module 

Static 

loads 

W 

Dynamic loads 

Magnet 

(3*50A), W 

RF loads 

W (MV/m) 

PXFEL 1 5.7 0.7 1.8 

PXFEL 2_1 6.8 4.8 2.3 

PXFEL 3_1 5.0 4.7 1.6 

XM-3 4.5 6.0 n.a. 

Calculated 6.1 0.4 2.4 

XRC 19.5 3.5 
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The measured static heat loads at 5/8 K are consistent 

with the calculated value at the shield temperature of  

40 K. The measured dynamic RF heat loads at 5/8 K are 

within the calculated value. The measured dynamic heat 

loads of the magnet are significantly higher than the 

calculated one due to the not-optimal thermal intercept 

performance of the current leads. 

Heat Loads at 40/80 K 

Table 3: Heat Loads at 40/80 K 

Module 

Static 

loads 

W 

Dynamic loads 

Magnet 

(3*50A), W 

RF loads 

W (MV/m) 

PXFEL 1 116 1.8 27.6 

PXFEL 2_1 99 7.8 41.1 

PXFEL 3_1 96 4.9 37 

XM-3 105 7.0 n.a. 

Calculated 120 3.0 37 

XRC 124.5 60 

The measured heat load for PXFEL1 is in good 

agreement with the calculated value of 120 W. The lower 

heat load from PXFEL2_1, PXFEL3_1 and XM-3 can be 

explained with better performances of the new MLI 

material and blanket design. 

Effect of the 80 K Shield Temperature on the 

Heat Loads 

The outer shield of the European XFEL linac will be 

operated in real conditions at a temperature between 40 

and 80 K. It is therefore necessary to investigate the outer 

shield temperature effects on the heat loads at various 

circuits. The results are shown in the figure below 

together with the calculated values. 

 

Figure 2: Effect of the 80 K shield temperature on the  5/8 

K and 40/80 K heat loads. 

It can be clearly observed that the outer shield 

temperature has a minor effect on the 40/80 K and 2 K 

heat load; while it strongly affects the 5/8 K heat loads. 

We can explain this behaviour noticing that the static 

heat load at the 5/8 K shield is dominated by the heat 

conduction through various materials, such as the 

aluminium foil of the MLI, the copper and brass in the 

current leads, the copper and stainless steel in the power 

couplers and the G-10 in the posts. The physical laws of 

conduction determine therefore that the heat load is 

strongly dependent on the temperature difference and 

thermal conductivity. This dependence determines the 

remarkable increase of the heat load at 5/8 K with the 

outer shield temperature. At the same time, the static heat 

load at the 40/80 K shield is dominated by the heat 

conduction and the thermal radiation. The outer shield 

temperature change from 40 K to 80 K has a limited 

effect on the heat conduction and the thermal radiation in 

a range of 40/80-300 K so the heat load at 40/80 K only 

slightly decreases with the outer shield temperature. 

CONCLUSIONS 

Thermal performance measurements have been 

performed for the 3 prototype and a pre-series module of 

the European XFEL under real operation conditions. 

At 40/80 K level, the static heat loads of 100-120 W 

show a very good agreement between the calculated and 

measured results. The total measured dynamic heat loads 

are within the calculation range. 

At 5/8 K level, the static heat load of 6-11 W is 

measured, a value well predicted by the thermal analysis. 

The XRB of 13 W corresponds to the calculated value of 

12 W at the outer shield temperature of 80 K. 

At 2 K level, the measured static heat load of 3.4-6.4 W 

is considerably higher than the calculated one of 2 W. 

Possible reasons of this big deviation are the 

underestimation of 2 K cabling contributions and the not-

optimal performance of the thermal intercept for the 

current leads. The total measured dynamic heat loads are 

all well within the calculated ones. 

The specified refrigerator capacity for one module 

covers the total heat loads at various temperature levels 

and has enough margins for safe operation, even 

considering the maximum measured heat load values. 
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POST-PRODUCTION DIMENSIONAL CONTROL OF THE COLD MASSES 
AND VACUUM VESSELS FOR THE XFEL CRYOMODULES 

S. Barbanotti#, W. Benecke, K. Jensch, M. Noak, M. Schloesser, DESY, Hamburg, Germany

Abstract 
The very tight alignment tolerances of 0.5mm required 

in the XFEL Linac reflect in very tight tolerances for the 
production of the main cryomodule components. To 
verify the adherence to the specified tolerances of the cold 
masses and vacuum vessels, dimensional controls with 
laser tracker are performed at the production site 
following DESY experts’ instructions and are verified at 
DESY with an independent measurement. We present 
here the measurement strategy and a summary of the 
results obtained so far. 

INTRODUCTION 
Two of the main components, the Vacuum Vessel (VV) 

and the Cold Mass (CM) (Figure 1), of the one hundred 
and three cryomodules that will form the XFEL linear 
accelerator [1] are now under series-production at two 
different facilities: E. Zanon company in Schio, Italy and  
CX company in Wuxi, China. 

 
Figure 1: A XFEL cold mass at the production site. 

The quality of these components is a key factor for the 
quality of the whole accelerator and is constantly 
monitored during the whole production cycle. More 
details about all the activities related to the quality control 
of CMs and VVs can be found in [2]. 

Among the QC activities, the dimensional control of 
the main sub-assemblies is a fundamental part of the 

component acceptance tests. The cryomodule is essential 
for the cavity string alignment: the cavity support system 
has to guarantee an alignment of the cavity string with a 

 

precision better than 0.5 mm. Therefore, dimensional 
controls with laser tracker of the pre-assembled cold 
masses and the vacuum vessels are performed at the 
construction sites after the final machining and, 
additionally, at DESY or CEA-Saclay as integral part of 
the incoming inspection. 

LASER TRACKER 
Laser trackers are available from a wide range of 

manufacturers with similar measurement accuracy. Laser 
trackers measure 3D-polar coordinates; typical accuracy 
levels are 2.5 μrad for the horizontal and vertical angle 
and 10 μm for the distance measurement [3]. The position 
accuracy of a measured coordinate is therefore dependant 
on the distance. A maximum measured distance of 8 m 
corresponds to a maximum error of 20 μm, caused by the 
angular measurement. With this accuracy value we are a 
factor of 10 below the minimum position tolerance of  
0.2 mm (200 μm). 

MEASUREMENT PROCEDURE 
Measurement Procedure as Defined by DESY 

The measurement has to be performed in a temperature 
controlled area, with stable floor, stable instrument and 
object stands; only qualified and trained personnel should 
perform the measurement with calibrated instruments. 

 

 
Figure 2: inate system for VV (up), and CM (down)Coord . 

During the measurement the VV should be placed 
horizontally on its feet while the CM should hang from 
the three support posts. While the VV can be considered 
as a rigid body, the CM is much more pliable and has to 
be suspended stress-free during the measurement. The 
posts of the CM have therefore to be mounted on 
horizontal roller bearings and vertically adjusted before 
performing the geometric control.  ___________________________________________  
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Figure 3: Axis references, Red full: reference in DESY, Green dashed: initial reference in Zanon and CX. 

The reference axes of the VV are the axis connecting 
the centre of the two end flanges, the vertical axis through 
the central post and the axis perpendicular to both (Figure 
2). Besides the obvious dimensions, like length and 
diameter of the VV, the positions and orientations of post 
and coupler openings are especially important here. 

The reference axes of the CM are the axis connecting 
the centre of the two end flanges of the helium return 
pipe, the axis through and normal to the central post and 
the axis perpendicular to both (Figure 2). 

For the CM the tolerances of the “shapes” (the cavity 
support system) are extremely tight (0.3mm laterally and 
0.5mm in height over the whole length of approximately 
12m) and thus controlled extensively by the 
measurements. 

Measurement Procedure at the Companies 
The measurement of the CM done at Zanon and CX at 

the beginning of the production was slightly different than 
the one required by DESY: at CX the first pipes were 
machined before the final welding of the ring and bellows 
and therefore the ends of the “naked” pipe were used as 
reference for the machining and the coordinate system 
(Figure 3). This of course led to an inaccurate definition 
of the coordinate system and consequently to faulty 
results of the measurements, causing rejections of CMs 
during the incoming check at DESY. 

At Zanon the machining was done after the welding, 
but the reference was anyway based on the end of the 
“naked” pipe, since the company didn’t want to rely on 
the bellows transport sleeve for such a delicate operation 
(the bellows are pre-compressed to protect them during 
production). This led to similar results as from CX. 

After the first dimensional controls were repeated in 
DESY using the end of the ring and bellows as a 
reference, it was clear that the two measurement methods 
were not compatible. The companies therefore changed 
their production and measurement scheme and agreed to 
use the same reference as DESY for the machining and 
measurement of the cold masses. 

Measured Quantities in the VV 
Once the VV is correctly positioned and the reference 

axes determined, these quantities are measured: 
 the X, Y, Z position and orientation of the 3 post 

openings; 
tolerance values: Tx = Ty = ± 1.0 mm, Tz = ± 3.0 mm, 
parallelism to xz-plane = 0.3 mm, planarity = 0.2 mm. 

 the X, Y, Z position and orientation and the 8 coupler 
openings; 
tolerance values: Tx = Tz = ± 1.0 mm, Ty = ± 0.5 mm, 
parallelism to yz-plane = 0.5 mm, planarity = 0.3 mm. 

Measured  in the CM Quantities
Once the CM is correctly positioned and the reference 

axes determined, these quantities are measured: 
 the X, Y, Z position and orientation of the 3 posts; 

tolerance values: Tx = Ty = ± 0.5 mm, Tz = ± 3.0 mm, 
Trx = Trz = ± 0.2 mrad. 

 the X, Y, Z position and orientation and the cavity and 
quadrupole brackets; tolerance values:  
Tx = ± 0.3 mm, Ty = ± 0.5 mm, Tz = ± 1.0 mm, 
parallelism to xz-plane = 1.0mm. 

If all measured values are within tolerance during the 
check at the manufacturer’s site, the CM or VV is 
preliminarily accepted and permission is granted to ship 
the structure to DESY or to CEA. 

If all measured values are within tolerance during the 
incoming inspection at DESY or at CEA, the VV or CM 
is automatically accepted and stored for later use. If 
certain tolerances are exceeded, an individual evaluation 
is made together with the manufacturer. 

RESULTS 
The vacuum vessel is a much more rigid structure than 

the cold mass and its production is therefore less critical: 
all the vessels measured so far at the two production sites 
are overall within the DESY specifications. As an 
example, Figure 4 shows the measurement of the coupler 
port vertical position for the first 10 vacuum vessels 
produced at Zanon. It can easily be seen that all measured 
values stay in the tolerance of ± 0.5 mm. 

The cold mass, on the other hand, is a flexible and easy 
deformable structure, sensitive to mishandling during 
production and transportation. In some cases the 
dimensional controls have highlighted problems of 
deformation either during the handling at the company of 
during transportation. 

A “Bad” Example: IHEP-CX005 
Figure 5 shows the lateral alignment of the IHEP-

CX005 cold mass. The measurement has been performed 
at CX and repeated 2 times at DESY using the “naked” 
pipe or the end ring and bellows as reference. 
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Figure 4: Axis references, Red full: reference in DESY, Green dashed: initial reference in Zanon and CX 

The picture clearly shows that the CM got highly 
deformed after the measurement in China: the pipe had a 
“banana-shape” after the arrival at DESY, with a 
maximum deformation of about 3 mm, while the 
tolerance value is just 0.3 mm. It is suspected that the 
shown deformation was caused by careless crane 
operation at the manufacturer’s workshop. This CM was 
rejected by DESY and sent back for repair. 

 
Figure 5: Lateral alignment of the IHEP-CX005 CM. 

Two good examples: IHEP-CX009 and EZ013 
Figure 6 and 7 show two good examples, one from CX 

and one from Zanon, where the estimated values from the 
manufacturer are in tolerance and in good agreement with 
the ones measured at DESY at reception. 

 
Figure 6: Vertical alignment of the IHEP-CX009 CM. 

These examples show that the manufacturing and 
transportation of a fragile structure like the CM is feasible 
within the required tolerances. 

 
Figure 7: Lateral alignment of the Zanon EZ013 CM. 

CONCLUSIONS 
More than 30 sets of cold masses and vacuum vessels 

have been produced so far at the two production sites. 
Most of them have already undergone the incoming 
dimensional control at DESY or CEA-Saclay and have 
been accepted for the final cryomodule assembly. 

At the beginning of the production, the dimensional 
control of the components has highlighted some mistakes 
in the fabrication process and handling of the cold 
masses. These problems have been addressed by the 
companies together with experts from DESY. The latest 
results show a better quality and now normally satisfy the 
DESY requirements, making the dimensional control a 
fundamental part of the quality control process. 
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QUALITY CONTROL OF THE VESSEL AND COLD MASS PRODUCTION 

FOR THE 1.3 GHZ XFEL CRYOMODULES 

S. Barbanotti
#
, H. Hintz, K. Jensch, W. Maschmann, DESY, Hamburg, Germany

Abstract 
The industrial production of one hundred and three cold 

masses and vacuum vessels for the 1.3 GHz XFEL 

cryomodules is now fully in operation. Quality checks at 

the companies and controls at DESY assure the quality 

level required for the cryomodule assembly. Verifications 

of the main production steps, non-destructive tests and 

dimensional controls are performed by DESY personnel 

before accepting the components. This paper resumes the 

quality control strategy and the results for the first 

components produced by the companies. 

INTRODUCTION 

Two of the main components, the vacuum vessel and 

the cold mass, of the one hundred and three cryomodules 

that will form the XFEL linear accelerator [1] are now 

under series-production at two different facilities: E. 

Zanon Company in Schio, Italy and IHEP-Beijing 

subcontracted to CX company in Wuxi, China. 

The quality of these components is a key factor for the 

quality of the whole accelerator and is an integral part of 

the PED qualification process of the whole machine as a 

pressurised component. A well-defined procedure need to 

be followed, before, during and after the production to 

guarantee the adherence to the PED specifications and 

ensure the final approval from the PED certification 

authority (TÜV Nord for the XFEL linac). 

This procedure, for example, requires the approval of 

the material list and the welding book before the 

beginning of the production; allows the use of a restricted 

list of materials, tested and approved for cold operation, 

lists the Non-Destructive-Test (NDT) to be performed 

during the production and defines which norms need to be 

followed to perform the main activities, like welding and 

performing the NDT. 

These steps are all necessary for the operation of the 

components, since they are considered as pressurised 

elements. But the functionality of a final assembled 

cryomodule includes aspects that are not guaranteed by 

the PED certification and need therefore to be verified 

separately [2]. 

First, a cryomodule provides the mechanical support 

for the accelerating components (cavities). Through a low 

friction pad system the cavities hang from the vacuum 

vessel via the support posts, a shrink-fit assembly of a 

thin G10 pipe and a series of metallic disk-ring couples. 

Three of these components need to support the total 

weight of the cold mass with cavity string (a few tons) 

and are therefore tested individually. 

Furthermore, the cryomodule is essential for the cavity 

string alignment. The cavity support system has to 

guarantee an alignment of the cavity string with a 

precision better than 0.5 mm. Therefore, dimensional 

controls with laser tracker of the pre-assembled cold 

masses and vacuum vessels are performed during and 

after the production. 

Finally, a leak test is performed on all the components 

that foresee vacuum or helium operation. 

QUALITY CONTROL BEFORE THE 

BEGINNING OF THE PRODUCTION 

The following documentation has been reviewed and 

approved by the DESY personnel before the beginning of 

the production: 

 Material list and material certificates. All the 

materials used for the cold mass have to be approved 

for use at cold temperatures up to 77 K, while the 

ones used for the vacuum vessel need to be approved 

for temperatures up to 223 K. The stainless steel used 

for cold operation (up to 2 K) has to pass a V-Charpy 

impact test at 77 K at energy > 27 J. 

 Manufacturing drawings. All the drawings issued by 

the companies for the fabrication of the parts have to 

be reviewed and approved. 

 Complete welding book: welding maps/plan, WPS 

(Welding Procedure Specifications), WPAR 

(Welding Procedure Approval Certificates), welding 

material certificates, certification of welders. 

 Test procedures: all the NDT (performed by certified 

personnel) leak test, pressure test,  penetrant liquids 

test, radiography test and other special test: traction 

test. 

 Other special procedures and materials (i.e. painting 

of the vacuum vessel, MLI installation …). 

 

Figure 1: View with the endoscope of the capillary weld 

inside the warm up pipe.  ___________________________________________ # 
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VERIFICATION OF WELDS 

After approval of the welding book, the welds undergo 

a series of tests before the component can be accepted for 

the final assembly: 

Radiography Examination 

The welds on the pipes and on the vacuum vessel are 

radiography tested for about 10% of their extension. 

Penetrant Liquid Examination 

The welds that are not radiography tested undergo a 

liquid penetrant test for 100% of their extension. 

Visual Examination 

Critical welds are also randomly checked with the use 

of an endoscope (Figure 1) or doing some destructive 

tests to verify, for example, the fusion level inside the 

material (Figure 2). 

 

Figure 2: Section of a capillary weld. 

PRESSURE TEST 

The following table summarizes the test parameters of 

each pipe than need to be pressure tested (Figure 3) 

during the production. 

Table 1: Summary of Pressure Test Parameters. 

Pipe name 

(material) 

Diameter 

(mm) 

Max pressure 

(abs bar) 

Gas Return Pipe (SS) 312 5.8 

2.2 K Forward (SS) 48.3 29.0 

Warm Up (SS) 42.4 29.0 

5 K Forward (SS) 60.3 29.0 

8 K Return (Al) 75 29.0 

70 K Forward (SS) 76.1 29.0 

80 K Return (Al) 75 29.0 

Vacuum Vessel 965.2 
P<0.5 bar 

 no test needed 

 

 

Figure 3: Pressure test of a process pipe. 

TRACTION TEST 

Each support post, the component that sustains the cold 

mass inside the vacuum vessel, undergoes a traction test 

(Figure 4) before being installed inside a cold mass.  

Each post is loaded with a maximum of 5 tons and the 

total height is measured before and after each test; the 

permitted difference between the measurements before 

and after the test is ± 0.2 mm. If the post doesn’t pass the 

test, it cannot be used for the installation. 

Up to now (September 2013) about 150 posts have 

been assembled and tested and none has been rejected. 

 

 

Figure 4: Traction test of a support post. 
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DIMENSIONAL CONTROL 

Dimensional controls of the single parts and of the final 

sub-assemblies are performed with a laser tracker at the 

production sites at the end of the machining operations. A 

verification test is also performed after receiving the final 

products at DESY or CEA-Saclay. 

This activity is a fundamental part of the component 

acceptance tests. Some cold masses of both companies 

needed to be reworked at the company site after the 

dimensional control in DESY showed some  

non-conformities (not flat cavity supports, .banana shape 

of the 12 m long GRP…). More details about this activity 

can be found in the dedicated paper [3], also presented in 

this conference. 

HELIUM LEAK TEST 

A helium leak test is performed on all the process pipes, 

the Gas Return Pipe and the Vacuum Vessel. 

The helium leak test is performed following the 

procedure defined by the EU norm EN 1779, EN 1330-8. 

Special caps are installed at the end of the GRP and VV 

to perform this test. Depending on the solution adopted by 

the company, either vacuum is pumped inside the pipe 

and helium spayed on the outside of the welds, or the pipe 

is installed inside a vacuum chamber and helium is 

sprayed inside the pipe itself, while monitoring the helium 

level in the gas pumped from the chamber. 

An integral helium leak test should be performed on all 

the process lines at ~295 K with pressure in the test vessel 

< 10-5 mbar and a maximum measured leak rate  

< 10-9 mbar*l/s. For the vacuum vessel the pressure in the 

test vessel should be < 10-4 mbar and the maximum leak 

measured < 10-9 mbar*l/s. 

Up to now (September 2013) about 20 sets of pipes 

have been tested in each production facility and the 

average leak rate was below 10-9 mbar*l/s. All these 

components have been therefore accepted for installation. 

INCOMING CONTROL AT DESY 

The Vacuum Vessel and Cold Mass pre-assemblies 

undergo some additional tests once the parts are delivered 

to DESY. After a visual incoming check, to verify that no 

damages occurred during transportation, the following 

controls are performed: 

 Verification of the longitudinal and vertical position 

of the main process pipes (figure 5). 

 Visual inspection of the GRP and VV bellows. 

 Visual test of critical welding seams (end-ring, 

bellows and brackets on the GRP, 8 K and 80 K 

transitions on the Al pipes, capillary connection on 

the warm up pipe). 

 Verification of critical subcomponents with gauges 

(thermal shields, needle support assemblies…). 

 Control of the position and orientation of the vacuum 

vessel hanging supports, critical for the tunnel 

installation. 

 Leak test of CX pipes after welding the pipe 

extensions. The pipe ends are cut before shipment to 

DESY to fit the cold mass in a standard container 

and significantly simplify the shipping procedure. 

 CM and VV dimensional control with laser tracker. 

These controls highlighted a few critical points in the 

production and handling of the first components 

(especially at the CX Company, which had limited 

experience in the production of cold masses and vacuum 

vessels, since they produced only one prototype module) 

that have now been addressed, thanks to the effective and 

intense collaboration with the colleagues at IHEP, CX and 

Zanon. The incoming control reports of the last modules 

arrived in DESY show a very high quality standard for 

both companies. 

 

Figure 5: Verification of pipe position. 

CONCLUSIONS 

About 40 cold masses and vacuum vessels have been so 

far produced at the two facilities in China and Italy. A set 

of tests and verifications have been performed on these 

components and, after an initial period of adjustment, the 

components show now a very high quality. 

Some of the tests here presented are not only needed to 

guarantee the overall quality of the products, but also an 

integral part of the PED certification needed to operate 

the XFEL accelerator. 
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STATISTIC TO EDDY-CURRENT SCANNING OF NIOBIUM SHEETS FOR 

THE EUROPEAN XFEL 

A.Brinkmann, S.Arnold, A.Ermakov, J.Iversen, M.Lengkeit, A.Pörschmann, L.Schäfer, W.Singer, 

X.Singer, DESY, Hamburg, Germany

Abstract 
The fabrication experiences of superconducting cavities 

for FLASH have shown that eddy-current scanning of the 

Nb-sheets foreseen for half-cells reduces the cavity 

failures. New Eddy-Current devices have been developed 

and build together with the industry for the production of 

800 pieces 1.3 GHz superconducting niobium cavities for 

European XFEL. More than 14.700 Nb-sheets provided 

by three companies have been tested by eddy-current 

scanning. The sheets that demonstrated local deviations of 

the signal have been subsequently non-destructively 

examined by 3d-microscope and X-Ray element analysis. 

The surface defects (dents, holes, scratches) are the 

mainly detected flaws. In addition several types of foreign 

material inclusions observed. Statistic concerning eddy-

current signal deviation and rejection rates for each 

supplier is presented. 

INTRODUCTION 

For the production of Superconducting RF-Cavities for 

the European XFEL at least about 14700Niobium sheets 

has to be scanned with the Eddy-Current testing method. 

Found defects like material inclusions or topographical 

flaws which deviations do not fulfil the technical 

specification are investigated further with special element 

analysis and 3D-microscope inspections. 

STATISTICS 

Until end of August 2013 14752 Niobium sheets for the 

European XFEL were scanned with 2 company-made 

Eddy-Current [1] testing devices at the material testing 

laboratory at DESY (Fig.1).  Eddy-Current testing is a 

part of the incoming inspection besides documentation 

and visual inspection [2]. Only one side of the sheet is 

scanned, unless a defective side is detected. Then, the 

other side will be scanned as well. It is possible to scan  

up to 300 sheets per workweek with 2 devices including 

analysis and documentation. If the amount 2-side-scans 

increases, it is evident that the rate of analysed scans 

drops. 

Because of the huge amount of parts it is necessary to 

make a fast decision whether a sheet is qualified or not. 

Thus the operator judges by means of 4 criteria: 

 

First side good: sheet is qualified 

 

First side bad, second side good: sheet is qualified 

 

First and second sides bad: sheet is not qualified 

 

Extraordinary Eddy-Current signal on one or two 

side(s): sheet is not qualified 

 

A distribution of imperfections found by Eddy-Current 

testing and visual inspection is shown in Figure 2.  

All not qualified sheets are investigated later on with 

special element analysis and/or 3D-microscope 

evaluation. The final decision, whether a sheet is usable 

or not is made after this analysis. Here it can appear that a 

sheet is usable anyway, because of defects that still are 

within the technical specification. 

 

 

    Figure 1: Eddy-Current testing devices 

 

 
Figure 2: Observed imperfections found by Eddy-Current 

testing and visual inspection in total. 

 

Detailed Statistic 

A detailed Statistic of the amount of sheets which were 

either suspicious and needed a both-side scan or were not 

usable separated by different suppliers and found defects 

is presented in the following table (Table 1). 
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Table 1: Statistic to number of Scanned Nb-sheets for 

Different Suppliers 

Company A B C 

Scanned (total) 7690 4427 2635 

Both sides scan 

(%) 

906 

11,78 

1250 

28,24 

 

1660 

63,00 

Suspicious 

(%) 

54 

0,70 

126 

2,85 

 

109 

4,13 

Not usable 

(%) 

29 

0,37 

115 

2,58 

 

75 

2,85 

 

 

1.95 % (289 out of 14752) of all scanned material was 

classified to be suspicious. Followed by a deeper analysis 

like element analysis or topographical survey of the 

surface we found a rate of definitely not usable sheets 

(rejected) of 1.48 %. 

 

Differences between the rate of suspicious sheets and 

the rate of rejected sheets caused by the lack of a 

quantitative judgement using Eddy-Current. For instance 

it is possible to detect pits and holes with diameter below 

0,1mm. But a statement about the hole depth cannot be 

given on base of Eddy - Current scanning. 

 

Element Analysis/3D-microscope  

The Element Analysis [1] showed that in an amount of 

sheets of all suppliers A, B and C, Fe, Ni, Cr and Ti 

inclusions are detected. Ta was found in sheets of 

company A and B. Zr was found in sheets from Company 

A only. Only Company C delivered material with W, Mo, 

Zn inclusions. As a rule the foreign material inclusions 

represent the palette of the material production of definite  

supplier Topographical deviations were found on sheets 

from all 3 companies. The foreign material inclusions 

located mostly on the surface and it can be imagine that 

they have been imbedded during rolling. The percentage 

distribution is shown in Figure 3. 

 

 

 

 

 

 

 

Figure 3: Distribution of defects found by element analysis/3D-microscope in %. 
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Figure 4: 3D-microscope image of a Ta inclusion. 

 

 

                       

                  
 

Figure 5: Example of an Element analysis showing Ta. 

 

  As an example of typical flaw detection, Figure 4 and 

Figure 5 shows an 3D-microscope image an Element 

Analysis Scan of a sheet from company B with a Ta 

inclusion. Figure 6 presents the corresponding Eddy-

Current image of the sheet. 

 

 
 

Figure 6: Eddy Current signal of a Ta inclusion found in a 

sheet of Company B 

 

SUMMARY 

 
After scanning more than 14750 Niobium sheets with 

Eddy-Current testing it revealed that about 1.95 % of the 

material showed different Eddy-Current signals. Most of 

these signals pointed to foreign material inclusions or 

topographical flaws which were outside the technical 

specification. 1.46 % of all sheets are rejected after 

completing the inspection of Nb sheets and not usable for 

the cavity production. 

Quality distinctions between the 3 suppliers of Niobium 

material can clearly be seen. Company A is the 

manufacturer with the best quality by far, followed by 

Company B. 

  Conclusively it is obviously that material inspection 

such as Element Analysis and Eddy-Current scanning of 

100 % of the delivered material is still the most 

reasonable inspection method to avoid performance 

reduction of RF-Cavities.  

Disclaiming the Eddy-Current testing method would 

mean that the performance of almost every third cavity 

could be damaged supposing that the not usable sheet 

would be homogeneously distributed in the production 

lots. 
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QUALITY ASSURANCE AND ACCEPTANCE TESTING OF NIOBIUM 

MATERIAL FOR USE IN THE CONSTRUCTION OF THE FACILITY FOR 

RARE ISOTOPE BEAMS (FRIB) AT MICHIGAN STATE UNIVERSITY 

(MSU)  
 

C. Compton, T. Bieler, S. Chandrasekaran, D. Kang, D. Miller, N. Wright 

Facility for Rare Isotope Beams (FRIB), Michigan State University, East Lansing, Michigan, USA 

 
 

Abstract 
Niobium is the current material of choice for the 

fabrication of superconducting radio frequency (SRF) 

cavities used in SRF based accelerators. Although 

niobium specifications for this application have been well 

established, material properties of as-received materials 

can still vary substantially. Required for the FRIB 

accelerator, $13.2M of niobium materials (sheet, tube, 

and flange) have been contracted to several niobium 

vendors. The FRIB cavity designs require very large 

niobium sheets, increasing the difficulty in fabrication and 

potential for contamination. FRIB has developed and 

initiated plans to control niobium specifications and 

perform incoming acceptance checks to ensure quality is 

maintained. Acceptance results from several niobium 

shipments will be presented, looking at several production 

lots from the same vendor and across multiple vendors. 

Non-conforming results were observed and will be 

discussed including follow-up investigations and 

mitigation strategies to improve quality of future 

shipments. 

INTRODUCTION 

The Facility for Rare Isotope Beams (FRIB) at 

Michigan State University (MSU) is an approved $730M 

project funded by a cooperative agreement between MSU 

and The US Department of Energy (DOE) for 

advancement in the study of rare isotopes. The driver 

linac for the FRIB project is an 200 MeV/u 

superconducting linac with final beam power reaching 

400 kW. 

The FRIB linac will require the fabrication of 330 

superconducting radio frequency (SRF) cavities. Two 

main cavity types will be used, with two accelerating beta 

designs for each type. Quarter-wave cavities with betas of 

0.041 and 0.085 [1, 2] will be used in segment one of the 

linac. Half-wave cavities with betas of 0.29 and 0.53 [3] 

will make up the accelerator in both segments 2 and 3. 

  

As one of FRIB raw material procurements, a large 

volume of niobium will be required for the fabrication of 

the SRF cavities. The total FRIB cavity count will require 

$13.2M of niobium materials. The FRIB niobium 

materials contracts have been awarded to three suppliers 

and divided among four Task Orders; 
 

 Wah Chang (Oregon, USA) – Niobium-titanium alloy 

 Tokyo Denkai (Japan) – niobium sheet 

 Ningxia (China) – niobium sheet, tube, and rod 

 

All niobium materials will be procured and accepted 

using a governing material specification and acceptance 

criteria list (ACL). The niobium specification defines a 

list of material requirements including; chemical 

composition, surface finish, mechanical properties, 

metallurgical properties, and electrical properties (RRR). 

In addition, niobium supplies must meet specified 

dimensional tolerances, with tight control of thickness 

tolerances. 

All received materials are packaged to FRIB 

specification, with all individual sheets numbered and 

tracked back to the supplier’s production lots, as shown in 

Fig. 1. The production lot number and the number of the 

individual sheet within the lot are tracked through cavity 

fabrication and testing. The tracking allows the individual 

sheets, and corresponding properties, to be mapped to the 

fabricated cavity component. This link provides a 

database for trouble shooting; establishing a path from a 

cavity with fabrication non-conformances to the starting 

niobium and the material properties. The tracking also is 

used for tracking inventory during production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Niobium production tracking, linking 

production lot numbers to individual sheets and their 

material properties. 

SAMPLE PREPARATION 

As part of acceptance testing of incoming niobium 

procurements, material samples will be taken from 

Starting Ingot 
Forged Ingot 

Production Lots 

Production Sheets 

MOP033 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

174C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

09 Cavity preparation and production

K. Technical R&D - Large scale fabrication



received material and tested for compliance to the 

mechanical and metallurgical specifications agreed upon 

by MSU and material supplies, as stated in the 

corresponding purchase order and referenced 

specifications. 

 

High RRR niobium material was received from two 

vendors in an assortment of sizes and thickness, meeting 

Task Order 1 and 2 requirements. Incoming materials are 

inspected and tested based on five main acceptance 

categories.  

 

1) Material quantities 

2) Material dimensions and tolerances 

3) Surface Finish 

4) Mechanical properties 

5) Metallurgical properties 

6) Residual Resistivity Ratio (RRR) 

 

As defined in FRIB Niobium Acceptance Standard 

Operation Procedure document, a minimum of two 

samples per production lot are required for acceptance 

testing. Samples are selected from non-usable material 

areas, as defined by cavity vendor cut sheet requirements. 

A small section of material is removed from these areas 

and cut into metallurgical samples to be used in 

acceptance testing, an example is shown in Fig. 2. The 

following samples are prepared and tested; standard 

ASTM “dogbone” sample - used for tensile and hardness 

testing, RRR sample - used to measure thermal 

conductivity or purity of the material, and (2) small 

squares - used in the Orientation Imaging Microscope 

(OIM), providing information on grain size and 

recrystallization. All samples are labelled and tracked 

back to supplier sheet number and production lot 

numbers.  

 

Measurement results are documented into a niobium 

acceptance spreadsheet, with supporting documents, and 

is include as an attachment to the acceptance validation 

report. All non-conforming results are reported to FRIB 

Quality Department and feedback to suppliers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Concept of sample layout, cut from as-received 

niobium for use in acceptance testing. 

 

ACCEPTANCE MEASUREMENTS 

The ACL requirements are validated by conducting a 

serious of physical, mechanical, and metallurgical 

inspections/tests to samples removed for production 

sheets. The following measurements and equipment will 

be used to complete incoming niobium ACL.  

Dimensional and Quantity Checks 

All received niobium sheets will be counted and 

measured against tolerance specifications. Length and 

width requirements are + material, - zero material. 

Material thickness is very critical as many sheets are 

designed for deep drawing applications. Thickness 

tolerances are set for – zero, + 0.007” (0.2mm). Thickness 

is measured using a micrometer along perimeter and 

ultra-sonic thickness measurement for the interior of the 

sheets.  

 

Mechanical Measurements 

Standard ASTM tensile samples are Electric Discharge 

Machined (EDM) from as-received niobium material. 

Tensile samples are tested using an Instron 4302 machine 

at ambient conditions. A strain rate of 5 mm/min was 

used for all samples, running samples to fracture. Data 

was collected from the tests and plotted, providing an 

Engineering Stress verse Engineering Strain plot for each 

sample. Each sample plot provides three properties called 

out in the niobium acceptance specifications; 

 

Yield Strength (0.2% offset): 7000 psi min. 

Tensile Strength: 14000 psi min. 

Elongation: 40 % min. longitudinal 

Elongation: 35 % min. transverse  

 

Hardness (Micro-hardness) (Hv 10) 

Micro-hardness measurements are made on all 

production lot samples using a Clark Micro-hardness 

Tester CM-100. For each sample, five micro-hardness 

measurements are taken, with an average calculated. 

Measurements are made using a 100 gram load. The 

niobium specification is; Hardness, HV 10: 60 max  

 

Metallurgical Measurements 

1cm x 1cm square samples from each niobium 

production lot are viewed using an Orientation Imaging 

Microscope (OIM) to determine grain size and state of 

recrystallization. Samples are cleaned and etched prior to 

use in the microscope. For each sample, an orientation 

and misorientation map is generated from the OIM data. 

The preferred grain orientation is not a specification for 

FRIB niobium, but can be useful in understanding 

material issues if problems were to occur during cavity 

fabrication. The metallurgical specification is a 

predominantly grain size of ASTM #5 (64 µm) and >90% 

recrystallization.  

 
RRR Measurements 

RRR is measured from each sample lot using thermal 

conductivity measurements of samples and calculating 

ASTM “dogbone” 

OIM 

Thermal Conductivity 
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RRR; [RRR  4 * thermal conductivity at 4.2K]. A RRR 

measurement system is currently being commissioned at 

MSU for future acceptance testing. Direct RRR 

measurements are faster than the thermal conductivity and 

the RRR system will be able to measure more than 20 

samples at a time. 

RESULTS 

Niobium material from two vendors, supplied over two 

Task Orders, were sampled and measured against the 

FRIB acceptance criteria list. The results are present 

below.  

 

Surface Finish 

All material surfaces are inspected for surface 

imperfections. One major issue reported during surface 

finish inspections was the occurrence of pitting in the 

sheets, shown in Fig. 3. This was observed in both vendor 

materials and ranged in size and distribution. The pitted 

areas were further analysed to determine cause of pitting 

and to confirm no impurities were present. Pits were 

random in position and found on both sides of a given 

sheet. The size and depth vary, but most described as 

1mm and smaller in diameter and between 100-150 µm in 

depth. 

 
 

Figure 3: Pits found during surface finish inspections of 

niobium sheet. 

 

Besides general surface roughness, some concerns with 

the observed pits are the potential for impurities in the 

niobium and the possibility of additional pits just below 

the surface (within the depths that would be etched away 

during cavity fabrication and processing). To address 

these concerns, a series of metallurgical tests were 

performed on the pits and surrounding area. 

 

The pits were examined using a Scanning Electron 

Microscope (SEM), model Carl Zeiss EVO LS 25. Pits 

were viewed, looking at tomography and surface finish of 

grains within the pits.  

 

The surface within the pits varied in etched appearance. 

The upper rim of the pit appeared shelved and had 

features that looked to be shear laps, as shown in Fig. 4. 

 

 
 

 
 

Figure 4: SEM images of observed niobium pits; A) 

internal surface of pit showing different etching 

behaviour, B) pit showing potential shear lap feature 

(with trapped fiber). 

 

Within the pit, SEM images, Fig. 5, revealed particles 

sitting on the surface; loosely attached to the sheet 

material. Energy Dispersive Spectroscopy (EDS) analysis 

confirmed the material within the pit and the observed 

“attached” particles were niobium, shown in Fig. 6. 

 

 
 

Figure 5: SEM image of particle sitting on surface of 

niobium pit. 

A 

B 
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Figure 6: EDS analysis confirmed particle found in 

niobium pit to be niobium. 

 

To address concerns of potential pits lying below the 

surface, eddy current scanning measurements were made 

on several niobium samples; surveying several production 

lots and thickness. The eddy current scanning system is 

able to detect defects at the surface to a depth of ~ 

150µm. The eddy current scanner clearly detected the 

surface pits, as shown in Fig. 7. No other defects were 

observed in the scanned materials. 

 

 
Figure 7: Eddy scans of as-received niobium sheet 

showing pitting at the surface. 

 

Further analysis using OIM data showed an unusual 

orientation within the pit and the surrounding area. 

Clusters of [101] (green) orientations are not common in 

rolled niobium and not commonly seen in other 

production lots, surveyed across multiple vendors. What 

caused the orientation to form is curious, particularly if it 

relates to the pitting. If so, it is possible localized stress, 

caused by an embedded particle in the niobium surface or 

shear lap effects, could have local influence on the 

starting orientation of recrystallized grains. This 

relationship could be used as a further diagnostic of as-

received sheet or subassembly fabrication in cavities.  

 

 

Mechanical Properties 

All samples were in the acceptance range with tensile 

plots following the same trends with all minimum 

specification values met, as shown in a typical plot Fig. 8. 

Several production lots were found to have a higher yield 

strength then typically seen. Multiple samples from the 

same production lots showed the same trends, verifying 

reproducibility in the measurement. These lots are 

documented and cross-checked with other acceptance 

testing results, such as RRR, for further understanding.  

 

Micro-hardness 

Micro-hardness results showed a large spread among 

the five indents and generally higher values then reported 

from suppliers. Discussions with niobium suppliers 

revealed a discrepancy in the applied load for the 

hardness measurement. Larger applied load can yield a 

lower hardness value if cluster of similarly orientated 

grains are sampled by the indent. 

 

 
Figure 8: Stress-Strain curve generated during niobium 

mechanical property testing. 

 

Grain Size 

Grain size and recrystallization was measured for all 

sample lots. The majority of the sheet material was found 

to be in specification tolerance (predominately ASTM #5, 

64 µm), as shown in Fig. 9. There were production lots 

from both vendors that had grain size non-conformance 

issued; one lot having slightly over size grain size and one 

lot having slightly under grain size. Both issues were 

discussed with supplying vendors; as both grain size non-

conformances raise concerns; small grains can be a 

consequence of lower purity, suggesting the presences of 

impurities that can pin grain boundaries during the 

recrystallization annealing, and large grained material can 

be a cause of surface roughness during forming 

applications. 
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Figure 9: Grain size distribution of as-received niobium 

sheet samples over several production lots. 

 

Recrystallization 

Recrystallization is determined by looking at the 

misorientation local average among grains in the OIM 

maps. A high fraction of grains with large orientation 

gradients (within the grain) can indicate the material is 

not fully recrystallized, as shown by the gradient scale 

from blue to red in Figure 10-B.  

 

A prefer texture is not a specification for sheet niobium 

production, but the information is obtained as part of the 

OIM measurement and is of interest in comparing 

fabrication and performance results in cavities. Texture is 

very random among production lots with a heterogeneous 

texture gradient in every lot. A wide distribution of 

banding is observed among the sheets, varying mostly 

between the [111] (blue) and [001] (red) orientations, 

normal to the surface of the sheet, as shown in Figure 10.  

 

RRR 

Calculated RRR values confirmed niobium sheets were 

within specification and consistent with vendor supplied 

measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: OIM maps of as-received niobium sheet; (A) 

map showing grain orientation normal to sheet surface, 

(B) map showing misorientation angle. 

 

CONCLUSION 

FRIB has begun receiving niobium material for the 

production of SRF cavities, distributed among multiple 

vendors and Task Orders. As-received material is 

subjected to acceptance testing as defined in the FRIB 

Acceptance Criteria List (ACL). To date, over 300 sheets 

of material has been received and inspected for FRIB. 

The majority of the material is found to be within FRIB 

specifications, accepted, and inventoried for FRIB 

production. Several non-conformances were measured 

and documented, resulting in the rejection of material and 

deviation requests. Some non-conformances were 

documented, but accepted for production. In these cases, 

non-conformance reports are discussed with vendors and 

solutions implemented to ensure future shipments are 

within FRIB specifications. 

 
Niobium supplier visits were conducted to discuss ACL 

results of as-received materials, non-conformances, and 

strategic plans to bring production material into 

specifications. As discussed, pitting was a major focus of 

vendor improvements. Pits were examined using several 

metallurgical measurement techniques; concluding the 

pits were caused by niobium particles being embedded 

into the sheets during the rolling process, as illustrated in 

Figure 11 Vendors were very open to their production 

produces, including onsite discussions on how to improve 

the niobium sheet production. Vendors were very 

responsive to suggests; as demonstrated by immediate 

implementation of production improvements seen in 

follow-up visits. 

 

 
Figure 11: Illustration showing pit forming mechanism in 

niobium sheet fabrication. 
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THE STATISTICS OF INDUSTRIAL XFEL CAVITIES FABRICATION  
AT E. ZANON 

M. Giaretta, A. Gresele,  A. Visentin, E. ZANON SpA, via Vicenza 113, 36015 Schio, Italy 
A. Sulimov, J.-H. Thie, DESY, Notkestrasse 85, 22603 Hamburg, Germany

Abstract 
Serial production of superconducting cavities for 

European-XFEL was successfully started at E.ZANON at 
the end of last year. The production rate (3-4 cavities a 
week) allows us to summarize the results and present the 
statistics of industrial cavity fabrication. Many parameters 
have been traced during different steps of cavity 
production. The most interesting of them, as cavity 
length, frequency, field flatness and eccentricity, are 
presented and discussed. 

INTRODUCTION 
The cavity production rate at E.ZANON achieved the 

necessary level (3-4 cavities a week) on February (see 
figure 1). Additional growth in April and May allowed 
reduce the production rate during planned vacation in 
August. 

 
Figure 1: Cavity production rate

 
In period of 36 calendar weeks since January 2013 

E.ZANON: 
- produced 150 cavities; 
- integrated 64 cavities in helium tanks and sent to 

DESY. 
It allowed to: 
- test 43 cavities at DESY under cold condition; 
- sent 37 cavities to CEA (Saclay) for module 

assembling; 
- get 8 cavities already assembled in XFEL module, 

which waits the cold test at DESY. 
We will concentrate our attention on RF aspects of the 

statistics for XFEL cavities fabricated at E.ZANON, 
separating them to mechanical and RF characteristics. 
The idea of the RF measurements procedure and first 
results for XFEL cavities production were already 
published in [1, 2]. 

The results of all measurements are collected in XFEL 
DB [3] and were used for analyzes. 

MECHANICAL CHARACTERISTICS 
The shrinkage welding parameter (see figure 2) 

depends on the characteristics of niobium sheets from 
different suppliers: Plansee, Tokyo-Denkai and Ningxia. 
It has to be taken into account for estimation of final 
length, before cavity welding. 

The mean shrinkage values for Tokyo-Denkai material 
is 0.43 mm, for Plansee and Ningxia is 0.41 mm. 

The average shrinkage for all produced cavities is 
(0.421 ± 0.015) mm. It overlaps the average values for all 
materials supplier. 

 

 
Figure  2: Shrinkage of  equator welding  for  different 
materials.

 
The predicted lengths for cavities with helium tank and 

real values are compared on figure 3.  
The difference between them should be 224.4 mm. It 

corresponds to: 2 mm length reduction during planned 
tuning and 222.4 mm (lengths of cavity tubes) due to 
different measurements (predicted length – between 
connecting flanges, real – between reference rings). 

Average deviation relative planned difference is 
± 0.4 mm. It’s less than 15 % of the length tolerance. 

Average length between reference rings of produced 
cavities is 1058.9 mm, as required by XFEL specification 
(1059 ± 3) mm. 

One can see the average length reduction about 1 mm 
for last 40 cavities, according the additional requirements 
from DESY. 

 

 
Figure 3: Predicted and real cavity lengths

 

. 
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The next important mechanical characteristic for beam 
dynamics is cavity cell’s eccentricity. It’s used for cavity 
assembling into the accelerating module. The maximal 
from 11 eccentricity values (9 for cells and 2 for flanges) 
for each cavity are presented on figure 4. 

Average maximal eccentricity value for cavities is 
0.2 mm. So the cavities are twice straighter than it's 
required by XFEL specification 

 

 
Figure  4:  Maximal  value  of  cavity  eccentricity  before 
welding in helium tank

RF CHARACTERISTICS 
The main RF characteristics for cavity production 

(TM010 pi-mode frequency and field flatness) are 
presented on figures 5 and 6.  

After the cold measurements results for pre-series 
cavities the pi-mode frequency was increased, correcting 
the target values during the tuning. The further control 
and correction are planned. 

 

 
Figure 5: Pi-mode frequencies at different conditions
 
Average field flatness of cavities, integrated in helium 

tank, is 96 %  before final BCP. It’s more than required 
by XFEL specification ( > 90 %). 

 

Figure 6: Cavity field  flatness at TM010 pi- mode before 
BCP

 
To have an indication on a possible cavity deformation 

during the last step of the production, the spectrum 
measured before shipment is compared with the spectrum 
measured when the cavity was integrated into the tank. As 
an example a comparison of two spectra for cavity is 
presented in Fig. 7. First spectrum is a reference (was 
measured just after cavity integration) and second one 
was measured just before the shipment to DESY. The 
relative spectrum graph shows the difference between 
frequencies ratio of each mode and ratio of pi-mode 
frequencies. The mean squared error (MSE) is calculated 
for relative spectrum and its linear fit curve shows the 
deviation of cavity field flatness. If this value does not 
exceed 10 kHz and relative spectrum curve stays within 
the limits, the field flatness change is less than 10%. 

 

 
 
Figure 7: comparison between spectra and parameter 
MSE measured. 
 

From this step on all procedures are carried out by 
DESY. All cavities will be tested before being installed 
into the European XFEL tunnel. 

One of the most important cavity parameters is the 
maximum accelerating field which is measured in the 
vertical cryostat at 2 K. During the test the 
interdependency between the cavity’s quality factor and 
its accelerating field is measured (see Fig. 8). The design 
values for XFEL cavities are  an accelerating gradient of 
23.6 MV/m at a Q-value of 1 1010. 

 

. 

. 

. 
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Figure 8: Vertical test result of some cavities. 

 

 

SUMMARY 
For 36 calendar weeks in 2013: 
- E.ZANON produced 150 cavities; 
- 64 cavities were welded in helium tanks by 

E.ZANON and sent to DESY; 
- 43 cavities tested at cold condition at DESY; 
- 37 cavities were sent to CEA (Saclay) for module 

assembling; 
- 8 cavities are assembled in module and waiting the 

cold test. 
The main results of the statistics analyzes are: 
- average shrinkage of cavities is 

(0.421 ± 0.015) mm. For Tokyo Denkai material 
(0.43 mm) it is 0.02 mm higher than for Plansee 
and Ningxia; 

- average length between reference rings of 
produced cavities is 1058.9 mm, as required by 
XFEL specification; 

- real cavity lengths are very close to predicted 
values. So we can wait the length reduction to 1 
mm according the additional requirements from 
DESY; 

- average maximal eccentricity value for cavities is 
0.2 mm. So the cavities are twice straighter than 
it's required by XFEL specification; 

- after the cold measurements results for pre-series 
cavities the pi-mode frequency was increased, 
correcting the target values during the tuning. The 
further control and correction are planned; 

- average field flatness of produced cavities before 
final BCP is 96 % (over required 90 %). 
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USING AN ENGINEERING DATA MANAGEMENT SYSTEM FOR SERIES 
CAVITY PRODUCTION FOR THE EUROPEAN XFEL 

J. Iversen, A. Brinkmann, J. Dammann, A. Poerschmann, W. Singer, J.-H. Thie 
DESY, 22607 Hamburg, Germany

Abstract 
For series production of 800 superconducting cavities 

for the European XFEL an Engineering Data 
Management System (EDMS) is in use as a tool for 
quality control (QC) and quality assurance (QA). DESY 
is responsible for “in-time” supply of more than 24000 
semi-finished products (SFP) of niobium and niobium-
titanium alloy. The EDMS as a main repository was set up 
to fulfil logistic requirements and to guarantee traceability 
and documentation issues according to the European 
Pressure Equipment Directive 97/23 EC (PED) [1]. The 
main aspects consist of complete paperless 
documentation, fully automated transfer of quality 
management (QM) documents and data from vendor 
system to DESY’s EDMS, providing to industry an access 
to relevant documentation and processing of release 
procedures for acceptance levels and non-conformity 
reporting. A summary of documentation methods, 
procedures and first experiences will be presented. 

INTRODUCTION 
During the negotiation phase for contracting the series 

fabrication of 800 1.3 GHz superconducting cavities 
(CAV) for the European XFEL it was decided that DESY 
has to take over the responsibility of purchasing, QA and 
“in-time” supply of semi-finished products to the cavity 
producer according to their manufacturing schedule [2].  

The companies RI Research Instruments GmbH (RI) 
and Ettore Zanon S.p.A. (EZ) were contracted to produce 
the cavities, each company 400. 

Documentation requirements and methods will be 
described for both fields: 

 Semi-finished products. 
 Series CAV fabrication. 

SEMI-FINISHED PRODUCTS 
Requirements on Documentation 

For the series CAV fabrication, 12 different types of 
more than 24000 pieces of SFP (sheets, plates, tubes, and 
rods) are needed [3]. SFP can be divided into two groups: 

 SFP to be used for the production of pressure bearing 
parts of the CAV (fig. 1) according to the PED. For 
this type of SFP, the rules according to PED (e.g. full 
traceability from raw material to the finished CAV as 
part of pressure equipment) must be guaranteed. It 
has to be ensured that the cavities’ physical 
requirements will be fulfilled. The use of the EDMS 
has been qualified successfully by the notified body 
(TUEV Nord Systems GmbH) according to PED. 

 SFP to be used for the production of CAV parts that 
are not connected to the pressure loaded area of the 
CAV (fig. 1). For these types of parts, adequate 
documentation methods have been developed that 
the requirements of its purchase are fulfilled and the 
quality of the parts in terms of their functional use of 
the completed CAV can be guaranteed. 

 

Figure 1: CAV with pressure bearing/non-pressure 
bearing parts.

The high number of SFP and the strong difference of 
amount per type of SFP require individual documentation 
according to the QA procedures, logistic tasks and full 
process control supported by the EDMS. 

Documentation Methods 
Three different methods are in use: 
 full process control supported by the EDMS for 2.8 

mm niobium sheets due to the high number of sheets 
and the extremely high requirement to quality. 

 upload tool for SFP types with amount > 100 up to 
2000 parts. 

 “by hand” documentation for SFP types with amount 
< 100 parts. 

Fully Process Controlled Documentation 
More than 15000 niobium sheets for cell fabrication 

have been ordered at industry and delivered to DESY. 
Due to the high amount and the most complex QA and 

QC procedure, DESY’s IPP group has developed a fully 
EDMS controlled process (fig. 2) in close collaboration 
with the QC team to guarantee that all requirements 
according to PED, QA and logistics issues can be 
fulfilled. 

The process is connected to the EDMS at three work 
team stations: 

 Team “Labelling” for incoming inspection, 
certificate examination and sheet labelling 

 Team “Scanning” for visual examination and eddy 
current scanning 

 Team “Stamping” for permanent marking of the 
sheets and preparation for its supply to the CAV 
producer. 
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Figure 2: Work flow and QC process of Nb sheets for cell 
fabrication.  

The whole work flow is automatically processed by the 
EDMS; it is possible to trace the history of any sheet at 
any time. The work status as well as the location of the 
sheet can be checked for each single sheet. 

SERIES CAV FABRICATION 
Requirements on Documentation 

Due to the fact that the cavity for XFEL is part pressure 
equipment according to PED, specific formalities 
regarding documentation must be fulfilled. Main 
requirement is to ensure traceability of the finished cavity 
through following the whole fabrication history back to 
the raw material and its inspection certificates. 

It was decided that DESY wants to perform an external 
QC procedure in addition to the QA processes that must 
be performed by the cavity manufactures internally. That 
requires: 

 a fast flow of QM documents to DESY. 
 structured and well organized repository of 

documents. 
 an acceptance procedure for checking the quality and 

releasing the CAV for treatment processes after 
fabrication. 

The EDMS was set up to fulfil all named requirements 
and was qualified by TUEV Nord Systems GmbH as 
notified body according to PED. 

Quality Management Documents during Series 
Fabrication 

A dedicated selection of QC criteria was defined in the 
Technical Specification, part XFEL/012 [4]. Test results 
on dimensional checks, RF-tests, RF-shape accuracy, leak 
tightness test and visual examination have to be handed 
over to DESY and data has to be transferred via EDMS to 
the European XFEL database for QC and statistical 
analysis. 

Automated Document Transfer from CAV 
Manufacturer to DESY 

Due to the high number of reports (table 1) that have to 
be handed over to DESY during series CAV fabrication, 
an automated and completely paperless transfer of these 
QM documents has been developed and implemented.  

Table 1: Type of Test Reports per CAV 

Test object Dim. 
check 

RF-
test 

shape 
test 

leak 
test 

visual 
test 

Normal half cell X X X   

Long half cell X X X   

Short half cell X X X   

Dumb-bell X X X   

End group long X X X X  

End group short X X X X  

Cavity X X X X X 

Both XFEL cavity manufacturers are connected with 
their internal Enterprise-Resource-Planning (ERP) system 
directly to the EDMS by using web services created by 
DESY. That guarantees a fast and continuous flow of 
documents and data that follows “in time” the fabrication 
progress. On that way the base requirement to be in 
position to perform the external QC is fulfilled 
successfully. 

For those QM documents that have to transfer native 
data to the XFEL database, the use of MS-Excel 
templates created by DESY was decided. The templates 
are filled with defined information and data at the 
manufactures’ site and sent to the EDMS (fig. 3). The 
EDMS automatically transfers internally relevant 
documents to the XFEL database. 

Other formats e.g. MS Word, PDF are in use and are 
supported by the EDMS, too. 

 

 

Figure 3: Schema of document transfer. 
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Cavity Document Structure in the EDMS 
The product breakdown structure (PBS) (fig. 4) of the 

cavity for XFEL is the leading representation for each 
part of the cavity and the cavity itself in the EDMS [5] 
[6]. 

 

Figure 4: PBS of the cavity for XFEL. 

So-called “physical parts” (a data type that in the 
EDMS represents a part existing in the real world) 
hierarchically building the complete CAV structure for 
each existing cavity. 

With the receipt of QM documents from the cavity 
supplier in the EDMS: 

 physical parts will be created automatically and the 
complete structure of each cavity will be built step 
by step following the fabrication progress 

 QM documents will be created and linked 
automatically and directly to the related physical 
part. 

Acceptance Procedure after CAV Fabrication 
Once the cavity manufactures completed a CAV, a 

contractual hold point is reached and DESY will perform 
an acceptance release procedure (fig. 5). Without DESY 
acceptance, a CAV should not be surface treated. 

 

 

Figure 5: Acceptance release procedure. 

The procedure is completely supported and processed 
by using the EDMS. Based on the uploaded QM 
documents the cavity manufactures ask for release by 
sending the so-called “final document” which is starting a 
life cycle in the EDMS. All documents required for the 
inspection by the QC team at DESY are collected in a 
baseline, an EDMS data type that summarizes a set of 
documents. 

This set will be provided by the EDMS to the QC team 
for inspection. An inspection report will be created and 
the cavity supplier will be informed about the result 
afterwards. 

EXPERIENCES AND CONLUSION 
The EDMS is successfully used since more than one 

year for the documentation of the semi-finished products 
and the cavity fabrication for the European XFEL. 
Thousands of QM documents were transferred from the 
cavity supplier; about 230 CAV structures have been 
created and more than 150 CAV have passed the 
acceptance procedure in the EDMS until today. 

The experiences show that the usage of an EDM 
System for a series cavity production is worthwhile to 
manage the complex documentation on a reliable way. It 
guarantees a fast, paperless and well structured storage of 
documents and supports traceable processes to regulate 
the QC procedures. It is an indispensable tool for Quality 
Control and Quality Assurance. 
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Abstract 
A new technique to fabricate SCRF cavities with the 

help of laser welding process has been developed at Raja 

Ramanna Centre for Advanced Technology (RRCAT), 

Indore, Department of Atomic Energy, India. In this 

technique, an Nd:YAG laser has been used and welding 

was performed in inert gas environment in a specially 

designed welding rig. The advantages of this technique 

are reduced cost, small heat affected zone, no necessity to 

weld in vacuum and an enhanced rate of production. The 

paper describes the technique and fabrication method of a 

single-cell 1.3 GHz SCRF cavity which was fabricated at 

RRCAT with this new technique. It also discusses the test 

results of this cavity which was processed and tested at 

Fermi Lab, USA (FNAL). The cavity reached an Eacc of 

17MV/m with a Q0 of 1.4 x10
10

 at 2K after buffered 

chemical and electro-polishing processing sequence. The 

cavity was then barrel polished to remove a small weld 

defect and then electro-polished. In the next test the 

cavity achieved a quench field of 31.6 MV/m with a Q0 of 

1.0 x10
10

. 

INTRODUCTION 

Raja Ramanna Centre for advanced Technology 

(RRCAT) has taken up a program for development of 

SCRF technology. It is aimed at setting up a high intensity 

superconducting proton linac, which is the next major 

project being planned at the centre. The necessary 

infrastructure required for this project is in an advanced 

stage of commissioning [1]. Under this major project, the 

Cryomodule Engineering Lab (CMEL) of RRCAT had 

initiated an effort to develop a new technique for the 

fabrication of SCRF cavities made of niobium (Nb) [2]. 

The novelty of this technique is the use of laser beam 

welding (LBW) for fabrication of SCRF cavities instead 

of electron beam welding (EBW). A special feature of the 

technique is the use of an inert gas environment instead of 

vacuum.   

The effort is directed towards reducing the cost (both 

capital and operating) of fabricating the cavities. Another 

objective is to increase the rate of production. An attempt 

has also been made to reduce the energy incident on the 

Nb parts being welded, so that the heat affected zone 

(HAZ) and corresponding shrinkage and distortion are 

reduced. It is expected that such a reduction may make 

SCRF cavities easier to fabricate, thereby increasing the 

probability of fabricating high performance cavities. 

 A large number of experiments (>150) were carried out 

over 3 years to develop the technique and then arrive at an  

optimum process for fabrication of SCRF cavities. A 

specially designed welding rig was fabricated with the 

help of Indian industry. A laser system for the task was 

tailor-made by the Solid State Laser Division (SSLD) of 

RRCAT, subsequent to the assessment of requirements. 

After process finalization, based on this technique, a 

1.3GHz, Tesla type, single cell cavity was fabricated. This 

cavity (see Fig.1) has been surface processed & tested at 

FNAL. The very first cavity fabricated by this process has 

shown encouraging results. The cavity reached an Eacc of 

31.6 MV/m with a Q0 of 1.0x10
10

 at 2K in the rest (see 

Fig. 2). Further processing is being done for improving 

the performance. 

 

Figure 1: First laser welded 1.3 GHz SCRF cavity. 

 

Figure 2: Q0 v/s Eacc for  laser welded 1-cell 1.3 GHz 

cavity.  
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ADVANTAGES OF NEW TECHNIQUE 
The new technique based on LBW has many 

advantageous features compared to the standard EBW 

based technique as listed below:  

 No necessity of vacuum environment. Gas jet to 

assists in driving away evaporated material. 

 Low capital cost, as laser system is ~25 times 

cheaper than EB welding system. 

 Lower operating cost (LBW cheaper by 4-5 times) 

 Weld energy can be easily manoeuvred to any 

place, as the laser energy can travel through an 

optical fiber. Intricate joints can be easily welded. 

It imparts flexibility for new cavity designs (low, 

medium or high beta). 

 Better control on energy deposition (frequency, 

pulse shape, duration etc.). Lesser energy can be 

deposited to get the same joint. This results in 

 Lower HAZ (~500 µm on both sides of bead) 

 Less shrinkage and distortion (5-6 times less) 

 Higher production rate as 

 Multiple joints are possible in a single setting. 

 One laser can feed many welding rigs using 

Multiport fibre optic beam delivery (see Fig.3) 

RIG-1

WELDING 

RIG-2

WELDING 

RIG-3

WELDING 

RIG-4

WELDING 

RIG-5

SYSTEM

WELDING 

LASER 
REFLECTING MIRRORS
REMOVABLE

 

Figure 3: A schematic diagram showing multi-port fiber 

optic beam delivery by same laser. 

DEVELOPMENT OF LBW TECHNIQUE 

FOR SCRF CAVITY FABRICATION 

Laser welding experiments were carried out on niobium 

(Nb) samples using Nd:YAG (1.064 µm) laser system. 

The absorption of this wavelength is just ~10% for Nb. 

Welding parameters were developed and optimized for 

full penetration in Nb samples (1.7mm, 2.1mm, 3 mm 

thickness). These parameters were fine tuned for 

reliability in depth of penetration and vacuum leak 

tightness. Parameters were developed for smoothing the 

bead by laser, to get a smooth surface finish.  

Metallography 

Metallographic analysis was performed for most of the 

samples. Laser welded specimens exhibited  a ~2.5 mm 

wide weld bead with a smooth ripple pattern (see Fig. 4). 

A cross-sectional metallographic examination of laser 

welded niobium specimens did not reveal any defects. 

The laser welded metal displayed coarse columnar grains, 

growing from the two sides of the melt pool to meet axial 

grains at the weld centre line as shown in Fig. 5.   Due to 

the low heat input associated with the laser welding 

process, the laser welded joint developed a very narrow 

HAZ of about 500 µm on both sides of the weld bead. 

None of the weld samples made from the final parameters 

showed any micro cracks or voids.   

 

Figure 4: Laser weld bead with smooth ripple pattern. 

 

 

Figure 5: Cross-sectional view of Nb specimen. 

 

Tensile Test 

The weld samples were tested for tensile strength. The 

results of these tests (Table 1) appear satisfactory.  

 

Table 1: Tensile Test Results of Nb Samples 

LBW sample UTS 170 MPa 

 YS   100 MPa 

 

Original substrate UTS 180 MPa 

 YS   100 MPa 

   

Vacuum Leak Tightness 

To qualify the weld joint, vacuum leak tightness was 

checked for the laser welded Nb sample, using a mass 

spectrometer leak detector having minimum detectable 

leak rate of < 1x10
-11

 mbar.ltr./sec. The sample was a Nb 

disk welded along diameter. It was found that the vacuum 

leak rate was of the order of 1x10
-10

 mbar.ltr./sec.  

 

 

Proceedings of SRF2013, Paris, France MOP036

09 Cavity preparation and production

K. Technical R&D - Large scale fabrication

ISBN 978-3-95450-143-4

187 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Optimizing Inert Gas Environment & RRR 

Measurement 

The above mentioned experiments were followed by 

experiments on optimizing the welding environment. 

Taking advantage of the fact that a laser can travel 

through gases (unlike an EBW electron beam), a recipe 

was developed which could ensure high RRR of the 

welded samples subsequent to welding. After a certain 

number of experiments, it was found that high purity 

argon gas with 99.9999% purity could be used for the 

task. A gas jet was used to assist the laser welding 

process, to drive away the evaporated material and weld 

spatter from the sensitive region. Gas jet parameters (flow 

rate, orifice diameter, incident angle, etc.) were optimized 

so that any evaporated material and spatter are not 

allowed to deposit on the cavity surface, while keeping 

the weld pool undisturbed. Subsequent to parameter 

finalization, RRR measurement was carried out and 

results were very satisfactory. The RRR value for the 

pristine Nb sample was 314 and for the welded sample, it 

was 296, a reduction of just 6%, which is acceptable. 

A 3.9 GHz SCRF cavity (Fig. 6) made of low RRR Nb 

was laser welded with optimized parameters in an argon 

environment for testing the functioning of all subsystems 

as a single unit.  

This exercise provided two important inputs. The first 

input was about weld shrinkage and the second was about 

gas flow regulation through nozzle for assisting in muck 

removal when a circumferential joint is welded. This trial 

also showed how much weld overlap has to be there. 

 

 

Figure 6:  1
st
 Laser welded  3.9 GHz SCRF cavity. 

INFRASTRUCTURE DEVELOPMENT 

FOR SCRF CAVITY FABRICATION  

A specially developed SCRF cavity welding rig was 

designed and fabricated (see Fig. 7). The vacuum vessel 

of the rig can achieve the vacuum level of the order 10
-6

 

mbar. The rig is comprised of motion feed through, 

optical fiber feed through, and gas feed through to carry 

out welding in an inert gas atmosphere. A stepper motor 

based target manoeuvring system was also developed.   

A tailor-made, indigenously developed Nd:YAG laser 

was used for the task with average output power of 500W 

(Fig. 8). Laser beam power is delivered to weld joints by 

means of an optical fiber and lens arrangement passing 

via an optical feed through, into the vessel, which was 

developed specifically for the task.  

 

 

Figure 7:  Photograph of  laser welding rig. 

 

1.3 GHz SCRF CAVITY FABRICATION 

The process to weld the cavity was conceptualized, 

experimented and finalized. This was the logical next step 

after the welding samples were qualified on all accounts 

including RRR measurement. 

 

 

 

 

Figure 8: A photograph of Nd:YAG laser system. 
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 The weld sequence for cavity components, weld 

overlap and other such aspects were ascertained and thus 

the process was finalized. Suitable fixtures were 

developed for welding Nb components of a single cell 1.3 

GHz Tesla-shape cavity. The first cavity was fabricated at 

RRCAT and initial tests like vacuum leak test, resonant 

frequency measurement and vacuum integrity test 

subsequent to cold shock at 80K were performed at 

RRCAT. Test results are summarized in Table 2. 

 

Table 2: Room Temp. Test Results of 1.3 GHz SCRF 

Cavity 

Test Result 

Vacuum leak tightness 1 x 10
-10

 mbar. litre./sec. 

Room temp. frequency  

Quality factor 

Overall length 

Vacuum. leak tightness 

(after cold shock) 

1.2962GHz 

9542 

393 mm 

2 x 10
-10

 mbar. litre/sec 

 

PROCESSING AND TESTING OF 1.3 GHZ 

LASER WELDED SCRF CAVITY  

Laser-welded 1.3 GHz cavity was shipped to FNAL for 

surface processing and RF testing at 2K in the Vertical 

Test Stand (VTS). On its arrival at FNAL, it was once 

again tested for vacuum leak tightness at room 

temperature and was optically inspected (see Fig. 9(a)). 

It was observed that a very narrow weld bead (~ 2.5 

mm) and HAZ was visible in optical inspection. A 

standard approach was taken to process the cavity as 

reported in references [3] and [4]. As a first step, buffer 

chemical polishing (BCP) was done to remove 120m of 

material. A solution comprising of 1:1:2 HF (48%), HNO3 

(65%), and H3PO4 (85%) was used, and the bath 

temperature was kept around 12
0
C.  

BCP was followed by a bake at 800
0
C for 2 hrs. at 10

-6
 

mbar of vacuum. A second optical inspection was 

performed which showed a small HAZ and weld bead. 

After second optical inspection, a light EP for 40 m 

material removal was carried out. The temperature was 

around 24
0
C near equator while average cavity 

temperature was kept below 30
0
C. 

 As a next step, ultrasonic cleaning and high pressure 

rinsing (HPR) of cavity was carried out. The cavity was 

assembled in Class 10 clean room. First testing was then 

carried out at 2 K in Vertical Test Stand (VTS). 

 The laser-welded 1.3 GHz SCRF cavity developed at 

RRCAT reached an acceleration gradient (Eacc) of 17 

MV/m with a quality factor (Q0) of 1.4x10
10

 at 2 K in its 

maiden test (see Fig. 10). At this gradient, there was a 

hard quench. No field emission was observed. 

 
Figure 9: Images of inner surface of SCRF cavity. 

 

A small weld defect was likely the cause of the early 

quench in the first test.  A repair process was implemented 

that included > 100 um of centrifugal barrel polishing to 

remove any surface morphological defects.  The CBP 

process was continued through the mirror finish stage 

prior to light EP and high temperature bake [5]. Fig. 9 

shows inner surface of cavity after CBP. The cavity 

received a 15 um EP prior to the 800
0
C 3-hour plateau 

hydrogen degasification bake. No post-bake electro-

polishing occurred as this step has been successfully 

eliminated at Fermilab [6]  

The cavity was again tested in VTS at FNAL. The cavity 

reached an accelerating gradient (Eacc) of 31.6 MV/m with 

a quality factor (Q0) of 1 x10
10

 at 2 K. 
 

 
Figure 10: Q0 v/s Eacc plot of  First test. 

CONCLUSION 

A new technique has been developed for fabricating 

SCRF cavities. This technique uses laser beam welding to 

join Nb components in inert gas environment. There are 

significant advantages which are foreseen from this 

technique. The process and infrastructure have been 

developed. The very first 1.3 GHz Tesla-shape SCRF 

cavity fabricated at RRCAT, using this new technique, 

reached an acceleration gradient (Eacc) of 31.6 MV/m with 

a quality factor (Q0) of 1.0x10
10

 at 2K.  This is a very 

encouraging result, as the cavity has been welded with 

LBW, which is significantly economical process 

compared to EBW. Furthermore the process is carried out 

without vacuum, thereby mitigating complications 

associated with it. These advantages make the new 

technique of SCRF cavity fabrication an attractive choice 

for future accelerator projects. To the best of our 
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knowledge, these are the first high quality test results of 

an SCRF cavity, which has both, RF sensitive and non RF 

sensitive joints, made with laser beam welding process. 

Efforts are being made at our centre to further improve 

the performance of cavities. Attempts are also being made 

to take the technique to production level, so that SCRF 

cavities can be fabricated at low cost with high production 

rate for future projects. 
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Abstract 

The European X-ray Free Electron Laser (XFEL) is 
currently under construction in Germany in Hamburg 
area. A linear accelerating part of the XFEL is going to 
consist of 808 superconducting 9-cell Niobium cavities 
installed in 101 accelerating modules. Before assembly 
into modules the cavities are tested in a dedicated test 
facilities. 

The testing procedures are prepared based on DESY 
expertise and available software from Tesla Test Facility 
(TTF) Collaboration and Free electron LASer for 
Hamburg (FLASH). RF test provides the most important 
information about cavity performance: maximum 
available gradient and dependence of quality factor and 
radiation on the gradient. Results of the RF test 
determine, whether a cavity is shipped to CEA Saclay 
(France) to be assembled into a module or send for 
retreatment to improve its performance. In this paper we 
present the most important aspects of the cavity RF test 
procedure. 

INTRODUCTION 
The XFEL cavity consist of 9 cells, acting as RF 

resonator with the nominal resonant frequency of 1.3 GHz 
at the temperature of 2 K. Figure 1 shows the XFEL 
cavity in the transport frame (without tank). The material 
used for manufacturing of XFEL cavities is Niobium – 
superconductor of II type (critical temperature of 9.2 K). 
Electrons passing through the cavity along its vertical axis 
of symmetry will be accelerated by gradient of about 
23.6 MV/m. In order to drive RF powering of the cavity, 
it is equipped with 4 antennas: input coupler, pickup 
probe and two higher order modes (HOM) couplers. 

 
Figure 1: XFEL cavity in the transport frame (without 
tank). 

The RF cavity tests are prepared and performed by 
The Henryk Niewodniczanski Institute of Nuclear Physics 

Polish Academy of Sciences (IFJ PAN) team [1]. 
According to the current estimation 7 working days 
organized in two shifts are needed to complete the test of 
eight cavities using two vertical test stands. The tests are 
performed in AMTF (Accelerator Modules Test Facility) 
at DESY in Hamburg. Performing of cavities tests is 
a part of Polish in-kind contribution for the European 
XFEL. 

CAVITY TEST 
Incoming Inspection 

The XFEL cavities are manufactured in two external 
companies: Research Instruments (RI) and E. Zanon. 
After delivery to DESY, cavity must pass the incoming 
inspection – mechanical, vacuum and RF check. It is 
necessary to check, whether all cavity components are 
installed properly and none of the antennas is short-
circuited. Then the cavity frequency spectrum (Figure 2) 
is measured and compared with the reference tuning data. 
The dedicated software used for the measurement speeds 
it up. The result of comparison, so called mean spectrum 
frequency deviation (MSFD), indicates even slight 
mechanical deformation of the cavity. 

 
Figure 2: RF spectrum of an XFEL cavity (VNA display). 

Before RF measurements the cavity is prepared for the 
test. The cavity is installed in the insert and connected to 

Preparation for the Test
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the vacuum line. Every insert used in AMTF can contain 
up to 4 cavities (Figure 3). Due to following operations it 
is required to reach the vacuum level of 10-7 mbar. At the 
end of preparation the mass spectrum is measured and the 
leak check is performed. 

 
Figure 3: Inserts with cavities in the preparation area. 

RF Measurement (Room Temperature) 
RF measurement at room temperature (Figure 4) 

comprises frequency spectrum measurement (input-
pickup) and tuning of higher order modes couplers (input-
HOM2, pickup-HOM1). The main purpose of the tuning 
is to setup properly the minimum of fundamental mode 
rejection filter in order to minimize transmission through 
the HOM couplers and to dump effectively other modes. 
After tuning RF cables are connected to the cavity and 
the insert is transported to the cryostat. 

 
Figure 4: An XFEL cavity in the insert – RF measurement 
(room temperature). 

Cool Down to 2 K 
XFEL cavities gains their superconducting properties 

and high quality factor (> 1010) in temperature of 2 K. To 
measure cavity performance it is necessary to cool it 
down and to maintain stable cryogenic conditions during 
the test (Figure 5). 

 
Figure 5: The insert inside the cryostat. 

RF Measurement (2 K) 
Main part of the cavity test is RF measurement at 2 K – 

so called “vertical test”. It is performed in order to 
provide the most important cavity parameters: maximum 
available gradient and dependence of quality factor and 
radiation on the gradient. The vertical test consists of 
spectrum measurement (only frequencies of fundamental 
modes) and Q(E) curves for 9/9π mode. To shorten time 
needed for the serial cavities tests, measurement of the 
quality factor dependence on temperature Q(T) is not 
being done. The RF measurement takes place in a special 
test-stand, equipped with vacuum, cryogenic and RF 
systems and driven by dedicated software (Figure 6). 

 
Figure 6: Software dedicated to the vertical test. 

The measurement starts with cable calibration and 
setup of the interlock system. Due to radiation hazard, the 
test-stand is equipped with concrete shielding, which has 
to be closed before high power is turned on. Next step is 
spectrum measurement – it is performed to obtain 
fundamental modes frequencies, especially frequency of 
9/9π – the operating mode for the XFEL cavities. Then 
Q(E) dependence measurement starts. Q(E) curve consist 
of set of points measured for increasing power. Each 
point contains information about cavity response for long 
pulse, like: power levels, quality factors (cavity itself, 
antennas), radiation, and vacuum- and cryogenic- 
conditions. Q(E) points are measured until limitation is 
met, which can be either the hard quench or the power 
limit (about 200 W). During this process cavity 
performance and the quality factor may improve (eg. due 
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to burning out impurities) or degrade (eg. due to particle 
pollution), so for every cavity it is necessary to measure 
Q(E) curves several times until no significant changes in 
cavity performance are observed. 

Outgoing Inspection 
After the vertical test, cavity is warmed up to the room 

temperature and transported back to the preparation area. 
There, it is disconnected from the vacuum line and 
dismounted from the insert. Depending on the results of 
the vertical test the cavity is prepared for shipment to 
CEA to be assembled into the XFEL module or send for 
retreatment to improve its performance. 

Outgoing inspection is the last action performed for 
cavity in DESY. The outgoing inspection procedure 
consists of the same steps as the incoming one – 
mechanical, vacuum and RF check. In addition spectrum 
measurement for input-HOM2 and pickup-HOM1 
configurations is done, to determine, whether HOM 
couplers have been detuned during the vertical test. After 
passing the outgoing inspection the cavities is placed in a 
transport box and shipped to CEA. 

RF Test Results 
All RF measurement results obtained during the cavity 

test – calibration offsets, RF spectra and Q(E) curves – 
are uploaded to the data base. The data base is not only a 
container for the measurement data, but also a useful tool 
for comparison and statistical analysis (Figure 7). The 
database is connected with the tests management system 
that improves cooperation of various groups handling the 
cavity tests and preparing reports for the EDMS system. 

 
Figure 7: Results of the vertical test (IFJ PAN cavity 
database viewer, beta version). 

SUMMARY 
In period from November 2011 to September 2013 

IFJ PAN team has performed about 150 tests of cavities. 
This number includes tests of reference cavities from RI 
and E. Zanon, tests done for commissioning of DESY 
infrastructure and serial tests of XFEL cavities. All test 
done so far provide not only information about cavity 
performance, but are also clear proof of high 
qualifications of members of IFJ PAN team. 

In parallel IFJ PAN team developed own software for 
presentation of results of measurements and the test 
management system. Those tools turn out to be crucial in 

case of such complex project and allow to significantly 
increase efficiency of work of IFJ PAN team. 
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SERIES PRODUCTION OF EXFEL 1.3 GHZ SRF CAVITIES AT E. ZANON: 
MANAGEMENT, INFRASTRUCTURES AND QUALITY CONTROL 

G. Massaro#, G. Corniani, M. Festa, M. Maule, Ettore Zanon S.p.A Schio, Italy  

 
Abstract 

In this paper we report on the capability of Ettore 
Zanon S.p.A. (EZ) to implement a EXFEL 1.3 GHz SRF 
cavities production system . In order to assure the series 
efficient repeatability of the product, this system is based 
on work team, composed of people with different skills, 
qualified infrastructures and technical procedures.  

A detailed study of the different work phases of the 
production cycle has been performed in advance, 
highlighting the technical difficulties and the production 
constraints. 

Based on this result, infrastructures and processes have 
been optimized to guarantee the specified quality, 
time/cost requirements, procedures and operating 
instructions, where the most complex and delicate phases 
as well as the responsibilities and acceptance criteria are 
investigated, have been introduced [1].  

Qualification operations  and eight pre-series cavities 
have proven EZ capability of fulfilling the imposed 
requirements.  

The above described manufacturing system allows 
nowadays a production rate of 4 cavities per week.  

EZ future developments involve minimizing time and 
costs while keeping the highest quality standard.  

INTRODUCTION 
The E. Zanon company was founded in 1919. It is 

located in the North-east of Italy 90 Km from Venezia. 
The company works on two different fronts:  
 the "standard" production for chemical industry 

(reactors, heat exchangers, etc), 

 the "special" production of components for research 
institutes and laboratories (UHV, cryogenics, Fusion, 
Superconductivity). 

E. Zanon S.p.A. has been working and manufacturing 
special components for superconducting applications 
since more than 20 years. Experience with niobium 
superconducting cavities started in the early 90’s and has 
continued without interruption until nowadays.  

E. Zanon company is currently involved in the 
European XFEL project to produce 2 Test Piece for weld  

qualification, 4+4 RCV-DCV cavities followed by 400 
XFEL type series cavities (with manufacture of their 
Titanium Helium tanks) and 12 so-called HiGrade 
cavities, first used for quality assurance, later available 
for further investigations and treatments.  

The cavities for the European XFEL have to be 
fabricated according to the Pressure Equipment Directive 
(PED 97/23/EC).  

The European XFEL project is under construction at 
the Deutsches-Elektronen-Synchrotron (DESY).  

The industrialization and commissioning of 
infrastructure will be presented.  

LAY-OUT AND INFRASTRUCTURES 
To fulfil the contractual requirements, E. Zanon has 

employed strong effort to study and optimize the 
production lay-out.  

The cavities production takes place into two buildings: 
building lot I and building lot IV. The first building is 
dedicated to manufacturing of half cells, dumb-bell, 
subassemblies, end groups EB welding, chemistry, while 
the second building is dedicated to final cavity welding, 
integration with Helium tank and surface treatments.  

 

Figure 1: Building lot I. 

  ___________________________________________  

#gmassaro@zanon.com 
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Figure 2: Building lot IV. 
 
 
In detail, as shown in figure 1, the building lot I is 

divided as follows:  
 in the yellow area is located Clean room ISO7  

and UPW production unit (18MΏcm), 
 in the green area is positioned Electron beam 

plant 150KV-30KW with cryogenic pump, 
 the blue area is used for storage and for the 

incoming controls of the raw material (niobium), 
 the red area is dedicated to stamping and 

reshaping of the half cells, 
 in the orange area is positioned Electropolishing 

with UPW plant(18MΏcm), 
 in the brown area UT and BCP treatment of  

sub-components before welding process. 
The building IV is organized in three main areas (see 

figure 2):  
 chemical treatment area (pink area), 
 clean room ISO7/ISO4  (blue area), 
 electron beam plant, Integration in Helium Tank, 

800°C -120°C treatments and testing area (green 
area). 

A "technical area" has been built outside the building 
IV, in which all the equipment and services, necessary for 
the production line, have been concentrated (see figure 3). 
The technical area consists in maintenance area, 
chemistry service area (the storage of BCP acid, tanks-
cooling systems for BCP stations, Scrubber for acid 
gasses vent), plants for Ultra Pure Water (UPW) 
production, pumps for High Pressure Rinsing and Pure 
Nitrogen storage tank for venting of EBW machine and of 
leak check groups, etc.  

 
The infrastructures described, the organization by 

Manufacturing and Testing Station (MTS) were 
positioned to suit the production flow. In fact, the 
infrastructures have been designed and organized in order 
to simultaneously handle about 10.000 pieces within the 
production line.  

In order to qualify infrastructures and establish the 
production cycle, four pre-series cavities have been used.  

MANAGEMENT AND QUALITY 
CONTROL 

All semi-finished products for pressure bearing 
components of cavities have to be fabricated according to 
PED requirements and their traceability has to be 
guaranteed (see figure 4). Under EXFEL project, together 
with a Notified Body (in this case TUEV Nord), the so-
called modules B and F of PED are applied. Module B 
has included vendors, procedures and the manufacturing 
of the Test Piece for weld qualification. Module F, 
currently in progress for series production, is based on 
Module B and requires the pressure test of each individual 
cavity [2].  

Requirements of PED include examination of cavity 
design, testing of material, creation of the particular 
material appraisal (PMA), examination of material 
suppliers, examination of purchased semi products, 
examination of the fabrication procedure, analysis of 
welding, examination of the welding procedure and 
welder qualification, destructive and nondestructive tests 
of welding connections, pressure test on each cavity with 
a helium tank etc [2]. 

 

 
Figure 3: Technical area. 
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Figure 4: Manufacturing view of cavity with Helium Tank, showing the subassembly breakdown structure [2]. 

To ensure the traceability for pressure bearing parts, a 
data management system (Galileo software) has been 
implemented. The system is used in EXFEL project as a 
central archive of all technical documentation, including 
the documentation of the manufacturing process from 
niobium sheets to the completed cavity and the non-
conformity reports [3].  

To ensure product quality, high-precision measurement 
systems have been defined, along with monitoring and 
analysis of data during the various step of production.  

Technical procedures have been issued in order to 
provide detailed guidance on operating modes, with 
particular attention to the phases of production previously 
considered critical.  

A parallel technical effort was done to reach good 
efficiency of the production toolings in order to optimize 
the quality of the product. For this purpose,  special jigs to 
handle multiple subassemblies are employed for 
machining, welding and dimensional controls. A total of 
about 100 new tools have been designed and 
manufactured.  

Quality management has taken into account the 
planning and development of production processes [4].  

Analysis of simulations were necessary for the planning 
of the production process and in respect to each phase of 
it, all possible bottlenecks were analyzed, optimizing the 
time and cost of production, maintaining high product 
quality.  

CONCLUSION 
Ettore Zanon s.p.a. has realized with great effort a 

dedicated lay-out for the production of 420 series cavities, 
under the European XFEL project.  

Qualification’s cavities and pre-series cavities are 
finished and they had very satisfactory results.  

Serial production has started in January 2013. The 
tested cavities demonstrated adequacy for EXFEL 
performance.  

With new production techniques and optimization of 
infrastructure, 4/5 cavities per week could be 
manufactured at this company.  
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STRATEGY OF TECHNOLOGY TRANSFER OF EXFEL PREPARATION 
TECHNOLOGY TO INDUSTRY 

A. Matheisen, J. Iversen, A. Schmidt, W. Singer, DESY Hamburg Notkestrasse 86 D22607 
Hamburg, Germany 

P. Michelato, L. Monaco, INFN Milano – LASA, Via Fratelli Cervi 201, 20090 Segrate, Milano, 
Italy 

Abstract 
For the XFEL a specification for the cavity preparation 

procedures was set up and handed to the industrial 
companies. Basing on this specification, companies’ 
hardware as well as process flows were set up. Beside this 
specified part of the preparation technique the companies 
personnel needed to be educated and the processes 
ramped up. To check the quality of the infrastructure, 
status of education of personnel and correct set up of 
process flows, so called Dummy cavities (DCV), 
Reference Cavities (RCV) and Pre-series cavities (PCV) 
were assigned. We report on the general strategy applied 
for the XFEL technology transfer on cavity preparation 
and the results obtained on the cavities for qualification. 

INTRODUCTION 
A total of 800 s.c. cavities have to be fabricated and 

prepared for vertical acceptance test by industry. It´s the 
first time in super conducting (s.c.) Cavity area that 
industry takes over the complete responsibility from semi-
finished products to the completed resonators, housed in 
Helium tanks, applying Pressure Equipment Directives 
(PED) and handed over in “ready for strings assembly” 
condition for 2 K acceptance test at DESY. The baseline 
for cavity production and preparation is fixed in the 
specifications for series mechanical fabrication, Series 
Surface and acceptance test preparation of 
superconducting cavities for the European XFEL (XFEL).  

The development of superconducting resonator 
technology for the XFEL treatment was done in the 
collaboration between DESY and INFN. It was taken into 
account that this technology could be used in future for 
other projects in this area, first of all for ILC. 

PREPARATION OF SERIAL 
PRODUCTION  

In preparation of the XFEL fraction of the fabrication 
and surface treatment sequences, foreseen for industrial 
production, are studied together with industry from 2006 
to 2010. First experiences on process flow are collected 
and the methodology of surface treatment is checked on 
30 prototype resonators. For these resonators it was 
decided that Main Electropolishing (EP) is contracted to 
industry and the final preparation sequences (BCP flash 
and final EP) should be done and studied at DESY [1].  

A call for tenders and contracts were launched to 
industry for industrial studies of cavity production, 
Helium Vessel production as well as Main EP, (removal 

of the up to 140 µm by electropolishing). It was shown 
that these technologies, developed over the last decade at 
DESY, could be transferred to industry successfully and 
that resonators performances well above 25MV/m with 
both preparation methods [2].  

After successfully completion of this R&D phase the 
XFEL specifications on series mechanical fabrication and 
surface preparation of superconducting cavities for the 
European XFEL is set up. Technical details of DESY 
infrastructure and process parameters in use at DESY are 
collected in Appendix to the XFEL Cavity Specification. 

Vendor Selection and Qualification of Vendors  
At an early phase and in preparation of the XFEL, 

industry was involved by international call for tenders for 
industrial studies where industry was asked for analysis of 
processes, proposal for large scale production and 
prototyping.  

Industry could qualify itself here as possible vendor for 
helium tank, super conduction resonators, manufacturer 
for semi-finished products (SFP). In addition industries 
had to show that they can fulfil PED regulation if their 
production is related to pressure loaded parts for pressure 
equipment. Within those studies they had to deliver 
prototypes for qualification, hand out cost estimations and 
proposals for industrial improvements of specific parts of 
the project and time schedules for production. The 
prototypes delivered by the selected companies were 
tested at DESY in individual tests and in combination in 
modules. The modules have undergone intensive test on 
the test bench (CMTB) and in the FLASH linac. 

The companies Research Instruments (RI) and Ettore 
Zanon (EZ) were qualified for the cavity production and 
preparation. RI and Henkel Lohnelektropolitur in 
Neustadt Gleve Germany were qualified for Main EP. 
Ninxia OTIC, Toyko Denkay, Plansee, and Heraeus were 
qualified as supplier of SFP made of Niobium and NbTi 
alloy. For the fabrication of Helium tanks and the tank 
accessories, CSC and EZ both companies located at Schio 
Italy, together with Graeven Metalltechnik in Germany, 
were qualified. HOM coupler antennas, Pick Up antennas, 
power couplers and accessories are qualified by the 
responsible work packages of the cold linac consortium..  

Documentation and Contracting  
Documentations to be handed to vendors for quotation 

and design of serial production have to well define the 
process and requirements for the EXFEL production. 
These documents, set up in 2009, are reviewed by invited 
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international experts in a Production Readiness Review 
(PRR) meeting in summer 2009. 

After review, the specification documents were 
permitted to be handed out to industry and used for the 
final call for quotations and contracting to the qualified 
vendors.  

This call for tender asked for a quotation of 800 XFEL 
and 24 High Grade (HG) resonators as well as fractions of 
that amount. Parts of the quotation are optional 
resonators. In order to inspire the competition between the 
companies 240 cavities were foreseen to be order at a late 
phase of production [2]. This option should be contracted 
only after start-up of production and verification that 
companies met time schedule as proposed. Also set up of 
adequate infrastructure in time was one part of the 
selection criteria for contracting the optional cavities. 
Companies also should demonstrate a scenario and time 
schedule for production rates of up to 4 cavities per week.  

Together with the quotation, companies had to hand out 
a scenario for set up production lines, time schedules and 
cost break down for the delivery rate of 3.5 to 4 Cavities 
per week.  

After hand out of documents, companies had a chance 
to visit the DESY infrastructure and exchange 
information with the experts on place to complete all 
information needed.  

In a kick-off meeting companies (Figure 1) had to 
explain in detail their scenarios for production, time 
schedules and cost breakdowns to the responsible persons 
of the XFEL project.  
 

 
Figure 1: Kick off meeting by TÜV, DESY + INFN 
Experts and one vendor for XFEL cavity fabrication. 

 Basing on the offers and on the result of that review 
meeting, the contract and the amount of cavities 
contracted per vendor had been fixed. RI and EZ 
Company are contracted to deliver each 280 XFEL and 12 
high grade resonators, four dummy and four reference 
cavities. The option was contracted end of 2012- 
beginning of 2013 to both companies in equal amounts 
after successful set up and qualification of infrastructure.  

 
In the DESY specifications quality control documents 

are defined that had to be handed out in accordance to the 
fabrication status of each individual cavity.  

The EDMS system of DESY is in use for storage and 
managing of all these documents [3], starting from SFP, 
cavity fabrication processes and preparation. EDMS is 
collecting all documents from the companies and 
guarantees the full traceability of cavities history. 
Moreover it transfers data for analysis to the XFEL 
database. 

 

START-UP PHASE OF CAVITY 
FABRICATION 

A team of experts from DESY and INFN Milano is 
selected as contact person to the industry. This team, 
named WP 4 cavity team, took over the responsibility in 
the framework of the DESY INFN collaboration for the 
technology transfer and the production control. In 
addition teams of experts were named for each field of 
technological changes. They are the companies’ contact 
persons that can be contacted in case of technical 
questions.  

For the general planning and tracking of the project 
monthly reports are handed over from the companies to 
the WP 4 team, that allow tracking of the materials, status 
of infrastructure, production sequence and time schedules. 
During regular Project Meetings (PM) these information’s 
are baseline for the controls on company’s site and future 
planning. Deviation from proposed schedules and 
problems found during start-up are discussed and solution 
for recovery of time slip are outlined in this meetings as 
well.  

Weekly video and telephone conferences between WP 
4 team members as well with the companies are set up for 
fast information flow and in time reaction on problems 
influencing the time schedule. 

Detail Technology Transfer 
Quality control plans, work instructions and workflow 

schemes are set up by the companies and are reviewed by 
DESY/ INFN team members. Intensive exchange of 
information on the DESY hardware and processing steps 
took place right after signature of contracts. 

The start-up of individual infrastructure at each 
company is accompanied by DESY/ INFN experts. The 
quality control of major infrastructure like cleanroom air 
flow conditions, the ultra-pure water and vacuum plants 
were accompanied by experts and test equipment form 
DESY/INFN as well. 

Each company had to adapt the XFEL cavity 
fabrication to the existing infrastructure and boundary 
conditions of space or personnel. In some details the 
XFEL specification could not be transferred in direct line 
to the process flow. Here so called change requests are 
emitted. After experts review and verification, the change 
requests became part of the EXFEL project specification 
documents. 
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Figure 2: View on stock of dumb bells during in cavity 
production3. 

 
Besides the general planning at the regular PM detailed 

transfer of surface preparation technique is done in five 
major steps by experts’ team (Table 1). 

 

Table 1: Transfer scenario for the cavity preparation 
technology from Institutes to industry for the XFEL 

PED request DESY/INFN team  Company 
Contract placed 

1) Preparation phase 
Design approval 
Module B1  

Training of key 
personal at DESY  

Consultancy on 
DESY 
infrastructure and 
design 

2) Installation phase 
Manufacture test 
piece for 
parameter 
approval   

Training of key 
personal at 
Industry 
Consultancy on 
ramp up of  
infrastructure 

Set  up and 
commissioning  

3) Qualification phase  
Approve and fix 
fabrication 
parameters    

Consultancy on  
Cavity 
preparation  

Preparation of 
reference cavities  

4) Production ramp up  
TÜV Witness of 
production of 8 
series cavities 
(PED module B)  

Consultancy and 
service by experts 
on place and on 
call  

Preparation of pre- 
series cavities  

5) Production phase  
TÜV Witness of 
individual 
pressure test of 
cavities PED 
Module F  

Inspection visits  
and service by 
hot line to experts 

Preparation of 4 
cavities per week  

 

Training of Personnel  
One major parts of the quality of cavity preparation are 

the operators in charge for installation of parts and 
handling of cavities inside the clean rooms. 

Training of team members of the companies took place 
in four phases. 

Phase 1: One week’s intensive training at DESY for 
key personnel and designers in charge. All step of cavity 
handling, assembly of accessories, tuning and RF checks 
as well as processing of cavities and hardware were 
covered in that a one week intensive course.  

Phase 2: At ramp up of infrastructure at industry new 
team members, especially the once working inside the 
cleanrooms, are trained at the companies’ infrastructure 
by WP 4 experts. 

 Phase 3: Witness of preparation of reference cavities 
(RCV) (Figure 2), cross check of education status of 
operators dedicated for a second shift of production.  

Phase 4: Non regular visits during production of SCV, 
witness of production, recheck of qualification of 
infrastructure and personnel. 

VERIFICATION OF INFRASTRUCTURE 
PED regulations to be applied for the XFEL cavities 

require prove of all pressure bearing welds and materials. 
So called test pieces are fabricated and check by TÜV [4] 
before start of cavity manufacturing. 

Moreover four resonators produced by each company 
are dedicated to ramp up the production. These are the so 
called dummy cavities (DCV) and they are in use to 
parameterize BCP and EP infrastructure; 800 °C 
annealing oven, ethanol rinsing set up, alignment and 
parameter studies of the HPR systems and parameter 
check of the 120 °C baking oven.  

Qualification of the cavity processing and infrastructure 
is done by referencing (RCV) resonators. Four RCV 
produced by each company are processed and 
successfully RF tested at DESY. For EZ they are 
processed according to BCP flash sequence, for RI they 
passed the final EP process.  

Release of infrastructure is given after retreatment of 
the RCV at the companies and successful retest at DESY. 
Six referencing treatment steps [5, 6] had to be passed 
successfully before permission is given to start treatment 
of XFEL cavities in the new infrastructures.  

Start-up of Production  
The first eight serial resonators from each company are 

named pre series cavities (PCV). They are used to ramp 
up the production of cavities fully equipped. They pass 
the first time the complete cavity preparation process and 
they are equipped with all XFEL accessories. These 
cavities are handed to DESY in status “ready for string 
assembly and test”. To fulfil the PED Module B (EC 
type-examination, category IV of PED annex II 
regulations) the production of the PCV is witnessed by a 
notified body on place.  

After successful test of the PCV, the serial production 
for XFEL Cavities is released and production ramped up 
(Figure 3) to the contracted delivery rates.  
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Figure 3: View on stock of cavities during production 
phase ready for surface treatments. 

SUMMARY 
The technology of fabrication and surface preparation 

of superconducting cavities for the XFEL accelerator is 
transferred to industry. The industrial production of 800 
superconducting resonators for the EXFEL project is 
contracted to industry.  

A set of documents, specifying the processes and 
technology developed at DESY is set up and reviewed by 
experts during a production readiness review.  

Vendors are pre-qualified by industrial studies and 
prototype productions during the preparation phase of the 
XFEL project. 

Work out of production schedules with completion date 
of the project, control plans, work instructions and 
workflow schemes is done. Regular reporting, project- 
and experts meetings are installed to review and control 
the project in regular sequences. 

Serial production at the two suppliers for s.c. cavities 
has started at beginning of 2013. Until KW 37/13 one 
hundred and six XFEL cavities are handed to DESY for 
acceptance test. From the seventy nine resonators tested 
so far 50 passed as received all acceptance criteria and 
reached average max gradient of 28.1 +- 7.8 MV/m. 

REFERENCES 
 [1] B.v.d. Horst, A. Matheisen, B. Petersen, M. 

Schmökel, N. Steinhau Kühl, H. Weitkämper; DESY 
Hamburg, Hamburg, Germany. Experiences on 
Improved Cavity Preparation Cycles with a Vision on 
Industrialization of the XFEL Cavity Preparation 
SRF 2009; TUOP 072. 

[2] W. Singer, J. Iversen, A. Matheisen, H. Weise 
(DESY,Hamburg, Germany), P. Michelato (INFN, 
Milano, Italy). The Challenge and Realization of the 
Cavity Production and Treatment in Industry for the 
European XFEL, These proceedings. 

[3] Jens Iversen, et al (DESY, Hamburg) MOP035 Using 
an Engineering Data Management System for Series 
Cavity Production for the European XFEL, These 
proceedings. 

[4] Andreas Schmidt, Jens Iversen, Axel Matheisen, 
Waldemar Singer (DESY, Hamburg); PED 
Requirements Applied to the Cavity and Helium 
Tank Manufacturing MOP048, These proceedings. 

[5]  A. Matheisen; B.v.d. Horst; N. Krupka; M. Schalwat; 
M. Schmökel; A. Schmidt; W. Singer; P.Michelato; 
L. Monaco; M.Pekeler - Industrialization of XFEL 
Preparation Cycle “final EP” at Research Instruments 
Company ; MOP040, These proceedings. 

[6] A. Matheisen ; B.v.d. Horst; N. Krupka; M.Schalwat; 
N.Steinhau-Kühl; A.Schmidt;W.Singer; P.Michelato; 
L. Monaco ; G.Corniani - Industrialization of XFEL 
Preparation Cycle “BCP Flash” at E.Zanon Company 
TUP 56, These proceedings. 

 

MOP039 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

200C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

09 Cavity preparation and production

K. Technical R&D - Large scale fabrication



INDUSTRIALIZATION OF EUROPEAN XFEL PREPARATION CYCLE 
“FINAL EP ” AT  RESEARCH INSTRUMENTS  COMPANY 

A. Matheisen , B.v.d. Horst,  N. Krupka,  M. Schalwat, M. Schmökel, A. Schmidt,W. Singer 
DESY Hamburg, Notkestrasse 86, D22607 Hamburg, Germany 

P. Michelato, L. Monaco, INFN Milano,Via Fratelli Cervi 201, 20090 Segrate, Milano, Italy 
M. Pekeler, Research Instruments GmbH, 51429 Bergisch Gladbach, Friedrich Ebert Straße 1,  Germany 

Abstract 
In the “Specification for XFEL cavity Preparation  two 

different preparation sequences are presented and left for 
the choice of processing sequence to the companies. 
Research Instrument Company (RI) as one of the two 
companies contracted for XFEL cavity production and 
preparation has chosen the so called “final EP” cycle. 
Major infrastructure components like EP facility and the 
BCP facility were pre-qualified for RI. This existing and 
the new set up areas like the cleanroom are distributed 
over the ground area of the Technology Park Bergisch 
Gladbach. The process flow given in the DESY 
specification needed adaptation to this scenario. 
Additional infrastructure beside the once specified needed 
to be set up to ensure the same quality of processes even 
with a changed workflow. The general layout of the 
facility, matched work flow of preparation and test results 
of resonators processed by RI in their infrastructure will 
be reported. 

INTRODUCTION 
A total of 800 XFEL cavities and 24 High Grade (HG) 

resonators [1] are ordered at Industry. For the 400 + 12 
cavities ordered at Research Instruments GmbH (RI) at 
Bergisch Gladbach Germany. The RI decided to make use 
of the “final EP” preparation sequences to reach the 
requested cavity performance.  

 
The company could make use of existing and qualified 

infrastructure like the electropolishing facility (EP), the 
Buffered Chemical Polishing (BCP) in open basins and 
electron beam welding machines (EBW) for this project. 
Some additional new infrastructure needed to be set up to 
fulfil the requirements of cavity preparation according to 
the XFEL specification.  

It was decided to provide all 400 helium tanks, made 
from Titanium and according to Pressure Equipment 
Directive (PED) for pressure bearing parts of the XFEL 
linac, to RI by DESY. The tanks are fabricated at 
E.Zanon, SPA and CSC Company in Schio, Italy [2] and 
DESY took over the PED regulations for module B1 and 
B [3]. TÜV Nord GmbH at Hamburg was nominated as 
notified body for this project. 

ADAPATION OF PROCESS FLOW AND 
INFRASTRUCTURE FOR THE EXFEL 

PROJECT  
The existing infrastructure at RI is distributed over the 

ground area of the Technology Park  Bergisch Gladbach 
where the re-organization or set up of new buildings is 
excluded. 

A sophisticated logistic is set up that guaranties the 
cleanliness and handling conditions, as requested by the 
XFEL specification and the capability to ensure the 
delivery rate of up to 5 cavities / week . The boundary 
condition of the ground area requested to install the new 
ISO 4 cleanroom of 120 m2 at a first level platform inside 
building 19c as shown in Figure 1.  

 

 
Figure 1: View of cavity transport to ISO 4 cleanroom at 
first floor level.  

 
Two high pressure rinsing stands, slow pumping/ slow 

venting vacuum units (SPSV) [4], drying and assembly 
areas are integrated in this cleanroom. No degreasing with 
detergent can be applied in the area of hall 19c, due to 
internal regulations. The automated car wash, ultra-sonic 
and ultra-pure water rinsing basin also located in ISO 4 
area are supplied by ultra-pure water only. 

A new UHV oven for 800 C annealing of Nb cavities is 
added to hall 19d at ground level, while the new 120 C 
baking ovens are located on a platform at 1st floor level 
of this building.  

Adaptation of Processing Flow  
To ensure highest cleanliness of cavities before UHV 

heat treatment, the XFEL specification puts the step 
outside etching of cavities just right before introduction of 
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the resonators to the 800 C oven.  To optimize the 
logistics and adapt preparation sequences to the existing 
infrastructure at RI, outside etching has to take place 
before main EP. Outside etching at RI is done by 
immersing the resonator into the BCP basin while the end 
groups are sealed protecting by covers. The re-
arrangement of preparation sequences had to assure the 
required cleanliness for the 800 C annealing process like 
requested by the XFEL specification.  
 

 
Figure 2: View on the new ISO7 clean room. Left: ISO 4 
drying oven; Right: cleaning and rinsing basins. 

 
To guaranty surface cleanliness at 800 C UHV 

annealing and to compensate the missing cleaning with 
detergent at the entry to ISO 4 cleanroom, a new ISO 7 
cleanroom of about 15 m2 ground space is set up next to 
the main EP facility in building 29. Ultra-sonic cleaning 
with detergent, ultra-pure water rinsing equipment and 
low temperature drying oven of ISO 4 air quality are 
integrated in this new cleanroom. In addition the air 
quality of the EP area is upgraded to ISO 7 class (Figure 
2). 

A transport box is designed for handover of cavities 
between the different buildings. This box allows transport 
over roads and ensures that no contamination by hydro 
carbon or other air born contaminations can settle on the 
surfaces during transport. 

The adapted work flow and the new hard ware are pre-
qualified by samples and treatments of dummy cavities 
(DCV) successfully. Samples and DCV were polluted 
with oil and grease as in use in the company. Drip off test 
and Residual Gas Analysis (RGA) testing of samples at 
the SPSV units and the 800C oven did not show any hint 
for hydrocarbon contamination after passing the new 
ISO7 cleanroom cleaning process.  
 

QUALIFICATION OF INFRASTRUCTURE  
Four reference cavities (RCV) cavities are in use to set 

up infrastructure, training of personnel and establish 
process flow [5].   

Release for processing of pre-series cavities in the 
infrastructure is given only after successful test at 2 K of 
those RCV cavities up to step RCV 5 (table 2). Series 

production is released after eight pre-series cavities 
(PCV) were successfully tested.  

Pre-qualification of Main Infrastructure   
Parts of the infrastructure are prequalified by standard 

test (table 1). Only after successfully passing these tests, 
permission for RCV treatment is given. 

 
Table 1: Conditions for Pre-qualification of Infrastructure 

Cleanroom (ISO 4) air particle counter, airspeed 
control, fog generator 

Ultra- pure water 
system 

TOC recording; resistance sensors; 
liquid particle counter integrated in 
UP water line.  

HPR (ISO4): TOC and liquid particle counter, 
Pressure stability; Program 
parameter check 

US cleaning (ISO 7) drip off test 

SPSV units (ISO 4) RGA, total end pressure, air particle 
control 

EP facility flow rate, temperature stability; 
filling- and dump time. Current and 
voltage stability.   

ISO 7 cleanroom drip off test on samples and 
resonators, Particle control(air 
particle counter); RGA at SPS and 
800 C oven 

800 C UHV Oven  UHV pressure RGA and Nb 
Samples test  

Personnel Training units, air particle counter; 
leak check of test objects in ISO4. 

Qualification by RCV Test Sequences  
Four RI made resonators (CAV0001,CAV0002, 

CAV0003 and CAV0004) passed the preparation 
sequence “final EP” at the qualified infrastructure of 
DESY and reached acceleration gradients from 27 to 34 
MV/m (table 3). After this referencing treatment these 
cavities are hand to the RI company and served for the 
qualification processes RCV 0 to 6 (Table 2). 

For step RCV 1 a readjustment of the SPSV units was 
need before final qualification. At RCV 3 a leakage to the 
helium bath is detected during test and test had to be 
stopped. A second cavity passed RCV 3 sequence 
successfully and reproduced the value as tested by DESY 
before.   

Step RCV 4 was passed after some fine adjustment of 
HPR 2 set up and additional training of the cleanroom 
team working in the second work shift.  

After first failures on Step RCV 4, origin form handling 
and processing problems, two new cavities from start-up 
of cavity preparation (CAV0009 and CAV00012) are 
tested. They passed the complete treatment cycle of final 
EP with main and final EP done at RI . They showed 
acceleration gradients of 28 resp. 30.5 MV/m without 
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field emission. They were accepted by as qualification for 
RCV 4 sequence and PCV as well.    

 
 

Table 2: Surface Treatment Steps Tested with RCV Test 
Sequences. 

              RCV                 
 Treatment  

0 1.
1 

2 3.
1 

4.
3 

5 6 

Transport X X X X X X X 

Slow venting   X X X X X X 

Dismount pumping 
port 

    X X X X X 

Dismount  all 
accessories  

       X       

HPR 1                    X  X X   

HPR 2             X 

Final EP treatment          X     

Mount all accessories         X       

HPR 1       X      

HPR 2          X X   

Mount pumping port     X X X   X 

Slow pumping    X  X   
X 

  
X 

  X 

120 C baking            X   

 
 

Ramp up of Production by PCV Resonators  
After release of the infrastructure the first 8 cavities out 

of the production, named pre-series cavities (PCV), 
passed the complete cavity processing and companies 
logistic for the first time. Beside this ramp up of cavity 
preparation these resonators served for test module B of 
PED [3] as well. They were accompanied by TÜV North 
from start of mechanical production in the machine shop 
until the pressure test of cavity integrated into Helium 
vessel. PCV cavities are handed over to DESY as “ready 
for module installation”.  

 

 
Figure 3: Test results of eight pre-series cavities left 
scale: quality factor Qo. Right scale: radiation level 
(mGy/min).  

Relaxed conditions on time schedule and acceptance 
criteria as they are foreseen for series production were 
accepted by DESY for the PCV resonators. 

With PCV resonators all new hardware, workflow of 
processes, quality control, personnel working in shifts and 
the tank welding procedure is ramped up for production 
rates of 4 cavities per week. 
 

The cavities 0009; 00011; 00012; 00013 and 0023 
reached gradients between 27 and 31MV/m without 
showing significant field emission loading (Figure 3).  
CAV00014 and CAV00017 are limited at 20 resp. 24.6 
MV/m with high electron loading. They recovered to 29 
resp. 36 MV/m by additional HPR done at DESY.  

CAV00010 is limited at 24.2 MV/ m without showing 
field emission loading.  

SERIES CAVITY PRODUCTION 
Since start   of production of XFEL cavities in 

December 2012 until KW 36 /2013 a total of 106 cavities 
are handed out to DESY. Seventy nine of them are tested 
at 2 K. Thirty nine of the handed out XFEL cavities are 
fabricated by Research Instruments Company. 

Stable delivery rates up to four SCV per week will be 
reached by Research Instruments in October 2013. 
Twenty two RI resonators tested until KW 36/13 reached 
average acceleration gradients of 28.8 MV/m. The 
average of the usable gradient, defined by quality factor 
of Q >1x1010 and field- emission level of < 1x10-2 
mGy/min, of these cavities is 24.8 MV/m. Thirteen  of the 
RI cavities well exceeded gradients of  30 MV/m, one 
cavity reached up to 40 MV /m.   

Cavities limited by field emission got addition HPR at 
DESY. Two recovered to 29 resp. 36 MV/m, the RF tests 
of the other cavities retreated are outstanding.  
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SUMMARY  
At Research Instruments located in Bergisch Gladbach/ 

Germany the existing infrastructure is upgraded for 
preparation of s.c. cavity of the XFEL project. Know-how 
of cavity preparation was transferred from DESY to RI 
Company. Qualification of the infrastructure and 
fabrication processing flow is done with six referencing 
preparation cycles and eight pre-series cavities.  

Cavity production is ramped up in January 2013. Until 
KW 36/13 a total of thirty nine cavities from RI 
production are handed over to DESY since. The twenty 
two resonators tested so far reached average gradients of 
more than 29 MV/m. About half of that production 
exceeded gradients of 30 MV/m.  A production rate of 4 
cavities per week, reaching acceptable performance is 
demonstrated.  
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A DATABASE FOR THE EUROPEAN XFEL

P.D. Gall, V. Gubarev, S. Yasar, A. Sulimov, J.Iversen
DESY, Notkestr. 85, 22603 Hamburg, Germany

Abstract
More and more the database takes over an effective part

of  the  quality  control  system  for  the  whole  cavity
production  and  preparation  process  for  the  European
XFEL on a very detailed level. Currently we try to find
out the most effective and safe way to get the production
data from the different companies to the database and to
control  the  quality  of  the  cavity  production  from  the
Niobium sheets to the complete modules in the linac. At
the moment the database contains information about 250
9-cell cavities, 7000 half cells, 2200 dumb bells and 500
end groups.

A DATABASE FOR XFEL CAVITIES
Beginning from TTF a relational database for cavities

was developed at DESY using the ORACLE Relational
Database Management System (RDBMS) [1].

The  database  is  dynamically  accessible  from
everywhere  via  a  graphical  WEB  interface  based  on
ORACLE.  At  the  moment  we  use  the  version  Oracle
Developer 10g Forms and Reports and graphical tools are
based on Java.

The XFEL database is a very useful and reliable tool
(quality  management  system)  for  companies  and
scientists from all over the world.

Via the link http://xfel.desy.de     , you can enter the area
“Cavity Database”  and  then  decide  between  the  cavity
production part and the RF measurements (see Fig. 1). In
the cavity production part you, as an authorized user, have
access  to half cells,  dumb bells,  end groups, cavity for
XFEL and cavity in helium tank [2].

The database is created to store data for more than 800
cavities coming from the serial production. These 9-cell
cavities  are  produced  by different  European  companies
for the XFEL project. The superconducting cavities have
been  prepared  and  mostly  tested  at  DESY in  order  to
optimize  the  production  and  preparation  techniques.
Therefore the main aim of the database is to store data
about  cavity  production,  cavity  preparation  and  cavity
measurement steps.

The  database  describes  and  controls  the  different
development steps. For this, an exchange of data between
DESY  and  CEA,  where  the  strings  and  modules  are
assembled,  is  needed.  Therefore  we  can  consider  the
XFEL database as an ON-LINE data storage system[2].

We developed tools to analyze the data stored in the
database  for  different  groups  of  experts,  which  have
access via WEB.

Figure 1: Start page for XFEL database GUI.

DATAFLOW IN THE XFEL DATABASE
In general there exist 3 levels of the cavity production

steps called acceptance level (AL1, AL2, AL3):
• Acceptance level 1 includes the fabrication of

half  cells,  dumb-bells,  end  groups,  and
cavities.

• In acceptance level 2 cavities are prepared and
assembled into a helium tank.

• The  final  cavity  preparation  takes  place  in
acceptance level 3. 

Data  from  these  acceptance  levels  are  send  to  the
database via EDMS (see Fig. 2).

Figure 2: Cavity production dataflow.
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 Data from RF measurements and tests done at DESY
AMTF (Accelerator Module Test Facility) are exchanged
via  direct  database-database  connection.  Every hour  an
automatic system looks for new data and starts loading if
it’s present (see Fig. 3).

Figure 3: Data loading user interface.

Some data,  e.  g.  from CEA,  are  sent  by files  using
uploading tools (see Fig. 4).

Figure 4: Uploading tools.

QUALITY CONTROL SYSTEM
AL1: In this step the naked cavities and their parts are

checked.
• Half cells, dumb bells, end groups:

o Mechanical and frequency checks
o 3D-Shape measurement

• Cavity
o Mechanical properties
o Frequency check

AL2:  Here  the  preparation  of  the  cavities  with  and
without tank is analyzed.

• Transfer measurements
• Eccentricity measurements
• Mechanical property of cavities in tank
• Cavity preparation steps
• Frequency check of cavity in tank

AL3:  Further  preparations,  like  heat  treatment,  final
chemical  polishing  and  final  RF  measurement  of  the
cavities in tank are checked in this level.

On each level it is decided by experts if the cavity or its
parts can be used for an XFEL cavity. To assist the experts
in the applications the fields are marked by colours (see
Fig. 5).

Figure 5: RF quality control for AL3.

Since the cavities are produced by different European
firms, their data are not free accessible. Only authorized
users have access to these data.

RF-Test  in  vertical  cryostat:  The  quality  Q  and  the
radiation losses is shown as a function of the gradient (Q
vs E, Xray vs E, see Fig. 6). Based on this experts can
decide if a cavity has to be retreated or not

Figure 6: RF-Test results with curves.

 [2].
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Transportation  control:  To  detect  via  RF  spectrum
measurements problems during transportation of cavities
and modules.

String mounting: To position the cavity in the string a
recalculation  of  the  3D transfer  measurements  is  done.
For  this  we  use  the  last  eccentricity  measurements,
providing the electrical axis of the cavities.

We are planning to extend the database for modules and
their parts, like tuning systems, couplers, magnets...

REFERENCES
[1] P.D.  Gall,  et  al.,  “A  database  for  the  superconducting

cavities for the TESLA Test Facility”,  PHYSICA C 441
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QUALITY CONTROL AND PROCESSES OPTIMIZATION FOR THE 
EXFEL SUPERCONDUCTING CAVITIES SERIES PRODUCTION AT 

ETTORE ZANON SPA 
L. Facci#, G. Corniani, D. Rizzetto*, Ettore Zanon S.p.A., Schio (Vi), Italy  

P. Michelato, L. Monaco, INFN Milano - LASA, Segrate (Mi), Italy 
A. Matheisen, DESY, Hamburg, Germany

Abstract 
The construction of the European XFEL forced the first 

mass production of Niobium bulk SRF cavities. 
In this context Ettore Zanon S.p.A. built a fully new 

facility designed to produce four fully treated and He tank 
equipped cavities per week, ready to be tested at DESY. 
The facility already reached the foreseen production rate. 

The guarantee of the highest quality of the resonators 
produced requires a very strict quality control plan. At the 
same time, the requirements of the industrial production 
in terms of time, cost and productivity must be satisfied. 
As a consequence processes must be standardized and 
working times optimized. 

In the following, after the description of the production 
facility, we would like to highlight and discuss the 
strategies and arrangements adopted in the various critical 
fields (clean room, vacuum, etc.) to ensure the foreseen 
results. 

Moreover correlation between cavities performances 
and production cycle parameters will be investigated and 
discussed. 

INTRODUCTION 
Ettore Zanon S.p.A (EZ) has overcome the ramp-up 

phase and it has now entered the full production phase 
[1, 2]. A complete new facility has been built to fulfill 
the needs of SRF cavities production. Clean environment 
for operation is provided by a 400 m2 clean room 
constituted by an ISO7 and an ISO4 areas (classification 
referred to ISO14644-1 norm). ISO7 is used for the 
assembly of cavities before welding, US cleaning of 
components and materials, chemical treatments (both 
external and internal) and ethanol rinsing. ISO4 instead 
provides a cleaner environment for high pressure rinsing, 
assemblies of flanges or accessories and final leak checks. 
These last are made using three pumping units, two built 
as slow pumping-slow venting (SPSV), located on the 
outside. 

The external area is the location for a high temperature 
vacuum oven (800 °C), capable of treating four cavities at 
a time, two low temperature (120 °C) baking stands, built 
to treat two resonators each, the semi-automatic Helium 
tank welding equipment, pressure test safe room and the 
cavity tuning machine, together with stations for every 
type of control made on the cavities (visual, dimensional, 
RF and leak tightness). See ref [3], for more details. 

The exact distribution of the operations with respect to 
the production cycle is given in Figure 1. 

 

 

Figure 1: EXFEL Cavity treatment cycle. 

CAVITY PROCESSES OPTIMIZATION 
The production cycle is based on DESY’s 

specifications and follows the path named “BCP Flash” 
represented in its main outline in Figure 1 [4]. 

The production ramp-up allowed EZ to identify and 
analyse critical steps, strategic resources and bottle necks. 
The main issues were determined to be operations 
scheduling, Ultra-Pure Water (UPW) management and 
SPSV system. 

Organization 
Timing is a very sensitive point: the production cycle 

has quite rigid constraints, mainly regarding delays 
between steps and pressure to be reached for the leak 
tests. In order to combine all the operations, a careful and 
detailed scheduling is required. To maintain the actual 
throughput, 24 to 28 cavities need to be under treatment at 
the same time, thus planning becomes critical also 
because of the large number of cavities in processing. The 
result is a “standard-week” plan, in which all the 

 ___________________________________________  
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operations to have four finished pieces are featured and 
kept constant week by week. 

 Three main locked sequences of operations are present 
in the whole treatment cycle (see Figure 1). The most 
critical sequence is the one from inner 10 μm BCP to 120 
°C baking. Nine to fifteen hours of drying after each High 
Pressure Rinsing (HPR) and two leak tests (maximum 
acceptable pressure 1·10-6 mbar) are requested, taking 
about four days of work to be done. To overcome the 
limits of this sequence a two-shifts work organization (16 
working hours per day) has been implemented. Moreover, 
this sequence can be effective and suits the production 
needs only if the 6xHPR is done during night time. 

The ramp-up phase highlighted with emphasis the need 
for some cavity buffers along the line in order to 
minimize the loss of productivity in case of any 
inconvenience occurred during the production. Buffers 
are found to be more useful before the locked sequences, 
e.g. after the 800 °C annealing and after the He tank 
welding (see Figure 1). 

Ultra-pure Water 
One of the most important resources is Ultra-Pure 

Water (UPW), which is used in most of the production 
steps. Lack of water can result in serious delays of the 
operations compromising the weekly production rate. 

HPR stands are the most UPW consuming utilities, 
using about 1 m3/h each during the functioning; HPRs 
take place after critical steps (e.g. inner BCP, accessories 
mounting, etc.) so they cannot be stopped without the 
need for some steps to be repeated. 

To assure the continuity of the operations, the storage 
capability of the 3 m3/h UPW production plant has been 
increased to 9 m3 and the scheduling arranged in order to 
minimize the peaks of UPW consumption. Moreover, an 
automatic control system has been implemented, 
distributing different priorities to the process 
infrastructure. With this arrangement, in the remote case 
of water lack, less sensitive equipment (e.g. US cleaning 
tool) will be stopped while the most critical ones (e.g. 
HPRs) will be continuously fed. 

 
Figure 2: SPSV layout. With reference to the above: PP1 
and PP4 are UHV gauges, PT1 is a Pirani gauge and 
MKS is a differential gauge. 

SPSV 
Another investigated and optimized unit is the Slow 

Pumping Slow Venting system (SPSV), used for all the 
leak tests made after the inner BCP. This specific 
configuration is required for these last steps of the 
production cycle because of his capability of maintaining 
the highest cleanliness standard of the inner surface. In 
fact, according to previous studies [5], pumping down and 
venting in the 103-100 mbar range must be done carefully 
avoid particle contamination of the inner surface that 
could compromise cavity performances (field emission, 
multipacting). SPSV is built to control the gas flow and 
thus the pressure trend through Mass Flow Controllers 
(MFCs) in these critical moments. Its layout is shown in 
Figure 2. Having at the beginning of activities only one 
SPSV unit available, this allows maintaining only a single 
cavity in vacuum after inner BCP. The final locked 
sequence requires two leak tests using the same system, 
so it is not possible to start it for two cavities at the same 
time, setting a upper limit to the weekly production rate. 

The sequence of operations proposed by the SPSV 
supplier has been proven to be unsuitable in order to 
avoid pressure bumps and thus particles movement inside 
the cavities. A thorough optimization work was done on 
the valves opening sequence and the flow rates resulting 
in smooth pressure trends as shown in Figure 3.  

On the base of the experience made on the first system 
EZ has built in-house a second SPSV unit with some 
technical improvements (diffuser build up and position, 
slow pumping line construction). This new SPSV will 
help to increase the production rate or to have a backup 
unit for any delay in cavity processing.  

 
 
 

 
Figure 3: SPSV pressure and flow rate (103-1 mbar). 
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QUALITY CONTROL 
The production rate reached by EZ with the 

arrangements described above must be accompanied by a 
meticulous quality control of the parameters that can be 
involved in the cavity performance. The most sensitive 
part of the cavity is the inner surface, thus everything that 
goes in touch with it (water, cleanroom environment, 
pumping systems, ethanol) must be carefully checked. 

One of the principal control techniques is the residual 
gas analysis (RGA), especially to detect hydrocarbons 
pollution. It is used throughout the whole cavity life (each 
time the cavity is evacuated, see Figure 1) and could be 
used also to evaluate the cleanliness of the fluids (e.g. 
gases or water) in contact with the cavities’ surface. 

Purity of gases (Argon, Nitrogen and Helium) used 
both in clean room and in the vacuum systems is obtained 
starting from high quality products (5.5 N) and adding 
filters series at the point of use (hydrocarbons, water and 
oxygen; particles above 40 nm, plus a 20 nm all metal on 
the pumping units). UPW is checked measuring 
resistivity, Total Organic Carbon (TOC) and filtered to 
eliminate particles (> 20 nm). UPW resistivity is 
controlled at the inlet of every point of use and must be 
18 MΩ·cm. On line control of particles in the UPW loop 
is active using a liquid particle counter, while a sampling 
procedure is done for checking particles in the HPR. The 
maximum limit for the TOC during HPRs is 4 ppb. Figure 
4 shows a typical trend of resistivity and TOC during a 6 
x standard HPR.  
 

 

Figure 4: HPR recording with resistivity (ρ) and TOC. 
 
The quality of the cleanroom environment is controlled 

as prescribed by the ISO14644-2 norm with a particle 
count, air speed and dust test at least every six months. 

All the components that have to be assembled to the 
cavity must be blown with ionized nitrogen inside the 
ISO4 cleanroom. The number of particles resulting from 
this operation is strongly affected by the “human factor”, 
i.e. much depends from the care that each operator uses 
during this step: the better the operator will be trained and 
will respect the operative instructions, the better the 
quality standard will be. Precise and complete procedures 
and checklists for every type of assembly are useful tools 
to reach this objective. 

A point that is worth to be mentioned regards the 
ethanol rinsing. During some tests aimed to determine the 
amount of sulphur dissolved in ethanol (definition of  
optimized time between refills), it was realized that the 
plasticizer contained in the PVC tubes in use (Bis(2-
ethylhexyl) phthalate, known as DEHP) is soluble in 
alcohol, giving a possible source of contamination of the 
internal surface. The presence of this compound was 
determined by the use of an FTIR spectrometer as can be 
seen in Figure 5. RGA performed on the 800 °C oven 
(step after ethanol rinsing) shows no significant sign of 
contamination from DEHP. As a precaution, PVC piping 
are replaced with PE ones, where no plasticizer is present. 

 

 

Figure 5: FTIR spectra of DEHP found in ethanol. 

CAVITY PERFORMANCE ANALYSIS  
Data collected from the strict quality control are stored 

in a database [6]. Those data are analysed in order to 
determine correlations between process parameters and 
cavity performances and are used to integrate the usual 
quality control procedure applied in all treatment steps. 

During ramp-up, many cavities did not follow the 
standard production path: as a result it is difficult to 
correlate those cavities’ performances with the treatments. 
However, those cavities allowed EZ personnel to gain an 
experience and knowledge of what can deteriorate the 
resonator performances and how to repair certain kind of 
damages. 

From the collected data, possible influences on cavity 
performances due to last surface treatment steps 
(considered more critical) are investigated.  

Until now, we have no evidence of possible direct 
influence of one specific process on both accelerating 
field and Q. 

As an example, the ISO4 drying after the last 6 x 
standard HPR was studied as it is the last treatment with 
the cavity open. The influence of drying operation was 
analysed collecting all available cavity performances in 
term of Q values at low accelerating field (4 MV/m) 
measured during the cold RF vertical test at DESY. They 
have been plotted respect to the drying time and the 
drying location in ISO4. Results are shown in Figure 6. 
Even if the statistic is still limited to 56 cavities, the 
drying time (between 9 and 15 hours) and the drying 
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location (with respect to absolute filter position in ISO4) 
do not influence the final cavity performances.  

The dependence of the used HPR for the last 6 x 
standard HPR has been investigated (HPR1: ISO7/ISO4; 
HPR2: ISO4). Also in this case, no meaningful influence 
has been highlighted, as shown in Figure 6 (bottom plot). 

 

 
Figure 6: Influence of the last operations in ISO4 
(drying and HPR) on the series cavity performances (Q). 
Q @ 4 MV/m measured for each cavities (blue), average 
value (red). 

CONCLUSIONS 
Cavity production infrastructure is now completed and 

produces about 4 cavities/week.  
Bottle necks and critical points had been evaluated and 

corrected with proper actions as increased UPW storage, 
seconds SPSV unit, and cavity buffer creation.  

Up to now more than 100 cavities had been 
mechanically constructed and more than 70 already 
passed through the treatments cycle.  

While up to now, the number of studied cavities does 
not represent a statistically significant batch, we expect, 

with the production up and running, to be able to 
determine some correlations and to gain a deeper 
knowledge of the processes, as soon as the treated cavities 
will be more.  
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ILC-HIGRADE CAVITIES AS A TOOL OF QUALITY CONTROL FOR 
EUROPEAN XFEL 

A. Navitski1, E. Elsen1, B. Foster1, 2, J. Iversen1, R. Laasch2, A. Matheisen1, D. Reschke1, 
1 1 2 1  

1DESY, Hamburg, Germany, 2University of Hamburg, Hamburg, Germany

Abstract 
Part of the quality control (QC) and quality assurance 

(QA) scheme applied for achievement of the designed 
parameters of the European XFEL cavities is presented. 
Results of the first tests of QC cavities from the “ILC-
HiGrade program” as well as examples of a feedback to 
the cavity fabrication during the ramping up phase is 
presented. 

INTRODUCTION 
In order to ensure an achievement of the designed 

parameters of the European XFEL (EXFEL) [1] cavities, 
the production foresees an extensive quality control (QC) 
and quality assurance (QA) scheme. An additional quality 
control tool is given within the “ILC-HiGrade program” 
[2]. Details of the program and results of the first QC 

cavities tests as well as examples of feedback to the 
cavity fabrication during the ramping up phase are 
presented and discussed. 

EUROPEAN ILC-HIGRADE PROGRAM 
The EXFEL cavity order includes an additional 24 

cavities as part of the European ILC-HiGrade programme. 
Initially, these cavities serve as quality-control (QC) 
samples extracted from the serial production of EXFEL 
cavities on average once per month. 

An overview flow scheme of the QC cavity preparation 
is given in Fig. 1. 

The first few cavities have been already delivered and 
passed first cold RF tests. After this normal acceptance 
test, the cavities are taken out of the production flow and 
released for further R&D. The QC and QA have to 

 
Figure 1: Flow scheme for the “ILC-HiGrade” cavity quality assurance. 
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include all processing steps of the EXFEL cavities. To 
maximize the data from these so-called QC cavities, a 
surface-mapping technique (“Second Sound” [3] and 
temperature mapping (T-mapping)) is applied in a second 
cold RF test. Therefore the cavities are delivered with the 
normal full treatment of the inner surface but without a 
helium tank. All other fabrication steps, specifically the 
mounting of the field profile measurement system into the 
cavity, including the measurement itself, and its removal 
from the cavity is carried out. This will allow checking 
whether contaminations of the handling in these steps 
pose a problem to cavity performance. The QC cavities 
are also equipped with HOM antennas to resemble the 
XFEL cavities as much as possible. A full documentation 
of the production steps is provided except some 
deviations due to the missing helium tank. 

To ensure that the cavity can be later welded into a 
helium tank in the framework of the ILC-HiGrade 
program, leak tests at the conical disks are indispensable. 
To facilitate the handling of the QC cavities in the process 
steps after the omitted helium tank welding procedure, an 
appropriate handling fixture is foreseen. 

Because of the omitted tank welding and conjugated 
production steps, the ILC-HiGrade cavities arrive roughly 
two weeks in advance to the main production stream. It 
allows better monitoring of the production processes and 
prediction of any fabrication difficulties. 

 A row of further R&D steps is foreseen with these 
cavities within the ILC-HiGrade and CRISP [4] 

programmes as a feasibility study for the ILC and carried 
out in close collaboration with the standing experts 
engaged in the EXFEL production to improve the 
understanding of defects and further exploration of new 
cavity preparation and repair techniques that can achieve 
high accelerating fields with high fabrication yield. The 
details of this programme can be found elsewhere [5]. 

FEEDBACK TO THE EXFEL 
FABRICATION 

Optimization of the Electron-Beam Welding 
One of the difficulties occurred during the ramping up 

phase of the EXFEL cavity production was not complete 
penetration of the welding seams as well as strong 
variation of the seam-width. Optical inspections with 
conventional endoscopes at companies gave some 
indications for the problem. Detailed analysis of the 
defects, however, was possible by applying the optical 
inspection system OBACHT [6]. The system provides 
much better resolution and image quality and can allow 
better tracing of surface modifications through the 
production steps by detailed recording and very good 
positioning repeatability as compared to the conventional 
endoscopes. An example of the welding optimization 
process showing initial, not optimized status with 
partially not penetrated welding seam and strong variation 
of the seam-width as well as an optimized one with fully 
penetrated homogeneous welding seam can be found in 
Fig. 2. Note, that due to production reasons the images of 
different cavities are shown. 

Study and Repair of Welding Spatters 
 Endoscope and OBACHT inspections discovered 

some mm big “spatters” on the surface occasional 
occurring during the welding (see Fig. 3). The reason for 

them is not very clear yet and is under further 
investigations. As a consequence, additional local repair 
of the cavities is required to remove these defects, which 
are almost not effected by the actual polishing techniques. 
An optimum repair procedure is actually under study. An 

 
 

 
Figure 2:  An example of the welding optimization 
process showing initial, not optimized (upper) and 
optimized (lower) equator welding seams. 

 
Figure 3: Spatter before (left) and after (right) local 
mechanical polishing. 
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example of a local mechanical polishing, which was 
carried out manually, is shown in Fig. 3. Some 
difficulties, however, occurred due to the absence of 
simultaneous optical control of the grinding procedure 
and determination of the required material removal. 

 Replica Study of     Some Conspicuous Welding Seams 
 Some areas of the cavity inner surface and especially 

the welding seams show occasionally some conspicuous 
features, which cannot be unambiguously interpreted by 
the OBACHT analysis due to mostly missing height 
information. In order to analyse the geometry of such 
areas, replica technique [5] is applied and the resulting 
profilometry data are compared with the OBACHT 
results. An example of such comparison is shown in Fig. 
4. It turned out that the “snake head” at the electron-beam 
welding entry/exit is not protruded as it seems to be from 

the OBACHT images and the cavity can follow the usual 
cavity polishing procedure.  

Another example of such comparison is shown in Fig. 
5, where a big protrusion of the whole welding seam has 
been confirmed by the profilometry measurements of the 
replica. It turns to be more than 500 μm, while the 
maximum specified value is up to 300 μm. In this case 
the welding parameters have to be checked and the 
welding seam is to be repaired first. 

Cold RF Tests and Surface Inspection of the First 
QC Cavities 

 The first few QC cavities have been already delivered 
and passed first cold RF tests and detailed investigation of 
the inner cavity surface by means of the high-resolution 

optical system OBACHT. The first cavity (CAV00532) 
showed a successful cold rf result with almost 35 MV/m 
(Fig. 6) maximum accelerating gradient with no radiation 

 
Figure 4: Comparison of 3D profilometry images with 2D 
optical image from OBACHT. 

 
Figure 5: Optical image and profile of the welding seam. 

 
Figure 6: Cold test results of the cavity CAV00532 with 
no radiation, rf input power limited at 200 W and of the 
CAV00518 with no radiation and quench at 22 MV/m. 

 
Figure 7: Optical images of some “pits” (upper) and “cat-
eyes” (lower) on cavity CAV00532. 

 

 
Figure 8: Optical images of the equator welding seam of 
the cavity CAV00518.
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and the test was limited at 200 W due to maximum 
available input rf power. The cavity showed nice rf results 
despite of some tiny “pits” and “cat-eyes” on the surface 
(Fig. 7). 

The second cavity (CAV00518) showed an 
unsuccessful cold rf result with only 22 MV/m maximum 
accelerating gradient with no radiation but limited by the 
quench. OBACHT inspection indicates defective equator 
welding seam as a possible quench reason (see Fig. 8). 
Further detailed studies with “Second Sound” and T-
mapping will be applied for the quench localization and to 
clarify the limiting factor for these cavities. 

CONCLUSIONS 
An extensive QA and QC scheme geared to achieve the 

designed parameters of the European XFEL cavities has 
been implemented. 24 ILC-HiGrade cavities will be used 
to identified limitations in industrial production and serve 
as a tool for QC for the EXFEL 
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PERFORMANCE CHARACTERISTICS OF JEFFERSON LAB’S NEW      
SRF INFRASTRUCTURE* 
C. E. Reece , P. Denny, A.V. Reilly, #

Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606 

Abstract 
In the past two years, Jefferson Lab has reconfigured 

and renovated its SRF support infrastructure as part of the 
Technology and Engineering Development Facility 
project, TEDF. The most significant changes are in the 
cleanroom and chemistry facilities. We report the initial 
characterization data on the new ultra-pure water systems, 
cleanroom facilities, describe the reconfiguration of 
existing facilities and also opportunities for flexible 
growth presented by the new arrangement. 

INTRODUCTION 
The US Department of Energy has a program designed 

to upgrade existing substandard facility infrastructure 
within the Office of Science laboratory system. Jefferson 
Lab won a competitive award from this system, the 
Science Laboratory Infrastructure (SLI) program, to build 
the Technology and Engineering Development Facility 
Project (TEDF). The project allowed elimination of 
substandard structures and provides improved: 

• Energy efficiency 
• Life-safety code compliance 
• Work-flow efficiency 
• Facility sustainability 
• Human work environment 
• Technical quality of facilities for future work 

The TEDF project provides new homes for members of 
several Jefferson Lab organizational units, including the 
SRF staff, most of the Engineering Division, and Physics 
Division instrumentation groups. The new building set 
meets the “green building” standards of LEED Gold™. 
The TEDF Project is now complete and commissioning of 
the reworked technical facilities is underway. 

We have recently reviewed for the community the 
history of SRF facilities at JLab and the multi-purpose 
design strategy for the SRF portion of TEDF project [1]. 
Here we describe the new infrastructure as presently 
realized and outline its performance characteristics. 

NEW FACILITY DESCRIPTION 
A new 3,100 m2 SRF technical work facility was 

occupied in the summer of 2012. This new structure is 
appended to the south end of the existing Test Lab 
building, home to all previous SRF work at JLab. 

The second phase of the TEDF project, now complete, 
was to fully renovate the existing Test Lab building. All 

internal structures and utilities were demolished and 
removed with the exception of the SRF cryogenic test 
areas, the vertical test area (VTA) and the cryomodule 
test facility (CMTF). A large concrete shielding wall 
originally constructed in the 1960s for the NASA 
synchrocyclotron was removed from the center of the 
high bay to allow growth of the VTA staging and support 
areas. A schematic layout of the new facility is presented 
in Figure 1. A summary of compared characteristics of 
some of the old and new SRF facilities in the Jefferson 
Lab Test Lab is presented in Table 1. 

Chemroom/Cleanroom  Suite 
A unique feature of the new TEDF SRF facility is the 

~800 m2 chemroom/cleanroom suite. Two separate 
chemrooms are provided, one for larger components and 
more production-style cleaning and chemical processing 
activities, the other for developmental and research 
activities. Both of these rooms are outfitted with acid-
compatible exhausted wet benches, ultrasonic cleaners, 
and robust safety systems. To minimize manual handling 
of acids, standard BCP and EP electrolytes are plumbed 
directly to use locations from a nearby external building. 
The existing JLab horizontal electropolish cabinet was 
relocated into the production chemroom and has been 
recommissioned. The air supply to both chemrooms is 
100% HEPA filtered. Both chemrooms also have cleaning 
stations and pass-throughs that connect to the 380 m2 
cleanroom. All material enters the cleanroom via one of 
these routes. The cleanroom meets ISO Class 4 and 
International Standard 14644.  It has 100% HEPA filter 
coverage with at-grade perforated floor return.  

An appendage of the cleanroom extends into the Test 
Lab and under the existing high bay bridge crane. From 
this horizontal-flow cleanroom, now called the Vertical 
Attachment Area (VAA), SRF cavity vertical dewar test 
inserts are assembled and transferred via the crane to the 
VTA for cryogenic testing. 

Adjoining both chemrooms and one wall of the 
cleanroom is the Process Support Area (PSA). The PSA 
contains all process piping for the chemrooms and the 
cavity processing equipment/tools that are accessed from 
inside the cleanroom. 

The cavity process tools, such as BCP, HPR, and VEP, 
are bulk-headed into the cleanroom from the PSA. 
Because of the actual and potential presence of hazardous 
acids, all effluent drains from the chemrooms and PSA, as 
well as any potential spills, gravity drain through the PSA 
to an external collection tank. A new acid neutralization 
system draws from this tank and increases the pH to an 
acceptable level before discharge to the sanitary system. 

 ___________________________________________  
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Figure 1: Overview schematic of new Test Lab/TEDF SRF facilities at Jefferson Lab, occupied summer 2013. 

There is flexible provision in the cleanroom to 
accommodate the full spectrum of activities from small 
research projects to full cryomodule cavity string 
assemblies. A double “garage-door” cleanroom load lock 
provides the exit path of completed string assemblies. 

The TEDF Project provided new building 
infrastructure, but not new equipment. The existing BCP 
acid etch cavity processing tool, high pressure cavity rinse 
tool, and vertical electropolish development tool have 
been relocated into the PSA, each with front face open 
into the new cleanroom. (See Figure 2.) Hook-up and 
recommissioning of the process tools is nearing 
completion. The horizontal electropolish system, used for 
the 12 GeV Upgrade cavities and ILC cavity R&D, has 
been relocated into the production chemroom and 
recommissioned for general use. Procurement and 
installation of a new HPR cabinet is anticipated in the 
coming year. This will be the first tool able to take 
advantage of the unique TEDF architecture that allows for 
significant below-grade structure in the tool. Significant 
contamination control, ergonomic, and durability 
improvements are expected from the new design, as well 
as acceptance of a wider range of cavity sizes. 

 

 

 
Figure 2: BCP and HPR tools bulk-headed into the new 
cleanroom and a view from the PSA. 
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Table 1: Jefferson Lab SRF Facility Characteristics 

Facility/Utility Former         
Test Lab 

TEDF            
Test Lab 

Clean Room     

Main cleanroom design Non-
unidirectional 

Unidirectional 
(vertical) 

Air returns Low wall 
returns 

Subfloor return 
plenum 

HEPA coverage ~70% 100% 
ISO 4  (m2) 9.3 227 
ISO 5  (m2) 148 - 

ISO 4 assembly bay # 1 @ 9.5 m2 8 
ISO 4 string assembly 

area 0 1 

VAA design  Non-
unidirectional 

Unidirectional 
(horizontal) 

VAA (ISO 5)  (m2)  41 80 
VAA insert stations # 3 6 
VSA insert stations # 8 18 

Bulkheaded process tool 
stations # 0 8 

    
Ultrapure Water (UPW)  

Resistivity (Mohm) 17.8 18.2 
TOC (ppb) 10-50 < 2 

Particles - 0.05-0.1 μm ASTM E1.1 ASTM E1.1 
Particles - 0.1-0.2 μm ASTM E1.2 ASTM E1.2 
Particles - 0.2-0.5 μm ASTM E1.1 ASTM E1.2 

RO makeup rate (lpm) 38 265 
Max POU usage rate 

(lpm) 45 189 

POU system pressure 
(psi) 30 55 

Hot UPW temperature 
(°C) 81 81 

HUPW Max POU usage 
rate (lpm) 15 76 

   
Chemistry     

Wet bench # 3 4 
Acid bench/hood  # 4 5 

Large cavity ultrasonic 
# 1 3 

Production wet room 
(m2) 44 91 

Production acid  (m2) 34 75 
EP room (m2) 55 N/A 

R&D chemistry (m2) 92 106 
    

CM Assembly   
Rail capacity: # of CM 

in progress 2 4 

Materials  Research and  Development 
Within the large cleanroom an interior room is 

allocated to analytical equipment focused primarily on 
particulates that can generate field emission inside of 
accelerator cavities. The scanning electron 
microscope/scanning field emission microscope 
(equipped with EDS and EBSD) and field emission 
viewer systems have been relocated here. The 

SEM/EDS/EBSD system has been recommissioned. The 
Field Emission View suffered damage during the move 
and awaits re-engineering of the high voltage system.  

The other surface material characterization instruments 
(profilometer, SIMS, and multi-purpose Auger system) 
were consolidated in a portion of the RF development lab. 

The several JLab surface deposition systems have been 
collected into a common lab in the new facility. These 
include the general-purpose sputter coating system, the 
ECR plasma niobium energetic condensation research 
system, the UHV multi-technique deposition system, all 
of which have been fully restored to operation. A new 
furnace for Nb3Sn reactive coating of single-cell cavities 
has recently been delivered and will be commissioned 
soon. A new HiPIMS cavity coating system under 
construction will also go here[2]. The infrastructure in 
this lab was laid out to accommodate eventual addition of 
thin film coating systems for multi-cell cavities as those 
techniques mature. A view of one system in this 
consolidated facility is provided in Figure 3. 

Figure 3: SRF thin film research station in the new surface 
deposition laboratory.  

Cavity  Fabrication  Facilities 
The TEDF project has enabled JLab to retain and 

strengthen its SRF cavity development and prototyping 
capability. The sheet metal forming and machining 
equipment have been consolidated. The electron beam 
welder was relocated into a dedicated room in the new 
facility and its vacuum system was upgraded. The set of 
brazing and high temperature vacuum furnaces were 
collected into a common room. The cavity tuning and 
inspection stations were also collected together 
conveniently, including the new CYCLOPS cavity 
internal inspection system [3]. 

One room in the new facility has been dedicated to 
mechanical surface polishing operations. This presently 
includes flange polishing, important for cryogenic 
vacuum seals using indium wire gaskets, and a centrifugal 
barrel polisher (CBP) used to polish the interior surface of 
new cavities. 

Vertical  Testing Capacity 
Cavities processed in the cleanroom must be evacuated 

and transported to the vertical test area (VTA) for 
cryogenic testing. This transition takes place between the 
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vertical assembly area (VAA) and the vertical support 
area (VSA). The VAA is a horizontal flow ISO 4 
cleanroom with ceiling access holes to receive cryogenic 
test inserts onto which cavities are mounted for testing. 
The VSA in the Test Lab highbay is adjoining the VTA 
and is the location where inserts are serviced, cavities can 
receive 120 C bakeout prior to test, and instrumentation 
is mounted and dismounted. 

Prior to the renovation, the limited capacity of the VAA 
and VSA frequently presented a bottleneck in the cavity 
testing workflow. As part of the TEDF project, both were 
doubled in size and the environmental quality improved. 
This arrangement now allows work to flow in and out of 
the eight vertical cryogenic dewars in the VTA in an 
uncongested manner. The VTA and new VSA are shown 
in Figure 4. 

As previously, the VTA and the cryomodule test 
facility (CMTF) are supplied by a dedicated closed-loop 
helium liquifier facility which has a capacity of 3600 
4.5 K liquid liters/day. This supports a sustained test rate 
of >2 cavity tests per day, depending on dewar size in use 
and test duration. The larger VTA dewars have a 48 hour 
cycle time, and the small R&D test dewars can easily 
cycle daily.  

 
Figure  4: View of VTA and expanded VSA. 

Cryomodule  Assembly  Facilities 
The cryomodule assembly facility is laid out as four 

parallel assembly lines. These extended assembly rail 
systems create the opportunity to serve up to four 
independent activities/projects simultaneously, including 
rework of any type previously built. These facilities 
include overhead crane systems for each line. See 
Figure 5. 

 
Figure 5: New cryomodule assembly area. 

Cryomodule  Test  Facility 
The cryogenic test facilities were the only elements of 

JLab SRF infrastructure which were unchanged by the 
TEDF project, although there were extended access 
interruptions during the construction project. The CMTF 
retains its ability to perform cryogenic acceptance testing 
of JLab-built cryomodules, having recently completed 
such testing for the tenth C100 cryomodule for the 
CEBAF 12 GeV Upgrade. 

SUMMARY 
Realization of a new state-of-the-art SRF facility is 

nearing completion at Jefferson Lab. Its purpose is to 
provide high-quality support to DOE-supported local, 
national, and international needs for SRF accelerator 
system technology research, development, and 
construction. 
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ELECTROPOLISHING FOR EXFEL CAVITIES PRODUCTION  
AT ETTORE ZANON SPA 

M. Rizzi#, A. Gresele, Ettore Zanon SpA, Schio, Italy 
A. Matheisen, N. Steinhau-Kühl, DESY, Hamburg, Germany 

P. Michelato, INFN, Milano, Italy 
 

Abstract 
A new horizontal electropolishing facility has been 

developed by Ettore Zanon SpA (EZ) and implemented 
for the series production of the EXFEL cavities at EZ. 
Main electropolishing done according to EXFEL 
specification is the first step in the surface treatment 
process, that is essential to reach high performances. 

Particular attention has been dedicated to find the best 
configuration during qualification of the system. 
Correlation between process variables for industrial 
application, RF tests at room temperature at Zanon and 
vertical RF tests at 2 K at DESY are investigated, in order 
to optimize the removal of Niobium. 

The facility has been designed for industrial scope, in 
order to guarantee the required quality and a production 
rate of 4 cavities per week . One of the most important 
aspects for design has been the automation of the process 
that permits to have complete control on it. 

INTRODUCTION 
Ettore Zanon SpA has started a 1.3GHz cavity 

production for the European XFEL. Beginning on 2012, 
420 cavities have to be produced for the EXFEL facility 
at DESY - Hamburg. 

BCP Flash Scheme 
Cavities with outstanding and stable performances are 

required, in order to be acceptable for the accelerator. 
Minimum goal is 23.5 MV/m with Q0= 1x1010 and low 
field emission. Until week 37/2013 cavities with 
acceleration gradients up to 36.9 MV/m with Q0 = 
1.9x1010 have been produced by EZ. 

Such high gradients can be reached on a stable basis 
only applying specific surface treatment, like 
electropolishing [1]. The inner surface of the cavities 
must be as smooth as possible, without defects or 
contaminants. 

Two different chemical treatment are considered to 
prepare a cavity surface: Electropolishing (EP) and 
Buffered Chemical Polishing (BCP) [2] .  

For the production of the cavities for the XFEL two 
possible ways are considered: BCP flash scheme and final 
EP scheme. Ettore Zanon SpA follows the BCP flash 
production scheme, that consider 140 μm EP as first 
cleaning, followed by 10 μm BCP after helium tank 
integration.  

After welding, cavity is degreased in a ultrasonic bath 
and rinsed with ultrapure water in a clean room of ISO7 
standard.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: EP bench 
_______________________________ 
# mrizzi@zanon.com

.
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First surface treatment is to remove 140 micron 
Niobium with EP treatment in a facility outside the 
cleanroom. After chemical process, cavity is rinsed with 
ultrapure water (UPW) to remove acid residues. Rinsing 
is completed with a short high pressure rinsing (HPR) 
inside ISO4 cleanroom [3]. 

Sulphur is produced during EP by a side reaction and 
must be removed dissolving it with ethanol [4]. Another 
problem related to EP is H2 adsorption in the Niobium 
material. The cavity is therefore recovered with a 800°C 
annealing treatment. 

EP FACILITY 
EP plant (Figure 1) has been developed by the technical 

department of Ettore Zanon SpA, following specifications 
and hints given by experts from DESY. The facility is 
designed as a horizontal EP  of 1.3GHz - 9 cell cavities. 
The cavity is kept under rotation at 1rpm during treatment 
The polishing bench can be placed in vertical position for 
water leak test and rinsing. Automatic movements are 
handled by a PLC by means of position sensors. 

The rotation is transmitted to the frame of the cavity by 
a pulley, connected to a motor shaft. Two brass slewing 
rings support the frame and the cavity, permit the rotation 
movement and are used for current transmission. 

An aluminium pipe of 99.5% purity is in use as a 
cathode and inserted inside the cavity 14 mm above the 
irises. Nine holes placed in correspondence with equators 
are used for acid distribution. A tubing is placed right 
above the cathode, with holes on the whole length to 
guarantee a homogeneous distribution of the nitrogen 
overlay. The cathode is shielded with Teflon tape, to 
reduce reaction rate. 

PFA and PVDF are in use for rigid and flexible piping 
for the acid line. All other parts that may be in contact 
with acid are made of fluorinated polymers (PTFE). 

The plant has two PVDF tanks: the first one serves as 
main storage tank, the other serves as buffer to pump back 
acid from the cavity to the main storage tank. A heat 
exchanger is installed in the return line to the main 
storage tank to cool down the acid. Acid level in the 
cavity is maintained by an overflow system and is kept 
under control by two level switches (Figure 2). 

Plant is serviced with ultrapure water (18MOhm*cm 
resistivity) and pure nitrogen 99.999%.  
Exhaust gases are sucked and conveyed to a scrubber, 
moreover H2 and HF sensors are installed in the room and 
in the piping system to ensure personnel and explosion 
safety. 

Treatment Details 
EP is done using a mixture of sulphuric acid and 

hydrofluoric acid 9:1. Acid can be used up to 10 g/l of 
dissolved Niobium without significant removal rate 
reduction. In order to control removal rate, current and 
temperature values must be kept under control. The best 
solution found for reaction control and fast response has 
been to use an ON/OFF controller to relate heat 
exchanging to current value, instead of temperature value. 
Temperature tends to increase during the 6 hours 
treatment, but remains at acceptable values (Figure 3). 

During EP, a nitrogen overlay continuously flow 
through the cavity, to remove hydrogen and avoid 
explosive atmosphere build up. 

Electropolishing treatment is composed by a series of 
operations [3]:  

1. After installation of cavity in EP bench, a pressure 
test with ultrapure water is performed, to control that 
there is no leak on piping connections, 

2. Cavity and piping are drained using nitrogen, to avoid 
acid – water contact, 

 

Figure 2: Process flow diagram.
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3. Horizontal cavity is filled with acid up to the set level 
and voltage is applied, 

4. Reaction proceeds for approximately 6 hours, at 
constant voltage  (17 V),  

5. Cavity is drained using nitrogen and then is rinsed 
before removing it from bench. 

 
Figure 3: Temperature and current trend during a EP 
treatment.

FIRST RESULTS 
Reaction rate and actual removal are always controlled 

by weighting cavity before and after treatment and by 
measuring thickness of a sample installed at the main 
coupler port. Measuring of surface thickness by means of 
a ultrasonic thickness gauge is under investigation. A  
Krautkramer Branson CL3 Ultrasonic Thickness Gauge 
with sensor Alpha 20/125 016dry is in use. The aim is to 
collect some data on removal difference from equator to 
iris. Average removal rate of approximately 0.4 μm/min is 
experimentally found, that is consistent with the 
theoretical value [5]: 

 

where: 
r = removal rate, as μm/min, 
I = current intensity [A], 
MNb = Niobium molecular mass, 92.9 g/mol, 

 = electron charge, 1.6*10-19 C, 
NA = Avogadro constant, 
ρNb = Niobium density, 8570 g/dm3, 
Scav = inner surface of a 1.3GHz cavity, 91 dm3, 
5 = oxidation state of Niobium. 
 
However, removal is not homogeneous along the cavity 

surface. Figure 4 and 5 show data taken from 
measurements of the first four series cavities that 
performed main EP. There is higher removal at the irises 
than at the equators.  

Removal at equators is less important for the maximum 
acceleration gradient, but a too low removal of the 
damage layer at equators may cause a quench at low 
gradients, because this is the region of highest magnetic 
field. Therefore, if the removal at equators is not 
sufficient, the cavity will have bad performances.  

 

 
Figure 4: Mean removal on the different cells of a cavity. 

 
 

 
Figure 5: Micron removed on the different parts of a cell.  

 
A critical variable for this ratio has been the shielding 

of the cathode with Teflon tape. The best configuration 
found has a 40 mm opening at each equator. Tests with 
smaller openings (down to 15 mm) have been performed  
to optimize iris/equator removal ratio, but the results are 
not satisfactory, because the grain boundaries become 
evident and the surface is not smooth anymore. 

As reported in Table 1, the new EP facility has been 
qualified by the first two series cavities that have 
undergone the full treatment at EZ. They reached above 
30 MV/m without field emission. 

 

Table 1: Performance of First Two Series Cavities Treated

CAV n° Eacc max Q0 max 
599 30.9 MV/m 2.6 x 1010 

600 30.7 MV/m 2.6 x 1010 

 

CONCLUSION 
Ettore Zanon SpA is contracted for 400 XFEL and 12 

High Grade cavities. For an optimized and stable flow of 
the production, an EP facility for main EP treatment is 
designed and set up by EZ. Studies are made to optimize 
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removal of Niobium during the main EP process. After 
commissioning in July 2013 the new facility is qualified 
by 2 XFEL resonators that reached gradient of 30 MV/m 
without field emission. The new EP facility at EZ is now 
under full operation and serves for the XFEL production 
at EZ at a rate of 4 cavities/week. 
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SET UP OF PRODUCTION LINE FOR XFEL BEAM-POSITION MONITOR 
AND QUADRUPOL UNITS FOR CAVITY STRING ASSEMBLY AT CEA 

M. Schalwat, M. Koepke, A. Matheisen, H. Weitkämper, Deutsches Elektronen-Synchrotron DESY, 
Hamburg, Germany 

 
Abstract 

The super conducting (s.c.) accelerator models of the 
XFEL consist of eight s.c. resonators, one s.c. quadrupol 
magnet and one beam position monitor. These 
components are connected to a so called cavity string 
under the guidance of the XFEL WP 09 activities inside 
ISO 4 cleanrooms.  

String assembly is done at CEA IRFU while the beam- 
position monitor and Quadrupol units (BQU)  are cleaned 
and pre-assembled to the  “ready for installation “ status 
inside the cleanroom at DESY. The cleaning and 
assembly of components requires cleanliness of ultra-
high-vacuum (UHV) conditions as well as condition of 
particle free surfaces. The setup of infrastructure, the 
qualification of processes and transport as well as the 
ramp up to a delivery rate of 1 BQU per week will be 
presented. 

INTRODUCTION 
For the XFEL project activities of the linear accelerator 

consortium, the assembly of the accelerator module units 
takes place at CEA Saclay France [1].The Quadrupole 
Beam position monitor Units (BQU) cleaning and 
completion is done in a DESY cleanroom. The complete 
BQU´s are sealed in the DESY ISO 4 cleanroom and send 
to CEA. For this task activities new improved 
infrastructure of cleaning and completion of BQU 
assemblies are developed in the last years. For the XFEL 
accelerator 102 modules will be installed in the tunnel. 
Out of the 102 units 70 will be equipped with beam 
position monitors (BPM) designed by DESY [2], 32 
modules will be equipped with a bpm [3] designed and 
produced by CEA Saclay. 

PARTS OVERVIEW 
The different parts for the Quadrupole Units are 

manufactured by collaborating partners and under control 
of different work packages of the linac consortium. 
Before handed over to the DESY cleanroom for assembly 
to a BQU all parts are tested and pre-cleaned by the 
responsible groups at DESY. The Quadrupoles (QP) 
produced by TRINOS VACUUM PROJECTS S.L. [4] 
and ANTEC S.A. [5], and tested for magnetic properties 
at room temperature and at 2 K by DESY group MKS-4 
[6]. After copper plating of the beam tube they are 
cleaned by ultra-sonic cleaning, rinsed by ultra-pure water 
rinsing and controlled by vacuum leak check and RGA by 
DESY group MVS before hand over for installation to the 
BQU.  

PREPARATION OF BQU SUB UNITS  
All beam position monitors (BPM) are ultrasonic 

cleaned, rinsed by ultra-pure water and controlled by 
vacuum leak check and RGA by DESY group MDI [7]. 
The gate valves (GV) and vacuum control units (VC) are 
cleaned and leak checked by DESY MVS group before 
hand over [8, 9]. At DESY ISO 4 cleanroom there is no 
additional incoming inspection installed because all parts 
are prepared and handed over in status “ready for 
installation”. To ensure that quality of cleaning is 
preserved during internal transports and handling different 
transport test are made before starting the serial 
production. For the internal transport at DESY the smaller 
parts (bpm, gate valve) are double wrapped into 
cleanroom foil applicable for ISO 4 cleanrooms [10].  

The XFEL Cryomodul assembly takes place at CEA 
Saclay in France, about 1000 km away from the DESY 
cleanroom. For the quadrupole and the complete BQU 
(Fig. 1) a platform is designed and tested which allows 
the transport from cleanroom class ISO 4 to ISO 4 over 
long distances. 

 
Figure: 1 View on the completed BQU in ISO 4 
Cleanroom DESY. 

TRANSPORT ACCESSORY  
The transport of the BQU is done with a transport 

system which consists of an inner box for the unit and an 
outer frame which is able to absorb shocks during the 
transportation. For the development of the system the 
most important point was to keep the cleanroom 
requirements of ISO 4 air quality. The inner box (weight: 
250 kg) is made for transport under ISO 4 conditions. 
Different tests on particle contamination and cleanliness 
conservation have been done before the first unit was 
transported.  
Inner box: 

Before usage the inner surface is cleaned and a particle 
quality control is done. 
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Table 1: Test Sequences for Qualification of Inner 
Transport Box 

1. Store in class ISO 6 for one week. 

2. Store in production hall for one week. 

3. Cleaning the outer surface with car wash (high 
pressure cleaning with ca. 60bar ultra-pure water). 

4. Load into a transporter, short tour. 

5. Transport to CEA Saclay and back. 

 

With the tests sequences (table 2) it is shown that the 
transport could not influence ISO 4 cleanliness over the 
whole distance until BQU is unpacked inside the ISO 4 
cleanroom at CEA. 

The total weight of the transport system including the 
BQU installed is about 500 kg. It has to be handled by a 
fork lifter or cranes. Crane hooks and fork lifter 
connections are installed on the transport unit. For 
transport and handling inside the cleanrooms a special 
carrier is set up (Fig. 2). 

 

 

Figure 2: View on the completed BQU in ISO 4 
Cleanroom at DESY. 

The assembly rate for modules at CEA is one module / 
week, requesting an assembly and delivery rate of more 
than one BQU to ensure a minimum hand over rate of one 
BQU per week and a safety margin in case of transport 
problems. 

The assembly sequence and timetable set up for the 
assembly rate is given in table 2. 

During all assembling steps the ISO 4 cleanness and the 
alignment conditions could be preserved even though the 
high weight of the BQU and the used fixture with the risk 
of particle contamination during handling. A careful 
handing is essential. Particle check of the beam tube 
during the final assembly step at DESY, the 
documentation of the acceleration sensor during 
transportation and the experiences of the first module 
assemblies at CEA Saclay have shown that no significant 
change of cleanness during assembling and transportation 
occurs. Up to now 12 units are assembled. A production 
rate of up to 2 units per week in steady state assembly 
processes is reached. 

 

 

 

 

Table 2: Time Table of the most Relevant Assembly Steps 
of BQU Assembly inside ISO 4 Cleanroom at DESY 

Step Description Time 

1. Alignment and fixation of  Quad time 

2. Alignment of BPM in respect to 
Quad dowel pin 

first day 

3. Connect BPM and Quadrupol first day 

4. High pressure rinsing of unit first day 

5. Drying of unit  first day 

6. Alignment of the UHV 
Feedthrough 

over night 

7. Leak check of unit second day 

8. Alignment of gate valve to BPM third day 

9. Connect BPM/Quad and gate 
valve 

third day 

10. Leak check of unit third day 

11. Final leak check and 
transportation 

fifth day 

12. EDMS documentation fifth day 

13. Prepare components for the next 
assembly 

fifth day 

FIRST EXPERIENCES ON BQU 
ASSEMBLY 

Up to now 12 units are assembled. It is proven that only 
four major assembly tools (table 3) are need for a 
reproducible and successfully work flow. 

 

Table 3: Fixtures and Tooling Applied for BQU Assembly 

1. Horizontal assembly device  

2. Turn device for changing the orientation   

(necessary to change the orientation for  

high pressure rinsing) 

3. Wear frame for the HPR system 

4. Transport device to move the different 
components 

TRANSPORTATION OF BQU 
In order to ensure that one accelerator module could be 

assembled per week, it is foreseen that one BQU will be 
shipped per week. In addition a stock of units will be 
installed at CEA Saclay. The stock consists of a unit with 
a Button bpm [7] and a BQU unit with a Reentrant bpm 
installed to it [10]. Therefore five inner transport boxes 
and four outer frames are produced (Fig. 3). 
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Figure 3: View on the Transport Accessories. 

The weekly transfer is done by a commercial truckage 
company. For highest flexibility and short hand transport 
the transport frame is designed that it could be shipped by 
a normal van over night as well (Figure 4). 

 

 

Figure: 4 View to the Transport Frame for the Transport 
of BQU´s. 

During each transport the vibration to the unit is 
monitored by a programmable Accelerometer [10]. The 
same type of accelerometer will be attached to the cavities 
which are transported with the same truck at the same 
time. It is currently under investigation, if it is necessary 
to provide all transported components with individual 
accelerometers or if monitoring the truck is sufficient. The 
wake up point (start of data storage) of the shock logger is 
set to 1,5g. Maximum allowed g force at the BQU is 3g. 
Above the wake up point data are stored in time 
resolution of 0,5 sec. 

Until now during 6 transports none of the data sets are 
recorded showed values above 4g, below 3g it is foreseen 
that the transported components can be used at it is, 
without any restrictions, only the origin of the shock has 
to be identified by the GPS control of the truck. 

OPEN ITEMS 
Vacuum shows reduction from 1*10-8 mbar as installed 

at DESY to 1*10-2 mbar when unit is checked at CEA. 
Leak test at CEA showed same leak rate of <= 1*10-12 
mbarl/min as detected at DESY. To find origin of 
degradation of total pressure studies are on the way to see 
if out gassing of copper plating or commissioning of the 
multi range gauges are responsible for the reduction of 
total pressure.  

CONCLUSION 
Twelve BQU units are assembled in the ramp up phase 

of BQU assembly at DESY until now. No major problem 
of the pre-cleaning and hand over of subcomponents at 
DESY is found. A production rate of more than one BQU 
per week is shown. Six units are successfully transported 
to CEA. Three Units BQU 001_C, 005_C and 004_R are 
assembled to Module XM-3, XM-2 and XM-1. 
 

REFERENCES 
[1] CEA-Saclay/DSM/Irfu, Gif sur Yvette, France. 
[2] E.Vogel Integration of the European XFEL Accelerating 

Modules, Proceedings of LINAC2012, Tel-Aviv, Israel. 
[3] C. Simon, CEA, Status of the re-entrant cavity beam 

position monitor for the European XFEL project. 
[4] TRINOS VACUUM PROJECTS S.L.  
 http://www.vacuum-projects.net 
[5] ANTEC S.A, http://www.antecsa.com 
[6] H. Brück, First Results of the Magnetic Measurements of 

the Superconducting Magnets for the European XFEL, 
MT-23, Boston 2013. 

[7] L. Lilje, Particle Free Pump Down and Venting of UHV 
Vacuum Systems, SRF2009. 

[8] U.Hahn, K. Zapfe, General DESY UHV Guidelines for 
Vacuum components, DESY Report, Vacuum 005/2008. 

[9] Antistatische Polyethylen-Verpackungen 
 http:/www.Basan.com  
[10] SENSR  Elkader, IA 52043 USA. 
 
 

MOP047 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

226C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

09 Cavity preparation and production

K. Technical R&D - Large scale fabrication



PED REQUIREMENTS APPLIED TO THE  
CAVITY AND HELIUM TANK MANUFACTURING 

A. Schmidt, J. Iversen, A. Matheisen, W. Singer 
Deutsches Elektronen Synchotron – DESY, 22603 Hamburg, Germany

Abstract 
For the European XFEL more than 800 Cavities are 

manufactured by industrial partners. Each cavity is 
housed in an individual cryo vessel, the so called helium 
tank. All vessels are made from titanium and 
manufactured by industry as well. The cavity, welded into 
its helium tank, is a pressure loaded part and has to follow 
the pressure equipment directive - PED (97/23/EC). 
Setting up a series production of cavities and helium tanks 
by different vendors according given standards, was the 
task of the XFEL WPG-1 LINAC-WP04. In cooperation 
with the TUEV-Nord as the notified body, DESY is 
responsible for the qualification of design, material in use 
and reasonable tests to get a certificate for pressure 
bearing parts.  

INTRODUCTION 
The max pressure of the cryogenic system of the XFEL 

Linac is fixed to 4 bar absolute. The smallest isolatable 
volume is the accelerator module, consisting of eight 
superconducting (s.c.) resonators, a beam position 
monitor and a super conducting quadrupol magnet. 

To avoid pressure tests of complete modules as a part of 
the pressure bearing vessel tests, the s.c. cavities were 
assigned by DESY to follow the tests of category IV of 
PED annex II regulations [1]. 

REQUIRED TESTS FOR A 
PED QUALIFIED CAVITY 

The certification of industrial manufactured resonators 
made from fine grain Niobium is done according to the 
conformity evaluation procedures modules B1 (EC 
design-examination), B (EC type-examination) and F 
(product verification) see also table 1. For testing the 
applicability of large grain niobium [2] in s.c. accelerators 
eight resonator made of large grain niobium will be 
installed to the XFEL Linac as well. Due to the special 
material properties, they are tested according to Module G 
(EC unit verification).  

 
Table 1: Conformity Evaluation Procedures 

Conformity evaluations according to PED annex III 
Module B1 
EC design examination 

Review of cavity and helium 
tank design 
Review of drawings 
Tests on materials 

Module B 
EC type examination 

Company qualification  
Destructive and non-
destructive tests of test piece 

Module F 
EC product verification 

Non-destructive tests for 
series production 

Module G 
EC unit verification 
on large grain cavity 

Additional material tests 
Additional burst test 
 

Design and Drawing Approval 
In accordance with module B1, EC design examination, 

all fabrication drawings are checked in detail by a notified 
body. Each joint assembly, weld symbol, dimension of 
remaining wall thicknesses and named materials have 
been approved according to DIN EN 13445 – unfired 
pressure vessels. 

A finite element analysis (FEM) is performed to locate 
the position of the highest stress in the structure Result of 
the calculation is that the maximum stress, which is close 
to the maximum allowed stress of niobium respectively 
titanium is located at the connections of stiffening ring to 
half-cell and bellow unit to tank tube. Special care is 
taken on these regions by controlling the correct weld 
penetration and process stability.  

To avoid crossing longitudinal welds at the 
interconnection of tank tube, sliding collar and reduction 
ring the welds are marked and their positions fixes in the   
drawings. 

Material Approval 
Due to its high forming degree the bellows is made 

from Ti grade 1. Ensuring the highest reliability of this 
component the Ti1 has to full fill the requirements of the 
DIN standards. For Ti2, in use for the parts with lower 
stress factors like the helium tank tube, the less strict 
regulations of the ASTM code can be applied. 

The post weld heat treatment for welded Ti tubes was 
investigated and has shown that the temperature treatment 
according to DIN 17869 will have no influences to the 
material characteristics.  

All material parameters for niobium RRR40 and 
RRR300 and for the niobium-titanium alloy are fixed in 
the DESY specifications XFEL/007 respectively 
XFEL/008. The specifications are reviewed and approved 
for cavity application for the XFEL Project by the TÜV-
Nord. 

Material suppliers for pressure bearing parts have to be 
qualified according to PED annex I, paragraph 4.3. All 
materials in use have to be confirmed by a 3.1 or 3.2 
inspection certificate according to EN 10204. Particular 
material appraisals (PMA) for titanium grade 1 and 2, 
niobium RRR40 and RRR300 and the niobium-titanium 
alloy were handed out to DESY for the XFEL project. 
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Company Qualification 
Two companies E. Zanon S.p.A. in Schio Italy (EZ) 

and Research Instruments in Bergisch Gladbach Germany 
(RI) are contracted for the fabrication of XFEL cavities. 
One step in the cavity production line is the completion of 
the cavity with the helium tank. EZ is contracted to 
manufacture the helium tanks for their own cavity 
production themself. The helium tanks, needed for the 
production at RI, are provided by DESY. DESY 
subcontracted these helium tanks at E. Zanon S.p.A and 
C.S.C S.p.A.in Schio, Italy [4]. 

An audit/assessment by the notified body, TUEV-Nord 
of these companies took place. A quality control plan is 
set up to determine necessary witness and hold points of 
the production for controls by the notified body. The 
companies personal for welding and testing, is verified by 
valid qualifications and certifications as well. 

Due to their individual techniques in forming, heating, 
welding procedures and personnel a so called test piece 
according to ISO 15613 is produced to qualify the 
specific processes at each company. The manufacturing 
was witnessed by the notified body. For a stable 
production more than one welder or e.g. EB machine 
needed to be qualified by a second test piece.  

All welding and production of not pressure loaded parts 
is done under responsibility of DESY. 

Tests on Test Piece 
The test piece is designed as a two cell cavity with 

shortened helium tank and without end tubes (Fig.: 1). All 
pressure loaded parts, all welding joints and 
manufacturing characters applied at the companies for the 
XFEL cavities had to be demonstrated by the test piece. 
The test piece is examined by destructive and non-
destructive tests in accordance with the ISO 15613.  

 

 
Figure 1: Overview on micrographs of the test piece. 

Visual tests, dye penetrant tests, micrographs, hardness 
measurements and measurement of the remaining wall 
thickness are performed on each weld of the test piece. 

All tests on the test piece are performed by the TUEV-
Nord in Hamburg. 

Non-Destructive Tests for Series Production 
For the tests according to module F, product 

verification, it was agreed that no more destructive tests 
are required for the series production; only non-
destructive tests should be performed (table 2). 

 
Table 2: Non-Destructive Tests for series Production 

Tests on each… 
Cavity without 
helium tank  

Visual test on all welds 
Vacuum leakage test cavity 

Helium tank  
 

Radiographic test on longitudinal 
welds 
Color penetrant test on all welds  
or 
Visual test on all welds 
Vacuum leakage test on bellow unit 
and helium tank 

Cavity equipped 
with helium tank  

Visual test on all welds 
Pressure test 

Studies of the Impact to the Cavity during 
Pressurization  

Performing a pressure test of each individual cavity was 
an inescapable request from the TUEV-Nord. Appling a 
pressure test to a cavity in helium tank can influence the 
frequency and field profiles distribution change during 
pressurizing. Therefor DESY investigates the effect to the 
frequency and displacement of the cavity during and after 
pressurisation.  

The maximum difference pressure of the XFEL LINAC 
is set to 4bar [5]. The offset for pressure tests according to 
PED annex I, paragraph 7.4 is 1,43. For the pressure test 
the differential pressure is 5,72bar. Taking into account 1 
bar atmosphere during the pressure test, the absolute 
pressure is 6,72bar for XFEL cavities. 

4bar P difference x 1,43 + 1baratmosphere = 6,72barP absolute 

In total 9 large grain and 2 fine grain cavities have 
undergone a pressure test at DESY (Fig.: 2). Water have 
been used for the pressure test. The frequency change and 
mechanical displacement have been measured during 
pressurization. It is found, that the frequency shifts up to 
350 KHz during pressurizing with 6,72bar absolute. The 
short beam tube, fixed to the helium tank, is displaced up 
to 0,2mm elastically. The long beam tube, connected to 
the bellow, is blocked by bellow clamps. Even with 
enforced bellow clamps the beam tube moved up to 
0,5mm during pressurization. The movement during 
pressurization is almost elastically and no significant and 
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permanent change of spectrum or field profile is observed 
after relaxing. 

 

 
Figure 2: Summarizing graphic of 9 large grain and 2 fine
 grain cavities. 

Additional test for the qualification of  
large grain cavities 

Tensile tests at 4K and room temperature of the large 
grain niobium (LG) showed that it has lower elasticity 
than fine grain niobium. Taking into account the 
mechanical strength properties of large grain material the 
FEM was recalculated. The FEM calculation predicted a 
stress overload at the connection half-cell and stiffening 
ring even at lower pressure than the requested pressure of 
6,72bar for the pressure test. In contradiction an overload 
of stress was not seen during the standard pressure test 
already performed. Only a burst test on a LG cavity could 
approve the sufficient stability of the construction with 
LG niobium. According to EN13445 the structure has to 
withstand fife times the design pressure. 

5 x 4 Bar P operation = 20 Bar P min. burst 

Up to 12bar the frequency measurement and dial 
gauges showed linear displacement. At 18bar the bellow 
began to deform plastically. At 20 bar the RF equipment 
and dial gauges were removed to have a look into the 
cavity. At 22 bar water blast into the cavity and the 
pressure dropped down to 0bar immediately. After cutting 
the tank it showed up that lots of dents independent of 
grain boundaries are distributed all over the cavity. The 
largest dent is present at cell six (Fig.: 3). A crack 
resulting from the wide forming degree of the dent in the 
cell at the connection to the stiffening ring at the sixth iris 
is clearly visible (Fig.: 4). 

 

 
Figure 3: Large grain cavity (AC153) after pressure 

 with 22bar. Dents are marked with circles.
test

 
 

 
Figure 4: Deformation and breakage at stiffening ring of
cell six.  

 
For comparison a fine grain cavity was tested with a 

burst test additionally (Fig.: 5). 
 

 
Figure 5: Mechanical and frequency measurement during
 burst test. 

 
At the test of a fine grain cavity the bellow began 

deforming plastically at 17bar. At 31bar the pressure 
discharged to 17bar. The RF equipment and dial gauges 
were removed here as well for inspecting the inner side of 
the cavity. During the following pressurisation and 
looking inside the cavity, material of cell 3 was swelling 
into the cavity. At 25bar near the region of cell 3, water 
blast into the inner side of the cavity. 

After cutting the tank a totally deformation of cell 3 is 
visible. The stiffening ring peels of and a crack at the iris 
was found (Fig.: 6 and 7).  

 

 
Figure 6: Fine grain cavity after pressure test with 
31bar with dent in cell three. 

 

 
Figure 7: Deformation and breakage at iris of cell three. 
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In comparison with the LG material the fine grain 
cavity has only one big dent; all other cells were not 
affected. In both tests the bellow is always deformed 
extremely but did not break. 

SUMMARY 
The requirements of the European Pressure Equipment 

Directive (97/23/EC) are fulfilled for the XFEL cavities. 
TUEV Nord and DESY made a detailed analysis of 

material in use, design reviews and PED related 
applicable tests for the production. Failed tests were 
repeated with optimized parameter. The procedures of 
non-destructive tests for series production are fixed. 
Finally the approval for series production was given by 
the TUEV Nord.  

The contracted companies manufacture the XFEL 
cavity according to PED and a certificate of a final 
assessment report for pressure equipment is handed out.  

Also the performed burst test showed that LG niobium 
is applicable for a XFEL cavity. 

REFERENCES 
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Series Production of Helium Tanks with DESY as a 
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PROGRESS AND EXPERIENCES OF SERIES PRODUCTION OF HELIUM 
TANKS WITH DESY AS A SUBCONTRACTOR FOR RI 

A. Schmidt, J. Dammann, A. Daniel, A. Matheisen 
Deutsches Elektronen Synchotron – DESY, 22603 Hamburg, Germany

Abstract 
DESY act as a subcontractor for helium tanks, for one 

of the cavity manufacturer in charge, for the XFEL cavity 
production. Here the full responsibility of production, 
quality and warranty of these parts is at DESY. Therefore 
on 400 out of the total of 800 helium tanks, DESY has to 
set up a logistic of incoming inspection, documentation, 
storage and distribution. Special effort is made to archive 
a free of doubts interconnection and integration of the 
cavity into the helium tank. After more than 300 units 
produced a review and statistic is provided. 

INTRODUCTION 
For the European XFEL project two companies are in 

charge to provide 824 superconducting cavities, 412 
cavities each [1]. The complete fabrication and surface 
treated of these cavities is done by industry according to 
XFEL specification. After finalizing the surface treatment 
and integration into the helium tank, the resonators are 
handed out to DESY in the status ready for acceptance 
test and string assembly. The two companies, contracted 
for fabrication and surface treatment are E. Zanon S.p.A. 
in Schio Italy (EZ) and Research Instruments in Bergisch 
Gladbach Germany (RI). 

One step of the cavity production line is the completion 
of the cavity with the helium tank. E. Zanon was 
contracted to manufacture also the helium tanks for their 
own cavity production. For the RI cavity production the 
helium tanks are provided by DESY. 

Basing on a European call for tender; DESY ordered in 
total 272 helium tanks at the company C.S.C S.p.A. in 
Schio Italy (CSC) and 146 helium tanks at EZ. 

INCOMING INSPECTION 
From April 2012 to September 2013, 300 so called 

helium tank kits (HTkit) consisting of helium tank (HT), 
bellow unit (BU), reduction ring (RR), sliding collar (SC) 
and adapter (AD) were manufactured. After delivery the 
components of the helium tank kit are tested on a special 
designed control device at DESY. After the incoming 
inspection the helium tanks are stored or supplied directly 
to RI.  

Due to the complicated measurement, the big amount 
of captured parameters and a requested production rate of 
up to 28 units per month, the quality control department 
of DESY, responsible for all DESY incoming inspections 
of mechanical products, were not able to cover these 
additional inspections. 

Therefore the workshop of the DESY department 
MKS-3 carried out the work of receiving, storage, testing 
and prepare for shipment of helium tanks. 

Control Device 
To minimize the cost and time for measuring a special 

control device (CD) (Fig. 1) is developed in cooperation 
with “Horst Witte Gerätebau Barskamp KG”. The 
incoming inspection, as designed by DESY, can be done 
by semi-skilled worker within half an hour. For 
application of a 3D measuring device people need to be 
trained very well and approximately 2 hours are needed 
for this measurement. 

The CD fixes the helium tank at the machined 
diameters at the end of the tank tube and gives the 
reference for the measurement. Four dial gauges at each 
bracket measure the correct position. For testing the 
parallelism and evenness of the bracket the dial gauges 
can slide back and forth. Errors at the parallelism or 
evenness result in a movement of the index of the dial 
gauge.  

 

 
Figure 1: Control device with helium tank on place . 
 
The correct position of projecting edges, ribs and pins 

can be measured by sliding a wheel with dial gauges and 
gauging jigs onto the welded attachments of the helium 
tank (Fig: 2 and 3). If the parts are on correct position the 
wheel can be moved without stagnating. For parts that are 
displaced, the jig will stagnate at the wrong position of 
the attachment. Also for the helium service pipe gauging 
jigs show if the position is correct or displaced. 

 

        
Figure 2 and 3: Wheel with dial gauges and gaunging jigs. 
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Diameter Gauges 
For checking the diameters of the helium tank, bellow 

unit, reduction ring and sliding collar, hardened steel 
gauges (Fig.: 4) are designed, were relevant dimensions 
are defined by incorporated steps. The rings are machined 
with the minimum respectively maximum allowed 
tolerance of the part to be tested. The application of 
gauges guaranties that during assembly of  helium tank 
components to a cavity the parts always fit together 
perfectly. 

 

 
Figure 4: Gauges for checking diameters of bellow unit, 
reduction ring and sliding collar. 

Master Piece 
A “master helium tank” (Fig. 5) machined with very 

high precision allows to calibrate the dial gauges at the 
control device. Whenever needed the master can be set 
into the control device and re-calibrate the dial gauges 
and the other gauging elements. This ensures a stable and 
redundant measurement. 

 

 
Figure 5: control device with master on place. 

 

Storage 
A rack (Fig. 6) was installed for an easy and fast asses 

to the helium tank components. Also a lifter was setup to 
obtain an easy handling of helium tanks. A colour code at 
the positions at the rack shows the status of the 
inspection. 

 Blue:       entrance, not tested 
 Light green:  tested, not approved 
 Dark green:   approved and ready for shipment 
 Yellow:       wait, quarantine 
 Red:      not ok, send back 

 

 
Figure 6: Storage rack with helium tank and lifter. 

STATISTICS 
Until September 2013 300 helium tank kits are tested. 

With the control device and gauges about 62 
characteristics are taken for each helium tank kit, 
resulting in a total of 18.600 characters tested with the 
control device and gauges so far. 126 non-conformities 
were detected and the parts were send back to the 
company for repair (Fig. 7). 90% of these non-
conformities are related to the diameter of reduction ring 
or bellow unit (Fig. 8). 13 non-conformities detected, are 
related to a wrong position of bracket, dents in the bellow, 
or other defects (Fig. 9). 

 

 
Figure 7: Graph of checked characteristics. 

 

 
Figure 8: Graph of non-conformities. 
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Figure 9: Graph of other non-conformities. 

DOCUMENTATION 
The DESY “engineering data managements system” 

(EDMS) is applied for receiving the manufacturers 
documentation and storage of the incoming inspection 
reports. A script was written to upload all documents to 
EDMS and automatically build relations to the individual 
components.   

With the first upload of the manufacturers’ 
documentation, which consists of reports of radiographic 
testing, leak testing, mechanical measurements, material 
certificates and other documents, the physical parts are 
created in the EDMS. In the second step the TUEV 
reports are attached to the physical parts. At third step the 
DESY incoming inspection report is uploaded. The report 
will be also attached to the physical part and changes the 
status of the physical part from working to released.  

A traceability report outlining the information, which 
helium tank components and their identification numbers 
are attached to a cavity, is emitted by Research 
Instruments.  

The EDMS automatically identifies the serial numbers 
of the traceability report and build up the cavity structure. 
Searching for a cavity number links you to all attached 
components with all relevant documents and full 
traceability is assured (Fig. 10). 

 

 
Figure 10: Appling the EDMS for documentation. 

PROPOSAL FOR IMPROVEMENTS 
As it was expected for the start-up of a series 

production more non-conformity were detected than in 
the running production. After a ramp up phase the non-
conformities were reduced to zero. In table 1 the critical 
factors and findings of the production and proposals of 
improvements for further production are given. 

Table 1: Critical Factors and Findings of the 
 Helium Tank Production 

Critical factors and 
findings Improvements 

Diameters for  
interconnection 

check carefully 

Axial position of brackets extend brackets length 

Assembling filling line for 
welding 

open slot in mounting plate 

Weld connection of filling 
line to tank tube 

re-design connection 

Position of service pipe extend tolerance due 
flexible position 

2mm wall thickness at the 
end of service pipe 

use 2,3mm sheet for     
service pipe tube 

Redundant measurement agree to procedure 

Borehole projection edges increase diameter to 11mm 

Drawing 02L 01 split into two drawings: 
-  welding 
-  final machining 
review of tolerances 

Analysis of minimum penetration depth of all weld 

 

SUMMARY 
DESY act as a subcontractor for helium tank kits for 

the cavity production at Research Instruments. An order 
of 418 XFEL helium tank kits is placed to industry and 
these tanks are provided to RI. Up to now 300 helium 
tanks have undergone the incoming inspection. The 
applied control device and gauges give clear and 
doubtless results and were accepted by the companies as a 
reference tool. During a ramp up phase the non-
conformities could be eliminated. 80 helium tank kits 
were provided to Research Instruments and the 
integration of cavities into their helium vessel happens 
without problems so far. 

REFERENCES 
[1] W. Singer, at al.: “The Challenge and Realization of 

the Cavity Production and Treatment in Industry for 
the European XFEL.”, MOIOA03, this conference. 
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THE STATISTICS OF INDUSTRIAL XFEL CAVITIES FABRICATION  
AT RESEARCH INSTRUMENTS 

A. Sulimov, J.-H. Thie, DESY, Notkestrasse 85, 22607 Hamburg, Germany, 
M. Pekeler, D. Trompetter, RI Research Instruments GmbH, RI, Friedrich-Ebert-Straße 1, 

51429 Bergisch Gladbach, Germany 

Abstract 
The serial production of superconducting cavities for 

the European XFEL was successfully started at RI 
Research Instruments (RI) at the end of last year. The 
current status of fabrication is 4 cavities per week. It 
allows us to summarize the results and present the 
statistics of industrial cavity fabrication at RI. Many 
parameters have been traced during different steps of 
cavity production. The most interesting of them, as cavity 
length, frequency, field flatness and eccentricity, are 
presented and discussed. 

INTRODUCTION 
The cavity production rate at RI is presented in 

figure 1. The status of fabrication in August and 
September not only achieved the necessary level of 4 
cavities per week, but also shows the real production 
capability. RI plans to keep this production rate of at least 
16 cavities per month in future. 

 

Figure 1: Cavity production rate in 2013 (white area in 
September shows the cavities in progress). 

In the period of 36 calendar weeks since January 2013 
RI achieved the following: 

- produced 76 cavities up to final electron beam (EB) 
welding; 

- integrated 36 cavities into helium tanks, finished all 
surface preparation steps and sent them to DESY 
under vacuum – ready for cold RF test. 

It allowed DESY to: 
- test 23 cavities under the cold condition; 
- send 15 cavities to CEA (Saclay) for module 

assembly. 
We will concentrate our attention on RF aspects of the 

statistics for XFEL cavities fabricated at RI, separating 

mechanical from RF characteristics. The idea of the RF 
measurements procedure and first results for XFEL cavity 
production were already published in [1, 2]. 

The results of all measurements done at RI are 
collected in the XFEL database [3] and were used for this 
analysis. 

MECHANICAL CHARACTERISTICS 
The shrinkage of equator welding (see figure 2) 

depends on the characteristics of the niobium sheets. For 
the XFEL cavity production the material is delivered from 
three different suppliers: SE Plansee, Tokyo Denkai and 
OTIC Ningxia. 

The shrinkage parameter is calculated for each of two 
welded parts: end groups and dumb-bells. So it is a half of 
the length reduction during welding of one seam.  

Before cavity welding the possible different shrinkage 
of the material from different suppliers has to be taken 
into account for the calculation of the trimming values for 
all cavity parts and the estimation of the final length. 

The mean shrinkage value for all produced cavities is 
(0.404 ± 0.010) mm. As can be seen in figure 2, the 
shrinkage is quite stable and identical for the two material 
suppliers: Tokyo Denkai and SE Plansee. For OTIC 
Ningxia material we do not have enough statistics yet. 

 
Figure 2: Shrinkage [mm] of equator welding seams for 
different materials. 

The predicted lengths for cavities with helium tank and 
real values are compared on figure 3.  

In order to get stable results in cavity length, the 
surface removal by electro polishing (EP) has to be done 
in a controlled way as this will influence the RF 
frequency and consequently also the cavity length. During 
the surface treatment of the cavity, a surface removal of 
110 μm by EP is done as one of the first steps during the 
surface preparation. It is necessary that the absolute 
removal as well as the relative removal between iris and 
equator does not change during production of the cavities. 
The same is true for the final EP step, the removal of 40 
μm at a later step of the preparation. As the cavity length 
is quite stable, it proves that the EP process is stable as 
well at RI. 
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Figure 3: Predicted and real cavity lengths. 

The difference between predicted and measured cavity 
lengths (see figure 3) should be 224.4 mm. It corresponds 
to: 2 mm length reduction during planned tuning (not 
taken into account in predictions) and 222.4 mm (lengths 
of both cavity tubes) due to different measurements (see 
figure 4: predicted length – between connecting flanges, 
real – between reference rings). 

 
Figure 4: Different methods of cavity length 
measurements. 

The average deviation relative to planned difference is 
only ± 0.55 mm. This is less than 20 % of the length 
tolerance. 

The average length between reference rings of 
produced cavities is 1058.96 mm, as required by the 
XFEL specification (1059.00 ± 3.00) mm. 

After 40 cavities produced, DESY requested to reduce 
the cavity length of by 1 mm. This can be seen for the last 
30 cavities. 

One can see that the average length reduction is about 
1 mm for the last 30 cavities, according to the additional 
requirements from DESY. 

The next important mechanical characteristic for beam 
dynamics is the cavity cell’s eccentricity relative to the 
cavity axis defined by the reference rings. The maximum 
of 11 eccentricity values on each cavities (9 for cells and 
2 for flanges) are presented in figure 5. 

The average maximal eccentricity value for cavities is 
0.3 mm. So the cavities are straighter than required by the 
XFEL specification (0.4 mm). 

 
Figure 5: Maximum of cavity eccentricity before welding 
in helium tank. 

RF CHARACTERISTICS 
The main RF characteristics for cavity production 

(TM010 pi-mode frequency and field flatness) are 
presented in figures 6 and 7.  

After the cold measurements results for pre-series 
cavities the pi-mode frequency was increased, correcting 
the target values during the tuning. Further control and 
correction are planned. 

 
Figure 6: Pi-mode frequencies under different conditions 

 

Figure 7: Cavity field flatness at TM010 pi-mode after 
pressure test. 

The average field flatness of cavities, integrated into 
the helium tank and after a pressure test, is 95 %. It is 
more than required by XFEL specification (> 90 %). Only 
one cavity was detuned by the pressure test to below 
90 %. 

SUMMARY 
For 36 calendar weeks in 2013: 
- RI Research Instruments (RI) produced 76 

cavities; 
- 36 cavities were welded into the helium tanks by 

RI and sent to DESY; 
- 23 cavities were tested under cold condition at 

DESY; 
- 15 cavities were sent to CEA (Saclay) for module 

assembly. 

.
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The main results of the statistics analyzes are: 
- welding shrinkage parameter is very stable for the 

two material suppliers (Tokyo Denkai and SE 
Plansee). The mean value is (0.404 ± 0.010) mm. 
For OTIC Ningxia material we do not have enough 
statistics yet; 

- the average length between reference rings of 
produced cavities is 1058.96 mm, as required by 
the XFEL specification (1059 mm); 

- real cavity lengths are very close to predicted 
values. So we can define the length reduction to 
1 mm according the additional requirements from 
DESY; 

- the average maximal eccentricity value for cavities 
is 0.3 mm. So the cavities are straighter than it's 
required by the XFEL specification (0.4 mm); 

- after the cold measurement results for pre-series 
cavities the pi-mode frequency was increased, 
correcting the target values during the tuning. 
Further control and correction are planned; 

- the average field flatness of produced cavities after 
a pressure test is 95 % (required more than 90 %). 
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RF ASPECTS OF QUALITY CONTROL  
FOR INDUSTRIAL XFEL CAVITIES FABRICATION 

A. Sulimov, V. Gubarev, S. Yasar, DESY, Notkestrasse 85, 22607 Hamburg, Germany

Abstract 
Quality control of European XFEL serial cavities 

allows us not only exception of the use of rejected 
cavities for the linac, but also giving a feedback to 
industry in case of cavity parameters come to their limits. 
RF check assays not only the electro dynamical 
characteristics (as frequencies, Q-factors and fields), but 
also provides the mechanical revise with a very high 
accuracy. 

Automation of this quality control in XFEL data base 
gave us a powerful tool necessary for big projects such as 
the European XFEL 

INTRODUCTION 
The planned fabrication rate for the European XFEL is 

8 cavities per week. Taking into account that RF quality 
inspection requires 39 inspection sheets for each cavity, 
312 documents have to be read and analyzed during a 
week. The results have to be combined or compared to 
calculate the specified criteria. 

During cavity fabrication different kinds of inspection 
sheets [1] (see figure 1) are stored in the XFEL DB [2] for 
RF verification. They can be separated by control levels 
and production steps: 

Acceptance Level 1 (AL1) 
- cavity parts fabrication (V_F01/2/3, W_01/2/3), 
- cavity welding (X_HCP, X_M01, X_F01), 

Acceptance Level 2 (AL2) 
- cavity tuning (X_M02/3, X_F02/3, Y_F01,Y_M01), 
- welding in the helium tank and a pressure test 

(Y_F02), 
Acceptance Level 3 (AL3) 

- cavity transport (Y_F03). 

 
Figure 1: List of different protocols, required for RF 
quality inspection 

The planned data flow involves inspection sheets 
transmission to the data base through DESY Engineering 
Data Managements System (EDMS) [1]. 

The RF measurements procedure [3] and first results 
for pre-series European XFEL cavities [4] were already 
described. The industrial fabrication of 800 cavities 
however, required further development and automation of 
quality control. 

Integration of existing tools for RF analysis in 
automatic system for different controls levels and their 
descriptions will be presented in this paper. 

ACCEPTANCE LEVEL 1 
The most important parameters and information for 

newly produced cavities are presented in one window of 
the XFEL DB visualization panel – “RF control after 
equator welding” (see figure 2): 

- cavity name; 
- pi-mode frequency (from X_F01), 
- cavity length between connecting flanges (from 

X_M01); 
- expected cavity length after the tuning and its 

deviation (according the XFEL specification 
XFEL/014); 

- maximal deviation of parts rest trimming and 
dumb-bells symmetry (calculated by 
HAZEMEMA [5] formulas); 

- welding parameter – shrinkage; 
- material supplier: (P – Plansee, T – Tokyo Denkai 

and N – Ningxia). 
If all these parameters are in tolerance (according to the 

XFEL specifications XEL/014 and XFEL/ABCD), the 
cavity name is presented on white background, else – on 
red (the out-of-tolerance values are highlighted with red). 

One can open the “RF Parts Control” panel by pressing 
the “Cavity parts” button and will find there the following 
parameters from X_F01, X_M01, X_HCP and W_01/2/3 
(see figure 2): 

- cavity name; 
- name of producer; 
- part serial numbers; 
- pi-mode frequency for these parts; 
- parts lengths; 
- dumb-bells symmetries (Asym.-1), and their 

maximum; 
- rest trimming values, calculated for real shrinkage, 

their average value and maximum of their 
magnitudes; 

- real shrinkage, calculated as a difference of real 
length and sum of the parts lengths; 

- cavity pi-mode frequency; 
- cavity length after welding. 
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Figure 2: RF quality control panels for Acceptance Level 1. 

 
Frequencies of parts are also presented graphically, for 

easier control of dumb-bells sorting [3]. 
Dumb-bells asymmetry “Asym.” is calculated as ratio 

of the half cells volumes, estimation is based on 
frequency control by HAZEMEMA [5]. The absolute 
value of symmetry (Asym.-1) should be less than 0.1. 

Rest trimming values are limited by mechanical 
accuracy of parts cutting 0.3 mm, so the absolute value 
should be less than 0.15 mm. Besides it allows achieving 
the nominal cavity length using all cavity parts without 
additional compensation. 

The original inspection sheets and more for all end 
groups (EGS - short side, EGL - long) and dumb-bells 
(DBs) can be found by pressing the “…” button on the 
left in each line. 

ACCEPTANCE LEVEL 2 
After a set of treatment procedures, several tunings, 

integration in the helium tank and a pressure test the 
cavity reaches Acceptance Level 2. 

The most important parameters and information for 
cavities at this level are presented in one window – “RF 
control after Acceptance Level 2” – similar to presented 
at figure 3: 

- cavity name; 
- pi-mode frequency (from Y_F02), 
- cavity length (from Y_M01) measured before 

welding in the helium tank; 
- field flatness; 
- maximal (from 9 cells and 2 flanges) eccentricity 

value; 
- warnings at any production step after AL1. 

If all these parameters are in tolerance (according to the 
XFEL specifications), the cavity name is presented on 
white background, else – on red (the out-of-tolerance 
values are highlighted with red). 

One can open “Detail RF Data Controls” panel by 
pressing the “Results from protocol” button and  will find 
there frequencies, field flatness’s, lengths, maximal 
eccentricity values and comments for the cavity after 
different tunings and/or measurements on the cavity 
tuning machine – CTM [6] (see figure 3): 

- X_F/M02 – first cavity tuning after main electro 
polishing (EP) procedure and backing at 800ºC; 

- X_F/M03 – after fine EP (for Research instruments 
only) and installation of field measurement system 
(FMS); 

- Y_F/M01 – after the welding of rings and bellow; 
- Y_F02 – final full RF measurements. 
The original inspection sheets and more details for each 

measurement can be found by pressing the “…” button on 
the left in each line. 

ACCEPTANCE LEVEL 3 
After a final 10 μm buffered chemical polishing (BCP – 

only by E.ZANON) and cavity preparation for the 
transport to DESY (installation of High Q and HOM 
coupler antennas, vacuuming, and so on) the cavity 
reaches Acceptance Level 3. 

The most important parameters and information for 
cavities at this level are presented in one window – “RF 
control after Acceptance Level 3” (see figure 3). Some of 
them were already described in the previous chapter. 
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Figure 3: RF quality control panels for acceptance level 3. 

 
New parameters (from Y_F03), which are presented 

also in “Details”, are: 
- pi-mode frequency for cavity with vacuum, 
- magnitude of transmission between high Q and 

pick-up antennas; 
- spectrum deviation, between two measurements 

Y_F02 and Y_F03. 
Since FMS is dismounted after last full RF 

measurements (Y_F02), estimation of field flatness is 
possible only by comparison of cavity’s spectra [4].  

SUMMARY 
The RF quality control for European XFEL cavities 

requires checking of 31 200 inspection sheets only from 
cavity producers. Automation of this process in the XFEL 
data base gave us a powerful tool which is required for 
such a big project. 

The access to the fabrication data in the XFEL DB is 
limited – only for cavity producers and DESY experts. So 
this paper will be interesting mostly for them. But the 
analysis will be published and our experience can be used 
also for others projects. 
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R&D ON CAVITY TREATMENTS AT DESY TOWARDS THE ILC 
PERFORMANCE GOAL 

A. Navitski1, E. Elsen1, B. Foster1, 2, R. Laasch2, D. Reschke1, J. Schaffran1, W. Singer1, 
X. Singer1, Y. Tamashevich2 

1DESY, Hamburg, Germany, 2University of Hamburg, Hamburg, Germany

Abstract 
An extensive R&D programme on cavity investigations 
and treatments towards ILC performance goal has been 
established at DESY. A new “ILC-HiGrade Lab” is being 
commissioned and will house some existing and planned 
cavity inspection and treatment tools. Aims and details of 
the program as well as the current status of the facility are 
reported. 

INTRODUCTION 
Superconducting radio-frequency (SRF) niobium cavities 
are a key component of current and future efficient 
particle accelerators producing high-energy and high-
intensity beams. The technology is key to next-generation 
light sources, accelerator-driven sub-critical nuclear 
reactors and nuclear-fuel treatment, new accelerators for 
material science and medical applications etc. The SRF 
cavities are made from high-purity niobium and undergo 
a complex multi-step production process to achieve high 
accelerating gradient, Eacc, and a high quality factor, Q0. 
These quantities, together with the manufacturing yield, 
drive cost and performance factors such as cryogenics, 
beam energy, machine length etc. The European X-ray 
Free Electron Laser (EXFEL) [1], currently under 
construction in Hamburg, requires for example 800 Tesla-
shape [2] 9-cell 1.3 GHz SRF Nb cavities operating at 
nominal average gradient Eacc of 23.6 MV/m with 
unloaded quality factor Q0 of at least 1010. The future 
International Linear Collider (ILC) [3] would require the 
production of 16000 such cavities operating at nominal 
average gradient of 31.5 MV/m with almost the same 
quality factor Q0. With such a quantity of cavities to be 
fabricated, the manufacturing yield and the possibility of 
retreatment and repair of the SRF cavities become very 
important issues. 

In order to address the performance, fabrication, and 
repair issues of cavities, an extensive R&D programme 
including the commissioning of a new “ILC-HiGrade 
Lab” is being established at DESY. The programme 
includes cavity investigations and treatments aimed at 
achieving the ILC performance goal. It aims at a clear 
understanding of the limiting factors of the cavities, 
exploration of reliable methods of cavity treatment, and 
gaining experience with the mass-production of EXFEL 
cavities. In addition to the well-established cavity 
treatment and inspection techniques, the programme will 
also include techniques such as centrifugal barrel 
polishing (CBP) (see below) and local grinding. 

R&D PROGRAM 
This R&D programme at DESY continues that of the 

Global Design Effort for the ILC and is therefore well 
coordinated with efforts elsewhere. The aim is to gain 
experience with the industrial mass-production process 
and have a solid understanding and control of the whole 
procedure by monitoring the fabrication of 800 EXFEL 
cavities. The existence of advanced cavity inspection and 
treatment techniques allowed feedback to be provided to 
the cavity fabrication thereby influencing the production 
of EXFEL cavities. The “European ILC-HiGrade 
program” was designed to produce better understanding 
of EXFEL cavity production. The details of this 
programme are given in the following section and can be 
found elsewhere [4, 5]. The main goal of the R&D is clear 
identification of the factors limiting the gradient and 
definition of a cavity treatment providing at least 35 
MV/m with a production yield higher than 90%. 

The EXFEL production process has already provided 
cavities achieving 35 MV/m accelerating gradient in 
vertical tests (Fig. 1). This comfortably exceeds the 
required 23.6 MV/m for the EXFEL and meets the ILC 
requirements. These results emphasise the importance of 

further exploration of new cavity preparation and repair 
techniques that can achieve high accelerating fields with 
high fabrication yield. 

 
 

 
Figure 1: Plot of quality factor against accelerating 
gradient in cold RF tests of two European XFEL cavities. 
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EUROPEAN ILC-HIGRADE PROGRAM 
The EXFEL cavity order includes an additional 24 

cavities as part of the European ILC-HiGrade programme. 
Initially, these cavities serve as quality-control (QC) 
samples extracted from the serial production of EXFEL 
cavities on average once per month. The first few cavities 
have been already delivered and passed first cold RF 
tests. After this normal acceptance test, the cavities are 
taken out of the production flow and released for further 
R&D. The QC and quality assurance (QA) have to 
include all processing steps of the EXFEL cavities. To 
maximize the data from these so-called QC cavities, a 
surface-mapping technique (“Second Sound” and 
temperature mapping (T-mapping)) is applied in a second 
cold RF test. Therefore the cavities are delivered with the 
normal full treatment of the inner surface but without a 
helium tank. 

The following R&D steps are foreseen with these 
cavities within the ILC-HiGrade and CRISP [6] 
programmes as a feasibility study for the ILC. The 
“Second sound” and T-mapping techniques are first 
applied during the second cold RF test in order to localize 
any quenches. Investigation of the inner cavity surface 
and detailed analysis of the quenching defects as well as 
of the surface of “quench-free” cavities is performed by 
means of the high-resolution optical system OBACHT 
and replica. Finally, depending on the cold RF result, 
surface quality, and number of defects, the cavity will be 
given to a second-pass electropolishing (EP) process, 
buffer chemical polishing (BCP), and high-pressure 
ultrapure-water rinsing (HPR) and/or sent for centrifugal 
barrel polishing (CBP) or local grinding repair. 

ILC-HIGRADE LAB AT DESY 
Fig. 2 shows the general layout of the ILC-HiGrade Lab. 
This will house the optical cavity inspection system 
OBACHT in routine use at DESY as well as the CBP, 
local grinding machine, and replica. The specially 
constructed rinsing station and vertical ultrasonic bath are 

used for extracting polishing residues from the cavities 

after every CBP polishing step. The water purification 
system delivers ultrapure water with conductivity <1 
μS/cm for the rinsing station, ultrasonic bath, and for the 
CBP polishing itself. 

DIAGNOSTIC TOOLS 
Within the R&D programme, the following methods of 

non-destructive surface diagnostics will be used.  

Optical Cavity  Inspection System (OBACHT) 
OBACHT (see Fig. 3) is a semi-automated (based on 

LabView®) optical inspection tool of the inner cavity 
surface and is based on the Kyoto camera system [7]. It 
allows inspection of a large number of cavities with and 
without a He-tank as well as of the components that make 
up a complete cavity such as “dumbbells” and end 
groups. For a “standard” cavity inspection the system 
yields around 3000 pictures in around 8 hours. The 
inspection concentrates welding seams at the equator and 
irises plus the area to the left and right of the equator 
welding seams. The OBACHT pictures cover a cavity 
area of 12 mm x 9 mm with 2616 x 2488 pixels and 
around 5 μm/pixel. The position accuracy of a cavity 
mounted on a movable sled is about 10 μm, whereas the 
angular camera positioning accuracy is about 0.01 ̊. The 
possibility of automated image processing and defect 
recognition is being explored [8]. 

 
 

   

Figure 3: The OBACHT system showing a mounted 
cavity with the camera inserted into the cavity interior 
and two examples of images showing the equator welding 
seam before and after polishing. 

Replica 
Replica is non-destructive cavity inner-surface study 

method with resolution down to 1 μm. It copies the 

 
Figure 2: “ILC-HiGrade Lab” layout. 
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details of the surface by imprinting onto hardened rubber. 
The footprint is subsequently studied with a microscope 
or profilometer. An example of the replica test of the 3D 
surface geometry showing a defect is shown in Fig. 4. It 
allows better correlation between the topography and 2D 
images from the OBACHT. 

 

 
Figure 4: 3D surface defect geometry and correlation with 
optical image from OBACHT. 

“Second Sound” Quench Localization System 
The “Second Sound” method is a fast quench-

localization system routinely used at DESY. The method 
utilizes the temperature wave or second sound in the 
helium bath induced by the heat pulse from a quenching 
spot. To detect the second sound in helium, Oscillating 
Superleak Transducers (OSTs) [9] are used. These 
devices are built analogously to condenser microphones 
and use a thin porous membrane sputtered with a 
conductive layer on one side. This membrane is placed on 
a brass electrode as the second “plate” of the capacitor. 
The very small distance between membrane and brass 
electrode changes when the second sound interacts with 
the membrane, leading to a change in the capacitance 
which can be measured. Determination of the quench 
location is done via trilateration. The first setup and first 
measurements were carried out at Cornell University, 
USA in 2008 [10]. 

Although the “Second sound” technique offers a 
convenient method to locate quenches in SRF cavities 
during cold RF tests, precise localisation and 
understanding of local thermal breakdowns or quenches 
in SRF cavities is still a challenge.  Typical resolutions of 
1 cm and better have been obtained. The current 
resolution is limited by details of the heat propagation 
within the complete vertical test setup. With the upgrade 
to a highly redundant system at DESY (from 8 to 16 
OSTs per insert) such effects can be studied. Comparison 
between the upgraded “Second Sound” quench detection 
system and the old setup, as well as with the results of the 
T-mapping and optical inspection (OBACHT) systems 
will be performed. 

CAVITY TREATMENTS 
Several techniques in addition to the well-established 

EP and BCP will be used for surface treatment and repair 
to reach high field gradient and high quality factor. The 
main ones are local grinding as a cavity repair technique 
and CBP as both a cavity repair and possibly stand-alone 
preparation technique. 

Centrifugal Barrel Polishing (CBP) 
CBP is an acid-free surface polishing technique using 

abrasive media. It considerably reduces chemical usage, 
only a final light electropolishing (about 10 μm) step 
being required [11]. It can achieve 10 times smaller 
roughness with mirror-like surface compared to chemical 
treatments [12]. 

A new CBP machine (Fig. 5) has been purchased by the 
University of Hamburg and will be used in the ILC-
HiGrade Lab for: 

• Serial tests of the polishing procedure (partially with 
ILC-HiGrade cavities) as a feasibility study to meet 
the ILC performance goal. 

• Further optimisation and understanding of the 
process, addressing such issues as polishing recipes, 
hydrogen-free polishing, polishing time, etc. 

• Study of the CBP as a cavity repair and standalone 
preparation technique. 
 

The machine is being commissioned based on the 
polishing recipes derived from best FNAL, JLAB, and 
previous DESY experience. The following full cavity 
preparation scheme has been considered: 

 Step 1 – around 8 hours surface cutting using 9 
mm x 9 mm triangle abrasives, soap, and ultrapure 
water; 

 Step 2 – around 15 hours intermediate polishing 
using RG-22 cones, soap, and ultrapure water; 

 Step 3 – around 30 hours intermediate polishing 
using 15 μm alumina, 5 mm wood  blocks, and 
ultrapure water; 

 Step 4 – at least 40 hours final polishing using 40 
nm colloidal silica and 5 mm wood  blocks; 

 Step 5 - ultrasonic degrease/rinse; 
 Step 6 - HPR; 
 Step 7 - 800 ⁰C baking for 2 hours; 
 Step 8 - around 10 μm EP; 
 Step 9 - ultrasonic degrease/rinse; 

 
Figure 5: Centrifugal Barrel Polishing machine in the 
ILC-HiGrade Lab. 
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 Step 10 - HPR; 
A test will then be carried out by slowly pumping the 

cavity down followed by vertical cold rf testing with 
mode measurement, “Second sound,” and probably T-
mapping. 

Depending on the initial surface condition, only a 
“soft” CBP might be applied skipping e.g. some of the 
initial steps. 

Local  Grinding 
A local grinder (Fig. 6) produces a mechanical 

polishing technique and is used for local defect removal. 
A similar machine will be developed and used in the ILC-
HiGrade Lab for serial tests of the repair procedure 
(partially with the ILC-HiGrade cavities), as a feasibility 
study for meeting the ILC performance goal and for 
further optimizations. 

 

 
Figure 6: Local grinding tool [13]. 

CONCLUSIONS 
An extensive R&D programme on cavity investigations 

and treatments aimed at reaching ILC performance goals 
is being established at DESY. The programme aims at a 
clear understanding of the cavity limiting factors, 
elaboration of reliable cavity treatment, and gaining 
experience via the mass-production of 800 European 
XFEL cavities. The new ILC-HiGrade Lab is being 
commissioned and will house OBACHT, replica, local 
grinder, and CBP techniques. 
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TESTS OF THE ACCELERATING CRYOMODULES FOR THE
EUROPEAN X-RAY FREE ELECTRON LASER

M. Wiencek, B. Dzieza, W. Gaj, D. Karolczyk, K. Kasprzak, L. Kolwicz-Chodak, A. Kotarba,
A. Krawczyk, K. Krzysik, W. Maciocha, A. Marendziak, K. Myalski, Sz. Myalski, T. Ostrowicz,

B. Prochal, M. Sienkiewicz, M. Skiba, J. Swierblewski, J. Zbroja, A. Zwozniak,

The H. Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland

Abstract
The European X-ray Free Electron Laser (XFEL) is cur-

rently under construction in Germany in Hamburg area.
A 2.1 km long superconducting linear accelerator, part of
the XFEL, consists of 101 accelerating cryomodules. The
XFEL cryomodule is assembled with eight superconduct-
ing RF cavities, one cold magnet and Beam Position Mon-
itor (BPM). The cryomodules are tested in dedicated test
facility before installation in the XFEL tunnel. The testing
procedures for the cryomodules were prepared with use of
DESY expertise from TTF (Tesla Test Facility) Collabo-
ration and FLASH (Freie-Elektronen-Laser in Hamburg).
This paper describes the full set of testing procedure and
incoming and outgoing inspections as well.

INTRODUCTION
The cryomodules for accelerating part of the XFEL are

assembled in CEA Saclay (France) and delivered to DESY
(Hamburg). After delivery the cryomodules are being
checked during so called incoming inspection and followed
by their preparation for the tests. Next step is cooling down
of the cryomodule to the temperature of 2K. Then, RF and
cryogenics measurements are performed. The cryomodule
is being warmed up while the measurements are nished.
The nal step is performance of the outgoing inspection.
According to the current estimation 14 working days orga-
nized in two shifts are needed to complete the test of one
cryomodule. All of the steps mentioned above are done by
The H. Niewodniczanski Institute of Nuclear Physics Pol-
ish Academy of Sciences (IFJ PAN) team [1]. Currently
over 30 enginners and technicians from IFJ PAN are in-
volved in testing the cryomodules and RF cavities in new
AMTF (Accelerator Modules Test Facility) Hall at DESY
in Hamburg. Performance of all cryomodules tests is a part
of Polish in-kind contribution for European XFEL.

INCOMING INSPECTION
During transportation the cryomodules are equipped

with vacuum monitoring system and shock loggers. Data
from these devices are read as the rst step of the incoming
inspection. If results of the read are acceptable the restora-
tion of high vacuum in the coupler line is performed. Next,
mechanical and electrical checks are performed. The me-
chanical inspection consists of removal of transport caps

and visual checks of all anges and process pipes. The
electrical inspection consists of checks of all connector
and feedthroughs and functionality test of cavities and cou-
plers tuners. The measurements of the fundamental mode
spectra of each cavity follow the mechanical and electri-
cal checks. Finally, resistance test of the magnet coils is
performed.

PREPARATION FOR TESTS
After the incoming inspection the cryomodule is in-

stalled on the test stand. At the beginning the cryomodule
is mounted on a special trolley, transported to test stand and
aligned. Next step is to connect the beam line to the vac-
uum system in a clean room conditions. The mass spec-
trometry is performed to ensure that there is no contamina-
tion in the beam line. Example of the mass spectrometry
results are shown in Figure 1.

Figure 1: Mass spectrum of the beam line.

Then the following mechanical operations are per-
formed:

• connection of process pipes,
• closing sliding muffs,
• leak check of the process pipes and the cryomodule,
• wrapping the process pipes with MLI (Multi Layer
Isolation),

• installation of the thermal shields,
• wrapping the thermal shields with MLI,
• pump down of the isolation vacuum

When the preparation is done the electrical and waveg-
uides connections are made. Finally, a warm coupler con-
ditioning is performed to clean impurities from couplers.
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COOL DOWN

Test of the XFEL module is performed at 2K, thus all
components of the cryomodule are step by step cooled
down to operation temperature. One can highlight few
phases in the cool down process. During the rst phase the
temperature of the module is lowered to 80K with many
temperature and pressure constraints. This prevents the
module from thermal stresses caused by large temperature
gradients. Around 80K most of dislocations in the mate-
rial are blocked, thus, the cool down process of the mod-
ule is proceed to 4.5K. When all vessels are lled up by
liquid helium the last phase of the cool down can be per-
formed. The pressure above liquid helium bath is lovered
to 31 mbar. This provides temperature of 2K and the cool
down process is considered as nished. The cool down pro-
cess is shown in Figure 2. Conditioning of the couplers is
also performed during the cooling down.

Figure 2: Automatic cool down procedure plot.

RFMEASUREMENTS AT 2K

The RF measurements in cryogenic conditions are di-
vided in two phases. The rst phase is measurements at
low RF power while the second one is - at high RF power.
The former measurements are performed by means of Vec-
tor Network Analyser (VNA) an RF ampli ers if needed.
The latter measurements are performed with klystron.

Measurements at Low RF Power
There is a necessity to measure attenuation of the cables

inside the module at 2K. This measurement is performed as
a S11 measurement and has to be done inside the test stand.
All the other mentioned measurements can be done outside
of the test stand using cables for high RF power measure-
ments. After that a fundamental mode spectra of each cav-
ity is measured. Then the cavities are roughly tuned to the
design resonance frequency (1.3 GHz). In parallel, an ex-
ternal quality factor of the couplers is set by coupler mo-
tors. Finally, the High Order Mode (HOM) Spectra mea-
surement is performed. The results panel is shown in Fig-
ure 3.
After these operations test stand is closed and secured by

the Personal Interlock.

Figure 3: HOM Spectra measurements application.

Measurements with igh RF ower
There is no possibility to tune the cavities to the exact

resonance frequency with the VNA. Therefore the ne tun-
ing with use of the LowLevel RF (LLRF) system is needed.
This is the rst operation performed with the klystron. Af-
ter ne tuning, the cavities are calibrated at low gradient (5
MV/m) to determine the following parameters:

• Kt - calibration coef cient used to calculate the gra-
dient,

• Qext - External quality factor adjusted during tuning
with VNA; measurement of Qext is much more accu-
rate at high RF power

• Qprobe - Quality factor of the Probe antenna
• QHOM1 and QHOM2 - Quality factor of the HOMs
antennas

A new software for cavities calibration has been written
by IFJ PAN Team (Figure 4)

Figure 4: Calibration application.

After calibration the cavities are tested one by one. Be-
cause of the power distribution system there is a necessity
to detune all cavities except one. Most important results of
this measurement are listed below:

• Quench limit [MV/m],
• Operating gradient - Value of Gradient when radiation
do not exceed 10−2 mGy/min [MV/m],

• Xrays start - Value of Gradient when radiation starts
[MV/m],

• Xrays quench - Value of radiation just before cavity
quench [mGy/min],

H P
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• Pfor - power used to drive a cavity to the quench limit

The measurements results of a pre-series XFEL cry-
omodules (XM-3) are shown in Figure 5. After completing
the performance test, all cavities are again tuned to the res-
onance frequency in order to perform the cryogenic mea-
surements.

Figure 5: Results of the performance test.

CRYOGENICMEASUREMENTS
The cryogenic measurements are divided into two

phases. The rst phase is a static measurements, when
there is no powering inside either cavities or the magnet.
The second one, so called Heat LoadsMeasurements is per-
formed with the powered cavities.

Static Measurements
The thermal performances of the accelerator modules is

a vital issue to estimate the load budget of the refrigerator
system. Variety of measurement considers the losses on
cryogenic lines such as 2K, 4.K and 40/80K are performed.

Heat Loads Measurements
This measurements are performed by two operators: one

from cryogenic site and another from RF site (RF operator
application is shown in Figure 6). First, the zero measure-
ment is performed in order to obtain the cryogenic load
without power. Then all cavities in cryomodule are pow-
ered to certain level of the gradient. Next the series of
measurements at different gradients are proceeded. During
those measurements a few points are obtained: at gradient
just below the Xrays start, when radiation exceeds 10−2

mGy/min (if available). Next at 23.6 MV/m (XFEL goal
gradient) and just below the lowest cavity quench limit. If
there is only one cavity with low limit in cryomodule the
cavity is detuned. The cryomodule is operated without the
weakest. The cryogenic calculation of heat loads are shown
on Figure 7. From cryogenic load total Quality factor of all
cavities inside the cryomodule is calculated. Thus, Quality
factor from this measurements is averaged for each cav-
ity. Software for this measurements has been written by
IFJ PAN Team.

Figure 6: Heat Loads measurement - RF operator applica-
tion.

Figure 7: Heat Loads measurement - Cryogenic calcula-
tions.

WARM UP, DISASSEMBLY, OUTGOING
INSPECTION

After measurements at 2K the cryomodule is warmed up
and disassembled from the test stand. Next, the outgoing
inspection is performed in order to con rm that there was
no damages during the tests procedure. Results of outgoing
inspection is put into Outgoing Inspection Report. Finally,
the cryomodule is handed over to the next work packages
for further installation.
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STATUS OF THE SUPERCONDUCTING CAVITY DEVELOPMENT 
FOR ILC 

T. Yanagisawa, H. Hara, F. Inoue, K. Kanaoka, K. Sennyu 
Mitsubishi Heavy Industries, Ltd, Mihara, Hiroshima, 729-0393, Japan 

Abstract 
MHI activities for ILC are reported. MHI had 

developed several procedure and method of cavity 
production for stable quality and cost reduction.  And we 
are producing cryomodules too. These activities are 
reported in detail. 

 

INTRODUCTION 
MHI has supplied 1.3 GHz superconducting RF cavity 

for STF project (STF is a project at KEK to build and 
operate a test linac with high-gradient superconducting 
cavities, as a prototype of the main linac systems for 
ILC.) in several years [1]. To improve cavity 
performance, we have done several activities as shown 
Table 1 on STF cavity fabrication. Clean area was not 
used  in cavity assembling at phase 1.0, but air top gun in 
clean area are used in cavity assembling at phase 2.0. 
The EBW conditions were always improved. 

In recent vertical test at KEK, almost STF cavities 
reached Eacc= 31.5 MV/m which is specification of ILC 
as shown figure 1. MHI-#12 - #21 (as shown figure 2) 
are governing high pressure gas safety law in Japan. The 
average Eacc of these cavities is 37 MV/m, and the range 
of Eacc is from 35 MV/m to 40.7 MV/m. 

 
Table 1: Activities for Improvement of Cavity 
Performance 

Phase 1.0 1.5 2.0 
2-a 
2-b 

Cavity No. #1-4 
#5-6 
#7-9 #10-11 #12-22 #23-30 

Thickness 
of thinning 

2.5 
mm 

2.0 
mm 

> > > 

Bead 
condition Bumpy Smoother Flatter More 

stable > 

Shape of 
groove 

Butt > Step > > 

Frequency 
of  *CP 

Only 
after 

thinning 

E a c h 
s t e p 

(Just before
 EBW) 

> > > 

Manageme
nt 

of cleanness 

Air 
duster 

> 
 

Clean 
area 

> 
 
> 

Air  top 
gun 

> 

> 
 
> 

*CP: Chemical polishing 

 

 
Figure 1: Q-E curve of recent vertical test for STF 
cavities.     

 
Figure 2: STF cavities with jackets governing high 
pressure gas safety law in Japan. 

IMPROVEMENT FOR CAVITY 
FABRICATION METHOD FOR COST 

REDUCTION 
The principles for cost reduction in mass-production 

are reducing number of parts, automation or outsourcing, 
batch process and reducing process time (e.g. Change of 
fabrication procedure, using special jig and machine or 
optimization of machine time and layout).  

Since STF project was started, MHI has proposed some 
new fabricating methods based on these principles as 
shown  below  [2-5].  Some  of  them were  applied to 
production or R&D cavities. Some of them are proposal 
for cost reduction. Improvements in R&D cavities for 
cost reduction are shown in detail, and Table 2 shows the 
summary of improvement for cavity fabrication method 
for cost reduction. 
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Improvement Applied to  Cavities 
The items as following are applied to STF cavities. 
 To simplify inner conductor of HOM (High Order 

Mode ) coupler design 
 Reduction of machining of HOM cup, beam tube 

and base-plate by using forming 
 Retainer flange for monitor port 
 Welding 2 cavities in one batch 

Improvement Applied to R&D Cavities 
The items as following are applied to R&D cavities. 
 Automatic finishing by robot for cell’s inner surface 

from human hand (applied to MHI-B cavity) 
 Using LBW instead of EBW for stiffener and 

flanges (applied to MHI-A cavity) 
 Seamless dumbbell (applied to MHI-B cavity)  
 Welding all equator line of cavity in succession by 

vertical position without purge of vacuum chamber 
(applied to MHI-C cavity) 

 LBW for baseplate consisted of Nb ring and Ti plate 
(applied to MHI-C cavity) 

Improvement under Developing or 
The items as following are under developing or our 

proposal. 
 Welding 4 cavities in one batch 
 Combination of pick-up port and flanges 

 
Table 2: Summary of Improvement for Cavity Fabrication  
Method for Cost Reduction 

Phase Cavity
No.

Assy
direction

Stiffener
welding

Baseplate
welding

Cavity quantity at
final welding in

one batch

New
peocedure or
new design

MHI-A
9cell Horizontal LBW EBW 1

MHI-B
2cell

Vertical 1 Seamless
dumbbell

MHI-C
9cell

LBW LBW 1

STF
2-a

EBW 2

STF
2-b

LBW 4

Retainer
flange for

monitor port  
   

FABRICATION OF STF #23-26 
STF #23-26 are under fabrication by new design and 

new procedure. These cavities have retainer flange for 
monitor port as shown figure 3. In previous design, we 
had to weld monitor port and flange after welding of 
HOM coupler and beam pipe, because the monitor port 
flange blocked the welding points. By new design, we 
could weld monitor port and flange separately from 
HOM coupler. New design will have an easy preparation 
of welding.

Also 2 cavities were welded at all equator lines in 
succession by vertical position without purge of vacuum 
chamber as shown figure 4. We could reduce the total 
EBW time and welding cost. New design and procedure 
will give an advantage for mass production. 

                
Figure 3: Retainer flange 
for monitor port. 

 
FABRICATION OF STF #27-30 

MHI start to fabricate of STF #27-30 Cavities. The 
design of monitor port flange will be the same design as 
#23-26 cavities. 

We will weld 4 cavities in one batch after verification. 
Fig. 5 and 6 show about the checking of cavity setting. 
This procedure will make still shorter welding time. 

 

 

 
Figure 6: Setting of 4 cavities welding 

Figure 4: Welding 2 
cavities in one batch. 

Retainer flange

Figure 5:

 

Welding 4 cavities

 

 

in one batch.
 

Production

Proposal
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IMPROVEMENT UNDER DEVELOPING 
AND PROPOSAL 

We are developing some improvement and we have 
some proposals for cost reduction as below. 

 
To reduce the number of parts for cost reduction, 

combination of pick up port and flange is under 
consideration as shown figure 7. In case of present status 
it needs 2 pieces and 2 welding line per a port. In case of 
this proposal it needs only 1 piece and welding line per a 
port. So it can reduce 3 parts per cavity and can reduce 3 
welding line per cavity. We need to change port material 
for hardness (e.g. low RRR Nb) and need to test for the 
influence of EP. 

 

   
(a) 

 

 
(b) 

Figure 7: Combination of pick up port and flange (a) 
Present status, (b) Proposal. 
 

ACTIVITIES OF CRYOMODULE 
MHI produced some SRF cryomodules for 

superconducting RF cavities.  
In recent production, we produced two kinds of 

cryomodules for c-ERL project at KEK. The cryostat of 
c-ERL injector (fig. 8) was installed three 2-cell cavities [6]. 

temperature of these cryomodules is 2 K, and these 
cryomodules are governing high pressure safety law in 
japan. 

The SRF cryomodule is under fabrication. Eight 9-cell 
cavities with jacket are installed at KEK. These 
experience will be turned to advantage for the fabrication 
and assembling of ILC cryomodules. 

 
 

 
Figure 8: Cryomodule for c-ERL injector 

 

 
Figure 9: Cryomodule for c-ERL main linac 

CONCLUSION 
 We have improved the quality of cavity step by step 

and almost achieved the ILC spec.  
 We have reduced the cost and shorten the delivery 

time by changing the design and improving the 
productivity step by step.  

 We keep to propose and verify various 
improvements steadily in according with general 
principle of cost reduction for realizing ILC as an 
industry. 
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Combinaison of Pick-up Port and Flange

The cryostat of c-ERL main linac (fig. 9) was installed two
9-cell cavities and three HOM dampers in it. Driving 
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DEVELOPMENTS AND TESTS OF A 700 MH  CRYOMODULE FOR THE 
SUPERCONDUCTING PROTON LINAC OF MYRRHA* 

F. Bouly#, CERN, Geneva  
R. Paparella##, A. Bosotti, P. Pierini ,INFN/LASA, Segrate (MI)  

M. El Yakoubi###, S. Berthelot, J-L. Biarrotte, C. Joly, J. Lesrel, E. Rampnoux, IPN, Orsay 

Abstract 
The MYRRHA projects aims at the construction of an 

Accelerator Driven System demonstrator. The criticality 
will be sustained by an external spallation neutron flux; 
produced thanks to a 600 MeV high intensity proton 
beam. This beam will be delivered by a superconducting 
linac which must fulfil very stringent reliability 
requirements. To carry out “real scale” reliability-oriented 
experiments a 700 MHz Cryomodule was developed. 
Several tests were performed to commission the 
experimental set-up. We review here the obtained results 
and the lessons learnt by operating this module, as well as 
the on-going developments. 

INTRODUCTION 
MYRRHA 

Accelerator Driven Systems (ADS) are considered as 
promising devices to enable the reduction of nuclear 
waste volume and radio-toxicity; as well as useful 
schemes for Thorium based energy production [1]. 

Towards this goal, the MYRRHA (“Multi purpose 
Hybrid Research reactor for High tech Applications”) 
project aims at the construction of a new flexible fast 
spectrum research reactor [2]. This reactor will be 
operated as an ADS demonstrator. The criticality will be 
sustained by an external spallation neutron flux produced 
thanks to 2.4 MW proton accelerator (600 MeV, 4 mA 
maximum), operating in CW mode. [3]  

In addition to the high beam power, one has to consider 
that frequently-repeated beam interruptions can induce 
high thermal stresses and fatigue on the reactor structures, 
the target or the fuel elements, with possible significant 
damages especially on the fuel claddings. Therefore the 
accelerator will have to be extremely reliable. The present 
tentative limit for the number of allowable beam trips is: 
10 unexpected interuptions longer than 3 seconds per 3-
months operation cycle.  

In this purpose, the accelerator design is based on a 
redundant and fault-tolerant scheme to enable the rapid 
mitigation of RF failures [3]. So, To carry out “real scale” 
reliability-oriented experiments a prototype of 
cryomodule was developed by INFN Milano and installed 
at IPN Orsay (see Figure 1). This module holds a 
700 MHz 5–cell elliptical cavity (βg = 0.47) equipped 
with its blade frequency tuner. 

The 700 MHz Cryomodule 
 The Cryomodule design was performed by considering 

reliable aspects for the assembly, and the cavity handling, 
derived from the experience accumulated by the TESLA 
Test Facility (TTF) and the Spallation Neutron 
Source (SNS). The horizontal cryogenic vessel is a 
cylinder of 1.5 m long, for a diameter of about 1.4 m. The 
cryogenic valve box is assembled on top of it. The 
module was designed to operate the cavity at 1.9 K at a 
nominal accelerating gradient of 8.5 MV/m with an 
assumed conservative quality factor value of Q0 = 5 109. 
To minimise the losses towards the superfluid helium 
bath, the thermal radiation - from room temperature 
surfaces - is intercepted by a thermal shield at 
intermediate temperature (Nitrogen at 77 K + Mylar® 
blanket). [4] 

 The cryogenic module is equipped with one of the two 
TRASCO cavities fully “dressed” [5]. A magnetic shield 
made of 1 mm Cryoperm10® sheets encloses the cavity. 
Preliminary Magnetic shield measurements showed that 
the contribution to the surface resistance by trapped earth 
magnetic field should remain below 10 nΩ [6]. The cavity 
and its shield are inside the Titanium “Helium Tank”, 
which is soldered on the cavity beam pipes by means of 
two circular flanges. A bellows, in the middle of the tank, 
enables small longitudinal lengthening of the cavity. 
These movements are driven by a mechanical “blade 
tuner” which enables - “fast” and “slow” - frequency 
tuning of the cavity (see below).   

 

Figure 1: The Cryomodule in the experimental pit.  

 _____________________  
*Work supported by the EAEC/EURATOM: 7th FP - contract n°269565 
(MAX project). 
# frederic.bouly@cern.ch            ## rocco.paparella@mi.infn.it  
### marouan@ipno.in2p3.fr 
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In its final configuration, the module will be equipped 
with a coaxial fundamental power coupler (FPC) [7]. Two 
FPC prototypes were recently conditioned up to 62 kW 
(see following part). 

RF MEASUREMENTS 
While the cryomodule was installed at IPNO, the power 

coupler development was in progress. Consequently, It 
was chosen to carry out experimental tests of the cavity in 
“critical coupling”. Since the cavity had already been 
tested in vertical cryostat [8], a light BCP was processed - 
to remove a layer of ~ 30 μm - followed by HPR rinsing. 
Some adaptations were required on the module to enable 
RF critical coupling: especially for the feed-through of 
the incident RF signal [9]. The length of the incident 
antenna was chosen to obtain an incident coupling 
Qi ~ 1010; for RF measurements at 2 K. The RF 
characterisation curve is given by Figure 2. 

 
Figure 2: RF characterisation curve of the cavity. 

Quench Limit and Field Flatness 
  During the test two multipacting barriers were 

identified but easily processed: around Eacc ~ 6 MV/m and 
7.5 MV/m. At low field the Q0 value (~ 2.1010 at 1.9 K - 
squares on Figure 2) is also in accordance with the 
previous vertical test [8]. However the measured quench 
value (Eacc ~ 12 MV/m) is below the measured limit 
obtained during the vertical tests (~14 MV/m). One 
explanation could be the “field flatness” degradation: 
from ~ 94 % to ~ 45 %. The cause of this degradation is 
not identified yet, but an analysis (“bead-pull” 
measurements + cavity matrix reconstruction) enabled to 
identify that only one cell of the cavity was plastically 
deformed [10]. Since the cavity is enclosed inside its 
helium tank and the performances remained acceptable 
for our prototyping studies, it was chosen to keep the 
cavity flatness as it was. A preliminary RF model of the 
“no-flat” cavity showed that the Geometrical Factor (G) 
and the Shunt Impedance (r/Q) do not vary by more than 
5 % from the nominal “flat Design”:  where G = 160 Ω 
and (r/Q)# = 90 Ω (for β = βg = 0.47). 

Surface Resistance and Magnetic Shielding 
The black dots curve in Figure 2 gives an estimation, at 

1.9 K, of the cavity surface resistance: Rs = G/Q0. The 
total surface resistance is also given by: 

resmagBCSS RRRR .   (1) 

Where for niobium at T<Tc/2 

T
T

T
GHzf c83.1exp])[(10.9R

2
5

BCS
 ,   (2) 

 and  

][][][3Rmag GHzfTBn ext .            (3) 

RBCS is a temperature and frequency dependent term; 
where Tc is the critical temperature of Niobium. Rmag is a 
term which characterise the pinning and trapping of DC 
magnetic flux (typically the earth magnetic field); where 
<Bext> is the average magnetic field seen by the cavity 
during the cool down.   Finally R0 is due to the quality 
preparation of the cavity surface and the material 
properties.  

When RF losses are small (below Eacc ~ 10 MV/m), 
Rs ~ 10 nΩ and one can estimate that Rmag+ R0 ~ 5 nΩ. 
This shows that the external magnetic field is properly 
attenuated.  

Such a result was not a straight forward issue. Indeed, 
there is a residual magnetic field (up to 3 Gauss, 
randomly distributed), inside the experimental pit at 
Orsay. This is because the module is installed in the 
former experimental pit of the AGOR cyclotron [11], 
which magnetised the floor and the walls. To attenuate 
this parasitic field, a magnetic shield was directly 
“strapped” around the cryomodule (1.5 mm thickness of 
mu-metal). The DC magnetic field which then remained 
inside the module was measured with intensities from 
20 μT to 50 μT. This remaining parasitic random field is 
finally attenuated thanks to the Cryoperm10® shield. This 
result is in good agreement with the expectations from the 
shielding design [6]. 

CRYOGENIC ASPECTS 
The cryogenic performances of the module and its 

cold-box were also evaluated. In this purpose, heaters 
were placed on the cavity helium tank to simulate 
dynamic heat loads (equivalent to RF losses). In a first 
time, the cavity was cooled down with liquid helium at 
4.2 K, and then cooled  with superfluid helium at 1.9 K. 
The helium bath temperature was monitored with both 
thermal sensors and a pressure measurement thanks to a 
pick-up on the helium tank. The Figure 3 shows the flow 
rate evolution of the “hot” helium gas, flowing out of the 
module, as function of the heat loads on the cavity.  

Considering that 1 m3/h of helium gas, escaping the 
module, is equivalent to 1.03 W heat loads, we measured 
a total static heat load of ~ 9 W (i.e. heaters off) on the 
cryomodule and its components. The static heat load of 
the valve box alone was also measured at ~ 2.5 W. The 
Table 1 summarise the measured and foreseen heat loads 

 ___________________________________________  

# (r/Q) is defined as 0
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budget [4] for each component of the cryomodule. It 
shows that measured performances are in agreement with 
expectations: at 1.9 K one can operate the module up to 
~ 35 W dynamic heat loads on the cavity. 

This limitation seems to be due to the diameter size of the 
valves inside the cold box. In addition, “warm points”, at 
the interconnection between the valves box and the 
cryostat, were also detected. So, even if the losses were 
quite low, there are still some margins for further 
improvements in view of the module test in its final 
configuration. 

Table 1: Heat Loads Budget and Experimental Results 

Components Design Measured 

Valve Box (4.2 K) 2.0 W ~ 2.5 W 

Power Coupler 1.2 W - 

Module + Transfert lines (Static at 
1.9 K) 

6.0 W ~ 6.5 W 

Cryomodule (Dynamic at 1.9 K) 25 W ~ 36 W max. 

 

COLD TUNING SYSTEM 

A coaxial Blade Tuner derived from the one 
successfully tested at DESY was developed and 
fabricated (see Figure 4) within the EU FP6 CARE-HIPPI 
program [12]. This device, mounted on the tank and 
across the bellows, allows for cavity frequency setup and 
both slow and fast detuning compensation. The rotation 

torque provided by a stepper motor is transformed into a 
longitudinal displacement along the cavity axis by means 
of bending blades and enables the control of the 
resonance frequency within a range up to 350 kHz and the 
static compensation of Lorentz’s force detuning (LFD). 
This coaxial device is assisted by a pair of piezoelectric 
actuators symmetrically installed on both sides of the tank 
along the tuner force line. The two piezo unit installed, 70 
mm long multi-layer ceramic stack with 100 m nominal 
stroke at 200 V driving voltage, provide capability to 
dynamically adjust the cavity frequency within 10 kHz 
range with nanometric resolution. 

After a thorough characterization at room 
temperature [13], expected tuner performances have been 
partially met during the first cold run of the tuner in 
October 2011 test: about 260 kHz range with about 
1 Hz/step resolution was measured (see Figure 5). 
Additionally, further affirmative results came from the 
cold test of the twin TRASCO cavity at CEA Saclay 
where, among other results, 310 kHz static range and 
6.8 kHz dynamic range (with piezo voltage limited to 
150 V) were measured. 

Unluckily, after several tuning cycles at cold, the 
stepper motor drive unit failed. Although the motor coils 
were properly energized no tuning action could be 
detected, proving that a seizing in the transmission line 
has to be addressed. 

 

Figure 3: Helium consumption measurements at 4.2 K 
and 1.9 K. 

 

Figure 4: The TRASCO cavity at IPN Orsay, fully dressed 
with stepper motor and piezoelectric actuators. 

Figure 5: First cold run of the static tuner at IPN Orsay. 

 

Figure 6: Close-view of the largest copper deposition on 
steel thread (left) and profile-view of the CuBe screw 
(right, used vs. unused sections). 
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During the following months the whole motor unit, a 
prototype model manufactured and coated by INFN 
according to TTF/FLASH specifications, was transferred 
at INFN for investigation and it clearly exhibited seizing 
of the stainless steel nut on the copper-beryllium screw. 

After exposing the thread interiors by cutting apart the 
nut, clear evidences of critical friction appeared: copper 
depositions on steel were diffuse and, in few spots, a 
considerable quantity of material seemed to be stripped 
away (see Figure 6). 

This failing prototype unit has been replaced for the 
incoming cold tests with a special commercial unit, a 
replica of the motor system chosen for the European-
XFEL linac, whose severe specifications for reliability at 
cold are shared with the ongoing MYRRHA demonstrator 
cryomodule project. 

POWER COUPLER 
In view of the high power (CW) test of the 700 MHz 

module, a power coupler was designed at Orsay [7]. 
Based on this design (see Figure 7), two FPC were then 
manufactured by SCT Company and conditioned by 
IPNO. 

 

 

Figure 7: sectional view of the power coupler. 

Conditioning Bench 
The FPC conditioning had been performed in the 

700 MHz experimental area of IPNO. The experimental 
bench was designed to condition a pair of power couplers 
in travelling wave mode at room temperature. The RF 
power was transferred from the RF source (IOT THALES 
793-1) towards the water cooled load, through the two 
FPC prototypes (see Figure 8). The couplers were 
assembled, in vertical position, on a 704.4 MHz resonant 
cavity which was specially designed for the FPCs 
conditioning. 

The RF power, travelling through the couplers, can 
induce physical phenomenon (breakdown voltage, 
multipactor effect …) which can damage the ceramic 
window and thus induce the loss of the vacuum tightness. 
To prevent from coupler damages, hardware security 
systems, interlocks and diagnostics were implemented to 
the conditioning bench. The diagnostics parameters 
monitored during the conditioning are: the vacuum level, 
and the electron multipacting current close to the ceramic 

window. This electronic activity was measured with a 
pickup antenna kept at an electrical potential of 45 V. The 
threshold for the multipacting current was set to 25 μA/V. 
The vacuum threshold for the couplers was set to 5 10-

8 mbar. Thus, the hardware security system turned off the 
RF power when one of these parameters exceeded the 
maximum threshold. In addition, thermal sensors were 
installed on each coupler to measure the temperature 
increase of the water cooling circuit.  

 During the first RF conditioning campaign (November 
2012), the ceramic window of one of the FPCs failed. 
Among the hypothesis that had been proposed, the most 
probable reason for this window breakage is a too fast 
increase of the CW RF power. It might have induced high 
thermal stresses that weakened the ceramic. To resume 
the conditioning procedures it was then chosen to use a 
spare RF window - initially manufactured by TOSHIBA 
Company. The construction and adaptation of the antenna 
for this spare window was achieved at IPN Orsay.  

A coupler electro-polishing was performed in LPSC 
Grenoble. Then, the experimental bench was assembled in 
an ISO5 class clean room, and all the components were 
high pressure rinsed. To prevent from breakdown voltage, 
the pressure inside the conditioning cavity had to be kept 
below 2.5 10-7 mbar. To reach this vacuum level, a baking 
procedure was performed. After baking, the measured 
pressure close to ceramic window was 5.8 10-9 mbar.   

Results 
 The couplers conditioning was carried out in pulsed 

mode. The conditioning method consisted in gradually 
increasing the power level from a few kW up to a 
maximum power, by starting from a pulse time-width of 
100 μs up to 495 ms with a repetition rate of 2 Hz .The 
RF power ramp-up was performed according to the 
vacuum pressure. Once, the maximum power was 
reached, the power was kept at the same level in order to 
test the ability of the module to withstand such power. If 
no interlock trigger were observed, the power ramp-up 
operation was resumed again, but with a larger pulse 
width.  

 
Figure 8: Schematic view of the conditioning bench  .
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A first power ramping up to 54 kW was achieved with 
100 μs pulses, which corresponds to a duty cycle of 
0.009 %. Afterwards, the duty cycle had been gradually 
increased. In this way, the induced degassing effect (from 
the walls of the cavity and the couplers) was monitored 
and controlled to ensure an efficient conditioning. This 
procedure enabled to reach high power for different pulse 
width. Finally, in June 2013, the FPCs were successfully 
conditioned up to 62 kW in CW mode (see Figure 9). And 
recently, the FPC, with the TOSHIBA window, had been 
assembled to the 5–cell elliptical cavity (βg = 0.47) in 
view of the first test of the cryomodule in “machine 
configuration”. 

 CONCLUSION 
Together INFN/LASA and IPNO teams have made 

great efforts worked to develop, to build and to 
commission the cryomodule as well as its entire 
experimental area at Orsay. Several tests were necessary 
to improve the module and to condition the power 
couplers. The installation of the cryomodule in its final 
configuration is now in progress. The final objective is to 
dispose of a test bench to perform reliability-oriented 
experiments and to study “fast fault-recovery” procedures 
for the MYRRHA superconducting linac. 

ACKNOWLEDGMENT 
We warmly thank the IPNO and INFN/LASA teams for 

their very precious technical works and advices, many 
thanks to: P. Blache, M. Bonezzi, F. Chatelet, F. Dubois, 
A. El Tarr, M. Fusetti, N. Gandolfo, D. Grolet, 
L. Marchetti, R. Martret, L. Renard, A. Stephen, P. Szott, 
and C. Uva. 

REFERENCES 
[1] D. Vandeplassche et al., “Accelerator Driven 

Systems”, Proc. IPAC2012, New Orleans, Louisiana, 
USA, 2012, MOYAP01. 

[2] See e.g. http://myrrha.sckcen.be/ 

[3] J-L. Biarrotte, “Design of the MYRRHA 17-600 
MeV superconducting linac” ,These Proceedings, 
MOP018. 

[4]  S. Barbanotti et al, “Design of the prototypical 
cryomodule for the EUROTRANS superconducting 
linac for nucleqr waste transmutation”, Proc. 
EPAC’08, Genoa, Itlay, MOPP114. 

[5]  P. Pierini et al.,”Low beta ellipticl cavities for pulsed 
and CW operation”, Proc. PAC09, Vancouver, BC, 
Canada, WE5PFP034. 

[6]  P. Pierini et al., ”Design of the magnetic shield for 
TRASCO low beta elliptical cavities”, Proc. SRF 
2007, Beijing, China,WEP61.  

[7]  F. Bouly et al., Proc. SRF2009, Berlin, Germany, 
TUPPO008.  

[8] A. Bosotti et al., “RF Tests of the Beta=0.5 Five Cell 
TRASCO Cavities”, Proc. of EPAC’04, Lucerne, 
Switzerland, TUPKF026. 

[9] A. Bosotti et al., “A reliable coaxial feedthrough to 
avoid breakdown in vertical test facilities for SC 
cavity measurements”, 2001, INFN/TC-01/05. 

[10]  F. Bouly, PhD Thesis, http://tel.archives-
ouvertes.fr/tel-00660392, 2011. 

[11]  S. Brandenburg, “The superconducting cyclotron 
AGOR: accelerator for light and heavy ions.”, Proc. 
PAC 1987, Washington, USA. 

[12]  P. Pierini et al., “Report on tuner design”, CARE 
Note-2006-003-HIPPI. 

[13]  F. Bouly et al., “Developments and tests of a 700 
MHz prototypical cryomodule for the MYRRHA 
ADS proton linear accelerator”, Proc. LINAC10, 
Tsukuba, Japan, THP023. 

Figure 9: First FPC conditioning results at IPN Orsay. 

MOP057 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

254C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

01 Progress reports and Ongoing Projects

N. Technical R&D - Overall performances (cavity, proto cryomodule tests)



MANAGEMENT FOR THE LONG-TERM RELIABILITY OF THE 
DIAMOND SUPERCONDUCTING RF CAVITIES 

P. Gu*, C. Christou, M.P. Cox, H.S. Shiers, S. A. Pande, A. Rankin, A. Watkins, Diamond Light 
Source Ltd, Harwell Science and Innovation Campus, OX11 0DE, UK.

Abstract 
Diamond started operation with users in January 2007 

and the Diamond storage ring superconducting RF (SRF) 
cavities were initially the largest single contributor to 
unplanned beam trips. Extensive effort has been dedicated 
to understand and improve the long-term stability of the 
SRF cavities. Our experience shows that the long-term 
stability of superconducting RF cavities relies heavily on 
the surface conditions. Gases accumulate on the cold 
surfaces with time due to its huge cryo-pumping capacity. 
We believe the accumulated gases are the cause of fast 
vacuum trips during operation. In Diamond, we have 
developed a systematic approach to control the long-term 
stability of the SRF cavities. We will discuss here our 
approach and also present the future work that should be 
completed. 

INTRODUCTION 
The Diamond storage ring (SR) RF system [1] consists 

of two 500 MHz Cornell-type superconducting single cell 
cavities powered by two high power, 300 kW IOT based 
amplifiers. A third amplifier is available for high power 
test of IOTs, RF windows and SRF cavities. Tripping of 
the RF system is the biggest single contributor to 
Diamond beam dumps. Cavity trips used to constitute 
75% of all RF trips. The long-term reliability of the 
cavities is of vital importance to the RF system and 
Diamond as a whole.  

A lot of effort, including improving our data acquisition 
system, numerical modelling and detailed fault analysis, 
was dedicated to understanding the mechanism behind the 
trips. The most frequent cavity trip was identified as the 
fast vacuum trip, which used to constitute 80% of all 
cavity trips. It took us a long time to develop a set of 
systematic measures to control this kind of trip. As a 
result, the long-term reliability of the cavities improved 
significantly. In 2012, there were 13 cavity trips in total 
compared to the 85 trips in 2009. Cavity trips now 
constituted around one third of all RF trips. This was 
achieved at the same time with the increase of beam 
current from 250mA to 300mA in top-up mode. 

CAVITY TRIPS 
In Diamond, the cavity trips are classified according to 

their signatures [2]. They are mainly classified into fast 
cavity vacuum trips, trips on the RF window, cavity 
quench, cavity arc and other trips.  

Fast vacuum trips can be traced to the early 

commissioning of CESR SRF cavities at Cornell. They 
have also been observed in many other labs. The trip rate 
is found to increase with time and eventually they limit 
the maximum cavity voltage when the cavity is left 
untreated. We can identify three signatures of this kind of 
trip.  

 The cavity field collapses within several 
microseconds.  

 There is always a spike on the e- pickup before the 
trip.  

 In the vacuum post-mortem, it can be observed that 
there are vacuum spikes on every gauge around the 
cavity which tripped. Gas can travel to and beyond 
the other cavity. Gas can't travel through the cold 
waveguide bend into the waveguide of the other 
cavity.  

This can be clearly seen in the vacuum post-mortem 
and RF post-mortem plot in Figure 1.  

 

 
Figure 1: Vacuum post-mortem of fast vacuum trip.  

 
A trip on the RF window only shows vacuum spikes on 

the pump-out box, as shown in Figure 2. The decay curve 
of the cavity field is consistent with a high Q cavity. This 
is possibly related to the multipacting band in the 
reduced-height waveguide from the RF window to the 
input coupler of the SRF cavity. Like the fast vacuum 
trips, the trip rate on RF window also increases with time 
when left untreated. The available power level will be 
limited by this kind of trip. 
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Figure 2: Vacuum post-mortem of trip on RF window 

 
During the two kinds of trip mentioned above, no 

excessive helium gas flow or cavity temperature variation 
can be observed. These two kinds of trip show common 
characteristics, they increase in frequency with time if 
preventative action is not taken and vacuum events 
accompany both of them. 

GAS EVOLUTION ON COLD SRF 
SURFACES 

For electron storage rings, the dominating dynamic 
pressure is due to photon-induced desorption from intense 
synchrotron radiation. In an RF straight, HOM heating is 
the major source of outgassing, as the synchrotron 
radiation will not shine on any surface by design. In 
Diamond, it will usually take around 3 days of normal 
operation with beam for the vacuum along the RF straight 
to stabilize at a higher level. When the filling pattern or 
the beam current changes, the stable vacuum level will 
also change as HOM heating is proportional to the square 
of bunch charge.   

The RF ceramic window has been considered as the 
major source of gas. It has long been known that strong 
RF fields can cause gas desorption. Vacuum pressure can 
be seen to increase with RF power in the waveguide. This 
is stable outgassing outside the multipacting bands. 
Peeled copper plating was also found during cavity 2 
repair. This may be caused by excessive heating by 
multipacting electrons.      

Originally the beam pipes in RF straight, including 
those inside the SRF module, were not baked before 
installation. Those unbaked components tend to generate 
heavier gas load.  

The cold surface of a CESR SRF cavity is over 3 m2 
including Nb cavity, the cold helium gas cooled HEX, 
and LN2 cooled RBT/FBT transition and waveguide 
elbow. The cold waveguide section alone has an 
estimated cryo-pumping speed of 600 l/s [3
cavities become very efficient cryo-pumps. The diameter 
of the beam pipes in the RF straight is 240 mm. The 
conductance to the SRF cavities is much larger than the 
conductance to the ion pumps. As a result, most of the 

gases generated due to the beam and RF field will be 
condensed onto the cavity surfaces.  

Many gas species, including He, H2, H2O, CO/N2, CO2 
can be observed during warming-up of the SRF cavity. 
This is shown in Figure 3. H2 has the highest peak. CO/N2 
is the second highest peak. Water comes as the third. The 
integrated data show these three gas species constitute the 
major part of the total outgas. Helium is also present. Its 
presence sometimes instigates worries about a possible 
leak from the helium can to cavity UHV.  
 

 
Figure 3: Gas Species found during a Warm-up. 

THE ROOT CAUSE OF FAST VACUUM 
TRIP AND TRIP ON RF WINDOW 

Field emission is present in CESR SRF cavities due to 
their large surface area. With the accumulation of gas on 
the SRF surfaces, processed field emission sites can be 
reactivated. From 1.7 MV onwards, outgassing spikes 
inside the cavities, accompanied by sharp radiation 
increase, are observed every week during CW 
(continuous wave) test. Sometimes the cavities will 
eventually trip on a sharp vacuum burst.   

Multipacting bands are present in the reduced height 
waveguide. Absorption of gas can enhance secondary 
electron yield by a factor of 2 or higher [5]. So processed 
multipacting bands can reappear. Cavity 2 and cavity 3 all 
experienced recurrence of multipacitng at around 120 kW 
after a period of operation. Outgassing points were found 
when the cavities were tuned off resonance.  

As the gas can’t reach vacuum gauges up and down 
stream of the cavity, trips on the RF window are most 
likely caused by the re-activation of multipacting bands in 
the thermal transition area before the niobium waveguide 
bend. In the fast vacuum trips, electron activity was seen 
on the pickup in the waveguide just under the coupler 
tongue. This suggests multipacting in this area. The 
released ions and electrons must travel very fast to trigger 
an avalanche of the accumulated gas on the cavity 
surface, thus generate enough electrons and ions to 
dissipate the stored energy in the cavity in several 
microseconds.  

The above analysis leads to our belief that changing of 
the surface property due to the condensed gas is the root 
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cause of those two kinds of trips. The evolution of gas on 
the cold cavity surface has the dominant impact on the 
long-term reliability of SRF cavities. 

This problem was attacked in a systematic way by 
improving vacuum pumping to reduce the gas 
accumulation rate, regular warm-up and partial warm-up 
in order to get rid of the accumulated gas and high power 
pulse conditioning to remove gas from sensitive places 
and reduce the secondary electron yield of the surface. 

VACUUM CONFIGURATION 
IMPROVEMENT 

The RF straight used to rely on conventional ion 
pumps. Their pumping speed for CO/N2 and water 
remains high, but the pumping speed of hydrogen 
decreases rapidly when the pressure reaches 10-8 mbar. 
More efficient pumps for hydrogen need to be installed to 
compete with the cryo-pumping of the SRF cavities. TSP 
(Titanium sublimation pumps) and NEG (Non-evaporable 
getters) are both excellent pumps for hydrogen and they 
are widely used in accelerators. TSP depends on the 
evaporated titanium surface to capture hydrogen. Its 
pumping speed is defined by the surface area. Its capacity 
can be renewed after titanium is sublimed on the pumping 
surface. The pumping surface can be regenerated in a 
short time. This makes it very convenient to be 
accommodated into the time slot of MD (machine 
development) time. The NEG pump has even higher 
pumping speed and capacity, but its regeneration takes a 
much longer time. Both TSP and NEG are also very good 
at pumping CO/N2 and water.    

The SRF modules came with a TSP cartridge installed, 
but there was no isolation valve between the ion pump 
with TSP cartridge and the cavity UHV. Those TSP 
pumps were never fired because of the danger of 
contamination of the cavities. In June 2010, ion pumps 
with TSP cartridge were installed during cavity 3 
installation. They can be isolated from the cavity UHV by 
closing the gate valves on the cavities. From 2011, TSPs 
were fired regularly during MD time. Two ion pumps 
with NEG cartridge were installed on cavity 2 pump out 
box during repair. Cavity 2 was installed in November 
2011 to replace the damaged cavity 1. We took this 
opportunity to upgrade the vacuum pumping in the RF 
straight. Figure 4(a) shows the vacuum configuration 
before this upgrade. Figure 4(b) shows the new vacuum 
configuration. After the upgrade, we have a combined 
pumping system consisting of ion pumps, TSP and NEG 
pumps. The cavity 1 makeup piece and two intermediate 
sections were also baked before installation. Table 1 
shows the improvement of vacuum after we started firing 
TSP pumps in 2011 and the upgrade in November 2011. 
Note that cavity 1 and cavity 3 were installed before 
November 2011. Cavity 2 and cavity 3 have been in 
service since November 2011. The high readings of gauge 
10 is due to the excessive heating of the BPM buttons in 
the spool piece.  

TSPs are fired every week in MD time. The NEG 
pumps are re-generated during every shutdown.       

WARM-UP AND PARTIAL WARM-UP  
The cavities are fully warmed up to room temperature 

every shut down. The RF windows are baked to 120 oC 
and held for 3 days. The cavities are also partially 
warmed up to 50 K in every run. The partial warm up 
frequency depends on the deposition rate of the gas. This 
depends on the out gassing rate, which in turn depends on 
the beam current, the filling pattern and the RF power 
level. Some signatures can be observed during the 
conditioning of the cavities. In the early days of the 
commissioning of the cavities, urgent partial warm-up 
sometimes maybe needed. The cavities need to be 
conditioned afterwards as the gas distribution is changed 
totally after the thermal cycle. Some gas will lodge on 
sensitive areas.   

 

 
(a) 

 
(b) 

Figure 4: Vacuum Upgrade (a) before (b) after. 

 CAVITY CONDITIONING 
During cavity conditioning, the cavities are tested to 

2.1 MV CW first. This is used as a benchmark to check 
the cavity condition. Outgassing peaks, radiation level 
and Venturi differential pressure can be checked and 
compared with earlier data. For example, cavity 3 
recently developed trips on the Venturi differential 
pressure interlock. This was traced to insufficient liquid 
nitrogen cooling on the FBT and RBT side.  

High power pulsed conditioning is conducted every 
week during MD time. The cavities are conditioned using 
a 2.5 MV peak cavity voltage, 10% duty cycle (10 ms/100 
ms) pulse.     

Pulse conditioning with the cavity off resonance is also 
done every week. For the heavily over coupled cavity 
with coupling factor β, the impedance of the cavity 
appears to the waveguide as , which is much 
larger than the waveguide impedance. When the detune 
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angle is scanned, the standing wave pattern will shift 
accordingly. In this way, the waveguide is checked to find 
sensitive points. After an outgassing point is found, the 
detune angle is kept there until the outgassing stops or the 
level is very close to the normal level. 

 
Table 1: Improvement of Vacuum after Upgrade 

(Unit: mbar) 
Gauge 
No.  

Before TSP 
Firing 

After TSP 
Firing 

After NEG 
Installation 

1 9×10-10 7.1×10-10 2×10-10 

2 1.0×10-9 5.8×10-10 N. A. 

21 N. A. N. A. 2.6×10-10 

3 1.2×10-9 6.9×10-10 N. A. 

4 1.0×10-9 3.5×10-10 2.2×10-10 

22  1.1×10-9 6.3×10-10 N. A.  

5 N. A. N. A. 4.8×10-10 

6 N. A. N. A. 4.2×10-10 

7 9.8×10-10 3.6×10-10 3.3×10-10 

8 9.1×10-10 6×10-10 4.7×10-10 

9 1.1×10-9 6.6×10-10 5.8×10-10 

10 1.2×10-9 9.1×10-10 1.5×10-9 

FUTURE WORK 
Warm-up and partial warm-up needs to be planned 

carefully. It is desirable to minimize the number of 
thermal cycles as it is not known how many cycles the 
SRF modules can endure. This requires the knowledge of 
exact signature signals to predict when the cavities will 
need a partial warm-up or full warm up. We have done 
some work but no definite result has been reached. 

The vacuum level on the pump out box tends to 
fluctuate much more than other vacuum readings. This 
can be traced to the fluctuation of the temperature of the 
LN2 cooled waveguide section. This means that the 
temperature profile along the waveguide keeps changing. 
It may possibly trigger vacuum events. Further 
experiments will be carried out to stabilize it. 

All the cavities still suffer from probe blips. As a result 
we can only operate the LLRF with relatively small gain. 

SUMMARY  
We have developed a set of measures to control the 

long term reliability of the SRF cavities.  This results in a 
big improvement in cavity MTBF. The cavity trips are 
now under effective control. 
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75 mA OPERATION OF THE CORNELL ERL SUPERCONDUCTING RF

INJECTOR CRYOMODULE∗
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S. Posen, P. Quigley, E. Smith, V. Veshcherevich

CLASSE, Cornell University, Ithaca, NY 14853, USA

Abstract

Cornell University has developed a SCRF injector cry-

omodule for the acceleration of high current, low emittance

beams in continuous wave operation. This cryomodule is

based on 1.3 GHz superconducting RF technology, and has

been tested extensively in the Cornell ERL injector pro-

totype with world record CW beam currents exceeding 70

mA. High CW RF power input couplers and strong Higher-

Order-Mode damping in the cavities are essential for high

beam current operation. This paper summarizes the per-

formance of the cryomodule during the high beam current

operation.

INTRODUCTION

Cornell University’s Laboratory for Accelerator based

Sciences and Education is currently conducting an exten-

sive R&D program to fully develop the SRF technology

for a 5 GeV, 100 mA Energy-Recovery Linac (ERL) [1].

This work includes a short SRF section in the ERL injector

as well as a multi-GeV main linac operated in CW mode

in the ERL loop. The main challenges for these SRF sec-

tions arise from the CW operation of the cavities and from

supporting very high beam currents. An overview of these

ERL related SRF activities at Cornell University is given

in [2, 3]

The Cornell ERL SRF injector section will host 12 SRF 2-

cell 1.3 GHz cavities [4] providing a total energy gain of up

to 15 MeV. A 5 cavity prototype version of this cryomod-

ule has been developed [5] and fabricated at Cornell, and is

now under operation in the Cornell high current ERL pro-

totype [6]. The injector cryomodule is shown in Fig. 1, and

key parameters are listed in Table 1.

Extensive tests of the injector module have shown that it

meets and exceeds specifications for cavity performance,

coupler performance, cavity alignment, and field stability

[7]. In this paper we discuss the high beam current oper-

ation of the injector cryomodule at record CW beam cur-

rents of up to 75 mA, especially the performance of the

Higher-Order-Mode (HOM) beam line absorbers and RF

power input couplers during the high current operation.

INJECTOR SRF CRYOMODULE

For details on the module design refer to [5]. The in-

jector cryomodule hosts 5 superconducting 1.3 GHz 2-cell

cavities [4]. Each cavity is powered by an individual high

∗Work supported by NSF Grant NSF DMR-0807731.
† MUL2@cornell.edu

Figure 1: Left: CAD model of the cold mass of the ERL

injector module with 5 SRF cavities and HOM beamline

absorbers in between. Right: Injector module installed in

the Cornell ERL injector prototype.

Table 1: Injector pecifications

injector

Number of cavities 5

Number of cells per cavity 2

Accelerating gradient 5-15MV/m

Fundamental mode frequency 1.3GHz

R/Q (circuit definition) 111Ω
Loaded quality factor 4.6× 104

RF power per cavity 120kW

Required amplitude stab. (rms) 1× 10−4

Required phase stab. (rms) 0.1◦

Design CW beam current 100mA

Total 2K / 5K / 80K loads 26/60/700W

Overall length 5.0m

power (120 kW) CW klystron, with the RF power being

coupled into each cavity via a symmetric twin high power

input coupler [8]. High beam current operation requires

strong damping of Higher-Order-Modes (HOM) in the SRF

cavities, which is achieved by beamline HOM absorbers lo-

cated between the cavities [9]. The loads must operate cold,

with an 80 K heat intercept provided by high pressure He-

lium gas. Three types of RF absorbers are used to provide

broadband RF absorption (two ferrite materials, TT2-111R

and Co2Z, and a lossy ceramics, 137ZR10).

HIGH CURRENT OPERATION

During high current operation of the Cornell ERL injec-

tor, CW beam currents of up to 75 mA were accelerated to

an energy of 4 MeV by the five SRF cavities in the injector

cryomodule, setting a new record for this type of SRF linac

operation. Figure 2 shows the ramp up of the current to

S
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Figure 2: Ramp up of beam current to 65 mA: beam current

(blue curve) and the reflected RF power from each of the

five SRF cavities.

Figure 3: Beam current vs. time during high current oper-

ation of the injector cryomodule (cw operation , 1.3 GHz

bunch repetition rate): 9 hour operation at 65 mA.

65 mA together with the RF power reflected from the cav-

ities. As can be seen, the coupling of the RF power input

couplers was adjusted to minimize reflection at high beam

currents, i.e. to achieve matched coupling for ≈ 60 mA

operation.

Figure 3 shows beam current vs. time during a recent

65 mA beam current operation of the injector cryomod-

ule with 1.3 GHz bunch repetition rate and ≈ 2 ps bunch

length. As shown, the module was operated continuously

for nine hours at 65 mA with four short interruptions only.

Beam operation at 65 mA was very stable, and good en-

ergy stability was demonstrated (σE/E < 10−3). Tem-

perature sensors mounted on the shielded bellow sections

of the HOM beamline absorbers and elsewhere along the

beamline showed no significant temperature increases dur-

ing the high beam current runs. The performance of the RF

input couplers and of the HOM beamline loads is discussed

in detail in the next two sections.

INPUT COUPLERS

RF power is coupled into each cavity via two high power

input couplers, see Fig. 4. This coupler is designed for CW

Figure 4: Cornell ERL injector 50 kW CW RF input cou-

pler. Positions of thermal anchors at 5 K, 80 K, and 300 K

are shown.

Figure 5: Temperature of the 80 K intercepts on the RF in-

put couplers vs. time during the 65 mA beam current opera-

tion shown in Fig. 3. Steady state temperatures are reached

after ≈4 hours of high power operation.

operation with up to 50 kW, and has been operated at CW

power levels of up to 60 kW in a coupler test stand. Dur-

ing 75 mA operation, 60 kW of RF power per SRF cavity

(30 kW per input coupler) were coupled into each cavity

and transferred to the beam.

While the input couplers themselves performed well, oper-

ation at high power levels over hours resulted in significant

temperatures increases of the 80 K intercepts as can be seen

in Fig. 5. It was determined that this temperature increase

is due to insufficient cooling gas flow in the small diameter

80 K distribution tubing to the 80 K thermal intercepts on

the couplers. In the cryomodule, 80 K helium cooling gas

is supplied in parallel to the HOM beamline loads and the

RF input couplers. Incorrect sizing of the impedance of the

parallel cooling circuits let to significant larger gas flow to

the HOM loads than to the input couplers, thus resulting in

marginal cooling of the 80 K coupler intercepts.

HOM DAMPING

Temperature measurements at the HOM beamline loads

showed only small temperature increases during the high

current runs (see Fig. 6), as expected from absorbing the

HOM power excited by the beam. Measuring the increase

in cooling gas temperature in the HOM loads allows for

estimating the RF power absorbed by the absorbers. Pre-
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Figure 6: Beam current (blue curve) and 80 K HOM load

temperature (green curve) vs. time during high current op-

eration of the injector cryomodule (cw operation , 1.3 GHz

bunch repetition rate) .

Figure 7: CLANS simulation results for monopole higher-

order modes in the 5 cavity beamline of the injector cry-

omodule. Top: Quality factor. Bottom: (R/Q)Q.

liminary measurements show good agreement of the total

power absorbed with results from wakefield and longitudi-

nal loss factor simulations [10].

These high beam current results are consistent with HOM

simulations predicting very efficient damping of HOMs in

the 5-cavity beamline of the injector cryomodule by the

beamline absorbers, see Fig. 7, with typical quality fac-

tors of a few 100 to few 1000. This was further con-

firmed experimentally in the injector cryomodule by ex-

citing the HOMs via pick-up antennas located at the cav-

ity beam tubes and at the HOM loads; see Fig. 8. These

measurements show very strong suppression of monopole

and dipole modes with typical quality factors of only a few

1000.

The spectrum of the HOMs excited by the beam current

was measured for 50 MHz and 1300 MHz bunch repeti-

tion rate; see Fig. 9 The total HOM power and the spectra

showed the expected behavior with varying beam current

and bunch repetition rate (P ∝ I2/Trep), and showed no

weakly damped HOMs.

SUMMARY

The Cornell superconducting RF ERL injector cryomod-

ule has been operated successfully with world record CW

beam currents exceeding 70 mA. Based on HOM damping

Frequency [GHz]

S
21

[d
B

]

Figure 8: Vector network analyzer scan for HOMs between

1.5 GHz to 4 GHz. Shown is the transmission amplitude

vs. scan frequency. Pick-up antennas on the cavities and

HOM loads were used to couple to the HOMs.

Figure 9: HOM spectrum excited by the beam as measured

at one of the HOM loads. The integrated spectrum is plot-

ted on the secondary axis. Also shown are results obtained

by ABCI simulations for the entire beamline in the injector

module [10]. Top: 50 MHz bunch repetition rate. Bottom:

1.3 GHz bunch repetition rate.

measurements and high beam current operation results, we

expect that the HOM damping scheme of the injector cry-

omodule will easily support operation at the full 100 mA

specification.
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INTRODUCTION 
A new 3-GeV, 500-mA, synchrotron light source named 

Taiwan Photon Source (TPS) at National Synchrotron 
Radiation Research Centre (NSRRC) is now entering its 
final stage of construction with partial occupancy of 
accelerator components. The commissioning of a new 
concentric machine is scheduled for 2014 summer. 
Similarly to its companion low-energy operational 
synchrotron light source, Taiwan Light Source (TLS), the 
SRF modules have been selected as accelerating cavities 
for the storage ring of TPS. The design features of the RF 
systems for the accelerator complex of TPS are described 
elsewhere [1]. 

The beam power consumption for the TPS storage ring 
will exceed 600 kW at its design beam current 500 mA 
after the machine is fully occupied with the insertion 
devices. How to operate the SRF modules highly reliably 
on consumption of such huge RF power but with an 
optimal amount of total RF gap voltage from 2.8 MV to 
3.5 MV is obviously the most critical challenge in a 
successful construction and operation of the RF systems 
for TPS. The 500-MHz SRF module of KEKB type was 
selected for TPS because of its reliable operational record 
at a RF power rating up to 350 kW at KEKB [2, 3] and 
the availability of an external quality factor (Qext) down to 
7*104 satisfying the SRF operation for TPS. 

508-MHz SRF modules of KEKB type in eight sets 
have been operated for the high-energy ring of KEKB 
since 2000, and are ready in operation for the upgraded 
collider SuperKEKB. 500-MHz SRF modules of KEKB 
type in two sets have been in operation for BECP-II at 
IHEP since 2006 [4]. All those SRF modules of KEKB 
type were mechanically manufactured by Mitsubishi 
Electric Corporation (MELCO). Following an agreement 
of technology transfer from KEK to NSRRC at the end of 
2009, a commercial contract was awarded to Mitsubishi 
Heavy Industries Ltd. (MHI) in 2010 June for the 
mechanical fabrication of 500-MHz SRF modules of 
KEKB type in three (3) sets for TPS. MHI had delivered 
SRF modules of several types to KEK but for the first 
time were manufacturing the 500-MHz SRF modules of 
KEKB type for routine operation. 

The RF processing of high-power input couplers (up to 
300 kW, CW) and LBP/SBP HOM dampers (up to 7 kW 
and 5 kW, CW, respectively) in test stands, the surface 
treatments, frequency tuning and vertical test of the 
niobium cavities (up to 3 MV), and liquid-helium test of 
the MHI-assembled cryo-module were undertaken mainly 
by the SC group of KEK with joint manpower from MHI 
and NSRRC. The cryo-modules and associated end 
groups of room-temperature vacuum beamline 
components were then delivered to NSRRC for final 
assembly, system integration with the cryogenic 
regulation system, SRF electronics and diagnostic system, 
and RF plant, high-power RF conditioning of the coupler 
(up to 300 kW, CW), high RF power performance 
(horizontal) test (up to 2.4 MV or 300 kW, CW), and the 
long-term reliability test at 1.6 MV. Here we report some 
results and lessons obtained during the production and 
tests of these three SRF modules at KEK and NSRRC. 

PRODUCTION OF SRF MODULE 
The SRF module of KEKB type for TPS has a profile 

appearance almost identical to that for KEKB fabricated 
by MELCO but with a unique mechanical design and 
engineering method developed by MHI following the 
common conceptual blueprint developed by KEK. The 
equator width of the niobium cavity was initially 
extended to 36.5 mm from 13.0 mm of the original design 
of the niobium cavity for KEKB operated at 508.887 
MHz to meet the operational requirements of TPS with 
nominal RF frequency 499.650 MHz. The total length of 
the cavity and the position of the high-power input 
coupler are kept identical on decreasing the length of the 
niobium large beam pipe (LBP) correspondingly. The 
expected cavity resonance frequency of the SRF module 
is 499.500 MHz under a tuner force-free condition. The 
four individual parts of the niobium cavity, i.e., small 
beam pipe (SBP), two half-cavity cells, and large beam 
pipe (LBP), were made of pure niobium with RRR of 
about 300 from Tokyo Denkai and manufactured by deep 
drawing, with welding together with an electron beam at 
MHI. 

After receipt of the first niobium cavity from MHI, 
heavy electropolishing (EP1, 100μm), vacuum annealing 
(700oC, 1.5 h), frequency tuning and light 
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electropolishing (EP2, 20μm) were applied. Following the 
surface treatment of light electropolishing using a fresh 
chemical solvent, overflowing with ozonated pure water 
(3 ppm), and finally ultrasonic rinsing with hot pure water 
(50oC) were performed to complete the standard 
procedure for surface treatment developed for the 508-
MHz niobium cavity of KEKB type. 

Even though without application of high-pressure 
rinsing to the niobium cavity, the vertical test proceeded 
smoothly without requirement of an extra pulse or helium 
processing, but with ramping up the accelerating voltage 
directly to 3 MV without difficulty. The results of the 
vertical test of #1 Nb cavity are shown in Fig. 1. The 
vertically tested resonance frequency of the #1 niobium 
cavity was, however, too high (499.298 MHz) for 
machine operation and was corrected with a second 
frequency tuning. The progress of the following vertical 
test was still straightforward with an acceptable vertically 
tested resonance frequency 498.641 MHz but with a 
degraded RF performance as shown in Fig. 1, likely 
because of extra contamination during exchange of 
flanges for the frequency tuning but without further 
rinsing.  

One more millimetre was given for the equator length 
of the #2 and #3 Nb cavities, to be absorbed by the 
bellows of the liquid-helium vessel during cryostat 
assembly. The #2 and #3 Nb cavities gave similar vertical 
test results as illustrated in Fig. 1, with vertically tested 
resonance frequencies 498.862 and 498.983 MHz, 
respectively.  

The high-power input couplers were manufactured by 
MHI with ceramic windows from Toshiba.  After receipt 
of the high-power input coupler, rinsing with ozonated 
water and baking at 100 oC for 24 h were applied. CW, 
RF processing in a test stand has been applied up to 300 
kW of equivalent travelling RF power at KEK. Some 
difficulty was experienced in RF processing of the high-
power input coupler of #3 SRF module at a RF power 
level about 40 kW. Strong multipacting somewhere on the 
inner surface of the outer conductor of the high-power  

 
Figure 1:  Results of vertical test (V/T) and horizontal test 
(H/T) of the 500-MHz niobium cavities and SRF modules 
of KEKB type for TPS. The #1 Nb cavity experienced 
two vertical tests for extra frequency tuning. The target 
RF performance is Q  of 1*10  and 5*10  at 1.6 MV and 2.4 0
MV, respectively.  

input coupler was suspected. After applying a second 
spraying with ozonated water to the outer conductor of 
the high-power input coupler alone and baking, the RF 
processing of this high-power input coupler became 
manageable, similar to the others, and attained 300 kW of 
equivalent travelling RF power. In total, the #1, #2 and #3 
high-power input couplers required 10, 6.5 and 12 h to 
reach the target of RF conditioning, respectively.  

After passing the vertical tests, the niobium cavities 
were attached to the stainless-steel thermal-transition 
beam pipes in a class-100 clean room to become ready for 
insertion into the cryostats, without extra light chemical 
etching before assembly. The high-power input couplers 
were installed subsequently to complete the cryo-module 
assembly. Full thermal cycling was then applied to the 
assembled cryo-modules. After verification of the vacuum 
tightness through thermal cycling, the high-power input 
couplers were dismantled for delivery of the cryo-
modules to NSRRC.  

HORIZONTAL TEST RESULTS 
After delivery of the cryo-modules, high-power input 

couplers and individual vacuum beamline components 
outside the cryo-modules, the end group of vacuum 
beamline components was first assembled in a class 10-
100 clean room at NSRRC. The end groups were baked to 
120 oC for 36 h before attachment of the HOM dampers. 
After connecting the HOM dampers to the end groups, the 
HOM dampers were heated again at 50 oC for 50 days 
using hot deionized water circulating in their cooling- 
water channels. The vacuum pressures attained a few 
nTorr after removal of the hot-water heating. The final 
assembly was completed on inserting the high-power 
input coupler and attaching the end groups to the cryo-
module. After the integration of the SRF electronics 
system developed by NSRRC, the high-power input 
coupler was first RF-conditioned up to 300 kW without 
applying a DC bias, then applying a positive bias voltage 
to 2000 V to clean the inner surface of the outer conductor 
and a negative bias voltage to -1800 V to clean the outer 
surface of the inner conductor of the high-power input 
coupler. Note that the warm niobium cavity is far detuned 
from the frequency of the RF source. Much adsorbed H2, 
H20, CO and CO2 were released from the surface during 
RF processing of the high-power input couplers at room 
temperature. 

Slow cooling was then applied to the assembled SRF 
modules, with an average rate of cooling less than 2.5 
K/h. As the cold niobium cavities are forced-free by the 
tuners, the (neutral) resonance frequencies of the #1, #2, 
#3 SRF modules are 499.254, 499.300 and 499.486 MHz, 
respectively. Note that the ceramic window itself has a 
design transparent to RF power, but the doorknobs have a 
narrow bandwidth and some mismatch, resulting in a 
slightly varied resonance frequency and external quality 
factor of the SRF module. Consequently, the measured 
operational external quality factors of the #1, #2, #3 SRF 
modules are 7.2*104 (with 7 mm gasket), 6.2*104 (with 6 
mm gasket) and 6.2*104 (with 5 mm gasket), respectively, 
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which were aligned to 7.0*104 without connection of 
doorknobs. 

The high-power tests of three SRF modules up to 2.4 
MV were achieved within a few hours with only a few 
vacuum activities. The results of the horizontal test are 
shown in Fig. 1 with Q  above 1*10  at 2.4 MV for three 0

9

SRF modules. These results are better than originally 
expected, Q =5*10  at 2.4 MV. 0  

CHALLENGE OF SRF OPERATION 
Hydrogen, water molecule and carbon monoxide are 

the dominant residual gases in measured cavity vacuum 
of a fresh SRF module. The water molecules appear to be 
the most problematic for reliable SRF operation. Because 
the SRF module adopts indium wires for vacuum seals 
working at cryogenic temperature and selects the 
superinsulation layers to minimize the static loss of the 
cryostat, it is difficult using high-temperature baking of 
the SRF module to get rid off water molecules after 
completion of the SRF module assembly. Furthermore, 
the SRF module of KEKB design utilizes a surface 
treatment with ozonated water for the high-power input 
coupler including a ceramic RF window to suppress the 
multipacting. The scanning acoustic tomography was 
adopted by using water as a medium to examine the 
quality of the hot-isostatic-pressed ferrite layer including 
surface contact between the ferrite layer and the copper 
cylinder of the HOM dampers during production. Both 
ceramic and ferrite are porous materials. Complete 
removing the adsorbed water is unlikely even after baking 
the RF window at 100 oC for 24 h and baking the HOM 
dampers at 150 oC for seven days before assembly of end 
group and heating at 50 oC for 50 days before final 
assembly.  

After operating the SRF module for machine operation, 
the absorbed water molecules are released from the 
porous surfaces and bring gas load to the cold surface of 
the SRF module, eventually resulting in multipacting on 
the high-power input coupler, extra dynamic cryogenic 
heat loss and radiation dose, vacuum burst from the 
niobium cavity, etc. The gas load becomes a critical 
challenge for the SRF operation with a target to operate 
with higher RF power, like the SRF modules for TPS. We 
observed a heavy gas load on the #2 SRF module during 
long-term reliability testing after its successful horizontal 
test. Frequently applying full thermal cycling of an 
operational SRF module provides a solution to get rid of 
condensed water molecules on the cold surface, but full 
thermal cycling decreases the available user beam time 
and must be minimized from an operational point of view 
of a synchrotron light source. Full thermal cycling might 
worsen the fatiguing of an indium seal so as to abbreviate 
its service lifetime. 

Some measures will be undertaken during the initial 
years of SRF operation to minimize the impacts of a 
heavy gas load on the machine operation. For the gas load 
originating from the ceramic window of a high-power 
input coupler, applying a positive bias voltage up to 1500 
V to the inner conductor of the high-power input coupler 

of the SRF module and weekly RF processing with a 
cavity appropriately detuned will be routinely conducted. 
The former will destroy the multipacting resonance 
launching from the cold surface of the outer conductor of 
the high-power input coupler so as to suppress the 
prospective multipacting. The latter will force the 
condensed gas on the cold surface of the outer conductor 
to redistribute on the cold surface of the cavity. Applying 
a partial warming of the SRF module will remove the 
condensed water molecules on the cold surface of the 
outer conductor but will require one full day. 

Regarding the heavy gas load from the ferrite layers of 
the HOM dampers, we propose to install the SRF 
modules into the storage ring of TPS after the beam is 
stored. The 5-cell copper (Petra) cavities will be used for 
the machine commissioning up to 100 mA of storage-ring 
current as originally planed for vacuum cleaning, but the 
HOM dampers of the detuned SRF modules will be beam-
processed simultaneously during the machine 
commissioning of TPS. Because the SRF modules are 
detuned, the heavy gas load causes no difficulty for 
machine commissioning. The cold surface of the SRF 
module effectively adsorbs the released water molecule 
from the ferrite surface of the HOM dampers during the 
ramping of the beam current. We expect that our 
measures will minimize the impacts of heavy gas loads 
from the RF window and HOM dampers on the reliability 
and availability of SRF operation.  

Following the TPS progressing into mature operation a 
few years later, beam power more than 250 kW will be 
delivered to the electron beam from each SRF module. 
The high-power input coupler for the 508-MHz SRF 
module of KEKB type had been RF-conditioned up to 
500 kW in the test stand at KEK. It is promising for a 
single SRF module of KEKB type to deliver a beam 
power up to 400 kW, or even more. Combining the 
available RF power from the existing 300-kW klystron-
based RF transmitter with a 180-kW solid-state RF 
transmitter for each SRF module provides an economical 
solution for TPS in its mature operational stage. If the 
SRF operational reliability becomes an issue at such a 
high rating of RF power, the #3 SRF module will be 
installed into the storage-ring complex, which is now a 
stand-alone spare module.  
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MATURE OPERATION OF A CESR-TYPE 500-MHz  SRF MODULE 
AT TAIWAN LIGHT SOURCE 

M.-S. Yeh, L.-H. Chang, M.-H. Chang, L.-J. Chen, F.-T. Chung,                                                                                 

M.-C. Lin, Y.-H. Lin,  Z.-K. Liu, C.-H. Lo, M.-H. Tsai,                          

C. Wang*, T.-T. Yang, T.-C. Yu, NSRRC, Taiwan

INTRODUCTION 

Modern synchrotron light sources pursue low emittance 

of a storage ring to operate at a great beam current to 

maximize the photon flux and brightness, but require a 

high operational reliability, availability and stability. The 

operation of a SRF module as an accelerating RF cavity 

intrinsically ensures an operational stability at a large 

beam current because of its heavy damping of the cavity’s 

modes of higher order, but involves a great risk of 

compromise with machine reliability and availability 

because it requires superconductivity and operates at a 

cryogenic temperature. 

Since its opening to the users in 1993, Taiwan Light 

Source (TLS) suffered greatly from coupled-bunch 

instabilities through a strong interaction between the 

circulating beam and the high-order modes of the copper 

cavities, even at a beam current 200 mA in decay mode. 

After a long struggle with these instabilities, a risky 

decision of a major machine upgrade by replacing the 

copper cavities with superconducting ones was made for 

TLS in 1999 [1]. 

A CESR-type SRF module was installed in TLS at the 

end of year 2004 and began its routine operation from the 

beginning of 2005 [2]. Within a few months, the beam 

current for user shifts was increased from 200 mA in 

decay mode to 360 mA in top-up mode. This large current 

amplifies the residual beam instabilities that are now fully 

suppressible with digital transverse and longitudinal 

feedback. 

 

Figure 1:  Mean time between failures (MTBF) of the RF 

system with SRF module in operation in the storage ring 

of Taiwan Light Source (TLS). The MTBF of the 

complete accelerator complex of TLS is given for 

comparison. 

 

Figure 2:  Statistics of classified trip events of the RF 

system with a SRF module in operation in the storage ring 

of Taiwan Light Source (TLS). 

In selecting a SRF module as accelerating cavity, the 

reliability of the SRF operation is always a major 

concern, but it is no longer a critical issue for the machine 

operation at TLS. Here, we report what we learned from 

the SRF operation at TLS during the past eight years.  

OPERATIONAL STATISTICS AND       

TRIP ANALYSIS 

The mean time between failures (MTBF) of the 

complete RF system with a SRF module in operation for 

TLS is now comparable with the best operational record 

of copper cavities ever achieved in the same machine with 

a smaller beam current in decay mode, as shown in Fig. 1, 

after continuous improvement in its operational reliability. 

The mean time between failures of the complete 

accelerator complex of TLS is also illustrated in Fig. 1 for 

comparison, about one-third to one-half of accelerator trip 

events coming from the RF system. The accumulated 

downtime caused by trip events of the RF system is 

however minor relative to the total downtime of TLS. 

Regardless whether a trip event of an accelerator 

complex is due to a fault of a RF system, an automatic 

termination of a RF system in a short time is absolutely 

essential to protect the RF window of the SRF module 

from damage. This unique feature sometimes confuses the 

clarification and troubleshooting of a machine fault event. 

It becomes necessary for the RF system, especially with a 

suspect SRF module, to provide unquestionable evidence 

of lack of guilt by itself. Under such circumstances, an 

advanced diagnostic system together with user-friendly 

event-logging software has been developed at NSRRC 

and improved continuously during the past eight years to 

clarify a possible trip sequence and mechanism. Most 
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relevant signals providing clues of accelerator trip 

mechanisms are implemented into the diagnostic system. 

The reliability of the machine complex of TLS benefits 

from our development. For example, separating the trip 

mechanism from a misfire of any injection kicker during 

top-up injection from a fault of a RF system becomes 

straightforward on comparing the variation of the rapid 

beam-current signal with those RF-related signals such as 

forward, reverse and transmitted RF power in a time 

sequence. The analogue signals from photon beam 

position monitors are extremely helpful to distinguish 

whether the accelerator trip event is responsible by the 

rapid orbit feedback system or the RF system. 

Nevertheless, clarifying whether a beam trip is due to 

spontaneous excitation of transverse instabilities during 

top-up injection or to a quench of a superconducting 

magnet with the fault of a RF system is still ambiguous at 

TLS. The rapid signal of Betatron tunes might provide a 

possible clue to clarify the trip mechanism, but it is still 

missing for TLS. 

Several difficulties involved with the SRF operation 

have been experienced and overcome during the past 

eight years. Figure 2 illustrates the statistics of classified 

RF trip events. Our measures against the relevant SRF 

trip mechanisms are given as follows: The oscillation of a 

RF gap voltage of a SRF module was one of the most 

critical operational problems at TLS. Unlike the copper 

cavity, the operation of a SRF module relies on a quench 

detector that terminates the SRF operation whenever the 

RF gap voltage diminishes or oscillates on a time scale of 

a few microseconds. During the increase of the machine 

beam current of TLS from 200 mA to 360 mA, oscillation 

of the RF gap voltage occurred frequently, with a 

decreasing characteristic (oscillation) frequency 

accompanied with an increased beam current. Based on 

experimental observation and intuition, we recognized 

that a SRF trip event of this kind can be hindered on 

decreasing the loop gains of a low-level RF system. 

Operating the SRF module with a sufficiently negative 

loading angle (~-15
o
) completely avoided a further SRF 

trip event of this kind. Note that a direct RF feedback has 

been prepared but not yet necessary for SRF operation at 

TLS. Its trip mechanism has been well explained through 

modelling of the low-level RF system under a heavy 

beam loading using a Pedersen model, to be reported 

elsewhere.  

The variation of the tuning angle of a SRF module is 

still a critical issue for stable SRF operation. Several 

sources create mechanical vibrations of the thin shell 

structure of the niobium cavity of a SRF module. 

For example, the consecutive driven pulses of the 

stepping motor of the cavity mechanical tuner excite the 

microphonics and cause the detuning of the cavity 

resonance frequency whenever the harmonics of pulse-

driven vibration are in coincidence with any mechanical 

resonance modes of the SRF module. This problem was 

solved on implementing a micro-stepping controller to 

drive the stepping motor. 

A superconducting wiggler with a cold vacuum 

chamber has been installed downstream of the SRF 

module. During refilling liquid helium into this 

superconducting wiggler, which is undertaken twice a 

day, spontaneous thermal movements of the cold vacuum 

chamber of the superconducting wiggler (SW6) gives the 

SRF module a sudden impact that causes the operating 

SRF module to become heavily detuned to unpredictable 

degrees within a few ms and sometimes activates the SRF 

protection. Because of the difficulty in improving the 

stiffness of the SRF module as it is now in operation, 

improving the insulation vacuum of the cryogenic transfer 

line for this superconducting wiggler might be the only 

feasible approach against a SRF trip mechanism of this 

kind.  

Operating the crossing-neutral position of the frequency 

tuner creates much backlash that readily causes the cavity 

to become detuned far from resonance, but it might be not 

always easy to move the tuner far from its force-free 

location. Several factors determines the working point of 

tuner: First, the acceptable range of the operational 

helium pressure is extremely narrow because of concern 

about the buckling of the warm cavity structure operated 

at a higher pressure but not too low to send the cold 

helium gas back to the cryogenic plant. Second, the 

annual variation of the circumference of the electron 

beam orbit in the storage ring because of the seasonal 

variation of the temperature must be compensated by 

tuning the RF frequency properly to maintain invariant 

the position of synchrotron light at the experimental end 

stations for convenience. A balanced tuner position has 

fortunately been found. 

A few SRF trip events related to cavity detuning, for 

example, rapid and large change of tuning angle on a time 

scale of a few tens of ms, remain mysterious. Because the 

frequency of their occurrence is minute -- only a few 

times annually in recent years – there is difficulty in 

clarifying the trip mechanism, but only a negligible 

impact on the machine operation. 

The electric power surges or glitches, even those that 

occur within less than ten times of frequency cycles of 

AC line voltage in most cases, might cause shutting down 

the helium compressor of the cryogenic plant and create a 

few hours of machine downtime to recover the cold box 

from cold. A DC bank up to 3 min has finally been 

implemented (2010) to secure an uninterruptible 

operation of the cryogenic plant. The turbine-based 

cryogenic plant has now become really robust for highly 

reliable operation over a long term. 

The EMI causes a false alarm of the interlock for SRF 

operation. The false alarm of AFT arc detection for the RF 

window of a SRF module and a circulator of the RF feed-

line were tormenting problems that were completely 

solved on implementing a digital electronic circuit with a 

two-stage interlock threshold: the amplitude and duration 

of the electron current converted from the photodiode for 

arc detection helps in screening a false arc event or 

improving RF immunity. The readout of various 

temperature sensors is influenced by the EMI that also 
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triggers a false alarm. Originally, individual analogue 

comparator circuit boards were implemented to supervise 

the slowly responding interlock signals of this kind, but 

were easily trigged by EMI. Implementing distributed 

small-size PLC with proper programming to screen a 

false alarm due to EMI is in progress. 

The other parts of the RF system such as the RF 

transmitter and circulator of the RF feed-line becomes the 

major barriers for extremely highly stable SRF operation 

at TLS nowadays. Poor regulation of the temperature 

compensation unit of an AFT circulator recently tripped 

the SRF operation. Implementing an appropriate PID 

module to improve its reliability is under investigation. 

Vacuum tightness: Since delivery of the operating SRF 

module to NSRRC in 2004, six courses of full thermal 

cycle proceeded. A small vacuum leak from the helium 

vessel to the insulation vacuum of the SRF module was 

identified just after the last full thermal cycle in 2009 

summer, which is still manageable with regular weekly 

pumping down about a half hour each time, to recover the 

cryostat insulation vacuum from the range of 10
-5

 Torr to 

10
-6 

Torr. The pressure just before weekly pumping down 

increases slowly, but remains far from the range of 10
-4

 

Torr. The increased static heat loss is negligible. 

Whenever continuous evacuation of the insulation 

vacuum of SRF module becomes necessary, an external 

pumping station will be operated steadily. The protection 

against a pump or power failure has anyhow been 

implemented to avoid a vacuum accident. 

An increased gas load on the cold surfaces of a SRF 

module might eventually bring extreme difficulty for its 

reliable operation such as enhancement of multipacting on 

the cold surface of an input power coupler, increased 

cryogenic dynamic loss and radiation dose, development 

of a spontaneous vacuum burst during desorption of 

condensed residual gas on the cold surface, etc. 

Nevertheless, the gas load is never a real problem for SRF 

operation at TLS because its operational maximum 

forward RF power is less than 100 kW and the average 

residual (vacuum) pressure of the entire storage ring is 

maintained in the range of sub-nTorr, thanks to the huge 

capacity of hydrogen pumping from the distributed NEG 

pumps around the storage ring. Keeping the SRF module 

continuously cold for years, the cavity and waveguide 

coupler vacuum of the operational SRF module remain 

almost invariant, but weak multipacting resonance owing 

to a gas load on the input-power waveguide coupler has 

been observed at a RF gap voltage about 1.1 MV. The 

multipacting resonance can be processed with a second 

trial to ramp the RF gap voltage to its routine operational 

value, i.e., 1.6 MV. The processing memory is impressed. 

Moreover, no sensible increase of dynamic heat loss has 

been observed from the real-time Venturi meter since its 

operation. 

FUTURE OPERATIONAL CHALLENGES 

The availability of the SRF operation should be the last 

challenge in selecting a SRF module for a modern 

synchrotron light source. Unlike the copper cavity that is 

destined to operate even over a century, the average 

service time for a SRF module might be less than 10 

years. Vacuum leakage due to fatigue of indium seals after 

unavoidable frequent full thermal cycling is one major 

reason for the short service lifetime of a SRF module. 

Eventually, an unexpected, sudden vacuum leak from a 

helium vessel to the cavity vacuum will be a great 

catastrophe for any light source operating a SRF module. 

The spare SRF module passed its horizontal test in 2005 

and has maintained an adequate vacuum since then. 

Concerning the limited service lifetime of a SRF module, 

we plan to undertake its second high-power test in our 

SRF test area in coming year.  

The cryogenic plant is in general highly reliable for 

long-term continuous operation following annual regular 

maintenance work but it is still possible to experience an 

unexpected malfunction such as damage of a warm or 

cold turbine, an unacceptable loss of helium pressure 

inside a heat exchanger(s) of a cold box due to water 

condensation, a vacuum leak of a cryogenic transfer line, 

etc. How to avoid full thermal cycling for the SRF 

module during repair of a cryogenic plant is of great 

interest to minimize the impact on the availability of SRF 

operation. The cavity temperature can be maintained 

below 120 K at least more than two weeks merely by pre-

cooling the cryostat using liquid nitrogen during an 

interruption of supply of liquid helium. That duration is 

sufficient for maintenance or repair work on a cryogenic 

plant. For a SRF module with a Q-virus-free niobium 

cavity, it can be recovered for routine operation within 

one day after recovery of the supply of liquid helium. 

Furthermore, an operating mode of such a kind can be 

applied during annual maintenance of cryogenic plant that 

typically requires two weeks.  

CONCLUSION 

In general, the users of Taiwan Light Source are 

satisfied with the operation of the SRF module and even 

forget its existence and oddity. We appreciate the 

intelligent design of the CESR-type 500-MHz SRF 

module developed by Cornell University and its reliability 

manufactured by ACCEL (now RI). The CESR-type SRF 

module fits the operational requirements of Taiwan Light 

Source extremely well.  
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Abstract 

In the SOLEIL storage ring, two cryomodules provide 
to the electron beam an accelerating voltage of 3-4 MV 
and a power of 575 kW at 352 MHz. Each cryomodule 
contains a pair of superconducting cavities, cooled with 
liquid Helium at 4.5 K, which is supplied by a single 
350 W cryogenic plant. The RF power is provided by four 
solid state amplifiers, each delivering up to 180 kW. The 
parasitic impedances of the high order modes (HOM) are 
strongly mitigated by means of four coaxial couplers, 
located on the central pipe connecting the two cavities. 
Seven years of operational experience with this system, as 
well as its upgrades, are reported. 

INTRODUCTION 
During the SOLEIL design phase, it was decided that 

the RF system of the storage ring (SR) will be based on 
the use of “HOM free” superconducting (s-c) cavities in 
order to optimise the transfer of power to the beam and 
prevent coupled bunch instabilities that could be driven 
by parasitic HOM’s of the RF cavities. Besides, the 
frequency of 352.2 MHz was chosen in order to benefit 
from a possible transfer of CERN technology, in 
particular the input power coupler (IPC) design and open 
the possibility of a future implementation at ESRF [1, 2]. 

In 1996, a collaboration agreement between CEA, 
CNRS and CERN was concluded for the design, 
fabrication and test of a cryomodule (CM) prototype.  

End of 1999, during the first power tests at CERN, the 
CM prototype housing two 352 MHz s-c cavities could 
provide an accelerating gradient of 7 MV/m with 120 kW 
(fully reflected) through each IPC [3].  

In 2001, the CM prototype was installed on the ESRF 
SR in order to validate its performance in high intensity 
beam. The results were quite satisfying : with 3 MV of 
accelerating voltage and 190 kW of RF power through 
each cavity IPC, it contributed to store up to 180 mA of 
electron beam at 6 GeV [4]. 

On one hand, the achieved performance met the 
SOLEIL requirement for the 1st phase of operation (stored 
beam current of 300 mA and reduced number of insertion 
devices); on the other hand, these tests pointed out a few 
weak points that could be improved before the installation 
in the SOLEIL SR. Therefore, it was decided that, after a 
refurbishment [5], the prototype will become the CM n°1 
(CM1) of SOLEIL, the only one for the 1st phase of 
operation. Modifications of the IPC’s and dipolar HOM 
couplers as well as the replacement of the internal 
instrumentation and of the cryogenic manifold with the 
insertion of a LN2 cooled copper shield, required full 

disassembling, reassembling and testing of the CM. That 
was carried out, using the clean room and power test-
stand at CERN, where, beginning of 2005, each IPC was 
conditioned up to 200 kW CW with full reflection and an 
accelerating voltage of more than 2.5 MV was achieved 
in each cavity [6]. Finally, the CM n°1 was delivered at 
SOLEIL and installed in the SR by the end of 2005.    

In the meantime, another CM, identical to the modified 
prototype, was ordered to ACCEL (now RI), to be 
implemented in a 2nd phase for storing up to 500 mA. 

Each cavity is powered with a 180 kW solid state 
amplifier (SSA), developed in house [7] and both CM are 
fed in liquid Helium (LHe) and Nitrogen (LN2) from a 
single cryogenic plant, supplied by Air Liquide [8]. 

In the next sections, we review the SR RF equipment 
and report about the operational experience.    

DESCRIPTION OF THE RF EQUIPMENT   
Cryomodule [6, 9] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1: 3D-layout of the SOLEIL cryomodule. 

A 3D-layout of the SOLEIL CM is shown in fig. 1. It 
consists of a cryostat which contains two 352 MHz 
single-cell cavities, made of copper with a Niobium 
deposit and enclosed in their tanks where they are 
immerged in a LHe bath at 4.5 K. Each cell has its own 
frequency tuning, a mechanism driven by a stepping 
motor, which changes the cavity length. The tuning 
assembly is housed inside the CM, where it works under 
vacuum and in cryogenics environment.  
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The HOM impedances are strongly damped thanks to 
four couplers of coaxial type, terminated with a loop (2 L-
type for the monopole, 2 T-type for the dipole modes) and 
located on the central tube that connects the 2 cavities. 
Both type of HOM couplers are made of bulk Niobium 
and cooled with LHe circulating through the loop. Their 
design is rather similar except for two main specificities : 
different orientations of the coupling loop as referred to 
the cavity axis (parallel for L-type, perpendicular for T-
type); only the T-type ones, which stand closer to the 
cavity iris, are equipped with a tunable notch filter for the 
rejection of the fundamental mode (fig. 1). 

On the central tube, stand also the IPC’s, two antennas 
of the LEP2 type, from CERN, which can transmit up to 
200 kW CW. Fig. 2-t shows the CM1 in the SOLEIL SR.  

Cryogenic Plant 
A single cryogenic plant supplies in LHe and LN2 both 

CM's. It is based on the use of a HELIAL 2000 from Air 
Liquide, operated in a mixed mode, liquefier/refrigerator. 
The cold box unit, a 2000 litre LHe Dewar, the cryogenic 
valve box for distributing the LHe and LN2 towards each 
CM and the manifold for warm gas return are located in 
the technical gallery of the accelerator building. The 
compressor plant is housed in a dedicated room of the 
utilities building and nearby, outdoors, stand two 50 m3 
GHe buffers. More details about the cryogenic system, its 
performance and upgrading phases are reported in [8]. 

180 kW Solid State Amplifiers (SSA’s) 
Each of the four SR cavities is powered by a 180 kW 

SSA, which is a combination of four 45 kW towers 
(fig. 2-b) [7]. The tower itself consists in a combination of 
180 amplifier modules of 300 W with LDMOS transistors 
and integrated circulators. The amplifier modules and 
their individual 28 V dc power supplies are bolded on both 
sides of water cooled dissipaters. The components for the 
power splitting and recombination stand in the centre of 
the tower. All the SSA components were designed in 
house and then the mass production was contracted to the 
industry; the assembly was also performed by SOLEIL.  

Low Level RF System 
One fully analog low level RF (LLRF) system is 

dedicated to each cavity [10]. That comprises three 
relatively slow loops which control the cavity resonant 
frequency and accelerating field, in amplitude and phase; 
besides a fast direct RF feedback copes with the Robinson 
instability at high beam current (see next section). This 
LLRF system can ensure a cavity voltage stability of 
± 0.1 % in amplitude and 0.03 degree in phase. Similar 
performance was achieved with a LLRF unit using a 
FPGA and a I/Q modulation [11].  

 COMMISSIONING AND PHASE 1 
During summer 2006, one half of the SR RF system 

(CM1, 2 SSA’s, the associated cryogenic plant, control 
and LLRF systems) was commissioned, as scheduled for 
the first phase of SOLEIL with Ibeam < 300 mA and a 
reduced number of insertion devices [12]. 

At the beginning of the commissioning, difficulties 
were encountered with the cryogenic system, in particular 
with pressure instabilities inside the cavity He tank, due 
to thermal oscillations. After a few slight modifications 
on the cryogenic valve box, the system has become very 
reliable and the pressure variations could be kept below 

 1 mbar, namely  0.1° in phase. Then the goal of 
storing up to 300 mA of stable beam, using a single CM, 
was quickly achieved [13]. 

At first, without RF feedback and with the tuning loop 
automatically set for full compensation of the reactive 
beam loading, the beam was lost at a current threshold of 
230 mA, which is the theoretical Robinson stability limit 
under such conditions. That could be easily overcome by 
introducing a small tuning angle offset of 4°, at the 
expense of some extra power : at 300 mA, with 1 MV on 
each cavity, 145 kW incident power, of which 10 kW 
reflected (1 kW from mismatch + 9 kW from detuning). 
Later on, the implementation of the RF feedback enabled 
to store up to 300 mA of stable beam without any tuning 
offset, hence saving 9 kW of reflected power. 

Figure 2: CM1 (t) and its two 180 kW SSA’s (b). 

Injection at Constant Tuning 
The blue plot of fig. 3 shows the required RF power 

versus beam current for a cavity voltage of 1 MV, with 
the tuning loop continually active, compensating for the 
reactive beam loading: 28 kW, fully reflected (from 
mismatch) at 0-current, up to 135 kW at 300 mA 
(matched and tuned). Under these conditions, frequency 
changes of ~ 4 kHz, corresponding to about 10 000 motor 
steps, are required at each injection. 

Considering the difficulties encountered on the Super-
3HC cavities at ELETTRA with a similar tuning system, 
which happened to get stuck after roughly fifty millions 
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of motor steps [14], we early anticipated a possible issue. 
We therefore decided to develop an upgraded version of 
the tuner (see next section) and in the meantime to 
operate at constant tuning during the injection, in order to 
use the tuners more sparingly [12]. However, as shown by 
the graph of fig. 3, injecting at constant tuning requires a 
ramping of the voltage; otherwise this would result in too 
large amount of reflected power at low beam current 
(red/black plots). Ramping the cavity voltage from 
650 kV at 0-current, up to 1.4 MV at 300 mA, with a 
fixed tuning angle of 60°, allows to maintain the reflected 
power below 50 kW and the maximum required power at 
145 kW (green plot). In return, with an overall voltage as 
low as 1.3 MV (650 kV per cavity), the energy and phase 
acceptance are significantly reduced [15]. Indeed, the 
experience has demonstrated that it remains acceptable as 
the injection efficiency is nearly unaffected. 

The injection at constant tuning and ramped voltage 
then became the standard way of operating. A software 
application, programmed in the PLC dedicated to the RF 
control, automatically set the cavity voltage and phase as 
a function of the stored beam current.  

The RF system has operated very reliably under such 
conditions for 2 years and more than 10 000 hours, 
delivering 250 mA in user runs and up to 300 mA for 
machine studies. The 2nd half of the RF system (CM2 and 
two other SSA’s) was implemented and commissioned in 
summer 2008, which enabled storing up to 500 mA. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3: Cavity RF power vs Ibeam for variable (blue), 
and constant (red, black, green) tuning cases. 

SEVEN YEARS OF OPERATIONAL 
EXPERIENCE AND UPGRADES 

Upgrade of the CM Frequency Tuner 
As anticipated, the main difficulty that was encountered 

with the RF system came after about two years of 
operation from repetitive jamming’s of the CM frequency 
tuning mechanism. Fortunately, the impact on the user 
runs remained quite marginal. The tuning device consists 
of a double lever and a screw-nut assembly, driven by a 
stepper motor with a gear box, which changes the cavity 
length. This system is fully housed inside the CM, where 

it works under vacuum and at cryogenic temperature. The 
original version was using a standard screw (fig. 4 - left), 
made of Copper - Beryllium with a lubricant surface 
treatment, compatible with vacuum and cryogenic 
environment and a Harmonic Drive type gear box. The 
repetitive failures, in spite of a few cure trials (change in 
screw-nut threads and backlash), led us to develop a new 
version, based on more suitable components. Indeed the 
combination of a “planetary roller screw” (fig. 4 - right) 
with a “planetary gear box” was validated after an 
endurance run equivalent to more than 20 years of 
SOLEIL operation, in the CryHolab test bench at CEA. 
The upgraded tuners were implemented inside each CM 
in 2009 and since then they have run without any failure.  

 
  
 
 
 

 
        

Figure 4: Standard stainless steel screw-nut (left) and 
planetary roller screw (right). 

Towards More Powerful IPC’s 
The cavity IPC is another component of the CM which 

was subject to R&D. The original version is an LEP2 type 
antenna [16], which consists of a waveguide to coaxial 
transition with a doorknob and a cylindrical vacuum 
ceramic window (fig. 5 - left). It can handle up to 200 kW 
CW. The cooling is ensured by a fan forcing the air 
circulating through the antenna and by returning the cold 
gas from the cavity He tank through the double wall of 
the outer tube. An improved version of this design, 
capable of transmitting higher power, was later developed 
by CERN at 400 MHz for the LHC [17]. That led us to 
conclude in 2011 a collaboration agreement with CERN 
and ESRF to develop a new 352 MHz version, based on 
the LHC design and capable of handling up to 300 kW. 
Two other events have motivated this decision. Firstly, 
problems of ceramic aging were encountered at the ESRF, 
where LEP type IPC's are also in use [18]. Secondly, 
occurrences of discharge were experienced in one of the 
SOLEIL IPC's, at a rate of about once a week, when 
operating above 120 kW; although that was not 
detrimental insofar as the beam current was limited at 
430 mA in user runs, it might disturb the future routine 
operation at 500 mA. Furthermore the ability of feeding 
up to 300 kW per cavity will open the option to SOLEIL 
of storing 500 mA using a single CM and consequently of 
taking benefit of the resulting redundancy. 

In April 2013 the first pair of upgraded IPC's (fig. 5 - 
right), built at CERN for SOLEIL, was successfully 
conditioned with RF power in the ESRF test-stand, using 
a copper cavity from CERN as shown in fig. 6. The 
following performance was achieved : 300 kW CW 
transmitted through each IPC into a water cooled dummy 
load, 200 kW CW and 365 kW in 160 μs pulses fully 
reflected with a short circuit plate. 
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Figure 5: Original (left) and new (right) version of the 
SOLEIL cavity IPC.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Layout of the Coupler Test Bench. 

During the scheduled SOLEIL shutdown in August 
2013, one of the conditioned IPC was mounted on CM1 
cavity-2 (fig. 7). That was performed in situ, without 
removing the CM out of the ring, under external laminar 
air flow and slight N2 gas overpressure inside the cavity. 
Then after only a few days of RF conditioning the cavity 
could provide up to 1.5 MV with 150 kW CW in full 
reflection, limited by the power amplifier. End of August 
when restarting the operation with beam, we could store 
quickly up to 500 mA without any trouble. Higher power 
with lower reflection will be later achieved under beam 
loading conditions. 

Note that the antenna of the new IPC’s is lengthened by 
1 cm in order to double the coupling factor and hence 
match the optimum operating condition at 500 mA, which 
is actually obtained with an accelerating voltage of 3 MV 
(750 kV / cavity) instead of 4.4 MV as initially predicted. 

The exchange of the 2nd IPC of CM1 is scheduled for 
the shutdown of January 2014 and the next pair, presently 
under fabrication at CERN, on CM2 in August 2014. 

 

 

 

 

 

 

Figure 7: Mounting of the new IPC on CM1 cavity-2. 

Success of the SSA Technology 
The SOLEIL decision of using SSA’s, instead of the 

usual vacuum tubes (klystron or IOT), for providing the 
high CW 352 MHz power required in its SR (4 x 180 kW), 
was quite innovative and challenging. So far, after about 
40 000 running hours on CM1 and 30 000 on CM2, the 
four SSA’s of the SR have proved themselves, featuring 
an outstanding reliability with a MTBF > 1 year, which 
has largely contributed in the achievement of high beam 
availability for the users [19]. 

The module failure rate is about 3.5% a year, divided up 
in two kinds, transistor breakdowns and damaged 
soldering by thermal fatigue effects; they are distributed 
as shown in fig. 8. In 2011, after 5 years of operation, as 
the soldering failure rate was becoming significant, we 
decided to carry out a preventive maintenance, consisting 
in re-soldering the transistor output leads in each 
amplifier module; that explained the steep decrease of this 
type of failure afterwards. It is worthwhile mentioning 
that, thanks to the intrinsic modularity and redundancy of 
this design, all these module failures do not impact the 
operation; it is only a matter of maintenance, typically 2 
men.weeks of manpower and 5 k€ of repairing cost per 
year for the 4 SR SSA's. Although that remains quite 
acceptable, we recently decided to take advantage of 
using a transistor of 6th generation, the BLF54XR from 
NXP, which is much more robust and has higher 
performance than the LR301 (Table 1). The module 
modification consists in replacing the transistors and a 
few matching components on the PCB. The cabling of the 
existing dc power supplies must also be modified in order 
to provide each module with 50 V instead of 28 V. 
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Figure 8: Amplifier module (LR301) failure distribution. 
 

Table 1: LR301 vs BLF574XR Performance 

Parameters LR301 BLF574XR Benefits of 
BLF574XR 

Pnom 315 W 330 W  
Pmax 330 W 450 W more powerful 
Gain 13.5 20 less preamplifiers 

Efficiency 62 % 68 % better efficiency 
Gain spread ± 0.8 dB   ± 0.2 dB no sorting 

Phase spread ± 7.5° ± 2.5° better combining 
efficiency 

Tmax 130 °C 80 °C less thermal stress 

* Full year extrapolation 

*

Coupler 1 : Pin Coupler 2 : Pout  
toward dummy 
load or short 

circuit 

352 MHz 
cavity 

≈ ≈
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This upgrade process has already started. For 2013 we 
have planned to modify the 160 preamplifier modules (1st 
and 2nd stages) of our 4 amplifiers; 80 of them are already 
done and the other half will be completed by the end of 
the year. Then we intend to go on with the 3rd stages at a 
rate of about 2 towers a year. 

 The electrical power savings resulting from the 
higher efficiency and lower number of preamplifier 
modules (larger gain) shall compensate for the investment 
cost after less than 4 years of operation. We also expect a 
significant reduction of the failure rate and therefore 
savings in maintenance costs. Moreover, the power 
capability of our SSA's will be significantly increased and 
thus provides additional operational flexibility, as for 
instance storing 500 mA with 3 out of 4 cavities. 

CONCLUSION 
The RF system of the SOLEIL SR is quite innovative 

and challenging with the use of SSA’s and HOM free s-c 
cavities, both developed in house. However, after more 
than 7 years of operation, it has demonstrated outstanding 
availability, reliability and flexibility [19]. A beam 
current of 430 mA in multibunch hybrid mode with top-
up injection is routinely delivered to the users. The 
operation at the maximum current of 500 mA is already 
validated in uniform filling while in hybrid mode it is still 
limited by fast ion instabilities [20, 21]. 

The difficulties encountered with the CM frequency 
tuners had only minor impact on the user operation and 
were quickly overcome by improving the initial device. 
Cavity IPC’s of higher power capability, have been 
developed. After a validation test at full power of 300 kW 
in CW, the first one has been recently implemented on 
cavity-2 of CM1 and is working quite satisfactorily; the 
three other cavities will be equipped as well in 2014. 

Upgrades of the cryogenic system for improving its 
autonomy are also under way [8]. 

A special emphasis is put on the success of the SSA 
technology, which has demonstrated that it could 
advantageously replace the vacuum tubes in such an 
application. It is fully expanding and now adopted by 
other laboratories [22-26]. SOLEIL is thus involved in 
several collaborations and transfers of know-how [27]. 
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CONSOLIDATED DESIGN OF THE 17 MeV INJECTOR FOR MYRRHA∗

D. Mäder† , D. Koser, H. Podlech, A.Schempp, IAP, Goethe-Universität, Frankfurt am Main, Germany

Abstract
The MYRRHA research reactor will be an Accelerator

Driven System (ADS), which demands a 2.4 MW proton
beam delivered by a 600 MeV cw operated linac [1]. The
beam dynamics design of the injector has been consoli-
dated to fulfil the requirements with respect to beam losses
and quality [2].

After a 4-rod-RFQ [3], four 7-gap room temperature CH
cavities with a constant phase and an effective voltage of
750 keV are used to reach 4.3 MeV. Then the proton beam
is accelerated to 18 MeV using eigth superconducting 5-
gap Nb CH structures with a constant beta profile. With
reducing the gradient and adjusting the phase of the 12th

CH structure the originally demanded 17 MeV can be de-
livered, too.

Every SC CH cavity is cooled down to 2K with liquid he-
lium in a separate cryo module. The new geometric design
of the SC CH cavities improves the rigidity and reduces the
electric peak field.

MOTIVATION
For the MYRRHA injector a very compact and efficient

KONUS beam dynamics design could be found [4]. To
increase the longitudinal acceptance of each cavity the new
consolidated beam dynamics are based on shorter cavities
with constant phase profile in the RT section and constant
beta profile in the SC section (Figure 1).

Figure 1: Longitudinal centered beam envelope.

Furthermore the use of multiple diagnostic elements has
been considered for fast failure detection (Figure 4). With
monitoring the beam quality after each CH structure parti-
cle losses in the main linac could be minimized.

The increased number of cavities, the diagnostics and the
use of shorter cryomodules, with only one SC cavity inside

∗Work supported by the EU, FP7 MAX, contract No. 269565 and
BMBF, contract No. 06FY7102.

† d.maeder@iap.uni-frankfurt.de

and RT triplet lenses in between, result in a total injector
length of 22.2 m instead of 12.6 m.

Figure 2: Transversal beam envelope.

RESULTS
Beam Dynamics

The new consolidated design has an improved longitu-
dinal output distribution. Compared to the KONUS beam
dynamics design [4] the phase spread 1 m behind the last
accelerating gap is 24 % smaller. The longitudinal normal-
ized rms emittance growth could be reduced from 35 % to
14 % although the consolidated design consists of longer
drift sections (Figure 3).

Figure 3: The Emittance growth in the consolidated beam
dynamics design (upper graph) is lower than in the KONUS
beam dynamics design (lower graph [4]).
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Figure 4: An overview of the 22.2 m long MYRRHA injector layout with phase probes after each cavity. Every SC
CH structure (turquoise) has its own cryomodule (grey). The second Rebuncher needs to be designed and added to the
overview (placeholder used).

Table 1: Parameters of RT CH Structures
CH1 CH2 CH3 CH4

Frequency [MHz] 176.1 176.1 176.1 176.1
ϕsync.[

◦] -12 -18 -18 -18
Ueff [MV] 0.75 0.75 0.75 0.75
Cavity radius [mm] 322.2 328.8 334.0 338.5
Cavity length (βλ-definition) [mm] 536.2 596.9 648.6 695.2
Q-factor 16836 17463 17768 17979
Psim. [kW] 12.9 11.3 11.2 11.2
Pnorm. (95 %) [kW] 13.6 11.9 11.8 11.8
Pnorm./l (95 %) [kW/m] 25.3 19.9 18.1 16.9
βavg. 0.063 0.074 0.083 0.092
βλ/2 [mm] 53.9 63.2 70.9 78.0
Ra [MΩ] 43.7 49.9 50.3 50.3
Za [MΩ/m] 81.5 83.6 77.6 72.4

Within this drift space the repulsive space charge effects
are getting severe. To reduce the transit time of the protons
in the long drifts the following concepts are applied:

• The cavities after the rebunchers have a slightly nega-
tive phase (e.g. -12 ◦ in CH1, table 1). This maximzes
the energy gain though the effective voltages are lim-
ited due to the conservative design.

• The synchronous particle in CH1 has a energy of
1.485 MeV instead of the delivered 1.5 MeV of the
RFQ. Slower protons can be catched longitudinally
before getting lost during the drift to CH2.

• The transition energy from the RT to the SC cavities is
increased by 0.7 MeV. Hence the protons are faster in
the long drift between the SC cavities and its cryostats.

• Quadrupole triplet lenses between every RF cavity are
necessary to keep the transversal beam envelope small
(Figure 2).

RT CH Cavities
In the consolidated design the room temperature CH cav-

ities consist of 7 instead of 10 accelerating gaps. Cavities
with less gaps facilitate the comissioning. Less than 7 gaps
would result in particle losses with the given RFQ output
distribution. The expected thermal losses of the room tem-
perature CH structures are below 14 kW (Table 1).

Figure 5: Simulated linear scaled electric field distribution
(zy-plane) of CH1. Only straight stems are used for simpli-
fication.

To save drift spaces the end walls of the RT CH struc-
tures are cone shaped. The inclined stem design which
increases the shunt impedance [5] has been removed for
simplification (Figure 5 and 6).

SC CH Cavities
Eight superconducting CH cavities, each with an accel-

erating voltage of approximately 2 MV and a constant beta
profile, accelerate the proton beam by 13.8 MeV. Electric
peak fields below 25 MV/m ensure a high reliability. CH6
to CH12 are markedly below this limit. But the magnetic
peak fields don’t exceed 40 mT, which is a very conserva-
tive value for safe operation (Table 2).
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Table 2: Parameters of SC CH Structures
CH5 CH6 CH7 CH8 CH9 CH10 CH11 CH12

Frequency [MHz] 176.1 176.1 176.1 176.1 176.1 176.1 176.1 176.1
βdesign 0.106 0.122 0.136 0.148 0.160 0.171 0.181 0.190
βin 0.095 0.114 0.129 0.141 0.153 0.165 0.176 0.185
βout 0.114 0.129 0.141 0.153 0.165 0.176 0.185 0.194
Cavity radius [mm] 283.3 290.8 297.2 303.6 309.5 315.3 320.7 325.5
Cavity length (βλ-definition) [mm] 450.4 520.4 576.9 630.0 679.7 727.2 771.0 810.1
Ueff [MV] 1.90 1.92 1.93 1.93 1.92 1.93 1.93 1.93
Ea [MV/m] 4.22 3.69 3.35 3.06 2.83 2.65 2.50 2.51
Ep [MV/m] 24.36 19.45 17.62 15.92 14.90 13.72 13.22 13.15
Ep/Ep 5.77 5.27 5.26 5.20 5.25 5.18 5.29 5.24
Bp/Ea [mT/(MV/m)] 9.23 9.69 10.64 11.64 12.27 12.73 13.6 14.8
Ra/Q [Ω] 625.7 600.7 576.4 562.5 546.5 532.0 513.0 502.2
RaRs [Ω2] 33409 33586 33023 32983 32550 32180 31366 30943
RsQ [Ω] 53.4 55.9 57.3 58.6 59.6 60.5 61.1 61.6

Figure 6: 3D model of CH1 with 6 stems and cone shaped
end walls.

Evacuation of the cavity induces a pressure of 100 kPa
(atmospheric pressure). Radial arranged braces minimize
the deformation of the 4 mm thin Nb walls (Figure 7).

With this innovative stabilizer geometry the maximum
displacement is below 0.16 mm and the peak Von-Mises-
Stress is reduced to 63 MPa.

OUTLOOK
The consolidated beam dynamics design is extremely

promising. The longitudinal phase distribution could be
improved without particle losses in the LORASR simula-
tions. Missalignments of accelerators, bunchers and mag-
nets and their effects on the beam dynamics will be studied
in the near future.
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Figure 7: Cylindric mainly capacitive tuners are placed be-
tween the stems of CH5.
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DEVELOPMENT OF COMPACT CRYOMODULES HOUSING HWRS FOR 
HIGH-INTENSITY SC CW LINACS* 

P.N. Ostroumov#, Z.A. Conway, S. Gerbick, M. Kedzie, M.P. Kelly, S. Kim, S.V. Kutsaev,  
R. Murphy, B. Mustapha, T. Reid, ANL, Argonne, IL 60439, U.S.A. 

S. Nagaitsev, Fermilab, Batavia, IL 60510, USA 
D. Berkovits, Soreq NRC, Yavne 81800, Israel 

  
Abstract 

Acceleration of high-intensity, above ~10 mA, light-ion 
beams immediately after an RFQ requires a compact 
accelerating and focusing lattice with a high packing 
factor. We have developed a 6-meter long cryomodule for 
Project X at FNAL which satisfies this requirement.  The 
cryomodule has eight accelerating-focusing periods, in 
each period one 162.5-MHz SC HWR and one SC 
solenoid.  The solenoid has integral x-y steering coils, and 
a beam position monitor. The highly optimized EM 
parameters of the cavity were achieved with hourglass 
shaped inner and outer conductors.  All sub-systems 
inside the cryomodule are in advanced stages of 
prototyping and testing.  A similar concept has been 
developed for the design of several cryomodules for a 40 
MeV proton/deuteron 200 kW linac at SNRC (Soreq, 
Israel).  These cryomodules house two types of 176 MHz 
half-wave resonators and require only modest 
modifications of the Project X design.  This paper will 
discuss the status of the FNAL cryomodule design and 
sub-systems fabrication and its implications for future 
HWR cryomodules such as those for the SNRC project. 

INTRODUCTION 
Technologies for SC RF successfully developed for the 

ATLAS efficiency and intensity upgrade [1-3] are being 
applied in future high-power CW accelerators.  
Particularly, we are developing and building the first 
cryomodule with βOPT=0.11 HWRs for the Project X 
Injector Experiment (PXIE) at FNAL [4] and developing 
two cryomodules with different βOPT for the SARAF 
accelerator facility at SNRC [5]. In this paper we discuss 
the status of the SARAF and PXIE cryomodule 
development. 

In high-intensity light-ion accelerators, to reduce space 
charge effects, the fundamental frequency should be high 
as compared to heavy-ion linacs. SC HWRs are superior 
to QWRs at operational frequencies above ~150 MHz and 
optimal beta βOPT≥0.1. The fundamental frequency of 
Project-X is 162.5 MHz which is defined by the RFQ. 
Therefore we are developing a cryomodule with 8 HWRs 
for the acceleration of H-minus ions from 2.1 MeV to 11 
MeV [6]. Similar HWRs operating at 176 MHz are 
designed for the SARAF Phase II 5-mA proton and 
deuteron linac [7].  To increase the available accelerating 
voltage, the HWR shape is highly optimized reducing 

both BPEAK/EACC and EPEAK/EACC [8]. Optimization of the 
cavity shape was performed taking into account die-
forming fabrication technology available from industry 
[9]. The final cavity shape has tapered central and outer 
conductors as was discussed in an earlier publication [8]. 
The confidence in the proposed HWR design and 
predicted performance is based on the very successful 
design, construction and testing of conical QWRs for the 
ATLAS upgrade. The results of the EM optimization are 
summarized in Table 1.   

 

Table 1: HWR Performance Parameters 

Parameter PXIE SARAF 

Frequency, MHz 162.5 176 

Operating temperature, K 2 4 

Optimal beta, βOPT 0.11 0.089 0.16 

LEEF= βOPT, cm  20.7 15.2 27.3 

Aperture, mm 33 33 36 

Accelerating voltage, MV 1.7 1.0 2.1 

EPEAK/EACC 4.7 5.3 4.7 

BPEAK/EACC, mT/(MV/m) 5.0 5.6 5.6 

G = Q0RS,  48 40 60 

R/Q0,  272 231 296 

 

DESIGN AND FABRICATION OF HWR  
Below we discuss the mechanical design, fabrication 

status and plans for the RF surface processing for the 
PXIE HWRs. A similar approach is being applied to the 
SARAF HWRs. The primary scope of the mechanical 
design of the cavity and its helium jacket is identical to 
that reported in our previous publications [10]. Using 
HWRs in the PXIE requires two major sub-systems: a 15-
kW RF coupler and a slow tuner. A capacitive RF coupler 
[11] was built and is being tested with 10 kW RF drive 
power. The RF power is provided through a port 
perpendicular to the cavity beam axis (Fig. 1).  

A pneumatically actuated mechanical slow tuner which 
compresses the cavity along the beam axis is located 
outside of the helium vessel and will be attached to the SS 
flanges shown in Fig. 1 and 2. Simulations of the slow 
tuner were performed by applying a force to the SS 
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RESULTS FROM INITIAL TESTS OF THE 1
ST

 PRODUCTION 

PROTOTYPE BETA=0.29 AND BETA=0.53 HWR CAVITIES FOR FRIB* 

J. P. Ozelis
#
, C. Compton, K. Elliott, M. Hodek, M. Leitner, I. Malloch, D. Miller, S. Miller, D. 

Norton, R. Oweiss, L. Popielarski, J. Popielarski, A. Rauch, K. Saito, G. Velianoff, D. Victory, 

FRIB, Michigan State University, East Lansing, MI. 48824, USA   

A. Facco, INFN/LNL, Legnaro (PD), Italy

Abstract 

The first prototypes of the beta=0.53 and beta=0.29 

HWR production design cavities for FRIB fabricated 

early this year by C.F. Roark Welding and Engineering 

(Roark) have completed initial acceptance testing at 

MSU. The extensive evaluation program is intended to 

validate both mechanical and electromagnetic designs 

prior to proceeding with a pre-production fabrication run 

which will consist of 10 cavities of each beta.  Results 

from physical inspections, warm RF measurements, 

chemical processing, and cryogenic vertical testing are 

presented.   

INTRODUCTION 

The driver linac for the Facility for Rare Isotope Beams 

(FRIB) [1] is comprised of cryomodules that contain 

superconducting quarter-wave and half-wave accelerating 

cavities. These cavities span the range in =v/c from 

0.041 to 0.53. The higher  cavities (0.29 and 0.53) are of 

the half-wave resonator (HWR) style, while the lower  

cavities are of the quarter-wave resonator (QWR) style 

[2]. The linac will consist of 49 cryomodules containing a 

total of 330 cavities, not counting spares or pre-

production prototypes. These cavities will be produced by 

industrial vendors who will deliver the properly tuned 

niobium cavities encased in the titanium helium vessels.  

Prior to delivery, the vendor will remove the damage 

layer via bulk chemical polish using the vendor’s facility. 

Full-scale industrial production of over 225 HWRs is 

required to complete the FRIB linac.  As part of the 

vendor development phase, two bare (without helium 

vessel) cavities fabricated by C.F. Roark Welding and 

Engineering (Roark) of each design are to be extensively 

evaluated at MSU.  The cavities are fabricated using 

niobium supplied by MSU and according to MSU-

supplied drawings, procedures, stamping and electron-

beam-welding techniques, with further process 

development by Roark through mutual consent with 

MSU. Chemical processing capabilities have been 

established at the vendor to etch weld prep surfaces, 

though the capability to perform bulk BCP etching 

remains to be developed during the pre-production run. 

To date, two cavities, one of each beta, have been 

supplied to MSU by Roark for evaluation (Fig. 1). 

CAVITY FABRICATION 

Both cavity designs built during the vendor 

development phase consist of six major sub-assemblies, 

including two short plates, two beam cups, one inner 

conductor and one outer conductor, which are formed, 

machined, and e-beam welded to specifications provided 

in the mechanical drawings. The sub-assemblies are then 

checked using a coordinate measurement machine 

(CMM) for compliance with mechanical specifications. 

Welding of the sub-assemblies follows with the welding 

of each short plate to the inner and outer conductors and 

the cavity is completed with the welding of the beam cups 

to the outer conductor.  Frequency tuning is done between 

these welding steps.  Coarse tuning is achieved by 

trimming the length of the inner and outer conductors 

(after allowing for appropriate weld shrinkage), and fine 

tuning is achieved after the short plate welding by final 

beam port placement. 

 
Figure 1: The first prototype HWRs manufactured by 

Roark. The=0.29 is on the left, the =0.53 is on the 

right. 

 

Though the mechanical and electromagnetic designs 

had been previously validated for similar HWR designs 

which followed an identical fabrication scheme [3, 4], the 

present design was optimized by incorporating improved 

mechanical features and reducing the peak surface 

magnetic fields [5]. The primary objective of this vendor 

development phase is to validate the electromagnetic 

design and ensure the fabrication scheme yields a cavity 

that meets performance requirements and is cost-effective 

to produce. The secondary objective is to refine the 

fabrication procedure such that it incorporates sufficient 

tuning mechanisms to allow the vendor to deliver 

 ____________________________________________ 

* This material is based upon work supported by the U.S. Department 

of Energy Office of Science under Cooperative Agreement DE 

SC0000661.  
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completed (and jacketed) cavities within a tight frequency 

range. Data collected during the development phase is 

being used to generate a statistically valid database such 

that the tuning mechanisms can be fully established for 

use by the vendor during the pre-production phase.  An 

outline of the tuning steps is shown in Table 1 along with 

the corresponding acceptance range for each step. 

 

Table 1:  Cavity Fabrication Frequency Acceptance 

Ranges 

Description of frequency 

measurement 

Acceptance 

Range (MHz) 

Stack-up, full stock 

(+0.350in) 

Coarse Tune via 

trim 

After IC/OC trim   (-.150, +.150) 

Weld Shorts (2)  (-.250, +.250) 

Place beam cups (2) Fine tune with 

position 

Weld beam cups (2) (+.025, -.025) 

ACCEPTANCE INSPECTIONS 

Upon delivery, the cavities underwent a series of 

inspections and measurements which are identified in an 

Acceptance Criteria Listing (ACL) to ascertain whether 

the cavity was fabricated to within mechanical 

specifications. The ACL for the =0.53 cavity includes 

the following items: 

 

 verify submittal of vendor test reports 

 metrological (CMM) inspection of critical 

dimensions 

 incoming visual inspection including 

o weld inspection 

o borescope inspection of interior 

o inspection of sealing surfaces 

 leak checking 

 nominal frequency, coupling, and field-flatness 

measurement  

 

When incoming inspections of the =0.29 and =0.53 

reveal instances where the cavities do not conform to 

specifications (i.e., deviations exist), non-conformance 

reports are generated and delivered to the appropriate 

staff.  Subsequently, corrective actions may be pursued 

with the vendor if necessary. This is part of an established 

formal and comprehensive QA program that has been 

adopted throughout the FRIB project. Through 

cooperation with the vendor, improved procedures have 

been developed to ensure future deviations are 

minimized. Documenting deviations in non-conformance 

reports has already led to improved drawings, procedures, 

and tooling.  Though a few deviations could not be fully 

rectified for these prototype cavities, changes are already 

being implemented prior to beginning the preproduction 

and full production phases.  

TUNING SENSITVITY MEASUREMENTS 

In order to validate the mechanical models [5, 6] which 

are used to develop the dynamic frequency tuning 

mechanisms for the FRIB HWR cryomodules [7], 

measurements are used to characterize the tuning 

sensitivity and stiffness of the prototype HWRs. The 

results are presented in Table 2. The instrument set-up is 

shown in Fig. 2. The measurement system consists of a 

network analyser to measure cavity frequency, a load cell 

to determine applied force, and a portable CMM arm to 

measure the displacement of the cavity beam ports.  The 

test fixture, specifically designed for these measurements, 

allows bi-lateral displacement of the beam ports. 

Additional measurements of the tuning coefficients will 

be performed after the helium vessels are attached. For 

the bare cavities, the tuning coefficients were insensitive 

to either bulk BCP processing or hydrogen degassing. 

Table 2: Dynamic Tuning Coefficients for Bare 322 MHz 

HWRs 

 =0.29 =0.53 

Sensitivity (kHz/mm) 280 105 

Stiffness (kN/mm) 2.9 4.9 

 
Figure 2: Tuning sensitivity and stiffness measurements 

being performed on the =0.53 HWR. 

CAVITY PROCESSING 

=0.53 HWR Processing 

The =0.53 cavity was processed in accordance with 

the standard FRIB cavity processing recipe, which 

includes 

 soak in saltwater (indicates presence of ferrous 

inclusions) 

 DI water rinse 

 ultrasonic cleaning/degreasing 

 bulk BCP etch (performed in 3 stages for 

prototype evaluation) : target 130 m 

 rinse, ultrasonic cleaning 

 H degassing (600 °C, 10 hours) 

 ultrasonic cleaning/degreasing 

 light BCP etch :  target 20 m 

 high pressure rinse – 3 hrs 
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 drying in Class 100 area 

 

In addition to these standard processes, additional 

measurements were performed during cavity etching. In 

particular  

 ultrasonic thickness measurements of the cavity 

walls to determine the uniformity of the etch rate,  

 measurement of cavity frequency to track changes 

during cavity chemical processing, and  

 borescope inspection of the interior to verify 

macroscopic integrity of the RF surface 

were performed before and after each chemical etching 

process.  

 

The following additional activities were also carried out 

on the first =0.53 prototype : 

 vacuum leak checks including cryogenic (77 K) 

cycling post H degassing 

 additional tuning sensitivity measurements post H 

degassing.  

 

Ultrasonic thickness measurements after each of 3 bulk 

etch cycles revealed that the cumulative average etch 

amount was 131 m, in good agreement with the goal of 

130 m. However, presumably vapor bubbles, formed 

from the chemical reaction of BCP acid and niobium, 

collected along the RF ports, resulting in lower than 

desired removal amounts in these areas (as low as 60 m 

in some cases), while other areas experienced 

significantly higher etch amounts approaching 200 m. 

Figure 3 depicts the etch uniformity – green areas 

correspond to areas with less than 100 m removal, while 

red areas represent sections with greater than 150 m 

material removal. Results of ultrasonic thickness 

measurements which provide a metric of total material 

removal are indicated numerically in the graphic. 

Modifications are underway to improve etch uniformity in 

the next cavity, based on etch rate studies [8, 9]. 

After bulk etching was completed, the cavity 

underwent a hydrogen degassing treatment to remove 

hydrogen from the Nb bulk which can lead to so-called 

“Q-disease”. The cavity was heated at 600 °C for 10 

hours, followed by ultrasonic cleaning, and then a light 

etch (goal=20 m), followed by high-pressure ultra-pure 

water rinsing for 3hrs. During HPR, a liquid particle 

counter is used to monitor the rinse water, and the rinse 

cycle is not terminated until the measured particle counts 

fall to the baseline value. 

=0.29 HWR Processing 

The =0.29 prototype is undergoing the same 

processing steps as the earlier-delivered =0.53 cavity. At 

present the cavity has received two bulk etches (for a total 

of 120 m) and is being prepared for H degassing. Figure 

4 presents the cumulative etch uniformity – as before 

green areas correspond to areas with less than 100 m 

removal, while red areas represent sections with greater 

than 150m material removal. 

 
Figure 3: Graphical representation of etch uniformity in 

the =0.53 HWR. Vertical position denotes position along 

the cavity long axis, horizontal position denotes azimuthal 

position along the cavity circumference. 

 
Figure 4: Graphical representation of etch uniformity in 

=0.29 HWR. Vertical position denotes position along the 

cavity long axis, horizontal position denotes azimuthal 

position along the cavity circumference. 

VERTICAL TESTING  

After completion of the chemical processing described 

above, the =0.53 cavity was prepared for vertical dunk 

testing. This included attaching the (fixed) input and field 

probe couplers to the cavity, blank-off of the rinse ports 

and unused beam port, and connection via one beam port 

to the test insert vacuum pumping line, using CF flanges 

and Cu gaskets. The cavity was then evacuated and leak 

checked. Figure 5 shows the cavity prepared for testing. 

The cavity was then inserted in the Dewar and cooled 

down to 4 K. At 4 K calibrations were completed and RF 

measurements were performed. The cavity was then 

further cooled to 2 K, while additional RF data (Q0, f, 

etc.) were taken as a function of temperature (Fig. 6). 

Frequency shifts during cooldown and RF testing, along 

with changes during processing steps, are summarized in 

Table 3. These data, once supplemented with data from 

jacketed cavity testing, are to be used to better define the 

required as-fabricated frequencies of production cavities. 
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Figure 5: =0.53 HWR mounted on insert in preparation 

for a “dunk” test. The cavity vacuum space is actively 

pumped during cooldown and testing.  

 
Figure 6: rs vs T at Eacc ~1 MV/m. The residual surface 

resistance is less than 4 nwell below the requirement 

of 11 n 

Table 3: Frequency Shifts and Frequency Sensitivities 

Under Various Conditions 

Phenomena Frequency 

Shift (kHz) 

Sensitivity 

E @ 7.5 MV/m -0.284 -5.05 Hz/(MV/m)
2
 

Reduce bath pressure 

from 800 to 23 Torr 

+7.66 -9.85 Hz/Torr 

Cool from 300 K to 

4.2 K 

+507 1.71 kHz/K 

Cavity at vacuum -7.5 -9.85 Hz/Torr 

Remove air dielectric +94  

Light BCP (20) -16  

Heat Treatment none  

Bulk BCP (120) -106  

 

 

 

 

Table 4 : Performance Parameters of 1
st
 =0.53 Prototype 

(s/n 1305000001-530-ROAMF) 

Parameter Design Measured 

Eacc, op  (MV/m) 7 14.5 

Bpk  (mT) 60 125 

Q0 at 1 MV/m -- -- 3.5 x 10
10

 

Q0 at Eacc, op 9.2 x 10
9
 2.5 x 10

10
 

Q0 at Eacc, max -- -- 3.4 x 10
9
 

rs0 (n) < 11 4 

FE onset (MV/m) > 7 9 

X-Ray flux (mR/hr) @ Eop -- -- 0 

X-Ray flux (mR/hr) @ 

Eaccmax 

-- -- 3000 

Figure 7: Q0 vs E for the 1st =0.53 (bare) HWR from 

Roark. The FRIB performance specification is given by 

the green star. 

 
Figure 8: Comparison of present prototype =0.53 HWR 

with prototypes fabricated to an earlier design iteration. 

 

Once at 2 K, CW measurements were performed in 

order to determine the cavity Q0 were taken as a function 

of cavity gradient, while logging relevant test parameters. 

The cavity reached a maximum gradient of 14.5 MV/m 

(Eacc = Vacc/), being limited only by available RF power 

(see Fig. 7). The onset of field emission was observed to 
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be about 9 MV/m, significantly above the FRIB operating 

gradient of 7 MV/m. Cavity Q0 at this operating gradient 

was > 2 x 10
10

, suitably above the operational 

requirement of 9 x 10
9 

. There is an observed high-field 

Q-drop beginning at about 11 MV/m again suitably above 

the FRIB operating gradient. This cavity’s performance, 

summarized in Table 4, easily surpassed the FRIB 

requirements. Indeed, this cavity performed better than all 

=0.53 HWRs previously fabricated (either in-house or 

by vendors) and processed/tested at MSU, all of which 

required more than one processing cycle to achieve their 

best performance, and were all limited by quench (see 

Fig. 8). 

FUTURE WORK  

The =0.53 prototype is currently undergoing welding 

of its helium vessel. During this welding process, the 

cavity frequency is being consistently monitored, to better 

understand frequency changes due to weld shrinkage. 

This information will assist the vendor in refining 

assembly and fabrication procedures so that the target 

operating frequency is more easily and consistently 

achieved in production. Since the presence of a helium 

vessel on HWR-type cavities typically has a noticeable 

effect on cavity performance, especially tuning 

stiffness/sensitivity and thermal environment, an 

essentially identical set of comprehensive measurements 

and processes will be performed on the jacketed cavity, 

namely : 

 

 leak checking with cryogenic cycling 

 borescope inspection of interior 

 tuning stiffness and sensitivity measurements 

 bulk etch : target 30-50 m 

 frequency measurements 

 hydrogen de-gassing 

 tuning stiffness and sensitivity measurements 

 ultrasonic cleaning /degreasing 

 light BCP etch :  target 30 m 

 high pressure rinse – 3 hrs 

 vertical test @ 2K  

 

The =0.29 prototype is undergoing the final stages of 

processing (hydrogen degassing, light etch, HPR) and 

assembly in preparation for its 1
st
 vertical test at 2 K. 

Subsequent to this, it will also be jacketed and evaluated 

in the same manner as the prototype =0.53 cavity. 

An additional pair of cavities, one of each , are 

expected from the vendor shortly. They will also be 

evaluated in the same comprehensive manner as these 

first prototypes. 

 Following successful evaluation of all 4 prototype 

cavities, Roark will be given approval to proceed with a 

pre-production run of 10 jacketed =0.53 HWRs (to 

include the bulk etch process), which will then be further 

processed and tested at MSU. This is a vital step in the 

development and qualification of the vendor for further 

mass production of the full production run of the =0.53 

HWR cavities for FRIB. 

Likewise, a solicitation for a 10 cavity pre-production 

run of jacketed and bulk-etched =0.29 HWRs will be 

issued to vendors, as a prelude to engaging in the full 

production run.  

SUMMARY 

MSU has received two of four industrially produced 

bare HWR prototypes, one of each  (0.29 & 0.53).  The 

=0.53 prototype has undergone a thorough incoming 

inspection and complete chemical processing sequence, 

culminating in 2 K testing.  During vertical testing, it 

demonstrated excellent performance, easily achieving all 

of the FRIB performance specifications upon its initial 

cooldown. Not only does this validate the cavity design 

and fabrication process, but it also demonstrates the 

maturity of the cavity surface preparation procedures and 

tooling, and QA protocols. Further successful processing 

and testing of the remaining prototypes (and eventually 

their jacketed versions), incorporating lessons learned in 

their fabrication, is crucial to proceeding forward with 

pre-production runs of the FRIB HWRs.      
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Abstract 

The Next Generation Light Source (NGLS) is a design 

concept for a multi-beamline soft X-ray FEL array 

powered by a superconducting linear accelerator, 

operating in CW mode with evenly spaced bunches at 

approximately a 1 MHz repetition rate. Electron bunches 

from the linac are distributed by RF deflecting cavities to 

an array of independently configurable FEL beamlines. 

This paper describes the concepts under development for 

a linac based on minimal modifications to the design and 

technology of the International Linear Collider 

technology in order to leverage the ILC community’s 

extensive investment in R&D and infrastructure 

development. Particular emphasis is given here to high 

loaded-Q operation and microphonics control, as well as 

high reliability and operational up time.  

NGLS OVERVIEW 

The NGLS uses a single-pass, continuous-wave (CW), 

superconducting, high-brightness electron linac to 

provide high-repetition-rate beam to multiple FELs. The 

NGLS main parameters and a more complete description 

of this project have been presented in the Proceedings of 

FEL2013 [1,2]. 

The linac has four sections of accelerating 

cryomodules, separated by other elements: a laser heater, 

a 3
rd

 harmonic linearizer system (a cryomodule operating 

at a higher harmonic frequency) and two bunch 

compressors as shown in Fig. 1. 

LINAC  DESIGN 

Linac Configuration 

The 2.4 GeV NGLS linac is composed of 24 

cryomodules containing 8 cavities each, operating at 

1.3 GHz and producing accelerating gradients from 13 to 

16 MV/m. To establish a reasonable level of design 

conservatism, of the total of the 192 installed cavities 

only 94% (180 cavities) were assumed to be active.  In 

practice all functional cavities will be active and 

operating at a slightly reduced average gradient.   

Unlike the proposed ILC that utilizes a long string of 

cryomodules within a single cold envelope, the NGLS 

linac is comprised of fully segmented cryomodules with 

beam diagnostics, magnets and high frequency HOM 

dampers external to the cryostat. This fully segmented 

layout offers the many advantages as enumerated below.   

 

 
Figure 1:  NGLS linac schematic layout. 

 
1. Separated liquid management. High heat loads 

inherent in CW cryomodules imply high 2 Kelvin boil 

off rates. Managing the liquid level in the helium vessels 

and flow through the JT valve and 2-phase pipe or a 

series of helium vessels is more tractable with a short 

length of liquid baths. 

2. Small heat exchangers combined with JT valves, 

distributed with the cryomodules generate the final stage 

of temperature reduction thus allowing flexible, discrete 

liquid level control in a package size that fits in the 

longitudinal space required by associated “warm” 

beamline components. Heat exchangers of this scale were 

utilized effectively for SNS and the general valve can 

layout has been used effectively in CEBAF at JLab. The 

effect is to place the heat loads in the large transfer line at 

the 4.5 K level rather than at 1.8 K. 

3. Warm magnets and instrumentation between 

cryomodules. Separate cryomodules allow warm beam 

line components between cryomodules, especially useful 

for easier alignment of magnets, BPM's, and 

instrumentation, and also for absorbing the higher 

frequency HOM power that is produced by the relatively 

short beam pulses inherent in the NGLS design. 

4. Active pumping between cryomodules. If needed, the 

insulating vacuum of a single cryomodule may be 

pumped, and the beam vacuum is accessible for 

pumping. 

5. Loss of insulating vacuum to air is limited to one 

cryomodule (assuming vacuum isolation from the 

transfer line). The sudden rush of air into insulating 

vacuum and resulting heat fluxes with air condensation 

can deposit up to several Watts per square cm on liquid 

helium-temperature vessels and piping, depending on 

insulation. For a string of cryomodules, this can result in 

huge flow rates with requirements for extremely large 

vent lines and venting devices. The separate cryomodule 

vacuums limit this disaster to one cryomodule for the 

insulating vacuum loss. 

 ____________________________________________ 
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6. Replacement for maintenance. Separate cryomodules 

allow replacement of individual cryomodules without 

warming the entire string. 

7. Testing and commissioning. Separate cryomodules 

allow installation and cryogenic operation of individual 

cryomodules or parts of the linac during installation and 

commissioning. 

The other layout option is to build the linac from a 

string of cryomodules with welded bellows connections 

and single warm to cold transitions at end of the string. 

There are three main advantages of the string layout.  

1. No external transfer line. A large transfer line with 

vacuum-jacketed 4K pumping line may be $5000 to 

$10,000 per meter including all the connections to the 

cryomodules.  So for a 10 meter long cryomodule, it may 

add the equivalent of another $50K to $100K per 

cryomodule to the linac cost, as well as occupy tunnel 

space. 

2. Fewer cryogenic valves. By placing the helium vessels 

and other piping of multiple cryomodules in series, one 

valve at a feed or turnaround box controls the flow 

through many cryomodules. This may provide significant 

cost and, if control of long liquid volumes is not a 

problem, also simplify operations by reducing the 

number of control valves. 

3. No warm-cold transitions at the ends. Especially for 

systems with relatively low dynamic heat loads where 

static heat load is more significant, eliminating the warm-

cold transitions at each end helps reduce heat load. 

For a long pulsed linac with relatively low dynamic vs. 

static heat load long cryomodule strings make sense 

economically and operationally.  But for linacs the size 

of CEBAF, SNS, Project X, NGLS, etc. (tens of cavities, 

as opposed to thousands), the separated cryomodule 

scheme with external transfer line was judged to be 

preferable. 

RF Parameters 

Table 1: Main RF Parameters 
 

RF frequency 1300 MHz 

Operating temperature 1.8 K 

Average operating grad. 12-20 MV/m 

Average Q0 per CM 2×10
10

  

Cavity length 1.038 M 

R/Q 1036 Ohm 

Coarse tuner range 600 kHz 

Fine tuner range 2 kHz 

Lorentz detuning 1.5 Hz/(MV/m)
2
 

Number of cav. per CM 8  

Peak detune allowance 15 Hz 

Qext 3.2×107  

Min. RF power per cavity 5.4 kW 

 

The choice of SCRF cavity frequency for NGLS is 

ultimately driven by the need to minimize development 

cost by utilizing existing proven technology. Specifically 

the NGLS plan is to takes advantage of the extensive 

worldwide investments in TESLA/ILC/XFEL technology 

extended to run at a high loaded Q to minimize RF 

source costs.  Table 1 summarizes the main RF 

parameters. 

CAVITY AND CRYOMODULE DESIGN  

Cavity Considerations 

The differences in operating ILC-like cavities in CW 

mode go beyond the need for increased heat rejection. 

The emphasis on resonance control moves from coping 

with the hammer-like effect of pulsed Lorentz forces, to 

minimizing the impact of microphonics-induced 

frequency shifts due to mechanical vibrations. For the 

NGLS cavities the most important factor is to operate at a 

high loaded Q, which results in reduced power 

consumption. This goal is realized by successful control 

of microphonics. We have chosen to allow for a 15 Hz 

peak detuning from microphonic effects without having 

to de-rate the cavity field due to limited RF source 

power. This choice corresponds to a loaded Q of 

~3.2×10
7
 and has a direct impact on the requirements for 

the RF plant.  A smaller allowance for microphonics 

would result in significant cost savings but could 

compromise reliability. We are therefore monitoring 

progress in the community to identify the most 

reasonable compromise. 
Recent advances in cavity processing suggest that Q0 

of greater than 2×10
10

 may be readily achievable [3]. In 

addition cryomodule thermal cycling up to 10 K seems to 

indicate that Q0 degradation in a fully assembled 

cryomodule is reversible in-situ [4,5]. These results point 

to higher Q0 than presently assumed for NGLS and 

therefore lower cryogenic loads. 

Tuners, Couplers and HOM Dampers 

  Resonance control is particularly important because 

we want to operate at high loaded Q and therefore we 

need tuners able to quickly compensate for microphonics 

effects. One of the existing ILC tuners, composed of a 

fast/fine piezo coupled with a slow/coarse motor drive, is 

likely to suit the needs of NGLS. 

There are several existing power coupler designs that 

could be adopted to operate in the envisioned CW power 

range. A very promising design, given our goal of 

obtaining maximum benefit from the ILC cryomodule 

design, is to use the coaxial input RF power coupler 

developed by Cornell and built by CPI for the proposed 

Cornell ERL. This unit, derived from the TESLA TTF-III 

design, has been tested in CW conditions up to 5kW [6]. 

HOMs are well characterized for the TESLA-type 

cavities, although NGLS bunches excite a very broad 

spectrum of modes extending into the THz range. For 

modes propagating outside the cavities, beam-pipe HOM 

absorbers at room temperature are used to avoid coupling 

between cryomodules, and to reduce the heat load on the 

cryosystem.  

Proceedings of SRF2013, Paris, France MOP068

02 Future projects

N. Technical R&D - Overall performances (cavity, proto cryomodule tests)

ISBN 978-3-95450-143-4

287 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Cryomodule  

For the reasons stated above, we will use discrete 

cryomodules, allowing for ease of removal and 

replacement, as well as accommodating equipment such 

as lattice magnets, diagnostics, and travelling-wave 

absorbers in warm sections between cryomodules. Refer 

to the cryomodule layout in Fig. 2. The modifications to 

ILC cryomodules involve a larger 2-phase pipe and 

nozzle from the helium vessel and a liquid control valve 

and heat exchanger in “end cans” of each module, shown 

schematically in Fig. 3 [7]. Short warm-to-cold 

transitions, as well as U-tube cryogenic connections to 

the distribution piping are required at each cryomodule 

end.  

 
Figure 2: Cryomodule layout (dimensions in meters). 

 

In addition to magnetic shields that keep the field 

around the cavities below tens of milligauss, a single 

thermal shield operating over the 40 K to 50 K will be 

used to limit radiation heat loading on the ~1.8 K 

structure, along with careful selection of flow direction 

and routing of the cold gas circuit. The expected intrinsic 

Q0 of the cavities (important for reasons mentioned 

earlier) is significantly higher at 1.8-1.9 K than at the 

ILC design temperature of 2.0 K. The lower temperature, 

while reducing the net heat load to the cryosystem, 

results in a higher volumetric flow rate per watt of heat 

absorbed. 

 
Figure 3:  Helium distribution within a cryomodule. 

 

RF SYSTEM AND DISTRIBUTION 

RF Technology Options 

There are two basic technologies capable of delivering 

the high power RF needed to energize the cavities in the 

NGLS linac: 1) vacuum tubes, specifically inductive 

output tubes and klystrons; and 2) solid state power 

amplifiers, in which the outputs of a number of low 

power (few hundred watts) transistors are summed. 

Klystrons have been the traditional power source for 

particle accelerators in these frequencies because they 

produce high power RF and offer high gain (~50 dB) 

with efficiencies around 50%. The recently completed 

12 GeV upgrade of CEBAF adopted klystrons as the 

source of RF power [8]. 

Recent improvements in transistor technology have led 

to an increased power capability of solid state power 

amplifiers (SSPAs). Individual transistors can reach 

power levels on the order of a couple of hundreds of 

watts, and by combining many in a single power source, 

several to tens of kilowatts can be achieved with 

tolerable efficiency degradation. Several facilities are 

adopting this technology for its modularity, ease of 

maintenance and potential for incremental upgrades. The 

system operating efficiency for such L-band SSPAs does 

not much exceed 40%. 

The solid state technology is still emerging, and further 

advances, including better efficiency, can be expected. 

However, for the same reason—the lack of maturity—the 

reliability of these systems at present is less well 

established. We plan to keep monitoring progress in this 

technology and defer a decision on a baseline design. 

RF System Topology   

Providing an individual RF power source for each 

cavity offers many advantages. In particular, it allows the 

beam energy gain in each cavity to be precisely 

regulated, independently of the other cavities to better 

optimize the operating gradients to the most reliable 

performance of each cavity. It also simplifies the high-

power RF distribution system and minimizes the effect of 

source failures. Of the 192 linac cavities, only a small 

fraction would need be held in reserve to compensate for 

such failed units, likely with only a brief (or no) 

interruption of beam operation. 

   We have therefore chosen to power each cavity with an 

independent power source. This configuration is likely to 

result in the highest possible beam availability and 

machine reliability. The planned waveguide distribution 

system is shown in Fig. 4 and has been used to calculate 

waveguide losses and heat dissipation to the tunnel. Each 

cavity is fed from a dedicated power supply housed in a 

separate tunnel, located to the right in this diagram. 

 

 

Figure 4: Waveguide distribution system, with isolators, 

for one cryomodule.  
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CRYOGENIC SYSTEM 

CONSIDERATIONS 

Dynamic heat loads dominate the NGLS requirements 

due to the CW operating conditions.  Heat loads were 

estimated from a combination of known cavity 

parameters, extrapolations from the ILC RDR values and 

measurements made on ILC type cryomodules and 

couplers. The selection of accelerating gradients, and 

therefore the number of RF cavities required to achieve 

the 2.4 GeV beam energy, is consistent with the use of a 

single large cryoplant with one 1.8K cold box. The size 

of the cryoplant is equivalent to the JLab upgrade and the 

LHC cryosystems. The estimated load on the NGLS 

cryoplant was estimated at 17.8 kW (4.5 K equivalent) 

with a commensurate utility power requirement of 

3.9 MW.  This value includes a 10% margin for load 

uncertainty multiplied by a 30% overcapacity margin to 

allow for off-optimal operation and system control. 

Dynamic heat loads account for 85% of the cryogenic 

load, and these loads scale as the square of the cavity 

gradient. Therefore, for CW operation, a lower cryogenic 

system heat load can be achieved by increasing the 

number of active cavities for a given final beam energy, 

thus operating cavities at a lower average gradient and 

requiring a longer linac.  In addition, the capacity of the 

latest generation of superfluid helium cryoplants is 

limited by the capacity of the low temperature cold box, 

or more specifically the volumetric flow rate limit of the 

cold compressors within this cold box. The heat load 

limitation imposed by volumetric flow limits of a single 

1.8K cold box can be relaxed by allowing a somewhat 

higher (~1.9K) operating temperature for a higher 

saturated vapor density.   

CAVITY PRODUCTION RUN 

ASSUMPTIONS 

Most of the RF parameters, including the requirements 

on the RF power system and the expected dynamic load 

on the cryogenic system, depend upon the assumed 

performance of the RF cavities.  

 

 

Figure 5: A simulated production run of 112 cavities. 

 

To validate our assumptions, we have analyzed recent 

test results from cavity production of 17 ILC/XFEL 

cavities from DESY. The observed parameters have been 

used as the basis for a Monte Carlo simulation of a 

potential NGLS production run and the chosen parameter 

space is well within the limits of today’s technology. Fig. 

5 shows a simulation based on a possible cavity 

production run using measured cavity parameters; the 

green line indicates the acceptance criteria set by the 

NGLS requirements and shows that no cavity in this run 

would be rejected. 

The model also helps calculating the statistics of a 

practical RF amplifier system and dynamic load to the 

cryogenic system. As shown in Figure 6, each trace 

represents the behavior of a randomly generated linac, 

with statistical performance based on actual production 

data, when each cavity is designed for a nominal QL of 

3.2×10
7
. This shows how a power of 5.8 kW at the cavity 

flange would be sufficient to operate all cavities at the 

stated QL and the corresponding cryogenic heat load 

would be less than 950 W. This result is one component 

of a larger optimization including scaling to the whole 

linac and adding other dynamic and static loads.  

 

 
Figure 6: Modeled performance with simulated random 

production run of 112 cavities. 

COST CONSIDERATIONS  

Since the superconducting linac is one of the largest 

expenses in the construction of the facility, we have 

developed a parametric cost model that allows us to seek 

cost optimization. The model includes the cost of the 

cryogenic system, tunnel construction, cryomodules and 

RF power amplifiers and distribution. As expected, the 

cost of the RF amplifier system is relatively independent 

of the operating gradient because it is mostly driven by 

the total power delivered to the beam. On the other hand, 

higher gradients result in reduced cryomodule and tunnel 

capital expenses, but some of these savings are offset by 

increased costs of the cryogenic system due to the 

increased heat load at higher gradients. Note that curves 

for operating at 1.8 and 1.9K are shown up to the limit of 

a single cold box. 

The higher electrical operating costs further offset the 

savings of construction of a machine running at a higher 
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gradient. However, when capital cost is the main 

parameter, construction cost is minimized at the highest 

gradient, thus a choice is then determined by the desired 

operating reliability. Fig. 7 shows the relative cost 

scaling with cavity gradient. 

 

 
Figure 7: Relative cost of construction plus 15 years 

operation, as a function of cavity gradient. Operating cost 

assumes 8,000 hours per year and $0.12 per kW-hr. 
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Abstract 
Alignment of superconducting cavities is one of the 

important issues for linear collider and/or future light 

source like ERL and X-FEL. To measure the cavity 

displacement under cooling to liquid He temperature 

more precisely, we newly developed the position monitor 

by using white light interferometer. This monitor is based 

on the measurement of the interference of light between 

the measurement target and the reference point. It can 

measure the position from the outside of the cryomodule. 

We applied this monitor to the main linac cryomodule of 

Compact ERL (cERL) [1-3] and successfully measured 

the displacement during 2K cooling with the resolution of 

10 m. 

INTRODUCTION AND MOTIVATION 

FOR DEVELOPING NEW MONITOR 

R&D of superconducting cavity and cryomodules are in 

progress for next generation light source like energy 

recovery linac (ERL) and a future linear collider. For 

these accelerators, not only the cavity performance like 

high accelerating field and quality factor but also the 

precise cavity alignment for the beam axis is necessary to 

generate the high quality beam and keep highly stable 

beam operation. For example, linear collider requires the 

cavity alignment within 0.3 mm to the beam line to 

reduce the emittance growth by cavity misalignment. To 

set the superconducting cavity to the design orbit 

precisely, we need to know the displacement under 

cooling to He liquid temperature. The wire position 

monitor was developed to know the cavity movement 

precisely during cooling down and beam operation [4,5]. 

This monitor is based on a stretched wire in a coaxial 

transmission-line arrangement. Wire position monitor, 

which has two vertical strip-line electrodes and two 

horizontal strip-line electrodes and surrounds the wire, is 

equipped near the cavity inside the cryomodule. The wire 

are fixed at the two endcaps of the cryomodule, which are 

room temperature parts of the cryo-vessel. Like a beam 

position monitor, relative transverse movement of the 

cavity to the cryo-vessel is measured by detecting the 

relative transverse position between the cavity and wires. 

Its precision is a few m. However, the measured data 

were unstable and not reliable because of the large 

thermal excursion of cable, connector and feedthrough of 

this monitor [6]. Furthermore, we have experienced the 

wire break under cooling of the cryomodule by thermal 

shrink. 

Laser based position monitor based on the triangulation 

was used in commerce [7] and recently used for 

measurements of the displacements of the components 

like He gas return pipes set in cryomodule movements [6]. 

This laser based monitor can be set outside the 

cryomodule and viewed the components via the view-port 

of the cryo-vessel. It worked well with enough resolution 

(10 mlevel), if the working distance between the cavity 

and the monitor is very short with several cm-length. 

However, in reality, cavity was set far from the outside of 

the cryo-vessel. Furthermore, the large aperture of view 

port for this monitor needs to measure the cavity position 

due to the principle of the triangulation technique and 

causesthe large thermal radiation to the superconducting 

cavity. It is difficult for this laser based monitor to 

measure the cavity displacements directly under cooling 

to He liq. temperature. This situation led us to develop a 

new position monitor based on the interference of laser 

and/or white light, named as WLI monitor. It makes 

possible to measure precise cavity position from the 

outside of the cryo-vessel, via a small view port.  

In this paper, we first describe the principle of this 

monitor. Next we express the performance of this monitor 

tested at the test stand. Then, we show the results of the 

displacements of superconducting cavity in the 

cryomodule of cERL main-linac during 2K cooling. 

Finally, wesummarize the actual performance and future 

plan of this newly developed WLI monitor. 

PRINCIPLE OF WLI MONITOR 

The principle of WLI monitor is shown in Figure 1. 

 

 

Figure 1: Principle of the WLI position monitor. 
 ___________________________________________  
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White light with a broad spectrum is divided by a half 

mirror and one light is reflected by a target and the other 

by a reference mirror. These paths of two lights merged 

again at a half mirror and the interference pattern is 

detected by the detector during scanning the reference 

mirror. This method is called as “low-coherence 

interferometry” [8] and the interference pattern appeared 

when the optical path difference of two lights is smaller 

than the coherent length of white light source as shown in 

the right figure of Figure 1. Especially, the intensity of 

light of the interference is maximized only when the 

distance between the half mirror and reference mirror 

equals that between the target and half mirror. While we 

keep the peak detection under scanning the reference 

mirror precisely at every second, we know the relative 

displacement of the target at every second. The resolution 

was basically determined by the coherent length of white 

light. Recently, the interference measurements of long 

distance of more than 700 m can be achieved by using 

frequency-stabilized comb of fs laser with less than 10 

m resolution [9]. If we shorten the measurement length 

of less than 1 m, we’ll achieve the resolution of 0.3 m of 

a half of the wavelength of light. 

superconducting 
cavity

cryomodule

white light source

fiber

target on SC (v)

target 
on SC (h)

light

reference (v)

reference (h)

power meter

detector

 

Figure 2: Schematic drawing of WLI monitor setting to 

cryomodule. 

We show the schematic drawing of this monitor set to 

the cryomodule in Figure. 2. One white light source 

provides the two directional measurements of one 

superconducting cavity position by setting each reference 

target horizontally and vertically. The distance between 

cryo-vessel and the cavity is about 500 mm. The light 

source and the detector are set far from the cryomodule 

and light is transmitted via a fiber. There are many 

features and merits of WLI position monitor as follows. 

1. Thanks to the white light interferometry, we can set 

the monitor and measure the cavity position 

directly from the outside the cryo-vessel even if the 

distance between the cavity and the cryo-vessel is 

far from more than one meter. 

2. If the precise scanner is prepared for the movement 

of the reference mirror, the resolution of this 

monitor will be achieved less than 1 micron and the 

large dynamic range can be obtained by setting the 

movement of the scanner range larger. 

3. When the monitor was broken, we easily repaired 

the sensor without opening the cryomodule. 

4. Small aperture of view ports can be placed for 

monitoring and thus reduce the thermal radiation. 

5. By using higher intensity white light and/or laser, 

we can improve the resolution of WLI monitor. 

PERFORMANCE TEST OF WLI 

MONITOR AT A TEST STAND 

Prior to setting of the WLI monitor to the cryomodule, 

we carried out the performance test at a test stand by 

using the critical optical components for the WLI monitor.  

 

Figure 3: Setup of the WLI monitor at a test stand. 

Figure 3 show the setup of test stand for WLI monitor. 

We used the ASE light source of 100 mW for a white light 

source to increase the laser power and satisfied our 

required resolution of less than 10 m. All optical paths 

except for that near the target and the path of the 

reference light scanner are given by the optical fiber made 

of quartz. The power of light was divided by fiber coupler 

(FC) to the reference and to the target. The forward and 

reflected power adjusted by the fiber polarization 

controller (FPC) and fiber circulator (FCirc). Finally the 

path length of reference line was controlled by the 

scanner with less than 1 m resolution and reproducibility. 

The dynamic range of more than 100 mm was obtained 

by moving this scanner. The interference of the reflected 

lights between the reference and the target was measured 

by the AD counter on PC via the balanced detector with 

the electric filter as a function of the position of the 

reference light scanner.  

 

Figure 4: Picture of the setup from the collimator to the 

target of WLI monitor at the test stand. 
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Figure 4 shows the setup of WLI monitor especially 

from collimator to the target of WLI monitor at test stand. 

In order to demonstrate the performance of WLI monitor 

at the condition of cryomodule, the optical path from the 

collimator to the target kept 1 m length and were covered 

by the stainless steel tube with a small aperture of 20 mm 

diameter. We also set the view port of ICF70 flange with 

30 mm diameter on this optical path. Target was made of 

Ti, which was same as the material of the He jacket of the 

superconducting cavity. We measured the interference 

pattern by changing the roughness of target and the 

incident angle of light to the target. 

  

Figure 5: (Left) Measured interference pattern at a test 

stand. (Right) measured peak position of the interference 

pattern by changing the reference scanner. 

The left figure of Figure 5 shows the measured 

interference pattern at a test stand by using Ti target with 

the roughness of 4.38 micron and the incident angle of 0 

degree, which denoted that the incident light was 

perpendicular to the surface of the target. The interference 

pattern was not symmetry according to the position. This 

is because the spectrum of the ASE light was not the 

Gaussian shape. In spite of this asymmetric interference 

pattern, the peak position of the interference was stable 

under the continuous scanning. In order to check the 

accuracy of the measurement, we measure the peak 

position of this interference pattern by moving the 

reference scanner every 0.5 mm step as shown in the right 

figure of Figure 5. The relative peak position movement 

of the interference pattern perfectly matched the relative 

scanner movement. We found that the resolution of this 

monitor was 2 micron even if the optical path from the 

target to the collimator was as long as 1m length.  

 

Figure 6: (Left) Measured interference pattern with the 

different incident angle. (Right) measured stability of the 

peak position of the different incident angle for 10 min. 

 We surveyed the dependence of the incident angle of the 

light to the target. The left figure of Figure 6 shows the 

interference pattern respect to the incident angle with 

same target as shown in Figure 5. As the incident angle 

larger, the peak intensity of the interference pattern 

became smaller. Due to the small intensity of larger 

incident angle of more than 30 degree, the resolution of 

this monitor became worse as shown in the right figure of 

Figure 6.  
 
Table 1: Measurable peak intensity of interference pattern 

Roughness of the target (Ra) Range of incident angle  

20.95 m 0-30degree 

4.38 m 0-30 degree 

0.23 m 0-20 degree 

We summarized the measurable peak intensity with the 

different parameters of the target as shown in Table 1. As 

the roughness was smaller, the sharper interference 

pattern was observed; the measurable range became 

smaller. We do not need the large incident angle for the 

cryomodule test. We, therefore, selected the smaller 

roughness of 4.38 m to obtain higher resolution of WLI 

monitor. We noted that the resolution did not depend on 

the material of the target.  

 

Figure 7: Long-term stability of the WLI monitor. 

 Finally, we measured the long-term stability by using 

same target at this test stand as shown in Figure 7. The 

bottom figure of Figure 7 shows the measurement of the 

position from the interference pattern. The above three 

figures from top side in Figure 7 show the pressure, 

humidity and temperature around a test stand, respectively. 

The initial movement of position monitor come from the 

warm-up of the ASE light. We have no correlation 

between the position and air pressure. But we found the 

correlation between the position and temperature and/or 
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humidity. We could keep the measured accuracy with 5 

m for 12 hours and satisfy our requirement under 

controlling temperature of less than 0.6 degree accuracy. 

Especially, temperature dependence is severe for WLI 

monitor. 

MEASUREMENT OF THE CAVITY 

DISPLACEMENT IN CRYOMODULE 

UNDER 2K COOLING 

After the performance test, we installed the WLI monitor 

to the cERL main-linac cryomodule to measure the 

displacement of superconducting cavity under cooling 

down from room temperature to 2K.  

cERL is a test facility, which is now being constructed 

on the ERL Test Facility in KEK. Its aim is to 

demonstrate technologies needed for future multi GeV 

class ERL. One of critical issues for ERL is development 

of the superconducting cavities. At the first stage of cERL, 

minimum version of ERL will be constructed and electron 

beams of 10 mA will be accelerated up to 35 MeV. One 

main linac cryomodule with two 9-cell cavities have been 

constructed.  

 

Figure 8: (Left) Schematic view of cERL main linac 

cryomodule (Right) Picture of cERL main linac 

cryomodule at cERL beam line. 

Figure 8 shows a schematic view and a picture of the 

main linac cryomodule, which contains two 9-cell KEK 

ERL model-2 cavities [10,11] mounted with He jackets. 

Other important components like HOM absorbers [12] 

and coaxial input couplers [13] were equipped to perform 

the stable cERL beam operation. The detailed 

performance of this cryomodule including the high power 

test was shown in ref. [3]. The detailed structure and 

cooling parts of cryomodule, set at the deferent 

temperature regions, are explained below.  

 

Figure 9: Detailed cross sections of the cERL main linac 

cyomodule with 8 alignment targets including the target 

(#1) for WLI monitor. 

Figure 9 shows the detailed cryomodule structure of 

cERL main-linac with 8 alignment targets. Cooling pipes 

of 80K, 5K and 2K are extended throughout the 

cryomodule. The 80K line was cooled by Nitrogen, and 

5K and 2K lines were cooled by Helium. After filling 

with 4K liquid He, insides of the He jackets were pumped 

down and the cavities were cooled down to 2K. To keep 

the precise alignment, two cavities were supported by Ti 

frame with 5K He line, called as 5K frame. And this 5K 

frame was supported by the large girder (backbone) set at 

300K via 5k frame supports. The magnetic shield was 

equipped to this 5K frame.  

The eight optical alignment targets were set at the 

known position on the 5K frame to measure the transverse 

movements of cavities. Four targets were set on the top 

part of 5K frame at each end of the cavities and arranged 

at the same transverse position to the beam axis. Other 

four targets were set the side parts of 5K frame with the 

same manner. These targets consisted of the quartz with a 

cross line and Al supports. Viewing the cross lines of 

these optical targets through the view port by the 

alignment telescope under cooling, we could catch up the 

movements of cavities. The resolution of the optical target 

was about 0.1 mm. 

 

Figure 10: Setup of WLI monitor around cERL main-

linac cryomodule. Red circle in the picture shows the 

optical target (#1) used for WLI monitor. 

The target #1 in Figure 9 was used for monitoring the 

movement of cavities by the WLI monitor. Figure 10 

shows the detailed setup of WLI monitor around the 

cERL main linac cryomodule. The horizontal and vertical 

side of the target #1 was monitored. The roughness of the 

side of the target made of Al was 1.6 m. The both path 

lengths between the collimator and target were 600 mm, 

which equal the focal length of the collimator. The 

dynamic ranges of 30 mm for this WLI monitor were 

available. The collimators were fixed to the cryo-vessel of 

this cryomodule by the stainless supports. Other parts of 

WLI monitor were same as the setup of Figure 3 except 

for the fiber length between the FC2 and the collimator 

(the reference mirror), which was 3 m length. The white 

light of ASE light source of 30mW went through each 

fiber, mirror and view port and the reflected white light at 

the target #1 interfered with the reflected light at the 

reference mirror as shown in Figure 3. We note that the 
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thermal and phase stabilized fiber was used for WLI 

monitor to improve the performance of this monitor.  

The left figure of Figure 11 shows the measurement 

results of the horizontal and vertical movements under 

cooling to 2 K temperature with respect to the 

temperature of 5K frame for more than 3 weeks from the 

starting cooling down. The horizontal and vertical 

directions of target movements were explained by the 

green arrows near the target in Figure 10. The red and 

blue dots in Figure 11 show the horizontal and vertical 

movements measured by WLI monitor, respectively. The 

red open circles and blue open triangles in Figure 11 

show the horizontal and vertical movement measured by 

the alignment telescope. The green line in Figure 11 

shows the temperature at 5K frame. It took 2 weeks for 

cooling down to 2K because the following cooling 

strategy was required; (1) the HOM absorbers should be 

cooled down slowly, to avoid cracking on ferrite 

absorbers. Slope of 3K/hour was required. This rate was 

used for cooling test of the HOM absorbers. (2) Large 

temperature difference was avoided among each cooling 

lines. Typically it was required to be less than 50K. We 

noted that the cooling by liquid He stopped for about 8 

hours in the midnight and the cooling by liquid nitrogen 

continued for 24 hours. 

 

Figure 11: (Left) Measurement results of the movements 

of target #1 together with the 5K frame temperature 

(Right) Expanded view of the measurement results of left 

figure in orange circle. The left and right vertical axes of 

both figures show the measured target movements and the 

measured temperature of 5K frame, respectively. 

We found that the horizontal and vertical movements of 

target #1 from room temperature to 2K were 0.2 mm and 

1.1 mm, respectively. These values almost agreed well 

with the measurements by the alignment telescope as 

shown in the left figure of Figure 11. From these results 

including all target measurements [3], the displacements 

of cavity center, from room temperature to 2K, were 

estimated to be less than 0.5 mm. This value is within our 

alignment tolerance [14]. We show the measurement 

results under 2K cooling in detail as shown in the right 

figure of Figure 11. We found that the clear temperature 

correlation with temperature of 5K frame was observed 

and if the temperature of 5K frame was stable, 

superconducting cavity with 5K frame was stably set 

within 10 m for 12 hours. This means our WLI monitor 

has less than +- 5m for 12 hours.  

There are some comments about these measurements 

using WLI monitor for cryomodule. The temperature of 

the cERL beam line was not stable for first 2 weeks under 

cooling from room temperature to 2K. Therefore, we 

found that the temperature dependence of WLI monitor 

was also appeared for first two weeks. Figure 12 shows 

the results of the measurement of target for first one week 

with respect to the temperature of the ASE light source 

and near the reference fiber and target as shown in Figure 

12. We finally found that this temperature dependence of 

the measured position come from that of the spectrum of 

ASE light source. After keeping temperature stable, 

measured data was stable as shown in the right figure of 

Figure 11. 

 

Figure 12: Measurement results of target #1 by WLI 

monitor (Left) horizontally and (Right) vertically. 

This WLI monitor was set inside the cERL beam line to 

shorten the fiber length. Therefore, we needed to set the 

whole system including PC inside the cERL beam line. 

During high power test, unfortunately, we had to stop the 

measurement to escape them from the radiation come 

from the cryomodule. During warming up of the 

cryomodule, we restarted the position measurement of 

cryomodule. We noted that after warming up, the 

measured position returned to the original position. 

SUMMARY AND FUTURE PLAN 

We newly developed the position monitor based on 

white light interferometer. Prior to install WLI monitor to 

cERL cryomodule, we carried out the performance test at 

the test stand to demonstrate the performance of the WLI 

monitor. We found that the resolution of this monitor was 

2 m, in spite of the optical path from the target to the 

collimator of 1 m length. We also kept the measured 

accuracy with 5 m for 12 hours under controlling 

temperature within 0.6 degree accuracy in this test stand. 

After the performance test, we installed the WLI monitor 

to the cERL main-linac cryomodule to measure the 

displacement of superconducting cavity under cooling 

down from room temperature to 2K. We found that the 

horizontal and vertical movements of target set in 

cryomodule from room temperature to 2K were 0.2 mm 

and 1.1 mm, respectively and agreed with the 

measurements by the alignment telescope. We also found 

that the clear temperature correlation of the measured 

position. This accuracy had 5 m. 
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In 2013, cERL will start the beam operation with main 

linac. To keep monitoring during beam operation, we plan 

to improve the WLI monitor to replace the whole 

monitoring system except for the collimator set the 

cryomodule to the outside of the radiation shield. 
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RESULTS ON QUALITY FACTORS OF 1.3 GHz NINE-CELL CAVITIES AT
DESY

F. Schlander, Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany ∗

Abstract
Superconducting cavities made of niobium are the basis

of many particle accelerators around the world. Besides
the quest for high accelerating fields for projects like Eu-
ropean XFEL [1] and the International Linear Collider [2],
the quality factor, a measure for the resistance and hence
the ohmic losses, is of importance, because it eventually
determines the cryoplant size and its costs of operation.
Especially for current and future accelerators operating in
continuous wave (CW) mode (e.g. [3]), the dynamic heat
load generated by cavity operation exceeds the static heat
load by far and thus requires minimisation. To investigate
the current quality factor performance at various fields of
1.3 GHz cavities at DESY, the test results of some 50 recent
cavities with state-of-the-art treatment have been examined
regarding surface treatment and material [4].

INTRODUCTION
The minimisation of the ohmic losses in superconduct-

ing cavities during operation is of importance, because the
operating temperature of T = 2 K or less is demanding
in terms of providing a fair amount of liquid helium as
coolant. A measure for the surface resistanceRs is the (un-
loaded) quality factor Q0, which is determined during ver-
tical RF tests. The dissipated power for continuous wave
operation is then calculated via

Pdiss =
E2

accl
2

(R/Q)Q0
(1)

with Eacc as accelerating field, l = 1.038 m as active
length and R/Q = 1030 Ω as geometric factor for a
TESLA 9-cell cavity.

To analyse latest test results, only quality factor vs. ac-
celerating field (Q vs. Eacc) cavity test data [5] from re-
cent standard cavity production series, starting from cav-
ity AC112 are taken into account. In addition, results of
the four reference cavities of each cavity vendor provid-
ing cavities for the European XFEL have been examined.
The cavities AC112-AC114 and AC151-AC158 are made
of large grain (lg) niobium [6], while the rest are made of
fine grain (fg) material. All cavities have been heated in
a vacuum furnace and received (electro-)chemical surface
treatments which are referred to as follows [7]:

• EP: electropolishing

• BCP: buffered chemical polishing

• EP+: BCP Flash (up to 20µm BCP on an EP surface)
∗new affiliation: Institut für Kernphysik, Johannes Gutenberg-

Universität, Mainz, Germany, schlande@kph.uni-mainz.de

All measurements have been carried out at a helium bath
temperature of T = 2 K. Data recorded with radiation
exceeding 10−4 mGy/min (resolution limitation) on the
cryostat lid has not been taken into account. This results
in a set of 71 cavity tests of more than 50 cavities. The
quality factors of each dataset have been averaged and the
uncertainties shown in the figures are given by using the
standard deviation of the data. Towards higher accelerating
fields, some cavities suffer from field emission or thermal
breakdown, thus the averaged value is created of fewer data
(for more details see [4]). Further detailed examination of
current quality factor data is also given in [8].

The next section shows quality factors achieved for the
different surface treatments, followed by a comparison of
the quality factors for cavities made of large and fine grain
niobium. In the subsequent section the residual resistivity
ratio (RRR) of the niobium sheets used for cavity produc-
tion is assigned to the quality factors obtained in the verti-
cal cavity tests, followed by a summary of the results.

SURFACE TREATMENTS
A direct comparative quality factor analysis for all sur-

face treatments applied at DESY is possible for the cavities
fabricated of large grain material, since the sequence of sur-
face treatments and corresponding tests have been chosen
for that reason.

All eleven cavities had a BCP surface treatment with
subsequent vertical test. To compare between BCP and EP
surface, all cavities got an additional EP treatment to obtain
a ’new’ EP surface, followed by another vertical test. Due
to disassembly, tank welding and reassembly of flanges and
antennas, four cavities received an EP+ treatment.

As shown in Fig. 1, the difference of cavity quality fac-
tors for BCP and EP surface is almost negligible. The slope
in Q0 is almost the same up to Eacc ≤ 15 MV/m, but a
small offset of ∆Q0 ≤ 109 applies, which is within uncer-
tainty but may account for the different surface properties,
as EP leaves a smoother surface (see [9]). In addition, it is
visible that BCP treated cavities do not reach fields higher
than 30 MV/m.

The EP+ data yields a higher quality factor which has
to be attributed to one out of the four cavity tests. Cavity
AC157 showed a much higher Q0 than expected, which
has been explained with a high coupling factor β > 10
during test yielding a lower external quality factor and an
overestimation of Q0. If this dataset is subtracted, the EP+
values are also in very good agreement with the BCP and
EP data.

The range from 20-25 MV/m shows no significant
change for BCP and EP cavities, the small offset in Q0
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Figure 1: Averaged quality factors for different accelerat-
ing fields of eleven large grain cavities with different sur-
face treatments. All treatments yield similar quality fac-
tors, for EP+ only four cavities were available and one cav-
ity measurement yields a very high Q0 > 3 × 1010 up to
20 MV/m.

persists, for EP+ only two cavities are included, which ex-
plains the increasing offset. Overall, if the cavities do not
suffer from field emission, Q0 is always above 1.6 × 1010,
which is a promising result for further cavities being assem-
bled from large grain material and receiving state-of-the-art
treatment.

For cavities made of fine grain material, only electropol-
ished and EP+ cavity tests are available in a sufficient num-
ber: 19 EP surfaces and 18 EP+ surfaces. In contrast to the
large grain cavities, where the cavity sample is the same for
all treatments, only six fine grain cavities were tested with
both surface treatments. Thus the comparison in Fig. 2 only
allows statements related to the surface treatments, since
only few cavities are contained in both datasets.

Figure 2: Averaged quality factors for different accelerat-
ing fields for fine grain cavities sorted by surface treatment.
Although the data samples do not include all the same cavi-
ties, it is obvious that EP+ does not affect the quality factor
negatively. The dashed lines show the reference cavities
(RCV) of the industrial cavity production for the European
XFEL, which meet the quality factors of the earlier cavities
within uncertainties.

There is almost no difference in Q0 for the surface treat-
ments up to Eacc = 25 MV/m, although the tests available
at this accelerating field reduce to 5 or 4 cavities respec-
tively (EP/EP+) due to field emission. The drop of the qual-
ity factor at 30 MV/m for the EP+ cavities can be accounted
to the only two cavities remaining at this field: AC128 and
AC129 got the full treatment, including 800◦C annealing
and 120◦C baking. They show no field emission and yet
exhibit a strong reduction in the quality factor, which lacks
of an explanation.

The first pre-series cavities, so-called reference cavities
(RCVs), assembled by the cavity vendors for the Euro-
pean XFEL series production have been treated at DESY
according to the treatments planned at the vendors’ fa-
cilities. At a first glance, a slightly higher quality fac-
tor for cavities for EP+ is seen, but nevertheless, statis-
tics is limited and measurement errors itself have not been
taken into account. The values obtained are within un-
certainty of the previously discussed EP+ cavity sample.
The EP RCVs match the curve for EP treated cavities per-
fectly. One of the EP+ RCVs exhibits some field emission
above 15 MV/m, but the overall conclusion for the RCVs
is, that the cavities exceed the specified quality factor of
Q0(23.6 MV/m) > 1010 given in the technical design re-
port for the European XFEL easily.

LARGE- AND FINE GRAIN MATERIAL
Large grain cavities have several advantages regarding

the quality factor and heat dissipation: The surface is much
smoother after surface treatment and less grain boundaries
contribute to the surface resistance [10]. For easier com-
parison, the EP data of the previous figures for large and
fine grain material is combined in Fig. 3.

Figure 3: Quality factors of cavities made of large grain
material compared to fine grain material.

It is obvious, that the cavities made of large grain ma-
terial yield higher quality factors than fine grain cavities.
The difference in surface resistance is about 2 nΩ (≈ 20%),
which results in a reduction of dissipated heat of about 1/6
for the large grain cavities, due to a reduced overall length
of grain boundaries. The cavities for large scale produc-
tions are still made of fine grain material since the niobium
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vendors cannot produce a sufficient amount of large grain
material up to now, and the assembly of those cavities is
difficult [11].

INFLUENCE OF RRR
A comparison of different niobium ingots is possible by

using the eleven large grain cavities, as these were fabri-
cated of three different ingots with different RRR:

• RRR(AC112-114)=505

• RRR(AC151-153)=406-438

• RRR(AC154-158)=340-355

Note that the RRR specified was measured for the single
niobium sheets, so changes of RRR due to forming, weld-
ing and treatment are not taken into account. The quality
factors of the cavities, separated by ingots and surface treat-
ment are given in Fig. 4. The cavities made from lower

Figure 4: Comparison of quality factors for cavities made
of different niobium ingots with varying RRR.

RRR material yield higher quality factors due to lower
RBCS, which complies with calculations and previous mea-
surements [12]. Although a complete change of the surface
(from BCP surface to clean EP surface) took place, the se-
quence of the quality factors compared to the sheet RRR
remains the same up to 20 MV/m, there is no major vari-
ation of RRR due to the surface treatments. Above this
threshold, other loss mechanisms are dominant (e.g. [13]).

SUMMARY
Quality factors of about 70 tests of superconducting

1.3 GHz 9-cell cavities at DESY have been examined.

While there is no significant difference of Q0 for differ-
ent surface treatments, large grain cavities feature 10-20%
higher quality factors than those made out of fine grain nio-
bium, which coincides with observations made at other lab-
oratories. Cavities made of niobium with higher RRR show
a slightly lower quality factor, which is also consistent with
other observations.

In summary, the cavities show promising results regard-
ing the specifications of current large scale accelerator
projects, which require quality factors Q0 > 1010. Most of
the cavities also meet the requirements (Q0 > 2×1010) for
CW accelerators at accelerating fields Eacc < 20 MV/m.
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RECORD QUALITY FACTOR PERFORMANCE OF THE PROTOTYPE
CORNELL ERL MAIN LINAC CAVITY IN THE HORIZONTAL TEST

CRYOMODULE∗

N. Valles , R. Eichhorn, F. Furuta, M. Ge, D. Gonnella, D.N. Hall, Y† . He, V. Ho, G. Hoffstaetter,

Cornell University, CLASSE, Ithaca, NY 14853, USA
Abstract

Future SRF linac driven accelerators operated in CW
mode will require very efficient SRF cavities with high in-
trinsic quality factors, Q0, at medium accelerating fields.
Cornell has recently finished testing the fully equipped 1.3
GHz, 7-cell main linac cavity for the Cornell Energy Re-
covery Linac in a horizontal test cryomodule (HTC). Mea-
surements characterizing the fundamental modes quality
factor have been completed, showing record Q0 perfor-
mance. In this paper, we present detailed quality factor vs
gradient results for three HTC assembly stages. We show
that the performance of an SRF cavity can be maintained
when installed into a cryomodule, and that thermal cy-
cling reduces residual surface resistance. We present world
record results for a fully equipped multicell cavity in a cry-
omodule, reaching intrinsic quality factors at operating ac-
celerating field of Q0(E =16.2 MV/m, 1.8 K) > 6.0× 1010

and Q0(E =16.2 MV/m, 1.6 K) = 1.0× 1011, correspond-
ing to a very low residual surface resistance of 1.1 nΩ.

INTRODUCTION
Cornell University is developing a 5 GeV energy re-

covery linac (ERL). The SRF main linac of this ERL is
designed to support high current beams, each at 100 mA
with 77 pC bunch charge (one beam is accelerated and
the returning beam is decelerated in the main linac), with
small emittance.[1] These demanding beam requirements
set tight constraints for electromagnetic and higher-order
mode properties of the 1.3 GHz main-linac cavities [2, 3].
In addition to these RF properties of the cavity, the feasi-
bility of operating a 5 GeV SRF linac in continuous wave
mode requires the main-linac cavities to have 1.8 K qual-
ity factors of at least 2 × 1010 at the operating gradient of
16.2 MV/m [1].

Eventually, six 7-cell cavities along with other instru-
mentation will be commissioned within a prototype main
linac cryomodule (MLC) [4]. The precursor to the MLC is
the horizontal test cryomodule (HTC) which can contain
a single 7-cell cavity, two higher-order mode (HOM) ab-
sorbers and other experimental instrumentation.

The first prototype cavity has been fabricated [5] and is
being qualified in the HTC through several stages of hard-
ware implementation. By performing measurements at var-

∗Work supported by NSF Grants NSF DMR-0807731 and NSF PHY-
1002467

† nrv5@cornell.edu

ious stages of implementation, the effects on the quality
factor and higher-order mode spectrum can be character-
ized systematically, leading to tight control of the perfor-
mance of the structure. In total, there are three verification
stages.

HTC-1 tests the prototype cavity with an on-axis, high
Qext RF input coupler, and no HOM absorbers. The goal
of this test was to replicate the results of an initial vertical
test in a horizontal cryomodule. The axial RF input cou-
pler allowed accurate measurement of the quality factor of
the cavity via standard RF methods and verification of the
cryogenic load measurements.

HTC-2 modified the RF input power scheme to the cav-
ity, adding a side mounted high power (5 kW) RF input
coupler in addition to the axial probe. This stage allowed
the coupler assembly process to be qualified, as well as pre-
liminary investigations into the coupling between the high
power coupler and higher-order modes.

HTC-3 reconfigures the assembly, removing the axial
power coupler and adding two broadband beamline HOM
absorbers–one on each end of the cavity. Prior to assembly,
the cavity surface was retreated.

Meeting gradient and quality factor specifications in
each of these tests would demonstrate the feasibility of the
all the main systems needed for the MLC.

This paper details the results of the three HTC exper-
imental runs, focusing on the fundamental mode proper-
ties. Investigations of the higher-order mode spectrum are
presented elsewhere [6]. We present quality factor measure-
ments for all three tests and demonstrate that the cavity fab-
ricated at Cornell exceeds design specifications.

METHODS
Cavity Preparation and Cryomodule Assembly

The construction [7] and preparation of the prototype
main-linac 7-cell cavity, ERL 7.1, for HTC-1 has been de-
scribed elsewhere [5, 8]. A brief summary of the steps prior
to HTC-2 are presented here for completeness.

After fabrication, the cavity received a bulk etch of
150 μm and was outgassed at 650 ◦C for 10 hours. Next the
cavity received a 10 μm BCP, a 16 hour high-pressure rinse
(HPR), was then cleanly assembled and baked at 120◦C for
48 hours.

The cavity was vertically tested, and found to exceed
quality factor and gradient specifications. The cavity’s
Q vs E curve only showed mild medium field Q slope and
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reached 26 MV/m before being limited by available RF
power.

The initial horizontal cryomodule test served to check
several aspects of prototype commissioning. First, the he-
lium jacket needed to be welded to the cavity without mod-
ifying the cavity’s underlying geometry, which could ef-
fect the higher-order mode spectrum. Second, the entire
assembly should shield the cavity from as much residual
magnetic flux as possible to push to the highest achievable
quality factors. Finally, it was necessary to demonstrate
that the cavity could be cleanly assembled in a horizontal
orientation and maintain a very high quality factor. Thus,
these factors were the only large changes between the ver-
tical test and HTC-1.

Following the successful vertical test, while maintain-
ing a clean RF surface, the cavity was outfitted with a
helium jacket, and installed in a horizontal test cryomod-
ule for HTC-1. An axial RF coupler, (fundamental mode
Qext = 9 × 1010) similar to the one used in the vertical
test, was installed on the end of the cavity.

At the next stage of the tests, HTC-2, a high-power side
mounted RF input coupler was added to the HTC-1 assem-
bly. This antenna couples to the fundamental mode with
Qext = 4.5× 107, so is strongly overcoupled.

The final stage of the HTC tests, HTC-3, adds beamline
higher-order mode absorbers at each end of the cavity. To
install these absorbers, HTC-2 had to be disassembled to
allow removal of the axial coupler. After HTC-2, the cavity
was reprocessed with a 5 μm BCP, 120◦C bake, and an HF
rinse to mitigate field emission in the HTC-2 experiment.
HOM absorbers and the high-power RF coupler were in-
stalled and the cryomodule tested in its final configuration.

Experimental Procedure
The HTC cavity tests had three main goals: to measure

the quality factor vs accelerating field (Q0 vs E) of the cav-
ity, to determine the quench field of the cavity, and to qual-
ify each major stage of the assembly.

For each HTC experiment, the cavity was slowly cooled
from 300 K to 1.8 K while maintaining a small tempera-
ture gradient (< 0.3 K) across the cavity in an attempt
to prevent thermal-electric currents from trapping flux and
degrading the quality factor of the cavity [9]. In HTC-1
the Q0 vs E points were measured through standard RF
methods–utilizing two RF probe ports [10]–and cryogeni-
cally by using the helium boil-off rate to determine the
power dissipated from the cavity. Quality factor measure-
ments in HTC-2 and HTC-3 required cryogenic methods
to determine the performance of the structure, since the
strongly overcoupled high-power input coupler would not
yield accurate Q0 measurements.

The quality factor can be measured with cryogenic
means through the gas flow rate of helium through a gas
meter at the output of the HTC. The heat capacity of the
gas is a function of temperature, which then directly yields
the power dissipated in the helium bath. A heater attached
to the outside of the helium vessel allows the flow rate to

be calibrated as a function of heater power.
After measuring the cavity’s quality factor at 1.6, 1.8

and 2.0 K, the quench field was determined and a Q0 vs E
curve was remeasured to determine whether quenching had
a deleterious effect on the quality factor. Subsequently, to
return the cavity to its original superconducting state, the
cavity temperature was cycled to above its critical temper-
ature, Tc, and the quality factor remeasured.

RESULTS
Quality factor vs accelerating gradient at 1.6, 1.8 and

2.0 K was measured for each of the HTC experiments. The
BCS losses of the superconductor can be calculated with
SRIMP [11], which in turn can be used to determine ma-
terial properties of the cavity from the temperature depen-
dence of the quality factor.

HTC-1

The Q0 vs E measurements over several thermal cycles
are shown in Fig. 1. RF and cryogenic measurements of Q0

were in agreement. The quench field was 17.3 MV/m, and
prior to quenching the cavity produced radiation at about
1 R/hr. After the 100 K cycle, the residual resistance of
the cavity was ∼5.8 nΩ
led to a 50% increase in Q0 at the operating temperature.
The highQ0 was maintained even after an intentionally fast
cooldown.
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Figure 1: Q0 vs Eacc measurements at 1.8 K before and af-
ter thermally cycling ERL7-1 in HTC-1. The star denotes
the Q0 specification at 1.8 K. The Q0 at design gradient
increased by ∼50% after thermally cycling to low temper-
atures. 10% error bars in Q0 are suppressed for visual clar-
ity.

After thermally cycling, the cavity exceeded the design
specification of Q(16.2 MV/m, 1.8 K) = 2×1010 by 50%.
Furthermore the cavity set a record for quality factor of a
multicell cavity installed in a horizontal test cryomodule
reaching Q(5.0 MV/m, 1.6 K) = 6 × 1010, as shown in
Fig. 2.

 [5]. Thermally cycling the structure
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Figure 2: Final Q0 vs Eacc measurement of ERL 7.1 in
HTC-1.

HTC-2

In HTC-2, the quality factor was again measured over
several rounds of thermal cycling, described in [9]. Ther-
mal cycling’s effect on Q0 is presented in Fig. 3. After the
first 15 K thermal cycle the mid-field Q0 improved ∼50%
at both 1.6 K and 1.8 K. Administrative limits prevented
quench field determination.
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Figure 3: Q0 vs Eacc measurements at 1.8 K before and
after thermally cycling the ERL 7-1 in the HTC-2 experi-
ment. Star denotes 1.8 K Q0 specification. The most ben-
efit in reduced surface resistance (higher Q0) was obtained
after the first 15 K thermal cycle. For visual clarity, 20%
error bars in Q0 have been suppressed.

Thermal cycles to 8.9 K and to room temperature did not
increase Q0 in HTC-2. This suggests that the most benefit
for thermal cycles is obtained from peak temperatures in
the region between 9.0 and 100 K.

In HTC-2, ERL 7.1’s met the design specifications, but
was limited by field emission coming from the end cell far
from the high power coupler. The final Q0 vs E plot is
shown in Fig. 4.

4 6 8 10 12 14 16 18

1010

1011

Q
u
a
li
ty

F
a
ct

o
r

Eacc [MV/m]

 

 

Measurement at 1.6 K
Measurement at 1.8 K
Measurement at 2.0 K
Q0 Specification at 1.8 K

Figure 4: Final Q0 vs Eacc measurement of ERL 7.1 in
HTC-2.

HTC-3
The final stage of the HTC experiments included all the

components and instrumentation that would be used in a
full 6 cavity cryomodule for Cornell’s Energy Recovery
Linac. Initial measurements of cavity’s quality factor were
performed at 1.6, 1.8 and 2.0 K. Q0 vs E measurements
after the first cooldown are presented in Fig 5.
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Figure 5: Initial Q0 vs E measurement of ERL 7.1 in HTC-
3. The star denotes the design specification for 1.8 K op-
eration. The cavity field reached 21.2 MV/m, limited by
available pumping capacity. Radiation at highest fields was
< 1 R/hr. The large uncertainties in the 1.6 K points arises
from the small level of dissipated power, but are consis-
tent with BCS predictions for a very low residual resistance
cavity.

As in the other experiments, the cavity was thermally
cycled. Since most benefits were seen for cycles just above
Tc, it was chosen to cycle to above 10 K before recooling to
1.8 K. Fig. 6 shows the Q0 vs E measurements post thermal
cycle.

The prototype cavity ERL 7.1 was measured to have
Q0(1.8 K) = 3.6 × 1010, Q0(1.8 K) = 6.1 × 1010 and
Q0(1.6 K) = 1.0 × 1011 at the operational gradient of
16.2 MV/m, setting the world record Q0 for a multicell
cavity operating in a horizontal cryomodule.
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Figure 6: Final Q0 vs Eacc measurement of ERL 7.1 in
HTC-3. At the operating accelerating gradient and tem-
perature, the cavity’s Q0 exceeds design specification by a
factor of three, reaching 6 × 1010. Accelerating gradients
of 21 MV/m were achieved.

Finally, the superconducting parameters was character-
ized using SRIMP [11] and Fig. 7 shows that the residual
resistance after thermal cycling was reduced from ∼3 nΩ
to a very low value of just ∼1 nΩ.
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Initial cooldown
BCS + 2.94 nΩ
Post 10 K
BCS + 1.08 nΩ

Figure 7: Rs vs temperature measurements before and after
thermally cycling ERL 7.1 to 10 K in HTC-3.

CONCLUSIONS
The main linac cavity exceeded design specifications in

all three HTC experiments. Temperature cycling helped to
improve the quality factor of the cavity by about 50%, with
the most benefit being realized after thermally cycling to
low temperatures above Tc.

Measurements of the prototype cavity outfitted with a
high power coupler and two beamline HOM absorbers
shows exceptional quality factor results at gradients up to
21 MV/m. At 1.8 K, the quality factor specification was
exceeded by a factor of three. In addition, ERL 7.1 reached
Q0(16.2 MV/M, 1.6 K)=1.0× 1011 in a fully outfitted cry-
omodule in HTC-3, breaking the world record that was

set in HTC-1 [12] and demonstrating that very high Q0 is
achievable in horizontal cryomodules.
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Vertical
HTC-1

Figure 8: Comparison of Q0 vs E measurements of
ERL 7.1 in the vertical test and HTC-1. Both data sets
were taken at 1.8 K. HTC-1 exhibits much higher Q0 than
in the vertical case, even though no surface processing was
done between the two measurements.

The HTC experiments demonstrate that extremely high
quality factors can be preserved in a fully equipped cry-
omodule, and Q0 does not necessarily have to degrade
between vertical and horizontal testing. This is clearly
demonstrated by Fig. 8, which shows higher quality factors
in the HTC-1 experiment than the vertical test, even though
the surface preparation and instrumentation was identical
between the two.

We attribute the very high values of Q0 in the HTC ex-
periments to three factors: First, there are two layers of
magnetic shielding in the cryomodule, compared with a
single layer in the vertical dewar. The additional shield-
ing reduces the ambient magnetic flux in the cryomod-
ule, which leads to a smaller residual resistance. Second,
the tightly controlled cooling process of the cavity in the
cryomodule minimizes both spatial and temporal gradients
across the cavity, reducing flux pinning in the superconduc-
tor. Third, the combination of HF rinse and a very uniform
120◦C bake in a large furnace leads to high quality surfaces
having low BCS resistance.

Six additional main-linac cavities have been fabricated.
Three of the cavities have stiffening rings and three others
are unstiffened. Initial vertical cavity tests were successful.

Future work with this cavity will include beam tests in
Cornell’s Injector Cryomodule in the Fall of 2013. These
measurements will use beam to measure the Q0, R/Q and
frequencies of higher-order modes in the HTC.
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Abstract 
The combination of the low-loss shape and large 

grain niobium material is expected to be the possible way 

to achieve higher gradient and lower cost for ILC 9-cell 

cavities, and will be essential for the ILC 1 TeV upgrade. 

As the key component of the “IHEP 1.3 GHz SRF 

Accelerating Unit Project”, a low-loss shape 9-cell cavity 

with full end groups using Ningxia large grain niobium 

(IHEP-02) was fabricated at IHEP in 2012. The cavity 

was processed (XMP and EP) and tested at FNAL in 

2013. The cavity processing, test performance and 

gradient limitation are reported in this paper. 

INTRODUCTION 

1.3 GHz superconducting radio-frequency (SRF) 

technology is one of the key technologies for the 

International Linear Collider (ILC) and future ERL and 

high energy section of the high intensity proton linac in 

China. IHEP is building a 1.3 GHz SRF Accelerating Unit 

to demonstrate this technology. All the key components 

have been fabricated and tested including the low-loss 

shape large grain 9-cell cavity (IHEP-02) [1].  

The ILC post-TDR R&D addresses both the gradient 

and Q0 needed for the 1 TeV upgrade. With an improved 

cavity cell shape and optimised material properties, 9-cell 

niobium cavities should be able to reach gradients in the 

range of 40–60 MV/m [2]. For this purpose, IHEP has 

been developing the low-loss shape large grain cavity 

since 2006 [3]. In 2012, we made the IHEP-02 cavity 

with full end groups (Fig. 1) and collaborated with FNAL 

to perform surface processing and vertical testing. 

CAVITY FABRICATION 

Based on the first 9-cell cavity experience, the 

dumbbell and equator welding were done with better 

quality. The frequency and length of both the dumbbells 

and end groups were precisely controlled by RF 

measurement, reshaping and trimming. 

The end group design of this low-loss cavity is similar 

to the TESLA cavity except larger input coupler port 

diameter, and larger distance between the HOM couplers 

and the end cell. The HOM characteristics were measured 

after cavity EBW. The external Q values of most of the 

dangerous higher order modes are below the ILC limit [4]. 

 

Figure 1:  IHEP-02 1.3 GHz low-loss large grain 9-cell 

cavity with full end groups. 

Due to the complicated structure and weld procedure, 

we made lots of weld tests and repairs for the end groups. 

Lessons were learned in EBW shrinkage, deformation and 

thermal conduction allowance etc. (Fig. 2). 

  

Figure 2:  IHEP-02 9-cell cavity EBW. 

The fundamental mode notch filter of the HOM coupler 

was adjusted as a practice (Fig. 3). The extrapolated notch 

frequency is 1280 MHz and 1248 MHz. 

 

Figure 3:  HOM coupler external Q adjustment of the 

fundamental mode on the field probe side. 

CAVITY PROCESSING 

The cavity was processed with FNAL and ANL SRF 

infrastructures [5]. The main processing procedures are 

(Fig. 4): 200 μm CBP (tumbling) to mirror surface, 40 μm 

EP, heat treatment 800 
°
C 3 hr, pre-tuning, 20 + 10 μm 

EP, ultrasonic cleaning, HPR, 120 
°
C bake 24 hr.  

 ____________________________________________  
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Figure 4:  IHEP-02 cavity processing, inspection, tuning 

and assembly at FNAL and ANL. 

CBP (XMP) 

Recently, FNAL extended the known CBP (centrifugal 

barrel polishing or tumbling) techniques to fine polishing 

(called Extended Mechanical Polishing, XMP), producing 

mirror-like finishes with <15 nm RMS (root mean square) 

roughness [6]. This is an order of magnitude less than the 

typical roughness produced by the electro-polishing (EP) 

of niobium cavities, thus less EP is needed compared to 

the baseline processing recipe. 

XMP removed most of the defects near IHEP-02 

equators, but several big ones remained. By optical 

inspection with automatic Kyoto camera system, all the 

remained defects were in the joint points of grain 

boundaries and weld beads (Fig. 5). 

 

Figure 5:  Pictures of the equator weld area near a large 

grain boundary. 

EP 

Although BCP treated large grain 9-cell cavities can 

reach 20~28 MV/m without Q-slope, experience has 

shown that EP is still a necessary surface-processing step 

to reach high gradient for large grain 9-cell cavities. 

The EP cathode rod is 33 mm (no mesh because of 

small iris of the low loss shape). More masking was 

added at the irises and end group locations. We reduced 

the normal voltage (18 V) to the measured plateau of the 

IV curve (15 V) of IHEP-02.  

After the second EP of 20 μm (total 60 μm), we found 

vacuum leak on the weld of one HOM 

leg and housing. The cavity was leak tight in the as-

received check. Non-full-penetration electron beam weld 

was the reason of leak. We performed a TIG weld repair 

and then made additional 10 μm EP. 

Outgassing 

Enormous hydrogen in the cavity was outgassed during 

heat treatment after intensive CBP and light EP. The 

hydrogen pressure dropped nearly two orders of 

magnitude after outgassing.  

VERTICAL TEST 

In the vertical test (Fig. 6), thermal sensors and second 

sound (OST) system were installed. To keep the cavity as 

clean as possible, the cavity was closed by an angle valve 

without active pumping.  

 
Figure 6:  IHEP-02 cavity in FNAL vertical test facility. 

The cavity quenched at 20 MV/m with Q0 = 1.4×10
10

 at 

2 K (Fig. 7), 298 degree in cell#9, 2 mm from the equator 

(Fig. 8). The quench location has sharp and deep grain 

boundary step made during half cell pressing (Fig. 8). By 

the passband mode test, all the other cells reach around 40 

MV/m except cell#1 symmetrically limited by cell#9. 

Figure 9 shows Q0 at different temperatures. The 

relatively low Q0 and slight Q-slope may be caused by 

remained hydrogen or defects heating up. There are about 

5 defects similar to the quench defect in the cavity. 
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Figure 7:  Vertical test result of IHEP-02 cavity. 
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Figure 8:  Quench defect in cell#9 (left), grain boundary 

step of the half cell after pressing and trimming (right).  
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Figure 9:  Cavity Q0 at different temperatures. 

The measured Lorentz force detuning factor (LDF) of 

the cavity in the frame is - 2.5 Hz/(MV/m)
2
. When 

dressed with the helium vessel and slide jack tuner, the 

LDF is expected to reduce to around - 1 Hz/(MV/m)
2
. 

The measured pressure sensitivity of the cavity is - 93 

Hz/mbar. The required helium pressure stability is ± 0.1 

mbar (~ 10 Hz) for the horizontal test and beam 

operation. 

FREQUENCY AND FIELD FLATNESS 

After CBP and 1st EP, the π-mode frequency was only 

0.5 MHz lower than as received. It was 3-4 MHz higher 

than our estimation. Due to this abnormal frequency 

change, we tuned the cavity from 1300.2 MHz to 1297.4 

MHz and got 97 % field flatness. The cavity is 10 mm 

shorter than the design length.  

The cavity frequency under vacuum after vertical test is 

1297.439 MHz, within the tuner range to reach 1300 MHz 

after cooling down in the cryomodule. 

 
Figure 10:  Cavity relative spectrum change compared to 

the spectrum after pre-tuning.  

To estimate the field flatness change from the cavity 

frequency spectrum, we use the method in reference [7]. 

Figure 10 shows the difference between the frequencies 

ratio of each mode (measured and reference) and the ratio 

of π-mode. The mean squared error is calculated for 

relative spectrum and its linear fit curve shows the 

deviation of cavity field flatness. The calculated mean 

deviation is 3.4 kHz at 2 K with frame, 12.5 kHz at room 

temperature (RT) with frame, 10.6 kHz at RT without 

frame, all under vacuum. Thus the field flatness in the 2 K 

test is about 95 %, and the field flatness of the free cavity 

under vacuum after vertical test is around 90 %. 

SUMMARY 

IHEP 1.3 GHz low-loss shape large grain 9-cell cavity 

with full end groups reached 20 MV/m without field 

emission in the first pass processing and vertical test at 

FNAL. The cavity frequency and field flatness are 

controlled in the required range. We will weld the helium 

vessel, assemble the magnetic shield and install the cavity 

to the IHEP ILC-TC1 cryomodule at the end of 2013 and 

make horizontal test in 2014.  
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Abstract 

Cornell University has been designing and building 
superconducting accelerators for various applications for 
more than 50 years. Currently, an energy-recovery linac 
(ERL) based synchrotron-light facility is proposed 
making use of the existing CESR facility. As part of the 
phase 1 R&D program funded by the NSF, critical 
challenges in the design were addressed, one of them 
being a full linac cryomodule. It houses 6 
superconducting cavities, operated at 1.8 K in continuous 
wave (CW) mode, with individual Higher Order Modes 
(HOMs) absorbers and one magnet/ beam position 
monitor section. Pushing the limits, a high quality factor 
of the cavities (2x1010) and high beam currents (100 mA 
accelerated plus 100 mA decelerated) are targeted. We 
will present the design of the main linac cryomodule 
(MLC) being finalized recently, its cryogenic features and 
report on the status of the fabrication which started in late 
2012. 

INTRODUCTION 
The potential for excellent quality of X-ray beams, 

generated by a low-emittance electron beam, motivated 
the design of a 5-GeV superconducting ERL [1] at 
Cornell University. Starting with 10 MeV electrons 
produced by a photo-injector with currents of up to 100 
mA [2], the beam will be accelerated in two main linac 
sections to 5 GeV before it enters several undulators 
feeding the X-ray beam-lines.  

The existing CESR ring is then used to return the beam 
and inject it into additional undulators, before it gets 
decelerated to 10 MeV again inside the two main linac 
sections. A more detailed description can be found in [3].  

This paper will focus on the MLC, designed and now 
fabricated under an NSF funded R&D phase, 64 of which 
will form the main linac of the proposed ERL. 

The general layout of the cryomodule prototype is 
shown in Fig. 1. The almost 10 m long module houses 6 
superconducting cavities, operated in CW mode at 1.8 K. 
These 7-cells, 1.3 GHz cavities with an envisaged Q of 
2x1010 will provide an energy gain of 16 MV/m [4]. Each 
cavity is fed by a 5 kW RF power input coupler [5].  

Due to the high beam current combined with the short 
bunch operation a careful control and efficient damping 
of the HOMs is essential, leading to the installation of 
dampers next to each cavity [6]. The series linac module 
will have a quadrupole/ steerer superconducting magnet 
section behind the 6 cavity string, making the transition to 
the adjacent module.  

This magnet section will be omitted in the prototype 
describe further on as it, in contrast to the other 
components, technically does not represent a challenge. 

MECHANICAL AND THERMAL DESIGN 
The mechanical concept foresees that all components 

within the cryomodule will be suspended from the 
Helium Gas Return Pipe (HGRP). The radiation and 
convection heat loads are reduced by operating the shield 
at 40 K and wrapping it with 30 layer multilayer 
insulation (MLI) blankets, in a vacuum environment.  

The magnetic shield, which is made of 0.5 mm Mu-
metal sheets, will be mounted to the exterior of the 40 K 
thermal shield to screen the Earth’s field and any other 
stray magnetic field from the cavities. 

 
Cold Mass Support System 

The beam-line string is suspended under the HGRP 
which acts as the beam-line backbone and is supported by 
three support posts to the vacuum vessel (see Fig. 2 & 3). 

 
Figure 1: CAD model of the cryomodule prototype. 
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X. Cryomodules and cryogenic



 
Figure 2:  Beam-line suspended under the HGRP. 

 
 

 
Figure 3: Cold mass support system. 

 
The support system provides precision alignment and 

thermal insulation of the beam-line string. 
 

Helium Gas Return Pipe 
The HGRP is made of a Grade 2 Titanium pipe, with an 

outer diameter of 280 mm and a wall thickness of 
9.5 mm. The HGRP also provides the low flow 
impedance needed for the large mass flow rate of helium 
gas evaporated from the cavity vessels to the liquefier, 
without excessive pressure drop over a half linac length of 
350 meters.  
 
Post 

The post has a same design as those used in the TTF 
cryomodule (see Fig. 4), which is an assembly of a low 
thermal conduction composite material pipe (G10 
fiberglass pipe) and four stages of shrink-fit aluminum 
and stainless steel discs and rings. The two stainless steel 
disc/ring sets are connected respectively to the room 
temperature and to the 2 K cold mass environments. The 
two aluminium disc/ring sets provide thermal intercepts at 
40 K and 5 K, with the 40 K set also providing structural 
support to the 40 K thermal shield. 

 
Figure 4: Thermal design of the post. 

Between the 5 K and 40 K stages, there are insulation 
discs and rings made of alternating layers of double 
aluminized Mylar (DAM) and reeway spunbonded 
polyester (RSP).  
 
Vacuum Vessel 

The vacuum vessel is 965.2 mm in diameter.  It has 
ports for support posts, input RF power couplers, tuner 
access, instrumentation, gate valve actuator, vacuum 
pump-out, safety relief, and cryogen valves. There are 
rails for the installation of the cold mass. 

The vessel cylinder is made of carbon steel (A516 
GR70, chosen for cost reasons over the stainless) and the 
flanges that use O-ring seals are made of stainless steel 
304L.  For the prototype the interior of the carbon steel 
portion will be painted with low vapor pressure vacuum 
compatible epoxy, while the exterior will be painted with 
marine paint product.  
 
Alignment 

The HGRP defines the reference for the precision 
alignment of the beam-line string. Relative vertical 
alignment is ensured by precision machining on the 
interfacing surfaces of the supports, with a single machine 
tool setup at the final stage after all welding is done and a 
vibration stress relief is performed. The transverse and 
longitudinal alignment is obtained by the alignment pins 
on the support plates, see Fig. 5. The alignment key or a 
flexible cavity support allows the beam-line components 
to slide longitudinally relative to the HGRP during cool-
down or warm-up. 

 

 
Figure 5:  Beam-line support plates with pin/key for 
alignment. 

 
To accommodate the HGRP thermal contraction at cold 

relative to the vacuum vessel, the two side posts are slide-
able over the top flanges while the central post is locked 
in position. The central position of the side posts are pre-
shifted at room temperature and will be concentric to the 
vacuum vessel flange at cold. The alignment and push 
screws on the suspension brackets provide the positional 
adjustment of the cold mass at room temperature. The 
rather complex arrangement is shown in Fig. 6. 
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Figure 6: Post alignment components. 

Thermal hield 
The thermal shield is made of aluminum AL 1100-H14, 

with the upper section being 6.35 mm thick and the lower 
section being 3.175 mm thick. They are connected with 
fasteners as a rigid assembly with a good thermal contact. 
Reinforcement rings on the bottom sheets serve to 
increase the mechanical stability (See Fig. 7). 

 

 
Figure 7:  Upper and lower sections of the thermal shield. 
 

To avoid excessive stress due to asymmetric cooling 
during cool-down process, some slots are machined off at 
the upper-lower joint section to unload the force (See Fig. 
8). 

CYOGENIC DESIGN 
The cryogenic scheme of the module consists in 

principle of three different loops as shown in Fig. 9. The 
cryogenic considerations were discussed in paper [7]. 

  

 
Figure 8:  Joints between top and bottom sheets. 

 
1.8 K Loop 

The cavities will be cooled by liquid helium. Sub-
cooled to 1.8 K by pumping the He-atmosphere down to 
16 mbar ensures an optimum operation regime for the 
superconducting cavities.  

To minimize the pressure drop over the whole linac 
string, a big aperture (280 mm diameter) for the HGRP 
was chosen. Connected to the HGRP at a single point is a 
100 mm diameter 2-phase helium manifold. The 2-Phase 
1.8 K pipe feeds helium to the helium vessel of cavities 
and the magnets through seven chimneys. It should be 
mentioned that the diameter of this pipe is strongly 
increased (compared to the ILC cryomodule design) to 
accommodate CW operation, by allowing adequate 
surface area for evaporation and a sufficiently large cross-
section for gas flow to avoid generation of waves on the 
liquid surface which could result in pressure fluctuations 
affecting frequency tuning of the cavities. See Fig. 10. 

The size of the 75 mm diameter pipe connecting 
between each cavity helium vessel and the 2-phase line is 
dictated by a maximum superfluid helium heat transport 
of about 1 W/cm2 at this temperature. 
 
5 K-6.5 K Loop  

The 5 K-6.5 K is used to cool the intercept all 
transitions to warmer temperatures in order to assure a 
minimal heat transfer to the 1.8 K system. The 5 K 
coolant supply will be distributed at a pressure somewhat

 
Figure 9:  Diagram of the cooling loops in the module. 

  

S
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Figure 10:  1.8K flow chart. 

 
above the critical point for liquid helium (around 3 bar), 
where helium gas conveniently has an increased heat 
capacity. The choice of temperature rise between supply 
and return is a compromise between reducing the mass 
flow of gas through the refrigeration system to improve 
refrigeration efficiency and keeping the outlet 
temperature low enough to not degrade superconducting 
properties of the cavities.   

For the prototype, a baffle is used for redirecting the 
flow from the middle chimney to the downstream end of 
the HGRP before flowing to the upstream end. 
 
40 K-80 K Loop  

A 40-80 K loop provides cooling for the coupler 
intercepts, cools the thermal radiation shield of the 
module and removes the heat generated in the HOM 
absorbers, the operation temperature of the later was 
chosen for efficiency reasons. As shown in Fig. 9, the 
loads are partially in parallel, partially in series. As the 
expected heat load especially at the HOM absorbers (due 
to its principle character) are expected to vary 
individually on a scale of 0 to 400 W, concerns were 
raised on the thermal stability of this arrangement. Based 
on findings on an earlier cryomodule built for the injector 
[8] a careful investigation on the stability of parallel flows 
was performed, being reported in another paper [9].  
 
Piping System 

A number of cryogenic piping run along the module, as 
shown in Fig. 11. 

Six lines of 50 mm diameter run through the entire half-
linac. Due to the fact that this half linac will be 350 m 
long, the pressure drop even with these large diameter 

 

 
Figure 11:  Cross-section of the module. 

lines would be significant. To keep the diameter 
reasonable, local manifolds of smaller diameters help 
delivering the cryogens. Four valves (1.8 K, pre-cool, 
4.5 K, and 40 K) located at the entrance of each 
cryomodule will manage the flow division amongst the 
modules.  

The 1.8 K and 6 K pipes are mounted on the HGRP 
with G10 brackets fixed on one end and sliding on the 
other supports. The 40 K and 80 K pipes are mounted 
with G10 brackets on the thermal shield, with lateral 
supports on both ends of the shield. 
 

MECHANICAL AND THERMAL 
ANALYSES 

A series of ANSYS finite element analyses (FEA) 
were performed to evaluate the cryomodule design 
mechanical stability and thermal behavior. 

 
Structural Analysis of the HGRP 

Structural analysis was performed to evaluate the 
vertical displacement of the HGRP. With a 1 ton weight 
force of the beamline string, the maximum vertical 
displacement of the HGRP would be 0.1 mm and the 
natural frequency would be 88 Hz. This simulation, the 
results of which are shown in Fig. 12 indicates that a 3-
posts support system is well suited to ensure an 
acceptable vertical displacement and vibration 
characteristics.  

 

 
Figure 12: Structural analysis of the HGRP showing 
vertical displacement and the lowest mechanical 
eigenmode. 

 
Structural Analysis of the Vacuum Vessel 

Through the structural analysis and design optimization 
process, it was decided that the U-foot to support the 
vessel is placed under each top flange. Along with the 
stiffening rings bridging the top flange and the U-foot, the 
integral reinforced structure increases the stability of the 
vessel and minimize the vessel deformation. 
 
Thermal Analysis of the Thermal Shield 

The thermal shield will be cooled by the 40 K delivery 
line which is connected to one side, shown in Fig. 13. As 
a result, the cool-down process will be asymmetric 
requiring a more detailed analysis about the temperature 
gradient, deformation and thermo-mechanical stresses on 
the shield during the cool-down process.  
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Figure 13: Asymmetric cooling of the 40 K thermal 
Shields. 
 

Static heat loads includes conduction through the 
support post and radiation from room temperature 
vacuum vessel. With 30 MLI blankets covered on the 
shield, the radiation heat fluxes from room temperature 
are assumed to be 1.25 W/m2. In the extruded pipe for the 
40 K helium gas delivery, a convective heat transfer 
coefficient of 0.11 W/cm2-K was estimated. The variation 
with gas temperature, hence a function of time with a 
known cooling rate, was taken into account.  The 
simulated results indicated that with a slow cooling rate of 
4 K/hour, the temperature gradient reaches a maximum of 
15 K on the entire shield, occurring 20 hours after the 
start of the cool down, shown in Fig. 14 & 15. Once fully 
cooled down, the steady state maximum temperature 
gradient will be only 2.6 K, shown in Fig. 16. 

 

 
Figure 14: Temperature distribution on the shield at 20 
hours after cool-down started. 

 
Figure 15: Temperature gradient on 40 K shield as a 
function of time during cool-down. 

 
Figure 16: Temperature distribution of the shield at steady 
state. 
 

Static thermo-structural analysis was performed to 
study the stresses at the worst scenario when the 
temperature gradient over the shield reaches the 
maximum. The thermal shield will be bent during cool-
down with a maximum relative deformation of 4.6 mm 
(see Fig. 17). The maximum stress will be about 60 MPa 
occurring at the corner of the slots. 

 

 
Figure 17: Shield deformation when the temperature 
gradient reaches the maximum. 
 
Thermal Analysis of the Post 

Thermal and thermo-structural analysis of the post 
provided the heat inleak to the cryogenic systems due to 
the conduction through the. The heat load through each 
post is estimated to be 8.58 W to 40 K, 0.54 W to 5 K and 
0.05 W to 1.8 K, respectively (see Table 1). 
 

Table 1: Heat Inleak (W) from Each Post 
 In Out 

Heat from 300K flange 9.17  

Heat to 40K system  8.58 

Heat to 1.8K system  0.05 

Heat to 5K-6.5K system  0.54 

 
Vibration Analysis 

FEA Modal analyses were performed to evaluate the 
mechanical stability of the thermal shield (see Fig. 18) 
and individual piping lines (see Fig. 19) in the module. 
The location and stiffness of piping supports were 
considered in the design to make sure the resonant 
frequencies are higher than 60 Hz.  

 

 
Figure 18: Lowest mechanical eigenmode of the thermal 
shield. 
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Figure 19: Lowest mechanical eigenmode of 2-phase pipe 
and the model showing the supports.

STATUS AND OUTLOOK 
On the frontier of superconducting radiofrequency 

accelerating cavities, we were able to achieve extremely 
high quality factors resulting in remarkable low cryogenic 
losses in CW operation.  

Towards construction of a Main Linac Cryomodule 
prototype, major parts have been procured or already 
fabricated in house. The prototype design foresees that it 
could be a spare module in the series Linac that the final 
welding or connection for the cryogenic pipes will be 
made in-situ. In addition, the design also allows easy 
dismounting of the whole assembly for replacing some 
components. The assembly sequence is that the beam-line 
string will be assembled in the clean room, and then 
attached to the HGRP. Once the cold mass is assembled, 
it will be rolled into the vacuum vessel on its rail system 
(see Fig 20). 

The cryomodule prototype assembly process will start 
in November 2013 and is scheduled to be finished and 
ready for test by the end of 2014.  
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Abstract 
The short pulse x-ray (SPX) part of the Advanced 

Photon Source Upgrade calls for the installation of a two-
cavity cryomodule in the APS ring to study cavity-beam 
interaction, including HOM damping, cavity timing, and 
synchronization. Design of this cryomodule is underway 
at Jefferson Lab in collaboration with the APS Upgrade 
team at ANL. The cryomodule design faces several 
challenges including tight spacing to fit in the APS ring, a 
complex set of cavity waveguides including HOM 
waveguides and dampers enclosed in the insulating 
vacuum space, and tight alignment tolerances due to the 
APS high beam-current (up to 150 mA). Given these 
constraints, special focus has been put on modifying 
existing CEBAF Upgrade-style designs, including a 
cavity tuner and alignment scheme, to accommodate these 
challenges. The thermal design has also required 
extensive work including coupled thermal-mechanical 
simulations to determine the effects of cool-down on both 
alignment and waveguides. This work will be presented 
and discussed in this paper. 

INTRODUCTION 
The SPX project calls for the use of an rf deflecting- 

mode cavity that will give the electron bunches a 
correlation between their longitudinal position in the 
bunch and their vertical momentum. Synchrotron light 
produced from this bunch can then be passed through a 
transverse slit, creating a shorter x-ray pulse at the 
proportional sacrifice of total flux. This scheme was first 
proposed by Zholents [1]. 

A significant amount of design work has gone into the 
rf cavities required for this project, details of which can 
be found in [2-6] This cavity application has many 
specific challenges including the need to heavily damp all 
non-operational modes to preserve beam quality for other 
APS users. 

In an actual installation in the storage ring, two 
deflecting sections will be required, one to deflect and 
one to remove the deflection. 

This allows a small portion of APS users to receive 
short x-ray pulses while not disrupting standard user 
operation elsewhere in the ring. Each of the SPX cavities 
has been designed to provide 0.5 MV of effective 
deflecting voltage with a total of 2 MV required. The full 

SPX installation called for two, 4-cavity cryomodules to 
be installed in the ring.  

DESIGN REQUIREMENT 
One cryomodule with two deflecting cavities will be 

tested in the storage ring as part of the SPX R&D 
program. It will be located in Sector 5 and will produce a 
1-MV peak deflection. The cryomodule will be required 
to support a beam current up to 150 mA, and as a result, it 
must incorporate features to support heavy parasitic mode 
damping. It will accommodate high cryogenic loads from 
dynamic losses, as well as from static losses due to 
numerous waveguide penetrations from the dampers and 
power couplers. Alignment tolerances are also critical to 
maintain LLRF tolerances. Parameters for the engineering 
design of the cryomodule are kept as close to the SPX 
parameters as possible. They are listed in Table 1. 

 
Table 1: Selected Cryomodule Design Parameters 

Parameters Value Unit 
Total deflecting voltage 1.0 MV 
Beam current <=150 mA 
Number of cryomodule  1 
Cryomodule length 1.979 m 
Number of cavities  2 
Operating frequency  2815.486 MHz 
Rf power  5 kW 
Forward power coupler Waveguide 
HOM coupler, waveguide  Waveguide 
LOM coupler, waveguide On-cell 
Operating temperature  2 K 
Q0 at 2.0 K and 0.5 MV >109 
Power coupler Qext 1.00E6 
Klystron power capacity 5 kW 
HOM power per cavity  < 150 W 
LOM power per cavity  < 1,800 W 
Intercavity coupling  < -70 dB 
Cavities pressure  < 10-9 Torr 
 
The SPX R&D cryogenic system uses portable dewars 

to supply liquid helium and uses a vacuum pump to 
maintain 2-K operation. The vacuum pumping capacity 
has been measured at 64 W at 23 Torr to keep 2-K 
operation. The total heat load thus cannot exceed 64 W. 
An 80-K thermal shield will use LN2 with a heat load 
capacity of 400 W.  

The cavity-offset alignment in Table 2 refers to the 
offset for the whole cryomodule. A low-impedance 

 ___________________________________________  
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bellows will connect the two cavities in the SPX R&D 
cryomodule. A similar low-impedance bellows at each 
side of the cavity will connect the cavity to a warm gate 
valve. Alignment of two cavities will be verified under 
warm conditions using a stretched wire technique.  

Table 2: Cryomodule Alignment Requirement 
Alignment Value Unit 
X misalignment (Horizontal) ±500 μm 
Y misalignment (Vertical) ±200 μm 
Z misalignment (Longitudinal) ±1000 μm 
Yaw misalignment ±10 mrad 
Pitch misalignment ±10 mrad 
Roll misalignment ±10 mrad 

CYOMODULE DESIGN 
The SPX R&D cryomodule requires packaging of two 

deflecting cavities dressed with helium vessels, their 
associated waveguides and dampers, cavity tuners, helium 
and nitrogen distribution plumbing, thermal and magnetic 
shielding, a space frame structure to hang the cold mass, 
alignment features for each cavity, and a vacuum tank 
that is planned to be code stamped per the ASME Boiler 
and Pressure Vessel Code. 

String Assembly 
A dressed deflecting-mode cavity [7] with attached 

waveguides can be seen in Figure 1. 
 

 
 

Figure 1: SPX cavity CCA3-1 prepared for vertical 
testing. The LOM waveguide can be seen on-cell pointing 
to the right and the Y-end group includes the HOM 
dampers (above) and forward power coupler (FPC, 
below). 

The first design iteration of the SPX R&D cryomodule 
called for four gate valves on the beamline, two outside 
the cryomodule (“warm gate valves”) and two inside the 
cryomodule near the cavities (“cold gate valves”). This 
was done to minimize the size of the clean string and to 

simplify installation of the clean string into the 
cryomodule vacuum vessel. A model of the original 
warm-to-cold transition, which included the cold gate 
valve, can be seen in Figure 2. 
 

 
Figure 2: A model of the warm-to-cold transition for the 
SPX R&D cryomodule, which included a cold gate valve. 
The cavity on the left operates at 2 K with the rf shielded 
gate valve theoretically operating between 7 and 15 K, 
and the vacuum vessel wall (green) at 300 K. 

Initial design assumed that there would be no additional 
heat generated in these gate valves. They were planned to 
be actuated beyond general assembly via a special tool, 
once during cryomodule assembly, when the warm gate 
valves had been attached and the intervening space had 
been pumped to ultra-high vacuum. Because the cold gate 
valves were intended to operate at cryogenic 
temperatures, they were not planned with automatic 
actuation functionality and were inaccessible once the 
module was closed unless the insulating vacuum space is 
back-filled and open. 

It was discovered that similar gate valves used 
elsewhere in the APS ring operate at temperatures well 
above ambient, indicating significant beam-induced 
heating. While these valves have an elliptical aperture 
instead of the circular aperture planned for the SPX R&D 
cryomodule, the cross-sectional area is similar, so the 
heating terms should be similar. It should also be noted 
that the beam chambers surrounding the operational gate 
valves were different from what is expected in the SPX 
R&D cryomodule, so the wakefield heating terms are 
likely quite different. Measurements were made on one of 
these operational gate valves in the storage ring, 
monitoring temperatures of the valve body and flanges. 
These showed a significant heating term near the beam 
aperture, with smaller effects further away from the beam. 
The maximal temperature rise seen was 80°C, indicating a 
significant amount of heating.  
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A heating term this significant could not be explained 
by the differences in situation such as aperture and 
surrounding wakefield terms. It is likely that a large 
portion of the heating came from nearby shielded bellows 
for that particular gate valve. From previous studies we 
know that the bellows liners only reach 50 to 60 degrees 
C under the same current and fill pattern [8].  Because the 
temperature at the gate valve is measured to be 80 
degrees, significant RF heating of the gate valve itself 
appears very likely. There is a concern that the cold gate 
valves in the SPX R&D cryomodule would likely cause a 
similarly significant, potentially serious increase in the 2-
K heat load. Several potential mitigation strategies were 
studied as conservative measures, including a 5-K thermal 
intercept between cavity and valve, moving the valve 
closer to the 80-K intercept, and moving the 80-K 
intercept between the cavity and the valve. After careful 
consideration, it was decided that the best solution was 
complete removal of the cold gate valves and relocation 
of the warm gate valve to the cryomodule interior. 

Removal of the cold gate valves removed the potential 
heating term and meant that two less gate valves were 
required for the cryomodule. The additional complexity of 
the clean room cavity string and the required tooling for 
assembly was the major downside of the valve removal. A 
picture of the current clean string assembly design can be 
seen in Figure 3. 

 

 
Figure 3: A model of the SPX R&D cryomodule clean 
room cavity string with warm-to-cold transitions called 
out in green and the warm gate valves called out in blue. 
Note that the helium header is included because it must be 
assembled in the clean room with the HOM waveguides. 

Tuner 
The dressed SPX cavity will be fitted with a scissor-

jack tuner as shown in Figure 4. Slow tuning will be 
realized by a stepping motor. Fast tuning will be 
accomplished through a piezo-electric actuator, which is 
optional. Both the stepping motor and piezo actuator will 
be located outside of the cryostat. Tuners will be set to 
“tension” during initial installation. A tuning range of 
±200 kHz, with a fine adjustment range of ±25 kHz and a 
tuning resolution of 40Hz are required. Tuner parameters 
are listed in Table 3.  

The optional fast tuner mostly serves the functions of 
machine protection instead of microphonics compensation 

commonly practiced in other SRF accelerators. The 
benefit of such fast tuning may allow quick detuning of 
SPX cavities to maintain stored beam operation while 
decoupling the cavity from the beam. For SPX cavities 
with loaded Q around 1×106, the frequency detuning 
needs to be 12 kHz to sufficiently drop the cavity stored 
energy driven by the beam to 5% of an on-resonance 
nominal stored energy. A 13-kHz tuning range should 
provide sufficient margin for quick cavity detuning. The 
resolution of such fast tuning is not critical. The response 
time should be less than 1 ms, which is close to the decay 
time of SPX cavities [9].  

 

 
Figure 4: SPX scissor-jack tuner. 

 
Table 3: Tuner Parameters 

Parameters  Numbers Unit 
Tuning Sensitivity 9000 KHz/mm 
Stiffness 170,000 lbs/in 
Deflection for 200KHz shift 22 μm 
Force of 200KHz shift 149 lbs 
Stepper Motor Resolution 800 Steps/rev 
Harmonic Drive Ratio 100   
Ball Screw Pitch 2 mm/rev 
Full Step Frequency shift 31.6 Hz 
¼ Step Frequency Shift 7.9 Hz 
Piezo Range in Drive Axis 60 μm 
Piezo Range in Cavity Axis 75.8 KHz 
Piezo Resolution Drive Axis 0.13 nm 
Piezo Resolution Cavity Axis 0.16 Hz 

 
A set of limit switches is employed. Hardware-based 

upper-limit and lower-limit switches and another software 
limit switch are implemented into the tuner control 
software. A tuner-neutral position will be established 
before the rf is turned on.  

Changes in the cavity frequency will be monitored 
during cavity cool-down and also during helium system 
pump-down. While not critical during the assembly, the 
data helps to finely adjust the initial tuner location for the 
right tuning range during beam operation. It is also 
required to assure that the tuner will not unduly tune the 
cavity to the plastic deformation condition. 
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Dampers 
The LOM and HOM SPX dampers were designed as 

high-power waveguide loads to absorb rf power produced 
primarily by beam-generated wakefields from a 150-mA 
beam current in the APS storage ring.   Analysis of the 
HOM damper design is described in [10].  

The intent of the damper design was to produce directly 
connected cavity-vacuum LOM and HOM damper loads 
with a maximum power handling capability of 2 kW 
(LOM dampers @ 150-mA beam current).  A four-wedge 
damper design was eventually selected based on efforts to 
offset the effects of high volumetric rf power densities in 
the lossy ceramic material and to reduce the potential for 
particulation of the damping material. The HOM dampers 
will be installed in the warm section inside the 
cryomodule. Water channels built into the damper’s 
copper housing will provide the cooling of the dampers. 

The LOM waveguide assembly was eventually 
designed with a broadband rf window due to the 
predominantly narrowband nature of the beam-induced rf 
spectrum.  As a result, a commercially available high-
power, out-of-vacuum LOM damper was procured from 
Mega Industries.  The HOM waveguide assembly, on the 
other hand, was necessarily broadband in order to 
maintain the beam stability requirements outlined in the 
Physics Requirement Document, and, as a consequence, 
was an in-vacuum load. The power handling requirements 
evolved to a 150-mA beam current where the power 
output through each of the waveguide ports is shown in 
Figure 5. 

 

 
Figure 5: Beam-induced rf power output through each 
waveguide port. 

Hexoloy alpha-sintered, iso-pressed silicon carbide 
(SiC) [10] from St. Gobain was selected as the damping 
material in the HOM damper due to its rf, mechanical, 
and vacuum properties.  It is a lossy ceramic material with 
an average loss tangent of approximately 0.1 and relative 
permittivity of approximately 11.5 across the SPX
frequency band. 

Windows 
Double FPC and LOM windows are planned for the 

SPX.  The FPC window extends downward from the 

cryomodule, while the LOM window extends into the 
aisle of the storage ring.  

The LOM and FPC waveguides were designed with a 
guard vacuum section to protect cavity vacuum integrity. 

Initial design considerations for the SPX windows are 
described in [11]. Six WR284 windows (FPC) and six 
WR340 windows (LOM) were procured for the SPX 
R&D cryomodule.  The pillbox windows are similar to 
existing WR284 windows installed in the APS linac, 
which were manufactured by CML engineering. All FPC 
windows consist of a compact design with custom-sized 
round flanges to minimize space requirements in the 
cryomodule, see Figure 6.  Three of the LOM windows 
also use a similar compact design.  The three remaining 
LOM windows use a standard rectangular Merdinian® 
flange to reduce encroachment of the aisle in the APS 
storage ring tunnel when installed on the cryomodule.   

 
 

  
 

Figure 6: Compact FPC window design. 

Power Coupler 
The rf power is transmitted from the source to the 

interface of the cryostat through a WR284 waveguide. 
The vertical arm of the cavity’s Y-end group serves as the 
main power coupler, which has a step transition from 
cavity waveguide size to WR284 size. The step position 
was adjusted to have effective coupler external Q at 
1×106.  A 90-degree E-miter turns the waveguide upwards 
to the cryostat waveguide assembly. The E-miter has a 
monitor port with light-of-sight to the ceramic window to 
allow temperature monitoring via an IR detector. The 
waveguide is pressurized with dry nitrogen.  The pillbox 
rf window, made of pure Al2O3 ceramic, is designed to 
transmit more than 10 kW of rf power. The waveguide 
sub-assembly is equipped with a view port to allow light 
to go through to an arc detector. 

A 4-stub tuner is inserted into the transmission line, and 
its position relative to the cavity is determined later for 
optimized tuning range. The stub tuner can be adjusted to 
measure the tuning range of Qext. 

A semi-rigid waveguide bellows will connect a 
waveguide feedthrough and the fundamental waveguide 
coupler. The waveguide feedthrough, waveguide bellows, 
and fundamental waveguide coupler are made of stainless 
steel with a thin copper plating on the inner surfaces. The 
feedthrough waveguide flanges are standard WR284 
Merdinian® flanges. All other waveguide flanges, 
including cavity round flanges, use indium seals.  

HOM: 
150 W 

FPC: 
95 W 

LOM: 
860 W 

Proceedings of SRF2013, Paris, France MOP077

01 Progress reports and Ongoing Projects

X. Cryomodules and cryogenic

ISBN 978-3-95450-143-4

317 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Magnetic Shielding 
It is well known that a DC residual magnetic flux inside 

the cavity can be trapped in the niobium material when it 
cools below transition temperature. For 2.815 GHz, each 
additional milli-gauss (mG) of trapped magnetic field 
increases the cavity residual resistance by 0.5 nΩ. 
Vertical tests of the deflecting cavity where residual 
magnetic field is known to be negligible showed its 
surface resistance was dominated by a residual resistance 
of 120 nΩ. Any additional increase of residual resistance 
will decrease the operating Q0 to be below 1×109. To 
ensure the surface resistance is low when the cavities are 
in the cryomodule, the residual DC magnetic field needs 
to be maintained at less than 20 mG. For the SPX 
cryomodule, the cavity string magnetic shield will be 
realized using two layers. The first layer of the magnetic 
shield encloses the cavity string outside of the helium 
vessels. Due to the large number of port openings 
associated with waveguides of the SPX deflecting 
cavities, a second layer of magnetic shielding will be 
inserted inside of each helium vessel to provide a direct 
encapsulation of the niobium cavities. Engineering 
analysis is being pursued to verify that this is a practical 
shielding solution. 

Thermal Design 
The helium distribution system in the module was de- 

signed to accept cryogenic flow through flanged field 
joints instead of the more standard bayonet connections. 
This decision was made due to space constraints in the 
APS ring. The internal helium cryogenic plumbing 
includes a 2-K heat exchanger, helium return pipe, and “5 
K” cooling bus using the low-pressure exhaust of the heat 
exchanger to reduce the static heat load, all of which can 
be seen in Figure 7. All connections between 300 K and 2 
K also include a thermal intercept connected to the 80-K 
copper shield that is cooled by liquid nitrogen. 

In Figure 7, the 2-K heat exchanger can be seen on the 
left. The helium return pipe can be seen above the cavities 
but below the HOM waveguides. This position required it 
to be installed during clean room assembly because it is 
trapped by the HOM waveguides and beamline gate 
valves. The helium intake and return line and the 5-K 
cooling bus are shown in yellow, and the JT valve piping 
is shown in orange. 

 

 
Figure 7: The SPX R&D cryomodule including clean 
room string assembly and cryogenic distribution system 
(called out in yellow).  

With so many connections between 2 K and room 
temperature, each component’s thermal design became 
quite important. All components in the waveguides 
including bellows, tapers, copper plating thicknesses, and 
thermal intercepts were simulated and optimized for 
adequate rf transmission and minimal static and dynamic 
heat load. An extensive analysis of these waveguides can 
be found in [10]. 
 

Sink Temperature: 2.00 K 5-8 K Thermal Bus 80 K LN2 Shield 
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Cavity 4 0 7/14 7/14 28/56 0 0 0 0 0 0 0 0 
HOM 8 0.07 0.40 0.47 3.76 0.41 1.09 1.50 12.0 0.58 0.42 1.00 8.00 
LOM 4 0.03 0.04 0.07 0.28 1.47 0.08 1.55 6.20 4.80 0.09 4.89 19.6 
FPC 4 0.13 0.05 0.18 0.72 1.50 0.19 1.69 6.76 3.88 0.37 4.25 17.0 

Beam tube bellows 
(static) 2 0.10 - 0.10 0.20         

Beam tube bellows 
(dynamic) 5 - 0.30 0.30 1.5         

Cold gate valves 0 - - - -         
Cryomodule static load 

estimate     <15    <20    <180 

TOTAL     49/77    45    225 
TOTAL (2 Cavities)     33/47    32    202 

Figure 8: Heat load table for the SPX R&D cryomodule. Specific thermal sources are called out on the left and broken 
out by thermal sink temperature. The table has not yet reached the final design stage. 

Heat Exchanger 

Helium Header 

“5 K” pipes 
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Figure 8 shows the anticipated cryomodule heat loads 
broken down by heat source and sink temperature. While 
the largest contributions are the static heat load 
(~15 Watts) and the dynamic heat load (between 7 and 14 
Watts per cavity depending on cavity performance) the 
cavity waveguides all contribute to both the static and 
dynamic heat load. 

The addition of the 5-K cooling bus with heat stations 
on all of the cavity waveguides significantly reduced the 
expected heat load to 2 K. This is especially true in the 
case of the HOM waveguides because there is expected to 
be a significant amount of operational mode power that 
evanesces into the waveguide, contributing most of the 
HOM waveguide dynamic heat load. At two HOM 
waveguides per cavity, this sums to an expected 6 Watts 
of 5-K heat load from the HOM waveguides alone. 

Because of the complexity of the cryomodule internal 
rf systems, the design of the 80-K shield became quite 
complex. The thermal shield had to be assembled with 
penetrations for eight waveguides (four per cavity) in 
addition to the standard instrumentation, cavity tuner, and 
cryogenics plumbing. Further complicating matters was 
the need to assemble the shield around the HOM 
waveguides, which include an 80-K intercept but must 
have room outside of the 80-K shield for the cryomodule-
internal HOM dampers. A cross section of the 
cryomodule design in Figure 9 calls out the thermal shield 
in pink. 

Alignment 
The cryomodule alignment requires the cavity electrical 

center to be within ±200 μm vertical compared to the 
beam axis, which is referenced to the beamline flanges. 
Horizontal and longitudinal misalignment is much relaxed 
at ±500 μm and ±1,000 μm. As this tolerance is the upper 
and lower boundaries, the measurement of the electric 
center movement needs to be ±50 μm to be able to discern 
the directions in which the electrical center moves. To be 
able to adjust the cavity back to within the ±200 μm limit, 
the measurement accuracy needs to be very close to the 
movement accuracy. It is prudent to set the measurement 
accuracy to within ±5 μm. And the measurement of the 
vertical movement is most important for the beam 
operation. The measurement of the horizontal movement 
and longitudinal movement will be beneficial and is 
considered optional. 

Similar to the implementation in an ILC cryomodule 
[12], an individual laser displacement sensor will be 
installed on the side of the cryomodule’s cavity location 
through the optical view port. The laser shines on a small 
area on the surface of the helium vessel. A measured 
shrinkage of the cavity helium vessel will be included in 
the final measurement of the displacement. 

Extra care must be taken during assembly of cavity 
pairs. Cavities will be subjected to a rigorous process of 
fiducialization and measurement. 

During cavity fabrication, tooling ball receptacles will 
be machined onto the cavity, typically on the beam pipe 
flanges. Stretched-wire measurements will then be used to 

locate the cavity electrical centers and to monitor 
excessive cavity center deviation between cavity 
processing steps, which includes helium vessel dressing 
and rf tuning. Coordinate measurement machine (CMM) 
measurements will pre-determine potential flange 
misplacement. Once the cavity’s electric centers are 
located relative to the tooling balls, cavities can go to 
 

 
Figure 9: A section-view of the SPX R&D cryomodule 
design. Cavity in helium vessel can be seen in the center 
with FPC waveguide pointing down, LOM waveguide 
pointing to the left, and the 80 K thermal shield envelope 
called out in pink. 
 
their final qualification, and cavity pairs can be 
assembled. At this stage, the cavity tooling balls serve to 
locate the cavity electrical centers, which can then be 
transferred to alignment “rabbit ears” on the space frame 
and out to the cryostat vacuum shell. These rabbit ears 
can then be used to align a cryomodule to the beamline 
during tunnel installation. 

Beamline Bellows 
The SPX cryomodule requires a flexible bellows at 

three temperature zones. Two deflecting cavities are 
joined by one flexible bellows operated around 4 K. It is 
cooled by thermal conduction. Its cooling can be 
enhanced by extra thermal anchoring in the middle of the 
bellows. There are two other bellows assemblies with one 
at each end.  These are the warm-to-cold transition 
bellows from 2 K to 300 K. Each WCT assembly has two 
bellows.  In this assembly one bellows is from 2 K to 

LOM Waveguide M Wav

80-K Thermal Shield mal Shield

Cavity Helium 
 Vessel 

Cavity
FPC Waveguide 

de

de
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80 K and one transitions from 80 K to 300 K. These 
bellows are in close proximity to the cavities, and they are 
required to have minimal particulate generation during 
bellows flexing. A bellows at the end of the cryomodule 
will be completely at room temperature. Since its location 
is far away, its particulate-free requirement can be 
relaxed; hence, a shielded bellows can be used. 

The heat generation from wake fields deposited in these 
bellows has to be minimized in order to avoid excessive 
load on the cryogenic system. For an SPX cryomodule, 
the heating of the bellows itself would be less than 0.5 W. 
It is preferable for the inter-cavity bellows to have high 
thermal conductivity to allow thermal strapping to be 
effective in removing heat from the bellows. For the 
transitional bellows, a lower thermal conductivity is 
preferred to reduce the static heat flow from high-
temperature components to cryogenic components. This 
suggests a copper-coated stainless steel inter-cavity 
bellows and a stainless-steel-based transitional bellows. 

Alignment parameters require that the bellows be 
flexible enough to allow transverse skew motion of 
0.5 mm. Thermal contraction requires the bellows to 
allow a longitudinal motion of 1.0 mm. The SPX 
cryomodule plans are to employ the same physics design 
for both inter-cavity bellows and thermal transition 
bellows [13]. 

Instrumentation and Controls 
In addition to the major subsystems, there was an 

extensive interlock and instrumentation system designed 
to support standard operation, interlocks, and meet the 
research and development goals of this demonstration 
cryomodule. In addition to the standard cryogenic 
temperature sensors and heaters for stable operation, a 
complex thermal design such as this required the design 
of an extensive set of instrumentation to monitor static 
and dynamic heating of the cryomodule internal 
waveguides and dampers. 

Notably complex was the instrumentation of the HOM 
waveguides and dampers. The waveguide and dampers 
span temperatures from 2 K at the cavity to 300 K at the 
dampers. Heating of the dampers and performance of the 
thermal intercepts must be quantified, and the water lines 
used to cool the dampers have to be carefully monitored 
and interlocked to prevent freezing damage to the lines 
and dampers. 

Pressure Safety 
The MAWP for the vacuum vessel (VV) is 2.5 atm.  An 

ASME-certified burst disc attached to the VV will relieve 
at 2.6 atm. To offer additional protection, a secondary 
relief (parallel plate) will relieve the VV at 1.2 atm. To be 
conservative, the internal pressure used for design of the 
VV is 3.0 atm. 

The waveguides need to withstand an external 
differential pressure of 1.0 atm. Designing to an external 
differential pressure of 1.2 atm (or greater) would provide 
protection against a condition that pressurizes the VV 
until the parallel plate relief is lifted.  

An internal pressurization will be protected by a burst 
disc on the beamline (outside of cryostat), which relieves 
at 1.9 atm (absolute).  In the event of a beamline 
pressurization failure, an internal differential pressure in 
the waveguides of 1.9 atm could occur.  

CONCLUSION 
The design of the SPX R&D cryomodule is nearly 

completed. A horizontal test of a dressed cavity 
demonstrated the cavity, helium vessel, and tuner design 
exceeds design specifications. Current cryomodule design 
has several complicating features that required creative 
design solutions to satisfy all cryogenic, rf, and 
mechanical requirements in the space envelope available 
in the APS ring.  
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Abstract

The short pulse x-ray (SPX) part of the Advanced Pho-

ton Source (APS) Upgrade is an effort to enhance time-

resolved experiments on a few-ps scale at the APS. The

goal of SPX is the generation of short pulses of x-rays for

pump-probe time-resolved capability using superconduct-

ing rf (SRF) deflecting cavities. These cavities will cre-

ate a correlation between longitudinal position in the elec-

tron bunch and vertical momentum. The light produced

by this bunch can be passed through a slit to produce a

pulse of light much shorter (1-2 ps instead of 100 ps) than

the bunch length at reduced flux. An SPX cavity has been

tested with a helium vessel and tuner as have the integra-

tion and operation of many systems designed for SPX cry-

omodule in-ring operation. These systems include an APS-

constructed 5-kW, 2.815-GHz amplifier, a digital low-level

rf controller system designed and fabricated in collabora-

tion with LBNL, a cavity tuner, and instrumentation sys-

tems designed for the existing APS infrastructure. Cavity

performance and subsystem performance will be reported

and discussed in this paper.

INTRODUCTION

The SPX project calls for the use of an rf deflecting-

mode cavity to chirp electron bunches, giving the elec-

trons a correlation between their longitudinal position in

the bunch and their vertical momentum. Synchrotron light

produced from this bunch can then be passed through a

physical slit to create a shorter light pulse at the propor-

tional sacrifice of total flux. This scheme was first proposed

by Zholents [1]; the scheme can be seen in Figure 1.

A significant amount of design work has gone into the

rf cavities required for this project, details of which can be

found in [2- 7]. This cavity application has many

challenges including the need to heavily damp all

operational modes to preserve beam quality for other

APS users.

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CHI1357.
† jholzbauer@aps.anl.gov

Figure 1: Schematic of Zholent’s short pulse x-ray genera-

tion scheme. Image credit to [3].

CAVITY DESIGN
The current design is a squashed elliptical dipole-mode

cavity with a Y-shaped end group and an on-cell damping

port, which can all be seen in Figure 2. Two of the waveg-

uides from the Y-end group will be used for damping of

higher-order modes (HOMs) while the third will be primar-

ily used as the forward power coupler. The on-cell damper

is used primarily to damp the fundamental mode, called the

lower-order mode (LOM).

Vertical Testing Results
The maximum expected reliable peak magnetic field is

120 mT with each cavity specified to operate at 0.5-MV

deflecting voltage or 105 mT with a Q0 > 1E9. Several

rounds of testing and studies were required to reliably reach

the specified field and quality factor. A more detailed de-

scription of this process and results can be seen in [8].

HORIZONTAL CAVITY TEST PLAN
In parallel with the progress being made on bare cavity

testing, many of the subsystems needed for cryomodule

operation were also under development. The horizontal

cavity test (HCT) was planned to test may of these subsys-

tems, including:

specific
non-
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Figure 2: CCA3-1 prepared for vertical testing. The LOM

waveguide can be seen on-cell pointing to the left and the

Y-end group (HOM dampers and FPC) is below the cavity.

• Effects of helium vessel attachment to the cavity’s

SRF performance

• Tuner range, resolution, and drive system

• Digital low-level rf control system

• High-power rf amplifier performance

The dressed cavity on the test insert can be seen in Fig-

ure 3. The dressed cavity with tuner was hung from an in-

termediate plate that in turn connected to the helium reser-

voir. Helium was fed through a central stem with the

forward power coupler (FPC) and warm tuner interfacing

through the bottom of the cryostat.

With the insert secured into the cryostat and the bottom

flange closed, the cryostat was turbo-pumped to provide in-

sulating vacuum. Liquid nitrogen was used to cool an 80 K

shield inside the cryostat as well as a thermal intercept on

the FPC waveguide and tuner stack. A detailed description

of the cryostat used can be found in [9]. All cavity ports be-

side the FPC and LOM were blanked and thermally braided

to the 2 K circuit. The LOM waveguide and field probe rf

connections were made through the cryostat lid.

Liquid helium was fed from either the ATLAS cry-

oplant [10] or 500 L Dewars. 2 K operation was provided

by a 2.5-g/sec vacuum pump. Active cavity vacuum pump-

ing was provided by a pump cart connected to the FPC

waveguide, maintaining cavity pressure below 1E−7 Torr.

CAVITY PERFORMANCE
Using the digital LLRF system, the loaded Q was mea-

sured at 9.23E5, which agrees nicely with the desired value

Figure 3: CCA3-1 hanging from the HCT cryo-insert. On

the left, the tuner assembly can be seen in the foreground,

mounted to the cavity. On the right, the cavity model shows

the bottom flange that seals the bottom of the test cryostat

mounted to the FPC waveguide and warm tuner stack.

of 1E6. Dynamic measurements done with a fast oscillo-

scope give a field probe Qext = 1.17E10 and an LOM

field probe Qext,2 = 2.52E10, consistent with measure-

ments performed on a warm cavity.

High-power measurements showed a stable maximum

field of 76 mT. The limiting mechanism is believed to be

heating in the LOM waveguide. This is supported by sharp

jumps in measured temperature on the LOM waveguide

flange at the moment of cavity field breakdown. This field

level is consistent with the maximum field measured in

this cavity during vertical testing. Pulsed measurements

achieved 79 mT with a small duty cycle. Endurance tests

of almost an hour failed to reveal any long-term thermal

instabilities.

Calorimetric Q measurements were performed, but were

unable to provide adequate measurement accuracy. It was

discovered that the very small helium inventory meant that

the standard method of valving out the cryogenic system

resulted in a pressure rate of rise too large to be useful.

Despite significant effort, it was only able to put a lower

limit on the quality factor of 5E8.

LOM Tuning
The LOM damping waveguide was designed into the

cavity cell itself to satisfy the APS stability requirements.

This design proved quite vulnerable to symmetric effects,

leading to significant deflecting mode leakage into the

LOM waveguide. This test was a major verification of the
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tuning procedure developed to minimize this leakage. The

measured Qext,2 stayed constant when the tuner was at-

tached and after cooling to 2 K, indicating that the leakage

remained constant as well. As currently designed, approxi-

mately 10 Watts of deflecting mode power will leak out the

LOM waveguide at the operational cavity field level.

RF SYSTEMS

5-kW Amplifier and Waveguide Systems
The cavity was driven by a purpose-built 5-kW, 2.815-

GHz klystron-based amplifier, built by the APS RF Group.

The amplifier was connected to the cavity through a WR-

284 aluminum waveguide. The cavity coupling was set to

1E6 by a step in the FPC waveguide at the cavity flange.

Given this coupling, it was expected to need 1.73 kW to

operate the cavity at full field with no beam loading.

Digital Low-Level Rf
A digital low-level rf control system has been developed

in collaboration with LBNL. SPX requires very tight tol-

erances on amplitude and phase control between cavities

and between cryomodules. This test provided a first oppor-

tunity to test this system while controlling a cavity under

realistic conditions. This system offers a self-excited loop

mode (SEL) and generator-driven resonance (GDR) that

provide open (unmodulated) and closed (phase and am-

plitude stabilized) modes, all of which were successfully

demonstrated. Successful closed-loop performance can be

seen in Figure 4.

Figure 4: The closed loop performance of the SPX LLRF

cavity field generator at 7 W (open loop mode), approxi-

mately 10 W (in closed loop mode) rf power level with the

presence of significant microphonics in the SRF.

The digital rf system was also used to study the cavity

stability and microphonics. RMS phase errors were mea-

sured at various field levels, and several sources of vibra-

tion were identified and quantified. In open-loop measure-

ments, the ATLAS cryo-compressors were identified as the

dominant source of noise at 55 Hz. In closed-loop mode,

the insulating vacuum turbo-pump used on the test cryostat

was seen as the dominant source of noise (see Figure 5)

at 600 Hz. Even with this noise source, the LLRF system

achieved better than 10-mdeg phase noise integrated up to

1 kHz, which is better than the specification for the system

in operation.

Figure 5: RMS phase noise measured “in-loop” using

closed-loop mode. The large jump in noise at 600 Hz was

identified as the cryostat insulating vacuum turbo pump.

TUNER PERFORMANCE
The SPX cavity tuner is a modified version of the CE-

BAF C100 tuner. This means that the tuning is accom-

plished by a stepper motor and piezo-electric actuator in

series outside the cryostat. The tuning range is designed to

be ±200 kHz with a tuning resolution of 40 Hz required.

Once cold, the tuner was preloaded and exercised over

its full 600-kHz range several times. After the first burn-

in run, a noticeable hysteresis was still observable over

the full range, but essentially negligible over spans of 25

kHz or less (see Figure 6). The slow-tuner control loop

was closed and demonstrated successful frequency con-

trol (seen in Figure 7). Testing time was limited, so only

minimal effort was spent optimizing the slow-tuner con-

trol loop, but the optimization that was achieved gave good

confidence that the existing control system was adequate.

Cavity resolution measurements were performed by av-

eraging frequency data after each tuner step. The resulting

data can be seen in Figure 8. While the sweep was made

with enough steps to traverse 3 kHz of cavity tuning range,

the resulting frequency shift of the cavity varied. There was

a slow drift of the cavity frequency, likely resulting from

the slow temperature drift of the tuner body. Smaller step

sizes took longer to perform and integrated more of this

slow drift. Measurements were taken with 10-Hz steps, but

while the trend was linear, it was in the opposite direction,

indicating that the slow thermal drift was shifting the fre-

quency faster than the measurement could be performed.

INSTRUMENTATION AND CONTROLS
In addition to the major subsystems, there was an exten-

sive interlock and instrumentation system developed at AT-

LAS for test operation. Notably, the instrumentation, data
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Figure 6: Tuner operation over its full range of 600 kHz

and smaller spans of 25 kHz. Hysteresis is notable over the

full range but negligible over the smaller spans.

Figure 7: Cavity tuner control loop being closed and suc-

cessfully regulating cavity frequency. Cavity frequency

drift can be seen before the tuner control loop is closed and

after it is reopened.

logging, and control software were all written in EPICS in

the same style as is used for APS operations. This was

done to minimize integration issues for SPX operation in

the APS ring.

CONCLUSIONS

The horizontal cavity test successfully demonstrated

successful performance of all cavity sub-systems, includ-

ing cavity tuner and digital rf systems. Tuner resolution,

phase control, and tuner control systems were measured

and found to be within the specification of SPX operation.

Only the ultimate cavity field was not demonstrated,

and a second HCT is planned with a different cavity

with demonstrated high-field performance. This test is

anticipated later this year.

Figure 8: Three runs of the cavity tuner in steps of 100, 50,

and 25 Hz. The slight change in slope is from slow thermal

drift of the tuner cooling.
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DESIGN AND TEST OF A CRYOGENIC SEAL FOR RECTANGULAR
WAVEGUIDE USING VATSEAL TECHNOLOGY∗

J. Fuerst† , J. Holzbauer, J. Kaluzny, C. Montiel, Y. Shiroyanagi, B. Stillwell
Argonne National Laboratory, Argonne, IL 60439, USA

Abstract
Vacuum sealing technology for superconducting rf ap-

plications must possess certain characteristics: reliabil-
ity, cleanability, low-particulation, and ultra-high-vacuum-
compatible seal quality. These requirements most of-
ten lead to the use of CF-type flanges with copper gas-
kets, aluminum-magnesium diamond seals, or formed in-
dium wire. The use of superconducting rf technology in
high-current accelerators and the associated high-power
waveguides leads to an additional requirement: minimiza-
tion of trapped field losses in the seal and beam impedance
by minimizing the width and depth of the pocket created
by the seal. CF-type flanges and diamond seals must be
made circular and have a minimum stand-off distance from
the inner diameter of the sealing flanges, making them es-
pecially unsuited for rectangular waveguides. Indium wire
can be made in any shape, but the appropriate line loading
must be established, and the spreading of the indium dur-
ing sealing is challenging to control. Disassembly of the
indium joint is also quite messy and risks contamination of
any nearby niobium surfaces. A commercial sealing tech-
nology known as VATSEAL may neatly address all of the
above requirements. Elsewhere, its feasibility was studied
using finite element modeling. In this paper, we installed
the VATSEAL to our mock-up flanges, measured vacuum
leak rate in a pumped helium bath, and confirmed the seal
is high vacuum tight even at 1.65 K.

INTRODUCTION
VATSEAL is a product of VAT Vacuum Valves of

Switzerland and is offered by the company as a solution
for vacuum, cryogenic, and high-temperature sealing ap-
plications for both circular and rectangular seal geometries.
It consists of an all-metal gasket with a raised, contiguous
strip on both sides, as shown in Figure 1, that serves as the
sealing surface. Additionally, this seal geometry available
from VAT is customizable, giving great flexibility in the ex-
act shape of the sealing surface and making it theoretically
customizable to any waveguide geometry.

The cross section of the raised strip is highly precise and
designed to form a vacuum seal reliable for pressures as
low as 1E-13 Torr with proper flanges and sealing forces.
In the past, the seal was tested at 77 K by immersing the

∗Work supported by the U.S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CHI1357.
† fuerst@aps.anl.gov

Figure 1: Photograph of a rectangular waveguide VAT-
SEAL.

flanges/seal assembly into LN2 [1]. However, it had not
been tested at lower temperatures. This paper reports the
leak test results from 300 K to 2 K.

PRELIMINARY TESTING
The VATSEAL test assembly consists of a 2.75-inch

(7.0-cm) CF-type flange, a 1-inch (2.54-cm)-diameter pipe,
and two 1-cm-thick rectangular flanges. The VATSEAL
sample is installed between the rectangular flanges, which
were polished to an rms finish of 0.2 microns (8 mi-
croinches). The flatness of this flange was also within
the manufacturer’s specification of 20 microns over 50 mm
[2]. The seal was made using 12 UNC #8-32 socket head
cap screws made of high-strength A286 alloy with silicon-
bronze hex nuts. The fasteners were tightened in a star pat-
tern in increments of 23 N-cm (2 in-lb) to avoid distorting
the seal. It was observed repeatedly that sealing was not
achieved with a fastener torque of less than 565 N-cm (50
in-lb), which provides approximately 6800 N (1524 lbs) of
compressive force on the seal per screw. The resulting av-
erage loading is 3386 N per cm of sealing line which is
considerably larger than the minimum of 2000 N per cm of
sealing line called for in the VATSEAL specification [2].

The leak rate was checked by a standard leak test pro-
cedure of spraying ultrapure helium gas around the entire
sealing joint. No leak was detected down to the background
of 2.3E-9 Torr·l/s at room temperature. The test assembly
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was then installed to the cryostat with instrumentation as
shown in Figure 2. An extensive description of the testing
cryostat and associated cryogenic systems has been pub-
lished [3].

Figure 2: Photograph of VATSEAL test setup. The photo
shows the bottom section of the VATSEAL assembly and
temperature sensors Temp 1 and Temp 2. Temperature sen-
sors not shown are Temp 3 at the 2.75-inch Conflat flange
above and Temp 4 at the adapter plate.

The bottom of the rectangular flange is 14 cm above the
bottom end of the level gauge with 15 cm of liquid level
covering the seal itself. Four silicon diode temperature
sensors are attached. Temp 1 and 2 are hose clamped to
the perimeter of the top flange for redundancy, as shown
in Figure 2. Before the cryostat is inserted into the dewar,
leak was checked by a residual gas analyzer (RGA) (The
leak detector was not available at that time.) The partial
pressure of helium was 3.4E-10 Torr when helium gas was
sprayed on the seals.

COOLDOWN PROCESS AND LEAK RATE
MEASUREMENT

Figure 3 top shows temperature as a function of time for
the entire cool-down and warm-up cycle which took two
days. Figure 3 bottom shows the detail of the same cool-
down for the three hours including the start of liquid he-
lium flow. As a preparation for cool-down, the test cryostat
is evacuated and then purged by helium gas up to 760 Torr
five times. At the last purging, the cryostat was pressurized
to 1 psi above atmosphere (812 Torr). The VATSEAL space
was evacuated by the leak detector up to 6.9E-5 Torr. The
leak rate was recorded continuously throughout the cool-
down. No leak was detected at 2.2E-9 Torr·l/s in what was
effectively a pure helium environment. The cool-down be-
gan with LN2 flow precooling of the cryostat thermal shield
circuit. The next day, liquid helium flow was started. As
shown in Figure 3 (bottom), the cooling rate when cooled
by LHe flow was 260 K per hour. This is a reasonably
fast rate that would be typical of or faster than an SRF test
cryostat or cryomodule. Temp 1, 2, and 3 were in the same
range. The Temp 4 cools slower than the other three lo-
cations since this is far away from the bottom of the cryo-
stat. LHe transfer continued until the level gauge showed

Figure 3: Temperature vs Time (hr) for the test’s ther-
mal cycle (top) and specifically during the cool-down to
2 Kelvin (bottom).

14 inches (35.6 cm) from the bottom of the level gauge,
well above the VATSEAL (15 cm). As can be seen in Fig-
ure 4, a slight fluctuation was seen in the leak rate when
the seal became submerged in the liquid. Once the liquid
level was stable, vacuum pumping of the helium space was
started to achieve lower temperatures. The leak rate and
helium vessel pressure were measured during the pump-
ing process and especially at the lambda point 37.8 Torr.
The leak rate remained between 1.5E-9 Torr·l/s and 2E-9
Torr·l/s during the entire cool-down from 220 K to 1.65
K. During the pump-down the liquid level dropped to 6.5
inches (16.5 cm), still above the level of the seal. The sys-
tem was warmed up slowly as shown in Figure 3 (left). Af-
ter the system reached room temperature for a few days, a
second thermal cycle was performed. Since the cryogenic
system used during the first test was not available at the
second cool-down, we transferred LHe from a storage de-
war. The cool-down rate was 6.3 K/hr for LN2 pre-cool and
55 K/hr for helium gas cool-down. The helium liquid level
was not high enough to cover the VATSEAL at the second
cool-down. The leak rate was continuously measured up to
4.3 K at the VATSEAL. No leak was observed, giving con-
fidence that the seal was not damaged by the first thermal
cycle.

The leak rate sensitivity in the second cool-down was
not as good as during the first cool-down. It is suspected
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Figure 4: Leak rate is plotted as a function of temperature
(K) in log scale. No leak was detected between room tem-
perature and 1.65 K.

Figure 5: Leak rate is plotted as a function of temperature
(K) for second cool-down between room temperature and
4.3 K in log scale.

that this is due to the venting of helium into the atmosphere
during the second test, which would then permeate though
O-ring seals in our vacuum pumping system, poisoning the
RGA sensitivity.

RESULTS AND DISCUSSIONS

Figures 4 and 5 summarize the leak rate measurements.
Temperatures below 4.2 K in Figure 4 are calculated from
measured pressure values using the helium vapor pressure
curve. The leak rate remained between 1.5E-9 Torr·l/s and
2E-9 Torr·l/s during the entire first cool-down from 220 K
to 1.65 K, and the liquid helium level was above the seal
during this cool-down. After the thermal cycling to room
temperature, a second cool-down result also showed no
leak at 4.3 K. At this time the helium level was lower than
the seal, so the VATSEAL was surrounded by 4 K helium
gas. We concluded VATSEAL works well even below the
lambda point. Since no leak developed during the second
cool-down, the VATSEAL also endures thermal cycling.

ACKNOWLEDGMENTS
We appreciate the contributions from the engineers and

technicians at the Physics Department at ANL. Especially
we thank Sanghoon Kim for temperature measurement and
Steve MacDonald for cryogenics support.

REFERENCES
[1] B. Stillwell, J. Fuerst, J. Liu, G. Waldschmidt, G. Wu,

“Evaluation of VATSEAL Technology to Seal Waveg-
uide Serving High-Field Superconducting RF Cavities,”
Proceedings of IPAC2012, WEPPC040, p. 2298 (2012);
http://www.JACoW.org

[2] VATSEAL Series 350 Technical Data Sheet,
http://www.vatvalve.com/en/products/catalog/H/350 1 A

[3] J. Fuerst, J. Kaluzny, “Two Low-Cost, Modular Sub-Lambda
Test Cryostats,” Proceedings of CEC2013, Anchorage, AK.

Proceedings of SRF2013, Paris, France MOP079

08 Ancillary systems

X. Cryomodules and cryogenic

ISBN 978-3-95450-143-4

327 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



DESIGN OF A NEW HORIZONTAL TEST CRYOSTAT FOR SCRF 

CAVITIES AT THE UPPSALA UNIVERSITY  

T. Junquera
#
, P. Bujard, N. Chevalier, J.P. Thermeau, ACS, 91400 Orsay, France  

H. Saugnac, IPN, CNRS-IN2P3, Univ. Paris Sud, 91406 Orsay, France 

L. Hermansson, M. Noor, R. Ruber, R. Santiago-Kern, Uppsala University, Uppsala, Sweeden

Abstract 
At Uppsala University, the FREIA facility for research 

and development of new accelerators and associated 

instrumentation, is presently in construction. Associated 

to a new Helium Liquefier, a Horizontal Test Cryostat will 

be used for high power RF tests of completely equipped 

SC cavities. This paper presents the main characteristics 

of the cryostat. Two types of cavities have been 

considered for test purpose: SC elliptical cavities for 

future free electron lasers and SC cavities for high 

intensity proton accelerators. A special valve box 

including a subcooling stage and power coupler cooling 

with supercritical Helium supply have been designed, for 

temperature operation ranging from 2 K to 4.2 K.  This 

facility will play an essential role in the development and 

test of cavities, couplers and cryomodules for the ESS 

project. High power RF sources will be installed in order 

to allow unique and complete tests of spoke cavities and 

cryomodules at high nominal peak power.. 

THE FREIA FACILITY 

The new FREIA laboratory at Uppsala University is 

constructed for research and development of new 

accelerators and instrumentation for accelerator based 

research. The FREIA laboratory is situated in a 1000 m2 

hall as a stand-alone facility: all equipment required for 

high power testing of superconducting accelerator cavities 

is within the laboratory. It includes two radio-frequency 

(RF) power stations delivering up to 400 kW peak power 

at 352 MHz, 3.5 ms pulses at 14 Hz repetition rate. A 

horizontal test cryostat, installed inside a concrete bunker 

for radiation protection purposes, is the central part to 

cool down and test the accelerating cavities at 

temperatures down to 1.8 K. A helium liquefier with a 

capacity of 140 l/h liquid helium production, 2000 l liquid 

helium storage and 20 m3 liquid nitrogen storage will 

provide the required cooling power. To recycle the helium 

gas, a gas recovery system is part of the complex and 

consists of a 100 m3 gas balloon and 3 high pressure 

recovery compressors. For testing at temperatures below 

4.5 K, sub-atmospheric pumps and a gas heater will be 

installed. 

The present main goal for the FREIA laboratory is the 

high power testing of the prototype RF power station, 

double spoke cavity and spoke cryomodule for the 

European Spallation Source (ESS) linear proton 

accelerator. Horizontal test cryostat, liquefier and RF 

power stations are to be commissioned by June 2014 to 

immediately perform tests of the first prototype spoke 

cavity; testing of the first spoke cryomodule prototype, 

with two spoke cavities, is scheduled for July 2015. The 

experiments at FREIA will include one station with a 

horizontal test cryostat, and, at a later stage, a 

cryomodule; both connected to the helium liquefier. 

SPECIFICATIONS OF THE CRYOSTAT 

The horizontal cryostat’s primary aim is the test of 

superconducting RF cavities equipped with their helium 

tank, cold tuning system, piezo tuners and power 

couplers. The layout of the horizontal test cryostat is 

based on previously built cryostats for superconducting 

cavity testing like HoBiCat (HZ Berlin, [1]), CryHoLab 

(CEA Saclay, [2]) or CHECHIA (DESY, [3]). 

The versatile cryostat design makes it able to 

accommodate a whole range of different superconducting 

devices: cavities, solenoids or dipole magnets. 

The cryostat is able to contain two different SC cavities 

simultaneously, which makes it possible to test either a 

352 MHz or a 704 MHz power amplifier chain in 

combination with a superconducting cavity without the 

need to open the cryostat and replace the cavity. The 

cavities are contained in the same insulation vacuum, and 

share a common helium bath; cavity cool-down and 

coupler cooling loops have been doubled to provide 

independent control of each of the cavity’s /coupler’s 

temperature during cooldown/coupler operation.  

CRYOSTAT CHARACTERISTICS 

FREIA Bunker 

86 K@2.5 bar LN2 and 4.5 K@1.25 bar LHe are 

transferred via a transfer line (TL) from the dewars to the 

inter-connexion box (ICB). A view of the cryostat and 

associated equipment is shown in Figure 1. Its main 

parameters are listed in Table 1. The valve box (VB) 

contains the necessary set of tanks, valves, and heat-

exchangers (HX) to provide LN2@80 K, LHe@2 K, 

LHe@4.5 K and supercritical He@5 K to the cryostat. 

He bath temperature in the cryostat is adjustable between 

1.8 K and 4.2 K. Supercritical helium (SHe) is used for 

power coupler outer conductor cooling. The atmospheric 

pressure GHe is directed towards the cold vapour heater 

and sent back to a gasbag or to the coldbox. The 

subatmospheric pressure He return vapors are also heated, 

then compressed back to near atmospheric pressure and 

routed back to the gasbag. 

 ___________________________________________                    

# 
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Figure 1: Layout of the FREIA bunker. 

Heat Loads 

Estimated static heat losses of the cryogenic 

components in the bunker are shown in Table 1. 

Radiation static heat losses are minimized by 

isolating the 4 K components with a LN2 cooled 

radiation shield. Insulation is ensured by 30 layers of 

single-aluminized mylar sheets between 300K and 80 

K and 10 layers between 80 K and 4 K; corresponding 

radiation flux values are 2W/m² to 80K and 0.05 W/m² 

to 4K. 

Conduction losses are minimized by using low 

conductivity material for all supports and thermalizing 

to the 80 K shield where possible; the LHe 4 K tank is 

held in place by three 80K-thermalized epoxy glass tie-

beams hanging from the valve box top; the 2 K tank is 

supported by the 4 K tank; all cryogenic valves which 

are in permanent contact with liquid helium are 

thermalized to the 80 K shield. 

Cool-down and Warm-up 

Cool-down of each cavity is ensured by a separate 

loop for each cavity. This loop reaches the cavity tank 

from below, so that the cavity is cooled down by the 

cold vapors. During cool-down, if the cavity hasn’t 

been heat-treated, the transition from 150 K to 70 K 

can be made in <1 hour to minimize the effects of Q-

disease [4]. Thin film Kapton insulated heaters are 

uniformly distributed on the cold mass to ensure warm-

up of the installation within 8h. 

HORIZONTAL CRYOSTAT 

Main Vessel 

The cryostat main vessel is 4 m long, 1.3 m in 

diameter, made out of 8 mm thick 304L stainless steel, 

closed at either end by convex doors on hinges. The 

vessel with its flanges and doors weights about 2 tons; 

fully equipped with SC cavities and together with the 

valve box, up to 4 tons can weight on the four feet of 

the cryostat. 

Table 1: Main Parameters 

Characteristic  value 

Internal available length  3.2 m 

Internal available diameter 1.2 m 

Number of cavities 2 Spoke cavities 

Helium bath temperature & pressure 1.8K ,16 mbar 

 4.5K, 1.25 bar 

Thermal capacity (design) 

 

120 W @ 4.5 K 

 90W @ 1.8K  

400 W @ 86K 

Static losses 

(design)  

 9W @ 4.5K 

90 W@ 86K 

Table cooling  4.5K loop 

Coupler cooling  

 

Supercritical He  

5K-200 KEIA 

LN2 86 K 

Radiation shield  LN2 86 K 

He bath pump suction pressure  10 mbar 

He bath pump capacity  75W @ 1.8K 

The cryostat presents numerous flanges to make it as 

versatile as possible. A table made out of cast 

aluminium profile, cooled by a 4 K helium loop, can be 

mounted at the bottom of the cryostat. It is supported 

by 3 epoxy fiberglass Ø=150mm posts, thermalized on 

the 80 K shield, that rest on 3 distinct flanges. 

Alternatively, support of the cavities can be ensured by 
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tie-beams. Power couplers can be connected either to 

the side for TESLA couplers or to the bottom for ESS 

couplers. The bottom flanges have deliberately been 

positioned close to the center of the cryostat so the user 

can have better access to the cold tuner once the cavity 

with its coupler is installed. A 500 mm flange on the 

top of the cryostat has been foreseen for connection of 

current leads for SC magnet tests. Access to the center 

of the cryostat is eased by a 800 mm long oval flange 

in the center of the cryostat. Various other smaller 

flanges are included for insulation & cavity vacuum, 

instrumentation, safety valves etc. 

A room-temperature magnetic shield is fixed to the 

inner cryostat wall, doors, and valve box sides to 

prevent penetration of the vertical (50 μT) Earth 

magnetic field component. To take some safety margin, 

we have chosen for the magnetic shield design a 

thickness of 2 mm. The magnetic field can further be 

lowered to ~1 μT by installing a cavity-specific 

magnetic shield [5] as foreseen in ESS.  

Thermal Shield 

The cryostat thermal shield consists of a 3 mm thick 

5454-T6 aluminium alloy sheet cylinder, weighting 130 

kg. It is cooled by 4 x 3.3m longitudinal strips of Ø=10 

mm LN2 pipes soldered to the shield. The doors will be 

bolted to the main cylinder after installation of the 

cavities, and are cooled by thermal contact. The 

cryostat shield is separated from the room-temperature 

vessel by 16 cylindrical PTFE spacers lying on their 

side (on one edge). Finally, for SC magnet tests, the 

thermal shield is cut along its length to prohibit the 

flow of Eddy currents in the shield around the cryostat 

axis in case of a magnet quench. Mechanical integrity 

of the shield is preserved by four electrically insulating 

EpoxyGlass straps. 

VALVE BOX 

One of the main innovations of this cryostat is the 

use of a double heat-exchanger (see ture 2). The first 

module is used during 2 K operation of the cryostat. 

The cold vapors (2-3 K) from the cavity bath subcool 

the incoming LHe from the 4 K tank to enhance Joules-

Thomson (JT) liquid yield. The second module uses 

again the enthalpy of the cold return vapours (~4-5 K) 

to produce a stream of supercritical helium at 3 bar and 

5 K, for coupler cooling. The refrigeration capacity of 

this module naturally increases with coupler power, as 

a greater power in the coupler induces increased cavity 

dissipation and return cold vapour flow. Since the low-

pressure return cold vapour loop is common to both 

modules, the two modules can be fused in one compact 

component.  

We have opted for an annular 4.5 K, LHe tank 

(capacity: 90 L) design to provide room for other 

components within the valve box (VB). A smaller, 35 L 

2 K tank is situated below the 4 K tank. 

SHe is circulated in closed loop through the cryostat 

by a diaphragm pump. To prevent any contamination of 

this loop, we installed an 80K cooled activated 

charcoal trap in the valve box. The SHe loop outlet is 

also equipped with a 1 kW heater for a maximum flow 

of 1g/sec (for both cavities). 

 

 

Figure 2: Valve Box Flow diagram. 

Two pairs of superconducting wire gauges are 

installed on the 4 K and on the 2 K tank to monitor 

liquid helium level. Pressure gauges measure the 

important pressures within the installation: cavity & 

insulation vacuum, 4 K and 2 K tank. Warm flow 

meters and gas counters monitor the main mass flows 

to adapt them to the heat load during operation. 

Six helium safety valves are installed on the cryostat 

and its associated equipment, with an opening pressure 

of 1.5 barA. The biggest one, Ø=63 mm is installed on 

the 2 K tank. It has been sized to allow exhaust of cold 

He vapors with little overpressure in case one of the 

cavity’s vacuum ruptures [6].  
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PRELIMINARY STUDIES OF THE CRYOGENIC REFRIGERATOR AND 

DISTRIBUTION SYSTEMS FOR THE MYRRHA PROTON LINAC* 
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D. Vandessplasche, L. Medeiros, SCK-CEN, Mol, Belgium 

H. Saugnac, IPN, CNRS-IN2P3, Univ. Paris Sud, Orsay, France 

 

Abstract 
In the framework of recent European programs (FP6-

Eurotrans, FP7-MAX), the SC proton Linac for the 

MYRRHA project (associating an accelerator to a 

subcritical nuclear reactor, to be installed in the SCK-

CEN at Mol-Belgium), has been extensively studied and 

optimized to reach strict requirements in beam power and 

reliability as needed for this ADS demonstrator. The 

linac, composed of 150 SC cavities (CH, spoke and 

elliptical) installed in 60 cryomodules, operates at 2K, 

delivering a beam power of 2.5 MW (600 MeV, 4 mA) in 

CW mode, will be installed in a tunnel of 240 m length. 

In this paper we present the evaluation of the cryogenic 

power requirements, a preliminary architecture of the 

cryogenic refrigerator system including all its major 

components, and preliminary proposals for the cryofluids 

distribution along the SC linac.  

THE MYRRHA SC LINAC  

The MYRRHA project, an ADS (Accelerator Driven 

System) proposed by the SCK-CEN (Belgium) and the 

international collaboration, is based on a linear 

accelerator, which delivers a high intensity proton beam 

impinging on a metal spallation target and producing a 

high yield of neutrons to feed the subcritical core of the 

fast spectrum reactor [1].  

The main parameters of the accelerator are: 

 Beam: protons, 2.5 mA (max 4 mA) in CW mode 
 Energy: 600 MeV 

The reliability performances needed by the MYRRHA 

system are very high: 

 Less than 10 beam trips, of duration > 3 sec,           

for 3 months of operation period  

leading to an equivalent MTBF (Mean time Between 

Failures) greater than 250 hours. This goal must be 

compared to presently running high power accelerators 

which operates with MTBF of only a few hours. 

The Linear Accelerator (Linac) is one of the critical 

components in this project, and it represents a major 

technological challenge: to deliver a high energy proton 

beam at high intensity in a continuous wave mode (CW). 

Only a solution based on Superconducting (SC) Cavities 

can offer the required feasibility and performances. The 

SC Linac is composed of 3 sections: an injector composed 

of SC–Crossbar H mode (CH) cavities operating at 176 

MHz, a medium energy section using spoke SC cavities 

operating at 352 MHz, and a high energy section using 

SC elliptical cavities operating at 704 MHz.  

Recently, within the present EU project (FP7-MAX), 

one important goal was to analyze, with much higher 

level of details, the cryogenic technology that could 

guarantee the performances and a reliable operation of the 

MYRRHA accelerator. One important result was the 

choice of the optimal operating temperature for the SC 

Linac: 2K (superfluid helium) was adopted for all the 

linac sections. 

Table 1 presents the heat loads associated to the 3 SC 

linac sections. These loads include both the static and 

dynamic loads. Static load is mostly related to the 

cryomodules mechanical configuration and the values in 

this table (5 W/m) are extrapolated from similar 

cryomodules in other project and prototypes 

measurements. The dynamic loads depends on surface RF 

losses (Qo) and accelerating field in each cavity. In the 

MYRRHA project the typical foreseen operating values 

are: 10
9
 < Qo < 10

10
, and, 4 MV/m < Eacc < 12 MV/m. 

The dynamic load includes also the losses at low 

temperature (2K) induced by the RF power couplers 

connected to each cavity. 

 

Table 1: MYRRHA SC Linac Heat Loads 

Sections 
Injector

SC-CH 

Spoke 

SC 

Elliptical 

SC 

Energy 
3 – 17 

MeV 

17 – 100 

MeV 

100 – 600 

MeV 

nb. of  

Cavities 

6 (each 

injector) 

48   

(beta 0.35) 

34   

(beta 0.47) 

+ 

60   

(beta 0.65) 

nb. of 

Cryo-

modules 

3 (each 

injector) 
24 

17   

(beta 0.47) 

+ 

15   

(beta 0.65) 

Heat 

Load 

(W)  

200   

@ 2K 

680   

@ 2K 

635 @ 2K 

+ 

1360 @ 2K 

 Total Heat Load: 2875 W @ 2K 

 

Cryogenic Refrigerator Capacity    
In addition to the heat loads at 2K presented in Table 1, 

cryogenic refrigeration must be also supplied at 

intermediate temperature levels for thermal shields 

cooling at 40 K (total heat load of 15.2 KW), and the RF 

 ___________________________________________  
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couplers outer conductor cooling (equivalent load of 500 

W at 5 K). Table 2 present the final cryogenic budget at 

the different temperature levels.  

Table 2: MYRRHA Refrigerator capacity 

Function 
T 

(K) 

Heat 

Load 

(kW) 

Overcapacity  

Cryo 

capacity 

(kW) 

 @ 4.5 K 

Cavities 2.1 2.875  (x 1.875) =  5.3 11.5 

Couplers  5 0.5 (x 1.5) =   0.75  0.75 

Thermal 

Shields 
40 15.2 (x 1.5) =  22.8 3.5 

 
Total equivalent @ 4.5 K 15.75 KW 

 

Table 2 includes two important specifications: 

 

 1) Equivalent overall refrigeration capacity at 4.5 K. 

To allow sizing and comparison with similar high power 

refrigerators. 

  

2) Overcapacity, taking into account uncertainties in the 

heat loads estimations, and margin for enhancing cool-

down speed and eventual additional equipments.  

Two big Cryogenic Refrigerators for SC accelerators, 

presently in operation, have sizes and performances that 

can be considered as references for the MYRRHA design: 

the LHC(one unit) [2] with an equivalent cryogenic 

power of 18 KW at 4.5 K, and the SNS [3], with an 

equivalent cryogenic power of 10 KW at 4.5 K. Both 

refrigerators operates at superfluid He temperatures (1.8 – 

2 K) and are composed of several major components as 

represented in the Fig.1. 

 

MYRRHA Cryogenic Refrigerator Proposal  
The proposed scheme for the MYRRHA Cryogenic 

Refrigeration system, presented in Fig. 1, is based in two 

main principles: 1) Distributed subcooling heat 

exchanger scheme: The main cold box produces 

supercritical He (i.e. 4.5 – 5K, 3 bars) for cavities and 

couplers. Each cryomodule has a cryogenic interface 

(valve box) incorporating the subcooling heat exchanger 

to reduce the temperature and the Joule-Thomson valve to 

expand and obtain the nominal He bath at 2.1 K and 30 

mbar.  2) A “mixed compression cycle” as adopted by 

LHC [2]: the 2K Cold Box, with the cold compressors 

and heat exchangers, recovers the low pressure cold gases 

from cryomodules. Room temperature compressors can 

be added in the same box, in order to optimize the 

efficiency and dynamic range of the system. In this case 

the pressurized He gas reaches the main cold box at an 

intermediate temperature level (~20 K).  

 

Figure 1: Components of the MYRRHA Cryogenic Refrigeration System. 
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Figure 2: Preliminary design of MYRRHA Cryogenic buildings and Linac tunnel. 

 

In the LHC, the 1.8 K boxes are installed underground 

at -100 meters, close to the accelerator tunnel. The 

proposed installation of MYRRHA with a Linac tunnel 

installed at the ground level and closer to the cryogenic 

buildings, could lead to an integration of both cold boxes 

(4.5 K and 2K). This is one major aspect of the cryogenic 

system of MYRRHA that would need further 

development.  

Figure 2 shows the proposed cryogenic building 

installation. Two main buildings and some outdoor 

surfaces for storage reservoirs, are necessary for the 

installation of the Refrigeration Systems: 

1. Compressor building: 40 x 24 m² 

2. Cold Boxes building: 36 x 24 m² including 4.5 K 

and 2K cold boxes 

3. Helium Liquid and Gas Storage: 5 x 20 m² 

Cryogenic Distribution 

A proposal for cryogenic fluids distribution is presented 

in Fig.3. Cavities and couplers need a supply of 4.5 K at 3 

bar with a mass flow of 160 g/s and pipe diameter of 40 

mm, thermal shields need a supply of 40 K at 4 bars with 

a mass flow of 40 g/s and pipe diameter of 45 mm. Low 

pressure He gas at 30 mbar, requires a large pipe diameter 

of 240 mm. 

  
Figure 3: Cryogenic fluids distribution and heat 

loads. 

All the 5 pipes (supply and return) can be grouped in a 

unique composed transfer line, vacuum insulated with a 

total maximum diameter of 400 mm.  

A preliminary cross view of the SC linac tunnel is 

presented in Fig. 4. It includes the cryomodule, the 

associated valve box, and the cryogenic transfer line [4].  

  

 
Figure 4: Preliminary design of the SC Linac Tunnel. 
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Figure 1: Floor plan of the S-DALINAC. 
 

 
Figure 2: Photo of the new cryostat module. The stadium 
shaped tower section in the middle houses the WR-284 
transition lines. 

DEVELOPMENT AND TEST OF A NEW CRYOSTAT MODULE FOR THE 
INJECTOR OF THE S-DALINAC* 

T. Kürzeder#, J. Conrad, F. Hug, N. Pietralla, A. Richter, S. Sievers, 
Institut für Kernphysik, TU Darmstadt, Darmstadt, Germany 

R.G. Eichhorn, Cornell University, CLASSE, Ithaca, NY 14853, USA

Abstract 
The present injector of the superconducting Darmstadt 

electron linear accelerator S-DALINAC provides an 
electron beam of up to 10 MeV kinetic energy and up to 
60 A current in continuous wave operation. A new 
cryostat module has been constructed to replace the actual 
one in order to provide higher beam energies of up to 
14 MeV and currents of up to 250 A for nuclear 
resonance fluorescence experiments at the Darmstadt 
High Intensity Photon Setup (DHIPS). As before two 
20-cell superconducting microwave cavities will be 
operated at an acceleration frequency of 3 GHz in a liquid 
helium bath at 2 K. For the injector upgrade two new 
elliptical 20-cell niobium cavities were manufactured and 
in addition a third spare one. The rf power is transferred 
to the cavities by newly developed waveguide-transition 
line and input couplers. The module was assembled for a 
first test and cooled down to 4 and 2 K outside the 
accelerator. This test was successful and confirmed the rf 
properties of the newly designed waveguide power 
couplers. 

INTRODUCTION 
The superconducting Darmstadt electron linear 

accelerator S-DALINAC [1] is a recirculating linac, 
operating twelve superconducting niobium cavities at a 
frequency of 2.997 GHz. The main acceleration is done 
by ten 20 cell elliptical cavities operated in liquid helium 
at 2 K with a design accelerating gradient of 5 MV/m. 
These one meter long cavities are paired in five identical 
cryostat modules. One module is part of the injector 
cryostat of the S-DALINAC, while the other four are 
connected and form the main linac. The layout of the 
machine is shown in Fig. 1. Recently, a new electron 
source for polarized electrons [2] has been added, while it 
is still possible to use the thermionic source instead. After 
a normal conducting chopper/prebuncher section the 
beam is accelerated in the injector cryostat to energies up 

to 10 MeV. Behind this section the first experimental area 
(DHIPS) [3] is located. Alternatively, the beam can be 
bent into the main linac with two recirculation paths. With 
an energy gain of 40 MeV per pass the maximum design 
energy of 130 MeV can be used for experiments in the 
adjacent hall. 

The injector upgrade project [4] aims at a beam energy 
and current increase from 10 MeV with 60 A up to 
14 MeV and up to 250 A to be used at DHIPS. While the 
main linac will not be upgraded the higher intensities 
cannot be used for an operation with recirculated beams. 
The plan was to replace the current standard module in 
the injector by a new one which is capable to increase the 
described parameters. 

Over the last years an upgraded injector cryostat 
module has been developed with several new components 
and special parts. Finally, in 2011 the cryostat vessels 
were built and the last components were ready for 
assembly in spring 2012. 

CONSTRUCTION OF THE MODULE 
The standard S-DALINAC module houses one power 

coupler for each of the two cavities. These couplers and 
their coaxial 7/8” (21 mm diameter) transition line are 
limited to rf power of up to 500 W. New power couplers 
were developed [5] to guarantee the needed 2000 W rf 
power. As a result, the coupler had to be based on a 
waveguide transition line (WR-284, inner cross section 
72 34 mm2) for which the standard module did not 
provide sufficient space. 

As the new module has to fit spatially into the existing 
injector cryostat the concept was based on the standard 
S-DALINAC modules. Nevertheless, the middle section 
(so called tower section), had to be completely 
redesigned. As one can see from the Fig. 2 this section has 
now the shape of a stadium to provide enough space to 
house and mount the new rectangular waveguide 
transition lines and power couplers. In Fig. 3 it is shown 

MOP082 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

334C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

08 Ancillary systems

X. Cryomodules and cryogenic



 
 
Figure 3: Tower section of the cryostat module showing 
the waveguide transition lines with its flexible bellows. 
The helium vessel is shown in blue housing the power 
couplers and cavities. The LN2-shield is shown in green.  

 
 
Figure 4: Shift of the resonance frequencies of the - and 
19/20 -mode due to change in temperature. 

that each rigid waveguide is connected to the power 
coupler inside the helium vessel. The necessary flexibility 
within the space of the insulating vacuum is guaranteed 
by two rectangular waveguide bellows made of stainless 
steel and copper plating on the inner side. Additional, 
circular bellows on top of the helium and vacuum vessel 
provide even more degrees of freedom during the 
assembly. To protect the waveguide transition lines from 
the strong vacuum forces these bellows are supported and 
fixed in their position after sealing the corresponding 
vessel.  

An insulating vacuum between the helium and the outer 
vessel is in the range of 10-5 mbar, and an 80 K shielding 
using liquid nitrogen reduces the heat transfer to the cold 
mass due to convection and heat radiation. In addition to 
that, helium tank and nitrogen shield are both wrapped 
with multilayer insulation. 

As the design accelerating gradient of the standard 
cavities is only 5 MV/m it was decided to build three new 
cavities and to use two of them in the new module. This 
measure should guarantee that the needed gradients of up 
to 7 MV/m can be reached with acceptable heat transfer 
to the liquid helium. More details on the construction of 
those cavities and other parts of the module can be found 
in [6]. 

TESTS AT 4 AND 2 K 
The module was developed to be operated as part of the 

injector cryostat. For a first test we built a special set up, 
to cool down the module outside the accelerator in order 
not to disturb its operation and beam times. Normally, the 
front and the end of the module are connected to the 
neighbouring cryostats. For the test those ends were 
wrapped with multilayer insulation but were not shielded 
by the 80 K interception. In order to create an insulating 
vacuum in the order of 10-3 mbar special end caps were 
used to seal the vacuum vessel.  

As we did not have any possibility to connect and cool 
down the module with our helium refrigerator it was filled 
from a 250 l dewar. In addition, the filling of the nitrogen 
shielding had to be done manually. Nevertheless we were 
able to use one of the pump units of the S-DALINAC to 
reduce the pressure inside the helium space to 35 mbar in 
order to achieve the 2 K operation temperature. 

Frequency Shift 
During the whole cool down it was necessary to verify 

the shift in the resonance frequency, especially of the 
-mode which is used for acceleration of the beam. 

Therefore the frequencies of the -mode and the 
19/20 -mode and the temperature were recorded during 
the whole process. Figure 4 shows the shift to higher 
frequencies of the - and its neighbouring 19/20 -mode 
when cooling down the cryostat module. It was found, 
that the frequency increases by about 4.5 MHz for an 
evacuated cavity cooled down from 300 to 2 K. This 

means when tuning a vented cavity at room temperature 
one has to aim for a frequency 5.4 MHz below the 
operation frequency.  

External Quality Factor 
The measurements of the external quality factor of the 

input and output couplers were done once the cavity and 
couplers were completely covered with liquid helium at 4 
K. A vector network analyzer was used to measure the 
complete scattering matrix (S11, S12, S21, S22). For an 
isolated resonance of a cavity with two couplers the 
elements of the scattering matrix are described by 

  

 

 
with . 

 
Thereby f0 is the resonance frequency, 1, 2 and  are 
the partial widths which describe the loss of energy due to 
two couplers to the cavity and ohmic losses, respectively. 
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Figure 5: Frequency spectra in reflection and transmission 
measured on a cavity at 4 K in the new cryostat module. 
Fits of eq. (1) (black lines) to the measured data (red dots) 
of the scattering matrix elements are shown. 

Those parameters have been found from a fit to the 
measured data (Fig. 5). The quality factor is related by 
 

 

to the corresponding partial width. The quality factor of 
the input coupler was found to be 6.25·106 with a relative 
error of ±1.5%. This value is very close to the quality 
factor of 5·106 for which the coupler was designed [5] in 
order to accelerate an electron beam of 100-250 A. For 
the output coupler, which has not changed in design, an 
external quality factor of 1.55·1010 with a relative error of 
±15% was found, showing also a good agreement with 
the design value. In operation, the output coupler is used 
to provide a probe signal for the rf control system of the 
S-DALINAC. Both quality factors were also measured at 
2 K which was demanding as the pumping units required 
to do so caused heavy vibrations. Extensive averaging led 
to similar results as at 4 K. 

Cryogenic Losses 
The static heat transfer into the liquid helium (with no 

rf applied) was estimated by determination of the rate by 
which the helium evaporated. With knowledge of the 
density and evaporation enthalpy of helium at a given 
temperature one can calculate the thermal power loss by 
measuring the evaporated volume per time: 

 

 
 

At temperatures of 2 and 4 K the thermal losses were 
determined to lie between 5 and 6 W. This is in good 
agreement with the estimates which were made during the 
design phase of this project. We are optimistic that after 
implementation in the accelerator the static losses will be 
1 or 2 W lower, because of the better insulation compared 
to the test setup. Anyway, with 4 W static losses of the 
actual S-DALINAC cryostat modules an addition of 1-2 
W by exchanging the injector module to the overall static 
losses would not have a big impact as the cryo-plant of 
the S-DALINAC provides 100-120 W cooling power at 
2 K.  

OUTLOOK 
Currently, the cryostat module is prepared to be 

swapped into the injector section of the S-DALINAC 
which is scheduled for the next shutdown of the 
accelerator. Once in place, the removed injector module 
will be used as a spare component for the main 
accelerator, as the cryostat modules are identical. This 
will reduce maintenance periods in the future. 
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OPERATIONAL EXPERIENCE WITH THE SOLEIL  

STORAGE RING RF CRYOGENIC PLANT 
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Synchrotron SOLEIL, L'Orme des Merisiers, Saint-Aubin - BP 48, F-91192 GIF-SUR-YVETTE CEDEX 

Abstract 
In the Storage Ring (SR) of the Synchrotron SOLEIL 

light source, two cryomodules (CM’s) provide the 

required power of 575 kW at the nominal energy of 

2.75 GeV with the full beam current of 500 mA and all 

the insertion devices. Each CM contains a pair of 

352 MHz superconducting (s-c) cavities (Nb/Cu), cooled 

in a bath of liquid helium (LHe) at 4.5 K. A single 

cryogenic system supplies the LHe and liquid nitrogen 

(LN2) for the two CM’s. 

INTRODUCTION 

In the SOLEIL SR, four s-c cavities provide to the 

beam the required voltage of 3-4 MV and power of 

575 kW at 352 MHz [1]. They are housed per pair inside 

two CM’s, which are fed with LHe and LN2 from a single 

cryogenic plant supplied by Air Liquide (AL). The order 

was placed in 2004 and the manufacturing took about 18 

months. The full cryogenic plant was delivered by mid of 

2005 and then it was installed at the SOLEIL site during 

the second half of 2005. Its commissioning with a single 

CM started beginning of 2006. The first cool-down of 

CM1 was successfully achieved in May 2006. Thereafter 

the SR has been commissioned and then operated for 

about two years with a single CM, which allowed storing 

up to 300 mA of beam current [2, 3]. The SR RF system 

was completed mid of 2008, with the implementation of 

the second CM, which allowed storing up to 500 mA [4]. 
 

 

CRYOGENIC REQUIREMENTS 

Figure 1 shows a scheme of the SOLEIL CM and its 

cooling circuit. It contains two Nb/Cu cavities enclosed in 

their He tank; they are connected together with a central 

tube (Ø 400 mm) and to the ring vacuum chamber with 

extremity tubes (Ø 260 mm) made of double walls. Each 

cavity is equipped with an antenna type input power 

coupler (IPC) and two loop type high order mode (HOM) 

couplers, located on the central tube, and a mechanical 

frequency tuner at the other side. The LHe enters the CM 

through a phase separator and the two cavity reservoirs 

are filled from the bottom; they are connected together on 

the top by a common vessel, which recuperates the cold 

GHe. Part of this cold gas is returned back to the 

refrigerator while the rest is used to cool the extremity 

tubes and the external tube of the IPC's by circulating 

through their double walls. The IPC antenna is cooled by 

forced air circulation. Part of the LHe is derived from the 

cavity vessel and circulates through the HOM coupler 

loops while their bodies are conduction cooled at 4.5 K. 

All these components are enclosed inside a LN2 cooled 

copper thermal shield with layers of super-insulation, 

which reduce the radiated heat from the room temperature 

parts. The LN2 is also used as thermal shield of the 

cryogenic transfer lines (CTL’s) and in the refrigerator for 

improving its efficiency. 

 

Figure 1: Soleil CM and its cooling circuit. 
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Figure 2: Cryogenic plant layout. 

The estimated cryogenic loads for the CM and CTL are 

summarized in Table 1. 

Table 1: Estimated Thermal Losses for one CM 

Helium bath capacity 100 l    (80% filling)  

Losses at 80K 102 W 

Static losses 39 W 

Dynamic losses 60 W 

Thermal transitions 14 l/h 

CTL shielded LN2 3 l/h 

For budgetary reasons, we chose to use a single 

cryogenic plant to supply both CM's with LHe and LN2. 

Besides, the system was specified in order to provide a 

very high reliability and enough flexibility for enabling 

different modes of operation, like for instance, using one 

CM "at cold" the other one "at warm" (not supplied with 

He) and heated by the circulating beam. 

CRYOGENIC PLANT DESCRIPTION 

Figure 2 shows a layout of the cryogenic plant, which is 

based on the HELIAL 2000 from AL, operated in a mixed 

mode, liquefier/refrigerator. 

Gaseous He (GHe) Compression and Storage 

The He compression station, located inside a dedicated 

room of the utility building, ensures high-pressure (HP) 

15 bara pure He production. It comprises two water-

cooled and oil-lubricated screw compressors, specific for 

He, from KAESER; their characteristics are listed in 

Table 2. They are equipped with SIEMENS frequency 

drivers (FD’s), which allow for smooth starts of the 

motors, electrical power savings and filtering of the mains 

fluctuations or short breakdowns. Each of them has its 

own oil removing system (ORS) from CIRRUS/AL with 

two coalescent units and charcoal pots, which restitute oil 

and composed organic volatile (COV) free He. 

Two 500-meter GHe transfer lines, high and low 

pressure (HP and LP), connect the compression station to 

the rest of the plant. This distance was dictated by the 

need for proximity with the cooling water production and 

with the GHe storage as well as for avoiding vibration, 

noise and thermal nuisance.  

Table 2: Compressor Characteristics 

Suction pressure  1,05 bara 

Exhaust pressure  15 bara 

Mass flow rate 80 g/s 

Max electrical power 265 kW 

Frequency 25 - 50 Hz 

 

The GHe is stored at ambient temperature and under 

high pressure (15 bara) inside two 50 Nm
3
 tanks, located 

outdoors, nearby the compressor station. They are 

connected to a controlled valve panel, which is integrated 

into the ORS rack and manages the GHe expansion. 

Figure 3 shows pictures of the compression station and 

the HP GHe storage. 

Liquefaction and Distribution 

A picture of the cryogenic area inside the accelerator 

building is shown in figure 4. The liquefier is a HELIAL 

2000 from AL operated in closed loop, which exempts 

from having a purifier. Its LN2 pre-cooling stage allows 

for more efficiency and compactness. The liquefaction 

cycle is based on a HP GHe main flow, cooled by a 

secondary flow passing through 2 serial turbo expenders 

and liquefied through a Joule Thompson (JT) valve. 

The produced LHe is stored inside a buffer Dewar of 

2000 liters at 1.5 bara, which feeds the CM’s at 1.2 bara 

by natural flow. The LHe from the Dewar as well as the 

LN2 from the phase separator are dispatched inside a cold 

valve box (VB) and fed into each CM through vacuum 

insulated and LN2 shielded CTL’s. 
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Figure 3: Compressor station and GHe storage. 

 

The GHe above 17 K and the GN2 are warmed up 

through atmospheric exchangers; the former is returned 

towards the compressor station through the LP line, the 

latter directly to the exhaust. The ambient gas are 

managed in the room temperature valve panel (RTVP) 

using controlled valves, mass flow controllers, pressure 

transmitters, pumping unit, … 

Utilities 

The utility requirements are listed in Table 3. 

The cryogenic plant is powered from an uninterrupted 

power supply (UPS) unlike the compressors, which are 

too high power consumers (2 x 265 kW); they are 

powered from two different electrical loops, which 

provide some redundancy and maintenance flexibility. 

 

 

Figure 4: Cryogenic area inside the accelerator building. 

Two times 12 m
3
/h of 17°C medium industrial water 

(MIW) are used to cool the compressors. The oil and He 

dissipation into the plate of the thermal exchangers is 

almost 2 x 225 kW. 

The liquefier turbine brakes are cooled with 0.4 m
3
/h of 

21°C de-ionized water (DIW). It is the only cooling water 

of the cryogenic area inside the accelerator building. 

Controlled valves are pneumatic. The consumption of 

dry compressed air (DCA) is ~ 25 Nm
3
/h. The reliability 

and stability of DCA supply was recently improved by 

implementing a bank of pressurized N2 cylinders as 

backup in case of network drops or shutdowns. 

A 10 000 liter LN2 tank, standing outdoors, feeds a 

phase separator, from which the LN2 at 2.2 bara pressure 

is distributed towards the different parts of the plant. 

Table 3: Utilities 

 

Pelectric 2 x 265 kW 3 x 400 V 

Pelectric uninterrupted 2 kW 

5 kW 

230 V 

Dry Compressed Air 25 Nm
3
/h 6 bar 

DIW 21°C 0.4 m
3
/h 6 bar 

MIW 17°C 24 m
3
/h 

300 kW max 

4 bar 

Liquid Nitrogen 40 l/h 

Storage 10000 l 

2.2 bara 

Control System 

A Programmable Logic Controller (PLC) S7-300 from 

SIEMENS, associated with an auxiliary unit connected 

via Profibus DP, manages the automated sequences for 

the liquefier, storage and compressor station. The 

functional analysis was initially performed by AL. 

Another similar PLC, with a functional analysis from 

SOLEIL, controls the rest of the equipment. 

The operator-to-machine interface, housed in the 

HELIAL control cabinet, is a standard operating panel 

from SIEMENS. 

The local control units are linked to the SOLEIL global 

supervision system, TANGO, via an Ethernet network, 

allowing the operator to monitor data, remotely, 

everywhere on the site. 

COMMISSIONING, OPERATION AND 

UPGRADES 

Commissioning 

The commissioning of the cryogenic plant started in 

spring 2006 and it was performed in two steps. At first, 

the system was tested, using the heater inside the Dewar 

in order to simulate the CM load. Under these conditions, 

performances largely beyond the specifications were 

quickly achieved (Table 4). 

Table 4: SOLEIL HELIAL Performance 

 Liquefaction 

mode 

Refrigeration 

mode 

Mixed 

mode 

JT set point 13.5 K 12 K 12 K 

Liquefaction 

rate 

193 l/h 63 l/h 106 l/h 

Refrigeration 

power 

0 W 475 W 350 W 

Dewar 

Pressure 

1.3 bara 1.3 bara 1.3 bara 

 

The second step consisted in testing and optimizing the 

parameters of a CM cool-down sequence. It was rather 

easy to cool down and maintain the cavities in s-c state, 

but difficulties were encountered with pressure 

instabilities inside the cavity helium tank, due to thermal 

oscillations. After bringing slight modifications in the 
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cryogenic valve box, the system has become very reliable 

and the pressure variations could be kept below ± 1 mbar, 

namely ± 0.1° in phase. Then the goal of storing up to 

300 mA of stable beam, using a single CM, was quickly 

achieved and thereafter the SR RF system has run very 

reliably for about two years under these conditions. 

The implementation of the second CM (CM2), in 2008, 

required a complete refitting of the cryogenic plant 

parameters. The new working point was easily settled but 

it revealed a wrong helium flow somewhere between the 

storage Dewar and the CM’s. That was solved in 

readjusting the operating pressures of the buffer Dewar 

and of the CM’s at 1.5 bara and 1.3 bara, respectively. 

Operation 

Since 2007, the cryogenic system availability has been 

excellent with 99.7%. It is worthwhile mentioning that a 

large part of its downtime, 0.2%, is due to a single event, 

an accidental shutdown of about 100 hours in 2010, 

caused by the fatal failure of the compressor controller. 

That event occurred just before a weekend and it turned 

out that the spare unit was not compatible! 

Upgrades 

Considering the compressor station as a strategic part 

for the reliability of the system and for facilitating its 

maintenance, a second set of compressor and ORS was 

implemented in 2010. However, it has been operational 

only since beginning of 2013, after replacement of the 

original electrical motor, which was malfunctioning. 

Since then it has run without any trouble. 

As mentioned before, the availability of the cryogenic 

system itself is excellent. Nevertheless, there is still a 

significant amount of downtime due to utility failures, 

which induce rather long time for recovering the 

operational conditions, lowering the availability by about 

0.3%. This recovery time has been already reduced from 

6 down to 3 hours by optimizing the process of CM 

refilling with LHe. We still expect gaining another factor 

two from further optimization and automation of the 

process, which are being discussed with AL. 

On the other hand, we have investigated the ways of 

improving the autonomy of the system. For this purpose, 

we planned to double the LHe buffer and HP GHe storage 

capacities, in 2014. That will allow almost 5 hours of 

autonomy under nominal operating conditions, with a 

running compression unit. 

CONCLUSION 

After an installation and a commissioning without any 

major issue, the first 7 years of operation with the 

SOLEIL cryogenic plant have been quite satisfactory. Its 

performance turned out to be significantly above the 

specifications, its operational reliability and availability 

are excellent [5]. The experience feedbacks at full 

operating conditions indicate ways of upgrading the 

system for even better reliability and availability. 
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Abstract 
The European Spallation Source (ESS) is under 

development and construction in Lund, Sweden. It will be 
the world’s most powerful neutron source, up to 30 times 
brighter than current facilities [1]. For this purpose, a 
5MW linear proton accelerator is used with a 4% duty 
cycle. The superconducting part is composed of 3 strings 
of 26 spoke cavities, 36 medium and 84 high β elliptical 
cavities.  

The cryomodules of the two last sections contain 4 
elliptical cavities, operating at 2K and 704.42MHz. 
Within the framework of the international collaboration 
for this program, CEA Saclay in in charge of the elliptical 
cavities and couplers developments while IPN Orsay is 
responsible of the cryomodule design. 

This paper presents the overall design and the thermo-
mechanical aspects of the cryomodule for elliptical 
cavities. A prototype (ECCTD, Elliptical cavity 
cryomodule Technology Demonstrator) will be built and 
tested in order to validate the design and the solutions 
implemented. 

INTRODUCTION 
ESS Programme 

The European Spallation Source (ESS) is a multi-
disciplinary research center based on the world’s most 
powerful neutron source. After completion, it will 
improve visualization techniques and enable new 
opportunities for researchers in the fields of life sciences, 
energy and environmental technology. It is under design 
and construction in Lund, Sweden. 

ESS Linac 
The linear proton accelerator is composed of an ion 

source, different stages of bunching and pre acceleration, 
3 superconducting sections and a heavy metal target (see 
figure 1). It provides a 5MW beam with a 4% duty cycle 
(2.86ms pulse at 14Hz). The superconducting part of the 
linac is composed of 3 strings of 26 spoke cavities 
(β=0.5), 36 medium (0.67) and 84 high β (0.86) elliptical 
cavities [2].  

 
 
 
 
 

Figure 1 : Linac layout. 

Cryomodules for Elliptical Cavities 
The elliptical cavities operate at a temperature of 2K 

and a frequency of 704.42MHz. Each cryomodule houses 
4 resonators. Therefore the complete section is composed 
respectively of 9 medium and 21 high beta cryomodules. 
The cryomodules are connected to the cooling plant by a 
Cryogenic Transfer Line (CTL) that runs alongside the 
linac. 

CRYOMODULES LAYOUT 
Cryomodule Composition 

Figure 2 shows the composition of each cryomodule. 
The 4 cavities are separated by 3 bellows allowing the 
thermal contraction and the displacements due to the Cold 
Tuning System (CTS). A cold to warm transition at each 
extremity ensures low heat losses between the cold mass 
and outside ambient temperature. A metallic warm valve 
closes the beam vacuum at each extremity.  

There is no focusing magnetic coil inside the vacuum 
tank. 

Figure 2: Cryomodule layout. 

 

Medium an High Beta Homogenization 
The high beta elliptical cavities are composed of 5 cells 

and the medium beta of 6 [3]. As a result, the length 
difference between these two types is only some 
centimetres. The Cold Tuning System and the helium tank 
diameter are the same. 

Due to this similarity, it has been decided to design 
similar cryomodules for medium and high beta sections in 
order to minimize the specifics parts and then the costs, 
and to have the same external interfaces in the tunnel. It 
also allows the possibility to replace the first high beta 
cryomodule of the section by a medium one if necessary. 

The following components are the same: vacuum 
vessel, spaceframe, thermal screen, handling system, most 
of the cryogenic pipes, tuning system, ceramic windows 
with antenna, door-knob. 
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GENERAL DESIGN 
Overview 

Due to the length of the cryomodule, it would be very 
inconvenient to position and adjust the cavities and the 
thermal screen directly inside the vacuum vessel.  

All the hanging and alignment operations of the 
cavities string and shielding are implemented in a first 
time inside an intermediate structure, the spaceframe.  

This assembly is inserted in the vacuum vessel in a 
second step. 

Figure 3 shows the main components of the 
cryomodule: vacuum vessel, spaceframe, thermal screen 
and cavities string. 

Figure 3: Cryomodule overview. 

On the longitudinal cross section, Figure 4, the low 
pressure cryogenic line is shown above the cavities string 
and connected to the Cryogenic Transfer Line by a double 
angled connection, the jumper. RF waveguides are 
connected underneath the cryomodule, using door-knob 
transition to the couplers.  

 
 
 
 
 
 
 
 

Figure 4: Cryomodule cross section. 

Main characteristics [4]: 
- Overall length 6600 mm 
- Beam axis height 1500 mm 
- Overall height 2826 mm from the ground 
- Weight 5.8 tons 
- Distance between couplers 1500 mm 
 

Hanging and Cross Positioning of the Cavities 
Figure 5 shows a cross section of the cryomodule. Each 

cavity is hanged inside the spaceframe by 2 sets of 4 cross 
rods. This connection is made before the introduction of 
the whole assembly inside the vacuum vessel. The 
thermal shield is also hanged to these rods by the mean of 
aluminium “elastic boxes” that allow the thermal 

shrinkage while maintaining the transverse stability. Thus 
the 50 K thermalization of the rods is ensured by the 
thermal shield at about 2 thirds of the length. The rods are 
linked to titanium half rings positioned around the helium 
tank and below the magnetic shield. The use of titanium 
instead of steel avoids any magnetic issue on the beam. 
An insert ensures a rotating joint at this connecting point. 
On the other side, the rods are linked to the spaceframe at 
ambient temperature.  

The rods are made of TA6V, a titanium alloy that have 
both high mechanical and thermal characteristics. The 
diameter is 6mm and the length 490mm.  

A 3000N pre stress is applied to maintain the cavities 
string stability, especially during the transportation 
between the assembly premises and the final location. 

 
Figure 5: Cryomodule transverse cross section. 

 

Axial Positioning of the Cavities 
Axial positioning by rods would have many constraints: 

difficulty to ensure the position, lot of holes on thermal 
and magnetic shields. A different system has been chosen. 

A first axial positioning is performed before the 
introduction of the assembly inside the vacuum vessel by 
the mean of different rods screwed to the tank on one side 
(half ring for cross rods), and fixed with an adjustment to 
the spaceframe on the other side. 

After insertion inside the vacuum vessel, the coupler 
flanges are jammed with 2 thin stainless steel plates that 
fix the axial position but allow a vertical motion needed 
for the thermal contraction. Then, the axial rods are 
removed before closing the vacuum tank. 

 

Spaceframe 
The spaceframe is composed of 8 rings connected each 

other by 7 welded pipes (Fig. 6). The rings are opened at 
the bottom in order to insert the cavities string in the 
spaceframe and then closed by steel parts ensuring a high 
stiffness. The rings are made of aluminium that has a high 
thermal conductivity and then ensure good temperature 
stability at 290K by means of different thermalization 
points with the vacuum vessel. The spaceframe is 
positioned inside the vacuum vessel and blocked by 5 
levels of 3 jacks at 120° in order to limit its displacements 
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due to the weight and the stress induced  by the rods (see 
figure 7). 

 
 
 
 
 
 
 
 

Figure 6: Spaceframe. 

 
 
 
 
 
 
 

Figure 7: Displacement of the spaceframe. 

Thermal Shield 
The thermal shield (Fig. 8) is made of 2.5mm thick 

aluminium. It is fastened directly to the support rods of 
the cavities string. This configuration limits heat losses by 
conduction. Multi-layer insulation is wrapped around the 
shield. 8 movable panels in front of the Cold Tuning 
System allow the access for the replacement of failed 
motors or other fragile parts like piezo stacks. 

 
 
 
 
 
 
 
 

Figure 8: Complete thermal shield. 

Cold to Warm Transition 
The cold to warm transition (Fig. 9) ensures the link 

between the 2K cavity and the outside beam pipe at 
ambient temperature. In order to limit the heat losses by 
conduction, the wall thickness is limited to 1.5 to 2mm 
and a bellows is inserted to increase the thermal resistance 
and also compensate the thermal shrinkage and the 
geometric defaults. The bellows protects also the cavity 
flange from atmospheric pressure force. Figure 10 shows 
the temperature distribution. 

It is made of stainless steel. 
 
 
 
 
 
 

Figure 9: Cold/warm        Figure 10: Cold/warm 
transition.        transition temperature map. 

Vacuum Vessel 
The vacuum vessel is made of 10mm thick stainless 

steel (Fig. 11). It rests on the ground by means of two 
support blocks. It is closed at each extremity by two flat 
covers. Eight trap doors allow an access to the cold tuning 
system to remove failed parts. 

Figure 11: Vacuum vessel. 
 

GENERAL ASSEMBLING PROCEDURE 
The cavities string is assembled in a clean room. It 

comprises the resonators, the helium tanks, the bellows, 
the cold/warm transitions and the vacuum valves. The 
pre-alignment of the cavities is made during this phase. 

Outside the clean room, the different cryogenic pipes 
are welded or screwed directly to the cavities string. The 
cold mass is equipped with the tuning system, the 
magnetic shield, the instrumentation components… At the 
same time, the main section of the thermal screen is 
temporarily fastened to the spaceframe. 

In the following step, the equipped cavities string is 
inserted inside the spaceframe as shown in figure 12. The 
bottom of the spaceframe is closed to strengthen all the 
structure. 

 
 
 
 
 
 
 

Figure 12: Insertion of the cavities inside the spaceframe. 

All these operations are based on the use of different 
rail systems that support and guide the cavities string, the 
thermal screen and the spaceframe. 

During the first step of the operation, the supporting 
transverse rods are screwed on the helium tanks and 
connected to the spaceframe on the other side where the 
3000N pre-stress is applied by means of a spring and 
screw device. The thermal screen is fixed to these rods at 
2 thirds of the height while the temporary link is removed. 

The axial position of each cavity is temporarily 
adjusted and fixed by means of 4 rods fastened to the 
helium tanks on one side and blocked to the spaceframe 
extremities on the other side. 
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All the assembly is moved inside the vacuum vessel by 
means of a wheel device fixed to the spaceframe and 
rolling on two rails welded on the vessel wall. 

All the assembly is aligned and blocked. The position 
of each power coupler is axially fixed by 2 thin plates 
fixed between their flange and the vacuum vessel. The 
temporary device can be removed. 

Then, all the final operations can be carried out: 
installation of second sections of the couplers and RF 
door knobs, welding of the cryogenic circuit at each 
extremity, closing of the thermal shield, assembly of the 
connection jumper to the cryogenic transfer line… 

 

CONCLUSION 
A technology demonstrator shall be built to validate the 

design and the industrialization for series production [5]. 
The ESS cryomodule for elliptical cavities is under 

design within the framework of France’s in-kind 
contributions. The 2 laboratories involved are CEA/IRFU 
for the resonators and couplers, and CNRS/IPNO for the 
cryomodule alone. The project is the product of this 
collaborative effort. 
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Abstract 
The Superconducting Proton Linac (SPL) is an R&D 

effort conducted by CERN in partnership with other 

international laboratories, aimed at developing key 

technologies for the construction of a multi-megawatt 

proton linac based on state-of-the-art SRF technology. 

Such an accelerator could serve as a driver in new physics 

facilities for neutrinos and/or radioactive ion beams [1]. 

Amongst the main objectives of this effort, are the 

development of 704 MHz bulk niobium beta=1 elliptical 

cavities (operating at 2 K and providing an accelerating 

gradient of 25 MV/m) and the test of a string of cavities 

integrated in a machine-type cryo-module. In an initial 

phase, only four out of the eight cavities of the SPL cryo-

module will be tested in a half-length cryo-module 

developed for this purpose, which nonetheless preserves 

the main features of the full size module.  

This paper presents the final design of the cryo-module 

and the status of the construction of the main cryostat 

parts. Preliminary plans for the assembly and testing of 

the cryo-module at CERN are also presented. 

INTRODUCTION 

The SPL cryo-module (CM) development work at 

CERN is motivated by the need of understanding how 

high-gradient SRF cavities can be efficiently put into 

operation in an accelerator’s environment. It is well 

known that cavity performance can be degraded by 

surface contamination occurring between vertical testing 

and final operation in a cryo-module due to the high 

number of intermediate preparation steps (dressing in 

their helium vessels, clean-room assembly to form a 

string, etc); mastering the complete preparation cycle of a 

CM is therefore mandatory and requires learning from 

prototyping. Furthermore, alignment issues of the cavities 

inside the CM are essential for the performance of a linac 

and design considerations must be validated on a 

prototype. Last but not least important, the thermal 

performance of cavities operating at 2 K, including 

measuring static heat loads of the cryostat, as well as RF 

and cryogenic operation experience, need an experimental 

validation on a full-scale CM. 

  

 
Figure 1: General Assembly View of the SPL Short Cryo-module. 
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Figure 2: Cross-sectional view of the SPL cryo-module.  

THE CRYOMODULE AND ITS MAIN 

CRYOSTAT COMPONENTS 

 

The innovative concept of the SPL cryo-module, 

featuring the main RF coupler acting also as the main 

mechanical support of the cavities [2], has now evolved, 

through the work done in collaboration with IPN d’Orsay, 

to a mature design which is presented hereafter and which 

is illustrated in Figures 1 and 2. 

The CM contains four 704 MHz cavities [3], made in 

bulk-niobium, each housed independently in a stainless 

steel helium tank designed to match the tuning 

requirements when making use of the CEA-Saclay lever-

arm type tuners.  

The fixed RF coaxial coupler, with a single ceramic 

window, providing 100 kW average power (1 MW peak) 

is mounted onto the cavity via a ConFlat™ flange 

assembly equipped with a specific vacuum/RF seal 

designed at CERN and widely used in CM for other 

machines (including LHC). The single-window of the RF 

coupler imposes that it is mounted as a whole onto the 

cavity in the clean-room, constraining by its large radial 

size the subsequent assembly activities of the CM. For 

this reason the vacuum vessel has been designed in two 

parts, to allow a vertical assembly of the string inside the 

vessel.   

Cavity Supporting System 

With the aim of minimizing static heat loads from room 

temperature to 2 K by solid thermal conduction, the 

number of mechanical elements between the two extreme 

temperatures is reduced to the strict minimum: the 

cavities are supported directly via the external conductor 

of the RF coupler, the double-walled tube (DWT). The 

latter is made out of a stainless steel tube with an internal 

diameter of 100 mm, which is actively cooled by gaseous 

helium circulating inside a double-walled envelope in 

order to improve its thermal efficiency [4]. An additional 

supporting point to keep cavity straightness and 

alignment stability within requirements is obtained by 

supporting each cavity on the adjacent one via the inter-

cavity support, which is composed of a stem sliding 

inside a spherical bearing. As a result, a pure vertical 

supporting force is exchanged by adjacent cavities 

whereas all other degrees of freedom remain unrestrained 

allowing thermal contraction movements to occur 

unhindered.  

The thermo-mechanical behaviour of this supporting 

system is presently being studied on a dedicated test 

bench at CERN.   

Thermal Shielding and MLI System  

The thermal shield is made of rolled aluminum sheets, 

and is composed of four main parts assembled before the 

vertical insertion of the string of cavities: two half-shells 

mounted around the string of cavities and two closure 

parts at its two extremities.  

The shield is suspended to the vacuum vessel via 

adjustable tie rods in titanium alloy which also cope, by 

angular movements, with its thermal contractions. The 

absence of mechanical contact between the shield and the 

string of cavities eliminates the risk of interference with 

the alignment of the cavities induced by differential 

contractions and cooling transients.     

The thermal shield is actively cooled at about 50 K via 

an aluminum cryogenic cooling line of 15 mm internal 

diameter. The same line ensures an intermediate cooling 

of the two Cold-to-Warm Transitions (CWT) of the beam 

tube at the cryostat’s extremities.   

A 30 layers MLI prefabricated blanket, of the same 

technology developed for the LHC superconducting 

magnet cryostats, protects the thermal shield whereas 10-

layer blankets are mounted around each helium vessel.  

Magnetic Shielding  

The cavities are protected by individual magnetic 

shields made of 2-mm thick Cryoperm™ sheets. The 

shields are made of 2 half-shells mounted around the 

helium tank and fixed to it on the tuner side. Simulations 

confirm the effectiveness of the shielding, keeping 

Earth’s magnetic field penetration in the cavity region to 

within ~1 μT. 

Cryogenic Piping  

The cavities are housed in individual stainless steel 

helium tanks connected by a 100-mm-diameter two-phase 

pipe placed above the cavities. This pipe ensures liquid 

feeding to the cavities by gravity, and is also used as a 

pumping line for gaseous helium. A saturated helium bath 

at 31 mbar maintains the cavities operating temperature of 

2 K. Helium vapours are pumped along the two-phase 

pipe and through a phase separator reservoir of 5 l, which 

collects the liquid helium in excess and which houses a 

superconducting liquid level gauge for cryogenics 

operation and control purposes. Sub-cooled liquid helium, 

previously expanded through JT valves, is supplied to the 

two-phase tube through 10-mm capillaries (one per each 

cavity), and routed along the two-phase pipe. Redundancy 

in the number of filling lines and level measurements 

(each cavity has a helium level measurement) has been 

foreseen for testing purposes, though one single line, 
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filling from the extremity opposite to the phase separator, 

is deemed sufficient for normal operation. The cavities 

are also equipped with one additional 6-mm capillary 

each (also routed along the two-phase pipe), for their 

effective cool-down and warm-up. 

A dedicated 6-mm circuit supplies 4.5 K vapour helium 

for cooling of the RF coupler double-walled tubes. The 

vapours are warmed up to room temperature before being 

recovered in a circuit outside the vacuum vessel.   

Vacuum Vessel  

For reasons of compactness and ease of assembly of the 

string of cavities inside the CM, the vacuum vessel 

(shown in Figure 3) has been designed in two parts, a 

main 10-mm-thick bottom part and a 6-mm-thick top 

cover. The bottom part of the vessel supports the cavities 

via adjustable flanged interfaces to the double-walled 

tube of the RF coupler, and the top cover is closed at the 

very end of the CM assembly. This leaves the possibility 

of checking the alignment of the cavities with optical 

devices (laser trackers for example) while making fine 

adjustments through the adjustable flanges. The top cover 

is closed onto the bottom part via a flanged assembly; a 

10-mm diameter O-ring sealing keeps leak-tightness to 

better than 10
-8

 mbar/l/s in an insulation vacuum of 10
-6

 

mbar.   

The vacuum vessel mounts a number of ports which 

serve for routing instrumentation, and for interfacing 

vacuum or cryogenic equipment (pumps, level He 

gauges) as well as overpressure safety devices (burst 

disks for the cryogenic circuit and safety relief plate for 

the insulation vacuum).  

Apart from the main flanges and ports, which are made 

in stainless steel AISI 304L, the vessel is made in low-

carbon steel in order to provide a first level of magnetic 

shielding of the cavities with respect to external fields.  

 

Figure 3: View of the two-parts vacuum vessel. 

CRYOMODULE HEAT LOADS 

Estimates of the static and dynamic heat loads for the 

CM, are given in Table 1. The residual resistance on the 

cavities surface yields the dominant contribution to 2 K 

heating, with 20 W/cavity (based on E=25 MV/m, a Q0 of 

5·10
9
 and a cryo duty cycle of 8.22%). The remaining 

contributions, mostly static heat loads, account for less 

than 10% of the total at 2 K. The total heat load of about 

86 W at 2 K is equivalent to a mass flow of about 4.1 g/s 

of helium vapours in the two-phase line. The 50 K level 

circuit collects about 90 W, out of which half is attributed 

to the two cold-to-warm transitions of the beam tubes, 

and the rest is thermal shield radiation heating.  

Finally, the active cooling of the RF couplers double-

walled tubes, with nominal RF powering, requires a 4.5 K 

helium mass-flow of 40 mg/s per coupler, i.e. 160 mg/s 

total, to which 40 mg/s of a similar active cooled support 

of the phase separator has to be added. 

         

Table 1: CM Static
#
 and Dynamic Heat Loads 

Temperature 

level 

2 K 4.5-300 

K 

50 K 

4 Cavities RF 

power 

80 W - - 

2 Cold-to-Warm 

transitions  

~ 2 W - ~ 15 W 

4 RF couplers 

DWT 

< 2 W 160 mg/s - 

1 Phase separator 

support 

< 0.5 W 40 mg/s  

Thermal radiation 

to thermal shield  

- - ~ 35 W 

Thermal radiation 

to 2 K  

~ 1.5 W - - 

Total  ~ 86 W 200 mg/s ~ 50 W 

(# No contingency and excluding instrumentation induced heat loads) 

CRYOMODULE ASSEMBLY AND 

TESTING 

The CM is now entering the manufacture phase. The 

first cavities are being supplied to CERN by Industry and 

will be prepared at CERN in a new electro-polishing 

facility, while the cryostat components are now starting to 

be procured. Assembly of the string of cavities is planned 

in 2014 in a CERN class-10 clean-room, presently being 

upgraded. The CM assembly will follow with the goal of 

starting cryogenic and RF testing before the end of 2015. 

CONCLUSIONS 

The motivation for the design and construction of the 

SPL cryo-module has been presented and justified. The 

original design concept has evolved in the last two years 

towards a mature and detailed design.  The procurement 

of cavities and cryostat components is now underway in 

European industry.  

CERN is upgrading its facilities (cavity electro-polishing, 

clean-rooms and RF testing facility) in order to be ready 

for the challenging task of preparing 25 MV/m cavities, 
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assembling them first in a string, then in the cryo-module 

and be ready to start RF testing before the end of 2015.  
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Abstract 

On successful completion of the assembly and 

preliminary testing of an optimised SRF cryomodule, 

being developed under international collaboration, for 

application on ERL accelerators, the cryomodule has now 

been installed on the 35 MeV ALICE (Accelerators and 

Lasers in Combined Experiments) Energy Recovery 

Linac (ERL) facility at STFC Daresbury Laboratory. 

Existing cryogenic infrastructure has a capacity to deliver 

approximately 120 W cooling power at 2 K, but the HOM 

(Higher Order Mode) absorbers, the thermal intercepts for 

the high power RF couplers and the radiation shields 

inside the cryomodule are designed to be cooled with 

gaseous helium instead of liquid nitrogen. As a result, the 

cryogenic infrastructure for ALICE has been modified to 

meet these additional requirements. This paper, presents 

our experience with the integration and cryogenic 

commissioning with some initial results. 

INTRODUCTION 

 

 
 

Figure 1: CW-ERL cryomodule under development. 

On successful completion of the assembly of the   
optimised SRF cryomodule (Fig. 1) for CW ERL 

applications [1], extensive tests were conducted in 2012 

to evaluate the cryogenic performance, first with liquid 

nitrogen and then with liquid helium at 4.2 K with the 

assembled cryomodule (Fig. 2). The main purpose of 

these offline cold tests were to identify any unforeseen 

issues that may occur during the installation and 

commissioning on ALICE Several issues were identified 

and resolved during the tests, for example - large 

temperature gradient between the two cavities during 

cool-down and the lowest temperature reached was only 

~8K. Most of these observations could be explained by 

considering the limitations on the non-ideal test 

conditions and attributed to the absence of the cooling 

power at intermediate temperatures for cooling the 

thermal intercepts on the RF couplers and the HOM 

absorbers.  

 

 
 

Figure 2: Fully assembled cryomodule undergoing 

Qualification tests. 

The cryomodule subsequently passed the offline 

acceptance tests [2] and was installed on ALICE as shown 

in Fig. 3 in February 2013. The existing cryogenic 

infrastructure [3] has a capacity to deliver approximately 

120 W cooling power at 2 K and liquid nitrogen is used as 

a source for cooling to 80 K.  

However, for the new CW-ERL cryomodule the HOM 

absorbers, the thermal intercepts for the high power RF 

couplers and the radiation shields are designed to be 

cooled with gaseous helium instead of liquid nitrogen. 

This alternative solution was chosen to allow for 
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investigation of microphonics susceptibility and so a 

special system called COOL-IT [4] was developed to 

provide COOling power at Intermediate Temperatures 

and has been integrated with the main cryogenic system 

for ALICE (Fig. 4). Subsequent sections describe the first 

experience with the process of integration and cryogenics 

performance observed during the initial cool-down. 

 

 

Figure 3: Cryomodule installed on ALICE- 25 MeV ERL 

facility at STFC Daresbury Laboratory. 

  
 

Figure 4: COOL-IT a system to provide cooling power at 

intermediate temperatures 

 

CRYOGENIC PERFORMANCE 

Cool-down to Base Temperature 

The cryomodule was successfully cooled to 2 K at the 

first instance and then thermally cycled between room 

temperature and 2 K several times. Cool-down to 130 K 

was very slow and was achieved only by radiation and 

conduction through the supports as shown in Fig. 5. A 

large temperature gradient between the two cavities below 

100 K can be attributed to the floating temperatures of 

various components, inside the cryomodule.  

 

 
 

Figure 5: Cool-down to 2 K. The red and black curves 

indicate the temperatures of the two cavities and the green 

curve shows position of the liquid helium feed valve.  

Below 130K the cavities are cooled at a maximum 

possible rate by fully opening the liquid helium feed 

valves. Fig. 6 shows the control obtained over liquid 

helium levels and excellent pressure stability achieved 

of 0.05 mbar around an absolute pressure of 30 mbar 

(Fig. 7) in the helium vessels surrounding the cavities 

after thermal equilibrium at 2 K is attained. 

 

  

Figure 6: Liquid helium level control after reaching 

thermal equilibrium at 2 K. 

Temperature Measurements 

In spite of achieving excellent temperature stability 

repeatedly, actual temperature readings of the cavities as 

measured using the Cernox temperature sensors appeared 

to be erroneous. This is likely to be due to the errors in 

the calibration curves while configuring the measuring 

Concept                    Design                    Build             
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instruments. Investigations are underway to confirm this 

reasoning. 

 

 

Figure 7: Excellent pressure stability of +/- 0.05 mbar 

around an absolute pressure of 30 mbar corresponding to 

a temperature of 2 K. 

The thermal shield and the HOM absorbers were 

cooled to temperatures between 89 K and 99 K using cold 

helium gas provided by COOL-IT. The thermal intercepts 

could be cooled to temperatures between 13.5 K and 

15.5 K instead of a target of 10 K, but this is not 

anticipated to be a major issue, as the static heat load 

measurements at 2 K have been found to be within 

specifications . The dynamic heat loads have not been 

measured but the cryo-system has sufficient overhead to 

handle additional heat leak in the presence of RF power, 

as along as power dissipation and Qo for the cavities is 

within acceptable limits. The primary RF interlocks for 

the couplers have been set by the vacuum level (1.0E-07 

mbar) and the secondary interlocks corresponding to 

temperatures will be set to 5 K higher than those measured 

at thermal equilibrium.  

Heat Load Measurements 

Table 1: Cryogenic performance measurements under 

static conditions 

Parameter Units Value Spec 

Base Temperature K 2.0 2.0 

Static Heat Load W 6.2 15 

Absolute Pressure mbar 30 30 

Pressure Stability mbar +/- 0.05 +/- 1.0 

Base Mass flow# g/S 2.5  2.5 

Dynamic Heat Load  Not yet measured 

Shield temperature K 89 < T< 99 ~ 90 

Intercepts (80K) K 89 < T < 99 ~ 90 

Intercepts (10K) K 13.5 < T < 15.5  ~10 

Cavity Frequency GHz 1.3 1.3 

Tuning Range MHz +/- 350 +/- 350 
#
 

This is a minimum mass flow equivalent to static heat leak for the entire cryogenic 

system for ALICE including a second (booster) cryomodule
  

 

A summary of heat load measurements [5] is given in 

the Table 1, showing that all of the basic cooling 

parameters are within the specification and similar to the 

SRF LINAC previously operating with ALICE as 

reported in the reference 3. The temperatures of the 

thermal intercepts are higher than expected, but should 

not pose a major problem for the reasons mentioned in the 

previous section. This situation will certainly improve 

after optimising operation of COOL-IT. Currently the 

helium gas pressure is set to a fixed value of 2 barA, but 

in future it will be controlled automatically via a feedback 

loop based on the temperature of the thermal intercept on 

the HOM absorbers.  

Initial RF Performance 

 

Figure 8: Microphonics tests on cavity 1. 

The operation of the modified Saclay II tuners was 

verified by tuning both the cavities to 1.3 GHz at 2 K with 

a tuning range of  350 MHz. A digital low level RF 

(DLLRF) control system has been developed and initial 

testing with the cryomodule has been successfully carried 

out. Microphonic behaviour of both the cavities in the 

cryomodule was also studied, with various low frequency 

(mechanical) detuning peaks measured, and the DLLRF 

system has been demonstrated to overcome these 

disturbances [6]. These were adequately damped by use 

of a digital phase locked loop as shown in Fig. 8 for 

cavity 1, with Cavity 2 showing similar behaviour.  

SUMMARY AND FUTURE PLANS  

The CW-ERL cryomodule was successfully cooled to 

2K after installation on ALICE. Initial cryogenic 

performance, particularly under static conditions is within 

the specifications. A newly developed digital low level 

RF system has been provisionally validated successfully 

by undertaking microphonic measurements. Evaluation of 

the cryomodule with high power RF initially through 

conditioning of the cavities and then in the presence the 

electron beams will resume after optimising the operation 

of the cryogenic system including COOL-IT over the next 

few weeks.  
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Abstract 
A prototype Superconducting RF (SRF) cryomodule, 

comprising multiple compact crab cavities is foreseen to 

realise a local crab crossing scheme for the “Hi-Lumi 

LHC”, a project launched by CERN to increase the 

luminosity performance of LHC. A cryomodule with two 

cavities will be initially installed and tested on the SPS 

drive accelerator at CERN to evaluate performance with 

high-intensity proton beams. A series of boundary 

conditions influence the design of the cryomodule 

prototype, arising from; the complexity of the cavity 

design, the requirement for multiple RF couplers, the 

close proximity to the second LHC beam pipe and the 

tight space constraints in the SPS and LHC tunnels. As a 

result, the design of the helium vessel and the cryomodule 

has become extremely challenging. This paper assesses 

some of the critical cryogenic and engineering design 

requirements and describes an optimised cryomodule 

solution for the evaluation tests on SPS. 

INTRODUCTION 

In order to extend the discovery potential of LHC, 

CERN has launched a major upgrade program “Hi-Lumi-

LHC” (High Luminosity LHC)
 

[1] to improve the 

luminosity performance of LHC, aiming for L = 5x10
34 

cm
-2

s
-1

 from 2022. SRF compact crab cavities around the 

LHC detectors will be a key element in achieving this 

goal and three crab cavity designs [2] have been 

shortlisted for detailed studies. Such a technique has 

never been utilised for hadron beams before and so to 

mitigate any risks that may arise due to the complexity of 

the LHC, it is necessary to understand the interaction 

between the powerful LHC beam and the RF crabbing 

field prior to its final implementation. Therefore a 

prototype SRF cryomodule, consisting of two compact 

crab cavities is foreseen to be installed and tested on the 

SPS drive accelerator at CERN prior to the long shut-

down period (LS2) to evaluate performance with high-

intensity proton beams.  

Preliminary Study 

A series of complex boundary condition [3] has made 

the design of the helium vessel, as well as the cryomodule   

itself, an extremely challenging objective. A preliminary 

analysis [4] was undertaken to establish an approach to 

develop a concept cryomodule. SRF cavities have 

complex geometrical structures and each step towards 

assembling a complete cryomodule; from dressing with 

the helium vessel, integrating with RF couplers to 

installing the tuners, is critical, costly and time 

consuming. Errors that may occur [5] during the assembly 

of individual components are typically realised only after 

assembly, during tests or in final operation. Traditional 

cryomodules, where the cavity string is rolled axially into 

a concentric module, can have limited access for 

addressing any issues discovered during the module 

commissioning phase. To overcome such difficulties, an 

open access cryomodule design [6] is proposed initially as 

shown in Fig. 1, to enclose the 4-Rod (4R) crab cavities 

for HiLumi-LHC. 

 

 
 

Figure 1: Open access cryomodule for 4R crab cavities. 

Such a provisional design provides easy access to the 

internal components even after assembly and installation. 

It also simplifies the assembly process and minimises 

tooling requirements, which reduces the overall 

manufacturing costs. This particular design was based on 

the assumption that the RF power couplers will be 

inserted from the bottom of the cryostat. Subsequently, a 

refinement of the SPS requirements has modified this 

assumption [7] and the designs of the 4R cavities, the 

helium vessel and the cryomodule have also been adapted 

in response to the updated requirements and are hereby 

presented in this paper. 

HELIUM VESSEL  

Fig. 2 shows the helium vessel for a modified 4R [8] 

cavity design. Some important features of the helium 

vessel assembly are described below: 
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1. A dummy beam pipe to represent the second LHC 

beam pipe is included inside the cavity helium vessel. 

2. The helium vessel is completely filled with superfluid 

liquid helium and is attached to a two-phase line via 

two interfacing chimneys. 

 

 
 

Figure 2: Helium vessel for a modified 4R cavity. 

 

3. Provision is made to incorporate modified Saclay-II 

tuners that have been successfully used on the ERL 

cryomodule [9] for ALICE and are shown in Fig. 3.  

4. The helium vessel has 3 penetrations for three RF 

coupler ports (Input, HOM and LOM). At a 

differential test pressure of 2 bar, the Ti vessel 

experiences a maximum stress of 76 MPa, and a 

maximum deflection of 0.58 mm. The maximum 

stress in the Niobium cavity is 60 MPa, which is 

below the allowable stress limit. These figures will be 

revised once the cavity has been optimized for axial 

tuning and 2.6 bar differential test pressure (as 

required by CERN). 

 

Figure 3: A string consisting of two dressed cavities with 

modified Saclay-II tuners.  

  CRYOMODULE 

Side Loaded Design 

The layout at the SPS test location requires that all the 

interfaces to the cryomodule, particularly the RF couplers 

and cryogenics, be located at the top of the cryostat. 

Keeping the basic approach of providing easy access to 

internal components, a new cryomodule concept design 

has been developed as shown in Fig. 4.   Some of the key 

features are mentioned below but more details including 

preliminary mechanical analysis have been reported 

elsewhere [10]. 

1. It provides easy access to internal components from 

two sides. 

2. It is proposed to use the outer wall of the RF coupler 

to support the dressed cavity mechanically inside the 

cryomodule, an approach similar to that taken in the 

case of SPL cryomodule design [11].   

3. A three axis manual alignment mechanism has been 

developed to position the couplers and subsequently 

the cavity string within the cryomodule. 

4. It is proposed to use the outer vessel frame of the 

cryomodule as tooling for assembling the cavity string 

and the RF couplers inside the cleanroom.  Systematic 

assembly procedures to implement this are being 

developed and will be reported later. 

 

 

Figure 4: Side loaded cryomodule with full access to 

internal components after assembly and installation.  

Integration with SPS Infrastructure 

Fig. 5 demonstrates the compatibility of the side 

loaded cryomodule with the SPS layout. Overhead roof 

supports constrain the module in the vertical orientation. 

The module is also required to fit within a Y-chamber 

assembly which allows the module to be physically 

moved in and out of the SPS beamline with all external 

services connections being maintained. This adds 

constraints to the overall width of the module, particularly 

on the side of the SPS bypass line. The translation stage 

for moving the module will be developed by CERN, the 

requirements for which are yet to be determined.  
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Figure 5: Side loaded cryomodule in SPS.

Schematic  

Fig. 6 shows a schematic of the proposed cryogenic 

process for the cryomodule. Note that the use of 5K - 6K 

cooling circuit has been eliminated and all the thermal 

intercepts and the radiation shield will be cooled by liquid 

nitrogen. A 4K precool line is added to introduce better 

control over the cool-down process, whilst the SPL-RF 

coupler will be modified mainly to match the thermal 

performance with the cryogenic process. Although a 

separate interface is shown for liquid nitrogen, it will be 

integrated within the helium interface to simplify the 

external cryogenic infrastructure.  

 

 

Figure 6: Cryogenic schematic of the cryomodule. 

  FUTURE PLANS AND SUMMARY 

Crab cavities are a critical component in the LHC Hi-

Luminosity upgrade project. A prototype SRF 

cryomodule, consisting of two compact crab cavities is 

foreseen to be installed and tested on the SPS drive 

accelerator at CERN, prior to the long shut-down period 

LS2 to evaluate performance with high-intensity proton 

beams. As three cavity designs are under consideration, 

efforts are being made to identify common features that 

can be accommodated in a single plug-compatible 

cryomodule design in order to maintain the same 

infrastructure at the SPS test location. The cold side of the 

RF couplers and tuners for all the three cavity designs are 

quite different and accommodating them in the same 

cryomodule design will be a major challenge in its 

development process. 

A concept design of an open access cryomodule with 

two 4R crab cavities has been developed, which meets all 

the basic requirements of the SPS tests. The assembled 

cryomodule is envisaged to be tested for cryogenic and 

RF performance at the SM18 facility at CERN prior to its 

installation at SPS and requirements for these tests are 

being assessed. A number of issues also arise due to the 

critical alignment specifications, safety considerations 

and introducing interfaces for additional RF couplers for 

damping the HOMs and LOMs. All of these will be 

addressed through a joint collaboration between CERN, 

STFC-UK and US-LARP.  

ACKNOWLEDGEMENT 

 This work has been undertaken as a part of The 

HiLumi LHC Design Study (a sub-system of HL-LHC) 

co-funded by the European Commission within the 

Framework Programme 7 Capacities Specific 

Programme, Grant Agreement 284404. Authors wish to 

acknowledge all the members of the WP4 of the HiLumi 

Collaboration and US-LARP for their valuable inputs and 

discussions. 

 REFERENCES 

[1] http://hilumilhc.web.cern.ch/hilumilhc/index.html 

[2] R. Calaga, E. Ciapala and E. Jensen, “Crab Cavities 

for the LHC Luminosity Upgrade,” CERN project 

Document,  Aug 20 (2010). 

[3] P. Baudrenghien et al., “Functional Specifications of 

the LHC Prototype Crab Cavity System,” Feb 28 

(2013),  http://cds.cern.ch/search?p=CERN-ACC-

NOTE-2013-003. 

[4] S. Pattalwar et al., “Design Approach for the 

Development of a Cryomodule for Compact Crab 

Cavities for Hi-Lumi LHC,” proceedings of CEC-

2013, Anchorage (2013). 

[5] S. Pattalwar, “Integration and cold testing of the CW 

ERL cryomodule at Daresbury,” TTC meeting, 

November 5-8,   JLab, USA, (2012). 

Proceedings of SRF2013, Paris, France MOP087

08 Ancillary systems

X. Cryomodules and cryogenic

ISBN 978-3-95450-143-4

355 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



[6] S. Pattalwar, “Cryostat Concepts for 4-R cavities,” 

HiLumi LHC Crab Cavity Engineering meeting, 

December 13-14, FNAL, USA (2012) 

[7] O. Capatina, “Cryomodule specifications,” Crab 

Cavity Cryomodule, Concept design meeting, Aug 

1-6, CERN, (2013) 

[8] G. Burt, “THP036  Design of a 4 Rod Crab Cavity 

Cryomodule System for HL-LHC,” This conference 

[9] P.A. McIntosh et al., “Realisation of a prototype 

superconducting CW Cavity and Cryomodule for 

Energy recovery,” SRF 2007, p545 (2007) 

[10] T. Jones and S. Pattalwar, “Cryostat for 4R 

cavities,” Crab cavity Cryomodule, Concept design 

meeting, Aug 1-6, CERN, (2013) 

[11] R. Bonomi, “SPL Cryomodule,” Crab cavity 

Cryomodule, Concept design meeting, Aug 1-6, 

CERN, (2013) 

 
 

MOP087 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

356C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

08 Ancillary systems

X. Cryomodules and cryogenic



DESIGN OF THE ESS SPOKE CRYOMODULE 
Denis Reynet, Sylvain Brault, Patxi Duthil, Patricia Duchesne, Guillaume Olry, Nicolas Gandolfo, 
Emmanuel Rampnoux, Sébastien Bousson, IPNO, UMR 8608 CNRS/IN2P3 - Université de Paris 

Sud 15, rue G. Clémenceau, BP1, 91406 ORSAY cedex - FRANCE

Abstract 
Part of the future European Spallation Source will 

consist in a superconducting linac containing a Spoke 
section. For prototyping purpose, a Spoke cryomodule is 
being designed and will be operated at nominal operation 
conditions by 2015. The current design of this device is 
presented.  

INTRODUCTION 
The European Spallation Source (ESS) project brings 

together 17 European countries to develop the world’s 
most powerful neutron source feeding multidisplinary 
researches. The superconducting part of the linear 
accelerator consists in 59 cryomodules housing different 
superconducting radiofrequency (SRF) resonators among 
which 28 paired β = 0.5 352.2 MHz SRF niobium double 
Spoke cavities, held at 2K in a saturated helium bath. It 
will be the first section integrating double Spoke cavities 
in an operating linac. Parameters of the ESS layout are 
detailed in [1] and are now being optimized to meet the 
cost objectives. The prototyping phase of the project is 
under progress and will provide key elements to be tested 
under nominal operation conditions. A prototype Spoke 
cryomodule with two cavities [2] equipped with their cold 
tuning systems [3] and 300 kW RF power couplers [4] is 
hence being designed and will be constructed and tested 
at full power by the end of 2015 for the validation of all 
chosen technical solutions. Its assembly requires 
dedicated tooling and procedures in and out of an ISO 4 
clean room. The design takes into account an industrial 
approach for the management of the fabrication costs. 
This prototype will have to guarantee an accelerating field 
of 8MV/m while optimizing the energy consumption and 
will intend to assess the maintenance operations issues.   

For beam availability and mean time to repair (MTTR) 
considerations, the ESS superconducting linac is indeed a 
fully segmented machine: the beam pipe is the only 
connexion element between the independent cryostats 
which have their own insulation vacuum. They ended 
with two warm UHV gates valves delimiting the beam 
pipe and involving cold to warm transitions from the cold 
mass to the vacuum vessel. They require to be connected 
to an external cryogenic distribution or transfer line 
(CTL) by means of a jumpers and dedicated valve boxes.  

CRYOGENIC OPERATION 
SRF Spoke cavities are to be operating in a superfluid 

helium boiling bath at a 2 K temperature and a 31 mbar 
stable pressure. Taking into account the superconducting 
linac layout and the medium and high beta sections [5], 

the CTL provides a 4.5 K 3 bars helium distribution from 
the cryoplant for cool-down and nominal operations of 
the equipped cavities and of the RF power couplers. Two 
helium return lines, at 1.05 bar and 31 mbar, close the 
cold mass cooling circuit. For each cryomodule, a valve 
box ensures the distribution of the cryofluids. Connected 
on one side to the CTL and on the other to the 
cryomodule via a jumper, the valve box is equipped with 
a vacuum barrier placed on the tunnel side to enable the 
disconnection of the cryomodule without warming-up a 
long section of the linac. Superfuid helium is produced at 
each cryomodule location by use of a subcooler heat 
exchanger and an isenthalpic expansion Joule-Thomson 
valve placed within the jumper. It is then collected into a 
63 mm  i.d. biphasic pipe and redistributed through the 
top port of the cavity helium tank for its total filling. The 
total filling of the cavities tanks is ensured by the measure 
and the regulation of the level of the superfuid helium 
inside the biphasic pipe collector by use of a double wired 
superconductive gauge. In normal operation, the biphasic 
pipe also insures the collection of the pumped saturated 
vapours and, in the worst accident case of a beam vacuum 
break associated with an air entry into the beam pipe, the 
brutal evacuation of warmer vapours towards the burst 
disk. The single windowed coupler is connected to the 
cavity by use of a double-wall tube. Heat interception of 
the conductive heat from the ambient temperature and 
evacuation of the RF thermal dissipations is achieved by a 
supercritical helium circulation achieved within three 
parallel 1.5 x 2 mm² channels inserted helicoidally along 
the double-wall tube. They allow to distribute the required 
mass flow rate of about 0.015 g/s limiting the pressure 
drop induced by the laminar flow. The ceramic window 
and antenna of the coupler will be cooled at room 
temperature by use of two demineralised water circuits. 
They might be later connected into a single circuit for the 
serie Spoke cryomodules. It can be noted that for the 
Spoke prototype cryomodule, the magnetic shield will be 
actively cooled down, by use of the helium cooling line, 
before the transition of the SRF resonators into Meissner 
state.    

The CTL also provides an additional 19.5 bars helium 
circuit for the operation of one thermal shield at an 
intermediate temperature range of 40 to 50 K. This 
coolant is also used efficiently at both ends of the 
cryomodule to achieve a heat interception on the cold to 
warm transitions linking the cold beam pipe to the warm 
UHV gate valves. It limits the static conductive heat load. 
The process and instrumentation diagram (PID) of the 
Spoke cryomodule is shown on Figure 1.  
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Figure 1: PID of the Spoke cryomodule. 

The cryogenic distribution has been sized using the 
heat loads estimated for the static (cryostat and cold mass 
at nominal temperatures) and dynamic conditions 
(nominal temperatures, beam and RF additional 
dissipations). The cool-down times considered are of 4 
hours for the thermal and magnetic shields, and 8 hours 
for the cold mass. This ensure sufficient margin for a full 
day time cooling. The estimates have been updated and 
refined along the design progress. As an example, Figure 
2 shows a numerical simulation of the conducto-radiative 
heat transfer in one cold to warm transition for the design 
of the active heat interception yielding the involved heat 
loads on the 40 and 2 K levels. 

Static heat loads are given in Table 1. Dynamic loading 
induces by RF and beam dissipations brings additional 4 
W onto the superfluid helium bath and about 0.015 g/s of 
liquefaction power for one coupler cooling. 

Table 1: Static eat oads H L

Component                Heat loads @ 40 K 
(W) 

@ 2 K 
(W) 

Thermal radiation 10.0 0.5 

Supporting system (rods) 4.0 0.2 

Cold to warm transitions (2 items) 0.8 0.9 

RF power couplers (2 items) - 2.0 

Cryogenic distribution 3.0 1 

Safety equipment 4.1 0.75 

Instrumentation 8.0 0.2 

Total of the static heat loads 30.0 5.6 

 
Figure 2: Numerical simulation of the conducto-radiative 
heat transfer in the cold to warm transition. 

 MECHANICAL DESIGN 
A cut view of the Spoke cryomodule is shown on 

Figure 3. The two Spoke cavities are positioned along the 
axis of the vacuum vessel. Their cold tuning systems face 
towards the end caps of the cryomodule to facilitate the 
maintenance operations. Cold magnetic shields cover the 
cavities. The RF power couplers are positioned vertically, 
the antenna of the inner conductor standing up. The bi-
phase pipe is positioned horizontally on the top of the 
cavities. The cold mass is surrounded by the thermal 
shield. Two control valves required for the cryogenic 
process are positioned vertically: the cooling valve and 
the JT valve.  

From one UHV gate valve to the other, the total length 
of the cryomodule is of 2.86 m. The internal diameter of 
the vacuum vessel is 1.288 m and results from the 
consideration of the coupler length imposed by the RF 
power propagation in nominal operations and during the 
conditioning phase. The vacuum vessel is thus a rigid 
cylinder with a 6 mm thickness, ending with two 
removable dish caps and withstanding the static and 
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buckling loading from the ambient pressure. Inducing 
small deformations during the vacuum-pressure cycles, it 
is used to support directly the cold mass expecting small 
misalignment. 

 
Figure 3: The Spoke cryomodule. 

This support is ensured by means of antagonist rods 
fixed on the helium tank of the cavity. Rods antagonism 
increases the length of the conductive thermal path and 
reduces the stress generated by the helium tank thermal 
contraction by converting the tensile force into a 
deflexion moment. 8 radial rods are positioned in two 
vertical planes at both ends of each cavity. Within the 
horizontal plane of the cryomodule, 4 rods link the 
cavities to the vacuum vessel and two invar rods connect 
them mutually.  This set of rods enables: (i) the 
positioning of the two equipped Spoke cavities one from 
each other and relatively to the vacuum vessel; (ii) blocks 
all freedom degrees of the cold mass keeping the 
connection of the RF power couplers to the cavities as 
two fixed points. The 8 radial rods are each originally 
designed in an assembly of two parts (see Fig. 4): an inner 
rod links the cavity helium tank to the thermal shield 
maintaining the shield during the cryostating phase; the 
outer rod is connected after cryostating to the inner one 
and positions the cold mass and the shield into the 
vacuum vessel. Connection of this outer threaded rod to 
the vacuum vessel is carried out by use of a bolt 
supporting on spherical washers. This experienced 
connection [6] allows the correction of the positioning of 
the cold mass at any time: under effective vacuum in the 
vessel or/and at cryogenic conditions.   

 
Figure 4: Cavities supporting and positioning system. 
Detail of a radial rod is given.  

   The thermal shield is made of a 2.35 m long cylinder 
with a 0.924 m diameter and ending with two dish caps, 
all covered with 30 layers of MLI. The supercritical 
helium, at a mean pressure of 19.5 bars, flows into a 10 
mm i.d. aluminium pipe going back and forth two times 
along the cylinder. Its specific cross-section profile 
enables a continuous welding onto the 2 mm thick 
aluminium sheets of the cylinder. The consequential 
thermal contact length of about 11 m smoothes the 
temperature field of the thin shield. On Figure 5 is shown 
the temperature field resulting from the numerical 
simulation of the shield at a nominal stationary state. 
Radiant and conductive heat transfers are taken into 
account and the helium flow is modelled with one-
dimensional elements computing the convective heat 
transfer coefficient at the fluid solid interface. This model 
will be use to assess the thermal gradients during transient 
states and the resulting mechanical stresses.   

 
Figure 5: Numerical simulation of the temperature field of 
the thermal shield. Supercritical helium circulation is 
thermodynamically modelled.  

 

 
Figure 6: Interface between the coupler double-wall tube 
and the vacuum vessel. 

   The double-wall tubes of the RF power couplers are 
interfaced onto the bottom of the vacuum vessel. This 
interface (see Figure 6) is designed on the one hand to 
alleviate the offset and/or deviation of the coupler double-
wall tube in regard of the vacuum vessel port. It is 
induced by the set of tolerances of the cavity-coupler 
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assembly of the vacuum vessel and of the cavity 
positioning inside the vessel. The misalignment 
alleviation is done by the integration of an edge welded 
bellow and a set of screws mounted on spherical washers. 
On the other hand, it lightens the mechanical forces 
applied on the coupler port of the cavity along the 
assembly process of the cryomodule or due to the thermal 
contraction of the double-wall tube when cooled-down. 
This is achieved by use of an hydrodynamically formed 
bellow and a set of adjustable compressed springs.      

CRYOMODULE ASSEMBLY 
The string of cavities will be assembled inside the clean 

room of IPNO. At the exit of this facility, it might consist 
in two cavities linked together by a bellow and equipped 
with their RF power couplers. The two cold to warm 
transitions are mounted and the beam pipe is closed by 
the two UHV gate valves. Two small dish caps are put 
onto the string of cavities and take part in the vacuum 
vessel closure: they enable to escape the gate valves.  

 
Figure 7: Assembly and cryostating tooling. 

The cavities are equipped with their magnetic shied. 
The vacuum vessel and the string of cavities are then 
positioned onto the cryostating tooling (see Figure 7). The 
string of cavities is fully dressed before its insertion into 
the vacuum vessel. The mounting of all critical 
components is made easier by benefiting from the 
possible space around the tooling. Thus, cold tuning 
systems, instrumentation (including the positioning 
diagnostics or the heat intercept blocks), and cryogenic 
distribution are assembled. The thermal shield is 
positioned onto the string of cavities by use of the inner 
part of the supporting rods. When the string of cavities is 
dressed, it is translated into the vacuum vessel. The outer 
part of the supporting rods are fixed onto the inner part 
and connected to the vacuum vessel. The weight of the 
dressed string of cavities is then transferred onto the 
vacuum vessel. Two control valves are mounted and 
soldered to the cryogenic distribution. The two coupler 
double-wall tubes are sealed onto the vacuum vessel by 
use of the dedicated interface. 

The alignment of the cavities is then carried out. Each 
cavity is equipped with four referenced spherical targets, 
offsetting the mechanical axis of the cavity. Theodolites, 
or laser tracker are positioned outside the vacuum vessel 
for the measurement of the cavities positions. The small 

aspect ratio of the vacuum vessel eases this measure. The 
adjustment of the cavities positions is performed by use of 
the supporting rods at their vacuum vessel interface. Once 
the alignment is done, the cryomodule is closed. Positions 
of the cavities might slightly be affected by the pressure 
and temperature changes within the vacuum vessel. Those 
changes are being now estimated to be taken into account 
in the alignment procedure. Nevertheless, the prototype 
Spoke cryomodule is equipped with an optical diagnostic 
to measure the position of each cavity at nominal 
operation conditions (cavities at cryogenic temperature; 
vacuum in the cryomodule). It relies on the two optical 
targets lenses mounted onto each cavity. Four windows 
are integrated onto the two dish caps of the vacuum vessel 
allowing the fiducial alignment diagnostic by pointing to 
the cavities lenses. Then, corrections might be made by 
use of the supporting and positioning system without 
warming-up the cryomodule.  

CONCLUSIVE PERSPECTIVES 
A Spoke cryomodule is being designed as a prototype 

for the future ESS superconducting linac. Mechanical 
studies will be finalized by the end of this year. Some 
components have already been ordered and will be tested 
by the beginning of 2014. Assembly and first test at low 
RF power of the complete cryomodule will be achieved 
by the end of 2014.  
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FEASIBILITY OF USING CONDUCTIVELY COOLED MAGNETS  
IN CRYOMODULES OF SUPERCONDUCTING LINACS 

I. Terechkine#, S. Cheban, T. Nicol, V. Poloubotko, D. Sergatskov, FNAL*, Batavia, IL 60510, USA

Abstract 
As part of a search for optimal ways to configure 

cryomodules of the low-beta section of a high-current, 
high-power superconducting linac, the option of using 
conductively cooled superconducting focusing lenses was 
evaluated by testing specially designed superconducting 
magnet inside existing Spoke Cavity Test cryostat (STC). 
The cryostat was modified by adding current feed-
throughs and a pair of conductively cooled current leads. 
Each lead was thermally anchored inside STC to 80 K 
liquid nitrogen and 4.5 K liquid helium circuits by two 
heat intercepts. The magnet was mounted on individual 
heat sink plate, and temperature sensors were installed on 
the leads, on the heat sink plate, and on the magnet. In 
this report, details of the test setup and analysis of the 
temperature measurements are presented. 

MOTIVATION 
The rate of the beam loss in high-power proton (or ion) 

superconducting RF linacs strongly depends on quality of 
the beam transport in the low-beta sections of the linacs. 
The requirement of having short focusing period in these 
sections is often in contradiction with the available 
longitudinal real estate because of significant footprint of 
superconducting accelerating cavities and the need for 
beam line instrumentation. The problem becomes even 
more pronounced when the requirement of a very low 
fringe magnetic field is taken into account [1].  

On the other hand, quality of the beam is also defined 
by precision of alignment of magnetic focusing elements 
in the beam line. When superconducting solenoid-based 
focusing lenses are employed, the presence of pressure 
vessels, needed to contain liquid Helium (LHe), and 
corresponding piping greatly compromises achievable 
precision and reproducibility of lens positioning. 
Employing conduction cooling can help resolving both 
mentioned problems by saving some longitudinal space 
and improving chances for accurate and reproducible 
positioning of the lenses by eliminating temperature-
dependant forces applied to the magnets through the 
piping attached to the vessels. 

Conduction cooling of superconducting magnets is 
routinely and successfully employed for small scale 
magnets (e.g. see [2],); attempts are being made also for 
using this approach in large scale magnetic systems [3]. 

The main goal of this study was to check on 
applicability of this approach to the design of densely 
packed cryomodules of high-power linacs. 

All tests associated with this study and corresponding 
measurements were made using a test cryostat developed 

at FNAL for testing superconducting accelerating cavities 
of HINS linac [4]. The cryostat was modified by adding 
conductively cooled current leads and equipped with heat 
sinks both at the LHe and liquid Nitrogen (LN) 
temperature levels [5]. A specially designed solenoid-type 
test magnet was used for this study. 

TEST SETUP  
The test of the leads, designed to carry 50 A current, 

has demonstrated that the current corresponding to the 
start of the run-off condition is above 80 A [5]; moreover, 
the leads could carry current above 100 A for several 
hours before the maximum temperature measured on the 
leads exceeds 300 K. The design quench current of the 
test magnet was well below 100 A at 4.5 K, so the 
performance of the current leads made it possible 
bringing the magnet to the quench point. 

The magnet was designed as a solenoid-type coil 
encapsulated in aluminium (Al) compression ring. Four 
temperature sensors were installed on and in the close 
vicinity of the test coil: one was embedded into the inner 
layer of the winding, the second one was in the outer 
layer, the third one was attached to the top of the Al 
clamp, and the last sensor was on the heat sink plate 
below the magnet. Four film heaters were glued into the 
inner layer of the coil winding, as shown in Fig. 1. 

 

 
Figure 1: Test magnet and embedded instrumentation. 

 
Round, 0.5 mm, 54-filament, 1.35:1 copper to non-

copper ratio NbTi strand made by Oxford Instruments 
Inc. was used to wind the magnet [6]. Performance of the 
strand was measured at FNAL and parameterized using 
the approach described in [7]. The parameterization made 
possible calculation of the quench current of the system at 
any temperature based on the known strand performance 
and winding parameters of the coil. On the other hand, the 
heaters installed in the coil (shown in Fig. 1) provided a 
mean for changing the temperature of the winding; this 

 ____________________________________________ 

* Operated by Fermi Research Alliance, LLC under Contract No. De-
AC02-07CH11359 with the United States Department of Energy. 
# terechki@fnal.gov              
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temperature could be readily evaluated once the quench 
current was measured. 

To cool down conductively-cooled magnet below the 
superconductivity threshold, one needs to make sure that 
the heat influx is sufficiently small. 

Heat Flux Management 
Copper current leads provide the main route for the 

heat to get into the cryostat. To prevent this heat from 
reaching the magnet, the next measures were undertaken: 

a) Heat intercept was installed on each of the 
current leads and thermally anchored to the pipe that 
supplied LN to the 80 K thermal shield of the test cryostat 
[4]. This way most of the thermal flux entering inside the 
cryostat was filtered out before reaching the magnet. 
Design and performance of this heat intercept were 
described in [5]. 

b) Each copper current lead was connected to 
corresponding superconducting lead of the test magnet 
through intermediate electrically insulated copper pipe 
with forced flow of LHe; to increase the efficiency of the 
heat transfer, specially designed inserts were used. As a 
result, the temperature of the superconducting leads was 
close to that of LHe in the pipes (~4.5 K). 

c) The test magnet was installed on the copper heat 
sink plate cooled by LHe flowing through copper piping 
brazed to the plate. 

d) The magnet was thermally insulated by MLI and 
equipped with intercepting shields. To check on the heat 
flow patterns and in order to identify hidden heat sources 
in the system, spatial orientation of the clamps and the 
radiation shields were changed during the study. 

Fig. 2 shows sub-assembly of the test coil with the heat 
sink plate and the LHe heat intercept. Copper current 
leads and superconducting leads of the test coil were 
soldered to the heat intercept pipes. Flexible hoses 
attached to the piping delivered the flow of LHe. 

 
Figure 2: Test coil and LHe heat sink. 

TEMPERATURE MEASUREMENTS 
Cernox™ cryogenic temperature sensors were installed 

on the magnet, on the piping, and on the leads at places 
with the expected temperature below 20 K. To measure 
higher temperature on the leads, type “E” thermocouples 

were used. Performance of the current leads and the heat 
intercepts was consistent with the results of numerical 
modelling in [5]: with the expected 1.1 W of heat flow 
towards the LHe heat intercept at 70 A, the measured 
value was ~1.2 W. The temperature of the heat sink plate 
remained ~4.6 K at any current below 100 A. 

During testing, at several settings of the heating power, 
the current in the coil was elevated until quench and the 
temperature of the coil was evaluated based on the known 
performance of the strand and the magnet. On the other 
hand, the temperature registered by the thermometers 
installed around the coil was constantly recorded. Fig. 3 
compares the measured quench current with what would 
be expected based on the readings of the temperature 
sensor in the inner layer of the coil. 
 

 
Figure 3: Expected, measured, and corrected quench

 performance of the test magnet. 
 
Red squares in the figure reflect the correspondence 
between the measured quench current and the readings of 
the sensors in the inner layer. Blue line shows the 
expected quench current at different temperatures. Green 
crosses refer to the total power of the heaters (the scale on 
the right) corresponding to the measured temperature. The 
reason of the discrepancy between the expected and the 
measured quench current can be understood if to realize 
that the heater and the thermometer are spatially separated 
in the inner layer; the presence of a heat flux within the 
winding must be assumed. As this flux changes linearly 
with the heating power, the difference in the temperatures 
at quench location and at the spot where the temperature 
was measured can be taken into account. Violet circles in 
Fig. 3 present quench current data corrected for this 
temperature difference. Correspondence between the 
corrected and predicted quench performances indicates 
that the accuracy of the measurements is adequate. Hence 
further analysis of the thermal environment can be made 
by comparing the readings of all sensors. 

HEAT FLUX ANALYSIS 
Temperature field in the test magnet changed depending 

on the position of the clamps (vertical vs horizontal 
orientation) and of the radiation shields (attached to the 
sink plate or to the top of the clamps). The lowest heat 
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flux reaching the magnet was registered when the gaps 
between the halves of the clamps, oriented horizontally in 
Fig. 1 and Fig. 2, were re-oriented vertically and the 
radiation shields were attached to the heat sink plate. 
Graphs in Fig. 4 show the temperatures in the magnet 
measured by the thermometers at different heater settings 
and corresponding linear fits (dashed curves). 
 

 
Figure 4: Temperatures in the test magnet at different
 settings of the heater. 
 
With the heaters off (P = 0), the temperature of the coil is 
higher than that of the base plate by ~0.2 K; the 
temperature on the top of the clamp is ~0.4 K higher. The 
difference in the temperatures can be explained only by 
the presence of a heat flux. This heat cannot come 
through the leads as the temperature on the heat sink plate 
is lower than that of the coil; only radiation flux and poor 
vacuum can be counted as possible sources. The amount 
of this flux can be evaluated by using the relation 

, 

where the temperature T is taken at the location of a 
particular sensor, and appropriate curve from Fig. 4 must 
be taken to find the derivative ∂P/∂T. Relative position of 
the graphs in Fig. 4 points towards the existence of a heat 
flux additional to what was provided by the heaters. For 
example, the readings of the sensor at the top of the clamp 
can be well explained by assuming the presence of 
additional (environmental) flux of ~70 mW. 

In similar way, the curves describing the temperatures 
in the inner and the outer layer can be interpreted. Let’s 
employ linearization and solve the resulting system of 
equations for power and temperature.  

Tin [K] = 4.82 + 0.0129·Pheater [mW], 
Tout [K] = 4.75 + 0.0086·Pheater [mW]. 

With no heat flux in the coil, one expects Tin = Tout . To 
explain the measured difference between these 
temperatures, one needs to assume the presence of an 
additional heat flux between the inner and the outer layer: 
Pflux = 16.3 mW. Taking into account this flux, the 
expected temperature of the coil with zero heating power 
can be found: T0 = 4.61 K; this is close to the measured 
temperature of the base plate as one can see in Fig. 4. 

DISCUSSION 
The maximum measured temperature in the test coil 

was below 5 K; this demonstrates the feasibility of using 
pure conductive cooling for magnetic focusing elements 
installed inside cryomodules. The data related to the 
temperature in the system seems quite accurate; 
nevertheless no clear understanding was obtained at this 
point on what is the source of the heat flux in the coil. 
Two possible suspects are poor vacuum in the cryostat 
and insufficient thermal insulation of the test coil. 

Unfortunately, no reliable data on the vacuum condition 
in the test cryostat was available at the time of the testing. 
On the other hand, installation of two radiation shields 
shown in Fig. 1 with the goal of intercepting direct 
migration of relatively warm gas towards the surface of 
the coil resulted in significantly lower heat influx. 

Inadequate amount (or poor usage) of MLI material 
installed around the test coil to shield it from the radiation 
coming from the 80 K nitrogen shield can definitely be a 
reason, although attempts to improve this insulation did 
not produce desired result. 

It becomes obvious that one needs to pay significant 
attention to the quality and proper installation of any 
shielding when conduction cooling is considered. 

CONCLUSION 
Feasibility of using conductively-cooled magnets 

inside cryomodules of linacs has been demonstrated by 
testing a conductively cooled magnet in a cryostat and 
using conductively-cooled current leads. Temperature 
measurements revealed the presence of an environmental 
heat influx to the test coil; the sources of the flux can be 
thermal radiation and direct energy transfer by gas. 
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COMPUTATION OF WAKEFIELDS AND HOM PORT SIGNALS BY
MEANS OF REDUCED ORDER MODELS

J. Heller, T. Flisgen and U. van Rienen, University of Rostock, 18059 Rostock, Germany

Abstract
The investigation of wakefields is an important task in the
design and operation of particle accelerators. Computer
simulations are a reliable tool to extend the understanding
of these effects. This contribution presents an application
example of a new method to compute wakefields as well
as parameters derived from those fields, such as higher or-
der mode (HOM) port signals. The method is based on
a reduced order model of the structure created by as set
of 3D eigenmodes, a set of 2D waveguide port modes and
the current density of the beam. In contrast to other wake-
field computations, the proposed method operates directly
on the reduced order model. Therefore, once having es-
tablished this model, the beam-excited fields can be deter-
mined quickly for different beam parameters. As a matter
of fact, only a small part of the reduced system has to be
recomputed for every sweep point. From these advantages
it is obvious, that the method is highly compatible for beam
parameter studies. In a proof of principal the effectiveness
of the method compared to established methods of wake-
field computations in terms of computational time and ac-
curacy is shown.

INTRODUCTION
For the design and operation of particle accelerators, the
computation of beam excited fields, also referred to as
wakefields, is of crucial importance. Several methods for
the computation of wakefields are known and implemented
in highly useful software tools like [1]. The investigation
of the influence of certain beam parameters on the electro-
magnetic fields in the structure, as well as parameters de-
rived from those fields, leads to repetitive computations of
wakefields in the same structure with varying beam param-
eters. For real life examples these structures are often very
large, which leads to large system matrices and therefore to
very long computational times for such parameter studies.
Thus, it is useful to apply the coupling scheme proposed in
[2], to split the full structure in several smaller segments,
describe them by means of the suggested state space equa-
tions and concatenate the segments to the full structure.
The actual purpose of this paper is the generalization of
the method described in [2] such that an ultra-relativistic
beam is accounted for in the state space equations. In fact,
the bunch of charged particles traversing the structure leads
to an additional excitation source.

STATE SPACE MODELS
The straight forward discretization using e.g. the finite in-
tegration techniqe (FIT) leads to a large state space system
of the structure. This system can be reduced using a set

of eigenmodes of the structure. The basic principles of the
derivation are taken from [2] and [3].

Creation of the State Space Model
The state space model is derived by a truncated series ex-
pansion of the wave equation arising from Maxwell’s equa-
tions. For the transient electric field E(r, t), the following
ansatz is chosen:

E(r, t) ≈
N∑
n=1

Ẽn(r)xn(t), (1)

with the field distribution Ẽn(r) of the n-th 3D eigenmode
and a modal, transient weighting factor xn(t) [2]. The
field distributions satisfy the 3D Helmholtz equation on the
computational domain Ω:

∆Ẽν(r) + k2νẼν(r) = 0 on Ω, (2)

and boundary conditions, which state that the waveguide
port boundaries are made of perfect magnetic conducting
material and the structure wall of perfect electric conduct-
ing material. The beam is mathematically described by the
charge density of the single bunches:

ρ(r, t) = q · g(r, t) = q · g⊥(r)gz(r, t) =

q · δ(x− x0)δ(y − y0)
1

σ
√

2π
exp

(
− (z − ct− z0)2

2σ2

)
,

(3)

with the shape function of the bunch g(r, t) and the total
charge of the bunch q [4]. The computations presented in
the scope of this paper are restricted to single bunch exci-
tations. In most cases it is sufficient to describe the longi-
tudinal shape function g⊥(r) as Dirac distribution with the
center x0 respectively y0 and the transversal shape function
gz(r, t) as Gaussian distribution with the square root of the
variance in the direction of propagation, also refered to as
the rms bunch length σ and the starting point z0 [5]. Note
that the beam is ultra-relativistic which states that the par-
ticles moves with the speed of light without changing its
velocity while moving through the structure [4].
In the following derivation a state space model is obtained
in terms of an impedance formulation using modal voltages
and currents which have certain advantages over the more
often used normalized wave amplitudes. The state space
system without charges can be described in terms of inter-
action integrals using the 3D eigenmodes of the structure
and the current density at the ports as well as parameters
from the eigenmodes as in [2].
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When taking charges into account, additionally a similar
interaction integral between the 3D eigenmodes Ẽn(r) and
the bunch current density JBeam(r, t) needs to be com-
puted:

∫∫∫
Ω

JBeam(r, t) · Ẽn(r) dr =

qc

σ
√

2π

L∫
0

Ẽn,z(x0, y0, z) exp

(
− (z − ct− z0)2

2σ2

)
dz

︸ ︷︷ ︸
pBeam,n(t)

,

(4)

with the speed of light in vacuum c and the length of the
beam axis L. For the description of the beam a modal in-
cident beam power pBeam,n(t) is defined. From the inter-
action integral in equation (4) and the energy stored in the
n-th 3D eigenmode Wn, the state space model from [2] is
extended in the following manner:

∂

∂t
x(t) = A x(t) + BPort iPort(t)

− 1

2


0
1√
W1

...
0
1√
WN


︸ ︷︷ ︸

BBeam


pBeam,1(t)
pBeam,2(t)

...
pBeam,N (t)


︸ ︷︷ ︸

pBeam(t)

, (5)

v(t) = Cx(t). (6)

For this system of ordinary differential equations a cor-
rection term is obtained, in order to account for neglected
eigenmodes in the series expansion and by this, improve
the accuracy of the system. Therefore, from the full FIT
system a number Ncr of ”correction modes” are com-
puted1. The corrected state space model is transformed
from an impedance formulation to a scattering formula-
tion by using the port impedances. For given input para-
meters, current and incident beam power, the ODE system
can be solved, since the model is comparably small and
can be conveniently computed my means of standard ODE
solvers.

Advantages and Disadvantages
With changing beam parameters, such as σ, q, x0 and
y0, only the excitation term corresponding to the beam
pBeam(t) has to be recomputed since only this vector de-
pends on these parameters. The incident modal beam
power is only a small part of the entire system. While cre-
ating and solving the state space system takes longer than
the direct evaluation of the port signals with [1], comput-
ing solely the incident modal beam power and solving the

1for further information regarding the correction term see [2]

state space system is faster. This leads to shorter computa-
tional time after a certain number of repetitions with differ-
ent beam parameters.
The size of the model and its accuracy depend highly on the
number of 3D eigenmodes which are considered in equa-
tion (1). In fact, at least all 3D eigenmodes which have
their resonant frequency in the frequency interval of inter-
est have to be employed in the series expansion.
As an additional advantage, investigations in frequency and
time domain can be performed with and without beam
using the same model. For investigations in frequency
domain the tranfer function of the ODE system needs to
be computed. Also the full electromagnetic fields in the
structure can be computed by means of equation (1), once
the transient weighting factors are obtained by solving the
ODE system.

APPLICATION EXAMPLE
As application example a simple structure is chosen in form
of a cylindrical cavity with an identical beam pipe on ev-
ery end. To get the field information from the inside, four
couplers are clamped on the cavity, as shown in Figure 1.

Figure 1: Structure used as application example.

The beam is defined at the center of the beampipes and the
cavity. The bunch travels in positive z direction. The pre-
sented method is compared to the Wakefield Solver of CST
Studio 2012 [1], in both computational time and accuracy.
For the computations shown here, a state space model
using N = 30 3D eigenmodes and M = 4 2D eigenmodes
(since only the TEM port mode at each coupler is consid-
ered) is used. The computation of the state space model
leads to the equivalent circuit as shown in Figure 2.

Transient Port Signals
For the first basic example a rms-beam length of 35 mm
and a charge of 1 nC is chosen. The computed transient
port signal at Port 1 is plotted in Figure 3. While the model
without correction term (plotted with dashed green line)
shows quite poor agreement with the solution computed us-
ing CST Microwave Studio (plotted with dashed red line),
the solution obtained by the corrected state space model
(plotted with blue line) shows a very good agreement with
a mean relative error of 7.1101 · 10−3W−

1
2 .
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Figure 2: Equivalent circuit with modal voltages (in
red), modal currents (in blue) and incident beam power
(in green) and the impedances of the couplers as port
impedances of 50 Ω.

0 1 2 3 4 5

−1

0

1

Time [ns]

b(
t)

[W
-1

/2
]

Figure 3: Transient signals at port 1 excited by a beam with
q = 1 nC and σ = 35 mm, with no shift from default posi-
tion.

The method is also verified using different transversal po-
sitions x0 and y0 of the beam. For the computation shown
in Figure 4 a transversal shift of x0 = 3.1415 mm and
y0 = −14.03 mm is used, whereas the charge q and the
rms beam length σ remain unchanged.

0 1 2 3 4

−0.5

0

0.5

Time [ns]

b(
t)

[W
-1

/2
]

Figure 4: Transient signals at port 3 excited by a beam with
q = 1 nC and σ = 35 mm, with shift of x0 = 3.1415 mm
and y0 = −14.03 mm from default position.

Here the computation of the state space system without cor-
rection shows again a rather poor accuracy, compared to the
CST solution. The computation of the corrected state space
model shows a very good agreement with a mean relative

error of 8.6648 · 10−3W−
1
2 .

Computational Effort
The computational effort depends highly on the desired
accuracy. A very accurate state space model needs a large
number of considered 3D eigenmodes which causes the
computation to be time demanding. On the other hand
too few considered 3D eigenmodes will cause the system
to have a bad accuracy. A very important parameter is
the spectrum of the beam. For transient investigations of
wakefields the number N should be chosen in accordance
with the spectrum of the beam. In fact, for shorter bunches
more eigenmodes need to be considered for the same accu-
racy. With a total number of 371,124 mesh-cells, compu-
ting the eigenmodes took 22 minutes and 7 seconds using
Advanced Krylov Subspace Method and no symmetries of
the structure. Obtaining the full state space system from
the eigenmodes took 48 minutes and 15 seconds. Recom-
putation of the incident beam power and solving the ODE
system took 68 seconds. The same computation took about
127 seconds with CST Studio. This states that this de-
scription becomes useful if more than 70 different tran-
sient port signals derived by beam parameters need to be
computed. All computations were performed on Intel(R)
Xeon(R) CPU E5-1620 0 @ 3.60 GHz with 64 GB RAM
running Windows Server 2012.

CONCLUSION
This contribution presents a proof of principle for the pre-
sented method. It is usable to achieve shorter computation
times for parameter studies having a large number of differ-
ent beam parameters. In fact, for the actual demonstration
example, the described method does not have benefits in
terms of computational times. However, it is planned to
combine the coupling formalism [2] with the demonstrated
methodology to reduce the time for port signal computa-
tions of large structures, like complete SRF structures.
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GEOMETRIC OPTICS OF WAKE FIELDS OF VERY SHORT BUNCHES IN 
SUPERCONDUCTING CAVITIES* 

A. Novokhatski#, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

Abstract 
We study the wake potentials of a very short bunch in a 

quasi-periodic structure of superconducting cavities. We 
analyze the pattern of the electric force lines and the 
shape of a cavity. The behavior of the electric force lines 
reflects irregularities of the shape structure of a cavity. 
Simulations were carried for a JLAB 7 cell upgrade cavity 
with application to future light sources.  

INTRODUCTION 
Superconducting cavities have been chosen for the RF 

system in many storage rings. Usually a superconducting 
cavity consists of one or two cells [1] together with 
normal conducting HOM dampers, which are placed as 
close as possible to the cells. The RF voltage of a 
superconducting cavity is about 1-2 MV. Several 
superconducting cavities are used to achieve the required 
total RF voltage for a ring. Cavities with many cells (> 3) 
were used at high-energy machines like TRISTAN and 
LEP [2]. Cavities with many cells are usually used in 
linear accelerators for nuclear physics, FELs or ERL [3]. 
We propose using these cavities in a storage ring (light 
source) in order to achieve a very high RF voltage there 
by strongly compressing the bunch length [4]. If we 
succeed, we may use the short bunches to drive high-gain 
soft X-ray FELs using transverse-gradient undulators [5]. 
The main question is how much current can be put 
through these cavities. 

WAKE FILEDS LINES 
A short bunch passing through a cavity excites wake 

fields, which may stay in the cavity in the form of High 
Oder Modes (HOMs) or leave the cavity after some time. 
A train of short bunches may significantly increase the 
fields inside a cavity, and also the amplitude of some 
mode, if the bunch spacing frequency is in resonance with 
this mode.  This is very important in a superconducting 
cavity because the damping time of HOMs is very long. 
We analyze the structure of longitudinal fields in the 
upgrade JLAB cavity [6]. 

 
Figure 1: Excitation of an “edge” mode. 

For the wake field simulations we use the computer 
code NOVO [7].  

  
Figure 2: “Edge” excitation at the first iris. 

Figure 3: Formation of higher frequency waves. 

 
Figure 4: Field leaving a cavity at the time moment equal 
to 455 mm. 

We start with the first cell of a cavity. Fig, 1 shows the 
distributions of the electric force lines of the wake field 
excited by a short (0.5 mm) bunch. We choose three 
different time moments. The first moment corresponds to 
the position of the bunch equal to one radius of the beam 
pipe (a=35 mm). At this moment the fields generated at 
the edge of a cell propagate in a radial direction and reach 
the axis. The next moment shows how these fields 
continue to propagate away from axis. The last moment 
shows how these fields reach the opposite side of the 
beam pipe and form a wave, which will propagate into the 
beam pipe. The different colours of the electric force lines 
correspond to positive (blue) and negative (green) 
longitudinal directions of the force lines. The blue and 
green lines in the beam pipe of the last picture of Fig. 1 
clearly show one period of the wave. Interference of edge 
reflected fields produces a wave with a wavelength of 
approximately two beam pipe radiuses λ=2a. The 
correspondent frequency for a beam pipe dimension of 
a=35 mm f=4.29 GHz. This wave can propagate in the 
beam pipe because it is shorter than the cut-off 
wavelength λc =1.3·2a. The cut-off frequency for a=35 
mm, fc =3.3 GHz. We can see this same process when a 
bunch passes through the first iris, but now the picture is 
not so clear because of other reflections (Fig. 2) 

As the radius of the inner hole of the iris (r=26.5 mm) 
is smaller than the radius of the beam pipe then the time 
step is smaller. The time difference between the first and 
last pictures in Fig. 2 corresponds to 50 mm, almost one 
wavelength. According to equation (1) the frequency of 
this mode is 5.66 GHz.

There are also reflected fields, which are propagating in 
the longitudinal direction. We can see vertical green lines 

 ___________________________________________  

*Work supported by Department of Energy Contract No. DOE-AC03-
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#novo@slac.stanford.edu                
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in Fig. 2, which propagate from the right side of the first 
cell to the left. Interference of these fields with “edge” 
fields leads to the production of higher frequency waves. 
Fig. 3 shows the formation of the higher frequency waves. 
The difference in the radius of the beam pipe and the iris 
additionally makes the high frequency spectrum wider. It 
is interesting to see what kind of fields that are leaving the 
cavity and going into the incoming beam pipe. Fig. 4 
shows a time moment equal to 450 mm. At this moment 
the electron bunch is passing the 5th cell and is not shown 
in the picture. Qualitatively we can say that the fields, 
which first enter the incoming beam pipe, have a 
relatively long wavelength but then following these fields 
short-wavelength fields exit the cavity. Only trapped stay 
in the cavity. 

The distribution of the electric force lines when the 
bunch leaves a cavity is shown in Fig. 5. The different 
color of the lines in neighbouring cells shows that a bunch 
mainly excites the main, π–mode. Each cell is filled with 
lines of almost one color and the directions of the lines in 
the neighbouring cells are opposite. Finally the pattern of 
the fields coming out of the cavity and following a bunch 
is shown at Fig. 6. This field consists of mainly two 
modes, which have  waveguide wavelengths of 
approximately 70 mm and 50 mm.  

Figure 6: HOMs extraction from a JLAB upgrade cavity: 
fields following a bunch in a beam pipe. 

In a more precise study of the spectrum of the excied 
fields we calculate a ”long” (20 m) wake field potential of 
a 2 mm bunch. Half of this potential is shown at Fig.7. 

 
Figure 7: Wake potential of a 2 mm bunch.  

The frequency spectrum of the wake field potential 
(Fig. 8) shows the third longitudinal mode which has a 
frequency of 4.2 GHz. Also we can see modes around 6 
GHz. 

 
Figure 8: JLAB cavity spectrum and loss frequency 
integral. 

Wake field potentials for a short bunch, which travels 
along a quasi-periodic structure (a series of cavities and 
connecting pipes), approach a steady state distribution 
after some distance.  

Figure 9: Wake potential of the last cavity of a series of 
JLAB cavities: from a single cavity (red line) to a series 
of 20 cavities. The blue line shows the wake potential of 
the 20th cavity. The distance between cavities is equal to 
the length of three cells. The bunch length is 50 microns. 

We calculate wake potentials of a 50 micron bunch in a 
series of JLAB cavities. We assume that the length of the 
connecting pipe or distance between cavities is equal to 
the length of 3 cells. In this case the period of the quasi-
periodic structure is approximately 1 m. We check the 
wake field potential gained in the last in the series. Fig. 9 

Figure 5: Electric force lines in cells at the time when a bunch (on the write) leaves the JLAB cavity. The blue lines 
show lines with negative longitudinal components (decelerating forces), the green lines correspond to accelerating 
forces. 
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shows this wake potential for different number of cavities 
in a series: from a single cavity to a series of 20 cavities. 
The wake potential changes very rapidly after the first 
cavity and then damps down oscillates around a smooth 
line. The oscillations are come from the complicated 
structure of the wake fields that are chasing the bunch. 
Fig. 10 shows the electric force lines of the field in a 
connecting pipe after a bunch has passed one, two, three 
and twenty cavities.  

 
Figure 10: Electric force lines of a bunch field after first, 
second, third and twentieth cavity. 

We also show the bunch energy loss in the last cavity 
of a train as a function of the number of cavities in a train 
(Fig.11). We can see saturation after 16 cavities. 

 
Figure 11: The loss factor of the last cavity in a series.  

We may calculate the wake potential per unit length 
using a Green’s function 

Following the same approach as in reference [8] we 
approximate Green’s function for the JLAB cavity by a 
formula 

The amplitude of the Green’s function (a=26.5 mm) is 

Parameter α=-0.1 and s0=1.4 mm. This approximate 
Green’s function can be used for wake potential and loss 
factor calculations for bunch lengths down to 4 mm. A 
comparison plot of a direct calculation from formulas (3)-
(4) (solid black line) and the code NOVO (red diamonds) 
is shown in Fig. 12. 

 
Figure 12: Loss factor of a quasi-periodic accelerating 
structure of JLAB cavities as a function of  bunch length. 
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INFLUENCE OF THE COOLDOWN AT THE TRANSITION 

TEMPERATURE ON THE SRF CAVITY QUALITY FACTOR 

O. Kugeler*, J. Vogt, Helmholtz Zentrum Berlin, Germany, and  

J. Knobloch, Helmholtz Zentrum Berlin and Universität Siegen, Germany 

 

Abstract 
A significant improvement of the quality factor Q0 from 

values of 1.5×10
10

 to values around 3×10
10

 at 1.8 K has 

been repeatedly achieved in a fully dressed and 

horizontally operated TESLA type SRF cavity by limited 

thermal cycling, i.e. heating the cavity briefly above the 

9.2 K transition temperature of niobium and subsequent 

cooling. Conceivable explanations for this effect include 

(a) changes in shielding efficacy of the magnetic shielding 

to (b) thermal currents to (c) hydrogen diffusion and 

hydride formation. Our experiments are inconsistent with 

(a) and (c) being the responsible mechanism. It appears 

that the generation of additional magnetic flux due to the 

thermoelectric effect and the flux dynamics near the 

transition temperature are responsible for the observed 

effect. 

INTRODUCTION 

In CW machines operated with superconducting 

cavities, dynamic losses dominate the cryogenics budget. 

Hence, from a cost stand point the dynamic losses or 

respectively the unloaded cavity quality factor Q0 

becomes more important than in pulsed machines. A 

reproducibly attained high value for Q0 allows for the 

reduction of the cryogenic load and the operation with a 

smaller cryoplant. 

Two terms contribute to the total surface resistance: 

The BCS resistance and the temperature-independent 

residual losses. While a number of mechanisms contribute 

to the residual surface resistance, it is well known that 

trapped magnetic flux vortices inside the cavity wall are 

one of the dominant sources of RF losses. Flux densities 

of 1 µT will contribute about 3.5 n of effective surface 

resistance at 1.3 GHz [1]. 

Trapped flux is usually minimized by the installation of 

a magnetic shielding that reduces the earth magnetic field 

from 55 µT to less than 1 µT. It has been shown at disc 

shaped samples that 100% of a small ambient magnetic 

field can be trapped in polycrystalline Nb material, as 

opposed to what one might expect from the Meissner 

effect [2,3]. 

THERMAL CYCLING 

In an experiment reported earlier [4] limited thermal 

cycling, i.e. heating the cavity briefly above Tc was 

utilized to increase the Q0 of a cavity. This experiment 

was repeated in much more detail with a different cavity, 

taking Q0 vs Eacc measurements at different helium 

temperatures in order to separate the BCS resistance and 

the residual losses. In contrast to the earlier experiment, 

cycling was now carried out by manually adjusting 

heaters at the cavity ends and the Joule-Thompson valve 

of the Helium supply line, aiming for better control of 

resulting temperature development. 

 

Figure 1: Location of Cernox thermo sensors at the 

cavity/tank system. 

 

Figure 2: Arrhenius plots of surface resistance vs inverse 

temperature after initial cool-down and different cycling 

runs. Assuming an asymptotic behaviour, extrapolation of 

the plots towards high 1/T values yields the individual 

residual resistances obtained for each depicted cycling 

run. Note that cycles 1, 4, 5 and 7 were designed to yield 

a low surface resistance with values very similar to that of 

cycle 2. They have been omitted in the graph for clarity.  

The cavity was tested in the HoBiCaT horizontal test 

facility setup [1] equipped with a TESLA cavity with 

TTF-III coupler very near critical coupling ( values 

between 1 and 2) and a double (one cold, and one warm) 

magnetic shield. As shown in Figure 1, two heaters were 
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attached to the cavity and several Cernox temperature 

sensors monitored the cavity temperature at various 

positions. 

The temperature dependence of the surface resistance at 

4 MV/m is presented in Figure 2. Fitting the experimental 

data with standard procedures to extract the BCS 

contribution yields different residual resistance values 

summarized in Table 1. The blue curve represents the 

obtained surface resistance after cool-down. A moderate 

residual resistance of 11.7 n corresponding to 

Q0=1.6×10
10

 at 1.8 K is obtained. The associated 

temperature profile, see Figure 3, exhibits the average 

temperature difference between the cavity ends when the 

first end reaches Tc, for the cool-down cycle this was 

~160 K. With the following Cycle 2, the best (smallest) 

residual resistance of 5.6 n was achieved while T was 

5.5 K. In the following Cycle 3 it was attempted to 

reverse the effect and create high temperature gradients 

(T = 90 K) and a fast transition through Tc. The resulting 

residual resistance of 13.9 n even exceeded the initial 

value obtained upon first cool-down. For reasons 

discussed below the residual resistance value was reset to 

its apparent minimum obtainable value in some in 

between cycles. It was furthermore attempted to obtain 

intermediate values for the surface resistance, like in 

Cycle 6 (7.2 n) or Cycle 8 (9.6 n). As a matter of fact 

it is fairly safe to say, that arbitrary residual resistance 

values in the range indicated by Table 1 can be generated 

on purpose solely by adjusting the cool-down conditions 

near Tc. 

Table 1: Residual resistances extracted from 

measurements in Figure 1 and temperatures extracted 

from Figure 3. Intermediate cycles that were used to reset 

Rres to low values are shown in italics. Notice that 

measurements are in chronological order. 

Procedure Rres (n) T 

Cooldown 11.7 150 

 Cycle 1 6.0 ~5.5 

Cycle 2 5.6 ~5.5 

Cycle 3 13.9 90 

 Cycle 4 5.4 ~5.5 

 Cycle 5 5.5 ~5.5 

Cycle 6 7.2 45 

 Cycle 7 5.5 ~5.5 

Cycle 8 9.6 67 

 

In Figure 4 the residual resistance measured in the 

cavity is plotted against the temperature difference 

between two opposing temperature sensors during the 

superconducting transition is plotted. A clear increase of 

Rres with T can be observed. The rightmost value 

belongs to the initial cool-down from room temperature. 

The temperature profile here was very different from that 

of the intentional cycles which may explain why it does 

not fit well into the observed trend. 

 

Figure 3: Examples of temperature development at 

different cavity positions during thermal cycling.  The 

color of the curves indicates the temperature sensor 

placement and corresponds to the colors in Figure 1. 

 

Proceedings of SRF2013, Paris, France TUIOA01

05 Cavity performance limiting mechanisms

F. Basic R&D bulk Nb - High performances

ISBN 978-3-95450-143-4

371 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

Figure 4: Obtained residual resistance versus temperature 

difference between cavity ends at the instance when the 

first part of the cavity goes through the superconducting 

transition. 

DISCUSSION 

Various explanations for the Q0 increase (Rres decrease) 

upon thermal cycling are conceivable. Since all 

measurements were performed on the very same cavity in 

the same measurement run, most properties with impact 

on Q0, like RRR, granularity, surface morphology, total 

hydrogen content, etc. remain unchanged.  Here we 

discuss possible explanations and show that changes in 

trapped flux is the most likely reason for changes in 

residual resistance.  

Efficacy of the Magnetic Shielding 

A first attempt at an explanation of the effect was a 

temperature dependence of the magnetic shielding 

efficiency. Being separated from the cavity by a 

superinsulation foil the inner magnetic shielding is cooled 

down slower than the cavity itself so that it is not at its 

design temperature when the cavity goes 

superconducting. Hence it was expected that the efficacy 

of the shield was not at its optimum.  For subsequent 

cycles the shield temperature is closer to the design value 

so that the cavity could be transitioning to the 

superconducting state at a different effective ambient 

magnetic field level. However, as was shown in [5] and 

reproduced in Figure 5 permeability measurements of the 

material vs temperature yielded no significant 

temperature dependence. We even observed a small 

decrease of µr towards lower temperatures which should – 

if anything – lead to a smaller Q0 after the first cycle 

instead of the observed enlargement. Also, measurements 

of the shield temperature yielded no correlation to the 

obtained Q0. utilized shielding. 

 

Figure 5: Temperature dependence of the initial 

permeability of samples from materials used for cavity 

shielding. 

Changes in Surface Adsorbates after first Cycle 

Another explanation is the removal of condensed 

contaminants from the cavity surface by allowing them to 

boil off or diffuse towards less harmful areas during the 

period of increased cavity temperature. This hypothesis 

cannot explain the fact that Q0 can be decreased again by 

using sufficiently “bad” cooling conditions. 

Since monitored temperatures went beyond the 50 K 

limit, one might argue that the increase in resistance could 

have been caused by Q-disease. However, the hydride 

formation that would lead to Q-disease is irreversible 

unless the cavity is warmed to near room temperature 

(which was not the case here) Therefore, the successful 

subsequent decrease of the surface resistance rules out Q-

disease as the reason for the increase in the previous 

cycling run. 

Thermal Currents 

The cool-down route of a cavity is optimized to avoid Q-

disease by explicitly passing through the temperature 

range (150 K – 50 K) as quickly as possible. As a result, 

large thermal gradients remain along the length of the 

cavity when the cavity goes superconducting. The cavity-

tank system can be considered as a conducting loop with 

toroidal symmetry, see Figure 6. 

  

 

 

Figure 6: Thermo couple formed by tank and cavity. The 

depicted current would lead to a magnetic field that is 

pointing into the viewplane. In 3d this relates to azimuthal 

circular field lines parallel to the cavity surface. Since 

they are also parallel to the magnetic shielding they are 

not affected by it. 
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Since niobium and titanium have different charge 

carrier velocities, this loop acts as a thermocouple. When 

both ends of the cavity are at different temperatures a 

thermal voltage of   (    –    )      –     arises, 

where S is the Seebeck coefficient of the involved 

materials, and T1,2 are the temperatures of each contact 

point (i.e the welds between tank and cavity). Since the 

loop is closed, this thermo-voltage drives a thermoelectric 

current in direction, i.e. along the cavity walls in axial 

direction and back through the titanium tank. The current 

gives rise to a magnetic field described by magnetic field 

lines with azimuthal symmetry. These fields cannot be 

affected by the magnetic shielding since originate from 

within and do not cross its surface. 

Due to the small Ohmic resistance of the helium tank, 

one can reasonably expect for measured temperature 

gradients thermoelectric currents in the ampere range that 

generate magnetic fields in the µT range in the niobium. 

In the instance of the superconducting transition 100% of 

this flux may be trapped in the cavity walls [3]. Note that 

once the niobium is superconducting its contribution to 

the thermo-power drops to zero, nevertheless the 

contribution of the titanium tank remains. Further 

evidence for thermal currents as a driver for trapped flux 

is presented in [6,7]. 

CONCLUSION 

A temperature gradient along an Nb cavity welded into 

a Ti tank appears to generate thermal currents that cause 

magnetic fields.  These can be trapped in the 

superconductor during the superconducting transition, 

thereby resulting in additional surface resistance. Thermal 

cycling diminishes this effect by reducing the effective 

temperature gradients. Based on these findings we 

propose to add a step to the standard cavity cooling 

procedure: The fast cool down to avoid Q-disease should 

be terminated before the cavity undergoes the 

superconducting transition, somewhere between 10 K and 

50 K, and the system should be given time to thermally 

settle. After achieving a sufficient uniform temperature 

distribution, cooling can proceed, ideally at a slow pace. 
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HIGH Q0 RESEARCH: THE DYNAMICS OF FLUX TRAPPING IN 
SUPERCONDUCTING NIOBIUM 

J. Vogt, O. Kugeler, Helmholtz-Zentrum Berlin, Germany  
J. Knobloch, Helmholtz-Zentrum Berlin and Universität Siegen, Germany

Abstract 
The quality factor Q0 that can be obtained in a 

superconducting cavity is known to depend on various 
factors like niobium material properties, treatment history 
and magnetic shielding. We believe that cooling 
conditions have an additional impact, as they appear to 
influence the amount of trapped flux and hence the 
residual resistance [1 – 3].  

We constructed a test stand using a niobium rod shorted 
out by a titanium rod to mimic a cavity in its helium tank 
to study flux trapping. Here we can precisely control the 
temperature and measure the dynamics of flux trapping at 
the superconducting phase transition. We learned that 
magnetic flux can be generated when a temperature 
gradient exists along the rod and when the niobium 
transitions into the superconducting state it subsequently 
remains trapped. Furthermore, it was shown that the 
cooling rate during isothermal cooldown through the 
transition temperature can influence the amount of 
externally applied flux which remains trapped.  

The acquired knowledge may be used to modify the 
cooldown procedure of SRF cavities leading to a reduced 
level of trapped flux and hence operation closer to the 
BCS limit. 

INTRODUCTION 
The energetically most favorable state of bulk niobium at 
1.8 K (4.2 K) is the Meissner state in which all magnetic 
field present in the normal conducting state is expelled. 
However, the expulsion can be incomplete under certain 
conditions [4, 5] which are fulfilled when a cavity is 
cooled through Tc in an ambient magnetic field. In this 
case, flux tubes are pinned to imperfections of the crystal 
lattice such as impurities, dislocations and grain 
boundaries in the superconductor and are prevented from 
leaving the material during phase transition.  

We already reported on the impact of temperature 
gradients during the cool-down on the obtained Q0 in a 
TESLA cavity system due to, we believe, additional flux 
being generated by the thermoelectric effect [1 – 3]. Since 
the cavity is welded in a helium tank that is fabricated 
from titanium, the dissimilar metals at the junctions create 
a thermovoltage whenever a temperature difference 
between the two ends exists. A current thus flows, which 
produces additional flux under the magnetic shielding that 
then can be trapped when the cavity transitions to the 
superconducting state. The trapped vortices have a normal 
conducting core with a surface resistance about 6 orders 
above that of sc niobium. For a 1.3 GHz TESLA cavity, 
every μT of trapped flux increases the surface resistance 
by 3.5 nΩ [6]. In our measurements up to 10 nΩ of 

additional surface resistance depending on the 
temperature gradient during cooldown were observed. 
Hence, an important step towards avoiding Q0 
degradation by trapped flux is an improved understanding 
of the flux generation and trapping dynamics near the 
transition temperature. The experiments described here 
are designed to do so in a model system that allow for 
more rapid testing under controlled conditions than is 
possible with the rather cumbersome cavity units. 

 
 

Figure 1: Experimental setup and positions of 
instruments. 
 

  

EXPERIMENTAL SETUP 
The setup for the experiments, shown in Figure 1, is 

based on a 30 cm long RRR 300 niobium rod (square 
cross section of 84×84 mm2). It is anchored to a 4.2 K 
helium reservoir at both ends and equipped with two 
separately operable, resistive heaters (one on each end) to 
enable us to impose a well-defined spatial temperature 
gradient and to control the cooling rate through the 
superconducting transition. The temperature distribution 
is monitored with seven Cernox sensors. Five are attached 
along the rod axis and one close to each heater. Magnetic 
flux densities are observed by placing a 3D fluxgate 
magnetometer (FM1 – 3) near the center of the rod. To 
model a niobium cavity welded in a titanium helium tank 
we shorted out the niobium rod’s ends with a grade 2 
titanium rod forming a thermal and electrical circuit just 
as in the cavity-tank-system of a TESLA unit. 

The whole construction is placed inside the Horizontal 
Bi-Cavity Test Facility (HoBiCaT [7]) with an ambient 
magnetic field of about 3 μT. A second, cold magnetic 
shield placed around the setup reduced the ambient field 
below 50 nT. 
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Figure 2: Trapped magnetic flux in the superconducting 
sample measured by FM1 (at equilibrium) as a function of 
the temperature difference between the two ends of the 
niobium rod at the instance of phase transition. 

 

THERMAL CURRENTS 
First, we investigated the thermoelectric effect in the 

niobium-titanium system to test whether indeed flux is 
generated which then is trapped by the niobium. The 
heaters were employed to bring the two contact points of 
niobium and titanium to different temperatures. 
Afterwards, the rod cooled down to ≈ 7 K while a 
temperature gradient existed as the rod cooled through Tc. 
The superconducting phase transition was defined as the 
instance when the Cernox sensor at the center of the rod 
fell below the transition temperature of 9.2 K. The 
temperature difference along the rod was measured at this 
instance. Finally, the flux density in superconducting state 
Bsc measured by FM1 was acquired after equilibrium (ΔT 
= 0) was reached and the rod was fully superconducting. 

As shown in Figure 2, we obtained a distinct 
correlation between ΔT at the phase transition and the 
subsequent trapped flux in the superconducting state. As 
measured by FM1. Since the ambient field was shielded 
down below 50 nT, the measured field values of up to 180 
nT reveal that additional magnetic flux must have been 
generated and trapped inside the system. The results is a 
strong indication for a thermoelectric contribution to 
trapped flux and hence we expect this to have an impact 
on residual resistance in SRF cavities, as observed in [1 – 
3]. 

Note that the experiment was limited to temperature 
gradients < 1 K whereas in cavities during the cooldown 
the gradient was shown to be up to 100 times greater. 
Furthermore, the dependency of generated flux on the 
temperature difference is assumed to depend on the 
geometry of the setup and can thus the results here cannot 
be directly applied to the cavity-tank system. 

 
 

  
 

Figure 3: Simulation of the magnetic field distribution 
around a TESLA cavity that carries a current of 1A. 
Insert: Simulation of the surface H-field distribution of 
the accelerating π-mode (courtesy Axel Neumann). 
 

Nevertheless, it should be sufficient to estimate the 
order of magnitude: In the model system a temperature 
difference of 0.6 K is sufficient to create 0.12 μT 
additional trapped flux. The same amount of trapped flux 
would increase the surface resistance of a TESLA-type 
cavity by 0.4 nΩ. Given that the gradients in the cavity-
tank system during cooldown are up to 100 times larger, a 
variation in the surface resistance in the 10 nΩ range, as 
presented in References 1, 2 and 3, can reasonably be 
expected. 

Additional measurements performed with the 
experimental setup presented here yielded a thermopower 
of the niobium-titanium system of the order of ΔS = 10 
μV/K [8]. Assuming typical cooldown conditions when 
the phase transition of a TESLA cavity starts (ΔT ≈ 100 
K, ohmic resistance of the titanium tank of order R = 100 
μΩ [9]), we expect a thermocurrent of order 1 A to flow 
along the cavity wall and back through the helium tank: 

 
I = ΔV / R = ΔS ∙ ΔT / R = 10 μV/K ∙ 100 K /100 μΩ 

= 1A 
 
Figure 3 shows a simulation of the magnetic field 

distribution around a TESLA cavity that carries 1 A 
induced current. The maximum surface field is 2 μT. The 
insert in Figure 3 gives the surface H-field of the 
accelerating π-mode. Assuming that the thermally 
induced flux is trapped where it is generated, a significant 
portion will be in the high surface-magnetic field region 
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and hence will significantly increase the cavity’s power 
dissipation (and thus the effective average surface 
resistance as determined by the Q measurements). Given 
the empirical correlation of trapped flux and surface 
resistance [6], 2 μT trapped flux correspond to an 
additional surface resistance of 7 nΩ which is in good 
agreement with the cavity thermal cycling results that 
reported a variation of up to 10 nΩ in the residual 
resistance depending on the temperature gradients [1 – 3]. 

MEISSNER EFFECT 
Beside the thermoelectric influence on the amount of 
trapped flux, we studied the impact of temporal gradients 
(i.e., the rate at which the material transitions through the 
superconducting phase change). Past measurements [5] 
had shown that the expulsion of flux is impacted by the 
cooldown rate. The cold magnetic shielding was removed, 
increasing the total value of ambient field at the rod to 
3μT (0.3μT in FM1 direction). We then cooled the rod 
isothermally (i.e., zero temperature gradient) to the 
superconducting state by adjusting the power of both 
heaters and measured the amount of expelled flux. We 
defined “expelled flux” to be the difference in the flux 
density measured in the superconducting state (after the 
rod reached equilibrium) and in the normal-conducting 
state (Bsc − Bnc). The maximum temperature difference 
along the rod was always below 0.1K. Given the data in 
Figure 2, any potential thermoelectric contribution to the 
measured magnetic field is of the order of the noise and 
hence does not influence this measurement. 

We calculated the cooling rate from the slope of the 
rod’s temperature in time during the phase transition and 
measured the expelled flux after the rod reached the 
equilibrium state. The result is presented in Figure 4. We 
observed that the expulsion of the ambient magnetic field 
due to the Meissner effect was suppressed for high 
cooling rates (above 40 mK/s) where the rod passed 
quickly through the transition temperature. For smaller 
cooling rates (down to 3.6 mK/s) the flux expulsion 
became improved. The slower the rod cooled down, the 
more flux was expelled and the less flux remained trapped 
in the rod. This finding is in agreement with earlier 
published results for a disc-shaped geometry of the 
sample [5] as well as RF measurements made with 
samples [10]. Again, the application to a real cavity can 
only be made qualitatively, since the demagnetization 
factor influences the driving force of flux expulsion and 
differs from for cavity and rod.  

 
Figure 4: Expelled flux measured by FM1 versus cooling 
rate in the model system. Bnc during the measurement was 
0.3 μT in FM1 direction and 3 μT in total. 
 
The measurements on the model system revealed that flux 
expulsion via Meissner effect, with the Meissner state 
being energetically more favorable than a state with 
frozen flux, seems to be more effective when the system 
remains near Tc for longer periods of time. For further 
investigation we dedicated the following experiments to 
the dynamics of flux trapping close to the transition 
temperature. They were performed on the same niobium 
rod model system [11].  

Figure 5 displays the behavior of the trapped flux when 
the rod was warmed in the superconducting state towards 
transition temperature without exceeding Tc at any time.  

At the beginning of the experiment, the 
superconducting phase transition is evident. The magnetic 
field density outside the rod increased due to the Meissner 
effect (ΔB = 50nT). Afterwards the rod was slowly 
warmed towards the transition temperature. We observed 
that the trapped flux decays starting at ≈ 0.1 K below Tc 
leading to an increased amount of expelled flux (ΔB = 
200nT). Figure 5 shows how the reduction was achieved 
in a gradual process of warming and cooling, but never 
exceeding Tc. In further experiments, a Helmholtz coil 
was used to increase the initially trapped flux. A reduction 
of up to 75% of the initially trapped flux in the niobium 
rod by a similar procedure of warming and cooling was 
demonstrated [11].  

We conclude that the trapped flux in the niobium enters 
a state of increased mobility close to the transition 
temperature. Hence, the energetically more favorable 
state, the Meissner state, is approached leading to a 
reduction of trapped flux. Furthermore, this observation 
may explain why the cooling rate influences the amount 
of trapped flux. When the rod is cooled with a low 
cooling rate, it remains in the temperature region of 
increased flux mobility (between Tc and ≈ 0.1K below Tc) 
for a longer period of time. Thus more flux is able to 
leave the material.  
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Figure 5: Behavior of trapped flux (FM1) and temperature 
upon heating in ambient field (0.3 μT in FM1 direction, 3 
μT in total). 

 

SUMMARY AND CONCLUSION 
Earlier measurements [1, 2] have shown that a 

temperature gradient along a TESLA cavity during the 
superconducting transition adversely affects the quality 
factor. We suspect that the niobium-titanium junction 
drives a thermocurrent whose magnetic field remains 
trapped in the niobium when it goes superconducting. To 
test this hypothesis we measured the effect in a model 
system consisting of niobium and titanium rods that are 
designed to mimic the material properties of a cavity in its 
helium tank. Indeed we were able to demonstrate that a 
temperature gradient along the rods generates a 
thermocurrent near 10 K. The current generates a 
magnetic field which is subsequently trapped in the 
superconducting material during the phase transition. 
Simulations show that the field expected in a TESLA 
system is commensurate with the observed variations in 
surface resistance observed after different cooldown 
cycles. 

In addition, the cooling rate during the superconducting 
phase transition was found to impact the amount of 
trapped flux even when the niobium is cooled 
isothermally. A high cooling rate inhibited the expulsion 
of flux from our sample. When the rate is reduced, more 

flux can be expelled. Both, thermal and spatial gradients, 
work in the same direction: The larger they are the greater 
is the amount of trapped flux. In contrast, a homogenous 
transition trough Tc leads to a reduction of trapped flux.  

Based on these results we propose to add a step to the 
standard cavity cooling procedure The fast cool down to 
avoid Q-disease should be terminated before the cavity 
undergoes the superconducting transition, somewhere 
between 10K and 30K. The system should then be given 
ample time to thermally settle. After achieving a 
sufficiently uniform temperature distribution, cooling can 
proceed, ideally in a slow isothermal manner. 
Alternatively, a short thermal cycle to ≈ 20K should be 
introduced following the initial rapid cooldown below Tc. 
The next set of experiments at HoBiCaT will attempt such 
a modified cooldown cycle. 
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QUENCH AND FIELD DEPENDENT SURFACE RESISTANCE STUDIES
USING A SINGLE CELL CAVITY WITH ARTIFICIAL PITS ∗

Y. Xie † and M. Liepe
Cornell Laboratory for Accelerator-Based Sciences and Education (CLASSE),

Cornell University, Ithaca, NY 14853, USA

Abstract

Surface defects such as pits have been identified as some

of the main sources of limitations of srf cavity perfor-

mance. A single cell cavity was made with 30 artificial

pits in the high magnetic field region to gain new insight

in how pits limit the cavity performance. The test of the

pit cavity showed clear evidence that the edges of two of

the largest radius pits transitioned into the normal conduct-

ing state at field just below the quench field of the cavity,

and that the quench was indeed induced by these two pits.

Insights about quench and non-linear rf resistances will be

presented.

INTRODUCTION

Pit-like structures on the niobium surface of srf cavities

have been shown to cause thermal breakdown under certain

conditions [1]. Thus we need to understand better how pits

cause quench and what the relevant parameters are. This

can be done experientially and by simulating pits.

However, the field at which quench is caused by a pit

defect varies significantly from pit to pit, and frequently,

pits do not cause quench up to the maximum field ob-

tained. Previous thermal feedback models treat pits as nor-

mal conducting disks assuming the entire pit area is nor-

mal conducting starting from low field [1]. Yet real pit-

like defects observed in srf cavities have a complex 3-

dimensional shape which can not be simply treated as a

all normal conducting disk. Recent electromagnetic sim-

ulations show that the magnetic field enhancement (MFE)

effect is present at the sharp edge or corner of a pit. It was

calculated that a pit MFE factor β shows a (r/R)−1/3 de-

pendence, where r is the radius of the pit edge and R is the

radius of the pit [2]. Therefore a more accurate ring-type

defect model in which only pit edges get normal conduct-

ing above a certain magnetic field level was developed [3].

Previous experimental studies depended on random data

sets collected from pits occasionally found on srf cavities.

In order to systematically study the nature of pit-induced

quench, a single-cell niobium srf cavity with many arti-

ficially drilled pits with different sizes was prepared and

tested. Thermometers attached outside the cavity pit loca-

tions recorded heating signals as function of the rf magnetic

field level.

∗Work supported by NSF and Alfred P. Sloan Foundation.
† yx39@cornell.edu, now at Euclid Techlabs LLC.

PITS CAVITY DESIGN AND
FABRICATION

A single cell cavity with artificial pits is an ideal tool

to investigate pits induced cavity quench and even the high

field Q-slope phenomena. The Magnetic field enhancement

(MFE) factor h at the pit edges depends only on pit radius

R and edge radius r if the pit depth is several times larger

than its radius (see later for a detailed discussion of the

magnetic field enhancement by pits).

A single cell 1.3 GHz niobium cavity of the Cornell ERL

center cell shape was fabricated. Prior to joining the two

halves of the cavity by electron-beam welding, 30 pits of

various radii were drilled into the inside niobium wall in

the high magnetic field region of the cavity, each 1.5 mm

deep, which is half of the wall thickness of the cavity. Fig. 1

shows the fabricated half cup with different sizes of pits.

Figure 1: Half cup of the pit cavity after drilling of the pits.

In order to obtain different MFE factors of the artificial

pits, pit of 5 different radii R were drilled perpendicular to

the cavity wall, with six copies of each size. After drilling

the pits and after final electron beam welding of the equa-

tor to join the two cavity halves, a heavy BCP of about 120

μm was applied to the pits cavity. This BCP process deter-

mined the pits edge radius r along with the different drill

sizes used. The parameters of the pits are summarized in

Table 1.

In order to use the Cornell single-cell temperature map-

ping system to record the rf heating from the pits, the pit

position pattern is matched to thermometry sensor posi-

tions (Fig. 2). In the pit cavity, pits are spaced by 18.95

deg, so that a pit is located under a specific temperature

sensor on every other board. The single-cell T-map has

38 boards in the azimuthal direction, thus the boards are

spaced by 9.47 deg. For example, pit positions 1 to 3 have
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Table 1: Pit Parameters for the Pits Cavity

Total number of pits 30

Pits radii 200, 300, 400, 600, 750

μm

Pits edge radii initially unknown

Pits depth 1.5 mm

Pits position 1 inch from the cavity

equator

a radius of 200 μm and pit positions 4 to 6 have a radius of

300 μm. Note that pits are located symmetric to the equa-

tor, so that at every given angular position there are two

pits, one above and one below the equator. Since all pits

are located at the same distance from the equator, they all

will see the same local magnetic field, not taking into ac-

count any differences in magnetic field enhancement by the

pits.

Figure 2: Distribution of pits along the inner surface of the

cavity.

PIT CAVITY EXPERIMENTAL RESULTS
After fabrication, the cavity with the 30 drilled pits of

various radii received a 120 μm BCP, was high pressure

water rinsed and dried for assembly to the test insert in a

class 10 clean room, and received a final 120 C in-situ bake.

In the following sections, we present the results from the

rf test of the cavity, and show temperature maps taken by

a large scale temperature mapping system mounted to the

outside of the cavity. Also, we show results from a laser

confocal microscope inspection of molds taken from the

pits in the cavity after the rf test. The microscope data gives

important pit shape information, especially the radius r of

the edge of the pits. The edge radius strongly impacts the

magnetic field enhancement at the edge of the pits, and thus

needs to be measured after the final BCP of the cavity to

reflect the situation present during test of the cavity.

RF Test Results
Results of the rf test at 1.6 K are shown in Fig. 3. The

cavity quenched at a maximum surface magnetic field of

550 Oe which corresponds to an accelerating field of 11

MV/m. It should be noted that the maximum surface mag-

netic field quoted here and Fig. 4 does not include the local

magnetic field enhancement by the pit. At the pit edge,

the local magnetic field is significantly higher, as discussed

later.

Before the quench, a mild Q-drop effect appeared above

300 Oe. There is a sudden drop in Q0 at about 520 Oe,

followed by a strong Q-slope. As we will discuss later, at

this field the local, enhanced magnetic field at the first pit

edge reaches the critical magnetic field and the edge starts

to transition into the normal conducting state, thereby de-

creasing the cavity’s quality factor. No x-rays were reg-

istered and thus no field emission was present during the

test. The pits cavity was also tested at different tempera-

Figure 3: The pits cavity quality factor Q0 versus the peak

surface magnetic field Hpk at 1.6 K. The uncertainty in the

measured field is ± 10% and ± 20% in Q0. The surface

magnetic field on the horizontal axis is the peak surface

field of the cavity, not taking into account the local field

enhancement by the pits.

tures as 2.0 K, 3.0 K and 4.2 K. The results are summarized

in Fig. 4. The pits cavity quenches around the same peak

surface magnetic field of 550 Oe corresponding to accel-

erating field of 11 MV/m. The quality factor differences

between 1.6 K, 2.0 K, 3.0 K and 4.2 K are due to the tem-

perature dependence of the BCS resistance.

Temperature Map Results
The single-cell T-map system was used to measure the

rf heating at the pits locations as function of magnetic field

during the entire cavity rf test. Before temperature maps of

all the thermometers were taken, three calibrated Cernox

thermometers placed inside the helium bath were used to

calibrate the T-map from 4.2 K to 1.6 K at an interval of

0.1 K. The calibration process was done along with slow
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Figure 4: The pit cavity quality factor Q0 versus the accel-

erating field Eacc at different temperatures. A Eacc of 11

MV/m corresponding to maximum surface magnetic field

Hpk of 550 Oe. The uncertainty in the measured field is ±
10% and ± 20% in Q0.

helium cool down from 4.2 K to 1.6 K. Since the resistive

element of the thermometers is carbon, which is a semi-

conductor, one would expects an exponential decrease of

resistance with increasing temperature. After calibration,

the temperature dependence of the thermometer resistance

data was fitted by a polynomial function of third order,

1

T
= an + bxn + cx2

n + dx3
n; xn = lnRn (1)

where T is the bath temperature measured by the Cernox

thermometers, Rn is the resistance of carbon thermometer

n, and an, bn, cn and dn are fit parameters. Fig. 5 shows an

example of a calibration curve for one of the temperature

sensors taken during the calibration of the T-map for the pit

cavity test. The voltage over the resistor is plotted instead

of the resistance itself, because a fixed current source was

used to drive the T-map thermometers, and the voltage over

the resistors is measured by the data acquisition system.

After calibration, temperature maps were taken at different

fields up to the quench field of the cavity. As an exaple, Fig.

6 shows one T-map taken at the cavity maximum surface

magnetic field of 350 Oe. The artificial pits are located at

the following positions of the T-map:

• Resistor number 6 and 12;

• Board number (2,4,6); (8,10,12); (14,16,18);

(20,22,24); (26,28,30);

Here a number scheme was introduced for all 30 pits. For

example, pit (2,6) (Board number 2, Resistor number 6)

was named pit #1. Tab. 2 shows the detailed pit number

scheme.

As pits cavity maximum surface magnetic field in-

creases, the heating pattern keeps nearly the same and the

heating get stronger as can be seen in Fig. 7, which shows

the T-map taken around 500 Oe.

The ratio between the field at the positions of the pits

and the maximum surface magnetic field of the cavity, not

taking into account the magnetic field enhancement by the

pits, is 0.98 as found by CLANS calculations [4].

From this T-map data, we can conclude that:

Figure 5: Calibration data obtained obtained for one for the

temperature sensors of the T-map system during the cali-

bration of the temperature mapping system during the test

of the pit cavity. Red circles: data points. Blue curve: poly-

nomial fit according to Eqn. 1.

Table 2: The Number Scheme of the 30 Artificial Pits
Board

#

Resistor

#

Pit # Board

#

Resistor

#

Pit #

2 6 #1 16 12 #16

2 12 #2 18 12 #17

4 6 #3 18 12 #18

4 12 #4 20 6 #19

6 6 #5 20 12 #20

6 12 #6 22 6 #21

8 6 #7 22 12 #22

8 12 #8 24 6 #23

10 6 #9 24 12 #24

10 12 #10 26 6 #25

12 6 #11 26 12 #26

12 12 #12 28 6 #27

14 6 #13 28 12 #28

14 12 #14 30 6 #29

16 6 #15 30 12 #30

• T-map heating pattern does correlate well with the pat-

tern of the actual artificial pit positions on the inner

cavity surface.

• Smaller diameter pits show smaller heating and larger

diameter pits show larger heating in general. This is in

agreement with the a simple magnetic field enhance-

ment model, which predicts that the local magnetic

field enhancement at the edges of the pits scales with

the radis R of the pits according to R1/3 [2], assum-

ing that the edges of all pits have the same sharpness.

Accordingly, larger pits will have higher local fields,

thus larger rf heating.
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Figure 6: T-map taken at Hpk of 350 Oe. Plotted here are

ΔT between rf on and off. The uncertainty in ΔT is ±
1 mK. Note that the T-map data shows good correlation

between the heating pattern and the position of the pits.

The row of resistors #9 is at the equator of the cavity. The

38 boards are spaced equally around the cavity.

Figure 7: T-map taken at Hpk of 500 Oe. Plotted here

are ΔT between rf on and off. The uncertainty in ΔT is

± 1 mK. Note the heating gets larger as compared to the

heating at 350 Oe shown in Fig. 6. The row of resistors

#9 is at the equator of the cavity. The 38 boards are spaced

equally around the cavity.
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Figure 8: The heating of pit #2 and #6 with radius R = 200

μm versus surface magnetic field. The heating signals from

the other 4 pits with radius R = 200 μm are missing be-

cause of non-functional temperature sensors. The surface

magnetic field on the horizontal axis is the peak surface

field of the cavity, not taking into account the local field

enhancement by the pits.

100 150 200 250 300 350 400 450 500 550 600
−0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

Hpk (Oe)

Δ 
T 

(K
)

Pit #7

Figure 9: The heating of pit #7 with radius R = 300 μm

versus surface magnetic field. The heating signals from

other 5 pits with radius R = 300 μm are missing because of

non-functional temperature sensors. The surface magnetic

field on the horizontal axis is the peak surface field of the

cavity, not taking into account the local field enhancement

by the pits.
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Figure 10: The heating of pit #19, #20, #22, #23 and #24

with radius R = 600 μm versus surface magnetic field.

The heating signal of pit #21 is missing because of a non-

functional temperature sensor. The surface magnetic field

on the horizontal axis is the peak surface field of the cavity,

not taking into account the local field enhancement by the

pits.
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Figure 11: The heating of pit #27, #28 and #30 with radius

R = 750 μm versus surface magnetic field. The heating

signals from pit #25, #26 and #29 are missing because of

non-functional temperature sensors. The surface magnetic

field on the horizontal axis is the peak surface field of the

cavity, not taking into account the local field enhancement

by the pits.
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Fig. 8, 9, 10 and 11 show the measured heating sig-

nals from pits with radius R = 200 μm, R = 300 μm,

R = 600 μm and R = 750 μm as function of the cavity

field. Some of the pits heating data are missing because of

non-functional temperature sensors. There are no effective

heating signals from the six pits with the radius of R = 400

μm.

Most of the heating signals from the pits show a non-

ohmic behavior at larger fields; refer to chapter 6.4 for a

detailed discussion of this field dependence of the rf surface

resistance. Importantly, it can be seen from Fig. 10 and 11

that the heating signals of pit #22 and #30 show a sudden

jump to the ∼ 1 K range at a cavity field at ∼ 545 Oe.

These two pits eventually will cause a quench of the cavity

at even higher field of 550 Oe.

The quench locations were found by measuring the

length of time that the resistors stayed warm after the

quench of the cavity [5]. The two pits # 22 and #30 were

found to cause quench as shown in Fig. 12. Fig. 13 shows

the heating versus magnetic field of the two quench pits

#22 and #30. Assuming that the thermometer efficiency is

about 25% [6], the inner side of cavity actually went up to

4 K just below quench. Both of the two pits show gradual

heating until the temperature suddenly jumps to about ∼
1 K at a cavity maximum magnetic field around 545 Oe,

which is smaller than cavity quench field of 550 Oe. Note

that both pits are among the largest radius pits, which are

expected to have the largest magnetic field enhancement

[2].

What likely happened here for the two quench causing

pits is that the local, enhanced field at pit edge reached the

critical (superheating) magnetic field at given temperature,

so part of the pit turned normal conducting. Thus the T-

map sensors showed a sudden increase of temperature up

to ∼ 1 K and also the cavity quality factor Q0 decreased

significantly. The cavity did not quench at this field and did

go to a bit higher in the field before quench occurred. So

it is clear that the normal conducting edge of pit is initially

stable until the field is too high. A ring-type defect model

in chapter 6 will be presented to study this effect in more

details.

Laser Confocal Microscopy Results
In order to obtain precise values of the pit edge radius

r of the individual pits, silicone replicas were made to all

thirty pits. The replicas were found to have at least 1 μm

resolution. The replicas were then examined by laser con-

focal microscopy to measure the sharpness of the pit edges.

Fig. 14 shows one of the images of a pit taken by laser

confocal microscope. The dark area is the pit. In the bright

area, the grain structure of the niobium surface can be seen

very clearly.

Since the magnetic field is parallel to cavity equator,

edges of pits perpendicular to the direction of the magnetic

field show the highest fields due to magnetic field enhance-

ment as shown in [2]. We only sample the pit edge curve

profiles from those sections as indicated in Fig. 15. Fig. 16

Figure 12: Quench locations of the pit cavity at a maximum

surface magnetic field of ∼ 555 Oe. The quench locations

were found by measuring the length of time that the resis-

tors in the temperature map stayed warm after the quench

of the cavity. The center of the quench location was found

to be pits #22 and #30.

100 150 200 250 300 350 400 450 500 550 600
−0.2

0

0.2

0.4

0.6

0.8

1

1.2

Hpk (Oe)

Δ 
T 

(K
)

Pit #22
Pit #30

Figure 13: Heating of pit #22 and #30 versus the cavity

maximum surface field Hpk. The uncertainty of measured

field values is ± 10%. Notice the sudden jumps in ΔT at

∼ 540 Oe, corresponding to the sudden change in Q0 at the

same field; see Fig. 3. The surface magnetic field on the

horizontal axis is the peak surface field of the cavity, not

taking into account the local field enhancement by the pits.

shows an typical pit edge profile. The edge of the pit ra-

dius r is determined by the smallest curvature of the edge

section of the profile. For every pit, 60 profile curves are

taken from the 60 cross sections at different angles inside

the magnetic field enhancement area of the pit. Then the

range of pit edge radius r is measured from those 60 pro-

file curves. Also the range of pit radius R is measured

from those different pit profiles inside the magnetic field

enhancement region. For example, Fig. 17 shows the dis-

tributions of r for three pits with the largest drill bit radius

of 750 μm. It can be seen that the pit #30 has the small-

est average edge radius r around 10 μm. Pit (28,6) and pit

(28,12) have average edge radius of 30 μm and 24 μm.

Table. 3 and 4 list the geometrical information measured

by laser confocal microscopy including the range of pit ra-

dius R and the range of pit edge radius r for all 30 pits of 5

different drill sizes. The analysis of the resulting magnetic

field enhancement at the pit is presented in the following

chapter.
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Figure 14: Image of pit #30 taken by laser confocal mi-

croscope. This pit is one of the pits causing the cavity to

quench.

Figure 15: Area sampled for extracting edge profile data of

the pits (Marked by double arrow).
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Figure 16: A typical pit edge curve extracted from the laser

confocal microscopy image. The red circle is used to fit

and obtain the edge radius r of the pit.

Table 3: The geometrical parameters of the artificial pits

(I): the pits that have effective temperature readings mea-

sured by the T-map.

Pit num-

ber

Pit drill

radius

(μm)

Range of

pit edge

radius r
(μm)

Range of

pit radius

R (μm)

#30 750 5∼30 850∼900

#27 750 20∼55 880∼900

#28 750 15∼45 820∼850

#23 600 30∼60 520∼550

#24 600 25∼60 580∼610

#22 600 5∼45 570∼610

#19 600 20∼55 550∼600

#20 600 35∼60 570∼600

#7 300 20∼50 280∼310

#6 200 25∼55 180∼210

#2 200 35∼60 190∼200

Table 4: The geometrical parameters of the artificial pits

(II): the pits that do not have effective temperature readings

measured by the T-map.

Pit num-

ber

Pit drill

radius

(μm)

Range of

pit radius

r (μm)

Range of

pit edge

radius R
(μm)

#29 750 30∼50 850∼900

#26 750 10∼45 850∼870

#25 750 25∼60 850∼900

#21 600 25∼60 600∼650

#18 400 35∼50 400∼450

#17 400 20∼35 350∼400

#16 400 25∼55 370∼420

#15 400 20∼50 400∼450

#14 400 35∼45 400∼450

#13 400 25∼40 400∼420

#12 300 25∼50 270∼310

#11 300 20∼50 290∼320

#10 300 30∼55 300∼340

#9 300 35∼60 280∼320

#8 300 35∼55 300∼340

#5 200 20∼45 200∼210

#4 200 25∼40 190∼220

#3 200 25∼50 200∼220

#1 200 20∼45 190∼220
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Figure 17: The distribution of edge radius r of three pits

with nearly the same radius 750 μm. The top one is pit

#30. The middle one is pit #27 and the bottom one is pit

#28.

NEW INSIGHTS INTO PITS
BREAKDOWN AND HIGH FIELD

Q-SLOPE
We will first introduce the magnetic field enhancement

theory, which will be applied later to the pit cavity. A ring-

type defect model will be then explained. Magnetic field

enhancement calculations based on geometrical informa-

tion of the pits inside the pit cavity will be presented and

compared to the experimental results. Finally, observations

of high field Q-slope based on the heating signal of the pits

will be discussed.

Magnetic Field Enhancement at the Edge of a Pit
The magnetic field enhancement effect at the sharp

edge/corner of a pit as shown in Fig. 18 has been calcu-

lated in previous work [2, 7, 8]. The results obtained for

sufficiently deep pits (depth > R) generally show that the

magnetic field enhancement factor β can be expressed as

[2]

β = C(
r

R
)−1/3, (2)

where r is the radius of edge/corner, R the radius of the pit,

and C is a constant of about 1.17. Accordingly, pits with

larger radius or sharper edges cause a larger magnetic field

enhancement.

Figure 18: The sketch of a pit with radius R and edge radius

r.

Real pit-like defects observed in the superconducting

cavities have a complex 3-dimensional shape. To obtain

a realistic field enhancement factor for these pits, I used

SLAC’s parallel computing EM code ACE3P [9] to com-

pute the exact surface magnetic field in the entire pit edge

area. Studies have shown that Omega3P has a very accurate

Figure 19: Geometry and mesh configuration used for the

3D pit magnetic field enhancement calculations.

surface field precision compared to other 3-dimensional

codes. As a first, simple example, we have simulated a

rounded pit on the axis of a pillbox cavity with the TE111

mode. The size of the modeled pit is small compared to

the size of the cavity, which ensures that the surface field

would be uniform over the area of the pit without the pit

present. The pillbox cavity has a radius 100 mm, with a

pit radius R = 1 mm. The simulated geometry and mesh

configuration can be seen in Fig. 19 and Fig. 20.

The calculation was performed and checked with dif-

ferent mesh densities. As the pit edge radius r becomes

smaller, the surface field calculated by Omega3P becomes

more dependent on the mesh densities. Nevertheless, for

sufficiently dense meshes, our calculated results agree well

with the (r/R)−1/3 dependence of the maximum surface

enhanced magnetic field as shown in Fig. 22. An exam-

ple of the calculated surface magnetic field distribution is

shown in Fig. 21. The corresponding field enhancement

factor near the edge of the pit is displayed in Fig. 23. An

angular non-uniform field enhancement around the edge

can be seen from these results, with significant field en-

hancement in some sections. The maximum magnetic field

Figure 20: Mesh configuration at the pit used for 3D mag-

netic field enhancement calculations. Here R = 1 mm,

r = 75 μm.
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Figure 21: Magnetic field distribution near the pit edge.

The direction of the magnetic field is in the x-direction out-

side of the pit.

enhancement factor is about 2.65 which is in good agree-

ment with the calculation results using Eqn. 2.
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Figure 22: Magnetic field enhancement factor calculation

by ACE3P using a 3-d model. The fit equation is β =
1.17 ∗ (r/R)−1/3.

Figure 23: Magnetic field enhancement near the pit edge.

Ring-type Defect Model Based on Magnetic Field
Enhancement on Ring Edges

The phenomena of thermal magnetic breakdown has

been numerically simulated over the years and is based on a

thermal feedback process. Past models treated the defect as

an axial-symmetric disk with its entire area becoming nor-

mal conducting when thermal breakdown happens. How-

ever, as observed in many cases, quench causing defects

are correlated with pits on the surface with a sharp edge,

and not disk like objects. Therefore, based on the assump-

tion that only the edge of the pit becomes normal conduct-

ing, a 2-dimensional ring-type defect thermal program was

developed. Figure. 24 shows the mesh configuration dif-

ference between a ring-type defect and a disk-type defect.

The ring-type defect model is based on the same heat bal-

ance equations and boundary conditions as the disk-defect

thermal model [10].

(a) Mesh configuration for a disk-type defect

(b) Mesh configuration for a ring-type defect

Figure 24: Different mesh distributions of ring type and

disk type defect models with normal conducting (red) and

superconducting (blue) mesh elements.

In the ring-type defect model, the program splits a cylin-

drical section of the niobium wall into many circular ring-

shaped mesh elements. To model the heating at the edge of

the pit, in the first version of the ring defect model a normal

conducting defect was located at a ring section at a certain

distance from the center of the modeled niobium disk. To

speed up simulations, the mesh density is higher near the

defect element and lower away from it, where temperature

gradients are smaller. The mesh spacing in the radial di-

rection was chosen to increase exponentially (the distance

between the i-th element to the ring-defect is proportional

to ei). The z direction (through the niobium) can also be

easily meshed using an exponential function. For a selected

surface field at one side of the niobium disc, the rf power is

calculated based on the temperature dependent surface re-

sistance. Given the temperature dependent thermal conduc-

tivity of niobium and Kapitza conductance between nio-

bium and helium, the rf power produced at the surface is
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compared with the power emitted into the helium bath at a

given iteration number. The over-relaxation method [11] is

used to estimate the (n+ 1)-th iteration from the n-th iter-

ation. Once the two heat transfer numbers are sufficiently

equal (e.g. their difference is less than 1.0×10−6), thermal

equilibrium is reached and a valid solution is found.

In the second, improved version of the ring defect model,

a position dependent magnetic field enhancement (MFE)

factor at the rf surface is added to better mirror the situ-

ation found in pit defects. For a first approximation, the

enhancement factor is one far outside of the pit and jumps

to a selected value above one at the pit edge of a given

width. Inside the pit, the field enhancement factor is scaled

below one because the surface magnetic field inside the pit

is lower compared to the field at the flat surface outside of

a pit.

Accordingly, the radius of the ”ring defect” in the model

is equal to the radius R of the pit, and the width of the

”defect” is assumed to be equal to the radius r of the edge

of the pit, where the MFE factor is high. Initially in the

model, the entire surface is assumed to be superconduct-

ing. Only when the field exceeds the superheating (critical)

magnetic field at the given temperature of the niobium at

a given location, that section of the surface is assumed to

become normal conducting. Since an axis-symmetric mesh

is used, a uniform MFE factor is assumed instead of angu-

lar dependent MFE factor along the pit edge. Nevertheless,

a 3-dimensional electromagnetic code is used to obtain re-

alistic magnetic field enhancement factors based on mea-

sured surface pit dimensions.

Simulations of pit defects of different radius R and edge

width r (and thus different field enhancement factor at the

pit) were performed to explore the relationship between the

pit geometry and the quench field. Fig. 25 shoes the tem-

perature profile on the rf surface as function of radial dis-

tance from the center of the pit at a field just below quench.

Clearly visible is the heating by the edge of the pit becom-

ing normal conducting. The normal conducting resistance

of niobium was taken as 10 mΩ. Future versions of the

ring defect model will also take into account the tempera-

ture dependence of the normal conducting resistance.

Fig. 26 shows a typical pre-quench temperature distribu-

tion at the cross section of the simulated heating by a pit.

The rf field level (enhanced field at the edge of the pit) is

1315 Oe which is slightly below the quench field of this pit

defect of 1319 Oe. As can be seen from Fig. 26, the highest

temperature located at the pit edge is 5.76 K. In contrast,

the critical temperature of niobium at this field level (en-

hanced field at the edge of the pit) is 5.4 K. This confirms

that the pit edge has become normal conducting, while in-

side the pit the niobium remains superconducting. As the

field increases further, the normal conducting pit edge ex-

pands and finally leads to a thermal instability (quench),

when the entire simulated niobium slab becomes normal

conducting.

In conclusion, the ring-type defect pit model with mag-

netic field enhancement at the pit edge predicts that the
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Figure 25: RF surface temperature distribution along the

radial direction for a given ring-type defect with R = 20
μm and r = 5 μm. The rf frequency is 1.5 GHz, RRR

= 300, phonon mean free path = 1 mm, bath temperature

= 2 K, magnetic field =800 Oe and the normal conducting

defect resistance is 10 mΩ.

Figure 26: Temperature distribution in Kelvin over the

cross section of the simulated niobium slab at a field level

of 1315 Oe (enhanced field at the edge of the pit) which

is slightly below the quench field of this pit defect of 1319

Oe. The diameter of the simulated niobium disk is 10 mm

with 3 mm thickness. The field enhancement factor used

at the edge of the pit corresponds to a pit of R = 30 μm

diameter with a edge radius r of 1 μm. The helium bath

temperature is 2 K. The rf surface in the image is at the

bottom, and the side facing the helium is at the top.

edge first gets normal conducting, but remains thermally

stable, and then at a somewhat higher field (about a few

percent), the whole cavity quench happens. The temper-

ature map data for the sensors on top of the pits causing

quench in the pit cavity shows the same: first a step in ΔT
when the edge becomes normal conducting, and then the

cavity quench at a slightly higher field as shown in Fig. 13.
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Table 5: The magnetic field enhancement calculation results based on the geometrical parameters of the artificial pits (I):

the pits that have effective temperature readings measured by the T-map.

Pit

num-

ber

Pit drill

radius

(μm)

Range of pit

edge radius r
(μm)

Range of pit

radius R (μm)

Range of mag-

netic field

enhancement

factor β =
1.17 ∗ (r/R)−1/3

Range of local

magnetic fields at

Hpk reached in

the pit cavity (Oe)

#30 750 5∼30 850∼900 3.6∼6.6 1940∼3560

#27 750 20∼55 800∼850 2.9∼4.1 1560∼2210

#28 750 15∼45 790∼810 3.0∼4.4 1620∼2370

#23 600 30∼60 520∼550 2.4∼3.1 1290∼1670

#24 600 25∼60 580∼610 2.5∼3.4 1350∼1830

#22 600 5∼45 570∼610 2.7∼5.8 1460∼3130

#19 600 20∼55 550∼600 2.5∼3.6 1350∼1940

#20 600 35∼60 570∼600 2.5∼3.0 1350∼1620

#7 300 20∼50 280∼310 2.1∼2.9 1130∼1560

#6 200 25∼55 180∼210 1.7∼2.4 910∼1290

#2 200 35∼60 190∼200 1.7∼2.1 910∼1130

Analysis of Magnetic Field Enhancement in the
Pit Cavity

By applying the magnetic field enhancement theory to

the measured shape data of the pits in the pit cavity, the

range of field enhancement factors and the range of local

fields at the pit edges at the highest field achieved in the pit

cavity (∼ 555 Oe) can be calculated, as is summarized in

Table. 5. Here local magnetic field at the pit edge Hlocal =
0.98 ∗Hpk,cavity ∗ β.

The superheating field at 1.6 K is 1900 ∼ 2300 Oe, de-

pending on the purity of the niobium. From Table. 5, it

can be seen that pit #30, #28, #27 and #22 are predicted

to transition first to the normal conducting state at cavity

fields near the measured quench field, since the local mag-

netic field is above the critical field. Indeed, the heating

signals from pit #30 (see Fig. 27), #28 (see Fig. 28), #22

(see Fig. 29) measured by the T-map showed a clear jump

in ΔT , i.e. a transition of the edge to the normal conduct-

ing state.

Fig. 30 shows the heating measured by T-map sen-

sors versus magnetic field at the position of the pit #27.

The maximum heating is about 200 mK when the cavity

quenches. It does not have a clear jump compared to pit

#30 and #28 of the same drill bit radius. It may be the case

because the pit has a lower local magnetic field at the pit

edge compared to pit #30 and #28, as shown in Table. 5.

Fig. 31 shows the laser confocal images of pit #30, #28 and

#27. It can be seen that there are some visible differences

among the pit edge radii of the three pits. Pit #30 and #28

have sharper edges, and #27 does not.

The MFE model correctly predicts which pits have the

largest MFE and thus should become normal conducting

first, and ultimately will limit the performance of the cav-

ity by causing it to quench. It also correctly predicts the

approximate field at which that should happen. This shows

that the pits found in srf cavities can cause quench and thus
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Figure 27: Heating measured by the temperature mapping

sensor versus magnetic field at the position of the pit #30.

The data is plotted on a log scale. The surface magnetic

field on the horizontal axis is the peak surface field of the

cavity, not taking into account the local field enhancement

by the pits.
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Figure 28: Heating measured by the temperature mapping

sensor versus magnetic field at the position of the pit #28.

The data is plotted on a log scale. The surface magnetic

field on the horizontal axis is the peak surface field of the

cavity, not taking into account the local field enhancement

by the pits.
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Figure 29: Heating measured by the temperature mapping

sensor versus magnetic field at the position of the pit #22.

The data is plotted on a log scale. The surface magnetic

field on the horizontal axis is the peak surface field of the

cavity, not taking into account the local field enhancement

by the pits.
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Figure 30: Heating measured by the temperature mapping

sensor versus magnetic field at the position of the pit #27.

The data is plotted on a log scale. The surface magnetic

field on the horizontal axis is the peak surface field of the

cavity, not taking into account the local field enhancement

by the pits.

limit the performance of the cavity only if their edge radius

is a few μm and if they are in the high magnetic field re-

gion. This also explains why some pits are a problem and

others are not.

Analysis of High Field Behavior of the Supercon-
ducting Pit Edges

In addition to the two quench causing pits verified by T-

map sensors, there are 9 pits that do not cause quench, but

still showed measurable heating signals. Assuming there

is magnetic field enhancement at these pit edges, the tem-

perature rise information versus real local magnetic field

can provide new valuable information about the high field

Q-slope.

At low fields, assuming that the surface resistance is field

independent, one expects the heating signal will be propor-

tional to H2. Fig. 32 shows the heating versus magnetic

field for pit #2 and #6. It clearly shows an ohmic behavior

due to a field-independent BCS surface resistance.

Fig. 33 shows the heating signals versus magnetic field

of pit #22 and #19. For pit #19, below field level of

log(Hpk/Oe) < 4.6, the pit heating signal is so small

(a) Pit #30

(b) Pit #28

(c) Pit #27)

Figure 31: Laser confocal microscopy picture of three pits

#30 (top), pits #28 (middle) and pits #27 (bottom).

that it is below noise level. Within the field range of

5.6 < log(Hpk/Oe) < 6.2, the heating signal obeys a

power law with an exponent of 8. Above field level of

log(Hpk/Oe) > 6.2, the heating signal does not show an

abrupt jump as those pits that induce cavity quench but

rather increases more slowly with a power law of an ex-

ponent of 4. The maximum heating is about 450 mK when

the cavity quenches.

Fig. 34 and 35 shows the heating signals versus magnetic

field of pit #24, #23 and #7. The heating signals also can be

clearly divided into three sections as described previously

for the case of pit #19, shown in Fig. 33(b).

The slope information from the pit heating is summa-

rized in Tab. 6, taking into account the local magnetic field

enhancement factors as given in Table. 5.

The following observations can be made based on the

slope of the pit heating signals.
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Table 6: Slope information from fitting the field dependence of the heating signals of the pits (Only for pits that do not

cause quench).

Pit num-

ber

Slope of ln(ΔT/K) vs

ln(Hpk/Oe) in field re-

gion I (Hlocal < 800 Oe)

Slope of ln(ΔT/K) vs

ln(Hpk/Oe) in field re-

gion II (800 Oe <Hlocal

< 1300 Oe)

Slope of ln(ΔT/K) vs

ln(Hpk/Oe) in field re-

gion III (Hlocal > 1300

Oe)

#27 ∼ 2 6.2 4.3

#28 ∼ 2 10.0 5.0

#23 ∼ 2 8.3 4.2

#24 ∼ 2 8.4 4.8

#19 ∼ 2 7.8 4.1

#20 ∼ 2 8.1 4.6

#7 ∼ 2 8.5 4.0

#6 1.92 N/A N/A

#2 1.97 N/A N/A
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Figure 32: Measured heating signals versus magnetic field

for pit #2 (top) and #6 (bottom) with the smallest drill bit

radius of 200 μm. Both fit has a slope of 2 in the log-log

graph, i.e., the heating is proportional to H2. The surface

magnetic field on the horizontal axis is the peak surface

field of the cavity, not taking into account the local field

enhancement by the pits.

• At low field, the heating is proportional to H2, as one

would expect for ohmic heating;

• At higher fields, there is clear transition to a strong

non-linear behavior, with a final slop of log(ΔT/K)
versus log(Hpk/Oe) of 4 to 5 at highest fields. This

points to a strong field dependence of the BCS sur-

face resistance, for local fields in the 1000 ∼ 2000

Oe region at the edges of the pits. It should be noted
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(a) Pit #20
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(b) Pit #19

Figure 33: Measured heating signals versus magnetic field

for pit #22 (top) and #19 (bottom) with a drill bit radius

of 600 μm. The surface magnetic field on the horizontal

axis is the peak surface field of the cavity, not taking into

account the local field enhancement by the pits.

here that the situation is rather complex, since only

a small area at the pit edge is at high fields, and it is

not uniform. Nevertheless, from the slope information

one concludes that the BCS surface resistance scale

with the magnetic field to a power of 4 to 6 at medium

fields, and with a power of ∼ 2 of the high fields above

1300 Oe.

• The transition to field dependent surface resistance

happens at fields similar to where the high field Q-
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slope starts in BCP cavities ( ∼ 900 Oe), taking into

account the MFE at the pit edges;

• The pit heating data shows that a BCS cavity surface

can reach high fields close to the superheating field.

The strong Q-slope found in BCS cavities above ∼
900 Oe thus is likely caused by a combination of a

non-linearity of the BCS surface resistance and ther-

mal feedback caused by the increased rf losses over

a larger area. For the pit edges, the high field area is

very small, so the total power disposed is small and
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(a) Pit #24
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(b) Pit #23

Figure 34: Measured heating signal versus magnetic field

for pit #24 (top) and #23 (bottom) with a drill bit radius

of 600 μm. The surface magnetic field on the horizontal

axis is the peak surface field of the cavity, not taking into

account the local field enhancement by the pits.

5.9 5.95 6 6.05 6.1 6.15 6.2 6.25 6.3 6.35 6.4
−8

−7.5

−7

−6.5

−6

−5.5

−5

−4.5

−4

−3.5

−3

Log(Hpk/Oe)

Lo
g(

Δ 
T/

K
) 

Measured
Fit 1 (y=8.476x−56.62)
Fit 2 (y=3.97x3−28.68)

Figure 35: Measured heating signal versus magnetic field

for pit #7 with a drill bit radius of 300 μm. The surface

magnetic field on the horizontal axis is the peak surface

field of the cavity, not taking into account the local field

enhancement by the pits.

thermal feedback is less important.

These results will be useful to guide future theoretical

work on understanding the field dependence of the surface

resistance.

CONCLUSIONS
The small pits often found on the inner surface of srf

cavities are frequently limiting the maximum field gradient

in these cavities. However not all pits present a problem to

cavity performance. So it is very desirable to study those

pits systematically to determine the related parameters. I

have made a single cell cavity with 30 artificial pits in the

high magnetic field region to gain new insight in how pits

limit the cavity performance. The relevant parameters are

the pit diameter, the pit edge radius and the pit height. The

test of the pit cavity showed clear evidence that the edges

of two of the largest radius pits transitioned into the nor-

mal conducting state at a field just below the quench field

of the cavity, and that the quench was indeed induced by

these two pits. I also measured the shape of the 30 pits by

laser confocal microscopy. Predictions by a magnetic field

enhancement factor β ∼ (r/R)−1/3 model which depends

on the radius of the pits R and the radius of the edge of the

pits r is in good agreement with the observed behavior of

the artificial pits in the cavity. I also developed a ring-type

defect model which gives further insight into the heating

and quench behavior of pits. The pits also give some new

insight into the non-linear surface resistance of niobium at

high fields.
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CAVITIES 
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1 Institute of Heavy Ion Physics, Peking University, Beijing, 100871, China 
2Jefferson Laboratory, Newport News, VA 23606, U.S.A. 

 
Abstract 

Field emission and dark current are issues of concern 
for SRF cavity performance and SRF linac operation. 
Complete understanding and reliable control of the issue 
are still needed, in particular in full-scale multi-cell 
practical cavities. Our work aims at developing a generic 
procedure for finding an active field emitter in a multi-
cell cavity and benchmarking the procedure through 
cavity vertical testing. Our ultimate goal is to provide 
feedback to cavity preparation and cavity string assembly 
in order to reduce or eliminate filed emission in multi-cell 
cavities assembled into cryomodules. 

 Systematic analysis of behaviors of field emitted 
electrons is obtained using the ACE3P code developed by 
SLAC. Experimental benchmark of the procedure was 
carried out in cryogenic testing of a 9-cell cavity in a 
vertical dewar at JLab’s VTA facility. The energy 
spectrum of Bremsstrahlung X-rays is measured using a 
NaI(Tl) crystal placed above the top plate of the Dewar. 
The end-point energy in the X-ray energy spectrum is 
taken as the highest kinetic electron energy, allowing the 
prediction of the longitudinal position of the active field 
emitter. Angular location of the field emitter is 
determined by placing an array of silicon diodes around 
irises of the cavity which is immersed in liquid helium. 
Following the cryogenic RF testing, high-resolution 
optical inspection was conducted at the predicted field 
emitter location. 

INTRODUCTION 
The ILC baseline design cavity is a standing wave 

structure of about 1m in length operating at TM010  
mode [1]. A sketch of the cavity is show in Fig.1. The 
ILC project requires high accelerating gradient cavity for 
TeV electron collider. With high field gradient, field 
emission and dark current become potential serious 
limiting factor to SRF cavities performance. Additional 
heat load to cavity and hence to the cryogenic system are 
caused by field emission electrons. Some kind of field 
emission electrons can pass through the cavity and gain 
high energy over long distance. These kinds of electrons 
are dangerous and they might cause activation of the 
cavity [2] or accelerator components [3]. In most case, the 
cause and location of the emitter not clear during cavity 
RF test. Our work aims at developing a generic procedure 
for finding an active field emitter in a multi-cell cavity 
and benchmarking the procedure through cavity vertical 
testing.  

FIELD EMISSION SIMULATION TOOL 
The electromagnetic codes ACE 3P developed at SLAC 

are based on high-order Parallel Finite Element method 
for geometry fidelity and simulation accuracy [4]. ACE 
3P includes Omega 3P eigmodesolver and Track 3P a 
particle tracking code. In our simulation, Omega 3P was 
used to get the field distribution in the cavity. Using fields 
by Omega3P, simulation of field emission are carried out 
by Track3P. This code has been benchmarked by SLAC 
dark current simulation and their experiment [5]. 

 
Fig. 1: TESLA 9cell cavity. 

In particle track simulation, electrons are launched 
from specific surfaces at different phases during one 
radiofrequency (RF) period. The current from a field 
emitter is generated according to Fowler-Nordheim 
equation [6] (see equation 1). 

3
2 2

FN( E)(E) exp( )              (1)FN e FN

FN

A A BI
E

 

 Where 6 4
FN1.54*10 ,  B =6.83*10FNA , eA is emitter area,  

is the work function of niobium, FN  is the field 
enhancement factor. In simulation, 4.2 , 150,FN  a 
value that has typically been found in other 
measurement[7,8,9]. The initial launched electrons follow 
the electromagnetic fields in the structure and eventually 
hit the boundary. The secondary electrons are still 
tracked. But in our simulation, we did not consider the 
secondary electron yield and SEY curve was set to 0. 

SIMULATION RESULT OF FIELD 
EMISSION ELECTRONS DISTRIBUTION 

The surface electric field of a TESLA 9 cell 
cavity is shown is Fig. 2. The surface electric field around 
iris is much higher than other place. In our simulation, the 
emitted electrons are launched from the area near the iris 
(see Fig. 3).  
     As an example, iris-5 was selected to launch emission 
electrons at the accelerating gradient of 15MV/m. To 
simplify the discussion, a local coordinate was used as a 
function of distance (S) from centre of each iris along the 
cavity wall (see Fig. 4). So, an emitter position is 
specified by the iris number and local coordinate (S). In 
the following discussion, iris was short for IR. So, 
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IR_5_LF mean left side (LF) of iris 5 and IR_5_RT 
means right side (RT) of iris 5. 

 
Fig. 2: mode surface electric field (blue line) and 
cavity shape (brown line) of TESLA 9cell cavity. 

 
Fig. 3: Field emission simulation area at different iris 
(Blue area). 

 
Fig. 4: Blue region is the field emitter region. Local 
coordinate was used as a function of distance (S) from the 
cavity iris along the cavity wall. 

From simulation result, iris5 was divided into 6 parts 
and 3 kinds of typical long range trajectory (see Fig. 5) 
are found (see Fig. 6).  

 

 

Fig. 5: Three kinds of typical long range trajectory;  (a) 
trajectories form reverse region,  (b) trajectories from 
zigzag region, (c) long range zigzag trajectory, (d) 
trajectories from forward region. 

      (1) Reverse regions, long range emission electrons 
from these regions can travel reversely and bombard at 
the opposite blank flange.  
      (2) Zigzag regions, some special long range emission 
electrons travel forward then backward and finally 
forward and hitting on the facing blank flange. Their 
trajectories look like a ‘Z’.  

      (3) Forward type trajectory, long range emission 
electrons from these regions can travel forward and hit on 
the facing blank flange. 

 
Fig. 6: Iris 5 was divided into 6 parts and 3 kinds of 
emission electrons with long range trajectory are found. 

       Long range electrons from IR_5_LF forward & 
zigzag region and IR_5_RT reverse regions (blue regions 
in Fig. 6) can hit left blank flange. Similarly, electrons 
from IR_5_RT forward & zigzag region and IR_5_LF 
reverse regions (red regions in Fig. 6) can hit on right 
blank flange. These kinds of electrons can form dark 
current escaping from the cavity and accelerated in 
another cavity. 
       The impact energy of the emitted electrons from IR_5 
is shown in Fig. 7. To simplify the discussion, we focus 
our attention on IR_5_RT. The initial phase of the emitter 
from IR_5_RT is from 118.8° to 241.2° (see Fig. 8). We 
can see that the long range of forward type emission 
electrons are launched from 118.8° (the beginning of 
emission) to 135°. Long range zigzag type emission 
electrons are near 145° and 180° and long range reverse 
type emission electrons are from 180° to 225°. In the 
simulation, the emission electrons are launched at 
radiofrequency phase interval 0.48 . 

 
Fig. 7: Impact energy from 6 regions of iris 5 at gradient 
of 15MV/m. 

      Long range emission electrons will gain high energy 
from electromagnetic field. If they escape from a cavity 
and gain energy in the next cavities, they will become 
high energy dark current. They can cause activation and 
damage of accelerator components. Higher order modes 
can be excited by dark current in the cavity [10], which 
will lead to beam instability even beam break up.  

Proceedings of SRF2013, Paris, France TUIOA06

05 Cavity performance limiting mechanisms

R. Field emission & multipacting

ISBN 978-3-95450-143-4

393 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

 
Fig. 8: Emitter phase with impact energy; (a) initial phase 
(red) with FE current density (dotted), (b) 3 long range 
trajectories are launch at different phase.  

        The emission electrons escaping ratio is defined as 
the emitted electrons escaping the cavity over the total 
emitted electrons considering the Fowler-Nordheim law. 
The hitting ratio is defined as the emitted electrons hitting 
on each cell or beam pipe. The escaping and hitting ratio 
of the emitter from right IR_5_RT at field gradient 
15MV/m is shown in Fig. 9. We can see that reverse type 
emission electrons escaping ratio from left flange is high 
(blue line), especially at S=7.5mm about 55%.  The 
zigzag and forward type emission electrons escaping from 
the cavity is about 6.5% at peak. Most of emission 
electrons will hit on the wall of cell5 (black line) except at 
the peak of reverse region. Fairly large amount of 
emission electrons will hit on the neighbor cells (cell4 and 
cell6). We will focus our attention on the emission 
electrons which will escape from the cavity. 

 
Fig. 9: Passing ratio of field emission electrons from right 
region of iris 5. 

EXPERIMENT 
     ILC R&D cavity TB9RI-023 (RI23) is a field emission 
limited cavity. This cavity was used to benchmark our 
simulation model. The energy of long range emission 
electron will provide usefully information about the field 
emission in the cavity. For vertical test in dewar, it is not 
easy to measure the energy of the emission electrons 

escaping from the cavity. However, the maximum of the 
energy of emission electrons can be determined by the 
end point energy of the Bremsstralung spectrum produced 
by electrons stopping in material [11]. So, we set up our 
system to measure the photon spectrum generated by the 
emission electrons (see Fig. 10). The Bremsstralung 
spectrum is measured at different fundamental modes. 
End point energies are obtained by exponential fit the 
Bremsstralung spectrum (see Fig. 11). Table 1 and Table 
2 show the end point energies at different field gradient 
for  and 7/9  mode separately. Field emission onset end 
cell gradient at other modes is shown in Table 3.  

   
Fig. 10: left: Detector system Diagram, middle: NaI(Tl) 
scintillation, MODEL 4MT4/5L, BICRON CORP. right: 
DAQ system. 

 

 
Fig. 11: Bremsstrahlung spectrum measured with NaI(Tl) 
scintillation (4.25 in. diameter, 4.5 in. length) for  mode 
accelerating gradient of 10 MV/m, 11 MV/m, 13 MV/m and 
14 MV/m. The end point energies obtained by the 
exponential fit the Bremsstralung spectrum with an 
experimental accuracy of about ±15%. 

Table1:  Mode End Point Energy Fit 

Gradient End point Energy Note 

10MV/m 4.5MeV FE starts @ 
about 9MV/m 

11MV/m 7MeV 

12.1MV/m 9.1MeV 

13MV/m 11MeV 

14MV/m 13MeV 

15MV/m 15.1MeV detector saturated 

15.9MV/m 17.9MeV detector saturated 

17MV/m 13MeV detector saturated 
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Table 2: 7/9  Mode End Point Energy Fit 

 
Table 3: Field Emission at Other Modes 

Mode field emission onset (end cell gradient) 

1/9 Pi 5.7 MV/m 

5/9 Pi 28 MV/m 

6/9 Pi  30 MV/m 

 
   For  mode, field emission starts at about 9MV/m. But 
for 6/9 pi mode, field emission onset is at 30 MV/m (end 
cell gradient). Considering the field distribution of 6/9  
mode (see Fig. 12), the dominant field emitter should be 
in cell1, 2, 5 or 8. For 1/9  mode (see Fig. 12), field 
emission onset is 5.7 MV/m (end cell gradient) which is 
32 MV/m for cell 5. So, the dominant field emitter is not 
in cell5. The focus is in cell 2 or cell 8 and they almost 
symmetrical for the 9cell cavity. 

 
Fig. 12: Above: 6/9 Pi mode electric field distribution in 
9cell cavity. The field strength is equal in cell 1, 3, 4, 6, 7 
and 9. Electric field strength in Cell 2, 5, 8 are very weak 
compared with other cells. Bottom: 1/9 Pi mode electric 
field distribution. 

 
Fig. 13: Impact energy at iris 8 and iris 9. 

     Cell 8 is chosen to analyze the dominant emitter 
location. The field emitter is focus on IR_8_RT and 
IR_9_LF in cell 8. Considering the gradient with impact 
energy of Pi mode (See Table 1 and Fig. 13), the potential 
position is limited at IR_8_RT reverse region or IR_9_LF 
Zigzag region.  

 

 
Fig. 14: 5/9 Pi model, electric field distribution and surface 

For 5/9 Pi mode, field emission starts at 28 MV/m 
(end cell gradient). Consider the 5/9 Pi mode surface field 
distribution (see Fig. 14), the IR_8_RT reverse region 
electric field is about 36 MV/m when the end cell 
gradient is 28 MV/m. For pi mode, the field emission is 
about 9 MV/m, which means the field emitter max 
surface electric onset is less than 18 MV/m. So, IR_8_RT 
reverse region is not the field emitter candidate and 
IR_9_LF Zigzag region is the only candidate in cell 8.  
Considering the symmetry of the cavity, the potential 
emitter location is at IR2–Zigzag or IL9-Zigzag region.  

 

 
Fig. 15: Above: Photon spectrum end point energy and 
simulation electron impact energy at Pi mod.  Bottom: 
Photon spectrum end point energy and simulation electron 
impact energy at 7/9 Pi mod. 

       Fig. 15 shows the impact energy of electrons from 
above region with end point energy of photon for  mode 
and 7/9  mode.  The photon spectrum end point energy 
agree very well with simulation electron highest impact 
energy for both  and 7/9  mode. In our experiment, 
detector is not shielded. The radiation flux is so high at 
high field gradient that the detector is saturated. The 
detector can’t separate two events and treat them as one 

Gradient End point Energy Note 

14MV/m 2.3MeV FE  starts at about 
13.5MV/m 

16.2MV/m 3.2MeV 

18MV/m 3.9MeV 

21MV/m 5.8MeV 

22MV/m 6.8MeV 

24MV/m 8.9MeV 

26MV/m 12.1MeV detector saturated surface field distribution. 
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signal. Also, the gain of the photomultiplier tube based at 
high radiation will increase a little bit [12, 13]. 
Considering the two factors, the experiment data is higher 
when the detector is oversaturation at high accelerating 
field (high radiation flux). 

RADIATION MEASUREMENT 
        In order to identify the emitter position, we put 
several Hamamatsu S1223-01[14, 15] silicon detectors 
around left flange and right flange. The data shows that 
the radiation voltage around left flange is 10 times higher 
than right flange. For zigzag region, most of the long 
range emission electrons will hit on the facing blank 
flange (see Fig. 5), which will generate lots of photon and 
the detectors around left flange had high radiation value. 
So, the field emission position is located at IR_9_LF 
zigzag region in cell 8. Fig. 16 shows the trajectories of 
the potential emission electrons from IR_9_LF zigzag 
region. More analysis of the radiation cause by emission 
electrons will talk at the follow paragraph. 

 
Fig. 16: Potential trajectory of the field emission electrons 
in the cavity. Diodes are placed at left and right flange.    

       From the photon energy measurement, the emitter is 
located at IR_9 Zigzag region and the potential range is 
from 9.4~12.9mm (S). But the rotation distribution of 
field emitter can’t be approached by the photon energy 
measurement. In order to get the angular distribution, we 
put 6 diode rings on the iris of the cavity (see Fig. 17).  
Sixteen diodes are evenly distributed in each ring holder 
(see Fig. 18). The cavity was test at Pi mode at 2k and the 
diode ring signal are shown in Fig. 19. For different 
gradient the ring signal curve trend are almost the same 
and signal value goes up with gradient.  A very 
distinguish signal was found at ring 1, where emitter was 
located at this iris. Ring 3 and 4 has asymmetry angular 
distribution which is 180 degree shift to the angular 
distribution of ring 1.  

 
Fig. 17: Six diodes rings are mounted on the cavity. Left 
is the diagram of rings on the cavity and right is the 
picture of the six rings on the real cavity.  

 
Fig. 18: Left: sixteen diodes are evenly distributed on the 
holder. Right: Diode ring angular distribution on the 
cavity view from beam pipe to cavity direction. 
 

  

  

   
Fig. 19: Six diode rings signals @ 2k cold measurement. 

SIMULATION OF PHOTON 
DISTRIBUTION 

       In order to find the connection between the field 
emission electrons and the diode rings signal. The impact 
electron information has been investigated. From the 
above analysis, the emitter is located within iris 9 (-12.9 
to -9.4 mm, S coordinate) and the exact location can’t 
located. The following analysis is the field emitter chosen 
at IR_9_RT -9.52mm (S). From the simulation, we can 
find that 78.8% of electrons are hitting on cell 8 and their 
energy is below 1 MeV (see Fig. 20). The electrons 
hitting on left flange or beam pipe is about 4% but their 
energy is around 13 MeV (at gradient of 17 MV/m). 
Simulation of the photon distribution is done by the 
program of Geant 4.9.4 [16] developed by CERN. The 
Low energy Electromagnetic Physics model [17] is used 
in our simulation. The impact electron energy information 
(energy, position, direction and quantity) are acquired 
from Track 3P. In the simulation, the detector is a 
continuous detector and totally covered the 9 cell cavity 
(See Fig. 21).    
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Fig. 20: Potential emission electrons hitting on the cavity 
wall. The number below the cavity represents the ratio of 
electrons hitting on each cell or flange. 

 
Fig. 21: The photon distribution was measured by a 
detector which is totally covered the cavity. 

 
Fig. 22: Photon density distribution from Geant4 
simulation. The number shown on the figure corresponds 
to the diode ring position. The right legend is the photon 
number in one RF period. 

      Photon density distribution is shown in Fig. 22. The x 
axis is defined as zero degree, so y axis is 90 degree. The 
emitter angle is 90° or /2. From Fig. 22, the photon 
density at emitter place is high compare with other iris 
place. At ring 3 and 4 location, high photon density area 
is also found, which is 180° shift to the emitter location. 
Ring 2 seems to have two peak photon density area with 
180 degree shift. The photon density at left flange is much 
high than the left flange. The photon density distribution 
agrees well with our experiment data distribution. 
       The simulation of the photon response in diode will 
be done in the next step. 

OPTICAL INSPECTION 
    After cryogenic RF testing, the cavity was opened and 
optical inspected by Kyoto camera [18] (resolution of 
about 7.5 um/pixel). No distinguish defect was found at 
the predicted field emitter location and other iris area. It 
gives hints that the field emitter is less than the camera 
resolution.  

SUMMARY 
     Systematic analysis of the behaviours of field emitted 
electrons is obtained using the ACE3P code developed by 
SLAC. Experimental benchmark of the procedure was 
carried out in cryogenic testing of a 9-cell cavity.  From 
the field emission onset surface field and end point energy 
of photon spectrum, the location place was located to two 
zigzag regions. With the information of diodes placed 
around both the flanges, the emitter was located to one 
zigzag region. Angular location of the field emitter is 
determined by placing an array of silicon diodes around 

irises of the cavity. Simulation of the photon distribution 
generated by emission electrons was done by Geant 4. 
The preliminary result agrees well with the experiment 
data. After cryogenic RF testing, the cavity was optical 
inspection with Kyoto camera, no outstanding feature was 
found at the predicted location and other iris, suggesting 
the size of the field emitter is below the detection limit of 
the optical inspection syustem. Future work will extend 
the developed procedure for generic use of field emitter 
localization in full scale cavities during vertical test or in 
cryomodule testing.   
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Abstract
Centrifugal barrel polishing (CBP) is becoming a

common R&D tool for SRF cavity preparation around
the world. During the CBP process a cylindrically
symmetric SRF cavity is filled with relatively cheap and
environmentally friendly abrasive and sealed. The cavity
is then spun around a cylindrically symmetric axis at
high speeds uniformly conditioning the inner surface.
This uniformity is especially relevant for SRF application
because many times a single manufacturing defect limits
a cavity’s performance well below it’s theoretical limit.
In addition CBP has created surfaces with roughness’s on
the order of 10’s of nm, which create a unique surface
for wet chemistry or thin film deposition. CBP is now
being utilized at Jefferson Lab, Fermi Lab and Cornell
University in the US, Deutsches Elektronen-Synchrotron
in Germany, Laboratori Nazionali di Legnaro in Italy,
and Raja Ramanna Centre for Advanced Technology in
India. In this report we present the current CBP research
from each lab including equipment, baseline recipes, cavity
remov al rates and subsequent cryogenic cavity tests on
niobium as well as copper cavities where available.

INTRODUCTION
Centrifugal barrel polishing (cbp) for SRF application

is becoming more wide spread as the technique for
cavity surface preparation [1–5]. CBP is now being
utilized at Jefferson Lab (JLab), Fermi Laboratory
(FNAL) and Cornell University in the US, Deutsches
Elektronen-Synchrotron (DESY) in Germany , Laboratori
Nazionali di Legnaro (INFN/LNL) in Italy , and Raja
Ramanna Centre for Advanced Technology (RRCAT) in
India. During the CBP process a cylindrically symmetric
hollow vessel is filled with an abrasive media, sealed,
and rotated around the vessel’s symmetry axis in one
direction while also begin rotated in the opposite direction
around an additional axis parallel to the vessel axis [6].

∗Authored by Jefferson Science Associates, LLC under U.S. DOE
Contract No. DE-AC05-06OR23177. The U.S. Government retains
a non-exclusive, paid-up, irrevocable, world-wide license to publish or
reproduce this manuscript for U.S. Government purposes.
† ari@jlab.org

The rotation about the cavity symmetry axis moves the
abrasive along the surface, while the parallel machine axis
rotation creates an outward force on the inner surface. This
combination creates uniform surface finish and relatively
fast removal rate. This report is designed to be an update
from the 2011 presentation of world wide CBP at SRF2011
by Cooper et al. [4]. In this report we present current
status of CBP experiment for SRF application at different
laboratories around the world, including cavities processed
the last report and proceedings within SRF2013 (these
proceedings) where one can find more detailed information
about the current studies.

CBP EQUIPMENT AND LAB UPDATE
In the United States, JLab, FNAL, and Cornell as well

as DESY in Germany are all using a version of the Mass
Finishing HZ280 two barrel CBP machine, designed for
CBP of 9 cell 1.3 GHz and smaller cavities. FNAL has
also just taken delivery of a 650 MHz and smaller 4 cavity
machine also manufactured in collaboration with Mass
Finishing. RRCAT is using as custom designed machine
for single cell 1.3 GHz and smaller cavities, and finally
INFN/LNL has designed and built a custom 1.3 GHz single
cell CBP machine. Pictures of the various machines are
shown in Figure 1.

Since Fall 2011, the number of cavities which have
undergone CBP processing has expanded quite rapidly,
with many new laboratories setting up their own systems.
Prior to SRF2011 only hand full of cavities had been
processed using modern CBP machine. In the last two
years the number of cavities process has gone up over
6-fold. The full known list (as complete as possible at
the time of publication) of cavities process by CBP is
shown in Figure 2. From the list, one can see that FNAL
and JLab (the ones with fully operational CBP machines
in Fall 2011) have process the most cavities, but the
other laboratories are ramping up their operations as their
machines come on-line.

CBP BASELINE RECIPES
All current baseline recipes follow the same general

recipe pattern. Three to five step CBP, light chemistry
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Figure 1: CBP machines from around the world. Designed
elliptical cavity frequency, manufacturer if built outside the
host laboratory (custom if built inside the lab), and lab
location is shown in the text for each machine.

Figure 2: List of CBP processed cavities since SRF2011,
categorized by laboratory and type. All cavities are 1.3GHz
unless noted.

(totaling about 5 to 30 µm total removal), high temperature
heat treatment to remove hydrogen, HPR, and assembly.
Depending on the laboratory there are two sets of light
chemistry, one before the high temperature heat treatment
and another afterward. The best practices (cleaning
procedure) and optimized parameters (run time/media
choice) are still under investigation depend on the purpose
of the CBP, i.e. defect repair, final surface roughness, and
Qo optimization. For a reference most laboratories are
using a recipe very similar to the one published in 2011
by FNAL, although the run time for each step is different
between labs depending on the application. The baseline
media and run time for each step is shown in Figure 3.
In general for the first three step, one can use almost
any type of media as long as the grit is reduced between
steps to 3-10 µm; for the final step a jump below 100 nm
with an oxidizing slurry is needed to create a mirror-like
surface [7]. Alternative final step media such as diamond

Figure 4: CBP removal rate vs. position for different media
types for TE1G003 - fine grain TESLA shaped 1.3 GHz for
the first three CBP steps. The markers are the approximate
measurement location on the cavity with the connecting
lines as a guide to the eye as is the TESLA profile in thin
black [8].

suspension and acidic slurries as well as final step media
carriers are also under investigation by JLab and FNAL.

CAVITY REMOVAL RATES
As CBP becomes a common step in the cavity surface

preparation on elliptical cavities, knowing the amount
and profile of material removed during CBP process is
becoming more vital. For instance, if CBP is to become
part of the base line recipe for accelerator components
or for targeted removal of defects of a know depth, the
variability of removal along the cavity profile needs to be
known. Currently JLab has begun measuring to profiled
removal rate (µm/hr) vs cell location and frequency shift
for multiple SRF cavities including large and fine grain
niobium 1.3 GHz TESLA shaped cavity, large grain
niobium 1.5 GHz CEBAF shaped cavity, and fine grain
copper low surface field 1.3 GHz cavities. An example
of the CBP removal rate vs cavity position is shown in
Figure 4. There are two important items to note from the
removal; one, the coarse media removes more from the side
walls than the equator, and two, the profile of the removal
changes between different types of media. The detailed
analysis and profiles for all 4 cavity types are presented in
the these proceedings by Palczewski et al. (TUP064) [8] .

DEFECT REMOVAL AND VOID
EXPOSURE

One of the aspects of CBP which makes it very
promising for SRF application is that CBP has the ability
to remove defects that chemistry (EP or BCP) cannot, but it
can also uncover voids/bubbles in the weld. For example,
in ILC 9-cell cavity TB9NR001 CBP completely removed
a dual cat eye defect in cell 5 which limited the cavity
below 20 MV/m, but uncovered another detect in cell 6 at
the edge of the fusion zone of the weld (Figure 5). No other
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Figure 3: Standard CBP recipe used by various labs. The run time varies between labs depending on the application.
Course (6 hours or longer), medium (12 to 30 hours), polish 1 (20 to 40 hours), and polish 2 (40 to 300 hours).

Figure 5: Internal inspection of NR1 before and after
mirror like finish CBP. Moving from left to right dual cat
eye defect in cell 5, the same location after 20 µm EP (no
effect) and 4 step CBP, and new defect at the edge of the
equator in cell 6 not see before CBP.

locations inside the cavity after CBP showed any sign of a
defect. It is interesting to note, NR1 went through at least
300 µm total chemistry/CBP at the equator before the weld
pore was uncovered. Although the defect in cell 6 is rather
large, ≈250 µm by 350 µm it is rather shallow, only 10-20
µm deep (measured using the CYCLOPS interferometer)
[9]. It is also unclear how large the full defect might be
as there is another small hole next to the larger defect
which could be part of the same defect if more material
is removed. During RF tests, cell 5 went above 36 MV/m
and cell 6 went to 35 MV/m with only a standard ILC final
EP of 30 µm.

CBP COPPER
One of the alternative materials for SRF application

which may benefit from CBP is copper. The primary goal
of the this endeavor is to create a uniformly smooth and
defect free surface for thin film deposition. Initial results
from JLab suggest the standard baseline CBP recipe for
Nb on copper does create a surface that although rougher
than typical thin film sample substrates, but does create
good film adhesion using energetic condensation. The
detailed CBP recipe and removal rates can be found in
these proceedings by Palczewski et al. (TUP064) and the
surface analysis post thin film deposition can be found in
these preceding by Zhao et al. (TUP083) [10]. The best

recipe at JLab which creates a surface as close to polished
flat coupons uses 3µm colloidal diamond. Similarly to
niobium, within a particle size region the surface actually
becomes more rough and possibly even smears the surface
rather than polishing to a mirror finish [7]. This can be
seen in Figure 6 where the best finish on the beam tube is
with 3 µm diamond suspension, while using 1 µm diamond
paste with neutral cutting fluid and 40 nm colloidal silica
(ph of 10.4) actually roughen the surface. This is similar
to what has been seen with copper coupons where any
particle size below 3 µm causes the surface to scratch and
not polish [11]. It is unclear at this time whether the particle
size matters on copper, or the interaction with the wood
block/liquid and the copper which actually roughens the
surface independent of the particle size.

In addition to JLab, FNAL is also looking into CBP of
copper cavities for thin film development. Using extended
mechanical polishing (XMP) with a non standard media
(different from the copper and niobium recipe described
above) they were able to produce a copper surface free of
viable scratches by standard optical inspection techniques
[12]. An example image of the weld area from a XMP
copper cavity with zero post CBP chemistry is shown in
Figure 7. The dark color is surface oxidation from cleaning
and is not inherent in the CBP process.

ZERO POST CHEMISTRY CBP
CBP was originally identified a possible way to reduce

the amount of chemistry need for final surface preparation
of elliptical SRF cavities. Current CBP recipes from JLab
and FNAL have shown that the surface roughness can be
on the order of 10’s of nm with a damage layer possibly
on the same order [1, 2, 13]. Since the roughness and
damage layer is on the order of the RF penetration depth
for niobium (approximately 40 nm), a purely CBP surface
might be be able to support at RF field. This hypothesis
was originally tested at JLab in 2012 on cavity D-II. The
zero post chemistry CBP surface produced a reasonable
good Q of 2e10 at 2 Kelvin on a 1.5 GHz cavity at 1
MV/m, but quickly degraded to 1e9 at 10 MV/m which was
repaired by light EP (Figure 8 Top) [2]. The results were
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Figure 6: Images of 4 different mechanically polished copper items, the top is the digital camera image and the bottom
is a mono-chromatic image taken by the CYCLOPS (images are 1.2mm×1.6mm), moving from left to right, flat copper
coupon finished with 3 µm diamond suspension on buffing wheel [11], 3 inch beam tube finished with 3 µm diamond
suspension and wood blocks, 3 inch beam tube finished with 1 µm diamond paste with cutting fluid and wood blocks, and
LSF1-1CU copper cavity side wall finished with 50 nm colloidal silica and wood blocks (oxidized during cleaning).

Figure 7: Internal optical inspection of the weld are on
a 1.3 GHz XMP copper cavity after cleaning but without
chemistry. Image size approximately 1.5 cm×1.5 cm.

interpreted as a damaged surface from CBP. The cavity was
later re-heat treated again which returned the cavity again
to a degraded state with a strong Q slope process, the data is
shown in Figure 8 top black. The current understanding is
that the original strong Q slope may have been from furnace
contamination and not inherent in the CBP process.

During approximately the same time, FNAL was able
to eliminate the furnace contamination by covering their
cavities’s opening with caps during heat treatment, the
results of capping cavities to avoid contamination during
heat treatment are published in theses proceedings by
Grassellino et al. (TUP030) [14]. After the furnace
contamination was mitigated at FNAL, they began testing
zero post chemistry CBP cavities after furnace treatment.
An example result is shown in Figure 8 bottom. During
this experiment the cavity was baseline with CBP, heat
treatment and then light chemistry. After the reasonable
baseline result the cavity was then re-cbp’ed with just the
final media and the heat treated with caps. Following this

procedure the cavity showed no sign of degradation, the
detailed analyses of this and other zero post chemistry CBP
cavities can be found in these proceedings by Cooper et
al. (TUP060) [15]. Within the two contributions, TUP030
and TUP060, there is also data from full recipe CBP with
no chemistry reaching 33 MV/m, although with a stronger
than normal Q slope.

RESONATE VIBRATION MECHANICAL
POLISHING

One of the problems inherent in the CBP process is the
machines produce a large amount of force and angular
momentum that, without the proper safety systems, can
be quite dangerous. This is particularly a concern as the
machines become larger to accommodate lower frequency
cavities and larger torque arms. In addition, on higher
frequency cavities, such as the 6 GHz cavities, the rotation
speeds need to be much higher to produce the same removal
rates as lower frequency machines. Because of these
concerns, INFN/LNL have designed a resonant vibration
system for 6 GHz cavities. A picture of the machine is
shown in Figure 9. This new machine can produce removal
rates very similar to CBP with a composite course media
producing a removal of 14 µm per hour. Detailed analysis
of the system, removal rates, and current studies can be
found in two master theses by Guolong and Thakurt [16,
17]. Plans are in the works to build a 1.3GHz system which
uses resonant vibration technology which may produce
similar results. One other advantage to such a system
is it might enable better surface finishes than CBP alone,
similar to metallurgically flat sample polishing, where the
initial steps are done on a lapping machine while the final
finishing step are performed on a vibratory polisher.
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Figure 8: Top: Test results from D-II at JLab, the
baseline results are from CBP and heat treatment with no
chemistry. Additional light chemistry and low temperature
bake improved the cavity. Final heat treatment with no
chemistry showed a strong Q slope attributed to furnace
contamination. Bottom: Test results from Large grain 1.3
GHz cavity showing the final CBP step does not degrade
cavity performance.

Figure 9: Image of resonant vibration system at INFN/LNL
designed for 6gHz cavities.

CONCLUSION
CBP for SRF application continue to grow in the last

two year. Many laboratories around the world are ramping
up their processing using CBP as new machines come
on-line. Larger machines for 650MHz cavities will help
the community to understand the scaling factors on larger
cavities and the scaling force on 1.3GHz cavities with
larger torque arms. New results on zero post chemistry
CBP of niobium as well as mirror finish CBP on copper for
thin film development continue to add new possibilities for
CBP in SRF applications. New alternatives to CBP from
resonant vibration many also produce similar results with
less complicated, and possibly safer machines.
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Abstract 
 For more than thirty years, preparing superconducting 

RF cavities for high performance has required the use of 

dangerous and ecologically damaging chemicals. 

Reducing the personnel and environmental risks 

associated with using these chemicals is a priority at 

Fermilab. Therefore, Fermilab pursued a project to adapt 

a non-hazardous and relatively benign bipolar 

electropolishing technique to SRF cavities that Faraday 

Technology, Inc. developed. Faraday initially developed 

this electropolishing technique to polish metal alloys used 

in automotive and semiconductor components as well as 

medical devices and implants. By modifying the 

cathodic/anodic interaction via a pulse forward/pulse 

reverse technique, Fermilab and Faraday Technology 

demonstrate the capability to polish 1.3 GHz single-cell 

cavities utilizing an aqueous 10% sulfuric acid 

electrolyte. We present the development of bipolar EP for 

single-cell 1.3 GHz cavities and show the results from 

vertical tests achieving gradients greater than 40 MV/m. 

INTRODUCTION 

Electropolishing remains the fundamental surface 

preparation process to achieve high gradients and quality 

factors for all current and proposed SRF-based 

accelerators utilizing elliptical cell RF cavities [1-3].  The 

benefits of electropolishing niobium, utilizing variants of 

the Siemens recipe from 1971 are well published and well 

known throughout the SRF community [4].  In recent 

years, EP has even improved the performance of low-beta 

structures despite complex mechanical and fluid dynamic 

complications posed by the resonator geometry [5].  

Though promising, alternative material removal 

techniques like centrifugal barrel polishing (CBP) [6,7] 

are unlikely to displace EP as a baseline processing step 

due to its reliability, effectiveness, and widespread use.  

Unfortunately, significant negative aspects remain with 

EP even though it is a mature technology for elliptical 

cavity processing.   

Electropolishing niobium with a mixture of 

concentrated sulfuric and hydrofluoric acids carries 

significant personnel safety concerns as well as negative 

environmental impact [8].  EP is an unavoidable evil for 

the niobium RF cavity performance preparation process.  

Each facility that utilizes the EP process must abide by a 

litany of safety and environmental standards controlled by 

a variety of groups.  In the United States Department of 

Energy (DOE) system, cavity processors must abide by 

the ubiquitous Occupational Safety and Health 

Administration (OSHA) and Environmental Protection 

Agency (EPA) requirements as well as local EPA and 

facility specific environmental safety and health groups 

and their layers of rules and standards.  For these reasons, 

it is in the best interest of all cavity processing groups to 

minimize the use of hazardous and environmentally 

problematic chemicals. 

Several groups have pursued niobium chemistry on a 

less hazardous and more environmentally benign path 

with some success [9,10].  As with the intent of this 

previous work, this program’s motivation was to seek an 

alternative to the baseline EP process provided the 

process did not substantially degrade RF performance.  

Occasionally, funding becomes available to pursue a 

research opportunity that is a bit far afield from SRF but 

has a potentially large impact on the standard way of 

doing business.  With research funds from the American 

Recovery and Reinvestment Act (ARRA), Fermilab 

engaged in one such opportunity with Faraday 

Technology, Inc. to develop an ecologically ‘friendly’ 

alternative to standard EP.  Pulse forward/pulse reverse 

EP (referred to as bipolar EP from here forward) of 

niobium in a water-based electrolyte without the need of 

fluorine looked like a promising but uncertain technique 

[11].  The primary potential benefit of bipolar EP was the 

potential to replace the baseline EP process and thereby 

dramatically reduce safety and environmental impacts of 

the current EP technique. In addition, bipolar EP may 

offer “industrial process benefits” in terms of vertical 

cavity processing without the need for rotation. 

This paper describes the process by which Fermilab 

and Faraday Technology, Inc. developed single-cell 

bipolar EP for single-cell 1.3 GHz cavities.  This paper 

also explains the project development history beginning 

with niobium coupon studies and culminating in multiple 

1.3 GHz single-cell cavity tests, some of which resulted in 

accelerating gradients above 30 MV/m and quality factors 

above 1E+10 at a 2 K test temperature.  

BIPOLAR EP PROCESS BACKGROUND 

The electrochemistry behind the bipolar EP technique is 

described in detail in a paper published at this conference 

and elsewhere [12,13].  In brief, bipolar EP, or pulse-

forward, reverse-pulse technique uses an anodic forward 

pulse to grow an oxide layer on the reacting surface.  The 

anodic pulse is followed by a delay, or voltage off-time, 

that dissipates the heat, removes reaction by-products, and 

replenishes active agents needed for the reaction.  A 

cathodic pulse then reverses the voltage and reduces the 

passive oxide layer on the reacting surface.  Figure 1 
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shows a general representation applied anodic/cathodic 

waveform. 

 
Figure 1: General bipolar EP representation. 

  

The advantage of utilizing this electropolishing 

technique over the Siemens technique is that one controls 

the anodic and cathodic pulse characteristics which allow 

reaction tuning.  Forcing positive and negative voltages at 

particular rates as well as on and off times allows control 

of reaction rates, heat generation, and polishing 

characteristics.  In addition, and most importantly for the 

goals of this study, the electrochemistry also does not 

require the presence of fluorine to depassivate the oxide 

layer.  In contrast, the Siemens EP process is not 

particularly ‘tunable’ and functions most effectively at a 

constant DC voltage, a controlled temperature, and with 

sufficient fluorine available to reduce the niobium oxide 

layer.   

Bipolar EP and its wide range of operating variables 

present some difficulty determining the right operating 

parameters for the desired polishing regime.  Reaction 

rates, surface finish characteristics, and oxide thicknesses 

change with the chosen waveform.  This paper does not 

claim the discovery of an optimal waveform for niobium 

cavity polishing, in fact minimal goal oriented waveform 

parameter optimization was conducted. Rather, it presents 

the development of a functional waveform and process 

that produces high quality surfaces compatible with high 

gradient and quality factors in SRF cavities.   

BIPOLAR EP PROJECT 

Project Goals 

This project had several specific goals [14].  The 

primary objectives were to prove that bipolar EP process 

polished niobium with an HF-free electrolyte, to produce 

a high-quality RF surface compatible with the traditional 

EP technique, and to operate on existing horizontal 

electropolishing tools.  This last objective was intended to 

provide a ‘drop-in’ electropolishing technique usable in 

the horizontal EP tools located at Fermilab, Argonne, and 

elsewhere.   

Fermilab narrowed the project scope such that the only 

desired modifications to an existing process and EP tool 

were the HF-free electrolyte (5-10% H2SO4 in an aqueous 

solution), bipolar power-supply, cathode, and electrical 

connections.  This scope definition made the most 

compelling case to pursue further work and expand to 

multi-cell 1.3 GHz cavities with the achievement of 

successful RF performance tests. Due to funding 

limitations, the scope of the bipolar polishing effort was 

limited to single-cell cavities. 

As part of the cavity polishing program, Faraday 

Technology, Inc. constructed a small electropolishing 

facility that functioned similarly to the facilities located at 

Fermilab and Argonne.  Faraday Technology, Inc., 

fabricated a horizontal EP tool based on the EP tool built 

for the Cavity Processing Laboratory at Fermilab which 

was in turn based heavily on the EP tool designed and 

built at the Joint ANL/FNAL Superconducting Surface 

Processing Facility at Argonne [15].  Figure 2 shows the 

EP tool constructed at Faraday, Technology, Inc. 

 

Figure 2:  Horizontal EP tool installed at Faraday 

Technology, Inc. 

Initial Polishing Results 

Fermilab provided four 1.3 GHz single-cell cavities for 

the bipolar EP project.  The first cavity (TE1NR001) was 

a sacrificial test cavity used to develop the polishing 

waveform.  Since the coupon polishing effort yielded a 

set of parameters that produced a 0.2 µm Ra surface 

finish, the project transitioned to cavity polishing.  The 

Faraday Technology, Inc. scientists used TE1NR001 to 

perform fifteen test polishing cycles.  They attempted to 

overcome technical problems due to the horizontal 

orientation, cathode masking ratios, electrical connection 

heating issues and suspected conduction limitations due to 

hydrogen gas bubbles on the cathode with a low flow (< 

1gpm) electrolyte.   
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The horizontal orientation was proving not to work well 

with the low viscosity aqueous electrolyte.  Due to these 

problems, the cavity was oriented vertically (Fig. 3) and 

the electrolyte flow rate increased to 3 gpm. 

 

Figure 3: Vertical bipolar EP configuration. 

 

Since the electrolyte did not entrain hydrogen bubbles 

and readily carried them out in solution, the typical 

vertical EP limitation with highly viscous nine part 95% 

H2SO4 and one part 48% HF electrolyte did not exist. 

These process modifications resulted in a stable process 

temperature and a desirable waveform as shown in Figure 

4 and described in detail elsewhere [11,12]. 

 

Figure 4:  Final pulse forward, pulse reverse waveform 

used to polish single-cell 1.3 GHz cavities. 

At this stage of development, the waveform and 

process parameters still resulted in low removal rates of 

approximately 1.5 µm/hour.  Due to the use of high 

viscosity electrolytes under mass transport control, 

Faraday’s experience in developing bipolar EP in low 

viscosity electrolytes for other applications is that the 

process is faster. We believe that bipolar EP waveform 

parameters could similarly be developed for 

electropolishing of SRF cavities. However, for niobium 

electropolishing a current transient in the anodic current 

response was observed and attributed to a transition from 

oxide film formation/growth to oxygen evolution [11,12]. 

It was suggested that the bipolar EP mechanism occurred 

by removal of the niobium oxide during the cathodic 

pulse and was termed “cathodic electropolishing” [11,12]. 

In any event, the presence of the anodic current transition 

is believed to be important to effectively electropolish 

niobium. Consequently, to adapt bipolar EP from coupons 

to single-cell cavities, the timing of the waveforms was 

lengthened to provide sufficient time for the anodic 

current transition [12]. However, surface finish and 

appearance were acceptable and the process achieved a 

typical 2:1 removal ratio of between the beam tube and 

equator.  Figure 5 shows an optical inspection image of 

TE1NR001 after the bipolar EP waveform development. 

 

Figure 5:  Optical inspection image of TE1NR001 after 

bipolar EP waveform development studies. 

Unfortunately, further waveform optimizations, 

including duty factor improvement, voltage optimization, 

and shortening of off-time duration to improve removal 

rates were not possible due to lack of remaining funds and 

project timeline.  The process required evaluation for RF 

compatibility, thus the cavity polishing and performance 

sequence began. All subsequent cavity polishing was 

performed using the 5-10 wt% H2SO4 waveforms 

described at this conference [12]. 

In all cases, Faraday Technology, Inc. performed all 

bipolar electropolishing processes, ultrasonically cleaned 

the cavities, and shipped them to Fermilab for final 

processing.  The final processing and test sequences that 

Fermilab performed varied based on particular 

investigations.  We describe the details of each process 

and test sequence as well as cavity test results below. 
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Performance Experiment #1 

Goal:  Verify vertical test performance of bipolar EP on a 

  single-cell 1.3 GHz cavity (TE1DESYB5). 

Process Sequence: 

 Vertical test #1 for baseline performance of BCP 

treated cavity. 

 Light Vertical Bipolar EP - > 10µm removal at 

equator. 

 High pressure rinse and vertical test preparation 

 Vertical test #2. 

 

Figure 6:  Baseline and post-bipolar EP test results of 

TE1DESYB5 trial cavity #1. 

The results of this test (Fig. 6) showed an increase in 

gradient and quality factor from the baseline test.  Strong 

high field Q slope exists above 25 MV/m.  This test 

proved that bipolar EP, at a minimum, yielded an RF 

surface equivalent to standard buffered chemical 

polishing treatment and similar to EP without 120C bake.  

No further tests were performed on this cavity. 

Performance Experiment #2 

Goal:  Perform bulk electropolish on a poor performing  

  cavity (TE1AES007) using Bipolar EP to    

  determine process compatibility.   

Process Sequence: 

 Vertical test #1  

 Bulk Vertical Bipolar EP - > 50µm removal at 

equator. 

 High pressure rinse and vertical test preparation 

 Vertical test #2. 

 

 

 

Figure 7: Bulk bipolar EP test on poor performing 

TE1AES007. 

 The test result (Fig. 7) shows a performance typical of 

traditional electropolishing yielding a gradient limited by 

quench at 29 MV/m at a Q0 of 1.3E+10.  Based on this 

result, it was important to understand whether bulk and 

light bipolar EP cause Q-disease. 

Performance Experiment #3 

Goal:  Evaluate Q-disease behavior due to bulk and light  

  bipolar EP.  

Process Sequence: 

 100 K hold 

 Vertical test #3 

 800C bake 3 hrs with end caps (no-foils) 

 High pressure rinse and vertical test prep 

 Vertical test #4 

 Light Bipolar EP – 20 µm at equator 

 High pressure rinse and vertical test prep 

 100 K hold 

 Vertical test #5 

 
Figure 8:  Q-disease studies of bipolar EP on cavity 

TE1AES007. 
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The performance curve in vertical test #3, as shown in 

Figure 8, clearly shows Q-disease.  This behavior is 

typical of a traditionally bulk electropolished cavity.  

TE1AES007 was then baked at 800 C for three hours with 

niobium caps to help eliminate furnace-born 

contamination.  The Q-disease was eliminated as shown 

by the vertical test #4 curve.  The quench field was 

limited to 18 MV/m due to an unknown defect.   

The final Q-disease test included an additional light 

bipolar EP of approximately 20 µm at the equator and a 

100K hold during cool-down.  No Q-disease exists and 

the quench field matches closely the previous test. 

Since tests showed that light bipolar EP is unlikely to 

cause Q-disease, we tested a cavity with known high 

performance in both gradient and Q0 to verify full 

performance compatibility with traditional EP.  Cavity 

TE1AES012 was used because of its previous very high 

performance showing a quench gradient of 44 MV/m and 

a Q0 at 35 MV/m of 1.7E+10.   

Performance Experiment #4 

Goal:  Evaluate whether light bipolar EP is capable of  

  producing gradients > 35 MV/m at a Q0 of 1E+10. 

Process Sequence: 

 Baseline EP vertical test #1  

 Baseline light EP vertical test #2 (light surface 

damage repair + Q disease test) 

 Bipolar light EP 

 High pressure rinse and vertical test prep 

 120 C bake 

 Vertical test #3 (standard probe) 

 High pressure rinse and vertical test prep 

 Vertical test #4 (shortened probe) 

 

Figure 9:  High performance evaluation of light bipolar 

EP on TE1AES012. 

The curves from the first and second vertical tests were 

performed separately from this program.  The first curve 

shows the result after traditional EP.  The second curve is 

a result following a light EP performed to repair possible 

surface damage due to an RF feedthrough failure.  

The cavity received a light bipolar EP prior to the third 

test.  The curve for vertical test #3  (Fig. 9) shows a return 

to the 44 MV/m quench field shown in test #1 with an 

almost identical Q0 of 1.8E+10 at 35 MV/m.  An 

abnormal cool down took place that may have affected 

the low-field Q0.   A very interesting effect of Q 

enhancement was found at low field, where a Q of ~ 5E10 

+/- 1.75E+10 (measured with Qext ~ 2E+09) was 

measured. From a Q vs. T measurement it appeared to be 

attributable to an almost zero low field residual resistance. 

It is worth mentioning that an abnormal cool down had 

taken place that may have affected the low-field Q0, 

perhaps because of smaller (compared to standard) 

thermogradients generated across the cavity during the 

unusual cool down.   The cavity was accidentally left for 

a couple of hours at 100 K and to avoid risk of Q-disease 

it was warmed up to 220 K and then quickly cooled back 

down to 2 K. This is different from the typical cool down 

which goes rapidly from 300 K to 2 K, with large 

thermogradients across the dewar. 

The final vertical test shows a Q0 ~ 3.2E+10 at 5 MV/m 

which is in line with previous tests.  No additional 

processing was performed other than an HPR and vertical 

test preparation.  A shortened coupler probe with Qext ~ 

5E+10 was installed to validate the low field Q0 measured 

in test #3.  The Q-slope that appears is likely due to 

residual hydrogen since this cavity had not been degassed 

throughout its processing history.  The residual hydrogen 

may have yielded low-level Q-disease in this subsequent 

cavity test even without additional processing [16]. 

Multipacting or possibly a field emitter induced the 

quench at 32 MV/m as radiation appeared above 30 

MV/m. 

Conclusion 

Bipolar EP, or pulse forward-pulse reverse EP, using a 

dilute H2SO4 electrolyte produces a high performance RF 

surface in 1.3 GHz single-cell cavities.  The RF 

performance characteristics of bipolar EP as compared to 

traditional EP are very similar in that bulk material 

removal using either technique generally results in Q-

disease but light EP does not.  The process achieved 

accelerating gradients above 40 MV/m and Q0 above 

1E+10 at 35 MV/m. 

The bipolar EP process requires an electrolyte no more 

hazardous or ecologically unfriendly than a household 

cleaner.  If implemented as a standard or replacement 

process to polish niobium cavities, safety and 

environmental overheads would be reduced to a bare 

minimum. 

In its current state, the bipolar waveform developed 

during this project results in a slower removal rate than 

traditional EP.  However, bipolar EP is inherently 

controllable with several adjustable variables including 

anodic/cathodic voltages, on/off dwell times, and pulse 

rates.  Developing faster material removal rates are 

possible with further investigation. 

Finally, this project discovered a secondary benefit to 

the bipolar EP process.  The best cavity polishing occurs 

when operated in the vertical orientation without cavity 

rotation.  If vertical bipolar EP is also effective processing 
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multi-cell cavities, the scalability and reduced costs of the 

process over horizontal EP are potentially significant. 
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Abstract 

Ionic liquids are an emerging breakthrough in green 

chemistry since the years 2000. In 2006, INFN-LNL was 

the first to apply a mixture of Choline Chloride and Urea 

to Niobium electropolishing. It was found that mirror-like 

surfaces could be obtained at temperature higher than 

120°C, with high throwing power. Subsequently the 

process was successfully applied to the electropolishing 

of a 6 GHz monocell cavity with the addition of 

Sulphamic acid. 

INTRODUCTION 

A mixture of hydrofluoric (HF) and sulphuric (H2SO4) 

acids, with ratio 1 to 9, is used as the electrolyte for 

polishing Niobium (Nb). Due to the fact that hydrofluoric 

acid is very dangerous rise up problem of removing 

fluoride ions from a solution for polishing of niobium. 

Attempts to find the alternative recipe led us to such 

possible electrolytes as: solution based on fluosulphuric 

acid, the mixture of perchloric acid, ethylic acid, acetic 

anhydride, perchlorate salts diluted in methanol, the 

mixture of (NaCl-KCl-NbCln) and AlCl3  melts at 710°C 

[1]. Many of these recipes are even more toxic or 

dangerous than HF. Only in the last decade has opened 

the possibility electropolishing of the niobium by method 

that is simple and safe. This method is electropolishing 

(EP) in Ionic Liquids (IL).  

Ionic liquids contain organic cations and anions which 

melt at or close to room temperature. Their low vapour 

pressures allow chemical processes to be carried out with 

essentially zero emission of toxic organic solvents into the 

environment. 

Although the cost of ionic liquids will be greater than 

aqueous electrolytes, high conductivity and better 

efficiency will provide significant energy savings 

compared with water. 

 From the environmental perspective ionic liquids are 

environmentally cleaner than other media. When used in 

electroplating processes, strongly aqueous electrolytes 

create quantities of metal-laden, corrosive effluent 

solution, whereas in ionic liquid electrolytes the metals 

will precipitate and be readily separated and  recycled. 

Most of the ionic liquids are non-toxic and non- 

flammable [2]. All this characteristics give us opportunity 

successfully use IL in electropolishing the niobium. 

 

EXPERIMENTAL PART 

At first, the electropolishing of Niobium was provided 

on samples from the material that uses for production 6 

GHz cavity. For all experiments we used the ionic liquids 

based on Choline chloride, carried out investigation of the 

possible variants of the original recipe: Choline Chloride 

(ChChl): Urea in molar ratio 1 to 4 with 30 g/l Sulphamic 

acid (SA) [3]. We studied the influence on Niobium 

surface roughness of several parameters such as: 

• Other additives different than Sulphamic acid; 

• The possible substitution of Urea; 

• The current regime; 

• Electrolyte temperature; 

• Rotating horizontal electropolishing versus vertical 

electropolishing; 

• Cathode shape and material. 

Experiments were performed using a glass backer with 

immersed inside two-electrode system, where anode is a 

niobium sample. The molten salt was prepared by slowly 

heating of compounds, until the compositions became 

liquid. Cleaning of samples was done in the following 

order: washing in ultrasonic bath with soap, washing in 

ultrasonic bath in water, rinsing deionizer water, drying 

with alcohol or acetone using nitrogen blowing. Electric 

power was taken from power supply Alintel S4000 (0-

100V, 0-40A). 

When we found proper conditions for polishing 

niobium, we tried to apply them for the polishing of 6 

GHz Niobium cavities. We create new system for 

polishing cavity in horizontal position (see Fig.1). 

 

 

Figure 1: System for horizontal electropolishing. 
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Mechanical Treatment of 6 GHz Cavities 

To achieve a high quality surface, the each step of the 

process is important. For this reason before to start a 

chemical or electrochemical polishing, the surface is 

treated mechanically. 

Tumbling - is a technique for smoothing and polishing 

a rough surface. Sample put together with liquid and 

abrasive materials inside a closed system. When system 

rotates the abrasive particles removes the material layer. 

The liquid provides a soft glide over the surface of the 

abrasive. It is possible to use the different materials for 

this mechanical polishing. Like example: 

• small SiC triangular shaped blocks - is a very hard 

material (it can be used for the first low level 

mechanical polishing) 

• 5 mm sphere of stabilized zirconium dioxide - is a 

high density material (the intermediate level) 

• flakes of Al2O3 and SiO2 powders embedded in a 

polyester matrix – are soft (the final surface 

finishing).  

In the last year in LNL has been developed new 

automatic system for the mechanical polishing of cavity 

[4]. Advantages of this system are that we can implement 

the polishing more than one cavity in one time. We make 

polishing surface just inside and change parameters of 

system we can work with cavity of the different size. 

Mechanical treatment of cavities was done by new 

vibrating system (see Figure 2). 

 

Figure 2: Schematic drawing of the vibrating system. 

Stylus Profilometry 

Profilometry is a method used to measure the profile of 

a surface, in order to quantify its roughness. The stylus 

detects small variations in vertical displacement as a 

function of lateral position. A typical profilometer is 

sensitive to vertical height variations ranging from 10 nm 

to 1 mm. Scan speed, contact force, and stylus radius all 

affect the lateral resolution. A typical stylus radius ranges 

from 5 to 25 μm. The profilometer used in this work was 

Veeco Dektat 32. Measure range – middle was 65000nm. 

Analyses were done using average roughness Ra and root 

of the mean square deviation of the depth of the rough 

less profile Rq. For every samples were measured 5 times, 

after were calculated medium value roughness for the 

each samples. 

 Inspection Tests 

The cavity has a complex profile design, to compare the 

surface before and after the electrochemical treatment, we 

use a miniature camera (see Figure 3). 

 
Figure 3: Miniature camera. 

 We do pictures before and after and compare results. 

The miniature camera tool can be moved forward, 

backward, up and down inside the cavity. The tool 

displacement along the cavity axis can be easily measured 

with the ruler fixed on the system basis. 

RESULTS AND DISCUSSION 

In the previous investigations in Superconductivity 

Laboratory at LNL INFN, it was found that the adding of 

surface-active substance (SAS) such as Sulphamic acid to 

the ionic liquid could successfully electropolished 

niobium. However, these electrolytes have their 

disadvantages.  

In our work, we have gone further and tried to polish 

niobium in ionic liquids of different composition and with 

various additives, to improve the results obtained earlier. 

Table 1 shows the attempts to get new combination of 

Ionic Liquids based on Choline chloride. 

Figure 4 shows appearance of Niobium surface treated 

in Ionic Liquids based on Choline Chloride. 

 

Figure 4: Samples treated in new Ionic liquids: a) 1 

ChChl: 1 Malic acid; b) 1 ChChl: 2 Ethylene Glycol; c) 1 

ChChl: 2 Tin (II) Chloride. 

Nevertheless, collected data shows us that better 

solution for polishing Niobium is Choline Chloride with 

Urea. 

Table 1: Composition of New Ionic Liquids Based on 

Choline Chloride 

Components Observation 

ChChl : Sulphamic Acid (1:1) Not create IL 

ChChl : Ammonium persulfate (1:1) Not create IL 

ChChl : Malic Acid (1:1) No polishing 

ChChl :Tin(II) Chloride (1:2) No polishing 

ChChl : Ethylene glycol (1:2) Pitting 

a) b) c) 
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Thereby we continued our investigations with this 

recipe and tried to find new possible SAS for smooth and 

shine polishing (see Table 2). 

Table 2: List of Surfactants Added to Ionic Liquid Base 

on Choline Chloride and Urea 

Surfactants Observation 

Polyethylene glycol Not polished, pitting 

Sulphamic acid + Polyethylene 

glycol 
Not polished,  lot a foam 

Malic acid Passivated 

Tiron Partially Passivated 

Ammonium acetate Partially Passivated 

Sulfamate ammonium Good 

Sulphamic acid Good 

Figure 5 shows appearance of Niobium samples treated 

in Choline Chloride with Urea and different additives. 

 

Figure 5: Samples treated in Choline Chloride and Urea 

(ratio 1:4) with: a) 1M/l Malic Acid; b) 10 g/l 

Polyethylene glycol; c) 1 M/l Ammonium Sulfamate; d) 

50g/l Sulphamic Acid. 

 As we can see the best results were obtained with 

addition of Sulphamic acid and Sulfamate ammonium. 

Thus, we start to study proper quantity of these additives 

(see Figure 6).  
 

Figure 6: The dependence of surface roughness on the 

additives concentration. 

In addition, we studied such parameters of 

electropolishing as cathode material, carried out 
experiments with Titanium; Niobium and Aluminium 

cathodes (see Table 3).  

We provided series of experiments with different 

current sources (DC/AC), temperature of working 

electrolyte. 

Table 3: The roughness of samples depending on the 

cathode materials 

Material of Cathode Front Ra, µm Back Ra, µm 

Niobium 266,80 388,72 

Aluminum 447,78 481,98 

Titanium Platinized 1658,8 518,61 

 In conclusion, we can say that the best parameters for 

polishing Nb samples are following: 

• Choline Chloride: Urea – molar ratio 1 to 4; 

• Sulphamic acid – 1M/l; 

• Cathode material – Niobium; 

• Working temperature – from 120˚C to 170 ˚C; 

• Current density – 0, 3 A/cm². 

According to this data, we started the electropolishing 

of 6 GHz cavities. 

Electropolishing of 6 GHz Cavities 

To work with planar samples is easier. For the 

electropolishing of the cavity, which has complex profile, 

we have to take in account: orientation of the cavity 

(horizontal or vertical); the way to supply of electrolyte; 

stationary regime or rotation; shape of the cathode; 

without or with flow of Nitrogen.  

Vertical Electropolishing 

We tried the vertical electropolishing of the cavity with 

different supply of electrolyte. In this mode, we had 

certain problems with gas evolution, what during the 

process formed a large quantity of foam, causing surface 

damages and partially passivated the Niobium (see Fig.7).  

 
Figure 7: Vertical electropolishing of cavity: a) top part; 

b) cell; c) cut-off. 

Thus to avoid this we immersed cavity inside the 

solution horizontally.  

Horizontal Electropolishing 

 
Figure 8: Horizontal electropolishing of 6 GHz cavity, 

half immersed inside solution. 

 Obtained results were equate good on the part of the 

cell at interface gas/solution; down part is polished but 

not so good, possibly, because solution sticks to the 

surface; top part is passivated, because gas collected in 

this part (see Figure 8). 

To avoid that electrolyte stick to the surface, we tried to 

move it by pumping solution from one side. We tried to 

create half of level solution for prevention that foam 
damage surface. Also in this mode, we obtained oxide 

layer on internal surface of cavity.  

a) b) c) d) 

a) b) c) 
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For the better studying the influence electrochemical 

process on surface inside cavity, we cut cavity to the half, 

and electropolished it in the solution (see Figure 9). 

 

Figure 9: Horizontal electropolishing of half cavity: a) 

during the process; b) before treatment; c) after treatment. 

After all experiments that were done, we have next 

parameters for the electropolishing cavity that we need to 

apply: 

• Supply of the Nitrogen – for the creation half of level 

and delete vapour products of the electrolyte from up 

part of the cell; 

• Shape of the cathode repeats the form of the cell – it 

increases current distribution;   

• Material of the cathode is Niobium; it is chemical 

stable and does not contaminate the solution. 

• Rotation of the cavity – it give us possibility 

polishing the half of cavity uniformity.           

• Moves of the electrolyte must be slow – in this case, 

it will not damage surface by bubbles, and will stir 

solution in down part of cell. 

We constructed new system for horizontal 

electropolishing of cavity. However, in this system, we 

had problems with temperature, and we again had to 

modify it (see Fig. 10). 

 

Figure 10: The new system for the electropolishing half of 

cavity. 

We made it open and create half level, inject flow of 

Nitrogen in top half of cavity, and rotate by motor. Figure 

11 shows the cell before (a) and after (b, c) 

electropolishing in Ionic liquids in horizontal mode.  

We see that surface is shiny and smooth. We removed 

just thin layer of Niobium (near 60μm). This system 

already gave us good result and we will continue work 

with it. 

 

Figure 11: Cell before and after Electrochemical polishing 

in New system: a) before, b) and c) after. 

CONCLUSIONS 

The best solution that we found for Electropolishing of 

Niobium is Choline Chloride with Urea in ratio 1 to 4 

with 1 M/l Sulphamic acid. 

All parameters of the process are very important for the 

Electropolishing Niobium, but temperature is the main 

parameter. In addition, we need to take in account the 

following: 

• cathode should be made from inert material, and has 

form of the cell; 

• current  density have to be proper and don’t damage 

the  surface by gas that evaluate during the process; 

• time – enough to delete layer of Nb that necessary for 

the achieve required roughness; 

• flow of electrolyte, supply of Nitrogen and rotation 

of cavity - parameters what help to avoid passivation 

of the surface and allow achieving good results. 

 The electropolishing in new system give us shiny 

surface without pitting and damages. 
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Abstract 
    Most of the current research in superconducting radio 

frequency (SRF) cavities  is focused on ways to reduce 

the construction and operating cost of SRF-based 

accelerators as well as on the development of new or 

improved cavity processing techniques. The increase in 

quality factors is the result of the reduction of the surface 

resistance of the materials. A recent test [1] on a 1.5 GHz 

single cell cavity made from ingot niobium of medium 

purity and heat treated at 1400 C in a ultra-high vacuum 

induction furnace resulted in a residual resistance of ~ 

1n and a  quality factor at 2.0 K increasing with field up 

to  ~ 5×10
10

 at a peak magnetic field of 90 mT. In this 

contribution, we present some results on the investigation 

of the origin of the extended Q0-increase, obtained by 

multiple HF rinses, oxypolishing and heat treatment of 

“all Nb” cavities.  

INTRODUCTION 

    The overall performance of SRF cavities is measured 

by its quality factor, Q0=G/Rs, where G is the geometric 

factor which depends on the cavity geometry and Rs is the 

surface resistance, as a function of accelerating gradient, 

Eacc. Higher Q0 for the reduction of cryogenic loss and 

higher Eacc for the use of high energy accelerators are 

desired. For the continuous wave (CW) applications, the 

affordable cryogenic refrigeration currently limits the 

optimal gradient to ~20 MV/m. Thus the increase in 

quality factor in this gradient range is important for the 

efficient operation of future CW accelerators. 

The surface resistance in superconducting materials is 

the sum of the temperature independent residual 

resistance and temperature dependent Bardeen-Cooper-

Schrieffer (BCS) resistance. The sources of the Rres are 

the trapped magnetic flux during the cavity cool down, 

impurities, hydrides and oxides, imperfections, and 

surface contamination. The BCS surface resistance results 

from the interaction between the RF electric field within 

the penetration depth and thermally activated electrons in 

a superconductor. The BCS surface resistance is 

calculated using the BCS theory and depends on 

superconducting material parameters. An approximated 

expression for the temperature range T<Tc/2 is given by  

 RBCS(T,f) = (Af
2
/T) e

-/kBT
   (1) 

where f is the resonant frequency,  is the 

superconducting gap at 0 K , KB is the Boltzmann 

constant and A is a factor which depends on material 

parameters such as the coherence length () , the London 

penetration depth (L) and the electrons mean free path 

(l). The material parameters may vary strongly due the 

presence of the metallic impurities as well as defects on 

the surface within the RF penetration depth. Changes in 

these parameters affect the surface resistance of the SRF 

cavities and hence the quality factor. Furthermore, 

defects, dislocations and internal stresses (electron 

scatterers) also affect the superconducting properties such 

as the transition temperature and field of first flux 

penetration [2].  Dislocation sites provide pinning centers 

for the magnetic fluxoids, which create hot spots in SRF 

cavities [3]. Studies also showed that dislocations are 

possible nucleation sites for “etch pits”, which also cause 

increased RF losses [4]. 

    The BCS resistance given by Eq. (1) describe the linear 

BCS resistance calculated for HRF << Hc. In case of SRF 

cavities where the RF magnetic field is significant (HRF ≤ 

Hc), the non-linearity in BCS resistance kicks in. In the 

presence of the RF field the coherent motion of Cooper 

pairs constituting the shielding current reduces the energy 

gap and increases the BCS loss in SRF cavities [5,6].  

    The increase in quality factor can be achieved by 

minimizing the surface resistance; both residual and BCS 

resistance. The current state of art cavity fabrication 

processes includes the bulk surface removal by buffer 

chemical processing (BCP) or CBP (centrifugal barrel 

polishing (CBP) followed by the heat treatments (600-

1000 C) to remove the gross hydrogen. A surface 

removal of ~20 m either by BCP or electropolising (EP) 

is carried out after the heat treatment to remove the 

surface contaminants introduced during the heat treatment 

but this step can introduce the hydrogen in the cavity [7].  

Earlier reports on single cell cavities showed the 

improvement of the quality factor without the wet 

chemistry after the heat treatments [1,8,9,10]. Current 

research and development of the SRF cavities is focused 

not only on achieving the higher gradient and higher 

quality factor but also looking to simplify the fabrication 

process and reducing the toxic acid during the chemistry 

process in bulk Nb SRF cavities. One of the processes 

that put forward is the bulk material removal by CBP 

followed by the high temperature heat treatment and high 

pressure rinse. 

   To extend the investigation on the effect of the high 

temperature heat treatment on the SRF cavities, a 

dedicated induction furnace [11] is installed at Jefferson 
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Lab. In this new furnace the heat treatment on cavity was 

done in two steps. Firstly, the cavity is heat treated in high 

vacuum at target temperature and at the end of heat 

treatment the furnace is purge with ultra-pure argon gas 

with partial pressure of ~10
-5

 torr. At this temperature the 

only detectable gas coming from the furnace/cavity is 

hydrogen. The partial pressure of hydrogen is typically 

found to be ~10
-5

-10
-6

 torr. The purging of argon may 

prevent the reabsorption of hydrogen which is believed to 

one of the source of rf losses and high field non-linearities 

in SRF cavities. Secondly, once the cavity was cooled 

down to room temperature, the furnace is vented with 

high purity oxygen to seal the cavity surface with a 

protective oxygen layer against hydrogen pick-up [12,13]. 

As discussed in ref. [14] such a “dry” oxide layers will be 

beneficial with less defects than a “wet” oxide.  
    In this contribution, we present the summary of the 

recent effort in minimizing the surface resistance/rf losses 

in SRF cavities. Several single cell cavities were heat 

treated at the temperature range of 800-1600 C and RF 

measurement were conducted. The cavities were 

chemically etched by buffer chemical polishing before the 

heat treatment. The temperature dependence surface 

resistance as well as the Q0 vs Bp were measured at 

difference temperatures.  

CAVITY TEST RESULTS 

     In a first set of experiments, a 1.5 GHz single cell 

cavity made of large grain niobium with RRR~ 200 was 

heat treated in the temperature range of 800-1400 C [1]. 

Before each heat treatment the cavity was etched by BCP 

to re-establish a baseline. After each heat treatment, the 

cavity was cooled down in the presence of high purity Ar 

gas of partial pressure ~10
-5

 torr and vented the cavity 

with high purity oxygen and soaked for ~1 hour. The 

cavity was then degreased in ultrasonic tank for 30 min 

and rinsed with high pressure deionised water. The high 

temperature heat treatment resulted in an increase of 

quality factor over the baseline for any of the heat 

treatment temperatures with the highest increase being 

observed after 1400 C. The Rs vs T curve at ~10 mT 

were also measured in the temperature range 4.3-1.6 K 

during all rf test and material parameters are extracted 

from the fit as tabulated in Table 1. Samples analysis with 

surface analytical instrumentation hinted at the possibility 

of the presence of a small concentration (~1 at.%) of Ti 

within the top ~1m layer of the surface as being 

involved in the large Q0-improvement. Titanium 

evaporated from the Ti45Nb flanges of the cavity. To 

explore the role of the Ti contamination on the cavity 

performance, two approaches were followed: 

 The cavity was subjected to multiple steps of 

nanoremoval from the surface by rinsing with 

HF and oxypolishing [15] with cryogenic rf tests 

in between. The summary of results are 

presented in Fig. 1. It is shown that the extended 

Q-rise is still present even after the removal of 

~100nm from the inner surface of the cavity. 

The cavity was then subjected to ~30 m EP 

surface polishing and the extended Q-rise was 

eleminated while reaching the cavity ~25 

MV/m.  
 

 
Figure. 1. The Q0 vs Bp  at 2K for the cavity with Ti45Nb 

that subjected to high temperature heat treatment and 

subjected to multiple HF rinsing, oxypolishing and EP 

The ratio Bp/Eacc is 4.43 mT/(MV/m) for this cavity shape.  

Figure 2: The Q0 vs Bp at 2K for “all Nb” cavities 

subjected to high temperature heat treatment.  
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 Two large-grain (RRR~200) and one fine-grain 

(RRR>300) single-cell cavities with pure Nb 

flanges were heat-treated at 1400 °C and 1600 

°C after etching with BCP 1:1:2. Although the 

Q0 at 2.0K, 90 mT improvement in Q0, no 

extended Q0-rise as that shown in Fig 1 was 

observed in any of these cavities. The rf test 

results at 2.0 K for these “all Nb” cavities are 

shown in Fig. 2. 

 

Table 1. The superconducting parameters extracted from the fitting of Rs vs T measurements form 1.5 GHz single cell 

cavities namely: large grain CEBAF shape (LG-CEBAF, Bp/Eacc = 4.43 mT/(MV/m)), large grain high gradient shape 

(LG-HG, Bp/Eacc = 4.469 mT/(MV/m)), fine grain (FG) and reactor grade (RG). The cavity LG-CEBAF has Ti45Nb 

flanges. 

 

Cavity Shape Treatment Rs(n) /KBTc l (nm) Bp,max 

(mT) 

Q0 (2K, 90mT) 

 

 

 

 

LG-CEBAF 

20 m BCP 2.0 ± 0.3 1.87 ± 0.02 303 ± 85 100 ± 6 (2.0 ± 0.3)×10
10

 

20 m BCP + 1400C/3hrs 1.0 ± 0.2 1.90 ± 0.01 76 ± 17 91 ± 9 (5.0 ± 1.0)×10
10

 

20 m BCP + 1400C/3hrs 

+120C/12hrs 

2.8 ± 0.2 1.93 ± 0.02 7 ± 1 96 ± 7 (4.0 ± 0.7)×10
10

 

+1 HF Rinse 1.4 ± 0.2 1.86 ± 0.01 29 ± 47 88 ± 7 (3.6 ± 0.6)×10
10

* 

+5 HF Rinse 5.1 ± 0.1 1.90 ± 0.01 84 ± 14 83 ± 5 (2.3 ± 0.3)×10
10

* 

+10 HF Rinse 2.8 ± 0.1 1.88 ± 0.02 57 ± 23 85 ± 5 (2.8 ± 0.3)×10
10

* 

+100 nm oxypolishing 2.3 ± 0.2 1.87 ± 0.02 52 ± 25 84 ± 4 (2.8 ± 0.3)×10
10

* 

+ 30m EP 3.5 ± 0.3 1.80 ± 0.02 81 ± 26 110± 6 (2.0 ± 0.2) ×10
10

 

 

 

LG-HG1 

20 m BCP 0.05± 0.75 1.78 ± 0.02 44 ± 24 124 ± 9 (1.5 ± 0.2) ×10
10

 

20 m BCP + 1400C/3hrs 4.6 ± 0.2 1.87 ± 0.01 58 ± 12 92 ± 5 (1.7 ± 0.2) ×10
10

 

24 m BCP 2.7 ± 0.2 1.83 ± 0.03 77 ± 45 115 ± 5 (1.7 ± 0.2)×10
10

 

24 m BCP + 1600C/2hrs 2.7 ± 0.1 1.88 ± 0.02 55 ± 29 98 ± 4 (2.1 ± 0.2)×10
10

 

 

 

LG-HG2 

20 m BCP 0.0 ± 0.6 1.79 ± 0.01 68 ± 20 114 ± 11 (2.1 ± 0.4)×10
10

 

20 m BCP + 1400C/3hrs 2.6 ± 0.2 1.87 ± 0.01 190 ± 30 120 ± 6 (1.9 ± 0.2)×10
10

 

48 m BCP 2.9 ± 0.9 1.91 ± 0.02 551 ± 201 112 ± 6 (1.9 ± 0.2)×10
10

 

48 m BCP + 1600C/2hrs 1.6 ± 0.2 1.82 ± 0.02 62 ± 18 72 ± 4 (1.9 ± 0.2) ×10
10

* 

 

 

FG-CEBAF 

20 m BCP n/a n/a n/a 124 ± 9 (1.4 ± 0.2) ×10
10

 

20 m BCP + 1400C/3hrs 2.9 ± 0.2 1.83 ± 0.01 354 ± 65 112 ± 7 (1.5 ± 0.2) ×10
10

 

15 m BCP 0.2 ± 0.4 1.75 ± 0.02 124 ± 41 105 ± 6 (1.2 ± 0.1) ×10
10

 

15 m BCP + 1600C/2hrs 0.7 ± 0.2 1.86 ± 0.02 203 ± 61 70 ± 4 (2.3 ± 0.3) ×10
10

* 

RG-CEBAF 20 m BCP n/a n/a n/a 106 ±  5 (1.0 ± 0.1) ×10
10

 

20 m BCP + 1400C/3hrs 4.0 ± 0.6 1.87 ± 0.02 84 ± 27 89 ±  7 (2.1 ± 0.4) ×10
10

* 

*at highest field 

 

 

    In addition one single cell fabricated from reactor grade 

niobium (RRR~40) was heat treated at 1400 C for 3 

hours. The result of the rf test at 2K is shown in Fig. 3. 

The cavity reached ~20 MV/m with Q0 = (2.1 ±0.4)×10
10

.  

The cavity was post-purified in Ti box at 1250 C for 3 

hours and ~30 m surface was removed by BCP before 

the baseline test. Interestingly, the Q-rise was observed 

after 1400 C heat treatment but only up to ~35 mT. 

DISCUSSIONS 

The increase in quality factor was observed for the 

cavity heat treated at very high temperature. This increase 

in the quality factor is basically due to the reduction of the 

residual resistance and BCS resistance in some cases.    A 

possible cause for Q-slopes both at high and medium field 

could be the precipitation of niobium hydride islands [16] 

within the rf penetration depth and Q-disease occurs if the 

hydrogen concentration in Nb is greater than 10 wt. ppm. 

To minimize if not eliminate hydride formation; the 

mobile hydrogen concentration has to be kept as low as 

possible. This can be done either by complete degassing 

or providing the trapping sites for hydrogen within the Nb 

lattice to reduce hydrogen mobility. The heat treatments 

at 800-1200 C reduce the H concentration and improved 

Q0-values were obtained both in these and earlier studies 

[1,9,10]. The presence of Ti and O at the Nb surface after 

the 1400 C could play an important role as they provide 

very effective trapping centers for hydrogen. The 

reduction of H content combined with the introduction of 

H-trapping sites, as obtained by the 1400 C heat 

treatment causes the reduction in surface resistance. 

Therefore, the presence of trapping centers for hydrogen 

within the rf penetration depth might be beneficial in 

achieving higher Q0 values in SRF cavities. 
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Figure 3: The Q0 vs Bp at 2K for reactor grade cavity 

(RG-CEBAF) subjected to 1400 C heat treatment. The 

ratio Bp/Eacc is 4.43 mT/(MV/m) for this cavity shape. 

 

    Another outstanding feature of these rf tests is the 

extended Q0-rise occurring only for the cavity heat treated 

at 1400 C with Ti45Nb flanges. An explanation of the 

low field Q-rise (decrease in surface resistance) was 

proposed by J. Halbritter [17]. According to this model, 

an additional NbOx clusters grown at the surface are not 

in thermal equilibrium with the surrounding niobium 

causing the decrease in surface resistance. However, he 

predicted that the equilibrium will be achieved ~12 mT at 

which the surface resistance starts to increase. Some 

earlier experimental data fits well [18] according the 

model described by Halbritter. Here the low field Q0-rise 

extended up to ~60 mT for the cavity heat treated at 1400 

C and similar rise in Q0 was observed at Fermi Lab 

where the cavities were heat treated at 1000 C in the 

presence of higher partial pressure of nitrogen (~10
-2

 torr) 

[19]. However, the cavities were subjected to EP surface 

treatment after the high temperature heat treatment 

contrary to the current study where no post-chemistry 

were performed after the heat treatment. In past, the 

extended rise in Q0 was observed in 3 GHz cavities which 

were oxidized at high temperature [20] may support the 

Halbritter’s idea of NbOx clusters at the surface of SRF 

cavities. However, the rise in Q0-values in cavities doped 

with Ti as well as nitrogen treated cavities may require 

further detail investigation. 

   As discussed earlier several factors play a significant 

role in the surface resistance of the SRF cavities. The 

surface oxides, hydrides, surface morphologies, grain 

boundaries, etch pits and so on. No theoretical models 

exist that correlates all these contributing factors in the 

presence of the RF field. Earlier calculation on the surface 

resistance of thin film superconductor taking in to account 

of the quasi-particle redistribution showed the decrease in 

surface resistance with the increase in microwave power 

level [21]. The contribution to the microwave surface 

resistance is much higher due to the quasi-particle 

redistribution than the enhancement of the energy gap. 

Interestingly, recent numerical calculation based on the 

Mattis and Bardeen theory modified to account for 

moving Cooper pairs under the action of the rf field, 

describe the RF field dependence of quality factor of 1.5 

GHz SRF cavity quite well [22].  

    The same heat treatment procedure was applied to the 

cavities fabricated with "all Nb" flanges. The cavities 

were fabricated with large grain, high RRR fine grain and 

low RRR reactor grade. The improvement in Q0 up to 

70% in medium field was observed in all cases. The 

extended Q-rise is also observed in the cavity fabricated 

from reactor grade niobium. It should be noted that the 

cavity was purified using the Ti at temperature 1250 C 

and BCP ~30 m was done both inside and outside of the 

cavity prior to the baseline test.   

SUMMARY AND FUTURE WORKS 

    The high temperature heat treatment of the SRF 

cavities with no post-chemistry resulted in the overall 

increase in quality factor at 2.0 K and accelerating 

gradient of ~20 MV/m. The elimination of the surface 

material removal (after EP or BCP) not only eliminates an 

extra processing step but also minimize the risk of having 

hydrogen re-absorption. Further studies will focus on: 

 The reliability of the proposed process to otain 

cavities with Q0(2.0K, 90 mT, 1.5 GHz) of ~ 

4×10
10

. 

 Further investigation of the impact of surface 

impurities on the Q0(Bp) curve through cavity rf 

tests and studies on small samples cutout from 

the cavities. 
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Abstract 

We have developed an innovative technique for 
purification of bulk-Nb 6 GHz RF cavities under High 
vacuum (HV) and ultra-high vacuum (UHV) system. The 
main advantages of 6 GHz bulk-Nb cavities are saving 
cost, materials and time to collect statistics of surface 
treatments and RF test at temperature up to 1.8 K.  

Induction heating method is used to anneal the cavity at 
temperatures higher than 2000°C and close to the melting 
point of Nb for less than a minute while few seconds at 
maximum temperature. Before RF test and UHV 
annealing, the surface treatment processes like tumbling, 
chemical, electro-chemical (such as BCP and EP), 
ultrasonic cleaning and high pressure rinsing (HPR) have 
been employed. Cavities are RF tested before and after 
high temperature treatment. 

This kind of Nb 6 GHz cavity purification allow to 
reduce hydrogen, oxygen and other elemental impurity 
contents, which effect on cavity Q-factor degradation, by 
a rapid annealing over 2000°C and a subsequent rapid 
reduction at room temperature. 

 INTRODUCTION  
Ultra high pure (UHP) bulk Niobium (Nb) is widely 

used for the fabrication of Superconducting (SC) radio-
frequency (RF) cavities to achieve high Quality factor (Q0) 
and accelerating fields (Eacc), which are the figures of 
merit. Therefore, rapid High Temperature (HT) 
purification by means of Induction Heating (IH) helps 
improve these figures of merit. 

The technology of SRF involves the application of 
superconducting materials for radio frequency devices, 
where the ultra-low electrical resistivity allows obtaining 
high Q-factor in RF resonator, which means that the 
resonator stores energy with very low loss and narrow 
bandwidth [1]. These properties of RF superconducting 
cavities have wide applications in Scientific and Industrial 
research, including the construction of high efficiency 
Particle Accelerator structures. For example, thousands of 
SRF cavities are required for the proposed International 
Linear Collider (ILC) to probe new physics at TeV 
collisions of heavy ion beams. Nb is the most suited SC 
for SRF application. 

In the present work, 6 GHz cavities are investigated in 
order to optimize cavity parameters that simulate the real 
condition with new superconducting materials. A 
spinning technology is used to create seamless 6 GHz 
Bulk-Nb cavity [2]. The main advantages of these cavities 
over a 1.3 or 1.5 GHz SRF cavities are saving time, cost, 
and materials. One can fabricate such small 4-6 cavities 
out of the left over Nb sheet material which was used to 
prepare just one big (i.e., 1.3 or 1.5 GHz) SRF cavity with 
the same technology, and carryout measurements for 

various treatments like mechanical tumbling, buffered 
chemical polishing (BCP), electro-chemical polishing 
(EP), heat treatment (i.e., induction heating), and triple 
cavity RF test (one by one) in the same cryostat (cryostat 
is designed to house 3 cavities at a time) in short time, say 
in a week. So, we have improved these cavities, for which 
after all the above mentioned treatments we get about 2 to 
3 order of magnitude improvement in terms of Q-factor.  

In this article, we discuss the new purification 
techniques by induction heating method, giving special 
attention to important new developments that enable easy 
and quick study and statistic on surface treatments of 
cavities. Such as, for examples, chemical processes and 
cryogenic test are simpler. Also reducing the production 
costs of high quality bulk Nb SRF cavities. We have also 
compared RF performance of the cavities which are 
annealed under atmospheric pressure, HV and in UHV 
system for long and short duration (i.e., 10 sec. up to 5 
minutes).  

Induction heating technique is described in section 2. 
Surface Treatment methods are described under 
Experimental Procedure in section 3. Results and 
Discussion are given in section 3. Summary of the RF test 
procedures are given under Conclusion section. 

INDUCTION HEATING TECHNOLOGY 
Induction heating is a tool, allowing one to rapidly heat 

only the metal object without contact. It is comprised of 
three basic factors: electromagnetic induction, the skin 
effect, and heat transfer. IH is the process of heating an 
electrically conducting object (usually a magnetic 
material) by alternating current (AC) electromagnetic 
induction, where eddy currents are generated within the 
metal through an inductor and resistance leads to Joule 
heating of the metal. The frequency of AC used depends 
on the object size, material type, coupling (between the 
work coil and the object to be heated) and the penetration 
depth. 

In other words, in an inductor, an AC current of 
suitable frequency flows and creates an alternating 
magnetic flux. The flux link with any ideal conducting 
path in the work-piece to be heated induces an AC current 
which heat the work piece by Joule effect. 

Induction heating offers several inherent advantages. 
The major advantages of this system are; contactless 
heating: absence of pollution from the source of heating. 
High power densities in a wide range of frequency and 
consequently short heating times: heating speed linked to 
the possibility of obtaining very high power density, Bulk 
or surface heating. A process perfectly adapted to 
industrial medium-sized and mass production 
requirements. Easy automation of equipment, absence of 
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thermal inertia (rapid start-up), and repeatability of 
operations carried out.  

A new technique has been developed for purification of 
bulk-Nb SRF 6 GHz cavities in order to reduce RF 
surface resistivity (RS). Such purification has been 
accomplished either under HV or UHV system or under 
cover of He or Ar gas (inert gas) at atmospheric pressure 
(ATM). Initially HT purification started in HV followed 
by ATM inside quartz tube and finally in UHV has been 
done to compare the result of different systems. 

One of the most significant characteristic of niobium is 
its ability to react actively with the gases H2, O2, H2O, N2, 
CO, CO2, Ti, Ta, and oxides of all these elements and 
compounds [3]. In the solid state, the elements H, N, O 
and C are dissolved interstitially in niobium. All these 
impurities greatly reduce RF performance (higher Rs). 
Also, stresses and dislocations introduced by 
mechanically rolling, deep drawing, electron beam 
welding (EBW) and/or spinning deformations of the 
niobium metal sheet have negative effect on Rs. 

We suppose that the new HT-IH technique, presented 
in this paper, could reduce both, surface contaminations 
and crystallographic defects by HT evaporation and 
recrystallization respectively which provides the highest 
possible purity (RRR) of metal.  

EXPERIMENTAL PROCEDURE 
High Vacuum (HV) and Ultra-high Vacuum 
(UHV) Procedure 

An induction heating has been done with two different 
configurations of vacuum chamber. In first configuration 
(HV setup), the partial pressure is high during and also 
after the annealing, i.e., 10-5 mbar up to few mbar. Several 
cavities are annealed (Cavity identity number 115 up to 
126) using this configuration. In second configuration 
(UHV setup), the partial pressure is high during the initial 
stage of annealing, in the range of pressure 10-6 mbar up 
to 1 mbar. Several cavities are annealed (Cavity identity 
number 127 up to 133) using this configuration. 

At first, HV and UHV system along with all other 
components are cleaned in ultrasonic, dried with N2 gas 
then assembled. The cavity is centred against the coil; this 
in turn is connected to the work head. The work head 
connected with the power supply where time and voltage 
are controlled, and approximately 15 kW of maximum 
power allowed while frequency is 85 KHz in the system. 
The cavity is electrically insulated from the chamber, 
tested and finally chamber is closed with CF flange using 
Cu gasket. Chamber is pumped for some hours to achieve 
approximately 2*10-8 mbar pressure using a turbo 
molecular pump.  

Thereafter, chamber is backed at approximately 130 ºC 
for 60 hours. After the backing vacuum is improved about 
one order of magnitude (ie, 5*10-9 mbar), than water 
cooling system is turned on for cooling induction coil, 
UHV chamber, work-head and power supply. Soon after 
power supply is switched on, and power to the coil is 

increased starting from few watt up to 12 kW quickly (say 
in 30-40 seconds) which reach temperature of 2000 ºC 
and more. At maximum temperature cavity is left to heat 
for some seconds (i.e., 10-60 sec.) then power supply is 
switched off. Pyrometers (Pyrospot DG 10N and/or DS 
10N model) are employed to read the temperatures 
between 250-1300ºC and 900-3000ºC respectively. Water 
cooling system is also turned off after 20 minutes. 

Once the cavity is at room temperature, chamber is 
fluxed with extra-pure helium.  
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Figure 1: Graph represents the annealing process at UHV. 
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Figure 2: A typical pressure profile during annealing process.
 

Soon after the heat treatment cavity is cleaned with 
High Pressure Rinsing (HPR). Thereafter, cavity is 
mounted on RF stand inside clean room, pumped out for 
several hours to achieve up to pressure 10-8 mbar using 
roughing/turbo molecular pump and placed inside 
cryostat for RF test at temperatures from 4.2 K to 1.8 K. A 
typical annealing profile of cavities using UHV system is 
shown in Figure 1, while a typical pressure profile during 
annealing process is depicted in Figure 2. 

Atmospheric Pressure (ATM) Procedure  
ATM-IH system consists in a Quartz tube of length 1 

meter and diameter 8 cm. Quartz tube is sealed with Viton 
O-ring and aluminium flanges at top and bottom. Cavity 
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is centered against the coil inside a clean quartz tube. Coil 
is connected to the work head, and work head to induction 
heating system. 

The bottom part of quartz tube is fluxed with extra-pure 
helium gas or other inert gas for few minutes before 
heating and flushing continues even after heating is 
switched off for next few minutes, hence to prevent 
oxidation by the atmospheric gases in the tube which 
protects the inner and outer surface of cavity before, 
during and after the thermal treatment. At maximum 
temperature cavity is left to heat for some seconds up to 
few minutes, approximately 15kW of maximum power 
allowed while frequency is 125 KHz in the system, then 
power supply is switched off. Cavity needs relatively 
more time to approch maximum temperature due to the 
heat exchange at atmospheric pressure. Pyrometer (DS 
10N model) is employed to read the temperatures 
between 900-3000ºC. Annealing profile of cavity is 
shown in Figure 3.  

Cavities are heated to 2000°C–2350°C. In order to 
capture the oxygen coming out of the Niobium and to 
prevent oxidation by the residual gas in the quartz tube, 
extra-pure 4He gas is used (as a flux medium) for few 
minutes before and after heating to protect the inner and 
outer surface of cavity. However, we cannot claim that 
quartz tube is completely clean system. Nevertheless, 
clean quartz tube has fewer contaminations than UHV 
chamber.  
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Figure 3: Graphical representation of annealing process at 
atmospheric pressure. 

RESULTS AND DISCUSSION 
Several cavities have been annealed with the three 

different configurations (HV, ATM and UHV) and then 
RF tested at 1.8 K as shown in Figure 7.  

Prior to HT-IH experiments internal surface has been 
treated (i.e., successive removal of inner materials by 
vibrating tumbler, CBP and, BCP and/or EP. About 150 
μm of inner defected layers are removed during the 
tumbling, while about 400 μm of inner layers are removed 
during EP. RF tests data (Qo vs Eacc curve) before and 
after high temperature annealing between temperatures 
1980-2230 °C are shown in Figure 4-6. Cavities which 

are treated in HV system showed higher Qo but lower Eacc, 
while cavities treated in UHV showed higher Eacc, but 
lower Qo. 

RF test (Qo vs Eacc) data obtained before and after IH 
treatment in HV (configuration 1) are shown in Figure 4. 
Qo have been enhanced approximately 3 orders of 
magnitude after IH treatment. Qo (3*109) is measured 
highest in this configuration while Eacc is between 16 up 
to 22 MV/m measured. Rs is measured about 50μΩ before 
thermal treatment which reduced up to 70 nΩ at 1.8 K 
after the HT-IH treatment for cavity Nb 121. Cavities 
treated in HV system where turbo pump is not connected 
directly to the process chambers (hence gas pressure is 
high during the initial stage of annealing and after 
annealing) shows higher Q0 but lower Eacc in comparison 
to UHV treatment. 
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 Figure 4: Quality (Q ) factor vs E0   acc are shown. RF tests 
were done before annealing (lower Q 0), while higher  Q0 
obtained  after HV annealing.  

However, one cavity (over 4 produced) having IH 
treatment in UHV system produced better RF 
performance in terms of accelerating field. It is shown in 
Figure 5. Cavity Nb 129 showed best performance. It is 
EP treated, and IH has been done for 120 seconds at 
1900°C. It showed highest accelerating field, > 23 MV/m 
with Quality factor of ≈ 2*109 and Rs ≈ 140 nΩ among all 
measured cavities, though X-ray was detected after 18 
MV/m. The cavity is subjected to HT under UHV system 
where turbo pump is directly connected to the main 
annealing chamber which reduces residual gas pressure 
during the initial stage of annealing and after annealing, 
pumping residual volatile contaminations (coming out 
from cavity).  

In Figure 6, RF data are obtained after IH treatment in 
ATM treatment. Qo have been increased more than 2 
orders of magnitude after IH treatment. Cavity Nb 121 
showed better result among all ATM treated cavity. For 
this cavity, R  is measured s about 50 μΩ before thermal 
treatment which reduced up to 325 nΩ at 1.8 K after the 
HT-IH treatment.  
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Figure 5: RF tests were obtained before and after UHV 
annealing (max. Eacc measured so far). 
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Figure 6: RF tests data, obtained before and after ATM 
pressure annealing.  
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Figure 7: A comparison of RF test at 3 stages is shown.  
RF tests were  done after HV annealing, UHV annealing, 
and atmospheric pressure annealing.  

A comparison has been depicted in Figure 7. In this 
graph RF test data obtained before and after IH treatment 
at 3 different systems has been plotted. From the Figure 
we conclude that HV and UHV system provide better 

result in two different ways. HV system shows higher Q0 
but lower Eacc

 , while UHV system showed lower Q0 but 
higher Eacc. In this context, further attention and 
modification is required toward fast cooling down after 
IH treatment which could further optimize RF 
performance. 

Furthermore, in UHV system efficiency is higher than 
the atmospheric pressure treatment inside quartz tube. 
Efficiency of IH increase between 50% to 95%, and one 
can reach very high temperature, hence very high power 
density goes inside the work piece because the induction 
coil better match the cavity geometry (i.e., coil is much 
closer and in better shape). 

CONCLUSION 
An innovative, 6GHz niobium cavity, high temperature 

purification technique based on induction heating have 
been presented systematically. Several cavities were 
purified to corroborate this technique. RF test confirmed 
that the cavities obtained after different surface treatment 
procedure especially under HV/UHV system above 
2000°C for few seconds, shows values of Quality (Qo) 
factor up to 3*109, surface resistance Rs ≈ 70 nΩ and 
accelerating field EAcc > 23 MV/m (@ 6GHz).  

Application of IH with high vacuum technology with 
respect to atmospheric tecnology increases the quality of 
niobium purification and lowers residual gas 
concentrations. Therefore, due to ultra-high vacuum there 
is much less heat exchange with residual gases between 
work piece and heating system, hence most of the power 
density goes to the cavity. That also helps reduce time 
scale to approach maximum temperature. During the 
purification process, evaporation of absorbed gasses, 
metallic impurities and recrystallization takes place which 
helps to improve SRF resonators. 

Further steps on 6 GHz cavities are planned to heat fast 
(as it was done), but also employing a cryogenic trap in 
order to perform both a cavity fast cooling and also a fast 
pumping of residual gasses  which could improve figures 
of merit Q and accelerating fields EAcc. 

Moreover, the system of quartz tube has several 
advantages in comparison to the UHV system, i.e. it is 
transparent with respect to electromagnetic waves used 
for IH, it is also perfectly light system. Therefore, the 
combination of quartz tube like vacuum chamber with a 
turbo pump directly connected to it using IH technique in 
UHV system could result in cost effective and fast 
system, with respect a classical stainless steel UVH 
vacuum chamber, making affordable the rapid 
purification treatment of 1.3 GHz Nb cavity. 
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STUDY ON OPTIMUM ELECTRON BEAMWELDING CONDITIONS
FOR SUPERCONDUCTING ACCELERATING CAVITIES

T. Kubo , Y. Ajima, H. Inoue, T. Saeki, K. Umemori, Y. Watanabe, S. Yamaguchi, M. Yamanaka,∗

KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801 Japan,
T. Nagata, ULVAC, Inc., 5-9-6 Tokodai, Tsukuba, Ibaraki, 300-2635, Japan

Abstract
Optimizations of electron beam welding conditions

might solve the quench problems and improve the acceler-
ating eld of the superconducting radio-frequency cavity.
As a rst step toward optimum conditions, basic properties
of weld beads are studied by using niobium test pieces. Ef-
fects of a combination of a beam generator position and a
welding direction on geometries of weld bead are shown.
Good parameter-regions for electron beam welding, which
yield full penetration welds without holes or weld spatters,
are surveyed. Microscopic structures, such as pits or bumps
due to poor welds, have greater in uence on cavity perfor-
mances, which are also our research objects. We introduce
a model of the magnetic eld enhancement at pits, where
a formula for a magnetic eld enhancement factor is given
as a function of parameters that express a geometry of pit.
Comparisons between calculations and vertical test results
are also shown.

INTRODUCTION
Accelerating eld of modern superconducting radio-

frequency (SRF) cavities are often limited by quenches.
According to optical inspections [1] of inner surfaces of
SRF cavities, a locally enhanced magnetic eld at a poor
electron beam welding (EBW) seam is one of causes of
quenches [2]. The above observations suggest that opti-
mizing EBW conditions to yield smooth weld bead without
poor weld might solve the quench problems and improve
the accelerating eld of the SRF cavity.
As a rst step toward optimum EBW-conditions, we

study basic properties of weld beads by using niobium test-
pieces. First, procedures and free EBW-parameters of this
experiment are summarized. Then, typical geometries of
weld beads are shown, where we see a combination of gen-
erator position and welding direction serves an important
function. The good parameter-regions de ned by those for
full penetration welds without holes or weld spatters are
shown. In addition to the above, rather microscopic struc-
tures associated with poor welds, such as pits or bumps,
are also our research objects. We introduce a model of the
magnetic eld enhancement at pits, where a formula for a
magnetic eld enhancement factor is given as a function of
parameters that express a geometry of pit. Then we com-
pare the calculations and vertical test results.

∗kubotaka@post.kek.jp

Figure 1: Cavity Fabrication Facility (CFF). (a) Chemi-
cal room. Pre-weld etchings by BCP solutions are applied
in this room. (b) EBW room. Steigerwald Strahltech-
nik EBOCAM KS110-G150 KM-CNC is installed. (c) A
sketch of the CFF. The chemical room and the EBW room
are located close together. (d) An example of welded test
piece. The photo shows underbeads corresponding to vari-
ous combinations of EBW parameters.

EXPERIMENTS

Experiments at Cavity Fabrication Facility

Experiments are carried out at Cavity Fabrication Facil-
ity (CFF), KEK (see Fig 1(a), (b) and (c)). First, niobium
test-pieces with sizes of 150 mm × 150mm are cut out
from cavity-grade niobium sheets with thickness 2.0mm
supplied from Tokyo Denkai. Then pre-weld etchings
are applied to these test-pieces at the chemical room in
CFF (see Fig 1(a)), where 10 − 30 μm of materials are
removed by using the 1:1:1 buffered chemical polishing
(BCP) solution. Following ultrapure water rinsing, etched
test-pieces are carried to the next room in the CFF, where
the EBW machine, Steigerwald Strahltechnik EBOCAM
KS110-G150 KM-CNC, is installed (see Fig 1(b) and (c)).
Then the test-pieces are welded with various combinations
of EBW parameters (see Fig 1(d)), and geometries of un-
derbeads are examined by using a surface pro ler, Veeco
Dektak 150.
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Figure 2: Schematic layouts of combinations of a genera-
tor position and a welding direction. (a) V-H: the vertical
generator position and the horizontal welding direction, (b)
H-H: the horizontal generator position and the horizontal
welding direction. (c) H-D: the horizontal generator po-
sition and the downward welding direction, and (d) H-U:
the horizontal generator position and the upward welding
direction.

Figure 3: Examples of trajectories of electrons computed
by the General Particle Tracer (GPT). Electrons emitted
from the cathode go through the magnetic lens into the
work piece. � < f or ab < 1 corresponds to a defo-
cused beam: electrons are focused below the work piece.
� = f or ab = 1 corresponds to a focused beam. � > f
or ab > 1 also corresponds to a defocused beam: electrons
are focused above the work piece.

EBW Parameters
Free EBW-parameters in this experiment are given by

• Generator position and welding direction (see Fig .2),
• Accelerating voltage, Va (kV),

• Beam current, Ib (mA),

• Welding speed, v (mm/s),

Figure 4: Typical pro les of underbead cross-sections of
con gurations (a) V-H, (b) H-H, (c) H-D, and (d) H-U.
Schematic layouts of corresponding con gurations are also
shown.

• ab-factor (see Fig .3) .

A combination of a generator position and a welding direc-
tion, which is summarized in Fig. 3 as schematic layouts,
determines a relative direction of gravity acting on molten
niobium. A product VaIb is an input beam power, and v
determines an energy deposition per unit length by VaIb/v.
The ab-factor is de ned by

ab ≡ �

f
, (1)

where � is a distance between a center of magnetic lens and
a work piece. As shown in Fig. 3, the ab-factor represents
a degree of defocus, where ab = 1 and ab �= 1 correspond
to a focused beam and a defocused beam, respectively.

RESULTS
Geometries of Underbeads
Fig. 4(a), (b), (c), and (d) show typical pro les of un-

derbead cross-sections for con gurations V-H, H-H, H-D,
and H-U, respectively. The con guration V-H yields an
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Figure 5: A relation between an underbead width and an
underbead height for the con guration (a) V-H and (b) H-
H with v = 5mm/s. Neither Va, Ib, nor ab are xed in
these plots.

Figure 6: Examples of underbeads. (a) Full penetration
weld without spatters. (b) Weld bead with holes. (c) Un-
derbead with spatters. (d) Narrow underbead.

underbead with its peak at the center. The con guration
H-H yields an underbead with a swelled downside and a
depressed upside. The con guration H-D yields a trape-
zoidal pro le. The con guration H-U yields an underbead
with its peak at the center and valleys on both the sides.
Fig. 5(a) shows underbead heights for con guration V-

H as a function of widths, where any EBW-parameters
are not xed except for the welding speed being xed at
v = 5mm/s. An underbead height linearly increases as

Figure 7: Good parameter-regions for con guration V-H
with Va = 60 kV and v = 5mm/s. The horizontal axis
and the vertical axis represents an ab factor and a beam
current Ib (mA), respectively. The yellow symbols, which
are approximately expressed by the orange-colored areas,
correspond to full penetration weld without holes or weld
spatters, and gray symbols correspond to poor welds such
as weld beads with holes, spatters, and narrow underbeads.
Characters (a), (b), (c) and (d) in the plot area correspond
to Fig. 7(a), (b), (c) and (d), respectively.

a width increases. Fig. 5(b) shows underbead heights and
depths for con guration H-H as a function of widths. An
underbead height and depth are nearly the same magnitude,
and quadratically increase as a width increases, in contrast
to the linear behavior of V-H. It should be noted that the
con guration V-H always yields a higher underbead than
H-H with the same width.

Good Parameter Regions
As seen in Fig. 6, weld beads fall into four categories.

Fig. 6(a) shows a good weld, which is a full penetration
weld without holes or weld spatters. Fig. 6(b), (c) and (d)
show poor welds: a weld bead with (b) holes, (c) weld spat-
ters, and (d) a narrow underbead, where the ”narrow under-
bead” means an underbead that is 1 mm narrower than a
weld bead on the opposite side.
Fig. 7 shows good parameter-regions on ab-Ib plane for

con guration V-H with Va = 60 kV and v = 5mm/s.
The yellow symbols correspond to good weld-beads and
gray symbols correspond to poor welds. Characters (a),
(b), (c) and (d) in the plot area indicate EBW parameters
for weld beads shown in Fig. 6(a), (b), (c) and (d), respec-
tively. When high power beams are injected into a small
area, a weld bead tends to have a larger risk of creating
holes or spatters as Fig. 6(b) and (c), and Fig. 7(b) and
(c). On the other hand, when beam energy is dispersed
in a larger area, a weld bead tends to narrow and might be
a partial penetration weld as Fig. 6(d) and Fig. 7(d). As a
result, only orange-colored regions are recognized as good
parameter-regions.
Fig. 8(a) shows good parameter-regions on ab-Ib plane
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Figure 8: Good parameter-regions for con guration V-H
with v = 5mm/s. (a) The horizontal axis and the vertical
axis represents an ab factor and a beam current Ib (mA),
respectively. (b) The horizontal axis and the vertical axis
represents an ab factor and a beam power P = VaIb (kW),
respectively. Yellow, green, red and blue symbols corre-
spond to good parameter-regions for Va = 60 kV, 90 kV,
120 kV and 150 kV, respectively.

for Va = 60 kV, 90 kV, 120 kV and 150 kV, all together.
As seen in the gure, Ib should be decreased as Va in-
creases, otherwise too much beam power make holes in a
niobium test-piece. In Fig. 8(b), the same data as Fig. 8(a)
are plotted on ab-P plane, where P = Va × Ib is a beam
power. The good parameter-regions for different accelerat-
ing voltages overlap on the ab-P plane. The orange-colored
areas roughly express the good combinations of Va, Ib, and
ab.
We only showed good parameter-regions for con gura-

tion V-H with welding speed v = 5mm/s, but those for
other con gurations or different welding speeds are also in
progress. The similar parameter search by using niobium
half-cells or dumbbells are planned.

DISCUSSION ON PITS
So far we have focused on rather macroscopic struc-

tures of weld beads, such as an underbead height, depth
and width, and EBW parameters for full penetration weld
without spatters. However, microscopic structures, such as
pits or bumps due to poor welds, have greater in uence on

Figure 9: A two-dimensional triangular pit model with
round edges. A gray region corresponds to a superconduc-
tor in the Meissner state, πα (0 < α < 1/2) is a slope
angle, R is half a width of the open mouth, and re is a
radius of the round edge.

cavity performances, which might trigger quenches by en-
hancing the magnetic eld. These are also our research ob-
jects. In this section, we introduce a model of the magnetic
eld enhancement at pits, and compare model predictions
and vertical test results.

Model of the Magnetic Field Enhancement at Pit
In order to build a model of the pit, parameters that char-

acterize a geometry of edge, such as a curvature radius and
a slope angle of edge, should be included, because the mag-
netic eld is enhanced at an edge of a pit. A shape of the
bottom of the pit is not important, because the magnetic
eld attenuates at the bottom. The simplest model of the
pit is given by the two-dimensional model with a triangular
section [3, 4] shown in Fig. 9, where πα, R and re are a
slope angle, a half width and a round-edge radius, respec-
tively. The magnetic eld enhancement (MFE) factor of
this model is given by

β∗ = P (α)
(

R

re

) α
1+α

, (2)

where P (α) is a coef cient depending on a slope angle α
(see Ref. [4] or [5]).
Assuming that vortices start to penetrate into the defect-

less superconductor at Bv � 200 mT, the achievable sur-
face magnetic eld without vortex dissipations under an ex-
istence of a pit is given by

B
(pen)
peak =

Bv

β∗ =
Bv

P (α)

(
re

R

) α
1+α

. (3)

This equation is further reduced to the formula that de-
scribes the accelerating eld at which vortices start to pen-
etrate:

E(pen)
acc = g−1B

(pen)
peak =

g−1Bv

P (α)

(
re

R

) α
1+α

. (4)

where g is a ratio of the peak magnetic eld to the acceler-
ating eld for a given cavity-shape.
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Figure 10: A pit found at the surface of TOS-02 cavity. (a)
An optical image of the pit [6]. (b) Results of pro lometry
by a laser microscope.

Figure 11: A pit found at the surface of MHI-05 cavity. (a)
An optical image of the pit [6]. (b) Results of pro lometry
by a laser microscope.

Comparisons with Vertical Test Results
Fig. 10 and Fig. 11 show optical images and pro les of

pits found at the surfaces of TOS-02 cavity and MHI-05
cavity. Measured values of R, re, and α for TOS-02 and
MHI-05 are summarized in the gures, where re is given
by the minimum value of the carvature radius rcurv calcu-
lated along the pro le. By using these parameters, the ac-
celerating eld at which vortices start to penetrate, E(pen)

acc ,
can be calculated from Eq. (4). Fig. 12 shows E

(pen)
acc cal-

culated from Eq. (4) and E
(quench)
acc , observed at vertical

Figure 12: Comparisons between the prediction of the
triangular-pit model and the vertical test results. The black
bars correspond to the model-predictions, where 10% error
of measured values of R, re, and α are assumed. The blue
circles correspond to the quench elds,E(quench)

acc , observed
at vertical tests [2, 5-6].

tests [2, 5-6]. The agreements are remarkable, but the
statistics is too small to conclude the effectiveness of the
model. To accumulate statistics is a future work.

SUMMARY
As a rst step toward optimum EBW-conditions, we

study basic properties of weld beads. In this paper, we
mentioned following three topics:

• effects of a combination of a beam generator position
and a welding direction on geometries of weld bead
for niobium test-pieces,

• good parameter-regions for electron beam welding
that yield full penetration welds without holes or weld
spatters for niobium test-pieces,

• a theoretical study on a relation between a magnetic
eld enhancement factor and a geometry of a pit, and
comparisons between the theory and vertical test re-
sults.

Regarding the second topic, we only showed good
parameter-regions for con guration V-H with welding
speed v = 5mm/s, but those for other con gurations or
different welding speeds are also in progress. Regarding
the third topic, the statistics is too small to conclude the
effectiveness of the model. To accumulate statistics is a
future work.
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VORTEX PENETRATION FIELD OF
THE MULTILAYER COATING MODEL

Takayuki Kubo∗, Takayuki Saeki, High Energy Accelerator Research Organization, KEK
1-1 Oho, Tsukuba, Ibaraki 305-0801 Japan

Yoshihisa Iwashita, Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
Abstract
The vortex penetration field of the multilayer coating

model with a single superconductor layer and a single in-
sulator layer formed on a bulk superconductor are derived.
The same formula can be applied to a model with a super-
conductor layer formed on a bulk superconductor without
an insulator layer.

INTRODUCTION
The multilayer coating model [1] was proposed as a

novel method to push up the rf-breakdown field of super-
conducting cavities. The model consists of alternating lay-
ers of superconductor layers (S) and insulator layers (I)
formed on a bulk Nb. The S layers are assumed to with-
stand higher field than the bulk Nb and shield the bulk Nb
from the applied rf surface field B0, by which B0 is de-
creased down to Bi (< B0) on the surface of the bulk Nb.
Then the cavity with the multilayered structure is thought to
withstand a higher field than the Nb cavity, if B0 is smaller
than the vortex penetration field [2] of the top S layer Bv ,
and Bi is smaller than � 200mT, which is thought to be
the maximum field for the bulk Nb.
In order to evaluate the maximum surface field of a cav-

ity with the multilayered structure, correct formulae that
can describe the shielded magnetic field Bi and the vor-
tex penetration field of the top S layer Bv should be de-
rived [3]. The detailed derivation process of the mag-
netic field attenuation formulae and thus the shielded mag-
netic field Bi of the multilayer coating model with a single
superconductor layer and a single insulator layer formed
on a bulk superconductor is found in Ref. [4], where the
Maxwell equations and the London equations are solved
with appropriate boundary conditions.
The vortex penetration field is derived from competing

forces acting on a vortex at a top of the S layer. The vortex
feel two distinct forces: (i) a force from an image current
jI due to an image antivortex, and (ii) from a Meissner cur-
rent jM due to an external field. In this paper these two
forces are evaluated, and the vortex penetration field of the
multilayer coating model is derived.

VORTEX PENETRATION FIELD OF THE
FILM SUPERCONDUCTOR IN AN
UNIFORMMAGNETIC FIELD

In this section the vortex penetration field of the super-
conductor film in an uniform magnetic field is evaluated

∗kubotaka@post.kek.jp

Figure 1: A superconductor film in an uniform magnetic
field. The filled circle shows a vortex, and the open circle
shows an image antivortex introduced to satisfy the bound-
ary condition of zero current normal to the surface.

as a simple example. The procedures shown here can be
applied to the multilayer coating model in the next section.
Let us consider a superconductor film immersed in an

uniform magnetic field (see Fig. 1). The film is parallel
to the y-z plane and thus parpendicular to the x-axis. The
region 0 ≤ x ≤ d is the superconductor with the Lon-
don penetration depth λ and the coherence length ξ, and
the other regions x < 0 and x > d are vacuum. The ap-
plied magnetic field is parallel to the z-axis, and is given
by Bext = (0, 0, B0). It is assumed that the material of
the film is an extreme Type II superconductor (λ � ξ), and
the film thickness is larger than the the coherence length
(d � ξ).
Suppose that a vortex that is parallel to the z-axis is at

(x, y) = (ξ, 0), an edge of the film. Then an antivortex at
(x, y) = (−ξ, 0) is introduced as an image of the vortex
to satisfy the boundary condition of zero current normal to
the surface as shown in Fig. 1. The magnetic field of the
antivortex is given by BI = (0, 0, (−φ0/2πλ2) ln(λ/r))
for ξ < r < λ [5], where φ0 = 2.07 × 10−15Wb
is the flux quantum and r is a distance from its core at
(x, y) = (−ξ, 0). The associated current density at the
vortex position (x, y) = (ξ, 0) is given by jI = (0, jI y, 0),
where jI y = −φ0/(4πμ0λ

2ξ). Then the vortex receives
the Lorentz force [5]:

fI = jI × φ0ẑ = − φ2
0

4πμ0λ2ξ
x̂ , (1)

where x̂ = (1, 0, 0) is an unit vector. Thus the vortex is
attracted by the antivortex outside the film. It should be
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noted that an infinite number of images are required to sat-
isfy the boundary condition. Under the assumption d � ξ,
however, the vortex at (x, y) = (ξ, 0) receives a force from
the nearest image at (x, y) = (−ξ, 0) dominantly, and con-
tributions from other images are negligible.
In order to evaluate the force due to the external field,

the distribution of screened field in the film is required.
Since the magnetic field in the film can be derived from
the London equation d2B/dx2 = B/λ2 with bound-
ary conditions B(0) = B0 and B(d) = B0, we obtain
B(x) = B0 cosh(x

λ − d
2λ )/ cosh d

2λ . Then the Meissner
current at the vortex position is given by jM = (0, jM y, 0)
and jM y = −(1/μ0)(dB/dx)|x=ξ � (B0/μ0λ) tanh d

2λ ,
where the assumption d � ξ is used. Thus the force from
the external field is given by

fM = jM × φ0ẑ =
B0φ0

μ0λ
tanh

d

2λ
x̂, (2)

by which the vortex is attracted to the inside of the film.
The force acting on the vortex is given by summation of

the above two forces: ftot = fI + fM. When the external
field B0 is so small that |fI| > |fM|, the force ftot directs
the outside of the film. This force acts as a barrier that
prevents the vortex penetration, which is called the Bean-
Livingston barrier. When the external field B0 is so large
that |fI| < |fM|, the barrier disappears and the the vortex
is drawn into the film. The external field that lets these
two forces balance is called the vortex penetration fieldBv ,
which can be evaluated by solving the equation

ftot = 0. (3)

When the film has an infinite thickness (d → ∞), Bv is
reduced to the well-known expression for the semi-infinite
superconductor,

Bv =
φ0

4πλξ
� 0.7Bc , (4)

where Bc is the thermodynamic critical magnetic field. On
the other hand, when the film thickness is thinner than the
London penetration depth (d � λ), Bv is reduced to that
for the thin film superconductor [6],

Bv =
φ0

4πλξ

1
d
2λ

=
φ0

2πdξ
. (5)

It should be noted that Eq. (5) can not be applied to the
multilayer coating model, because the magnetic fields on
the both sides of one superconductor layer have different
amplitudes. In the next section, the vortex penetration field
of the multilayer coating model is derived by reevaluating
the force acting on the vortex.

VORTEX PENETRATION FIELD OF THE
MULTILAYER COATING MODEL

Let us consider a model with a single S layer and a sin-
gle I layer formed on a bulk superconductor as shown

Figure 2: A multilayer coating model with a single S layer
and a single I layer formed on a bulk superconductor.

in Fig. 2. The region x < 0 is vacuum, the region I
(0 ≤ x ≤ dS ) is S layer with the London penetration depth
λ1, the region II (dS < x < dS + dI) is I layer with per-
mittivity εrε0, in which εr is a relative permittivity, and the
region III (x ≥ dS + dI) is a bulk superconductor with
the London penetration depth λ2, where all layers are par-
allel to the y-z plane and then perpendicular to the x-axis.
The applied electric and magnetic field are assumed to be
parallel to the layers.
The force due to the image vortex fI is given by Eq. (1)

when the material of the S layer and its thickness satisfy
λ1 � ξ1 and dS � ξ1. In order to evaluate the force
due to the external magnetic field fM, the magnetic field
distribution in the S layer is required, which can be derived
by solving the London equations in the region I and III,
and the Maxwell equations in the region II, with boundary
conditions given as continuity conditions of the electric and
magnetic field at x = dS and x = dS + dI [4]. Assuming
an insulator thickness dI � (

√
εrk)−1, the magnetic field

attenuation formula for the region I can be reduced to the
simple form [3]:

B = B0

λ1 cosh dS−x
λ1

+ (λ2 + dI) sinh dS−x
λ1

λ1 cosh dS
λ1

+ (λ2 + dI) sinh dS
λ1

. (6)

It should be noted that Eq. (6) is reduced to the well known
expression B = B0e

−x/λ1 , when the S layer thickness is
infinite (dS → ∞). Then the Meissner current in the S
layer, jMy = −(1/μ0)dB/dx, is given by

jMy =
B0

μ0λ1

λ1 sinh dS−x
λ1

+ (λ2 + dI) cosh dS−x
λ1

λ1 cosh dS
λ1

+ (λ2 + dI) sinh dS
λ1

, (7)

and thus the Lorentz force, fM = jM × φ0ẑ, is given by

fM =
B0φ0

μ0λ1

λ1 sinh dS−x
λ1

+ (λ2 + dI) cosh dS−x
λ1

λ1 cosh dS
λ1

+ (λ2 + dI) sinh dS
λ1

x̂ . (8)

Balancing the Lorentz forces given by Eq. (1) and Eq. (8),
we obtain the vortex penetration field of the multilayer
coating model. Completed results and discussions are seen
in Ref. [3].
It should be noted that the resultant formula can be ap-

plied to a model with an S layer formed on a bulk super-
conductor without an I layer (dI → 0) [3].
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SUMMARY
The vortex penetration field of the multilayer coating

model was derived from the RF electromagnetic field atten-
uation formulae [3, 4]. The same formula can be applied to
a model with a single S layer formed on a bulk supercon-
ductor without an I layer.
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MODELS OF THE MAGNETIC FIELD ENHANCEMENT AT PITS

T. Kubo ,∗
KEK, High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba, Ibaraki 305-0801 Japan

Abstract
Models of the magnetic field enhancement at pits are dis-

cussed. In order to build a model of pit, parameters that
characterize a geometry of edges of pit, such as a curva-
ture radius and a slope angle of edge, should be included,
because the magnetic field is enhanced at an edge of a pit.
A shape of the bottom of the pit is not important, because
the magnetic field attenuates at the bottom. The simplest
model of the pit is given by the two-dimensional pit with
a triangular section. The well-like pit, which is known to
many researchers, is a special case of this model. In this
paper, idea and methods to analytically evaluate the mag-
netic field enhancement factor of such models are men-
tioned in detail. The well-like pit is considered as an in-
structive exercise, where the famous results by Shemelin
and Padamsee are reproduced analytically. The triangular-
pit model, which is practically important for studies of the
quench of SRF cavity, are discussed in detail. Comparisons
between the prediction of the triangular-pit model and the
vertical test results are also shown.

INTRODUCTION
The magnetic field locally enhanced at a pit on the sur-

face of the superconducting radio-frequency (SRF) cavity
is thought to be a cause of quenches. The enhanced mag-
netic field at a pit is written as

H(r) = β(r)H0 (0 ≤ β(r) ≤ β∗) , (1)

where H0 is a surface magnetic field of the cavity, β(r) is
a magnetic field enhancement (MFE) factor at a position r,
and β∗ is the maximum value of β(r) along the pit. To re-
veal the relation between the MFE factor and the geometry
of pit is the challenge that should be solved in order for a
better understanding of the quench at pits.
In order to build a model of pit, parameters that charac-

terize a geometry of edges of pit, such as a curvature radius
and a slope angle of edge, should be included, because the
magnetic field is enhanced at an edge of a pit. A shape of
the bottom of the pit is not important, because the mag-
netic field attenuates at the bottom. The simplest model of
the pit is given by the two-dimensional pit with a triangu-
lar section [1]. The well-like pit, which is known to many
researchers, is a special case of this model.
In following sections, idea and methods to analyti-

cally evaluate the magnetic field enhancement factor of
such models are mentioned in detail. First a neccesary

∗kubotaka@post.kek.jp

mathematical-technique, the method of conformal map-
ping, is reviewed. Then the well-like pit model is consid-
ered as an instructive exercise, where we see the magnetic
field is enhanced at an edge of a pit, and confirm the mag-
netic field attenuates at the bottom. The functional form
of the MFE factor of the well-like pit derived by Shemelin
and Padamsee [2] are also reproduced. Then the triangular
pit model, which is practically important for studies of the
quench of SRF cavity, is discussed. Comparisons between
a prediction of the model and vertical tests results are also
shown.

METHOD OF CONFORMALMAPPING
Let us consider a two-dimensional domain shown in

Fig 1(a). In order to derive the magnetic field distribution,
the Maxwell equations of a two-dimensional magnetostat-
ics should be solved. This problem is equivalent to that
of finding an appropriate holomorphic function called the
complex potential on a complex plane. The magnetic field
is given by the derivative of the complex potential Φ(z),

Hx(x, y) − iHy(x, y) = −dΦ(z)
dz

, (2)

where z = x + iy. The method of conformal mapping
provides a powerful tool to compute the right hand side of
Eq. (2).
Suppose a domain on the z-plane shown in Fig 1(a) is

mapped into a simple domain on the w-plane shown in
Fig 1(b) by a Schwarz-Christoffel transformation,

z = F (w) = K1

∫ w

0

f(w′)dw′ + K2 , (3)

where K1 and K2 are constants, and f(w) is a holomor-
phic function. Then orthogonal sets of field lines on one
plane are transformed into those on another plane, and the
complex potential on the z-plane, Φ(z), is related to that on
the w-plane, Φ̃(w), as

Φ(z) = Φ(F (w)) = Φ̃(w) . (4)

Thus Eq. (2) becomes

Hx − iHy = −dΦ̃(w)
dw

dw

dz
= −dΦ̃/dw

dz/dw
= − Φ̃′(w)

K1f(w)
.(5)

Since the complex potential Φ̃(w), which is a holomorphic
function on the w-plane and is related to the magnetic field
on the w-plane as Hu − iHv = Φ̃′(w), can be written as
Φ̃(w) = −H̃0w = −K1H0w, Eq. (5) is reduced to

Hx − iHy =
H0

f(w)
. (6)
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Figure 1: Two-dimensional domains on complex planes.
Gray regions represent a superconductor in the Meissner
state.

The MFE factor, which is defined by the ratio of the mag-
netic field strength at a position to that far from the pit, is
given by

β =

√
H2

x + H2
y

H0
=

1
|f(w)| . (7)

This is the general formula for the MFE factor when the
map is given by a Schwarz-Christoffel transformation.

WELL-LIKE PIT
In this section we discuss a two-dimensional well. Al-

though this model is not practically useful, it provides an
instructive exercise. First we consider a well with sharp
edges as an effective model of the well with round edges.
Then the MFE factor of the well with round edges are esti-
mated in a naive way.

Well-like Pit with Sharp Edges
Let us consider a two-dimensional well with sharp edges

shown in Fig. 2. Note that d � R is assumed for simplicity.
The map is given by Eq. (3), where

f(w) =
( w2 − 1

w2 − w2
0

) 1
2

. (8)

The constantsK1,K2 andw0 are determined by conditions
that C’, D’ and E’ on the w-plane are mapped into C, D and
E on the z-plane:

K1 � 2R

π
, K2 = −id , w0 � e−

π
2

d
R . (9)

Substituting Eq. (8) into Eq. (7), we find

βwell =
1

|f(w)| =
∣∣∣w2 − w2

0

w2 − 1

∣∣∣
1
2

. (10)

Figure 2: A two-dimensional well with sharp edges on (a)
the z-plane and (b) the w-plane. Gray regions represent to
a superconductor in the Meissner state, R is half a width
and d (� R) is a depth of the well.

Thus the MFE factor at A, B, C, D or E is given by⎧⎪⎨
⎪⎩

βwell(A) = βwell(E) = ∞ (w = ±1) ,

βwell(B) = βwell(D) = 0 (w = ±w0) ,

βwell(C) = w0 � e−
π
2

d
R (w = 0) .

(11)

The MFE factor diverges at the edges of the pit (A and E),
vanishes at the concave corners (B and D), and exponetially
attenuates at the bottom (C).
In order to evaluate the MFE factor at an arbitrary z,

however, f(w) in Eq. (10) should be expressed in terms
of z. This task is approximately achieved by focusing on a
small region around a corner. Let us consider the vicinity
of the corner E, which correspond to the vicinity of E’ on
thew-plane, which can be written asw = 1+εwith ε � 1.
Then the function f(w) is approximated as f(w) � (2ε)

1
2

at w ∼ 1, and thus Eq. (3) is computed as z = F (w) =
R + (K1/3)f3(w), or

f(w) =
(

3π

2
z − R

R

) 1
3

. (12)

Substituting Eq. (12) into Eq. (10), we find

βwell(r) =
(

2
3π

R

r

) 1
3

, (13)

where r = |z−R| is a distance from the corner E. The same
formula can be applied to the MFE factor around the corner
A by replacing r = |z − R| with r = |z + R|. Note that
Eq. (13) reproduces βwell(A) = βwell(E) = ∞ (r → 0).

Well-like pit with round edges
Using Eq. (13), it is possible to estimate the maximum

MFE factor for the well-like pit with round edges shown
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Figure 3: A two-dimensional well with round edges. A
gray region represents a superconductor in the Meissner
state, R is half a width, d (� R) is a depth of the well
and re is a round-edge radius.

in Fig. 3. As shown in the figure, at the domain r = |z ±
R| ≥ re, the well-like pit with round edges has the same
geometry with that with sharp edges. Thus the well-like
pit with sharp edges can be regarded as an effective model
of that with round edges, where a cutoff scale is given by
rΛ = re. Then we can naively estimate,

β∗
well ∼ βwell(rΛ) = P

(naive)
well

(
R

re

) 1
3

, (14)

where the coefficient is given by P
(naive)
well = (2/3π)

1
3 . The

functional form given by Eq. (14) corresponds to the re-
sult obtained by Shemelin and Padamsee [2]. Note that the
coefficient P (naive)

well usually yields a smaller value than ex-
act value. A method to improve the estimate is found in
Ref [1].

TRIANGULAR PIT
As mentioned in the introduction, the simplest model of

the pit is given by a two-dimensional pit with a triangu-
lar section. In a following, the similar method as the last
section is applied to the triangular-pit model.

Pit with Sharp Edges
First we consider a pit with sharp edges shown in Fig. 4.

The MFE factor around the convex corners A or C can be
computed in much the same way as above:

βtri(r) =
[ √

π

2α(α + 1) cos πα Γ(α)Γ(1
2 − α)

R

r

] α
1+α

. (15)

where r is a distance from the corner A or C.

Pit with Round Edges
The triangular pit with sharp edges shown in Fig. 4

can be regarded as an effective model of that with round
edges shown in Fig. 5, where a cutoff scale is given by
rΛ = re(1 − cos πα)/ sin πα. By substituting r = rΛ into
Eq. (15), we can estimate the maximum MFE factor of the
model with round edges as

β∗
tri ∼ βtri(rΛ) = P

(naive)
tri (α)

(
R

re

) α
1+α

, (16)

Figure 4: A two-dimensional triangular pit with sharp
edges. A gray region corresponds to a superconductor in
the Meissner state, πα (0 < α < 1/2) is a slope angle and
R is half a width of the open mouth. Note that a relation
between a depth, d, and half a width of the open mouth, R,
is given by d = R tanπα.

Figure 5: A two-dimensional triangular pit with round
edges. A gray region corresponds to a superconductor in
the Meissner state, πα (0 < α < 1/2) is a slope angle, R
is half a width of the open mouth, and re is a radius of the
round edge.

where the coefficient is given by

P
(naive)
tri (α) =

[ √
π tan πα

2α(α + 1)(1 −cos πα)Γ(α)Γ( 1
2−α)

] α
1+α

.

(17)

Noted that P (naive)
tri is reduced to P

(naive)
tri → (2/3π)

1
3 =

P
(naive)
well at the limit α → 1/2, where the Euler’s reflection
formula was used. The coefficient P (naive)

tri yields a smaller
value than exact value, in common with that of the well-like
pit.

Improved formula
The improved version of the formula can be obtained

by extrapolating Eq. (15) to r ≤ rΛ. According to the
complete results and discussions in Ref. [1], β∗

tri is given
by

β∗
tri = P (α)

(
R

re

) α
1+α

, (18)

with

P (α) =
1

(n − 1)!

(
1 +

γ

n

)
(2 + γ) · · · (n − 1 + γ)

×
[ √

π tanπα

2α(α + 1)(1−cos πα)Γ(α)Γ( 1
2−α)

]γ

,(19)

where γ ≡ α/(1 + α). The optimum degree of polyno-
mial of extrapolation should be determined by experiments
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Figure 6: Agreements between the analytical formula given
by Eq. (18) with n = 6 and numerical calculations by
POISSON/SUPERFISH. The four curves show Eq. (18) as
functions of R/re in applicable ranges [1]. The black line,
gray line, black dashed line and gray dashed line corre-
spond to slope angles 80◦, 60◦, 30◦, and 10◦ (α = 4/9,
1/3, 1/6, and 1/18), respectively. The four types of sym-
bols show the maximum MFE factors for given pits cal-
culated by POISSON/SUPERFISH, where the triangles,
filled squares, rhombi, and filled circles correspond to slope
angles 80◦, 60◦, 30◦, and 10◦, respectively.

or numerical experiments. Fig. 6 shows agreements be-
tween β∗

tri with n = 6 and numerical calculations by POIS-
SON/SUPERFISH. The four curves correspond to Eq. (18),
and the four types of symbols correspond to numerical cal-
culations by POISSON/SUPERFISH.
Now we have the formula that yield the MFE factor of

the pit with a triangular section. The next task is to confirm
whether the triangular-pit model is a valid model or not.

DISCUSSIONS
Predictions of the model
Assuming that vortices start to penetrate into the defect-

less superconductor at Bv (� 200mT) 1 the achievable
surface magnetic field without vortex dissipations under an
existence of a pit is given by

B
(pen)
peak =

Bv

β∗ =
Bv

P (α)

(
re

R

) α
1+α

. (20)

This equation is further reduced to the formula that de-
scribes the accelerating field at which vortices start to pen-
etrate:

E(pen)
acc = g−1B

(pen)
peak =

g−1Bv

P (α)

(
re

R

) α
1+α

. (21)

1Solving the Ginzburg-Landau (GL) equation, the superheating field
can be computed, and is given by Bsh � 1.2Bc at T � Tc. In some
literature, this GL result is applied to low temperature T � Tc and the
superheating field is given by Bsh � 1.2Bc = 240mT, but in this
temperature region the GL theory becomes invalid. To evaluate Bsh at
T � Tc, Eilenberger equations should be solved [3]. In this paper, an
empirical limit � 200mT is adopted.

Figure 7: A pit found at the surface of TOS-02 cavity. (a)
An optical image of the pit [4]. (b) Results of profilometry
by a laser microscope.

Figure 8: A pit found at the surface of MHI-05 cavity. (a)
An optical image of the pit [4]. (b) Results of profilometry
by a laser microscope.

where g is a ratio of the peak magnetic field to the accelerat-
ing field for a given cavity-shape. A quench fieldE

(quench)
acc

is expected to be above the vortex penetration field,E(pen)
acc ,

where normal conducting areas are formed due to heats of
vortex dissipations, and a thermal-magnetic breakdown oc-
curs.

Comparisons with Vertical Test Results
Fig. 7 and Fig. 8 show optical images and profiles of

pits found at the surfaces of TOS-02 cavity and MHI-05
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Figure 9: Comparisons between the prediction of the
triangular-pit model and the vertical test results. The black
bars correspond to the model-predictions, where 10% error
of measured values of R, re, and α are assumed. The blue
circles correspond to the quench fields,E(quench)

acc , observed
at vertical tests [4, 5].

cavity. Measured values of R, re, and α for TOS-02 and
MHI-05 are summarized in the figures, where re is given
by the minimum value of the curvature radius rcurv calcu-
lated along the profile. By using these parameters, the ac-
celerating field at which vortices start to penetrate, E(pen)

acc ,
can be calculated from Eq. (21). Fig. 9 shows E

(pen)
acc cal-

culated from Eq. (21) and E
(quench)
acc observed at vertical

tests [4, 5]. The agreements are remarkable, but the statis-
tics is too small to conclude the effectiveness of the model.
To accumulate statistics is a future work.

SUMMARY
A model of pit should include parameters that character-

ize a geometry of edges of pit, where a shape of the bottom
of the pit is not important. The simplest model of the pit is
the two-dimensional pit with a triangular section. The well-
like pit is a special case of this model. In this paper, MFE
factor of these models were evaluated. The famous results
for the well-like pit by Shemelin and Padamsee were repro-
duced analytically as an instructive excercise. The practi-
cally important triangular-pit model were discussed in de-
tail, where the improved formula for the MFE factor and its
predictions were shown. Comparisons between the predic-
tion of the triangular-pit model and the vertical test results
were also shown. The agreements are remarkable, but the
statistics is too small to conclude the effectiveness of the
model. To accumulate statistics is a future work.
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MAGNETIC DEPENDENCE OF THE ENERGY GAP: A GOOD MODEL TO FIT Q 

SLOPE OF LOW BETA CAVITIES 

D. Longuevergne, IPNO, Orsay, France 

 

Abstract 
The reasons why the intrinsic quality factor (noted Qo) 

of a superconducting cavity drops with the accelerating 

field (noted Eacc) are still not well understood. In an 

effort to explain this phenomenon, mainly for high beta 

cavities, many models have been developed in the 

community but few of them could fit experimental data 

whatever the material treatment or surface conditioning.  

In the specific case of low beta cavities made of bulk 

Niobium (i.e Spiral 2 Quarter Wave Resonator), a model 

based on a magnetic field dependence of the energy gap 

has been developed to fit experimental data. The 

evolutions of the model input parameters depending on 

the cavity treatment or test conditions are consistent with 

the changes described in the literature. The model will be 

described step by step and specific examples will be 

given. 

INTRODUCTION 

The aim of this paper is not to explain what is at the 

origin of the medium or high field Q-slope (MFQS and 

HFQS), but is to give some feedback on some 

observations and studies made during the tests of some 

low beta (low frequency) cavities like Spiral2 β=0.12 

Quarter-wave resonator (QWR) [1]. 

The behaviour of low-frequency cavities (in opposition 

with high-beta elliptical cavities) is relatively different 

regarding MFQS and HFQS and thus deserves to be 

pointed out as, above all, these are very less studied. 

Tackling the problem from 2 different sides (high 

frequency side and low frequency side) could bring some 

more light and help to better understand the origin(s) of 

the Q-slope. 

This paper will first introduce the model used to fit 

experimental data of QWR and will highlight a point that 

is often forgotten when we start considering a magnetic 

field dependence of the surface resistance. The paper will 

then present different example of fits done. 

THE MODEL 

After describing the correction done on the relation 

between the quality factor and the surface resistance, the 

model will be developed. 

Formula Corrections  

As already mentioned in [2], applying a model with a 

magnetic field dependence on the well known formula (1) 

expressing the quality factor (Qo) versus the surface 

resistance (Rs) leads to significant errors as a strong 

assumption is made to factorize Rs term out of the 

integral (See Figure 2). 
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With G the geometric factor derived from RF simulations 

and F the frequency of the cavity. 

What is suggested here is not a corrected analytical 

expression but a solution requiring discretization work 

(2). The strategy is to divide the cavity surface (S) into 

several zones where we can assume that the magnetic 

field is constant.  
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Selement corresponds to the area of an element, Si and N 

respectively the area and the number of element where the 

magnetic field is between Bi and Bi+1. 

The 3D simulation code HFSS* has been used to generate 

the data file giving the surface magnetic field on each 

surface element. One has to make sure that all elements 

have approximately the same size. A routine has been 

written to build the histogram (Figure 1) of N versus Bi 

and to filter some singular elements where the field was 

excessively high due to computation error. 

The following formula gives a good approximation of the 

quality factor versus magnetic field whatever the model 

used for the surface resistance. 
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Figure 1: Histogram of the weights (Xi=Si/S) versus Bi 

for a Spiral2 QWR β=0.12.  

One can appreciate, on figure 2, the error made in the 

model if no correction is implemented in formula 1. As 

the field dependence of the model is very important, the 
 ___________________________________________  

* http://www.ansys.com 
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error increases a lot and reaches 100% at medium field 

(50 mT) and about 600% at high field (90 mT). 

A convergence study has been done. Defining more than 

100 zones is not necessary (See Figure 2). 

 

 

Figure 2: Error made on the evaluation of the Qo versus 

the peak magnetic field depending on the number of 

zones defined in the model.  

RF Surface Resistance Model 

By definition, the RF surface resistance of a 

superconductor is the sum of 2 terms: 

 RBCS, the resistance coming from the BCS theory 

has been derived by Halbritter [3] and can be simplified 

as: 

  

















Tk
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T

FlA

B

)0(
exp

,...,,
R

2

BCS

 (4) 

With A a constant depending of many parameters of 

the superconductor like London penetration depth, 

coherence length, mean free path,..., T the temperature 

of the superconductor, (0) the energy gap at T=0K and 

KB the Boltzmann constant. 

What is proposed here is to add a dependence of the 

energy gap with the RF surface magnetic field. This 

approach has already been considered several time [4] 

but has been put aside because this dependence has only 

been proved for thin films of a type I superconductor 

subject to a DC magnetic field. 

As defined in the Ginsburg-Landau theory, the 

thermodynamic critical field Bc can be written: 

 

0

2

2

)()0(




 TBc

V

BFsFn  (5) 

Where Fs(0) and Fn are respectively the free energies in 

the superconducting state with no field and the normal 

state and V the volume of the superconductor. When the 

magnetic energy zeroes the difference of free energy 

between the normal and the superconducting state, the 

latter is not stable anymore and the transition occurs. If 

we consider this formula true whatever the field, we can 

write, using equation (5): 

  
























2

)(
1)0()(

TBc

B
HFsFnHFsFn

(6) 

As the energy gap is directly linked to the difference 

of free energies [3], we add the following correction to 

the expression of the energy gap: 
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 (7) 

This formula will be inserted in equation (4) to model 

the Q-slope. 

 Rres, the residual resistance is the additional 

resistance due to the imperfections, impurities and 

trapped vortices in the superconductor. Contrary to the 

BCS resistance which vanishes when the temperature 

approaches zero, the residual one doesn’t depend on the 

temperature. The model we use, is nevertheless 

introducing a indirect temperature dependence through 

the critical field Bc. It can be expressed by: 
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1
TBc

B
RR resres   (8) 

With Rres0 the residual resistance at B=0 and  the 

fitting factor. 

The  factor has been defined many times to model the 

Q-slope of elliptical cavities [5] or low beta cavities [2]. 

This model is, in general, mainly applied on the BCS 

resistance. We will consider it part of the residual 

resistance as we will see that its contribution is 

negligible for “good cavities” (See Figures 3, 4 and 5). 

Taking into consideration equations (3), (4) and (8), 

we can fit Q curves with the following formula: 
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(9) 

With Rres0, β and  the three free fitting factors. β and  

can only be positive.  

THE RESULTS 

The model has been tested and compared to the results 

obtained on a Spiral2 QWR (MB09) made of bulk 

RRR=250 Niobium and resonating at 88 MHz. This 

cavity had very good performances and had no field 

emission. The cavity has been prepared following the 

standard procedure. The cavity has been etched (BCP) of 

at least 150 microns and high pressure rinsed. A first test 

has been done. The cavity has been then baked at 120°C 

during 48h. Several tests have been then performed at 

4.24K, 2.44K and 2.1K. 

Comparison at Different Temperature 

A good way to evaluate a model is to test the cavity at 

different temperatures. As no interventions on the cavity 

are required between each temperature step (meaning no 

venting, no temperature cycling, no changes on the RF 

surface), only the BCS resistance (See equation (4)) and 

the critical field (See equation 10) are changing.  

Proceedings of SRF2013, Paris, France TUP009

05 Cavity performance limiting mechanisms

E. Calculation: Theory

ISBN 978-3-95450-143-4

439 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Bc is given by the following formula [3]: 

 























2

1)0()(
Tc

T
BcTBc  (10) 

We can see on the next three figures that none of the 

three free fitting parameters (Rres0, β and ) defined in the 

model need to be changed to perfectly adjust the fit. 

 

Figure 3: Comparison of the model and experimental data 

of Spiral2 MB09 QWR tested at 4.24K after baking. The 

geometrical factor G=33, Bc=157.5 mT and 

RBCS0=2.76n are given. Rres0, β and  have been 

respectively set to 1.8 n, 2 and 1.9 to fit the data. 

 

Figure 4: Model and experimental data of Spiral2 MB09 

QWR tested at 2.44 K after baking.  

 

Figure 5: Model and experimental data of Spiral2 MB09 

QWR tested at 2.1 K after baking. 

This cavity has been tested before baking (figure 6), 

showing that only the  parameter is changing 

significantly. Rres0 is slightly decreased and RBCS0 

increases of about 33%. This observation is in accordance 

with [4]. 

 

 

Figure 6: Comparison of the model and experimental data 

of Spiral2 MB09 QWR tested at 4.24K before baking.  

CONCLUSION 

The model developed here is fitting very precisely 

experimental data obtained with Spiral2 QWR. Other 

experiments will be done in order to fit data of cavities 

with Q-disease and to test an unbaked cavity at different 

temperature. This will confirm whether or not the 

quadratic correction applies on the BCS or residual 

resistance as the latter would be predominant at 2.1K. 

This study will also be extended to other low-beta 

structures and high-beta cavities like Spoke and elliptical 

cavities.  
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SIMULATION OF NON-LINEAR RF LOSSES DERIVED FROM 

CHARACTERISTIC Nb TOPOGRAPHY* 

C. Xu , C. E. Reece , and M. Kelley 
1,2 1,# 1,2  
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Abstract 
A simplified model has been developed to simulate 

non-linear RF losses on Nb surfaces exclusively due to 

topographical enhancement of surface magnetic fields. If 

local sharp edges are small enough, at locations where 

local surface fields exceed Hc, small volumes of material 

may become normal conducting without thermal 

instability leading to quench. These small volumes of 

normal material yield increases in the effective surface 

resistance of the Nb. Using topographic data from typical 

BCP’d and EP’d fine grain niobium surfaces, we have 

simulated field-dependent losses and found that when 

extrapolated to resulting cavity performance, these losses 

correspond well to characteristic BCP/EP high field Q0 

performance differences for fine grain Nb. We describe 

the structure of the model, its limitations, and the effects 

of this type of non-linear loss contribution on SRF 

cavities. 

INTRODUCTION 

It is generally understood that surface roughness can 

play a role in non-linear loss mechanisms in niobium-

based superconducting radio frequency (SRF) resonators.  

[1] The Q decrease phenomenon is a reflection of 

increasing average surface resistance. Several models 

attempt to explain various contributions to the Q 

slope/drop. Agreement of these models and experiments 

is mixed. 

Typically, Buffered Chemical Polish etch (BCP) treated 

fine grain Nb cavity may show significant Q slope 

starting from 16 MV/m to 22 MV/m even after a post-

chemistry bake. In extreme cases, a cavity may exhibit 

such non-linear losses at even lower fields, < 15 MV/m, 

without any associated radiation signature from electron 

loading phenomena. After electropolishing treatment 

(EP), even in such cases this dramatic loss mechanism is 

removed to at least much higher fields. This frequently 

encountered phenomenon is illustrated in Figure 1 by the 

performance of cavity HG006, a 7-cell 1.5 GHz CEBAF 

prototype cavity, before and after electropolishing. [2] 

Such test results suggest that controlling topography 

evolution may play an important role in maximizing 

useful cavity gradient with minimum RF losses. In our 

analysis we provide a model to calculate non-linear RF 

loss from specific microscopic surface topographical 

features. An averaged surface resistance as a function of 

H field is derived from representative topography for 

comparison with cavity cold testing experiments. 

  

Figure 1: RF loss performance of Nb cavity HG006 after 

very heavy (>400 micron) etching (BCP) and subsequent 

light electropolish (EP). [2] 

TOPOGRAPHY’S LINK TO RF LOSSES 

The challenge remains to discern quantitatively what 

specific topographical character directly affects cavity 

performance. Practically, BCP-treated fine grain Nb 

surfaces, compared to EP-treated surfaces, yield more 

fluctuations in height and a greater density of sharp 

features on the scale of the grain size. [3] Those high and 

sharp features enhance the local magnetic field and may 

thus, even at intermediate applied field, locally exceed Hc. 

As a result, local superconducting transition is initiated. 

For simplicity in the analysis, we will consider Hc to be 

Hsh, the superheating critical field.  

If the local magnetic field is greater than the local Hc, 

flux will enter the surface. As the field decays with depth 

into the surface, a location near the surface where the 

field is less than Hc must occur.  Depending on the 

thermal conditions, there may be a stable interface of 

normal and superconducting material at this depth. This 

interface is moving inward and outward with the RF 

frequency. In this “equilibrium” condition, there will be 

additional RF loss due to these small normal nucleation 

sites on the surface. Surface temperature must increase 

and the local Hc(T) accordingly reduces. Careful 

modelling is needed to evaluate the local heat generation, 

which in turn determines the local region’s effective 

surface resistance.[4] Thermal feedback will increase 

normal zone volume, so an iteration is used to approach a 

stable solution. [5]                                                                                                                                                                         

1,E+09
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MODEL ASSUMPTIONS 

Our approach to the small-scale simulation has been 

presented previously. [5] We work with surface 

topography as measured from Nb samples by AFM. Due 

to the large difference in material resistivity and to 

simplify the analysis, we neglect all losses in the 

superconducting state, and attribute normal resistivity to 

all material where H > Hc.  

NON-LINEAR RESPONSE FROM 

SURFACE FEATURES 

Fig. 2 represents results of the calculation of the NC/SC 

phase front’s deepest penetration at applied H-field  from 

100 to 180 mT. The blue lines are the deepest penetration 

that the normal zone can reach in each RF cycle. 

 

Figure. 2: Normal conducting phase fronts as calculated 

from different excited fields.  

 At low field there is no normal zone because the local 

field is weaker than Hc everywhere on the surface. When, 

for example, the highest local topographically induced 

field enhancement factor is 1.8 and Hc is 190mT, the 

normal zone is expected to nucleate at background H near 

106 mT. 

To model the thermal effects that would result from this 

dynamic interface, we constructed a model that isolates 

this surface contour segment in the center of an otherwise 

ideally flat sheet of Nb material, and seek to model the 

temperature effects influenced by typical Nb heat 

conduction properties to a 2.0 K bath. In this simulation, 

the material thickness in “height” direction is 3.3 mm. If 

the lateral boundaries are set too small, the simulation 

leads to temperature calculation error because the side 

boundaries are set with an isolation condition. However, 

setting the lateral zone too large costs computation 

inefficiency. To confidently model the thermal effects 

from a single small area, the lateral scale in the model 

needs to be comparable to the material thickness. We take 

a lateral length of 6.6 mm in our simulation. Geometry 

adaptive meshing is used to adapt to such a high ratio 

between the thermally simulated area and the scale of 

surface roughness features. Figure 3 shows the model 

results with an applied surface field of 120 mT. The 

surface temperature locally peaks at 2.25 K. The 

Matlab™ program used for the modelling outputs a 

simulation of the temperature map with variations within 

an RF cycle. 

 

Figure 3: Temperature map calculated with applied 

magnetic field of 120 mT, with an isolated 100 µm rough 

strip as in Fig. 2. 

POWER DEPOSITION ON BCP AND EP 

Nb SURFACES 

Using the above methodology, the analysis was 

extended to simulate the topography-induced RF losses 

on specific extended surfaces of niobium. We use two 

representative surfaces characterized by AFM. As in 

Figure 4, the AFM characterization area covers 100 × 

100 µm.  The effective raster strip width depends on the 

sampling rate which, in our case, is 512 × 512. Limited by 

computational capacity, we reduce the matrix into 32 × 

32. Thus, each strip column represents a width of 

3.125µm as in Fig. 2. In this analysis, RF losses are then 

integrated from the normal zones in each 100 µm × 

3.125 µm strip, and the effective surface resistance is 

calculated. The black line in Fig 4A locates one such 

typical strip on a BCP-treated Nb sample. A more precise 

analysis would need to reduce this strip width.  

The indicated increasing RF loss with field is only 

contributed from the normal conducting zone expansion 

while ignoring the loss in the superconducting zone, so 

would represent a lower bound on actual losses. Fig. 5 

gives the relation between RF loss and external field for 

each of the 32 sample strips which together represent one 

100 µm × 100 µm area of a BCP-treated fine grain Nb 

sample, and the resulting average loss as a function of 

peak field.  Fig 6 shows that average loss together with 

the same analysis applied to data from a 100 µm × 

100 µm AFM scan of an electropolished niobium surface. 

IMPLICATIONS FOR Nb CAVITIES 

We would like to understand the implications of such 

non-linear loss mechanisms on the performance of SRF 

cavities. Detailed analysis within a cavity is challenging 

because the effective Rs is a function of local Hpk, not the 

global Hpk. Taking the simplifying approximation that the 

amplitude of surface H field is zero in the regions near 

irises and maximum along in the cells of a representative 

elliptical β=1 accelerating cavity, we are able to derive 

the expected effects on a typical cavity Q were the whole 

surface to be similar in topography to the samples 

modelled here.   
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Figure 4: AFM images from a fine grain niobium sample 

with a) ~ 100μm removal by BCP, b) after 48 μm removal 

by electropolish at 30°C. Horizontal scale is 20 µm per 

division and vertical scale is 5 µm per division.[6] 

 

Figure 5: Calculated RF power dissipation on each 

3.125 µm wide strip as a function of peak macro surface 

H field for a 100 µm × 100 µm BCP treated fine grain Nb 

surface.   

 

Figure 6: Average power dissipation on representative 

3.125µm × 100 µm strip with BCP and EP induced 

surface topography as a function of peak macro H field.  

Superconducting state losses are ignored.  

For 1
st
-order simplicity, the BCS surface resistance is 

presumed to have no field-dependence.  At 1.5 GHz, RBCS 

is ~13 nΩ at 2 K. Consequently, Q0 is dominated by BCS 

resistance at low field.  Figure 7 shows the results of this 

simplified calculation of cavity Q dependence on surface 

field of the two surfaces topographies considered. Above 

80 mT, non-linear losses become significant. Above 

~110 mT the results are overly optimistic, since the 

temperature dependence of the BCS component has been 

neglected in this simple model. As the normal zones 

grow, some of the simplifying assumptions break down, 

the superconducting material losses become non-

negligible, and the Q drops faster than is modelled here. 

 

Figure 7: Simulated topography-limited Q for BCP and 

EP fine-grain Nb surfaces. 

SUMMARY 

Simplified electromagnetic and thermal simulations 

have been developed to analyze the microscopic scale 

geometric surface field enhancement and the 

normal/superconducting material interface when the local 

field exceeds Hc. The normal zone areas contribute 

significantly to the RF power loss. The volume of the 

normal zones on the surface expand nonlinearly with 

increasing external magnetic field. Such nonlinearity in 

dissipative RF power is represented by an effective non-

linear surface resistance.  Initial results of this analysis 

using representative topographic profile data from typical 

BCP etched and electropolished fine grain niobium 

surfaces yield a nonlinear loss character and Q 

dependence with field which are quite similar to that 

typically observed with L- band SRF accelerating cavities 

with the corresponding surface treatments. 
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A PARAMETRIC STUDY OF BCS RF SURFACE IMPEDANCE WITH 

MAGNETIC FIELD USING THE XIAO CODE * 
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Abstract 
A recent new analysis of field-dependent BCS rf 

surface impedance based on moving Cooper pairs has 

been presented.[1] Using this analysis coded in 

Mathematica™, survey calculations have been completed 

which examine the sensitivities of this surface impedance 

to variation of the BCS material parameters and 

temperature. The results present a refined description of 

the “best theoretical” performance available to potential 

applications with corresponding materials. 

INTRODUCTION 

The radiofrequency (RF) surface impedance of a 

superconductor may be considered a consequence of the 

inertia of the Cooper pairs in the superconductor. The 

resulting incomplete shielding of RF field allows the 

superconductor to store RF energy inside its surface, 

which may be described as surface reactance. The RF 

field that enters the superconductor interacts with quasi-

particles, causing power dissipation, represented by 

surface resistance. Based on the BCS theory [2] and 

anomalous skin effect theory [3], a derivation of a 

superconductor’s surface impedance was developed by 

Mattis and Bardeen [3, 4]. Mattis-Bardeen theory, 

however, does not consider the field dependence of 

surface impedance. In particular, its real part, surface 

resistance, which is of great interest in superconducting 

radiofrequency (SRF) applications, is unaddressed. 

Several models have been previously proposed to address 

this issue. [5, 6] 

Recently a new model has been put forward by Xiao et 

al., [1]starting from the BCS theory with a net current in a 

superconductor, the electron states distribution at 0 K 

were calculated, together with the probability of electron 

occupation with finite temperature and applied to 

anomalous skin effect theory, to obtain a new form of RF 

field dependence of the surface impedance of a 

superconductor. A Mathematica
TM

 program has been 

developed by Xiao to accomplish the calculation of the 

resulting challenging quadruple integral. It is applicable 

to any standard superconductor described by BCS theory. 

The code reproduces the standard Mattis-Bardeen theory 

result at zero field as calculated, for example, by the 

commonly used Halbritter code, SRIMP. [7] 

A rather surprising result of the calculation with 

potential importance to SRF applications is the prediction 

of non-linear, decreasing surface resistance in an RF field 

regime that is prime domain for accelerator applications. 

The corresponding prediction of increasing Q0 with field 

matches remarkably well recent reports of record-

breaking low losses [8, 9] and raises the prospect that the 

common expectation of “best theoretical” cryogenic 

performance from Nb, and in principle other BCS 

superconductors, may be dramatically revised for the 

better. 

We have used this code to perform a parametric 

sensitivity survey with each the characteristic BCS 

material parameters of the field-dependent RF surface 

impedance in hopes of supporting increased insight into a 

performance optimization strategy. 

STANDARD CONDITIONS 

The present analysis focused on niobium, using the 

following characteristic parameters as standard 

conditions: 0/kTc(0) = 1.85, Tc(0) = 9.25 K, ξ0 = 40 nm, 

λL(0) = 32 nm, and mean free path ι = 50 nm [10] 

exploring the predicted surface impedance with 

departures from these values. 

The calculated standard condition surface impedance of 

niobium at 1.5 GHz and 2.0 K is shown as a function of 

Cooper pair velocity in Figure 1.  

 

Figure 1: Surface resistance, Rs, (red line) and reactance, 

Xs,  (blue dashed line) versus Cooper pair velocity for Nb 

at 2 K and 1.5 GHz.  

The surface resistance Rs, with a value of 10.9 nΩ at 

0 m/s cooper pair velocity vs, first decreases with 

increasing vs, then increases with increasing vs, with a 

minimum Rs of 2.0 nΩ at 230 m/s vs. Since the 

supercurrent density varies both with depth into the 

surface and time, the local surface impedance does as 

well, so calculation of effective surface impedance must 

integrate over material depth and RF cycle. See reference 
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[1] for discussion of simplifying assumptions that are 

made in the analysis. 

The resulting effective surface impedance under the 

standard conditions is shown in Figure 2, together with 

the result of similar calculations at 0.7 and 1.3 GHz. 

 

Figure 2: Calculated effective surface resistance under 

“standard conditions” for Nb versus peak RF magnetic 

field for 1.5 and 1.3 GHz at 2.0 K, 0.7 GHz at 2.1 K, and 

0.4 GHz at 4.5 K. 

PARAMETER SURVEY 

In order to potentially use the field dependence of the 

surface resistance to gain insight into potential changes of 

the superconducting material parameters, we have 

undertaken a calculation parametric survey to assess the 

sensitivity of the derived effective RF Rs to variation from 

our “standard parameter” set. For all conditions 

considered here, Tc is treated as fixed at 9.25 K. 

Calculated Rs for Nb vs. peak rf magnetic field for 

several temperatures between 1.5 and 2.3 K are presented 

in Figure 3. 

 

Figure 3: Effective 1.5 GHz surface resistance of standard 

Nb material parameters at various temperatures of 

interest.  

The derived field dependence of Rs at 2.0K with 

variations around coherence length and London 

penetration depth values of ξ0 = 40 nm and λL(0) = 32 nm 

are presented in Fig. 4 and Fig. 5, respectively. Note that 

Rs decreases slightly more quickly with higher ξ0, but 

rather is insensitive to ξ0 in the Bpk = 100–120 mT range, 

while monotonically decreasing with lower λL. 

 

Figure 4: Effective 1.5 GHz surface resistance of Nb at 

2.0 K with variations of coherence length ξ0.  

 

Figure 5: Effective 1.5 GHz surface resistance of Nb at 

2.0 K with variations of London penetration depth λL. 

Sensitivity of Rs field dependence with electron mean 

free path, ι, is more complex, with a clear minimum of 

both absolute and field-dependent components observed 

between 25 and 50 nm, where ι is comparable to ξ0, as 

may be observed from Figure 6. This is consistent with 

data reported from previous experimental studies.[11] 

 

Figure 6: Effective 1.5 GHz surface resistance of Nb at 

2.0 K with variations of electron mean free path. 
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Variation of the BCS gap energy, as illustrated in 

Figure 7, yields a decrease in Rs with increasing gap, as 

expected, but fractional Rs change with field shows no 

additional structure.  

Figure 7: Effective 1.5 GHz surface resistance of Nb at 

2.0 K with variations of the BCS energy gap, 0. 

COMPARISON WITH RECENT DATA 

Recent investigations into Nb material treatment 

processes which yield higher Q0 of SRF accelerating 

cavities have begun to produce results which show 

increasing Q with field well beyond the range of the 

familiar, but enigmatic, “low-field Q slope.”[8, 9]  

Seeking to evaluate the relevance of the present theory to 

this experimental phenomenon, we plot in Figure 8 the 

standard parameter calculation from Figure 2 together 

with the published data for three cavities, one large-grain 

and two fine-grain niobium, after subtracting a field-

independent 1.7 nOhm from the LG cavity and 3.0 nOhm 

from the FG experimental data.  

 

Figure 8: Field-dependent BCS surface resistance at 2.0 

K, calculated by Xiao’s code and recent very low loss 

cavity test data from JLab at 1.5 GHz [8]and FNAL at 1.3 

GHz [9] prepared by different methods. 

DISCUSSION 

The correspondence of the RF amplitude dependence of 

recent “high Q” cavity data to the predictions of the Xiao 

extension of Mattis-Bardeen theory of SRF surface 

impedance is striking. Significant further study is needed 

to examine experimentally the temperature dependence of 

the loss mechanisms present to further test the theoretical 

predictions. That agreement is obtained with subtraction 

of only small field-independent, and perhaps residual, 

resistance suggests that the unusual performance is due  to 

the inhibition of common parasitic loss mechanisms 

rather than the creation of unusual enhancements. The 

basic phenomenology appears with both fine-grain and 

large-grain niobium. 

Since the theory, albeit with its approximations,  is a 

treatment of an “ideal” BCS superconductor, one may 

perhaps interpret the observed increasing Q as the way 

“good” niobium should be expected to perform absent 

any parasitic effects. If this is the case, then the 

implication is that the “normal” niobium to which the 

community is presently accustomed is actually “polluted” 

in some way, at least within the RF penetration depth, in a 

way which contributes very common, but modest, 

additional losses. 

Clarification of such a mechanism and the engineering 

of processes to avoid it would seem to be quite worthy 

undertakings. Success at this would enable very 

significant improvements in the economy of SRF-based 

accelerator construction and operation. The cost 

optimization of cryoplant capital and operating expenses 

together with accelerator systems might change 

considerably if these theoretical predictions and recent 

low loss data can be generalized. 

Further ahead, since the theory is general to BCS 

superconductors, one might look for further cryogenic 

cost benefits from the use of higher-Tc materials. 
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FAST TABLE TOP NIOBIUM HYDRIDE INVESTIGATIONS USING
DIRECT IMAGING IN A CRYO-STAGE

F. Barkov, A.Romanenko∗, A. Grassellino, Fermilab, Batavia, Il 60510, USA

Abstract
Precipitation of lossy non-superconducting niobium hy-

drides represents a known problem for high purity niobium

in superconducting applications. Using cryogenic opti-

cal and laser confocal scanning microscopy we have di-

rectly observed surface precipitation and evolution of nio-

bium hydrides in samples after different treatments used

for superconducting RF cavities. The growth of hydrides

is well described by the fast diffusion-controlled process

with almost all hydrogen precipitated at T = 140 K within

∼ 30 min. 120◦C baking and mechanical deformation are

found to affect hydride precipitation through their influence

on the number of nucleation and trapping centers.

INTRODUCTION
Niobium can easily absorb hydrogen, which, depending

on the concentration and temperature, may either stay as

an interstitial or precipitate into ordered niobium hydride

phases. A severe degradation of the superconducting ra-

dio frequency (SRF) cavities quality factor starting at very

low accelerating fields - known as “hydrogen Q disease”

- was attributed to formation of non-superconducting nio-

bium hydrides [1].

More recently, smaller hydrides were proposed [2, 3]

as a cause for another cavity limitation - a “high field Q

slope”, understanding of which is an area of active ongoing

research.

Hydrogen can be absorbed by bulk niobium whenever

natural oxide passivating layer is absent on the surface.

There is a number of such opportunities during cavity fab-

rication and processing. It is therefore important to sys-

tematically investigate for cavity-grade niobium and sur-

face treatments associated with cavities the details of how

hydride form, their morphology, and effect of trapping cen-

ters. We present low-temperature studies performed by uti-

lizing laser confocal and optical microscopy coupled with

the cryogenic stage. These studies rely on the optical con-

trast and morphological changes for detection of hydrides

and are focused on the particular surface treatments of rel-

evance to SRF cavities.

EXPERIMENTAL METHODS
Square samples 15×15 mm2 with 3 mm thickness

were cut by wire electron discharge machining from fine

(∼50 μm) grain and single grain RRR∼300 niobium sheets

∗ aroman@fnal.gov

from the same material batches as were used to manufac-

ture state-of-the-art performance cavities.

All the mechanical and chemical treatments have been

performed in Fermilab using the in-house setups.

For cryogenic measurements samples were glued with

Apiezon N grease to the cold finger of the optical cryostat.

Liquid helium-based gas flow cryostat allowed to reach

temperatures down to about 5 K. Real-time observations of

niobium surface were done using a laser confocal optical

microscope with a lateral resolution of the order of 1 μm in

a temperature range 5-300 K. Lakeshore temperature con-

troller was used to control and stabilize the temperature.

RESULTS
Hydrogen concentration in some of the samples we used

has been measured by the gas chromatography technique

at ATI Wah Chang with the results shown in Table 1. The

technique does not allow to measure concentrations below

∼3 weight ppm. Mechanical polishing (MP) led to the

highest hydrogen concentration (24 to 71 weight ppm de-

pending on the polishing duration), whereas electro-(EP)

and buffered chemical polishing (BCP) under conditions

similar to cavities did not affect hydrogen content.

Table 1: Hydrogen concentration (weight ppm) after differ-

ent treatments as measured by gas chromatography.

Treatment Single grain Fine grain

no treatment 10÷ 12 < 3
120 μm EP 11÷ 15 <3

120 μm BCP 12 <3

MP N/A 24÷ 71

Mechanically Polished Samples
Among the samples we studied, MP samples showed the

highest hydrogen concentration. Hydride precipitation in

these samples could not be avoided even with the fastest

cool down (∼10 minutes to 5 K). Thus MP samples pro-

vided an ideal system to investigate precipitation kinetics,

morphology, effects of deformation, and of 120◦C bake.

Precipitation kinetics Samples were quickly cooled

down to 140 K and kept at this temperature for 3 hours

while images of the hydride growth were taken (see Fig.1).

It shows that hydrides grow very fast during first ∼30 min-

utes after which the process becomes much slower but does

not stop completely even after 3 hours.
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Figure 1: Time evolution of hydrides observed on a mechanically polished fine grain sample with CH = 25 weight ppm

at T = 140 K: a) room temperature; b) after 60 s at 140 K; c) 120 s; d) 300 s; e) 900 s; f) 2700 s; g) 6000 s; h) 10800 s.

Figure 2: Enlarged view of the area in Fig. 1h: a) after

keeping the sample for 3 hours at 140 K; b) after additional

cooling to 5 K. Arrows indicate hydrides formed at 100 K.
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Figure 3: Typical profile of a hydride.

After a 3-hour hold at 140 K we rapidly (∼20 K/min)

cooled samples down to 5 K. As soon as the temperature

reached ∼ 100 K smaller in size hydrides appeared in the

areas between the hydrides grown at 140 K [see Fig. 2].

They are formed preferentially at the grain boundaries. The

same finding was confirmed on two other samples.

Hydride morphology Typical hydride profile obtained

by LCSM at 160 K is shown in Fig. 3. All of the hydrides

represented bumps on the surface with the characteristic

height of about 3 μm. They appeared almost immediately

and their height remained almost unchanged during further

growth that was proceeding in the surface plane only.

Figure 4: Patterns obtained after fast cooldown to 5K of

mechanically polished fine grain samples with: a) no de-

formation, b) 7% tension, c) 10% tension, d) 12% tension

Effect of deformation We prepared fine grain samples

with the varying degree of tensile deformation. All the

samples were then mechanically polished in the same batch

to ensure the same hydrogen pickup. Hydrogen concentra-

tion measured by gas chromatography was 65±5 weight

ppm in all the samples, thus the only difference was the

degree of deformation. The results of fast cooldown tests

are presented in Fig. 4. One can see a clear effect: higher

deformation leads to a smaller number of hydrides.

Effect of 120◦C bake We split several mechanical sam-

ples in two halfs to preserve the same hydrogen content,

and then baked one of the halfs at 120◦C in vacuum for

48 hours. While nucleation and evolution of hydrides at

140 K was found to be virtually unchanged, the behavior

after further cooldown was found to be completely differ-

ent - no small hydrides appeared upon cool down to 5 K.
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Figure 5: Hydrides formed during fast cooldown of single

grain samples after 120 μm chemical material removal: a)

EP, b) BCP. Arrows indicate hydrides

Precipitation after tandard reatments
We put samples through a sequence of standard cavity

processing steps and performed cryogenic tests after each

treatment. Treatments included bulk material removal of

100-200 μm by EP or BCP, 800◦C vacuum bake for 3

hours, “light” material removal of 20-40 μm, and a 120◦C

vacuum bake for 48 hours. The cooldown rate was chosen

to be ∼ 10 K/min to “simulate” cavity conditions usually

referred to as a “fast cavity cooldown”.

First we studied fine grain samples and we did not ob-

serve any hydride formation in any of these experiments.

In the case of single grain samples we observed the forma-

tion of hydrides in samples after bulk EP and BCP (see Fig.

5). Hydrides appeared at 140 K in the form of “lens-like”

structures parallel to each other and grew along the longest

dimension as temperature decreased down to ∼100 K. With

further temperature decrease both dimensions and a num-

ber of hydrides remained constant. Upon warming up hy-

drides disappeared at a higher temperature of about 200 K

and only dents similar to ones reported in [4] remained

on the surface. After samples were baked at 800◦C for 3

hours, no observable hydrides appeared during cooldown,

and also none were found after subsequent treatments.

DISCUSSION
We have observed niobium hydrides by laser and optical

microscopy at cryogenic temperatures.A strong correlation

between the presence or absence of hydrides and the per-

formance of similarly treated cavities suggests that large

hydrides we observe are responsible for the “Q disease”.

Among the standard treatments, only MP (analogous to

tumbling) has led to the observable large hydrides in fine

grain samples. This is in agreement with the fact that tum-

bled cavities have to be degassed at 600-800◦C to avoid

severe Q disease.

According to our results, 800◦C baking for 3 hours is an

effective way to preclude the formation of hydrides. This is

in line with a well known fact that 800◦C baking removes

the Q disease [1].

Hydrides have a shape of islands, which punch out of

the surface. In-plane dimensions depend on the concen-

tration and the time spent in the precipitation temperature

range. Height of hydrides is about 3 μm, much larger than

the depth (150 nm) of the surface relief left by hydrides

dissociation reported in [4].

Fig. 1 demonstrates that it takes only ∼30 minutes for the

hydrides to reach almost maximal size. It means that even

“fast cavity cooldown” will not help to avoid hydride for-

mation when hydrogen concentration is high enough. From

the absence of hydrides in any of 800◦C baked samples

we can only conclude that hydrogen concentration is not

enough to form observable micrometer-size hydrides since

our technique is limited in spatial resolution.

We think that slowdown of hydrides growth process can

be attributed to a decrease of hydrogen supply from the

bulk. In other words, after ∼30 minutes spent at 140 K

most of the hydrogen is already segregated. Developing a

model describing process of hydrides growth quantitatively

is the subject of ongoing research.

We attribute the formation of smaller hydrides at 100 K

to the precipitation of another hydride phase, which has a

lower solubility limit. We speculate that this lower temper-

ature phase may be responsible for the high field Q slope

as suggested by the proximity-coupled hydride model [2].

120◦C baking suppresses the formation of this phase and

there are different possible scenarios for the suppression

- either the vacancies introduced by the 120◦C bake trap

some hydrogen [3], or 120◦C baking leads to the removal

of the hydride nucleation centers.

Higher deformation leads to the lower hydride density.

Strong hydrogen attraction to dislocations is known to be

responsible for the formation of Cottrell clouds with higher

hydrogen concentration around dislocation cores in nio-

bium [5]. In our case, dislocations created during plastic

deformation can similarly trap some hydrogen.

CONCLUSIONS
We have developed a technique for direct observation of

formation and evolution of niobium hydrides on the surface

of cavity-grade niobium. We have investigated how differ-

ent treatments used in cavities manufacturing affect the for-

mation of hydrides through their influence on the concen-

tration of dissolved hydrogen and on the number of trap-

ping and nucleation centers. Our results correlate well with

the performance of cavities after analogous treatments.

While segregation of most part of the hydrogen is a fast

process with time constant ∼ 30 minutes, it takes much

more time > 3 hours to collect all the hydrogen.
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BITTER DECORATION STUDIES OF MAGNETIC FLUX PENETRATION
INTO CAVITY CUTOUTS

F. Barkov, A. Grassellino , A. Romanenko , Fermilab, Batavia, Il 60510, USA∗

L.Ya. Vinnikov, ISSP RAS, Chernogolovka, Moscow District, 142432 Russia

Abstract
Magnetic flux penetration may produce additional losses

in superconducting radio frequency cavities. All the exist-

ing models for flux penetration are based on the formation

of Abrikosov vortices. Using Bitter decoration technique,

we have investigated magnetic flux distribution patterns in

cavity cutouts at perpendicular magnetic fields of 10-80

mT in field cooling regime and up to 120 mT in zero-field

cooling regime. At low fields <20 mT the magnetic field

penetrates in the form of flux “bundles” and not Abrikosov

vortices, the situation characteristic of type-I superconduc-

tors. With the increase of the magnetic field up to ∼30 mT

“bundles” first merge into a connected structure and then

break up into individual Abrikosov vortices at ∼60 mT and

a well-known intermediate mixed state is observed. Such

magnetic field driven transition from type I to type II super-

conductivity has never been observed before in any existing

superconductor. For the case of flat samples, we have ob-

served a coexistence of both “bundles” and Abrikosov vor-

tices in one experiment. Our results show that high-purity

cavity grade niobium is a “border-line” material between

type-I and type-II superconductors.

INTRODUCTION
Superconducting radio frequency (SRF) cavities are the

primary particle accelerating systems in many modern ac-

celerators and also a technology for future projects. The

main advantage of SRF cavities is an extremely low surface

resistance in the superconducting state and hence a very

high quality factor. A lot of studies have been produced

recently in an attempt to overcome limitations encountered

in niobium cavities, such as high-field Q-slope (HFQS) and

quench. Nevertheless, the physical mechanisms of SRF

losses are not yet fully understood. Among the possible

sources for SRF losses is magnetic flux penetration into the

superconducting layer. Using high resolution Bitter deco-

ration technique we have studied magnetic field distribu-

tion patterns in cavity cut-outs with different SRF losses

and also in cavity grade niobium samples at perpendicu-

lar magnetic field. The field orientation was different from

SRF geometry but still we hoped to extract important infor-

mation about superconducting properties of the material.

EXPERIMENTAL
Using the temperature mapping system at Jefferson Lab,

we identified locations exhibiting strong and weak RF

∗ aroman@fnal.gov

losses. Circular samples of 12 mm diameter were extracted

from the selected locations using the automated milling

machine. We also used flat samples cut by wire electron

discharge machining from fine grain RRR ∼ 300 niobium

sheets.

The decoration was performed by means of sputtering of

iron in helium atmosphere at pressure ∼0.1 Torr onto the

sample surface at temperatures below Tc. The tiny mag-

netic particles (several nm), formed directly near the sam-

ple surface during the sputtering process, reached the sam-

ple guided by interaction with the magnetic field and con-

centrated at the areas where magnetic field penetrated the

surface. The temperature was measured by a resistive ther-

mometer fixed to the substrate near the sample. After dec-

oration, the sample was warmed up to room temperature

and transferred to a scanning electron microscope (SEM)

to study the distribution of the magnetic particles.

The experiments were carried out in both field-cooling

(FC) and zero field-cooling (ZFC) regimes at temperatures

5,5-6,5 K and magnetic fields up to 80 mT FC/120 mT ZFC

directed perpendicular to the sample surface.

RESULTS
Successful imaging of flux distribution patterns was

achieved in the field-cooling regime at magnetic fields of

10, 32, 60 and 80 mT for hot (with high SRF-losses) spots

and 10 and 60 mT for baked (with low SRF-losses) spots.

At those magnetic fields where both hot and baked spots

were decorated, we did not see any difference between the

results for different samples.

At 10 mT, decoration patterns reveal a very interesting

feature, namely, no Abrikosov vortices are observed. A

typical SEM microphotograph is shown in Figure 1. White

are the regions with iron particles where magnetic field

penetrated the sample, while dark ones are the regions

without magnetic particles, i.e. Meissner ones. If mag-

netic field penetrated in the form of Abrikosov vortices,

their characteristic size would be several tens of nanome-

ters and intervortex distance would be half a micron. But

we see only much larger structures - “bundles” of a typical

size of more than 1 μm. Magnetic field distribution inside

such a bundle seems to be homogeneous (see Figure 1b).

The magnetic flux structure changes drastically when ex-

ternal magnetic field is increased. The pattern at a field of

32 mT is presented in Figure 2. Still there are alternating

regions with magnetic field and Meissner ones, but their

topology is completely different from that at 10 mT. Single

bundles are now merged into a “connected” structure. Still
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Figure 1: a) Decoration pattern at the magnetic field 10

mT reveals coexistence of “bundles” and Meissner regions.

Each bundle carries 80 magnetic flux quanta in average; b)

zoom-in of a single bundle.

no individual vortices are seen at high magnification.

At 60 mT there is still a coexistence of alternating mag-

netic and Meissner regions, but the internal structure of

magnetic regions is different - now they consist of indi-

vidual Abrikosov vortices (see Fig. 3b). Six clearly seen

sharp maxima in the Fourier transform pattern reflect the

long-range order in the vortex structure. The vortex den-

sity corresponds to a magnetic induction B0 of 760±50 Gs

for a hot spot and 740±50 Gs for a baked spot.

At 80 mT, Meissner regions disappear completely and

we see vortex lattice everywhere.

We have also carried out several experiments in the zero-

field cooling regime, where magnetic field was introduced

after cooling a sample down below critical temperature.

The maximal value of the magnetic field was 60 mT for

hot spots and 120 mT for baked spots. We did not observe

any penetration of magnetic field into samples in these ex-

periments.

To investigate if magnetic flux distribution is affected

by sample geometry, we have carried out two experiments

with differently treated flat samples in FC regime at 8

Figure 2: Magnetic flux structure for a hot spot at the

magnetic field 32 mT - “bundles” merge into a connected

structure : a) general view ; b) zoom-in; c) highest-

magnification image shows that no individual vortices are

resolved.

mT. One sample was just mechanically polished and 800◦

baked for 3 hours at high vacuum and the other was sub-

jected to the same treatments plus 20 μm buffered chemical

polishing material removal. We have found no difference

between these two samples but there is a significant differ-

ence in comparison with cavity cut-outs. For the case of

flat samples, we observe coexistence of regions with “bun-

dles” and regions with Abrikosov vortices right next to each

other (see Fig. 4) in one experiment.

DISCUSSION
Low-kappa (κ ≈ 1) superconductors like pure niobium

have a specific magnetic structure. At magnetic fields H
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Figure 3: Magnetic flux structure at the magnetic field 60

mT: a) general view - coexistence of magnetic and Meiss-

ner regions ; b) individual vortices are resolved inside mag-

netic regions at high magnification. Insert: Fourier trans-

form pattern.

satisfying Hc1(1 − D) < H < Hc1(1 − D) + DB0

where Hc1 is a lower critical field, B0 - material-dependent

constant and D - demagnetization factor, an intermediate

mixed state (IMS) consisting of alternating Meissner (with

zero magnetic inductance) and Shubnikov (with magnetic

inductance B0 ) phases [1] is formed. The reason is the

nonlocal character of the electrodynamics of low-κ super-

conductors, often referred to as “type II/1” superconductors

(in contrast to ‘type II/2” superconductors with κ � 1).

This behavior in some respects resembles type-I supercon-

ductors with the difference that there are Shubnikov regions

with individual Abrikosov vortices instead of normal do-

mains. B0 plays the role of Hc for type-I superconductors.

What we observe at high fields starting from 60 mT is a

typical IMS. However structures at low fields are different

and to our knowledge have never been observed before.

According to magnetic flux conservation law, magnetic

inductance inside fluxoids at 10 mT must be ≈ 400 Gs

Figure 4: Decoration pattern for a flat sample at the mag-

netic field 8 mT reveals coexistence of regions with bundles

and Abrikosov vortices.

(flux-free regions occupy 75 % of the sample surface). The

strange point to be mentioned is that this value is signif-

icantly lower than both the thermodynamical critical field

Hc (2000 Gs for Nb) and B0 at high fields (750 Gs). The

average number of magnetic flux quanta per bundle is ∼80.

If the bundle consisted of individual vortices, the intervor-

tex distance would be ∼ 200 nm. Since we clearly resolve

vortices at 60 and 80 mT, insufficient spatial resolution can-

not be the reason for observation of bundles.

Our interpretation of results at low fields < 60 mT is that

the magnetic field distribution inside bundles is uniform, as

is typical of type-I superconductors with κ < 1/
√
2. In-

deed, very similar structures consisting of “bundles” carry-

ing many magnetic flux quanta were observed for the case

of a type-I superconducting lead [2]. Another possible,

but in our opinion less realistic, scenario is that individ-

ual vortices are extremely mobile within the bundles, and

the spatially uniform field is the result of averaging through

the time of decoration process (several hundreds millisec-

onds). In both cases there must be something that prevents

vortices from leaving the bundle.

Hence we can conclude that there is a field-driven tran-

sition from “type I” to “type II” superconductivity. Usually

such results are explained by change of κ from below 1/
√
2

to above 1/
√
2. For example, temperature dependence of

κ [3] was assumed to be the reason for “type I”-“type II”

switch. But in classical models, κ does not depend on ex-

ternal magnetic field. The reasons for the field-driven tran-

sition are unclear for us and should motivate further theo-

retical studies.

Both characteristic size of bundles and “interbundle”

distance are of the order of several microns. This coin-

cides with the characteristic scale of inhomogeneities in
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Figure 5: Sample surface after buffered chemical polishing.

the distribution of dislocations over the sample obtained by

EBSD-based microscopy. The latter can also be roughly

estimated from sample microphotographs after buffered

chemical polishing (see Fig.5) - regions with different dis-

location densities have different etching rates. The coinci-

dence of the sizes of bundles and dislocation tangles allows

us to suggest that vortex interaction with dislocations may

be of importance.

Results observed on flat samples demonstrate that κ in

cavity-grade niobium is indeed very close to 1/
√
2. The

energy difference between “bundle” and “individual vor-

tices” configurations is very small and even slight spatial

variations of superconducting parameters can make either

of them preferable. Any correction to Ginzburg-Landau

model, neglected under any other conditions, may become

important. The big difference in results observed on flat

samples and cavity cut-outs can be attributed to different

type of interactions via stray-fields.

We have obtained the same results on hot and cold spots.

We think that for the geometry used in the experiments the

total magnetic energy is dominated by the bulk and we can

not make conclusions about surface superconducting prop-

erties. Magnetic field parallel to the samples still may pen-

etrate differently in hot and cold spots.

Zero-field cooling experiments demonstrate that pinning

must be taken into account when considering magnetic

field penetration into the sample. For the case of pinning-

free samples of such geometry, a magnetic field must have

already penetrated the samples earlier [4]. Another result

indicating importance of pinning is that intervortex dis-

tance in Fig. 4 corresponds to an external magnetic field

Happlied, not to B0.

CONCLUSION
Using high-resolution Bitter decoration technique we

have investigated how magnetic flux penetrates cavity-

grade niobium samples at different applied fields perpen-

dicular to the surface.

Zero-field cooling results show the importance of pin-

ning. It prevents magnetic field penetration deep into the

sample up to magnetic fields of at least 120 mT.

We have observed field-driven phase transition from

“bundle-type I” to “intermediate mixed state - type II” su-

perconductivity in both hot- and cold-spot cutouts. For the

case of flat samples we have observed coexistence of “type-

I” and “type-II” regions in one experiment.

All these features – importance of pinning, nearly van-

ishing or even attractive intervortex interaction, influence

of stray fields – must be taken into account to build a cor-

rect model for SRF losses due to flux penetration. Sim-

ple theoretical models, taking only Abrikosov vortices into

consideration, are not satisfactory.
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SURFACE DAMAGE AND EFFECTS OF HEAT TREATMENT ON LARGE 

GRAIN Nb CAVITIES* 
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Abstract 
Large grain Nb is being investigated for fabricating 

superconducting radiofrequency (SRF) cavities as an 

alternative to the traditional approach using fine grain Nb 

sheet.  Past studies have identified a surface damage layer 

on fine grain cavities due to deep drawing and 

demonstrated the necessity for chemical etching on the 

surface.  However, the underlying origin and mechanisms 

for the damage layer are not well understood, and similar 

exploration on large grain cavities is scarce.  In this work, 

electron backscattered diffraction (EBSD) is used to 

examine the cross-sections at the equator and iris of a 

half-cell deep drawn from large grain Nb.  Results 

indicate that the damage depends on crystal orientations, 

is different at the equator and iris, and is sometimes 

present through the full thickness of a cavity.  After 

EBSD, the specimens were heat treated at 800 ºC and 

1000 ºC, and the same areas were examined again for the 

effects of heat treatment on healing of the damage layer.  

Different responses were observed at the iris and equator 

despite the same annealing schedule. 

INTRODUCTION 

High purity Nb has been used to fabricate 

superconducting radiofrequency (SRF) cavities for 

particle accelerators over the past couple decades.  SRF 

cavities can be formed by deep drawing slices directly cut 

from Nb ingots with large grains, as an alternative to the 

well-established technique using rolled fine grain Nb.  

Thus far similar accelerating gradients have been 

achieved from both approaches, although the 

reproducibility for large grain cavities is not yet well 

established.  Large grain Nb slices have less uniform 

formability compared to fine grain Nb sheets, which leads 

to problems such as thickness variations and ridges at 

grain boundaries in deep drawing, and can affect cavity 

performance.  There is an ongoing debate in the SRF 

community as to whether the cost savings from 

eliminating the rolling steps justify the potentially less 

predictable manufacturing and performance 

characteristics of large grain cavities [1, 2]. 

The deformation behavior of large grain Nb in deep 

drawing is complicated and current understanding is 

preliminary.  Baars et al. made initial progresses in this 

direction by studying uniaxial tensile deformation of Nb 

single crystals [3].  A related and less complex issue is the 

surface damage due to the friction effects from the die in 

deep drawing.  Kneisel et al. identified the dependence of 

achievable accelerating gradients on the amount of 

material removed from cavity surface [2, 4] (Fig. 1).  The 

thickness for the surface damage layer was estimated to 

be 100~200 µm.  Therefore, removing surface material 

from deep drawn cavities by chemical processing has 

become normative for the SRF community.  However, the 

underlying mechanisms for surface damage have yet to be 

sufficiently explored.  Besides, the analysis was done on 

fine grain cavities, and it is of interest as to whether large 

grain cavities require a similar amount of damage layer 

removal in response to deep drawing.   

Another fabrication routine for SRF cavities is a heat 

treatment following deep drawing.  Various heat 

treatment schedules have been conducted in the SRF 

community [5], such as 600 °C for 10 hours, 800 °C for 

two hours, and 1000 °C for two hours, and no consensus 

has been reached as to which one is the most beneficial 

for cavity performance.  While it is commonly understood 

that heat treatments eliminate dislocations by mechanisms 

of recovery and recrystallization, it is desirable to obtain a 

more quantitative and mechanistic understanding about 

how many dislocations can be removed.  Also, 

Chandrasekaran et al. found that a heat treatment 

temperature above 800 °C contributes to the recovery of 

phonon peaks on single crystal and bi-crystal specimens, 

especially for the strained samples [6, 7].  This implies 

that a higher annealing temperature may be necessary for 

large grain cavities.  To examine this, the specimens were 

heat treated at 800 °C and 1000 °C for two hours and 

characterized again after the heat treatment.  

 
Figure 1: Dependence of achievable gradients on the 

amount of material removed from cavity surface [4]. 

 _____________________  
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Dislocations in a crystalline material exist in two forms 

[8, 9].  Geometrically necessary dislocations (GND) 

account for the lattice curvature, which is a slight change 

of crystal orientations within a grain.  Such orientation 

gradients can be revealed by plotting a local average 

misorientation (LAM) map, in which larger LAMs 

typically correspond to higher GND content.  Statistically 

stored dislocations (SSD) are slightly displaced 

dislocation pairs of opposite sign that do not contribute to 

the net orientation gradient.  SSDs mainly result from 

dislocations being randomly trapped during plastic 

deformation, and when there are adequate driving forces 

(e.g. elevated temperature), neighboring SSDs with 

opposite signs can move towards each other and 

annihilate themselves.   

Romanenko identified a correlation between LAMs and 

“cold” and “hot” regions of a large grain cavity, where 

higher LAMs correspond to hot regions [10].  The 

temperature increase from local heating increases the 

fraction of normally conducting electrons, which can 

cause thermal instabilities that locally degrade the 

superconducting state, so any potential sources for the 

heating need to be minimized.  A proposed explanation 

for the local heating is that the vibration of dislocation 

lines interferes with heat transfer [1].  Dislocations can 

affect cavity performance if they pin magnetic flux 

centers, resulting in the irreversibility of magnetization 

curves (energy loss during a cycle) [2].  These adverse 

effects of dislocations necessitate a heat treatment for 

recovery/recrystallization after deep drawing. 

MATERIALS AND METHODS 

This study used excess material removed from the 

equator and iris of a large grain cavity prepared by 

Jefferson Lab.  Two rings of excess material were first 

trimmed off the equator and iris, using electron discharge 

machining (EDM).  Then two specimens were extracted 

from the equator ring, and another one from the iris ring, 

as shown in Figure 2.  All three specimens contained a grain 

boundary and geometrical earing (heterogeneous 

deformation) features associated with the grain boundary.  

The cross sections of the specimens were hand ground 

with sandpaper to remove the EDM recast layer.  After a 

final round using 4000 grit sandpaper with a particle size 

of about 3 µm, the specimens were given a light chemical 

etching that removed another 10 µm material from the 

surface to provide a surface suitable for electron 

backscattered diffraction (EBSD) analysis using a 

scanning electron microscope [11].  In this study, an 800 

°C/2hr heat treatment was given to the iris specimen, and 

the two equator specimens were heat treated at 800 °C/2hr 

and 1000 °C/2hr. 

Various analyses can be performed using an EBSD 

dataset, one of which is based upon the LAM method.  

For a given data point, the LAM reports the average 

misorientations between all of its neighboring points 

surrounding a specified kernel.  Figure 3 illustrates a 

LAM calculation using the 2
nd

 nearest neighbor sampling 

 
Figure 2: Locations where the three specimens were 

extracted from a half cell provided by Jefferson Lab.  

Grain boundaries (GB) and a neck are indicated in the 

blown-up images on the left. Numbers mark roughly 

where each EBSD scan was done on the equator/iris (in 

cross reference with Fig. 4). As a convention, the 

concave side is the inside of a cavity, and the opposite 

being the outside. 

 

 
Figure 3: LAM calculations using the 2

nd
 nearest 

neighbor sampling area (for the point at the center, 

average the misorientations between all of its 

neighboring points connected by the short white lines 

surrounding the kernel) [12]. 
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Areas (cross sections) scanned on the equator specimens 
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Areas (cross sections) scanned on the iris specimen 

 

Figure 4: Secondary electron images for the 6 cross-

sectional areas examined by EBSD. Grain boundaries 

and the neck are marked in accordance with Fig. 2. The 

numbering is also the same as Fig. 2. 
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area [12].  For the point at the center, the LAM assesses 

all the point pairs connected by the short white lines.   

LAM results can be presented in the form of a colored 

map or a histogram.  In an LAM colored map, each EBSD 

data point is assigned a color from blue to red, 

corresponding to misorientations from 0 ° to a maximum 

(user defined).  Misorientations that are greater than the 

maximum are white.  In an LAM histogram, the angular 

range of misorientations is divided into small user defined 

bins, and the number of misorientations contained in each 

bin is counted, which determines the number fraction for 

each bin. 

RESULTS AND DISCUSSION 

Figure 4 shows the secondary electron images for the 6 

cross-sectional areas where the EBSD scans were 

Equator 1, EBSD

Equator 1 (800C)

 

 
Equator-3, EBSD

Equator-3 (1000C)

 
Figure 5: Normal direction orientation maps for the three 

equator scans (scale and legend are shared), before and 

after heat treatment (800 °C or 1000 °C for two hours).  

Grain boundaries are marked by black (>6 °) or white 

(3~6 °). 

Equator 1, LAM

Equator 1 (800C)

 
Equator 2, LAM

Equator 2 (1000C)

 

 
Figure 6: LAM maps for the three equator scans (scale 

and legend are shared), before and after heat treatment 

(800 °C or 1000 °C for two hours).  A color from blue to 

red represents a misorientation from 0 ° to 1.5 °. 
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performed.  The specimens were mounted such that the 

outside of the cavity (convex side) always faced upwards.  

A step size of 20 µm was used for each scan.  Normal 

direction orientation maps and LAM maps are shown in 

Figures 5-8 for the equator and iris.  For a better 

visualization of the effects of heat treatment, orientation 

and LAM maps from matching areas before and after heat 

treatment are shown above and below each other as a pair.  

Iris-1, EBSD

Iris-1 (800C)

 
Iris-2, EBSD

Iris-2 (800C)

 
Iris-3, EBSD

Iris-3 (800C)

 
Figure 7: Normal direction orientation maps for the three 

iris scans (scale and legend are shared), before and after 

heat treatment (800 °C for two hours).  Grain boundaries 

are marked by black (>6 °) or white (3~6 °). 

 

 

 

Iris 1, LAM

Iris 1 (800C)

 
Iris 2, LAM

Iris 2 (800C)

 

Iris 3 (800C)

Iris 3, LAM

 
Figure 8: LAM maps for the three iris scans (scale and 

legend are shared), before and after heat treatment (800 

°C for two hours).   
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The LAM maps are shown using the 2
nd

 nearest neighbor 

sampling area and a color scale from blue (0º) to red 

(1.5º).  The red and white color near the surface indicates 

larger local average misorientations than the blue and 

green in the bulk, which is evidence for surface damage. 

LAMs are dependent on grain orientations.  For 

example, the second pair in Fig. 6 (equator 2) shows that 

LAM values on the outer surface are greater in the right 

grain than in the left, and the difference is even bigger 

after heat treatment.  The heat treatment reduced the 

magnitude of orientation gradients inside the material, as 

the color became a stronger blue, which represents a more 

perfect crystal.  However, it did not change orientation 

gradients on the surface.  The high LAM values vary in 

depth from 50 to 200 µm, similar to the amount of 

material that is commonly removed by etching from the 

inside of the cavity.  Also, a comparison between the 

equator and iris in Figs. 6 and 8 reveals that the iris 

underwent a more severe deformation than the equator.  

Prior to heat treatment, the equator scans have large areas 

that are blue, while the iris scans are dominated by green, 

yellow and red.  However, the large residual strain at the 

iris provided a greater driving force for recovery and 

recrystallization, which can account for the more dramatic 

color change for the iris specimens after heat treatment.  

Furthermore, high LAM values are located near the 

surface region except around the grain boundary for the 

equator, while for the iris, large LAM values are present 

even in the bulk. 

The grain boundary shown on the first iris specimen in 

Figure 7 is not an original grain boundary prior to 

deformation.  The corresponding LAM map suggests that 

it could be a grain boundary induced by deformation.  

Since the boundary has large LAM values as indicated by 

the red and white, it appears to be a result of 

polygonization [8], where a low-energy configuration of 

dislocations developed where dislocations are equally 

spaced and lined up with each other.  This implies that a 

large bending strain occurred during deep drawing at the 

iris to cause an unbalanced population of dislocations of 

one sign to generate a low angle boundary.  Also, there 

must have been enough driving force for dislocations to 

rearrange themselves at room temperature, or, a 

preexisting low angle boundary became a trap for 

dislocation accumulation that led to the formation of a 

sharp boundary.   

Figure 9 shows the LAM histograms for all 6 scans 

before and after heat treatment.  Before heat treatment, all 

iris scans have larger LAMs than the equator scans, which 

is consistent with the observed color differences in the 

LAM maps.  Plus, heat treatment resulted in more 

dramatic changes in the iris than the equator, as all the 

LAM peaks for the iris scans have moved by a noticeable 

amount to the left.  On the other hand, the peak positions 

for the equator scans have not changed much, even after 

the 1000 °C heat treatment.  This inadequate recovery 

(removal of defect content) at the equator may account for 

why the equator is sometimes more susceptible to hot 

spots in cavity operations.  This is also in line with the 

observations in [7], where a larger strain tends to lead to a 

more complete recovery of phonon peaks after heat 

treatment.  

CONCLUSIONS 

EBSD analyses on the iris and equator specimens 

indicate that the surface damage from deep drawing 

depends on crystal orientations, is different at the equator 

and iris, and is severe even in the bulk at the iris.  The iris 

and equator responded differently to heat treatment due to 

their different internal stress and defect states.  While the 

800 °C/2hr may be sufficient for recrystallization to occur 

near the iris, a higher temperature seems to be necessary 

for the equator to achieve a similar degree of dislocation 

removal. 
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Figure 9: LAM histograms (summary view) for the 6 

EBSD scans before and after heat treatment. 
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STUDY OF SLIP IN HIGH PURITY SINGLE CRYSTAL NB FOR 
ACCELERATOR CAVITIES* 

D. Kang, D.C. Baars, T.R. Bieler#, Michigan State University, East Lansing, MI 48823, U.S.A.  
C. Compton, Facility for Rare Isotope Beams, East Lansing, MI 48823, U.S.A.  

 
Abstract 

SRF cavities can be formed by deep drawing slices 
from Nb ingots with large grains. Crystal orientation 
dependent slip system activities affect the shape change of 
ingot slices during deep drawing, and form a dislocation 
substructure that affects subsequent recrystallization and 
ultimately, cavity performance. Two groups of single 
crystal tensile specimens with different orientations were 
extracted from a large grain ingot slice. The first group 
was deformed monotonically to 40% engineering strain. 
Analysis suggests that slip on {112} planes controlled the 
work hardening behavior. The second group was heat 
treated at 800 ºC for two hours, and then 4 of them were 
deformed incrementally to 40% engineering strain using 
an in situ tensile stage. Crystal orientations and surface 
images were recorded at each increment of deformation. 
The results indicate that the heat treated group had lower 
yield strengths, and the rotations of crystals differed from 
corresponding specimens in the first group, indicating that 
different slip systems were active. Active slip systems 
were investigated and compared to the first group. 

INTRODUCTION 
Fundamental study of deformation in Nb dates back to 

almost 50 years ago, when several researchers used single 
crystal Nb to investigate active slip systems under various 
experimental conditions [1, 2]. However, due to the lack 
of industrial applications of Nb and the complexity of slip 
in body-centered cubic (BCC) systems, aside from the 
continuous efforts by Seeger et al. on slip in ultra-high 
purity Nb and other BCC metals [3], little in-depth 
attention has been given to Nb since then. The trend has 
changed in the past couple decades though, when Nb has 
become the material to fabricate superconducting 
radiofrequency (SRF) cavities for particle accelerators. 
Currently there are a number of research groups in the 
SRF community focusing on the material properties of Nb 
that are related to cavity performance. 

One of the ultimate goals in cavity design is to establish 
a model that integrates the grain orientations of an ingot 
slice, slip activities during deep drawing, and dislocation 
substructure evolution due to slip system interactions, 
which governs recrystallization from heat treatment and 
welding. Then it would be possible to simulate/predict the 
final microstructure of a cavity (hence its performance) 
based upon the initial grain orientations [4].  

In order to understand the slip system behavior during 
deep drawing of large grain Nb, it is first necessary to 
know how slip occurs in the uniaxial tensile deformation 
of single crystal Nb. Baars et al. has made initial 
investigation in this direction [5]. Some of these findings 
are highlighted in the results and discussion section, as a 
foundation for this work, which compares slip behavior of 
Nb in samples taken from an ingot slice, before and after 
an 800 ºC anneal. 

MATERIALS AND METHODS 
To investigate slip systems activities in Nb, 12 sets of 

single crystal specimens were extracted from a large grain 
Nb ingot slice (Fig. 1). Each set contained three parallel 
specimens from the same grain, so the three have similar 
crystal orientations. The orientations were chosen to 
initially favor either a single slip system or a particular 
combination of slip systems. A letter from O to Z is 
designated to each set of specimens, and for the three 
specimens in a set, number 1 denotes the specimen 
marked with a black dot, and numbers 2 and 3 follow 
downwards. Specimens from groups 2 and 3, O2 through 
Z2, and O3 through Z3, have been used for tensile tests of 
annealed and as-received conditions, respectively. The 
dimensions for the specimens are shown on the left of 
Fig. 1, which are a shrunk version of ASTM E8-04 
standard for sub-size specimens. 

Group 3 specimens were electropolished after being 
extracted from the ingot slice. Nine of them were 
deformed monotonically to 40% engineering strain using 
a tensile tester (Instron 4302), with a loading rate of 1 
mm/min. Group 2 were also electropolished, and then 
heat treated at 800 ºC for two hours to remove preexisting 
dislocations formed during ingot production. Four 
specimens from group 2 have been deformed in situ 
inside a scanning electron microscope using an Ernest 
Fullam stage, with a strain increment of ~10% followed 
by characterization. Slip traces and grain orientations 
were recorded at each stage of deformation, at 3 locations 
along the gauge length. The engineering stress-strain 
curves are compared to those from group 3, to identify the 
effects of heat treatment on the deformation behavior. 

RESULTS AND DISCUSSION 
The engineering stress-strain curves for group 3 

(without heat treatment) are shown in Fig. 2. The majority 
of specimens exhibited a stage of easy glide that is 
characteristic of single crystals, while specimen U3 had a 
stress-strain behavior that hardened more than a typical 

 _____________________  
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Figure 1: Layout of the tensile specimens from an ingot slice. Dimensions are shown on the left [5]. 

 

 
Figure 2: Engineering stress-strain curves for group 3 specimens (without heat treatment). The inverse pole 
figures on the lower right corner indicate starting and ending orientations for each specimen [5]. 
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poly-crystal. The inverse pole figure on the lower right 
corner shows the starting (black) and ending (white) 
locations of tensile axes for each specimen. 
   One noteworthy specimen is T3 (green curve). It was 
oriented to initially favor a single [1-11](110) slip, so easy 
glide was expected. However, the fact that hardening 
started immediately after yielding contradicts the 
assumption of single slip. One possible explanation is that 
the two {112} slip systems with slightly smaller Schmid 
factors and different <111> slip directions were activated 
at the beginning instead of the (110) system. The 
interaction between dislocations slipping in different 
directions may account for the hardening because the 
different slip directions intersect with each other. In fact, 
the initial portion of the stress-strain curve of T3 
resembles that of P3, which had an orientation that favors 
two {112} slip systems with different slip directions, 
suggesting that the two specimens had the same 
hardening mechanism. This suggests that {112} slip has 
an advantage over {110} slip in T3. 

An analysis of the relationship between {110} and 
{112} systems revealed that the initial hardening rate for 
most of the 9 specimens is correlated with the relative 
Schmid factor values on the two most highly stressed 
{112} slip systems with different slip directions. Figure 3 
shows that specimens with large differences between the 
initial resolved shear stresses on intersecting {112} slip 
systems tended to have low initial hardening, while 
specimens with small differences tended to have high 
initial hardening. The other two slip system interactions 
({110} with {110}, {110} with {112}) were also 
investigated, but neither was correlated with the initial 
hardening rate. This further supports the argument that 
{112} slip was favored over {110} and dominated the 
deformation behavior. 

In situ tensile tests were performed on heat treated 
specimens Q3, R3, T2 and W2. Figure 4 shows the 
engineering stress-strain curves for all of them, in 
comparison with their corresponding specimens without 
heat treatment. The noisy nature of the curves is due to a 
different load cell system with a lower resolution. After 
heat treatment, the yield and flow strengths decreased 
significantly for all 4 specimens, and there was no longer 
a slight drop of flow stress right after yield that is present 
in the specimens without heat treatment. This implies that 
the dislocations initially present in the ingot play an 
important role in deformation, and that the heat treatment 
removed most of these dislocations effectively. 

Figure 5 shows the evolution of the tensile axes in the 
inverse pole figures for the 4 heat treated specimens 
during deformation. A comparison with the overlaid as-
received specimens (initial and final orientations in black 
and white triangles) reveals that the deformation paths 
have a different rotation direction, even though the 
specimens have nearly identical starting orientations. This 
implies that preexisting dislocations affect which slip 
systems were activated during deformation, although the 
small differences in initial orientations might have also 
contributed to the divergence after 40% strain. 

Figure 6 illustrates the orientation evolution with 
deformation for a heat treated specimen (R3) and its 
corresponding as-received specimen (R2). They started 
off with a small difference in orientations (a 
misorientation of 1.83°), but the as-received R2 had a 
much greater crystal rotation after 40% strain than R3. As 
a result, their ending orientations differ from each other 
by about 14°. 
 

 
Figure 3: The table on the right lists specimens in the order of decreasing differences between primary and secondary 
{112} slip systems, which corresponds to increasing initial hardening rates as shown in the zoomed image on the 
bottom left [5]. 
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T3
Q3

R2

W3

T2

Q2
R3

W2

 
Figure 4: Engineering stress-strain curves for the 4 heat treated specimens deformed in situ (“noisy” curves), in 
comparison with corresponding specimens without heat treatment. 
 

 
Figure 5: Inverse pole figures showing the evolution of tensile axes with deformation. The tensile axes for 
corresponding as-received specimens are overlaid with black (initial) and white (final) triangles for a comparison. 
 

 
Figure 6: An illustration of orientation evolution with deformation for heat treated (R3) and as-received (R2) 
specimens. The orientation at each stage is presented in Bunge Euler angles (φ1 Φ φ2). 
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Slip trace analyses were performed on the 4 heat treated 
specimens, an example of which is shown in Figure 7. 
Typically no slip traces were visible on the specimens 
until about 20% strain, suggesting that “homogenous” slip 
(where dislocations move through the crystal smoothly 
and exit the crystal freely) accounts for the lack of traces 
at low strains. Also, only {110} traces were observed on 
the 4 specimens, although more tests are needed to 
determine if this is a trend. The very linear traces differ 
from traces observed in the as-received specimens, which 
had a range of orientations that suggested bursts of slip in 
the same direction, but on different planes. These 
differences may be related to a greater amount of core 
relaxation in the as-received specimens, or the effects of 
internal strains that altered the core structure to favor 
{112} slip [6-9]. 
 
W2

Figure 7: an example of slip trace evolution with 
deformation of 3 locations on heat treated W2. 

CONCLUSIONS 
Recent study of slip in as-received specimens sliced 

from an ingot has demonstrated that slip on {112} planes 
is favored over {110} under the uniaxial test conditions. A 
heat treatment alters the deformation behavior of single 
crystal Nb significantly. Homogeneous slip on {110} 
planes may account for the lack of observable slip traces 
at early stages of deformation. This implies that the prior 
strain history (and hence, the dislocation content) has a 
large effect on which slip systems are favored to operate. 
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PROBING HOT SPOT AND COLD SPOT REGIONS OF SRF CAVITIES 
WITH TUNNELING AND RAMAN SPECTROSCOPIES 

C. Cao, J.F. Zasadzinski*, IIT, Chicago, IL 60616, USA 
N. Groll, T. Proslier, ANL, Argonne, IL 60439, USA 

A. Grassellino, L. Cooley, Fermilab, Batavia, IL , 60510 USA 
G. Ciovati, JLAB, Newport News, IL 60439, USA 

Abstract 
Point contact tunneling (PCT) and Raman 

spectroscopies are presented on high purity Nb samples, 
including pieces from hot spot and cold spot regions of 
tested SRF cavities and Nb coupons subject to similar 
treatment. Near ideal tunneling spectra with sharp 
coherence peaks and low zero bias conductance were 
observed on cold spot samples (Fermilab and Jlab), 
revealing the bulk Nb gap at the surface, with minimal 
smearing of the density of states (DOS).  Hot spot 
samples exhibit high smearing suggestive of pair breaking 
along with generally lower superconducting gap.  In 
addition, pronounced zero bias conductance peaks were 
frequently observed in hot spot regions indicative of spin-
flip tunneling from magnetic impurities in the oxide layer.  
Optical microscopy reveals higher density of surface 
blemishes on hot spot samples.  Raman spectra inside 
those blemishes show clear difference from surrounding 
areas, exhibiting enhanced intensity peaks identified as 
either amorphous carbon, hydrocarbons or the ordered 
NbC phase.  The presence of surface NbC is consistent 
with TEM studies.  Regions with excess C and O have 
been found by SEM/EDX spectroscopy in the hot spot 
samples, corroborating the Raman results.  Such regions 
with high concentrations of impurities are expected to 
suppress the local superconductivity which may explain 
the observation of reduced gaps and the formation of hot 
spot regions at high accelerating field.  We have found the 
development of high surface carbon regions to be a 
general consequence of strain in all Nb samples.  

INTRODUCTION 
Superconducting radio frequency (SRF) cavities, 

having Q values orders of magnitude higher than normal 
Cu are essential for high energy particle accelerators. SRF 
cavities made from high purity Nb plates involve 
numerous processing steps including deep drawing, acid 
etching and annealing. The connection between 
processing and the surface superconductivity relevant for 
cavity operations is still not well understood [1].
Analytical techniques that can easily measure the surface 
superconductivity and material properties are needed.  
Here we present PCT spectroscopy which probes the 
surface superconductivity directly and Raman 
spectroscopy that probes molecular vibrational modes as 
well as bulk phonons via inelastic scattering. 

EXPERIMENTAL 
Various Nb samples were investigated including cold 

spot (C8) and hot spot (H2) samples of a high field Q 
slope cavity from Fermilab, hot spot (Jlab #3,4,9,10,11, 
and 12) [2] samples from Jlab and sample A from Jlab 
which underwent 4 min BCP, 62 micron EP, 600 C 
annealing for 10 hours and 30 micron EP.  A 40% 
strained Nb foil was also tested. 

Tunneling junctions were formed by using a 
mechanical contact between the Nb sample and a Au tip. 
Raman spectroscopy was performed using a Renishaw, 
inVia Raman microscope with a 785 nm laser source, 10s 
exposure time, 100% laser power (50mW), and a 50X 
objective lens. The estimated probing depth for Nb is 20 
nm. SEM/EDX measurements were performed using 
Hitachi S-4700 FESEM and EDXS acquisition system. 

RESULTS AND DISCUSSION 

Hot Spots versus Cold Spots 
PCT spectra show clear difference between hot and 

cold spots. On cold spots we observe near ideal tunneling 
spectra with sharp coherence peaks and low zero bias 
conductance. Data fits using Blonder-Tinkham-Klapwijk 
(BTK) model [3] show gap values expected for bulk Nb 

 

Figure 1: A spectrum taken from Fermilab cold spot C8. 
BTK fit shows bulk Nb gap and very small smearing.   
Inset shows the distribution of ∆ found in 35 junctions. 
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and Dynes Γ values (pairbreaking energy [3]) that are 
low, less than 5% of ∆. A typical junction and its BTK fit 
measured on Fermilab cold spot C8 are shown in Fig. 1.  
Such data reveal a high quality Nb superconducting 
surface, consistent with the region being a cold spot.  

 Hot spots show a higher density of surface blemishes 
than cold spots under a microscope and PCT 
measurements reveal suppressed surface 
superconductivity. Figure 2 shows a collection of 
junctions measured on Fermilab hot spot H2.  BTK fits 
yield smaller gap values indicative of regions with lower 
Tc. The inset shows a distribution of ∆ to as low as 1 
meV. In addition we observed spectra with pronounced 
zero bias conductance peak as shown in Fig.3. This is 
evidence of Kondo spin-flip tunneling, indicating 
magnetic moments in the niobium oxide layer. [4] Such 
spectra are observed much more frequently on hot spots 
compared to cold spots.  

Chemical Composition of Surface Blemishes 
 Hot spots are correlated with large density of surface 

blemishes, including etch pits [2] and other rough patches 
typically ~10-20 µm on edge.  The chemical composition 
of those blemishes was studied utilizing Raman and EDX 
spectroscopy. In addition to hydrocarbon and amorphous 
carbon reported in Ref. [5], we also observed Raman 

spectra that resemble ordered NbC. In Fig. 4 is shown a 
line scan across a blemish on sample A.  Colored dots on 
the right image indicate the location where the same 
colored spectra on the left were taken. Regions outside the 
blemish show low, flat Raman spectra, indicating no 
impurity complexes.  However, inside the blemish the 
Raman spectra show striking differences, with 
pronounced peaks. Such spectra were also observed on 
Jlab hot spots and the strained foil.  

 

Figure 2: Spectra taken from Fermilab hot spot sample 
H2. Inset shows the distribution of gap values found in 
35 junctions. 

 
Figure 3: Spectra with pronounced zero bias 
conductance from Jlab hot spots, indicative of Kondo 
tunneling. 

 

Figure 4: Line scan of a blemish on Jlab sample A 
showing ordered NbC modes. Color of the spectra 
corresponds to colored dots on the microscopic image. 

 

Figure 5: SEM image taken from a 40% strained foil. Red 
circles indicate regions with excess carbon. 
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 A comparison of a spectrum found on Jlab hot spot and 
that of NbC0.98 reported in Ref. [6] shows strong 
agreement, indicating that these spectra are from NbC 
inclusions near the surface. Recent TEM measurements of 
strained, etched and annealed Nb rods reveal NbC 
inclusions at the surface. [7]  

 A high purity Nb foil from Alpha Aesar was strained 
by 40% to simulate deep drawing done on SRF cavities. 
SEM image of the strained foil show high density of dark 
patches indicated by red circles in Fig. 5. EDX mapping 
on the dark patches reveals excess carbon. Figure 6 shows 
an example. Such impurities are expected to suppress 
local superconductivity and increase dissipation. This may 
explain the formation of hot spots. 

 CONCLUSIONS 
PCT spectroscopy can be used as a predictive tool of 

the performance of SRF cavities. Cold spots show near 
ideal spectra, close to that of bulk Nb, and hot spots show 
spread of gap values and increased broadening. Hot spots 
also display Kondo tunneling indicative of magnetic 
moments in the oxide layer. Surface blemishes are 
observed on both cold and hot spots, however the areal 
density of such blemishes is much higher on hot spot 
regions. Raman spectroscopy reveals that these blemishes 
are excess C regions in various forms, including 
hydrocarbons, amorphous carbon [5] and ordered NbC.  
SEM and EDX spectra confirm the presence of excess 
carbon. Regions with high concentration of carbon are 
also indicating the presence of other impurities such as 
hydrogen (via hydrocarbon formation) and oxygen. The 
correlation of these excess C regions with the 
observations of magnetic moments in the oxide is not yet 
understood. The hot spot regions are revealing an array of 
complex defects, such as impurities, inclusions and 
magnetism, each of which may be playing a role as a 
cause of dissipation (hot spots) at high accelerating field. 
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Figure 6: EDX mapping of a blemish on the strained 
foil shows excess carbon. 
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Abstract 
In an attempt to correlate the performance of 

superconducting radiofrequency cavities made of niobium 

with the superconducting properties, we present the 

results of the magnetization and ac susceptibility of the 

niobium used in the superconducting radiofrequency 

cavity fabrication. The samples were subjected to buffer 

chemical polishing (BCP) surface and high temperature 

heat treatments, typically applied to the cavities 

fabrications. The analysis of the results show the different 

surface and bulk ac conductivity for the samples 

subjected to BCP and heat treatment. Furthermore, the RF 

surface impedance is measured on the sample using a 

TE011 microwave cavity for a comparison to the low 

frequency measurements. 

INTRODUCTION 

Bulk niobium (Nb) has been the material of choice 

for the superconducting radiofrequency (SRF) cavities 

used in charged particle accelerators around the world. 

The fabrication of these complex three dimensional 

structures includes the deep drawing of the sheet Nb, 

electron beam welding, mechanical and chemical 

polishing, high temperature heat treatment and low 

temperature baking. These processes are commonly used 

to achieve high accelerating gradient and quality factor in 

SRF cavities. One of the issues towards achieving 

increasingly higher fields is the occurrence of a sharp 

increase of the radio frequency losses when the peak 

magnetic field, Bp, reaches about 90 mT, consequently 

limiting the operational accelerating gradient of SRF 

cavities [1].This phenomenon is referred to as high field 

Q-slope or Q-drop. Besides the Q-drop, several factors 

are limiting the high gradient and quality factor, such as, 

field emission, multipacting, residual resistance and 

thermal instabilities. 

The performance of the SRF cavities typically depends 

on the superconducting properties within the rf 

penetration depth (~40 nm). The bulk of the 

superconductor is also important for the mechanical and 

thermal stabilization of the SRF cavities. The 

superconductivity can persist in a thin surface layer of the 

type-II superconductor above the bulk upper critical field, 

Hc2. The thickness of this superconducting sheath is of the 

order of the coherence length (~40 nm for Nb) 

comparable to the microwave penetration depth. Thus, 

understanding the mechanism and properties of this 

superconducting sheath is important to understand the 

mechanism of the RF losses in SRF cavities. When the 

magnetic field is parallel to the cylindrical samples, the 

surface superconducting sheath is of the form of a hollow 

cylinder and persistent current is induced on the surface 

during the increase in the external magnetic field. This 

screening current produces a hysteresis effect on the 

magnetization curve. In this contribution, we present the 

study of AC/DC and RF superconducting properties of 

the ingot niobium which was subjected to several 

chemical and heat treatments in an attempt to correlate the 

performance of SRF cavities. 

EXPERIMENTAL SETUP 

The dc magnetization of the samples was measured 

using the single coil magnetometer as described in Ref. 

[2]. The magnetization measurement were carried out on 

a cylindrical samples of length 120mm and diameter 

12mm with concentric hole of 8 mm in the centre with 

one end closed. The samples were subjected to several 

chemical and heat treatment procedures. The details of 

experimental setup are described in Ref. [3]. The same 

sample was used to study the RF properties using the 

TE011 cavity [4]. 

AC susceptibility was measured using a home-made 

setup to the SQUID magnetometer as described in Ref. 

[5]. In-phase and out-of-phase components of the ac 

susceptibility at the fundamental frequency and the 

response at the second and third harmonics were 

measured using the pick-up coil method. A cylindrical Nb 

sample with diameter 2.9 mm and length 23 mm, cut out 

from ingot niobium was inserted into one coil of a 

balanced pair. The unbalanced signal as a function of the 

external parameters such as temperature, DC magnetic 

field, frequency, and amplitude of excitation was 

measured by a lock-in amplifier. The sample was cooled 

down in zero magnetic field and then a dc magnetic field 

was applied. The amplitude and phase of the unbalanced 

signal were measured. We assume that in a zero dc field 

at low temperatures and low amplitude of excitation the 

losses are negligible and the in-phase component of the ac 

susceptibility does not depend on frequency and equals -

1/4π. This assumption permits us to get the values of χ’ 

and χ’’ in absolute units at other DC fields and 

temperatures. The DC magnetic fields H0, and AC field 

h0, were parallel to the cylindrical sample. The 

measurements were performed at T = 4.5 K. 

RESULTS AND DISCUSSIONS 

Magnetization 
Figure 1 shows the result of magnetization 

measurements carried out at temperature 2K after several 

heat and surface treatments. The hysteresis (irreversible 
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magnetization) in the magnetization curve and several 

flux jumps were observed for all measurements. The first 

flux penetration as well as the upper critical field can be 

extracted from these measurements. The area of 

hysteresis after the high temperature heat treatment 

reduces due to the reduction of the interstitial impurities 

from the bulk. The upper critical field for the BCP treated 

sample is much higher (~0.5 mT), possibly due to the 

induced currents in the surface sheath contributing to the 

magnetic irreversibility by shielding the bulk of the 

superconductor in increasing and decreasing fields 

[6 ]. However, this is not observed after subsequent 

treatments, suggesting a reduction of the surface pinning 

centers after the first heat treatment. The field of first flux 

penetration and the upper critical field remain close for 

the sample treated with the low temperature baking and 

EP surface treatment. 

-8

 

 
Fig. 1: The result of magnetization measurements carried 

out on an ingot niobium sample at 2 K which was 

subjected to several chemical and heat treatment typically 

applied to SRF cavities. 

 

AC Measurements 
Figure 2 shows the difference between measurement in 

point-by-point mode and in a swept field with dH 0/dt = 

20 Oe/s of susceptibilities χ’ and χ’’ for samples LG1and 

LG2. The sample LG1 was subjected to BCP surface 

polishing whereas, sample LG2 was heat treated at 600 

C for 10 hours in a UHV furnace after BCP. The 

sweeping of the DC field affects the AC response both in 

the mixed and surface superconducting states. The effect 

of a swept field is more noticeable at low frequencies. We 

found that in a swept mode there are some peculiarities of 

χ near Hc1 and Hc2. These peculiarities provide evidence 

of the change in the underlying mechanism that is 

responsible for forming the AC response in the mixed and 

surface superconducting states.  Above Hc3 the 

susceptibility of the sample is defined by the normal 

conductivity.  

Findings for H0>Hc3 allowed us to estimate the normal 

conductivity of the samples at 4.5 K. Thus for LG1 σ = 

8.0×10
18

 s
-1

 and for LG2 σ = 1.3×10
19 

s
-1

.  Experiment 

demonstrates that in point-by-point mode frequency 

dispersion and nonlinearity (third harmonics) appeared 

for Hc2 < H0< Hc3. At the same time, in a swept field 

mode frequency dispersion and nonlinearity, including 

second harmonic signal, appeared for H0 > Hc1 possibility 

of the vortex moving during a part of the ac period only. 

Such type of the behavior well coincides with our 

previous observation on single crystal niobium and thin 

film niobium [9, 10]. 

Fig. 2: Field dependence of χ’ and χ’’ in point-by-point 

mode and a swept field modes for LG1 (upper panel) and 

LG2 (lower panel) samples. 

 

RF Measurements 
Once the sample was measured for magnetization, the 

sample was inserted in a pill-box cavity forming a coaxial 

resonator [3]. The maximum surface magnetic field 

occurs in the middle of the sample the coaxial geometry, 

while it is in the middle of the cylinder in the case of the 

empty cavity. The ratio of the magnetic field on the 

sample surface to the cavity surface is 2.2. Furthermore, 

the total power dissipated on the sample over the total 

dissipated power in the cavity per unit resistance Rs is 

30.4%. The cavity was tested without the sample and with 
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the sample inserted and the surface resistance of sample 

can be calculated as 
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Figure 3 shows the surface resistance of the sample as a 

function of the peak magnetic field measured using the 

TE011 microwave cavity at 3.5 GHz.  The maximum field 

was limited by the critical heat flux through the cooling 

channel in the center of the sample. 

 

Fig. 3: Surface resistance as a function of the peak 

magnetic field measure at 3.58 GHz using the TE011 

cavity for the sample subjected to BCP and HT.    

SUMMARY 

The magnetization, AC susceptibility and RF properties 

were measured for the sample subjected to BCP and heat 

treatments. The magnetization measurements showed the 

reduction of the hysteresis area after the heat treatment 

corresponding to the reduction of impurities (pinning 

centers from the bulk). The AC measurements showed 

increased normal state conductivity after the heat 

treatment as well as an increase in the ratio of critical 

field Hc3/Hc2 after the heat treatment, most likely due to 

the reduction of the electronic mean free path in the 

surface of the sample [11]. It is found that in a swept DC 

field conductivity near the surface differs from the bulk 

one. The conductivity in mixed state depends on the 

excitation amplitude, frequency and sweep rate. As 

expected, the microwave surface resistance of the sample 

as function of field showed a reduction in surface 

resistance after the heat treatment. Since the highest peak 

magnetic field is limited by the critical heat flux through 

the cooling channel, a better cooling channel is planned. 

This TE011 cavity which will be capable of measuring the 

RF breakdown field for other alternative superconducting 

materials such as NbN, Nb3Sn, and MgB2.  

Currently, there is no conclusive correlation to the RF 

performance to the sample studies since the measurement 

are done on two different set of samples but further 

measurements of the DC magnetization and AC 

susceptibility are planned for the sample heat treated at 

higher temperature (~1600 C) and will be compared 

these results of recent cavities performances [12]. 
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EVIDENCE OF MAGNETIC BREAKDOWN ON THE DEFECTS WITH
THERMALLY SUPPRESSED CRITICAL FIELD IN HIGH GRADIENT

SRF CAVITIES∗

G. Eremeev† , A. D. Palczewski
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, U.S.A.

Abstract
At SRF 2011 we presented the study of quenches in

high gradient SRF cavities with a dual mode excitation
technique [1]. The data differed from measurements done
in 80’s that indicated a thermal breakdown nature of
quenches in SRF cavities [2]. In this contribution we
present analysis of the data that indicates that our recent
data for high gradient quenches is consistent with magnetic
breakdown on defects with thermally suppressed critical
field. From the parametric fits derived within the model
we estimate the critical breakdown fields.

INTRODUCTION
One of the fundamental questions about RF properties

of superconductors is the ultimate limitation in RF fields.
The best SRF cavities lose their superconductivity at about
Bpeak = 180 - 200 mT, which is close to niobium thermody-
namic critical field. How the cavity breakdown field relates
to the material critical field is not evident, because RF fields
heat up the surface and magnetic and thermal effects on the
superconducting RF breakdown become entangled.

To distinguish between thermal and magnetic effects on
the superconducting RF breakdown, simultaneous excita-
tion of two modes have been preformed in the past [2].
The data was fitted with the expected behavior for ther-
mal breakdown. Our data deviates from the the behavior
observed in the past. Here, we show that the data can be
explained within a model, in which the critical magnetic
field is adjusted for RF surface temperature change due to
RF dissipation.

RF BREAKDOWN MODEL
Temperature mapping results on superconducting RF

cavities show that in the medium field region the field de-
pendence of the measured temperature is approximately
quadratic, so we will assume that RF surface temperature
can be expressed as:

TRF
∼= T0 + C ·H2, (1)

In the case when two modes are mixed, the product of two
fields will vanish when averaged over time due to differ-

∗Authored by Jefferson Science Associates, LLC under U.S. DOE
Contract No. DE-AC05-06OR23177. The U.S. Government retains a
non-exclusive, paid-up, irrevocable, world-wide license to publish or re-
produce this manuscript for U.S. Government purposes.
† grigory@jlab.org

ent resonant frequencies, and so the temperature can be ex-
pressed as:

TRF
∼= T0 + C · (H2

1 +H2
2 ) (2)

We will assume that the magnetic breakdown occurs
when the sum of RF field amplitudes exceeds the RF crit-
ical field, i.e., H1 + H2 = HRF

crit(T ), and we will use the
quadratic approximation for the temperature dependence of
the thermodynamic critical field [3] to model the tempera-
ture dependence of RF critical field:

Hc(TRF ) = Hc

(
1−

(
TRF
TC

)2
)
, (3)

where Hc is Hc(0), the critical field at zero temperature,
Tc is the critical temperature, and TRF is the temperature
of the RF surface. Lastly, we will assume that, if two RF
fields are applied, then the critical condition is when the
sum of the field amplitudes of two modes is equal to the
critical magnetic field:

H1 +H2 = Hc

(
1−

(
T0 + C · (H2

1 +H2
2 )

TC

)2
)
, (4)

where Tc and Hc are the critical temperature and the mag-
netic field, and we used (1) for RF surface temperature.
When only one field is applied:

Hmax = Hc

(
1−

(
T0 + C ·H2

max

TC

)2
)
, (5)

where Hmax is the breakdown field amplitude. Equations
(4) and (5) can be reduced to:(

H1

Hmax
+

H2

Hmax

)
+

2HcT0HmaxC

T 2
c

×

((
H1

Hmax

)2

+

(
H2

Hmax

)2
)
+

HcH
3
maxC

2

T 2
c

×

((
H1

Hmax

)2

+

(
H2

Hmax

)2
)2

= 1 +
2HcT0HmaxC

T 2
c

+
HcH

3
maxC

2

T 2
c

(6)

If we define 1/α=1+ 2HcT0HmaxC
T 2
c

+
HcH

3
maxC

2

T 2
c

and normal-
ize the fields H1 and H2 to Hmax, the resulting equation
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can be written in terms of α, T0, Tc and normalized fields
H̃1 and H̃2 as:

α(H̃1 + H̃2)+

2
T 2
0

T 2
c − T 2

0

(√
T 2
c

T 2
0

(1− α) + α− 1

)
(H̃2

1 + H̃2
2 )+

T 2
0

T 2
c − T 2

0

(√
T 2
c

T 2
0

(1− α) + α− 1

)2

(H̃2
1 + H̃2

2 )
2 = 1

(7)

To understand the physical meaning of α quantitatively,
we expand the equation (4) and, after combining with equa-
tion (6) and the definition of α, the fitting parameter α can
be re-written as:

α =
Hmax

Hc

(
1−

(
T0

TC

)2) (8)

This expression illustrates the physical meaning of the fit-
ting parameter α. The fitting parameter quantifies how
much the material critical field is suppressed due to RF sur-
face temperature increase over the liquid helium bath tem-
perature. In analogy with geometrical field enhancement
factor, α can be called the thermal suppression factor.

Let us consider two limiting cases. First, we will assume
that α is close to 1, that is α = 1 − δ, where δ << 1.
Expanding equation (7) and dropping quadratic and higher
order terms in δ, we obtain the following expression for
mode-mixing:

α(H̃1 + H̃2) + (1− α)(H̃2
1 + H̃2

2 ) = 1 (9)

From this equation we can see that α = 1 means a purely
magnetic quench. As α departs from one, the thermal ef-
fects become more pronounced.

Let us assume that α is close to 0, that is α = o(1).
Combining eq. 8 and eq. 5, we can reduce eq. 1 to:

Hmax =

√
Tc − T0
C

, (10)

which resembles the expression for the thermal breakdown
in [4].

EXPERIMENTAL DATA FITS AND
DISCUSSION

Measured mode-mixing data is normalized to the quench
field in each mode and presented on an x-y plot. Each data
point on the x-y plot corresponds to a single RF breakdown
event during mode-mixing. The abscissa of the point is
equal to one of the mixed fields’ normalized amplitude; the
ordinate of the point is equal to the other field’s normalized
amplitude. As the result, an x-y dependence connecting
points (0,1) and (1,0) is plotted. To fit the experimental

Figure 1: RF mode-mixing measurements of TB9NR001,
TB9RI023, and JLab-LG-1. Open blue squares present the
data for 6π/9 and 5π/9 mode mixing in TB9RI023; the blue
solid line present the best fit using (7) with the best fit α of
0.58 ± 0.02. Open red circles and triangles present the data
for π & 7π/9 and 3π/9 & 7π/9 of TB9NR001 mode mixing;
the best fits are presented with solid and dot red lines; the
best fits for α are 0.20 ± 0.01 and 0.19 ± 0.01 respectively.
JLab-LG-1 π & 6π/9 mode-mixing results are shown with
black rhombs. The best fit α = 0.63 ± 0.00 is shown with
the solid black line.

data we used:

α(H̃1 + H̃2)+

2
T 2
0

T 2
c − T 2

0

(√
T 2
c

T 2
0

(1− α) + α− 1

)
(H̃2

1 + H̃2
2 )+

T 2
0

T 2
c − T 2

0

(√
T 2
c

T 2
0

(1− α) + α− 1

)2

(H̃2
1 + H̃2

2 )
2 = 1,

(11)

where α is a fitting parameter and H̃1 and H̃2 are the field
amplitudes of each mode normalized to the maximum field
amplitude measured with single-mode excitation. The crit-
ical temperature Tc is set to 9.25 K, and the bath tempera-
ture T0 is set to 2 K.

In Fig. 1 the results from dual mode excitation measure-
ments of π & 7π/9 and 3π/9 & 7π/9 modes along with the
best fits are presented. More details on the measurement
can be found in [1]. The TB9NR001 measurements best fit
for π & 7π/9 is 0.20 ± 0.01, the best fit for 3π/9 & 7π/9
is 0.19 ± 0.01. The TB9RI023 measurements best fit for
5π/9 & 6π/9 is 0.58 ± 0.02. JLab-LG-1 was limited in π
mode by a defect in the sixth cell at Bpeak = 86 ± 5 mT.
The same limitation was encountered in 6π/9, 4π/9, and
π/9 modes. The results for π(fπTM010

∼= 1.30054 GHz) and
6π/9(fπTM010

∼= 1.29365 GHz) mode-mixing are shown in
Fig.1. The best fit yields 0.63 ± 0.01.

Using the equation (8), the quench fields, and the fitting
parameter α we can infer the material critical field at the
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quench site for the three quenches. From the quench field in
TB9NR001 of ≈ 70 mT and α = 0.2, we infer the material
critical field in TB9NR001 is ≈ 350 mT. This value is about
50 percent higher than 240 mT at 2 K, typically assumed
to be the limiting superheating field of niobium [5, 6]. We
speculate that the discrepancy stems from the assumption
that the breakdown is magnetic, whereas in TB9NR001
the quench is likely to be a thermal quench from a normal
conducting inclusion[7]. If the quench in TB9NR001 is in
fact thermal then equation (4) does not describe the break-
down condition and equation (8) is not applicable. From
the quench field in TB9RI023 of ≈ 140 mT and α = 0.58,
we infer the material critical field in TB9RI023 is ≈ 241
mT. This value compares well with 240 mT for the gener-
ally accepted value of the superheating field. We note that
in the case of TB9RI023, the quench site was off the equa-
tor, and therefore the derived quench field, which is the
calculated peak magnetic field in the cell, is overestimated.
From the quench field in JLAB LG-1 of ≈ 86 mT and α =
0.63, we infer the material critical field in JLAB LG-1 is ≈
137 mT. This value is about 40 percent lower than 240 mT,
which can be understood, if we take into account a geomet-
rical field enhancement factor of the large grain cavity. We
note that in JLAB LG-1 a sharp feature was found at the
quench location[8].

CONCLUSION
We have developed a model to analyze the RF break-

down of superconductivity in multicell superconducting ra-
dio frequency cavities. Within our model, the mode-mixing
experimental data in several cavities is explained by a mag-
netic breakdown distorted by heating on the RF surface.
The mode-mixing data can be fit with one fitting parame-
ter. The fitting parameter within our model indicates how
strongly the magnetic breakdown is distorted by the heat-
ing on the RF surface. From the measured quench field and
the best-fit fitting parameter, we estimated the critical field
at the quench sites.
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PERFORMANCE OF A FNAL NITROGEN TREATED
SUPERCONDUCTING NIOBIUM CAVITY AT CORNELL∗

D. Gonnella and M. Liepe, CLASSE, Cornell University, Ithaca, NY 14853, USA,
A. Grassellino FNAL, Batavia, IL 60510, USA

Abstract
In many tests of superconducting cavities, the perfor-

mance of the cavity in the medium field region will be lim-
ited by medium field Q slope. For projects such as the pro-
posed Cornell Energy Recovery Linac, high intrinsic Q0

operation at medium fields is necessary to meet specifica-
tions for efficient CW cavity operation. A single cell nio-
bium cavity was prepared by Fermilab by electropolishing
it and baking it at 1000◦C with 1×10−2 Torr of Nitrogen,
and subsequently tested at Cornell. The cavity displayed an
increase inQ0 at medium fields between 5 and 20 MV/m at
2.0 K, opposite of the usual medium field Q slope. The ma-
terial properties of this cavity were studied and correlated
with performance. This analysis gives first insight into the
anti-Q slope mechanism and suggests that a field dependent
energy gap may be the cause of the anti-slope.

INTRODUCTION
Future particle accelerators operating SRF linacs in CW

mode will require high intrinsic quality factors at medium
field. In the case of the Cornell Energy Recovery Linac
(ERL) cavities must meet a specification of 2×1010 at 1.8
K at an accelerating field of 16 MV/m. In order to more
consistently produce high Q0 cavities in the medium field
region, there is much interest in the development of meth-
ods to reduce or eliminate the medium field Q slope (re-
duction of intrinsic quality factor between 5 and 20 MV/m)
that typically plagues SRF cavities.

Recently, FNAL has explored the idea of high temper-
ature baking of niobium cavities in a low pressure atmo-
sphere of nitrogen. Not only have they seen a complete
elimination of the medium field Q slope at temperatures
below 2 K, the Q0 increases with field up to 17 MV/m [1].
In order to confirm their results and shed new insight onto
the underlying mechanism, a cavity prepared at FNAL was
sent to Cornell for testing. This paper discusses the results
of this test at Cornell.

CAVITY PREPARATION AND TESTING
A 1.3 GHz single-cell fine grain niobium ILC shaped

cavity was prepared with electropolising. It was then heat
treated at 1000◦C for 1 hour in 1×10−2 Torr of Nitrogen
and then given a final EP of 80 µm. This preparation was
done at FNAL [2]. At Cornell, theQ0 vsEacc performance
was measured at eight temperatures between 1.6 and 4.2 K.

∗Work supported by DOE Grant DE-SC0002329

Q0 vs T was also measured at low fields as was the reso-
nance frequency vs temperature to measure Tc. The Q0 vs
Eacc performance at 1.6, 1.8, 1.9, 2.0, and 2.5 K is shown
in Fig. 1. The Q0 at 1.6 K was very high, on the order
of 9×1010. Below 1.9 K, the medium field Q slope that is
usually seen in SRF cavities is not present at all. At 1.9 and
2.0 K, the Q0 increases between 5 and 20 MV/m.

MATERIAL PROPERTIES AND FIELD
DEPENDENCE

Average low-field (3-5 MV/m) material properties of the
surface RF layer were extracted from the Q0 vs temper-
ature and resonance frequency vs temperature data. Using
the method described in [3], Tc and mean free path were ex-
tracted from the frequency (converted to change in penetra-
tion depth) vs temperature data as shown in Fig. 2. Resid-
ual resistance and energy gap (∆/kBTC) were extracted
from the Q0 (converted to surface resistance) vs T data us-
ing SRIMP [4] as shown in Fig. 3. All material properties
are summarized in table 1. The Ginzburg-Landau constant
κGL was calculated and found to be 15 ± 3 and the critical
magnetic field was found to be 28±18 mT. As can be seen
from the Q0 vs Eacc plots in Fig. 1, the cavity far exceeds
BC1 without any degradation to Q0 (Q slope begins at 20
MV/m or 84 mT in units of maximum magnetic field).

From the low-field material properties obtained from the
SRIMP fitting shown in table 1, it can be seen that Tc and
energy gap show standard values for a typical niobium cav-

Figure 1: Q0 vs Eacc performance at 1.6, 1.8, 1.9, 2.0, 2.5
K. The error on Q0 is 20% and 10% on Eacc.
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Figure 2: Fit of penetration depth vs Temperature using
SRIMP to extract Tc and mean free path.

Figure 3: Fit of Rs vs Temperature using SRIMP to extract
R0 and energy gap.

ity. The residual resistance is very low (3 ± 0.7 nΩ) which
is consistent with a very high Q0 at low temperatures. The
mean free path is very low, 3.1 ± 0.3 nm. This measure-
ment of a very low mean free path is consistent with other
measurements with similar methods also done at Cornell in
which very high Q0 was found in a cavity with low mean
free path [3]. It is not immediately clear if the performance
is caused by just the baking process, the nitrogen treatment,
or a combination of both. Future studies, such as those
done in [5] can shed additional insight on this process.

Field Dependence of Material Properties
While the low-field material properties and quality fac-

tor of this cavity are similar to standard niobium cavities,
the unique Q0 performance of nitrogen treated cavities ap-
pears at higher fields with maximum Q0 between 15 and

Table 1: Extracted Material Properties at Low Fields

Property Value

Tc [K] 9.5 ± 0.9
∆/kBTC 1.96 ± 0.03
Mean Free Path [nm] 3.6 ± 0.3
Rres [nΩ] 3.4 ± 0.8
κGL 15 ± 3
BC1 [mT] 28 ± 18

20 MV/m. It is therefore instructive to analyze the field de-
pendence of the BCS parameters in order to determine the
underlying mechanism of the anti-Q slope. The extensive
Q0 vs Eacc data obtained was used to extract residual re-
sistance, energy gap, and mean free path as a function of
field. This was obtained by fitting Q0 vs T at different field
levels using only data below the lambda point in order to
avoid non-uniform heating in the normal-fluid helium bath.
Using the data from different temperatures, we were able to
fit a Q0 vs T at 1 MV/m intervals up to approximately 18
MV/m. For this analysis, the surface resistance was sep-
arated into a temperature-independent residual resistance
and a temperature-dependent BCS resistance using

RS = Rres +RBCS . (1)

BCS resistance as a function of field is shown in Fig. 4.
Notice that the BCS resistance shows a clear reduction with
increasing accelerating field at 1.9 and 2.0 K. Residual re-
sistance vs field is shown in Fig. 5, energy gap vs field is
shown in Fig. 6, and mean free path vs field is shown in
Fig. 7.

From Fig. 5 it can be seen that the cavity’s residual resis-
tance does show some variation with field. The point at the
lowest field has a significantly higher Rres causing the re-
duction inQ0 at very low fields. Accordingly, this low field
Q0 slope is caused by residual resistance decreasing with
increasing field, consistent with measurements conducted
in [3]. At high fields, there appears to be a small increase
in residual resistance.

Within the error bars, the mean free path is constant with
field. However, the field dependence of the BCS resistance
below 2.1 K can be well described by an energy gap in-
creasing with field in the Q anti-slope field region. We can
therefore theorize that the nitrogen treatment causes a field
dependent energy gap which in turn causes the field depen-
dent BCS resistance, though the exact mechanism is un-
known.

CONCLUSION
A single-cell SRF cavity was prepared at FNAL by elec-

tropolishing and heat treatment at 1000◦C with 1×10−2

Torr of Nitrogen. The cavity was then tested at Cornell
for further analysis. The usual medium field Q slope was
non-existent at temperatures below 1.9 K. An anti-Q slope
was observed at 1.9 and 2.0 K, while at other temperatures,
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Figure 4: BCS Resistance vs Eacc.

Figure 5: Residual Resistance vs Eacc.

Figure 6: Energy Gap vs Eacc.

Figure 7: Mean Free Path vs Eacc.

the Q0 remained unchanged up to 20 MV/m. Detailed Q0

vs T data was measured to extract field dependent material
properties of the surface RF layer. It was found that the
mean free path of the material is field independent. How-
ever, the field dependence of the BCS resistance below 2.1
K can be well described by the energy gap increasing with
field. This preliminary analysis suggests that the anti-Q
slope observed in nitrogen treated cavities is caused by a
field dependent energy gap.

Future work is needed to further explore the effects of
baking in a gaseous atmosphere. Cavities are being pre-
pared both at FNAL and Cornell to investigate this effect
more.
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HIGH Q STUDIES AT CORNELL0
∗

D. Gonnella and M. Liepe, CLASSE, Cornell University, Ithaca, NY 14853

Abstract
The construction and preparation of superconducting RF

cavities with very high quality factors is very advantageous

for future particle accelerators operating in CW mode. A

Cornell ERL single-center-cell cavity was prepared with

BCP and a five day heat treatment at 1000◦C. Following

this treatment, the cavity was tested and achieved a record

high intrinsic quality factor of 2.9×1011 at 1.4 K, corre-

sponding to a very small residual resistance of (0.36±0.08)

nOhm. This cavity was then given a series of BCPs of 80

and 200 μm and retested. The cavity was finally baked for

48 hours at 120◦ C and retested. Material properties were

extracted from the data hinting at a very low mean free path

of the niobium. In this paper we discuss the unusual ma-

terial properties of the surface layer of the cavity and their

implication for the RF performance of the cavity. We find

that a surface field far above the lower critical field Bc1

can be achieved without a significant increase in surface

resistance. This clearly demonstrates that the lower critical

field is not a fundamental limit and that an surface energy

barrier prevents flux penetration above Bc1. Our data also

confirms that the 120◦C bake increases the energy gap of

superconducting niobium.

INTRODUCTION
Superconducting RF cavities are one of the main driving

forces for modern particle accelerators. The development

of cavities with consistently high intrinsic quality factors is

especially important for new CW machines such as the pro-

posed Cornell Energy Recovery Linac (ERL). Single-cell

cavities have been able to achieve quality factors as high

as 1 × 1011, however this has not been achieved routinely.

A large effort has been undertaken at Cornell to investigate

how high quality factors of this order can be achieved con-

sistently [1] [2] [3]. As part of this effort we have heat

treated a single-cell niobium cavity at 1000◦C for five days

and tested it repeatedly after additional surface treatments.

In this paper we report on the unique performance of this

cavity which provides important new insights into RF su-

perconductivity.

CAVITY PREPARATION AND TESTING
A 1.3 GHz Cornell ERL center-single-cell cavity was

fabricated from fine grain niobium with a RRR of 300 and

then prepared by bulk 100 μm BCP followed by a heat

treatment at 1000◦C for five days in a UHV furnace. It

was immediately tested and Q0 vs Eacc at different tem-

peratures, Q0 vs T at low fields, and resonance frequency

∗Work supported by DOE Grant DE-SC0002329

Figure 1: Q0 vs Eacc at 1.6 K for different amounts of

material removal. Error bars on Q0 are 20% while error

bars on Eacc are 10%.

Figure 2: Q0 vs Eacc at 2.0 K for different amounts of

material removal. Error bars on Q0 are 20% while error

bars on Eacc are 10%.

vs T was measured. The cavity was then given a series of

BCPs (80μm and 200μm additional surface removal) and

retested. Finally, the cavity was given a 48 hour 120◦C

bake and the performance before and after bake was com-

pared. Material properties were extracted from the data sets

after each preparation step. The 1.6 K Q0 vs Eacc perfor-

mances at each step are shown for comparison in Fig. 1.

The 2.0 K performance is shown in Fig. 2.

Additionally, samples heat treated with the cavity were

tested using SIMS and XPS. Specifically nitrogen, oxygen,

molybdenum, and titanium were looked for in the samples.
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Figure 3: Fit of the penetration depth vs temperature using

SRIMP to extract Tc and mean free path for the 1000◦C

heat treated surface.

MATERIAL PROPERTIES
The material properties of the RF penetration layer can

be extracted from the resonance frequency vs temperature

and Q0 vs temperature data measured. Change in reso-

nance frequency was converted to change in penetration

depth using

λ = λ0 − 1

β
(f − f0) , (1)

where λ is the penetration depth, f is the resonant fre-

quency, β is a constant equal to 12.4 kHz/μm and λ0 and

f0 are the penetration depth and resonant frequency at a ref-

erence point[4]. The SRIMP algorithm which solves BCS

theory can be used to fit the data to extract TC and mean

free path [5]. A London penetration depth of 390 Å and a

coherence length of 380 Å for clean niobium was used. An

example of the fit is shown in Fig. 3 for the heat treated

surface. Using the values obtained for TC and mean free

path, the Q0 vs temperature data can again be fitted with

SRIMP to extract energy gap (Δ/kBTC) and residual re-

sistance (Rres). An example of the fit for surface resistance

versus temperature is shown in Fig. 4 for the heat treated

surface. We can separate the surface resistance into two

terms using

RS = Rres +RBCS , (2)

where Rres is temperature independent and RBCS is the

temperature dependent BCS surface resistance.

Extracting material properties using both Q0 vs T and f

vs T allows for more accurate results than using just one

or the other. The penetration depth is highly sensitive to

the mean free path and TC while Q0 vs T strongly depends

on Δ/kBTC . The mean free path obtained from SRIMP

fitting can be used to calculate the Ginzburg-Landau con-

stant, κGL [6]. This in turn can be used to calculate the

lower critical field of the superconductor Bc1 [7]. Bc1 can

be compared to Q0 behavior to see if any correlation can

Figure 4: Fit of the BCS resistance vs temperature of the

heat treated cavity using SRIMP to extract residual resis-

tance and energy gap, using the values obtained from figure

3 for Tc and mean free path.

Figure 5: Q0 vs Eacc of the 1000◦C heat treated surface at

1.42 K. The cavity obtained a record high Q0 of 2.8×1011

at 3MV/m.

be found between quench and/or Q slope and Bc1. All ma-

terial parameters determined are summarized in table 1.

RESULTS AND DISCUSSION

Field Dependence of the Surface Resistance
Immediately following the 1000◦C heat treatment for 5

days, the cavity obtained a record high Q0 of 2.8 × 1011

at an accelerating field of 3MV/m at 1.42 K. The entire

curve is shown in Fig. 5. The cavity showed a very large Q

drop above 5 MV/m, quenching just above 10 MV/m. This

field proved to be the hard limit and couldn’t be pushed

higher.

After 80 μm removal, the performance was similar, with
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Table 1: Summary of Extracted Material Properties

Property 1000◦C Surface After 80 μm BCP After 280 μm Total BCP After 120◦C Bake

Tc [K] 9.3± 0.9 9.3± 0.9 9.3± 0.9 9.5± 0.9
Δ/kBTC 1.78± 0.02 1.78± 0.02 1.79± 0.01 1.96± 0.02
Mean Free Path [nm] 8± 2 8± 2 7± 2 6± 2
Rres [nΩ] 0.36± 0.08 1.23± 0.03 1.34± 0.03 5± 1.2
κGL 7± 1 8± 1 8± 1 10± 2
Bc1 [mT] 45± 14 44± 14 42± 15 37± 16
Onset of Q Slope [MV/m] 6.8 7.6 18.8 20.2
Quench Field [MV/m] 10 10 25 25

Figure 6: Residual resistance as a function of accelerating

field for different amounts of material removal.

a high Q at low fields and a large Q drop up to a quench at

10 MV/m. However, after a total of 280 μm removal, the

performance drastically changed to a more typical cavity

performance, still with a very high Q but with very small

medium field Q slope. Following the 120◦C bake, the per-

formance was similar but with a lower Q. This data can be

seen in Fig. 1.

The residual resistance as a function of accelerating field

is shown in Fig. 6. From this, it can be seen that there is

a very similar slope in Rres as there is in Q0 for the heat

treated surface and after 80μm removal. Fig. 7 displays the

BCS resistance for each test, showing that the BCS resis-

tance is constant with field, unlike the residual resistance.

This implies that the Q slope of the heat treated surface

and up to at least 80 μm removal is caused by the resid-

ual resistance increasing with the accelerating field. The

heat treatment modified the surface layer at two different

length scales; down at least 80 μm but less than 280 μm a

mechanism causing the large Q slope was introduced. Ad-

ditionally, the mean free path was significantly lowered at

least 280 μm into the surface.

Material Properties vs. Surface Removal and
Sample Analysis

The mean free path and energy gap as a function of ma-

terial preparation are shown in Fig. 8. From the mean free

path, κGL was calculated. A plot of κGL vs material re-

Figure 7: BCS Resistance as a function of accelerating field

for different amounts of material removal. All tests were

for 2.0 K except the 80μm removal which is at 1.8 K.

moval is shown in Fig. 9. The material’s mean free path is

very low, as for a dirty superconductor. However, sample

analysis indicates the small mean free path is not caused by

impurities. SIMS and XPS were used to analyze samples

heat treated at 1000◦C with the cavity, and it was found

that concentrations of nitrogen, oxygen, molybdenum, and

titanium were below the observable threshold. This sug-

gests that contamination from impurities was not causing

the small mean free path. We will further investigate crys-

tal dislocations and lattice defects in ours samples, as these

might be the cause of the low mean free path.

Lower Critical Field and Cavity Performance
A plot of Bc1 and the onset of the Q slope vs material

removal is shown in Fig. 10. From this, it is obvious that

the onset of the Q slope and Bc1 are not correlated. In

fact, the onset of the Q slope increased with material re-

moval while Bc1 decreased. Making note of the Q vs E

performance shown in Fig. 1, it can be clearly seen that

the cavity far exceeds Bc1 without any degradation to Q.

The quench field also is not correlated to Bc1 as is evident

from table 1 and Fig. 10. This result proves that metastable

fields significantly above Bc1 can be reached without vor-

tex penetration and the resulting large heating of the cavity

surface by oscillating vortices. Accordingly, the lower crit-

ical field, Bc1, is not a fundamental limit for the maximum
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Figure 8: Mean free path and energy gap as a function of

material removal.

Figure 9: κGL as a function of material removal.

gradient achievable in SRF cavities.

120◦C Bake and Material Properties
It can be seen from table 1 and Fig. 8 that the 120◦C

bake has a strong effect on the material properties of the

cavity. Specifically, we have confirmed that the residual re-

sistance increases after 120◦C bake and the BCS resistance

decreases due to a significant increase in the energy gap.

CONCLUSION AND FUTURE WORK
A single-cell niobium cavity was prepared with bulk

BCP and then heat treated at 1000◦C for 5 days, tested, and

re-tested after additional preparation steps. Material prop-

erties extracted show a very low mean free path at least 280

μm into the surface due to the heat treatment. Immediately

following bake, the cavity achieved a record high intrin-

sic quality factor of 2.8 × 1011 with a residual resistance

of (0.36 ± 0.08)nΩ. After 280 μm removal, the cavity

reached an accelerating field of more than 25 MV/m with

a very high Q0 on the order of 9 × 1010 at 1.6 K and with

an unusually flat Q up to about 20 MV/m. Therefore our

experiment demonstrates that high temperature baking can

Figure 10: Bc1, onset of Q slope, and quench field (in units

of maximum magnetic field) as a function of material re-

moval.

be beneficial for high Q SRF applications by optimizing the

BCS parameters such as lowering the mean free path.

The lower critical field Bc1 was extracted from the mean

free path and found to be significantly lower than the

quench field. Additionally, it was shown that fields far ex-

ceeding Bc1 can be achieved without significant increase

in surface resistance. This proves that Bc1 is not a funda-

mental limit for SRF applications and that metastable fields

indeed can be used reliably.

We have confirmed that the 48 hour 120◦C bake raises

the residual resistance and lowers the BCS resistance by

increasing the energy gap.

Our next step will be to give the cavity a brief HF rinse

to lower the residual resistance, while keeping the BCS re-

sistance low. More high temperature heat treatment studies

will also be conducted in order to further investigate the

effects of high temperature baking and to develop an opti-

mum algorithm for high Q cavities. We will further analyze

our witness samples to explore other possible mechanisms

for causing the Q drop behavior we have observed. Specifi-

cally we will look at crystal dislocations and lattice defects

next.
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INVESTIGATION OF SPATIAL VARIATION OF THE SURFACE
∗

D. Gonnella, R. French, and M. Liepe, CLASSE, Cornell University, Ithaca, NY 14853

Abstract
Cornell has recently completed a 1.3 GHz single cell

temperature mapping system with a resolution of a few

tenths of a millikelvin, corresponding to a surface resis-

tance resolution of 1 nOhm. A superconducting RF cavity

was tested using temperature mapping and the surface re-

sistance was extracted from the temperature mapping data

as a function of position on the cavity surface. The sur-

face resistance was profiled across the surface of the cavity

between 5 and 30 MV/m and at different temperatures be-

tween 1.6 and 2.1 K. From BCS fitting of the local surface

resistance, the spatial variation and the field dependence of

the mean free path, energy gap, and residual resistance was

found. These studies give interesting new insights into the

degree of variation of the properties of the superconductor

over the surface of the cavity.

INTRODUCTION
Superconducting RF cavities are the main driving force

for modern particle accelerators and light sources. Under-

standing the fundamental properties of these cavities is cru-

cial to producing cavities with consistently high Q’s and

capable of achieving high accelerating gradients. The ma-

terial properties such as residual resistance, mean free path,

and energy gap can be extracted from experimentally ob-

tained data. The performance of cavities can be correlated

with material properties to help produce better cavities. In

this paper we discuss an ongoing effort at Cornell to map

out material properties of a cavity not only as a function of

accelerating field but as a function of space.

CAVITY PREPARATION AND TESTING
A single-cell ILC shaped cavity was fabricated from fine

grain niobium with a RRR of 300 by Niowave. It was

prepared with bulk EP, 800◦C bake, and 120◦C bake and

tested. Q0 vs T, Q0 vs E at various temperatures between

1.6 and 4.2 K, and resonance frequency vs temperature

were measured. The cavity reached an accelerating field

of 43 MV/m with a maximum Q0 of 7.5×1010 at 8 MV/m.

The full Q0 vs E curve at 1.6 K is shown in Fig. 1.

The temperature mapping system developed at Cornell

has a sensitivity on the order of a few tenths of a mil-

likelvin. The T-map is organized into 38 boards, each with

17 resistors. The boards are placed azimuthally around the

cavity, giving a full temperature profile of the cavity under

operation. The heating at 30 MV/m and 1.6 K is shown in

Fig. 2. Similar T-maps were taken at 5 MV/m intervals be-

tween 5 and 30 MV/m at 1.6, 1.8, 2.0, and 2.1 K. Heating

∗Work supported by DOE Grant DE-SC0002329

Figure 1: Q0 vs E at 1.6, 1.8, and 2.0 K. Error bars are 10%
on E and 20% on Q0.

Figure 2: Heating at 30 MV/m and 1.6 K across the cavity.

Resistor 9 is centered on the equator.

was very small, with a maximum of 6 mK in a few iso-

lated spots, so thermal feedback effects do not have to be

considered here.

BULK MATERIAL PROPERTIES
The material properties of the RF penetration layer can

be extracted from the the resonance frequency vs tempera-

ture and Q0 vs temperature data measured. This is done us-

ing SRIMP for BCS fitting [1] and the method described in

[2]. The fit for change in penetration depth vs temperature

(obtained from change in resonance frequency) is shown in

Fig. 3. The fit for RS vs temperature (obtained from Q0) is

shown in Fig. 4. The material properties extracted from the

fits are shown in table 1, column 2. Note that these values

RESISTANCE OF A SUPERCONDUCTING RF CAVITY
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Figure 3: Fit of the penetration depth vs temperature using

SRIMP to extract TC and mean free path.

Figure 4: Fit of the surface resistance vs temperature using

SRIMP to extract residual resistance and energy gap using

the values obtained from Fig. 3 for TC and mean free path.

are the average values of the RF surface layer of the cavity

wall (extracted from data at low fields).

Using the Q0 vs E data between 1.6 and 2.1 K, residual

resistance and energy gap can be extracted from BCS fits as

a function of accelerating field. The residual resistance vs

field is shown in Fig. 5 and the energy gap vs field is shown

in Fig. 6. The material properties at 30 MV/m are also

shown in table 1, column 3. The low field Q0 increase up to

10 MV/m is caused by a decreasing residual resistance. As

shown in Fig. 6, the observed field dependence of the BCS

surface resistance (see medium field Q slope at 2.0 K, see

Fig. 1) can be well described by a field dependent energy

gap. At 35 MV/m ( 150 mT peak surface magnetic field)

the gap is reduced by about 10% relative to the low field

value. Such a closing of the energy gap has been predicted

for strong type-II superconductors [3].

Figure 5: Residual resistance vs accelerating field.

Figure 6: Energy gap vs accelerating field.

SPATIAL DISTRIBUTION OF MATERIAL
PROPERTIES

The heating measured by each temperature sensor at

each field point and each temperature was used in conjunc-

tion with a 1-dimensional heat conduction model to find the

true temperature increase on the inside of the cavity wall at

the location of the temperature sensors. Only signals that

were above the noise floor were used to ensure accurate

data. This heating was converted into surface resistance,

and used to extract via BCS fits energy gap (Δ/kBTC),

mean free path, and residual resistance. The spread of sur-

face resistance vs temperature at each T-map point is shown

in Fig. 7, in addition to the average surface resistance cal-

culated from the measured Q values. Histograms at 30

MV/m of residual resistance, energy gap, and mean free

path are shown in Fig. 8. The averages of these distribu-

tions are listed in the fourth column of table 1. The aver-

ages obtained are consistent with the values obtained from

Fig. 3 and Fig. 4. It is clear from Fig. 8 that each of the

BCS properties extracted show a spread centered around

the average value obtained for the cavity from surface re-
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Table 1: Summary of Extracted Material Properties

Property Average Value of RF Average Value of RF Average from Spatial
Penetration Layer at Low Fields Penetration Layer at 30 MV/m Distribution at 30 MV/m

Tc [K] 9.2± 0.9 9.2 (fixed) 9.2 (fixed)

Δ/kBTC 1.96± 0.03 1.85± 0.03 1.85

Mean Free Path [nm] 23.5± 0.7 23.5± 0.7 26.3

Rres [nΩ] 4.3± 0.9 4.4± 0.9 4.3

Figure 7: Surface resistance vs temperature at 30 MV/m

for each usable resistor on the T-Map. Also shown is the

temperature dependence of the average surface resistance

determined from the measured low field quality factors.

sistance vs temperature. Spatially, the residual resistance

varies up to a maximum of 15 nΩ, the energy gap varies

between 1.6 and 2.2, and the mean free path varies between

about 15 and 40 nm.

Correlations between heating at 1.6 K and material prop-

erties extracted from the BCS fits were found. Fig. 9 shows

residual resistance, energy gap, and mean free path at a

given surface location plotted against its respective heating

at 1.6 K and 30 MV/m. A linear fit is also shown. In each

case, residual resistance and mean free path were found to

increase with increasing heating. Energy gap was found to

decrease with increasing heating. The is indicative of the

gap closing with higher field as discussed in [3].

CONCLUSION
A single-cell ILC shaped cavity was tested with temper-

ature mapping at various temperatures between 1.6 and 2.1

K. The resulting T-maps were used to calculate a surface re-

sistance profile of the cavity at each temperature and field

and used to extract material properties as a function of field

and space. The resulting distributions were consistent with

average material properties obtained from BCS fitting of

resonance frequency vs temperature and Q0 vs tempera-

ture. The mean free path and residual resistance were found

to be increased for higher heating areas on the surface of

the cavity. The energy gap was found to decrease with field

(a) Residual Resistance

(b) Energy Gap (Δ/kBTC )

(c) Mean Free Path

Figure 8: Histograms of residual resistance, energy gap,

and mean free path at 30 MV/m obtained from SRIMP fit-

ting at each T-Map sensor location above the noise floor.

and with higher heating. This might be an observation of

a theoretically predicted calculated previously showing the

gap closes with increasing field.

Future work will involve improving the temperature

mapping system. We will focus on repairing broken re-
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(a) Residual Resistance

(b) Energy Gap (Δ/kBTC )

(c) Mean Free Path

Figure 9: Plots of material properties vs their correspond-

ing heating at 1.6 K and 30 MV/m.

sistors to get a more complete profile of the cavity. Addi-

tionally, we will improve the temperature stability of the

helium bath in order to lower the noise floor of the T-maps.

With improved T-map, we will be able to obtain a full pro-

file of residual resistance, mean free path, and energy gap

for the cavity. The data and methods described here will be

very useful in future studies of SRF cavities.
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HEAT TREATMENT OF SRF CAVITIES IN A LOW-PRESSURE
∗

D. Gonnella, F. Furuta, and M. Liepe, CLASSE, Cornell University, Ithaca, NY 14853

Abstract
Recent results from FNAL on baking superconducting

RF cavities at high temperatures in a low-pressure atmo-

sphere of a few mTorr indicate that such treatments can

increase the medium field quality factor. A cavity was pre-

pared at Cornell by high temperature heat treatment both

in vacuum and in a low pressure nitrogen atmosphere. Ni-

trogen treatment was found to cause an increase in energy

gap and desirable changes to the BCS material properties

of the surface layer, which in turn caused a decrease in BCS

resistance. We observe a small increase in Q with increas-

ing accelerating field in the medium field region following

nitrogen treatment and light EP between 2.1 and 2.5 K.

INTRODUCTION
In recent years, superconducting RF cavities have be-

come the dominant driving force in modern particle accel-

erators. A Future CW machines such as the Cornell Energy

Recovery Linac (ERL) require many cavities to operate at a

high Q0 in the medium field region. Therefore, developing

cavities that have the highest Q at medium field is crucial to

this goal. Fermi National Accelerator Lab (FNAL) has re-

cently demonstrated an increasing quality factor with field

(anti-slope) in the medium field region after baking cavities

at high temperatures in a low pressure atmosphere of nitro-

gen or argon [1]. In this paper we discuss a recent cavity

prepared at Cornell using a similar method and the results

of the test. We especially compare the performance of a

vacuum heat treated in vacuum with the performance after

heat treatment in a low pressure nitrogen atmosphere at the

same temperature.

CAVITY PREPARATION AND TESTING
A 1.3 GHz single-cell Cornell ERL shape cavity was

manufactured from fine-grain niobium of RRR 300. It was

given a 100 μm EP and heat treated for 2 days at 650◦C.

It was then given 5 μm EP and tested to provide a baseline

measurement. The cavity then received the following ad-

ditional preparation steps with tests in between: an 800◦C
heat treatment for 3 hours in vacuum; 5 μm EP; 15 μm
EP and 800◦C heat treatment for 3 hours in vacuum plus

10 minutes in an atmosphere of 1×10−2 Torr of N2; and 7

μm EP. At each step, Q0 vs E at various temperatures be-

tween 1.6 and 4.2 K, Q0 vs temperature at low fields, and

resonance frequency vs temperature was measured. The

2.0 K Q0 vs E curves for each test is shown in Fig. 1. With

each successive step except immediately after the N2 treat-

ment, the 2.0 K Q increased from the previous test. Imme-

∗Work supported by DOE Grant DE-SC0002329

Figure 1: Q0 vs E performance at 2.0 K for all tests. Error

bars on Q0 are 20 % while error bars on Eacc are 10 %.

diately after N2 treatment, the Q0 at all temperatures was

on the order of 1×108, suggesting the surface layer was

contaminated. We theorize that NbN in the wrong phase

formed on the surface, causing high surface resistance. Ad-

ditional 7μm EP was sufficient to remove this high resis-

tance surface layer. Comparing the two 800◦C heat treat-

ments with and without nitrogen atmosphere followed by

brief chemistry demonstrates flat Q0 vs E performance in

the medium field region with similar values at 2.0 K. How-

ever, separating out the BCS resistance and residual resis-

tance shows noticeable differences between the two tests as

will be pointed out in the next section.

The final test, after N2 treatment and 7 μm EP is of the

most interest with respect to testing done at FNAL. Similar

preparation at FNAL has produced anti-slope in the 2.0 K

Q0 curves [2]. The Q0 vs E performance for our cavity at

different temperatures is shown in Fig. 2. We observe that

the Q0 between 5 and 17 MV/m is flat at most temperatures

including 2.0 K. However in the 2.1 to 2.5 K temperature

region, the Q0 does increase slightly with field up to 15

MV/m. Accordingly, anti-slope was observed in our nitro-

gen heat treatment cavity though interestingly at a different

temperature range than in the FNAL treated cavity.

SURFACE RESISTANCE ANALYSIS
From the Q0 vs E data at varying temperatures between

1.6 and 2.1 K, the residual resistance and 2.0 K BCS resis-

tance was found as a function of accelerating field for each

material preparation step except for immediately after the

N2 treatment. The BCS resistance at 2.0 K as a function

of field can be extracted from the total surface resistance at

2.0 K and the residual resistance as a function of field [3].

ATMOSPHERE
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Figure 2: Q0 vs E performance after N2 treatment and 7

μm EP. Error bars on Q0 are 20 % while error bars on

Eacc are 10 %.

Figure 3: Residual resistance as a function of accelerating

field for each material preparation step except immediately

after N2 treatment, which was power limited.

This data is shown in Fig. 3 and Fig. 4. In general, both

the residual and 2.0 K BCS resistance show only a weak

field dependence. Q slope above 17 MV/m is caused by a

small increase in residual resistance. It is clear from Fig. 3

that the residual resistance is significantly lower after heat

treatment in vacuum and 5 μm EP but increased again after

N2 treatment.

The BCS surface resistance decreased by about 30% af-

ter the nitrogen treatment, keeping the surface resistance

constant, manifesting in nearly identical Q curves in Fig.

1. The N2 treatment thus has caused an increase in residual

resistance and a decrease in BCS resistance.

MATERIAL PROPERTIES
Resonance frequency vs temperature and Q0 vs temper-

ature can be fit by using SRIMP to solve BCS theory [4].

TC , energy gap (Δ/kBTC), mean free path, and residual

resistance (Rres) were found at each step using the method

Figure 4: BCS resistance at 2.0 K as a function of field for

each material preparation step except immediately after N2

treatment.

Figure 5: Mean free path and energy gap as a function of

material preparation.

described in [3]. From the mean free path, the Ginzburg-

Landau constant κGL and the lower critical field Bc1 can

be calculated. The material properties and calculated pa-

rameters are listed in table 1 for each cavity preparation

step.

A plot of mean free path and energy gap as a function of

material preparation is shown in Fig. 5. The heat treatment

in vacuum caused the mean free path to strongly decrease

and the energy gap to increase. It is clear that the nitro-

gen treatment caused the small changes in the mean free

path, energy gap, and TC . Even immediately after nitro-

gen treatment with no chemistry, the BCS properties are

very similar to after 7 μm EP except for the residual resis-

tance, which is very high. The decrease in BCS resistance

between vacuum heat treatment and nitrogen treatment is

thus caused by small, desirable changes in the energy gap,

critical temperature, and mean free path. For all tests, the

lower critical field, Bc1 was found to have no correlation

to quench or Q slope, consistent with measurements in [3]

and [2].
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Table 1: Summary of Extracted Material Properties

Property Baseline After 800◦C After 5 μm EP After N2 Treatment After 7 μm EP

Tc [K] 9.2± 0.9 9.1± 0.9 9.0± 0.9 9.2± 0.9 9.2± 0.9
Δ/kBTC 1.75± 0.02 2.08± 0.03 1.97± 0.03 2.02± 0.03 2.01± 0.03
Mean Free Path [nm] 14± 4 2.4± 0.7 3.1± 0.9 5± 1 5± 1.5
Rres [nΩ] 9± 2 12± 3 4± 1 1800± 400 2.0± 0.8
κGL 5.0± 0.8 22± 5 17± 4 12± 2 11± 2
Bc1 [mT] 58± 12 22± 19 26± 18 33± 16 34± 16

CONCLUSION
A single-cell SRF cavity was prepared by EP and given a

series of heat treatments in vacuum and low-pressure nitro-

gen atmosphere and additional chemistry. The bake in vac-

uum plus 5 μm EP caused a decrease in residual resistance

while the N2 treatment plus 7 μm EP caused an increase

in residual resistance and a decrease in BCS resistance at

2.0 K. The decreased BCS resistance was caused by small,

desirable changes in energy gap, TC , and the mean free

path of the RF surface layer. After nitrogen treatment and

EP, a small anti-slope was observed between 2.1 and 2.5 K,

however anti-slope at 2.0 K such as seen at FNAL was not

found. In each material preparation step (with the excep-

tion of immediately after N2 treatment which was power

limited), the cavity exceeded the lower critical field Bc1

without any noticeable Q degradation.

We have demonstrated reduction in the medium field Q

slope by baking at high temperatures both in vacuum and

in a low-pressure nitrogen atmosphere. This result is very

promising for the consistent production of high-Q0 cavities

that are required for future CW machines such as the pro-

posed Cornell ERL. Future work will involve varying the

recipe of preparation to further explore the effect of baking

in atmosphere.
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MAGNETIC PROPERTY IMPROVEMENT OF NIOBIUM DOPED WITH
RARE EARTH ELEMENTS∗

F.S. He, T. Jiang, X.Y. Lu, F. Jiao, F. He and K. Zhao†

Institute of Heavy Ion Physics & State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, China

H.Y. Zhao, Y.S. You, L. Chen
Ningxia Orient Tantalum Industry Co., Ltd., Shizuishan 753000, China

Abstract
In this article a new idea is proposed by PKU group to

improve the magnetic property of Type-II superconductor

niobium. Rare earth elements like scandium and yttrium

are doped into ingot niobium during the smelting process-

es. A series of experiments have been done since 2010,

and the preliminary testing results show that the magnet-

ic property of niobium materials has been changed with

different doping elements and proportions while the super-

conductive transition temperature almost does not change.

This method may increase the superheating magnetic field

of niobium so as to improve the performance of niobium

cavity which is a key component of SRF accelerators. A

large-size ingot has been made. A Tesla-type single-cell

cavity made of Sc-doped niobium is being tested.

INTRODUCTION
Type-II superconductor niobium has important applica-

tions in the field of accelerators. However, the performance

of niobium device is limited by the property of niobium

material itself. For example, the superheating magnetic

field of niobium is one of the limiting factors[1].

A new idea[2] is proposed by the group of Peking Uni-

versity (PKU) in this article that the property of the niobi-

um material can be improved by introducing impurity in-

to ingot niobium during the smelting process. Rare earth

elements like scandium and yttrium are chosen as impu-

rities. Since the end of 2010, a lot of research has been

done by people of PKU and Ningxia Orient Tantalum In-

dustry Co., Ltd. (OTIC). A series of smelting processes

were conducted to produce niobium with different propor-

tions of scandium and yttrium. The R-T, M-T and M-H

curves of the new materials were measured. The results in-

dicate that the superconductive transition temperature (Tc)

almost does not change, while the magnetization curve of

the impurity-doped niobium is significantly different from

that of pure niobium. The lower and upper critical magnet-

ic fields (Hc1, Hc2) of new materials change with differ-

ent doping elements and proportions. The new method is

promising to raise the superheating magnetic field in order

to improve the performance of niobium cavity.

∗Work supported by National Natural Science Foundation of China

(Grant No 11175008).
† kzhao@pku.edu.cn

EFFECT OF IMPURITY ON
SUPERCONDUCTOR

The transition temperature, critical magnetic field and

surface resistance (Rbcs) of a superconductor are correlated

to each other, and they are of most concern for the super-

conductive radio frequence (SRF) applications. In this sec-

tion, we will discuss how the impurities affect these prop-

erties.

Effect on Tc

It has been well-known that a small amount of non-

magnetic impurity does not reduce the transition tem-

perature of superconductivity. According to Anderson’s

theorem[3], as non-magnetic impurity in superconductor

increases, the transition temperature will drop a little and

then stop. If the impurity is magnetic, however, the tran-

sition temperature will continue to drop, and superconduc-

tivity will quickly be destroyed.

Effect on Hc1 and Hc2

Impurity decreases the electron mean free path (l) by

introducing more scatterings. According to the Pippard’s

theory[4], the effective coherence length (ξp) is thus re-

duced:

1

ξp
=

1

ξ0
+

1

αl
, (1)

where ξ0 is the coherence length of pure superconductor,

and α ∼ 1 is a constant. In a strong external magnetic

field, we have

Hc2(T ) =
φ0

πμ0ξ2(T )
, (2)

where Hc2(T ) is the upper critical magnetic field, φ0 is the

magnetic flux quantum, μ0 is the permeability of vacuum,

ξ(T ) is the coherence length. Therefore Hc2 increases as

more impurity is introduced into a Type-II superconductor.

When the external magnetic field increases above Hc1,

magnetic flux begins to penetrate into the superconductor.

Because the magnetic flux at the impurity has lower Gibbs

energy, the flux will be trapped by the impurity and harder

to penetrate. Therefore both the upper and lower critical

magnetic fields increase.
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Figure 1: Nb samples from OTIC. Sample A was pure Nb. Sample B failed to melt. Samples C to F were doped with

different proportions of Sc.

The superheating magnetic field (Hsh) is proportional to

thermal critical magnetic field[1]:

Hsh(T ) = (1.044± 0.001)Hc[1− (
T

Tc
)2]. (3)

The rise of upper and lower critical magnetic fields can in-

crease the superheating magnetic field.

Effect on Rbcs

The BCS surface resistance (Rbcs) of niobium has a min-

imum when the electron mean free path is about 40nm and

the residual resistivity ratio (RRR) is close to 10[5]. How-

ever, the RRR of pure niobium used for cavity is typically

above 250. As mentioned above, impurity introduced into

niobium can shorten the electron mean free path and hence

reduce the surface resistance. Meanwhile, a recent numer-

ical simulation shows that non-magnetic impurity can pos-

sibly help keep the surface resistance low at high magnetic

field[6].

EXPERIMENT
Impurity Choice

Rare earth elements scandium and yttrium are chosen

as impurities. They have strong electronegativity and big

ion volume, easy to introduce large scattering cross section

to shorten the mean free path of electrons. They are al-

so chemically stable in the air to simplify the melting pro-

cess. And as mentioned above, they are non-magnetic. As a

comparison, we also study niobium doped with lanthanum,

a magnetic element.

Sample Preparation
A series of smelting processes were performed to pro-

duce niobium with different impurity elements and propor-

tions. The processes are listed as belows:

• pure niobium was arc melted to clean the furnace;

• niobium with different amount of scandium, yttrium

or lanthanum was arc melted;

• the samples were annealed at 900 ∼ 1000 ◦C;

• small samples were cut down by cold machining;

• the samples were then baked at 1200 ◦C for post pu-

rification;

• finally they were etched in buffered chemical polish to

remove the surface layer.

Pure niobium was also prepared by the same processes as

a comparison.

PKU group prepared two samples doped with scandium,

three with yttrium and three with lanthanum. Ningxia OT-

IC provided seven samples doped with scandium. There

were three different scandium proportions (referred to as

low, medium and high in the rest of this article). In addi-

tion, the samples doped with yttrium and lanthanum were

of the same proportion respectively. Each sample weighed

about 30 to 50 grams before cold machining. Figure 1

shows a photo of some samples doped with scandium.

Sample A was pure niobium, and Sample B was failed be-

cause the melting points of niobium and scandium are so

different that they are hard to be melted together homoge-

neously.

Sample Test
The compositions of samples were analyzed by mass

spectrometer (Agilent ICP-MS 7500cs).

The magnetization of the samples at different tempera-

tures and external fields were tested by the Magnetic Prop-

erty Measurement System (MPMS-XL, Quantum Design.

The external magnetic field is 50Oe(1Oe = 79.5775A/m)
for M-T measurement, and the testing temperature is about

4.0 ∼ 4.2K for M-H measurement.

R-T curves were also tested. Samples were about 17mm
by 0.5mm by 0.5mm.

RESULTS & DISCUSSION
The measured proportions of impurities in the samples

agreed well with the quantity of elements put into the fur-

nace, which showed that the doping composition could be

controlled in the melting process.

Figure 2 is the R-T and M-T curves of pure niobium and

niobium doped with different elements. The transition tem-

peratures of samples doped with impurity are nearly the

same as the temperature of pure niobium sample separate-

ly in the R-T testing and M-T testing. These two figures

show that the impurity does not change the superconduc-

tive transition temperature.

Figure 3 shows the M-H curves of pure niobium and nio-

bium doped with different elements. The magnetic field at

which the M-H curve becomes nonlinear is the Hc1 of the

material. The linear part of M-H curve is fitted with a one-

order polynomial, and the part from beginning to the min-
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(a) R-T curves

(b) M-T curves

Figure 2: R-T and M-T curves of pure Nb and Nb doped

with Sc (medium proportion), Y and La.

imum is fitted with a five-order polynomial. The value of

Hc1 can be obtained by comparing the two fitting curves

(Fig. 4). The Hc1 of niobium with different impurities are

presented in Table 1. Compared to pure niobium, the Hc1

of niobium doped with non-magnetic impurities (scandium

and yttrium) raise by 100Oe and 200Oe respectively, while

that of niobium doped with magnetic impurity (lanthanum)

is reduced by nearly 100Oe.

Figure 3: M-H curves of pure Nb and Nb doped with dif-

ferent elements at T = 4.0K.

Table 1: Hc1 of pure Nb and Nb doped with different ele-

ments

Impurity Pure Sc(M) Y La

Hc1/Oe 1304 1408 1508 1205

Figure 4: M-H curves of pure Nb and Nb doped with dif-

ferent elements at T = 4.0K.

Figure 5 shows the M-H curves of pure niobium and nio-

bium doped with different proportions of scandium. The

sample with low proportion of scandium was tested at

4.22K, while other samples were tested at 4.0K. The Hc1

of niobium with different composition of scandium are also

presented in Table 2. As the composition of scandium goes

up, the M-H curve moves to the right, and Hc1 gradually

increases from 1304Oe to 1506Oe. Also in this figure, the

Hc2 of niobium doped with scandium improves apprecia-

bly from 3518Oe to 7431Oe.

Figure 5: M-H curves of pure Nb and Nb doped with dif-

ferent proportions of Sc.

Table 2: Hc1 of pure Nb and Nb doped with different pro-

portions of Sc

Impurity Pure Sc(L) Sc(M) Sc(H)

Hc1/Oe 1304 1353 1408 1506

Figure 6 shows R-T curves of another niobium sample

doped with low proportion of scandium in different exter-

nal magnetic fields. It is revealed that Hc2 of niobium with

low proportion of scandium is up to 1.1× 104Oe.

LARGE INGOT
To test the mechanical properties of the doping niobi-

um, we have made a large-size niobium ingot doped with

scandium in OTIC, from which two sheets (Fig. 7) were s-

liced out. After annealing at 1100 ◦C for 90 min, RRR and
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Figure 6: R-T curves of Nb doped with low proportion of

Sc in different external magnetic fields.

some mechanical properties were measured (presented in

Table 3), which met the requirement of cavity fabrication.

Figure 7: Nb sheets doped with Sc, 265mm × 265mm ×
2.8mm.

Table 3: Some mechanical properties and RRR of Nb ingot

doped with Sc

RRR yield strength breaking strength elongation

127 210MPa 312.2MPa 38.7%

We have measured the M-H curves of two samples se-

lected at random from the ingot, as shown in Fig. 8. From

the curves Hc1 of the two samples are separately 1812Oe
and 1811Oe, which are quite higher than the Hc1 of pure

niobium.

We have fabricated a 1.3 GHz Tesla-type single-cell cav-

ity (Fig. 9), which is made of the niobium sheets doped

with scandium. More tests will be carried out to understand

the RF and thermal property of this new material.

CONCLUSION
A new method to improve the property of niobium is re-

ported in this article. A series of experiments have shown

that by doping rare earth elements into ingot, the lower crit-

ical magnetic field of the Type-II superconductor niobium

is raised significantly by the non-magnetic impurity and re-

duced by magnetic impurity. At the same time, the super-

conductive transition temperature is not affected. It may be

Figure 8: M-H curves of pure Nb and Nb ingot doped with

Sc at T = 4.0K.

Figure 9: 1.3 GHz Tesla-type single-cell cavity. The equa-

tor welds was done in JLab.

a new way to improve the performance of niobium cavity

for SRF accelerator.

More tests are required to deepen the understanding

about the effect of impurity in niobium, especially the ef-

fect of yttrium. Further experiments are needed to test the

RF, thermal and mechanical properties of the new materi-

al, which calls for larger size of samples and new melting

method and crafts. A 1.3 GHz Tesla-type single-cell cav-

ity made of Sc-doped niobium has been fabricated. The

cavity will be vertically tested to measure the accelerating

gradient, quench field and surface resistance.
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NEUTRON ACTIVATION ANALYSIS AS A FOREIGN INTRUSION 
CAVITY DETECTION TOOL 

Cecilia Maiano#, Paolo Michelato, INFN Milano-LASA, Segrate (MI), Italy 
Massimiliano Clemenza, Massimiliano Nastasi, Università Milano Bicocca, Milano, Italy 
Carlo Pagani, Università degli Studi di Milano & INFN Milano-LASA, Segrate (MI), Italy

Abstract 
Neutron Activation Analysis (NAA) is one of the 

currently available techniques used to determine 
contaminants in Nb superconducting cavities, allowing a 
non-destructive determination of foreign materials, 
provided they have radioactive isotopes with a 
sufficiently long half-life. We present the NAA technique 
application with the goal of contaminants determination, 
identification and localization for the European XFEL 3rd 
harmonic cavities (3.9 GHz). Irradiation and analysis has 
been performed in collaboration with the LENA nuclear 
reactor (Pavia, Italy) and the University of Milano 
Bicocca. The main difference respect to the 
measurements performed in the past is the goal to apply 
of the NNA directly to entire cavities and not to material 
samples. Currently nine samples were exposed to thermal 
and fast neutron flux and the resulting activity was 
measured with HPGe detectors. 

NEUTRON ACTIVATION  
ANALYSIS TECHNIQUE 

Instrumental Neutron activation analysis is a technique 
of analysing (either qualitatively or quantitatively) the 
atomic composition of non-radioactive materials [1]. This 
process consists in the production of unstable isotopes by 
means of neutron absorption by the nuclei in the sample 
under study. In a neutron-irradiated material several 
nuclear reactions can take place, namely (n, p), (n, α), (n, 
2n) for fast neutrons and (n, γ) for thermal neutrons. 
Among these the most used is the last one for which n is 
the absorbed nucleus and γ is the prompt photon emitted 
when the nuclear reaction takes place, with typical 
energies in the 6-8 MeV range, according to the binding 
energy of the captured neutron. The newly formed 
nucleus has one neutron in excess and often undergoes β- 
decay. The overall process can be summarized by the 
following reactions: 

(capture)
(  decay)

(de-excitation)
 

The β- decay takes place according to the radioactive 
exponential decay law N(t)=N0·e

-λt. Usually the daughter 
nucleus of the decay is formed in an excited state, thus 
de-excitation gamma rays are emitted [2]. Thought the 
readjustment is governed by the electromagnetic force, 
the γ rays are emitted in pretty short times (usually of the 

order of 10-12s). It is thus acceptable to consider the β- 
particles and potential γ emission synchronous. 

The NAA can therefore be performed according the the 
following steps: 

 the material sample exposition to a thermal neutron 
flux for a known time, 

 the irradiated sample extraction and measurement of 
the induced γ radioactivity, 

 the quantitative determination of each selected 
element, knowing the reaction cross section, the 
photon energy and detection efficiency. 

To allow quantitative elemental composition it is 
necessary to know the irradiation neutron flux and the 
natural percentage of the precursor isotope, for 
background discrimination. In order to measure the 
number of activated atoms the gamma spectroscopy 
technique is typically used, because it is easy to identify 
the elements whose nuclear de-excitation γ are 
characteristics and monochromatic. β- spectroscopy is not 
suitable due continuous spectrum and the inability to 
discriminate backgrounds. 

The NAA offers several advantages: 
 it is a multielemental analysis technique, because it 

allows to simultaneously identify the presence of 
several elements within the irradiated sample. 

 it allows the measurements of independent 
parameters as the γ energy and the mean life of the 
radionuclide. 

 it offers a high sensitivity for most the elements 
identifiable with this method. 

There are some limits to the application of this 
technique: for example the element for which a 
quantitative determination is needed must appear in the 
sample with a sufficient abundance, and with a sufficient 
cross section for thermal neutron activation, otherwise the 
detectability of the few neutron activated atoms would be 
impossible. Moreover, the half-life should be at least 
enough long enough to allow the isotope not to decay 
during the time between the irradiation and the 
spectroscopic measurements. Finally the radioisotope can 
not be a pure β- emitter, for which the gamma 
spectroscopy setup is useless. 

Element Mass Calculation & Reference 
Standard SMR Usage 

Quantitative elemental determination requires the use 
of standard samples, containing known amounts of the 
elements under study, used for relative measurements. 

Once the sample and the standard undergo the same 
irradiation and detection conditions the irradiation time, 

 ___________________________________________  
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the neutron flux (ϕ) and the detector efficiency at a 
particular energy (ε) are equal for the measurements. 
Then the analysis consists of comparing the peaks in the 
standard and in the sample spectra, considering some 
parametersequal for both spectra (as the branching ratio 
BR, the radioactive decay costant λ, etc…). Moreover, the 
irradiation and measurement time are the same for the 
sample and the standard. The overall considerations lead 
to the following expression for m, the mass concentration 
of the unknown material: 

 

where  is the number of detected gamma,  the 
time elapsed from the irradiation to the measurements and 
the STD suffix indicates the corresponding quantities 
measured for the standard sample of known concentration 

. 

TRIGA MARK II REACTOR AS A 
NEUTRON SOURCE 

As discussed before for the NAA to be feasible it is 
necessary to induce radioactivity in the nuclei of some 
isotopes as a result of a thermal neutron capture process. 
It is thus necessary a thermal neutron source, which 
usually is an expensive tool. A possible solution is the use 
of a nuclear reactor as a source: after the fission reactions 
the produced neutrons are moderated down to thermal 
energy (0.25 eV), so the fission process which produces 
the neutrons autofeeds itself. To achieve this goal the 
reactor Triga  Mark II operated by L.E.N.A. (Nuclear 
Applied Energy Laboratory) of the University of Pavia 
(Fig. 1) was used. LENA is a 250 kW research reactor in a 
stationary regime.  

 

 
Figure 1: The LENA reactor core, when active. 

The reactor core (Fig. 2) is contained in an aluminium 
recipient (tank) and installed on the pool floor, full of 
water, with a 2 m diameter and a 6.25 m depth. The fuel is 
a mixture of ZrH and enriched uranium 235U at 19.75%, in 
the form of stainless steel cladded bars. In each bar the 
fuel is 38 cm long, at the beginning and at the end of each 

element there is graphite neutron reflector. The core is 
equipped with control bars, whose aim is to absorb fission 
produced neutrons. When these are fully inside the reactor 
it is operated in a subcritical regime (neutrons used for 
the fission are less than the ones produced). The reactor is 
said to be operated in overcritical regime when the 
opposite configuration just described takes place. The 
source used to activate the reactor is a Ra-Be source with 
an activity of 108 n/s. 

 
Figure 2: LENA reactor, transversal section. 

Inside the core there are ninety sample housings, 
cylindrically located around the central channel (with a 
diameter of 3.38 cm). The central channel is the most 
intense irradiation environment and provides a flux of 1.7 
1013 n/(s cm2). The other channel used for the irradiation 
(and specifically used for our study), is the Rabbit one, 
whose flux is of 7.5 1012 n/(s cm2) in position F24. Figure 
3 illustrates the LENA core.  

The core is surrounded by a graphite reflector whose 
goal is to minimize the neutron radial escape. On the top 
of this reflector there is a granular cavity inside which 
there is a rotating sample holder, made of fourty tubular 
containers, also available for the irradiations. The Lazy 
Susan channel (the second used in our study) provides a 
neutron flux of 2.4 1012 n/(s cm2). 

 

 
Figure 3: Layout of the LENA core and irradiation 
channels. 

Lazy Susan 

Rabbit 

Central 
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The Nb samples where inserted in the irradiation 
channels and exposed to the neutron fluxes mentioned 
above, continuosly produced by the fission reactions. 
Fission produces promptly fast neutron which, after 
undergoing thermalization, reach a high cross section for 
capture. In the NAA only the thermal neutrons are 
considered, because they are the ones involved in the 
neutron capture process. 

SAMPLES PREPARATION 
For our purpose eight Niobium samples were prepared 

to be inserted in the irradiation reactor channels, along 
with several reference standards in order to perform a 
quantitative elemental concentration in the samples. 

The eight samples needed to be small enough to fit the 
channel limited dimension (few centimeters), their masses 
ranged from about 60 to 80 mg. The reference standard 
used were chosen depending on their elemental 
composition. In detail we are interested in material 
inclusions potentially taking place during cavity 
fabrication, as Al, Fe, Cu, Mn, Mg, W, so standards 
containing these elements were used. The samples and the 
standards were inserted in polyethylene vials (with an 
external diameter of 6 mm and height of 32 mm). In order 
to avoid to use vials with unwanted and misleading 
impurities they were cleaned with nitric acid and washed 
with high purity deionized water. The eight samples were 
both used for the Rabbit and Lazy Susan channels 
irradiations. The vials were sealed up to avoid losing the 
samples during the irradiation. 

RABBIT CHANNEL MEASUREMENTS 
The irradiation in the Rabbit channel took place on 

April the 3rd 2013 for both the samples and the SMRs. 
The irradiation and measurement time were chosen to be 
60 s and 300 s, while the delay time from irradiation and 
measurement varied from few minutes to approximately 
ten minutes, depending on the activity of the irradiated 
samples. A dedicated attention was given to the 
geometrical configuration during the measurements, 
because it needs to be the same for all the samples, to 
keep the same irradiation conditions.  

In the Rabbit irrradiation channel each sample is 
individually irradiated at different times so that the 
samples are not exposed to exactly the same neutron flux. 
To account for this detail several SMR were exposed in 
the channel in order to quantify the neutron flux stability. 
After the irradiation the measurements of the samples 
were performed directly at the laboratory in Pavia and the 
spectra are now under study in order to identify the 
interesting elements in the samples, by relative 
comparison with the SMR spectra. Figures 4 and 5 show 
the overlap of Niobium samples spectra and SMR spectra 
to assess the measurement and irradiation repeatability 
and the relative comparison. 

In order to evaluate the counts per unity of time and 
mass, the delay time between the extraction and the 
measurements and the measuring life time, considering 

that some isotopes decay with a time costant lower than 
the measuring time, were properly taken into account. 

Standard Reference Materials (SRM) irradiated were: 
1632a, 1633, 1645, 71A, 71B, 71C, CCS6. 

The most interesting SRM used in the channel is 71A 
which contains the following elements in known 
concentrations: 
Ag, Al, As, B, Ba, Be, Ca, Cd, Ce, Co, Cr3, Cs, Cu, Dy, 
Er, Eu, Fe, Ga, Gd, Ho, K, La, Lu, Mg, Mn, Na, Nd, Ni, 
P, Pb, Pr, Rb, S, Se, Sm, Sr, Th, Tl, Tm, U, V, Yb, Zn. 

 
Figure 4: Overlap of several Nb samples spectra (acquired 
with a HPGe detector) after the Rabbit channel 
irradiation. It is possible to notice the reproducibility of 
the different spectra. 

 
Figure 5: Overlap of Nb sample spectrum (green, 
acquired with a HPGe detector) and two diffferent SMR 
spectra (dark red SMR 71A and light red CCS6). 

LAZY SUSAN CHANNEL 
The 2nd irradiation took place on April 10th 2013 and 

was dedicated to analyze and study isotopes with longer 
half-life than the ones studied using the Rabbit channel. 
Using this channel it is possible to irradiate all the 
samples at the same time (as they are held in a rotating 
sample holder) and thus there is no need to consider 
potential neutron flux fluctuations between samples. Even 
in this step it is important to reproduce the same 
experimental and measuring conditions for the SMR and 
samples in order to keep the same irradiation parameters 

Proceedings of SRF2013, Paris, France TUP035

06 Material studies

F. Basic R&D bulk Nb - High performances

ISBN 978-3-95450-143-4

497 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



as for the Nb samples, in order to properly calculate the 
elemental concentrations. 

These data are currently under analysis in order to 
estimate the Nb sample composition or the statistical 
limits of the elements in the Nb samples. Figure 6 and 7 
show the overlap between Nb and SMR spectra. 

Standard Reference Materials (SRM) irradiated were: 
1632a, 1633, 71B, 71C, CCS6 

The most interesting SRM used in the channel is 71B 
which contains the following elements in known 
concentrations: 
Ge, Hf, Mo, Nb, Sb, Si, Sn, Ta, Te, Ti, W, Zr 

 
Figure 6: Overlap of several Nb samples spectra (acquired 
with a HPGe detector) after the Lazy Susan channel 
irradiation. It is possible to notice the reproducibility of 
the different spectra. 

 
Figure 7: Overlap of Nb sample spectrum (green, 
acquired with a HPGe detector) and two diffferent SMR 
spectra (dark red CCS6 and light red 71A). 

Long Measurement Times: 1,000 s and 10,000 s 
The 1,000 s measurements were performed at the 

L.E.N.A. laboratory in Pavia after one week, once the 
irradiation finished and they allow the investigation of 
elements with half-life up to some months. Acquisitions 
of 10,000 s were performed in the radioactivity laboratory 
at the University of Milano Bicocca (Physics Department 
B. Occhialini) and these allow analysing elements with 
half-lives up to a few years. Figure 8 and 9 show the 
overlap between Nb and SMR spectra. 

For the different irradiations several HPGe detectors 
were used: 

 A HPGe detector in Pavia after the Rabbit irradiation 
and for Lazy Susan 1,000 s long measurements. 

 A 4  coverage detector of increased resolution for 
the measurements at 10,000 s performed in the 
Radioactivity Laboratory at the University of Milano 
Bicocca. 

 
Figure 8: Overlap of several samples Nb spectra (acquired 
with a HPGe detector) after the Lazy Susan channel 
irradiation. It is possible to notice the riproducibility of 
the different spectra (including the 10,000s 
measurements). 

 
Figure 9: Overlap of Nb sample spectrum (green, 
acquired with a HPGe detector) and two diffferent SMR 
spectra (dark red SMR CCS6 and light red 71B. 

CONCLUSIONS 
A number of Nb samples were irradiated in the LENA 

research reactor, along with SMR standard in order to 
evaluate elemental composition. The acquired spectra are 
now under study for the quantitative evaluation. 
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DYNAMIC HARDENING RULE; A GENERALIZATION OF THE 
CLASSICAL HARDENING RULE FOR CRYSTAL PLASTICITY 

A. Mapar, T. R. Bieler#, F. Pourboghrat, Michigan State University, East Lansing, MI 48824, USA 
C. C. Compton, Facility for Rare Isotope Beams, East Lansing, MI 48824, USA

Abstract 
The mechanical properties of a niobium (Nb) tensile 

specimen can vary with the orientation of the tensile axis. 
This anisotropy causes inhomogeneity in manufactured 
SRF cavities. Large grain Nb slices from an ingot are 
more anisotropic and less expensive than fine grain 
sheets. Designing an optimal manufacturing process for 
large grain Nb sheets, however, is complex, and requires 
use of advanced modeling techniques. 

A model capable of accurately predicting the 
deformation behavior of Nb can be used to improve the 
performance and reduce costs of a SRF cavity. Ultimately, 
optimal design of a manufacturing process with tube 
hydroforming is possible with such a model. 

Crystal plasticity modeling of FCC materials has been 
very successful; however, there is still no model that can 
accurately predict the deformation behavior of single 
crystal BCC materials like the large grain Nb slices.  

In this study, a dynamic hardening rule for crystal 
plasticity is presented that significantly improves 
predictions of the stress-strain deformation of single 
crystal Nb. This model is a generalization of the classical 
hardening rule, and gives better control over the 
hardening rate. It also increases the stability of the model. 

INTRODUCTION 
Nb is widely used in manufacturing polycrystalline 

SRF cavities, but the origins of the variability in its 
mechanical properties are not well-understood. Nb is very 
anisotropic and its mechanical response depends greatly 
on the direction of loading with respect to its crystal 
orientation. This anisotropy complicates the design of a 
manufacturing process. One way to deal with this 
problem is to use sheet Nb with randomly oriented fine 
grains, but these are not easily achieved. Cavities made 
from large grain slices from ingots, however, can provide 
similar or better SRF performance [1]. They are also less 
expensive due to not going through the rolling process. 

Although the combination of cost and performance 
makes large grain sheets a desirable candidate, the 
difficulties caused by their anisotropic deformation has 
restricted their application. A model capable of predicting 
the deformation behavior of Nb can help facilitate 
designing a manufacturing process for large grain 
cavities. Such a model can be implemented in Computer 
Aided Design/Evaluation (CAD/CAE) software and be 
used to design a manufacturing process. 

Modeling deformation behavior of materials has long 

attracted researchers[2–7]; nevertheless, modeling of 
deformation of Nb has not received much attention.  

Crystal plasticity is one of the modeling strategies that 
can be used to predict the deformation behavior of metals. 
Although conventional crystal plasticity models work 
relatively well for FCC materials and BCC polycrystals, 
their performance is not accurate enough for different 
orientations of single crystal BCC. 

In this study a generalized dynamic hardening model is 
developed that, when implemented in a crystal plasticity 
scheme, can improve the accuracy of results. 

DEVELOPING THE CRYSTAL 
PLASTICTY MODEL 

Crystal plasticity theory assumes that deformation is a 
result of application of stresses higher than a critical value 
and happens only due to dislocation slip on slip planes. 
The crystal plasticity model used in this study is 
developed from the work of Zamiri and Pourborghrat [6]. 
In this model they additively decompose the deformation 
gradient to elastic and plastic parts, and define a yield 
function to estimate the onset of yielding. For their 
hardening model they follow Asaro’s [8] approach: 
  (1) 
in which  is the increment in shear stress for a slip 
system ,  is the increment of shear strain on a slip 
system  and  is defined as follows: 

  (2) 
Where  is the Kronecker’s delta, , and  
is defined as: 

 , (3) 

in which  is the initial hardening rate,  is the hardening 
exponent and  is the saturation value of hardening and 

 is the current critical resolved shear stress on a slip 
system . 

The crystal plasticity model with the above hardening 
model was calibrated for a crystal orientation P shown in 
Figure 1(a), and then was used to predict the deformation 
behavior of another crystal orientation named S. Figure 2 
shows the results of tensile tests and simulations for these 
two as-cast crystal orientations. Since the model was 
calibrated for P orientation, the simulated P stress-strain 
curve closely matches with the experiment. But the 
prediction of stress for S is even higher than that of the P 
orientation, while in reality S is a softer orientation. 

Although this model accurately predicts the 
deformation of FCC single and polycrystals [6], its results 
are not satisfactory for BCC single crystals. 

 ___________________________________________  
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To address this problem, a generalized dynamic 
hardening model was developed which improved the 
prediction of the crystal plasticity model. In a special 
case, this hardening model reduces to equation (1).  This 
paper compares the results of the classical hardening rule 
and the dynamic hardening rule for annealed Nb samples. 

Dynamic Hardening Rule 
In BCC materials, deformation takes place as a result of 

dislocation slip on 48 independent slip systems. During 
the deformation these slip systems interact with each 
other and harden the material. The classical hardening 
rule, equation (1), assumes that all concurrently active 
slip systems harden simultaneously with different rates. 
This assumption may be true for some conditions, but it 
fails to consider the effect of slip history on a slip system, 
or the lack of neighboring grain constraint that is present 
in a single crystal. 

Let us assume that at the beginning of deformation of a 
single crystal, only one slip system is activated. This slip 
system, therefore, only hardens as a result of interaction 
with the pre-existing dislocation forest dislocations, 
which may be few if the material is well annealed. 
Dislocations close to a surface can easily exit the material 
without overcoming many obstacles. As the deformation 
proceeds, the crystal rotates, making other slip systems 
more favorable, and are eventually activated. Increasing 
the number active slip systems, in turn, increases the rate 
of hardening due to the presence of interactions with 
forest dislocations with different slip vectors. To capture 
this idea, equation (1) is multiplied by the following term: 

  (4) 

In the above equation  and  are a weight factor and 
dynamic hardening exponent, respectively. ,  are 
the accumulated shear stress on the most active and the 

second most active slip system. The term  
evaluates the effect of total slip activity on the first and 
second most active slip systems. When one slip system is 
considerably more active than the others this ratio is close 
to zero; and consequently, this slip activity does not 
contribute much to hardening. The more other slip 
systems activate, the more this ratio grows, and the more 
it adds to the hardening rate in the model. The term 

 is in place to model the hardening that comes 
from the dislocation forest, which exists at the beginning 

of the deformation. A weight factor , is introduced to  
adjust the relative contribution of each term. The 
exponent  is a material parameter that can control the 
effect of the slip ratio. The final form of the so called 
Dynamic hardening rule is as below: 

  (5) 

This is the generalized form of the hardening law 
presented in [7]. For   this model reduces the 
classical hardening model, equation (1).  

CALIBRATING THE MODEL 
Tensile tests were used to calibrate the crystal plasticity 

models. Triplicate tensile samples with four different 
crystal orientations were cut from a Nb slice.  The disk 
itself was cut from a high purity Nb ingot [9,10]. Samples 
that were cut directly from the ingot as well as samples 
with the same orientation, but annealed at 800 C, 2hr 
were deformed, and compared, as described in greater 
detail in [11]. The samples named “Q”, “R”, “T” and “W” 
were cut to favor different slip systems at the yield stress.  
Figure 1(a) shows the tensile axis of the samples.  The 
finite element mesh used in simulations has the same 
geometry as the tensile samples. Figure 1(b) shows the 
deformed mesh for the W orientation, as simulated with 
the dynamic hardening model. 

These tensile samples illustrated in Figure 2 have a high 
pre-existing dislocation density, which is introduced by 
the solidification process. Pre-existing dislocations 
increase the yield point and hardening rate of the material. 
Since the crystal plasticity model studied here does not 
directly consider the effect of pre-exiting dislocations 
(although their effect can be modeled through other 
parameters implemented in the code, like initial critical 
resolved shear stress.), the tensile samples presented in 
Figures 3-9 were annealed before the test. Figure 3 
compares the stress-strain response of the R crystal 
orientation before and after annealing.  Annealing 
considerably lowers the stress-strain curve, indicating that 
a high pre-existing dislocation density was removed, and 
softened the material.  The model was calibrated for the 
W crystal orientation and then used to predict the stress-
strain curve for other orientations.  

 
 

TUP037 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

500C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Material studies

F. Basic R&D bulk Nb - High performances



Figure 1(a): The tensile axis of samples used in this study. 
(b): Simulated deformation of W orientation with the 
Dynamic hardening model. 
 

 
Figure 2: A classical hardening rule cannot predict the 
deformation behavior of two different crystal orientations 
of Nb cut directly from an ingot. The model was 
calibrated for the P orientation and then used for 
predicting the deformation of S orientation. 
 

 
Figure 3: The effect of annealing on the engineering 
stress-strain response of an Nb tensile sample (Material 
Orientation R). 

 

 
Figure 4: W orientation is used to calibrate both classical 
and Dynamic hardening models. 
 
 

 
Figure 5: Predictions of the Dynamic Hardening rule with 
weight factors  between 0 and 1.  overestimates 
and  underestimates the hardening The solid line 
shows the experimental results for T orientation. 
 
 

 
Figure 6: Prediction of both models for Q orientation. 
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Figure 7: Prediction of both models for R orientation. 

 

 
Figure 8: Prediction of both models for T orientation. 

 

DISCUSSION 
Both the classical hardening model and the dynamic 
hardening model were calibrated using the W orientation, 
and this is shown in Figure 4. The light blue line shows 
the experimental results, the solid navy blue line shows 
the predictions of the dynamic hardening model and the 
dashed navy blue line shows the simulation results for 
classical hardening model. The calibration of both models 
allow a good agreement with the experimental data up to 
a strain of about 20%.  The weight factor  was 
used to calibrate the dynamic hardening model. 
The classical hardening rule, equation (1) which 
corresponds to  in the dynamic hardening model, 
over estimates the stress-strain behavior for Nb, as 
discussed in [7]. The predictions of the dynamic 
hardening model with , on the other hand, leads to 
flow behavior that is softer than the experiments.  In fact 
the experimental results usually fall between these two 
extremes.  Figure 5 illustrates the effect of different 
values of  on the predictions of the dynamic hardening 
rule for the tensile sample T. 

Figures 6, 7 and 8 show the predictions for both models 
for different crystal orientations. The models do not 
capture the increase in hardening rate that occurs later in 
the flow curve, a feature than needs further examination.  
The predictions of the dynamic hardening model are 
slightly better than those of the classical hardening mode. 
The classical hardening model only considers the effect of 
resolved shear stresses and the increment of shear strain 
in modeling the hardening (see equations (1), (2) and (3)). 

The dynamic hardening model; however, considers not 
only these parameters but also the accumulated activity of 
the most active slip systems. Therefore, the dynamic 
hardening model reduces the hardening rate at the 
beginning of the deformation. As the deformation 
continues, the activity of slip systems increase and the 
hardening rate increases. 

Figure 9 shows the results of all tensile tests and figure 
10 shows the model simulations of the same tests on a 
plot with the same scales. The order of harder and softer 
orientations match, but the spread in the model is much 
smaller than the experiment, and the change in slope in 
the experiment at later strains is not captured. Further 
research is needed to determine how well the crystal 
rotations in the model compare to the experiments, to 
ascertain how well the model captures rotations. 

CONCLUSION 
The dynamic hardening rule considers the lace of 

accumulated dislocation storage for the most active slip 
systems in the hardening model, in addition to other 
parameters implemented in the classical hardening rule. 
This improves the accuracy of the model in prediction of 
deformation, and gives more control over the calibration 
process. Some parameters like the exponent  and weight 
factor  in the Dynamic hardening model can be used to 
fine tune the predictions of the model. 
The difference between the accuracy of the classical 
hardening rule and the dynamic hardening model for 
annealed samples is small. But it seems that the Dynamic 
hardening rule is more accurate when used for modeling 
the as-cast samples. 
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Figure 9: Comparison of tensile experiments of four 
annealed samples. 

 

 
Figure 10: Comparison of modeling of four tensile tests 
with the dynamic hardening rule. 
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NANOSTRUCTURAL TEM/STEM STUDIES OF HOT AND COLD SPOTS
IN SRF CAVITIES

Y. Trenikhina∗, J. Zasadzinski, Illinois Institute of Technology, Chicago IL 60616, USA
A. Romanenko, Fermilab, Batavia IL 60510, USA

Abstract
Direct TEM/STEM imaging, down to subnanometer

scale, and spectroscopic chemical characterization by

EELS of the surface of mild baked/unbaked SRF cavity

cutouts is implemented to correspond the changes in nio-

bium surface to the SRF performance of the cavities. In

situ cold stage observations reveal ordered hydride phases

forming in the magnetic penetration depth of hot and cold

spot cavity cutouts, which may help clarify the mechanism

of the high field Q slope and its empirical cure.

INTRODUCTION
Experimental field dependence of the quality factors of

superconducting radio-frequency (SRF) niobium cavities

in the absence of well-known parasitic losses (multipact-

ing, field emission, hydrogen Q disease) remains an im-

portant limitation in SRF cavity development. In partic-

ular, rapid drop of the quality factor (Q) observed above

≈100 mT, known as the high field Q slope (HFQS), re-

stricts the performance and achievable accelerating gradi-

ents of SRF niobium cavities. HFQS in electropolished

cavities can be cured by “mild baking” at 100-120◦C in

UHV for 24-48 hours, depending on grain size. The ma-

jor reason for the HFQS is a strong increase of the resid-

ual resistance when surface RF magnetic field amplitude

reaches a threshold around ≈100 mT. Understanding the

causes of field-dependent rf losses, in particular HFQS, and

the mechanism behind mild baking, will help improve ex-

isting cavity preparation, and enable future development.

Despite an extensive search for the material features

within the penetration depth responsible for HFQS, a com-

plete model of HFQS verified by experiments has not yet

been established. It is important to recognize that the rele-

vant length scale for the problem of HFQS and its cure by

mild baking is limited to the first several tens of nanome-

ters from niobium surface, as was recently confirmed by

HF acid rinsing investigations [1]. It has been lately sug-

gested that the HFQS may be due to nanoscale hydrides

formation within this depth, and these nanoscale features

may only be observed at cryogenic temperatures [2]. In the

reported work we unambiguously confirm the existence of

such nanoscale hydrides in the magnetic penetration depth

of SRF cavities using direct TEM observations.

Our studies are based on comparison of samples that

have been directly cut from 1.3 GHz SRF niobium cavities

with and without HFQS. Thermometry during RF testing

allowed us to select the representative “hot” spots in the

∗yuliatr@fnal.gov

unbaked EP cavity, and representative “cold” spots in the

120◦C baked EP cavity with no HFQS. Comparison of the

cavity cutouts with different dissipation characteristics pro-

vides unambiguous grounds for the determination of HFQS

causes and surface treatment effects.

Figure 1: Temperature profile for hot and cold cavity

cutouts.

We use Transmission Electron Microscopy (TEM) tech-

niques, which are capable of adequate spatial and energy

resolution, for direct structural and compositional charac-

terization of cutout samples at the length scales of inter-

est. Temperature dependent structural evaluation of the

niobium near-surface region at temperatures down to 94 K

has been studied, and nano-area electron diffraction (NED)

has been used for structural characterization of the present

phases. NED not only allows phase identification, like con-

ventional selected area electron diffraction (SAD), but also

provides a small interaction volume with the sample, al-

lowing one to characterize nanometer-scale heterogeneous

structures [3]. In comparison to all the other techniques

only NED is capable of providing a direct check of the pro-

posed nanohydride model with sufficient resolution. In this

work we also use EELS for compositional comparison of

oxidation states of the niobium surface in samples with dif-

ferent rf dissipation characteristics.

EXPERIMENTAL METHODS

Thermometry and TEM Sample Preparation
Based on temperature mapping data, two different types

of cutouts have been used: “hot spot” cutouts, which show

HFQS losses at high fields, and “cold spot” cutouts, which

don’t show HFQS losses. For this study, a cold spot is

a cutout taken from the fine grain electropolished cavity

baked at 120◦C for 48 hours as a final step of processing.
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 (a)  (b)  (c)

Figure 2: NED patterns taken from hot spot sample at 94K along different zone axes: (a) [1̄11], (b) [113] , (c) [1̄12].

Hot spot samples are taken from the cavity, which did not

have in situ mild vacuum bake. Typical ΔT vs. B curves

for the investigated samples obtained by thermometry are

shown in figure 1.

In order to explore the near-surface layer of the cavity

cutouts, cross sectional TEM samples were prepared by Fo-

cus Ion Beam (FIB) at a Helios 600 FEI instrument. Preser-

vation of the native near-surface structure during prepara-

tion of TEM samples is crucial for our study. Therefore

conventional polishing methods are not acceptable due to

charging the sample with hydrogen [4]. FIB lift-out tech-

nique allows one to prepare and mount a small rectangular

cross sectional sample onto a standard copper TEM half-

grid using an Omniprobe micromanipulator. The top sur-

face of each cross sectional cut was covered by a protective

layer of platinum, in order to preserve the native niobium

surface from Ga ions.

TEM Techniques
A JEOL JEM 2010F Schottky field-emission TEM, op-

erated at 197kV and equipped with a post-column Gatan

imaging filter (GIF), was used in this work for nano-area

electron diffraction (NED) and electron energy loss spec-

troscopy (EELS). An approximately 70 nm sized NED par-

allel probe was used for NED. All diffraction patterns were

recorded onto Fuji imaging plates and read by the a Fuji im-

age plate scanner. A Gatan liquid nitrogen cooled double-

tilt stage was used for the low temperature measurements.

Energy dispersion was set to 0.3 eV/pixel for core-loss

EELS niobium M-edge spectra.

RESULTS AND DISCUSSION
According to the proximity effect breakdown model of

HFQS [2], differences in the precipitation state and quan-

tity of niobium hydride complexes in the temperature re-

gion from 100 K to 150 K are keys to the drastically dif-

ferent rf losses between hot and cold spots. Within this

model, the difference in precipitation state at low temper-

atures is caused by the mild bake. The absence of ordered

niobium hydrogen complexes in hot and cold samples at

room temperature is expected from the model and has been

confirmed by room temperature NED measurements. Fig-

ure 2 and 3 demonstrate NED patterns taken at 94 K for

the samples prepared from the hot and cold spot cutouts.

Additional second phase(s) reflections are clearly observed

along with niobium matrix. Formation of low temperature

stoichiometric second phase(s) in the niobium-hydrogen

system was previously detected by SAD for various hydro-

gen concentrations [5–7]. NED patterns were taken along

the niobium-oxide interface of the FIB-prepared cross-

sectional sample, corresponding to the magnetic penetra-

tion depth of the niobium SRF cavity. Diffraction patterns

were taken sequentially by moving the parallel probe us-

ing the deflection coils. Three FIB prepared hot and three

cold samples were investigated with NED. Comparing hot

and cold spot samples, the number of probed spots exhibit-

ing reflections of an additional low-temperature phase dif-

fer. For the hot spot samples, 44% to 68% of probed spots

showed additional reflections. For the cold spot samples,

26% to 29% of the probed spots showed additional reflec-

tions. It has been also noticed that these additional low-

temperature reflections vanish under exposure to the elec-

tron beam within a maximum time of 10 s. This can be

explained in terms of the heating of the exposed area by

electron bombardment, which allows hydrogen to regain its

mobility and move to different parts of the sample. A sim-

ilar effect was observed by Schober [5]. Due to this effect,

relevant zone axis tilts were determined prior to cooling,

and set up with no sample exposure at low temperatures.

Exposure of the sample to the electron beam was mini-

mized in order to preserve the native pattern of the second

phase formation.

EELS spectra were taken in order to compare the oxida-

tion state of the niobium surface before and after surface

treatments, such as in situ mild bake and hydrofluoric acid

rinsing. Figure 4 shows EELS spectra for niobium M2,3

edge. EELS spectra were taken for four regions marked

in the included high resolution TEM (HRTEM) image of

niobium near surface (Figure 5). The approximately 5nm

thick native niobium oxide is covered by a platinum protec-

tion layer deposited first by electron beam and then by ion

beam. The M2,3 edge of niobium is a result of the transition

of Nb 3p electrons to unoccupied Nb 4d and 5s states [8].

Spin-orbit coupling of the 3p orbital causes the appearance
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 (a)  (b)  (c)

Figure 3: NED patterns taken from cold spot sample at 94K along different zone axes: (a) [011], (b) [113] , (c) [001].

of two peaks (M2 and M3). Exposure time for each spec-

tra was 10-12 s. All niobium core loss spectra were cali-

brated with respect to carbon K-edge onset at 286 eV us-

ing the second derivative method described in [9]. Three

spectra for each region were added after the background

subtraction (log-polynomial function was used for a back-

ground [10]) for the M2,3 edge to increase signal-to-noise

ratio. Thickness of the sample in the region of interest was

estimated to be 41nm.
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An approximately 1eV shift of niobium M3 peak be-

tween region 1 and region 4 is observed. A chemical shift

of M2,3 peaks toward higher energy suggests an increase in

niobium valence/oxidation state [8]. The observed chemi-

cal shift, which is a function of distance from the metallic

niobium surface, implies a change of oxidation state from 0

valence (metallic Nb) to valence ≈2.5 (Nb2O5) when mov-

ing away from metallic Nb. EELS Nb M-edge spectra will

be collected from samples prepared from cold spots which

have and have not been rinsed with hydrofluoric acid, in or-

der to investigate possible changes of niobium surface oxi-

dation with mild vacuum bake and HF-rinsing treatments.

CONCLUSIONS
We report preliminary transmission electron microscopy

(TEM) results of nanostructural and compositional investi-

gations of niobium SRF cavity cutouts with and without the

high field Q slope losses. Formation of the second phase(s)

in both kinds of samples has been directly observed by

NED in the magnetic penetration depth upon in situ low-

ering of the temperature to 94 K. The difference between

baked/unbaked samples has been observed in the volume

fraction of the second phase. Such precipitation is in agree-

ment with the proximity breakdown HFQS model and is

attributed to the formation of niobium hydride based on

its appearance at low temperatures. Phase characterization

of low temperature second phase(s) crystalline complexes

by electron diffraction indexing is ongoing. An additional

electron diffraction experiment will be held in order to es-

timate the size of low temperature inclusions.

In progress is an EELS study of oxidation states of the

near niobium surface of cavity cutouts subjected to differ-

ent surface treatments (mild vacuum bake and HF-rinsing).

M2,3 niobium edge spectra taken from the surface region of

a hot spot sample demonstrates an increase of niobium va-

lence as a function of distance from metallic niobium sur-

face. This is in the agreement with previous studies [8].
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SURFACE PROCESSING FACILITIES FOR SPOKE CAVITIES AT IHEP * 

Q. Wang, J. Dai
#
, P. Sha, H. Li, L. Li, J. Zhang,  

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

Abstract 
The China ADS injector I program is building a CW 

10MeV superconducting proton linac at IHEP. To develop 

the superconducting spoke cavities incorporated in this 

linac, a set of new surface processing facilities were built 

and successfully used to treat the Spoke012 prototype 

cavities. In this paper, we present the design, fabrication 

and operation of these facilities, including BCP, HPR and 

UPW, etc. 

INTRODUCTION  

IHEP is engaging in the development of spoke cavities 

for China ADS superconducting proton linac [1]. Spoke 

cavity is a TEM-class and generally superconducting 

resonator. Its geometry is quite different from an elliptical 

cavity, and therefore needs special surface processing 

facilities.  

In Daxing district of Beijing, about 40 km far from 

IHEP campus and where the acid licence could be got, a 

new surface processing base for development of spoke 

cavities has been constructed, equipped with the BCP, 

HPR, UPW and Ultrasonic facilities.  

 BCP FACILITY  

Buffered Chemical Processing (BCP) is one of the 

traditional chemical milling (etching) methods to remove 

the damaged and contaminated outmost layer of a 

superconducting cavity. It was chosen at IHEP for spoke 

cavities processing because of its feasibility, in addition to 

its widely understood process techniques and low cost [2]. 

     

 
Figure 1: Scheme of BCP. 

 

Figure 1 is the scheme of BCP at IHEP. A mix of three 

acids: Hydrofluoric HF (49%), Nitric (69.5%), and 

Orthophosphoric (85%) was prepared and cooled down to  

10 
o
C in the Acid Supply Tank, and then pumped to the 

Acid Tank which is on the upper platform with the height 

of 4.5m. When the cavity is sealed and ready for etching, 

the acid from the Acid Tank will fill up the interior of the 

cavity by gravity in less than 1 minute, and then the acid 

recirculation starts, driven by the Recirculation Pump. 

After the etching is completed, the acid is dumped from 

the cavity into Acid Dump Tank, and the cavity is 

immediately filled with ultra-pure water from the UPW 

Tank. For better rinsing, the water is also circulated by the 

Recirculation Pump. After about 5 minutes of circulation, 

the water is dumped and new UPW is filled in the cavity 

and circulated. In order to reach pH of about 4 as 

regulations mandate, 4~6 rinsing cycles are usually 

needed. 

There are two water chillers with total capacity of 5 kW 

in this facility. One is used to cool the stored acid in the 

Acid Supply Tank and the other for the circulated acid. 

The heat exchange capacity of the later chiller is about 

1kW and may keep the circulated acid below 15
o
C if 

needed.   

The flow of the circulated acid is monitored by a GF 

meter. And, in order to adjust the flow, one special valve 

is used to adjust the pressure of the Recirculation Pump.  

The facility is semi-automated and kept in a closed 

room with the size of 6m (length)*4m (width)*5m 

(height), shown in Fig. 2. 

  

 
Figure 2: BCP Facility at Daxing base of IHEP. 

 

During BCP of the spoke cavity, the cavity is oriented 

with the power coupler port and the vacuum port along 

the vertical axis and the beam ports along the horizontal 

axis. The interior cavity is filled up with acid through the 

bottom port. After shutting off the source of the acid, the 

Recirculation Pump draws acid from the top port and 

beam port through 3 soft thin pipes of 20 and sends it 

back to the bottom port through a hard thick pipe of 40, ____________________________________________  

*Work supported by Strategic Priority Research Program of CAS 
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shown in Fig. 3. 

During bulk BCP, in order to obtain a symmetric 

etching and keep the niobium content in the acid below 

10g/l, the cavity is etched twice, and between the two 

etching sessions, the cavity is flipped top to bottom. The 

reduction in wall thickness is monitored at 16 locations 

using an ultrasonic thickness gauge.  

 

 
Figure 3 : Pipes connection of spoke cavity. 

 

UPW SUPPLY SYSTEM AND ULTRA-

SONIC BATH 

Ultra-pure water (UPW) is widely used for the surface 

processing of superconducting cavities. A commercial 

UPW supply system is equipped for the processing of 

spoke cavities, shown in Fig. 4. Table 1 indicates its main 

parameters.    

 

 
Figure 4 : UPW supply system at Daxing base. 

 

Table 1: Main Parameters of UPW Supply System 

Resistivity  18MΩ-cm 

Stored water capacity 3 Ton 

Outlet water pressure 0.4MPa 

Outlet water flow 15~20L/h 

 

In preparation for the BCP, the cavity is usually 

immersed in a bath of UPW with a degreasing agent and 

ultrasonically cleaned. So, a large ultrasonic bath is also 

equipped at Daxing base of IHEP, shown in Fig. 5.   

 

 
Figure 5 : Ultrasonic bath and Spoke012 cavity in it. 

 

Table 2: Main Parameters of the Ultrasonic Bath  

Bath size 0.65m*0.65m*1.45m(Height) 

Ultra-sonic frequency 40kHz 

Ultra-sonic power 8kW 

Heat Power 8kW 

Temperature Room temp. to 60
 o
C 

HPR FACILITY 

Since rinsing with high-pressure ultrapure water (HPR) 

is the most effective tool to remove micro-particles and 

therefore reduces field emission and HPR is also effective 

in reducing field emission which cannot be processed 

during an RF test, a HPR system is equipped at Daxing 

base of IHEP [3]. 

Figure 6 shows the HPR in a class 100 clean room.  

The cavity is fixed on a rotating platform, and the rotate 

speed is adjustable. The head with 6 nozzles is welded 

with a cane and fixed at a vertically moving linear bearing 

whose speed is also adjustable.  

The head is made of stainless steel, and the diameter of 

the nozzle is about 0.5mm. Angle with 6 

The pressure of the pump may be adjusted from 0 to 

12MPa, and the flow is about 15L/min at 10MPa which is 

chosen for the rinsing of the Spoke012 cavity. 

There are 4 ports in the spoke cavity, and each port will 

be rinsed for 30 minutes.  

 

 
Figure 6 : HPR facility at Daxing base of IHEP. 
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SURFACE PROCESSING OF SPOKE012 

Spoke012 is the first spoke cavity developed at IHEP. 

Its Beta is 0.12 and frequency is 325MHz. The out size of 

the cavity is about 480mm*240mm. The inner volume 

of the cavity 27L and the surface is 0.72m
2
. The first two 

Spoke012 prototype cavities were fabricated in November 

of 2012, and then the surface processing of the two 

cavities was completed at the end of 2012. 

   

 
Figure 7 : Spoke012-2#  cavity after HPR. 

After post processing, the Spoke012 prototype cavities 

were vertical-tested at the Superconducting RF Lab of 

IHEP.  

The vertical test system consists of 325MHz signal 

generator,1kW solid state amplifier, LLRF control system 

and DAQ system, and classical vertical test method was 

used [4].  

In one of the tests, Spoke012-02# reached 

Eacc=8MV/m at 4.2K, the residual surface resistance (Rs) 

is 50 nΩ.Here, Eacc is defined as the total accelerating 

voltage divided byβ(110mm) [5]. 

Several different surface processing recipes have been 

tried with the two prototype cavities and 3 vertical tests 

completed. From the test results, it is concluded that the 

recipe shown in Table 3 should be the best and will be 

adopted as a baseline recipe for next cavities.  

 

Table 3: Spoke012 Cavity Processing Recipe 

1. Inspection – RF & Optical 

2. Ultrasonic cleaning, 60minutes  at 50
 o
C 

3. Bulk BCP, 15~18
 o
C, flip at 60um 

4. Ultrasonic cleaning, 30 minutes  at 50
 o
C 

5. HPR, 30minutes 

6. Annealing,  3 hours at 750
 o
C, < 5

 o
C /min ramp rate,  

    Vacuum <5.0E-4Pa 

7. Ultrasonic cleaning, 60minutes  at 50
 o
C 

8. Light BCP, 15~18
 o
C, 30um  

9. Ultrasonic cleaning, 30 minutes  at 50
 o
C 

10. HPR, 120minutes 

11. Drying in class 10 clean room, 12 hours 

12. Assemble in class 10 clean room 

13. Evacuate + 100
 o
C Bake 48 hrs 

14. Vertical test 

CONCLUSION 

To develop the superconducting spoke cavities for 

China ADS linac, IHEP has constructed a set of new 

surface processing facilities such as BCP, HPR and UPW 

at Daxing base, and used them to treat the Spoke012 

prototype cavities. Several processing recipes were 

investigated and one preliminary recipe was fixed. Next, 

according to the experience got in these two years, the 

HPR facility will be improved and the processing recipe 

investigated further.  
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VERTICAL ELECTROPOLISHING OF SRF CAVITIES AND ITS 

PARAMETERS INVESTIGATION 

F. Éozénou, Y. Boudigou, P. Carbonnier, J-P. Charrier, Y. Gasser, D. Roudier, C. Servouin  

CEA-Saclay, DSM/Irfu/SACM – 91191 Gif-Sur-Yvette – France 

K. Muller, Phelma – Grenoble INP –  38016 Grenoble Cedex 1 – France

Abstract 

An advanced set-up for vertical electropolishing (VEP) 

of SRF niobium elliptical cavities has been installed at 

CEA Saclay. Cavities are VEP’ed with circulating 

standard HF-H2SO4 electrolyte. Parameters such as 

voltage, cathode shape, acid flow and temperature have 

been investigated. Low-voltage (6V), high acid flow 

(25L/min) and low acid temperature (20°C) are 

considered as promising parameters. Such recipe has been 

tested on single-cell and 9-cell ILC cavities with nice 

surface finishing. After 70µm VEP on single-cell, the 

cavity shows similar performance at 1.6K compared to 

previous Horizontal EP (HEP): Eacc > 41MV/m limited 

by quench. Another single-cell cavity reaches 36MV/m 

after heavy removal by VEP in spite of a pitted surface 

due to initial VEP treatment at higher temperature (> 

30°C). The baking effect after HEP&VEP is similar. An 

asymmetric removal is observed with faster removal in 

the upper half cells. Nice surface finishing as well as 

standard Q0 value are obtained at low/medium field on 9-

cell but achieved performance is limited by Field 

Emission. 

INTRODUCTION 

Electropolishing in hydrofluoric-sulfuric acid mixtures 

has become the reference process to achieve high 

performance on niobium cavities [1]. The achieved 

performance makes it possible to match the performance 

required for latest projects such as CEBAF upgrade [2], 

X-Free Electron Laser linac [3], and future International 

Linear Collider (ILC). According to the standard process, 

the cavity is electropolished in horizontal position, while 

rotating and half filled with circulating acid. Vertical 

electropolishing (VEP) is studied in some laboratories as 

an alternative [4-7]. The aim is to develop an easier 

process compared to horizontal electropolishing (HEP) 

and providing similar performance.  

High gradients have already been achieved by VEP 

with stirred static acid [8, 9] but low final removal: a Q 

slope is observed for deeper removal [9]. We anticipate 

that circulating acid and better acid renewal should 

provide better electropolishing conditions. An automated 

VEP device with circulating acid system has been 

developed at CEA Saclay (see Fig. 1). The cavity is filled 

from the bottom and the acid runs back to the tank by 

gravity from the top of the set-up. The technical 

characteristics of this set-up are detailed elsewhere [5]. It 

has been designed for the treatment of large cavities such 

as SPL 5-Cell cavity (96L) [10]. Single-cell Tesla-shape 

cavities have been used to commission the set-up and 

optimize the parameters and multi-cell (SPL 5-cell and 

ILC 9-cell) cavities have also been electropolished. 

Results will be presented for Tesla-shape single-cell 

cavities and an ILC nine-cell cavity.  

 

Figure 1: 5-cell SPL cavity during VEP treatment. 

PARAMETERS STUDY 

Vertical electropolishing at a voltage of 20V has 

already been investigated [5] on single-cell cavity, and a 

gradient of 30MV/m achieved. In a second step, single-

cell cavities have been electropolished with parameters 

derived from standard horizontal EP: 

 Moderate acid flow (8L/min). 

 Voltage above 12 V. 

 Temperature around 30°C. 

The electrolyte is HF(40w%)-HF(96w%) in volume 

proportions 1-9. The cathode chosen for these 

experiments consists in a rod shape with a small 

protuberance (20mm length and 50mm diameter). This 

cathode is used in [5].  

Inspection of inner surface of 1AC3 after VEP reveals 

that these parameters are not compatible with proper 

electropolishing. In fact, the surface is deteriorated after 

70µm removal: a ring of pits is observed between the 

equator and the iris in the upper half cell (see Fig. 2). The 

local removal rate is above 1µm/min. It is too high (for 

comparison, the rate should be 0.6µm/min for HEP) for 

desirable electropolishing conditions. 
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Figure 2: a) 1AC3 inner surface after VEP at 12V-30°C. 

A ring of pits is observed which location is marked on b) 

 

The pits location coincides with a singularity of the 

fluid distribution modeled at low fluid velocity (see later). 

Furthermore, the presence of hydrogen bubbles 

insufficiently evacuated by the acid flow might also 

amplify this phenomenon. 

As a consequence, we decided to increase the acid flow 

up to 25L/min for coming VEP sequences so as to 

improve fluid distribution (symmetry in the cell), 

hydrogen removal out of the cavity and achieve both 

efficient acid renewal and temperature control inside the 

cavity. Nitrogen is also blown in the acid tank and in the 

top of the cavity in order to favor the removing of the gas 

generated during the process. Previous EP investigations 

proved that a reduced electropolishing voltage (down to 

5V) has no influence on cavity performance (process 

called “Low-Voltage electropolishing”) [11]. We decided 

to apply Low-Voltage VEP with the following 

expectations: 

 A decreased joule heating and decreased temperature 

gradient in the cavity. 

 Reduced parasitic electrochemical reactions as sulfur 

forming [11-14]. 

A higher acid flow rate is thus expected to provide 

improved electropolishing conditions. The highlighted set 

of parameters was applied on 1DE1 cavity, previously 

HEP’ed. After 70µm additional VEP, the achieved surface 

is very shiny. The average removal rate is 0.2µm/min. No 

pitting is observed and shallow stripes are observed at the 

equator area in the upper half cell. The new set of 

parameters seems promising and the performance of the 

cavity at 1.7K will be evaluated. 

CAVITY RESULTS WITH OPTIMIZED 

PARAMETERS 

Results on Single Cell Cavities 
The performance of 1DE1 as received (after HEP) was 

very high (Eacc > 42MV/m, high Q0). It was tested at 

1.6-1.7K after the additional 70µm low Voltage VEP 

sequence (tests before & after baking). Q0=f(Eacc) curves 

are shown in Fig. 3. Following results have been 

observed: 

 The baking effect is similar compared to HEP: the 

high field Q-sloped is removed in order to reach a 

quench at Eacc > 40MV/m.  

 The Q0=f(Eacc) curve after HEP/VEP are 

superimposable. Low voltage VEP offers similar 

performance compared to HEP. 

 

 

Figure 3: RF results for 1DE1 cavity at 1.6-1.7K  

before/after VEP at 6V. 

Additional tests were carried out with 1AC3, VEP’ed 

with optimized parameters to prove that an exclusively 

VEP’ed cavity should also reach high gradients. 1AC3, as 

described in Fig. 2, was electropolished according to two 

VEP sequences with ‘optimized’ parameters and baked 

under vacuum (110°Cx60h). After each sequence, it was 

tested at 1.6K (see results in Fig. 4). Performance is 

satisfactory since a gradient of 35MV/m is achieved, in 

spite of the pitted surface (limited by quench at the pitted 

area). Moreover the gradient is improved after additional 

VEP sequence at low voltage.  

Figure 4: RF results for 1AC3 cavity at 1.6-1.7K after 

VEP sequences at 6V. 

Results on ILC 9-cell Cavity 
The same set of parameters (6V – 20 L/min – T<20°C) 

was applied on nine-cell cavity: 50µm were removed 

from TB9R1025 ILC cavity from FERMILAB, 

previously HEP’ed. A 40mm diameter rod cathode was 

used for the VEP of the cavity. The diameter was reduced 

compared to previous experiments [5] to avoid contact 

with HOM antennas.  Unfortunately, the performance was 
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limited by Field Emission, with onset at 15MV/m. The 

Q0 value at low and average fields are satisfactory (see 

Fig. 5 below).  

 

Figure 5: RF results for ILC TB9R1025 cavity at 1.6-

1.9K after HEP + 50µm VEP at 6V. 

 

Additional VEP sequences and cleanroom assembly are 

planned for improvement. 

ASYMMETRY OF THE PROCESS AND 

CATHODE DESIGN 

Alternative Cathode Shapes 

The possible benefits of alternative cathode shapes have 

been widely investigated [7, 15-17]. The effectiveness of 

an optimized electrical field in the case of the Buffered 

Electrochemical Polishing [18] has been demonstrated 

[7]. Alternative shapes have been investigated in order to 

improve the homogeneity of the process. We have 

decided to focus on cathode shapes compatible with an 

easy insertion in the cavity (narrower than the beam pipe 

diameter). The work done in [5] was pursued with a more 

exhaustive study: Design of Experiment (DOE) method 

was carried out using COMSOL software so as to obtain 

both uniform electric field and fluid distribution inside the 

cell. Dominant parameters which have been put forward 

are: 

 The shape of the cathode (ellipsoid or cylindrical). 

 The length and diameter of the protuberance. 

Optimized cathode is shown in Fig. 6 (shape#2). 

 

 

Figure 6: a) Cathode used in previous VEP experiments 

(shape#1) and b) optimized shape (shape#2) 

It is a 70mm diameter and 70mm length cylinder. Fig. 7 

shows the improvement of the modeled fluid distribution 

inside the cell at low flow rate (< 0.2m/s): the vortex 

noticed with previous cathode (shape#1) should be 

suppressed. 

 

Figure 7: Direction of the flow modeled with COMSOL 

for VEP with shape #1 and #2. Flow of the acid in the 

beam pipe: 0.2m /s. 

The electropolishing process is limited by the diffusion 

of the fluorine ions [11, 19]. The signature of this 

diffusion is the plateau observed on I(V) curves. Such 

curves were plotted during VEP of single-cell cavity 

using both cathode shapes. Shape#2 associated with 

higher flow rate is efficient to obtain a wider diffusion 

plateau, clearly visible in Fig. 8.  

 

 

Figure 8: I(V) curves plotted on single-cell cavity with 

cathode shape #1 & #2. 

Asymmetry of the Process 

During this investigation following variations for key 

parameters have been investigated:  

 Flow rate between 8 and 25L/min. 

 Voltage between 6 and 20V. 

 Temperature between 18 and 30°C. 

 Cathode shape #1 or #2. 

Thickness measurements have been carried after each 

VEP sequence, so as to evaluate the uniformity of the 

removal. As previously discussed, the parameters are of 

paramount importance with respect to surface finishing. 

However, in each case, a strong asymmetry between the 

upper and the lower half cells in the removal and in the 

brightness are noticed. The removal rate in the upper half 

cell is at least three times as high as in the lower cell. The 

brighter surface should be attributed to this higher 

removal.  

Similarly to [7], we have to consider in this study the 

viscous layer which forms at the niobium surface during 

VEP. We infer that the benefits of improved electric field 

TUP046 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

516C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

09 Cavity preparation and production

G. Basic R&D bulk Nb - Surface wet processing



and fluid distribution are dominated by its macroscopic 

movement. This phenomenon has already been observed 

during the EP of flat samples [20, 21]. We might 

distinguish the two half cells during VEP: 

 In the upper half cell, the layer runs or slides down 

the cavity due to gravity and becomes thicker in the 

lower part of the cell. In some areas, the surface 

might be “viscous layer free”. 

 In the lower half cell, the surface is smooth due to 

this thicker layer but the removal is low due to its 

high electric resistance. 

According to this statement, the lower polishing rate 

achieved at the equator of cavities during HEP should 

mainly be attributed to the thicker viscous layer, and not 

to the decreased electric field. 

OUTLOOK AND CONCLUSION 

Low-voltage (6V), high acid flow (25L/min) and low 

acid temperature (20°C) are considered as promising 

parameters. Such recipe was tested on single-cell and 9-

cell ILC cavities with nice surface finishing. After 70 µm 

VEP on single-cell, the cavity show similar performance 

at 1.6K compared to previous Horizontal EP (Eacc > 

41MV/m) limited by quench. VEP with circulating acid is 

promising for at least for final treatment after bulk 

EP/tumbling, etc. Another cavity reaches 36MV/m after 

heavy removal by VEP in spite of a pitted initial surface. 

The baking effect after VEP is similar Vs. HEP. Nice 

surface finishing as well as standard Q0 value are 

obtained at low/medium field on 9-cell. Unfortunately, 

the performance of the tested cavity was limited by Field 

Emission.  

An asymmetric removal is observed with faster 

removal in the upper half cells. For large material 

removal, a 2-step VEP (with cavity reversal in-between) 

is considered. 
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NIOBIUM CAVITY ELECTROPOLISHING MODELLING AND 
OPTIMISATION 

L. M. A. Ferreira, S
 J. A. Shirra (Loughborough University, Leicestershre) 

 
Abstract 

It’s widely accepted that electropolishing (EP) is the 
most suitable surface finishing process to achieve high 
performance bulk Nb accelerating cavities. At CERN and 
in preparation for the processing of the 704 MHz high-
beta Superconducting Proton Linac (SPL) cavities a new 
vertical electropolishing facility has been assembled and a 
study is on-going for the modelling of electropolishing on 
cavities with COMSOL® software. In a first phase, the 
electrochemical parameters were taken into account for a 
fixed process temperature and flow rate, and are presented 
in this poster as well as the results obtained on a real SPL 
single cell cavity. The procedure to acquire the data used 
as input for the simulation is presented. The modelling 
procedure adopted to optimise the cathode geometry, 
aimed at a uniform current density distribution in the 
cavity cell for the minimum working potential and total 
current is explained. Some preliminary results on fluid 
dynamics is also briefly described. 

INTRODUCTION 
Electropolishing is at present widely used to process 

superconducting radio frequency (SRF) structures; 
however, most of the developments were made by trial 
and error, with basic electrochemical assumptions. 
Recently and with the increased computation power 
available, simulation software has been developed for a 
number of physics applications, namely for 
electrochemistry. The prospect of being able to fully 
simulate the EP on a SRF structure raises the probability 
of achieving the specified high gradients with less effort, 
time and material, and even to optimise the SRF structure 
performance. 

The anodic electrochemical processing of niobium SRF 
accelerating structures is commonly performed with the 
Siemens bath formulation or within small range of 
composition variations [1]; the electrochemical cell is 
composed of the anode, which is the SRF structure and 
the cathode, which is typically made of copper or 
aluminium, the all in contact with the bath as referred 
previously. In optimum processing conditions, an even 
current density distribution on the inner wall of the SRF 
structure at the minimum working potential should be 
achieved. For this type of electrochemical cell, two types 
of current density distribution have to be taken into 
account: a primary current distribution (PCD), which is 
determined by the electrolyte resistivity and the cell 
geometry; and a secondary current distribution (SCD), 
which is determined by the electrode activation 
overpotential. To simplify, the first can be considered as 

constant within the working temperature range, while the 
SCD will be quite sensitive to local temperature and 
transport phenomena (convection and diffusion) 
variations. 

DATA AQUISITION 
The PCD is transposed to the simulation software 

providing the SRF structure geometry and the bath 
resistivity; the last was measured with a Radiometer 
conductivity sensor (k =1cm-1). On the other hand, the 
SCD demands a series of laboratory measurements to 
obtain polarisation curves, with a three electrode 
configuration within controlled temperature and agitation 
parameters. 

Laboratory Setup 
The equipment used to acquire the polarisation curves 

is composed of: (1) a potentiostat Autolab PGSTAT30 
controlled through a dedicated desktop computer software 
which allows applying a linear sweep potentiostatic 
voltammetry signal and record the feedback current signal 
from the electrochemical cell; (2) a three electrode 
electrochemical cell composed by a working electrode 
attached to an Autolab Rotating Disk Electrode (RDE) to 
master the transport phenomena, a counter electrode and a 
platinum pseudo reference electrode;  (3) a thermostatic 
bath (Lauda ecoline RE212) for controlling the 
temperature of the bath solution. Some complementary 
polarisation curves were performed with an Ivium 
potentiostat IviumStat.XRe in order to make 
measurements above 10V (overpotential). 

Samples 
The working electrode is made of a niobium (anode) or 

copper (cathode) disc fixed to a RDE with a working 
surface area of 0.37 cm2. 

Results 
The trials were performed between 8 °C and 25 °C at 0 

and 100 rpm as they would correspond to the most 
probable working conditions inside an SRF structure 
(SPL based installation). Besides the correlation between 
temperature and mass transport, the acquired data allowed 
to put into evidence that, within the studied range of 
temperature and mass transport dynamics, the limiting 
current overpotential becomes constant at about 2V. 

This finding is represented in figure 1 and is of utmost 
importance as it implies that if the electrochemical cell 
potential reaches the electropolishing conditions for the 
entire SRF structure, this condition will prevail 

. Calatroni, S. Forel (CERN, Geneva)
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Figure 1: Schematic representation of trials made at 
different (Δ) temperatures and RDE speeds. 

Figure  2: Limiting current  (electropolishing current)  as  
a function of bath temperature and mass transport. 

independently of mass transport (agitation) or temperature 
as long as these are as well within the proper range to 
achieve electropolishing (extremes values of temperature 
and mass transport will not allow to achieve an 
electropolished surface). However the rate of removal of 
material will differ as illustrated in figure 2.  

CURRENT DISTRIBUTION 
MODELLING 

The detailed electrochemical measured quantities were 
used as input for the simulation for a fixed process 
temperature and flow rate in the real SRF structure. The 
optimisation of the current density distribution and of the 
power input were based on two criteria : obtain a  ratio 
between the highest and the lowest current density across 
the SRF structure, jd = jmax / jmin,  to be as close as possible 
to unity; and, keep  the minimum input power  for the 
most even current distribution. 

Cathode eometry  
The starting point for the cathode was the simplest 

geometry, a rod. The rod radius shall be in accordance 
with to the total applied current and the cathode surface 
should be as big as possible in order to hinder any 
possible extra resistance due to uneven cathode/anode 
surface ratio. This cathode geometry has two dimensions 
that can be adjusted, the length (orange arrow in figure 3) 
and the radius (green arrow in figure 3). 

 

 

 
Figure 3: SPL beta 1 rod cathode. 

The first optimisation was performed by modifying the 
cathode length. Figure 4 shows the effect of modifying 
the cathode length; as can be seen, there is little variation 
(The change in jd is less than 0.5%) between near 0 and 
150 mm.  After this, the difference appears to increase 
dramatically.  As such, a cathode shorter than 150mm will 
be used for further optimisation. 

 
Figure 4: Cathode length optimisation. 

Using this length cathode model, the main cathode 
radius was adjusted. As can be seen in figure 5 the 
cathode radius has a significant impact only below about 
5 mm.  Following this, the impact is minimal, with an 
improvement of approximately 2%. However it is an 
advantage to have the two electrodes closer and therefore 
to reduce the total power input; here the upper limit of the 
radius is given by the SRF cut-off radius (entrance of the 
structure). 

Figure 5:  Cathode radius optimisation. 

A fine tuning of the geometry was performed in order 
to avoid excessive high current densities at the cathode 
and keeping the anodic current density as even as before, 
while adapting to manufacturing possibilities. As a 
consequence an arc shaped cathode and insulated 
protrusions were added at the extremities of the cathode 
as shown in figure 6. This is also the present cathode 
geometry for SPL beta = 1 SRF structures. 
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Figure 6: Final cathode geometry for SPL beta1 cell 
(radial axisymmetric cut): 1) cathode active surface; 2) 
insulated cathode surface; 3) electrolyte; 4) anode (SRF 
structure). 

Power Input 
The minimum applied potential necessary to achieve 

the most even current density distribution across the SRF 
structure was calculated for each cathode geometry. In 
figure 7 is shown the current density distribution achieved 
for the SPL beta = 1 mono cell with the cathode as 
presented in figure 6. This simulation was made from data 
acquired at 0 rpm and 15 °C and for which the 
corresponding limiting current is 87 A.m-2. It is thus 
possible to determine that all the cavity is within the 
electropolishing regime  starting from 11V of applied 
potential; and a total inward current of 36 A. 

 
Figure 7:  Current density distribution across SPL beta  = 
1 mono cell SRF structure. Each line corresponds to the 
applied potential in volts as shown in the legend. 

FLUIDS DYNAMICS MODELLING 
The work described so far allowed to define the 

minimum potential needed to get a SRF structure within 
the limiting current range and the total inward current, but 
it still lacks the correlation between the limiting current 
and the transport phenomena (fluid dynamics). This work 
is still on going, nevertheless some single physics fluid 
dynamics simulations were performed and the results 
showed already some features that could be correlated 
with the experimental results on the real SRF structure. In 
figure 8 it’s possible to see the bath speed distribution 
inside the cavity and identify a volume of bath near the 
upper half cell where the bath speed is higher than for the 
remaining cell surface. Indeed, it was possible to observe 
that the upper half-cell presented a better finishing, during 
the early stages of EP, if compared with the lower half-
cell. 

 
Figure 8: Bath speed distribution inside the SPL beta1 
mono cell for a nominal flow of 1.2 m3/h. The scale is in 
m.s-1. 

FIRST PRACTICAL RESULTS 
The results obtained with real SRF structures (ASH Nb 

cavity beta0.65 and SPL beta = 1 mono cell) are in 
agreement with the results from the simulation, namely 
the minimum working potential and the total inward 
current. For the SPL structure, there is a good correlation 
between the total real inward current recorded at 1.2 m3/h 
and the laboratory data recorded at 0 rpm; see table 1. 
Table 1:  Total Inward Current Data from Simulation and 
SPL Beta 1 Mono Cell Electropolishing 

Temperature Total current inward / A 

  from simulation Real cavity 

10 °C 21 18 

15 °C 37 36 

25 °C 70 57 

The resulting surface is bright and smooth which is 
proof that the SRF structures are within the limiting 
current range and therefore within the good 
electropolishing parameters. Some macrostructures are 
apparent, as shown in figure 9, some are from the shaping 
of the SRF structure, but others are probably related to 
gas bubbles evolving at the surface of the SRF structure 
[2]. 

Figure 9: hf02) half-cell 02; hf01) half-cell01. 

REFERENCES 
[1] H. Diepers, O. Schmidt, H. Martens and F.S. Sun, “A New 

Method of Electropolishing Niobium”, Phys. Letters, 
volume 37A, number 2 (1971) 139. 

[2] F. Éozénou et al., “Development of an advanced 
electropolishing setup for multicell high gradient niobium 
cavities”,PHYSICAL REVIEW SPECIAL TOPICS-
ACCELERATORS AND BEAMS 15, 083501 (2012). 
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Table2: surface preparations of Cornell ERL 7-cell 
  

Process Parameters  

Bulk BCP 140 micron, followed by USC and HPR. 

Degassing  650degC, 4days. 

Tuning Frequency and flatness tuning. 

Light BCP 10micron, followed by USC and HPR. 

Baking 120degC, 48hrs. 

HF rinse 10min., followed by USC and HPR. 

VT Meas. at 2K, 1.8K, and 1.6K, w/ T-map. 

 

 

Table1: Frequency and dimension meas. as fabricated 
  

Cavity  Frequency Flatness Cavity length 

Design 1298.985 [MHz] [%] 1160.00 [mm] 

ERL7-1 1298.623 88 No data 

ERL7-2  1298.521 93 1161.54 

ERL7-3 1298.460 91 1161.54 

ERL7-4 1298.499 91 1160.67 

 

 
 

 
Figure 1: un-stiffened (top) and stiffened (bottom) 

Cornell ERL 7-cell cavity 

PREPARATIONS AND VT RESULTS OF ERL7-CELL AT CORNELL 

F. Furuta, B. Bullock, R.G. Eichhorn, B. Elmore, A. Ganshin, M. Ge, G.H. Hoffstaetter, J. Kaufman,

M. Liepe, J. Sears, 

 LEPP, Cornell University, Ithaca, NY 14850, USA

Abstract 
We have fabricated ERL 7-cell cavities in–house for 

Cornell ERL project.  So far four un-stiffened 7-cells 

were fabricated and finished vertical tests (VT). One 

stiffened 7-cell was just finished fabrication; two other 

stiffened cavities are under fabrication. Surface 

preparations are based on BCP. Specification values of 

our 7-cell is 16.2MV/m with Qo of 2.0e10 at 1.8K. In this 

paper, we will describe details of surface preparations and 

VT results. 

INTRODUCTION 

R&D programs on Cornell ERL project have been 

continued. ERL7-1, the 1
st
 ERL 7-cell cavity, had already 

finished vertical test, and then installed to one cavity 

horizontal test cryomodule (HTC). Details of HTC tests 

are described in reference [1]. Next six ERL 7-cell 

cavities, ERL7-2 to 7-7, will be installed to a full mail 

linac cryomodule which is also currently under 

fabrication. We have finished fabrication and vertical test 

of ERL 7-2 to 7-4, results will be described in this paper. 

ERL7-1 to 7-4 are unstiffened 7-cell cavities. ERL 7-5 to 

7-7 have stiffener rings. The 1
st
 stiffened 7-cell, ERL7-5, 

has been completed and under surface preparations. 

Figure 1 shows unstiffened and stiffened 7-cell cavities.     

CAVITY DIMENSIONS AS FABRICATED 

Prior to surface processes, we measured cavity 

dimensions, frequency, and flatness as fabricated. Results 

are summarized in Table 1. Frequencies are lower than 

design and cavity lengths are longer than design values. 

We had found some RF measurement errors on dumbbells 

during fabrication. We have fixed the issues, so next three 

stiffened 7-cell cavities could have more correct 

frequency and length against design values. More details 

of cavity fabrications are described in reference [2]. We 

have inspected cavity inner surface with optical 

inspection system as fabricated and post bulk BCP, no 

special features or defects are found on electron beam 

welding seams.   

SURFACE PREPARATIONS 

Buffered Chemical Polishing 

Table 2 shows our surface preparations for ERL 7-cell 

cavities. We have decided to use buffered chemical 

polishing (BCP) as baseline chemistry to make surface 

preparations as possible as simple. We did test BCP with 

the target removal of 80 microns. After etching, removal 

was measured by ultrasonic thickness gauge. The average 

of actual removal from top cell to bottom cell was 80±10 

microns, figure 2 shows the results. We also measured 

frequency shift by BCP removal, it was very consistent 

with simulation values of 10.4 kHz/micron. We confirmed 

that BCP removal is uniform.  

Degassing and Bake in Vacuum Furnace 

Large vacuum furnace was installed to Cornell’s SRF 

facility. Hydrogen degasing and low temperature baking 

are processed in this furnace. The 1
st
 7-cell cavity, ERL7-

1, was degassed at Jlab before installing furnace to 

Cornell. We have done systematic study to decide 

degassing parameters [3]. Low temperature baking at 120 

 ___________________________________________  
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Figure 2: BCP removal. 

 

 
 

Figure 3: Images of surface preparations on Cornell ERL 7-cell cavity. 

degC in furnace helps to bake cavity uniformly, and make 

it easy to do HF rinse after baking. 

HF Rinse 

We apply HF rinse as final chemistry after low 

temperature bake with expecting of Qo improvement [4]. 

Our single cell R&D on HF rinse shows some cavity’s Qo 

was improved, but we need more R&D and statistics.    

VERTICAL TEST RESULTS 

After surface preparations and final assembly, cavity 

was pumped down slowly with mass flow control system, 

confirmed leak tightness, and then installed to vertical test 

insert. Cavity was measured at 2K, 1.8K, and 1.6K with 

multi-cell T-map system to monitor temperature rising 

during RF tests [5]. Figure 3 shows images of 3D 

dimension check, tuning table, optical inspection system, 

BCP stand, RF surface after BCP, vacuum furnace, T-map 

boards, test pit, and 7-cell on vertical test insert with T-

map system. Figure 4, 5, 6, and 7 show VT results of each 

7-cell, in those figures, blue (■), red (●), and light blue 

(♦) dots show results at 2 K, 1.8 K, and 1.6 K 

respectively. 

ERL7-1 

Figure 4 shows VT results of ERL7-1. Cavity achieved 

maximum gradient of 25 MV/m at 1.8 K; Qo at highest 

gradient was 1.35e10. Gradient was limited by quench, 

but no detectable radiation. ERL7-1 had some different in 

surface preparations with other three 7-cell cavities. 

Degassing was done at Jlab with parameter of 650 degC x 

10 hrs. NO HF rinse before vertical test. ERL7-1 had 

been installed horizontal test cryomodule (HTC) after 

vertical test [1]. 

ERL7-2  

Figure 5 shows VT results of ERL7-2. Cavity achieved 

maximum gradient of 21 MV/m at 1.8 K; Qo at highest 

gradient was 1.47e10, administrative limit, no detectable 

radiation up to highest field. Cavity was kept 100 K over 

night after 1
st
 VT and done 2

nd
 VT, no hydrogen Q-

disease was observed. 

ERL7-3 

Figure 6 shows 2
nd

 VT results of ERL7-3. 1
st
 VT was 

limited by strong field emission induced by quench. In 

order to cure field emission, we re-processed ERL7-3 

again with light BCP (10 microns), 120 degC baking, and 

HF rinse. Field emission was successfully eliminated by 

additional processes, ERL7-3 achieved maximum 

gradient of 19.2 MV/m at 1.8 K; Qo at highest gradient 

was 2.59e10, administrative limit. 
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Figure 4: VT results of ERL7-1. 

 
Figure 5: VT results of ERL7-2. 

 
Figure 6: VT results of ERL7-3. 

 
Figure 7: VT results of ERL7-4. 

 
Figure 8: Summary of VT results at 1.8K. 

ERL7-4 

Figure 7 shows VT results of ERL7-4. Green (▲) dots 

shows 1
st
 power rise at 2K, and blue (■) dots shows 2

nd
 

power rise after quench at 18MV/m. Cavity achieved 

maximum gradient of 17.4 MV/m at 1.8 K; Qo at highest 

gradient was 2.43e10, administrative limit.  

SUMMARY 

ERL 7-cell cavities fabricated and processed at Cornell 

have successfully achieved required gradient of 16.2 

MV/m. Figure 8 summarized 1.8 K measurements of ERL 

7-cells. Qo of ERL7-1 and 7-2 are lower than other 7-

cells, but ERL7-1 had achieved much higher Qo than 

specs in HTC after thermal cycles and additional 

chemistry included HF rinse. The reason ERL7-2 

processed with HF rinse shows lower Qo is under 

investigation. We have also successfully demonstrated 

that BCP is capable of achieving our target specification 

values. The yield of four 7-cell cavities is high enough, 

only ERL7-3 needed 2nd process and test because of FE. 

HF rinse applied on ERL 7-2 and 3, after 120C bake 

seems to work well for Qo improvement. Next three 

stiffened 7-cell cavities will be processed by same 

procedures with unstiffened 7-cells. We will have more 

statistics on our 7-cell preparations and VTs. In addition, 

the results of ERL7-1 in HTC show the slow cool down 

with small temperature gradient of cavity could help to 

improve Qo. We will apply slow cool down procedure on 

VT of ERL 7-5 and other single cell cavities to 

demonstrate higher Qo in VT pit.  
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Figure 1: Cornell’s VEP system.  
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Figure 3: Results of VEP’ed 9-cells at Cornell. 

 

Table 1: VEP Parameters at Cornell  
  

Parameters  

Cathode Aluminium > 99.5% 

Stir-tube, puddles PVDF 

End group PVDF, HDPE 

Electrolyte volume 24 liters / 9-cell 

Electrolyte composition 10:1 (H2SO4:HF). 

Maximum use 9 g/L dissolved Nb 

Current-Voltage source 500A-20V max 

Temp. (cavity outside wall) 15~19 degC 

Stir-tube transparency >50% 

Stir frequency 0~3 Hz 

EP removal rate (ave.) ~0.3 microns/min. 

CORNELL VEP UPDATE, VT RESULTS AND R&D ON NB COUPON 
F. Furuta , G. Hoffstaetter, M. Liepe, B. Elmore, D. Krebs# , 

 LEPP, Cornell University, Ithaca, NY 14850, USA

Abstract 
Cornell's SRF group have continued R&D of Vertical 

Electro-Polishing (VEP) on SRF Nb Cavity. We have 
achieved high gradient with singel- and multi- cell 
cavities by our VEP. We also have started VEP'ed Nb 
coupon surface analysis based on surface roughness 
measurement. We will describe our status of VEP R&D, 
the vertical test results of VEP'ed cavities, and 
fundamental study on VEP using Nb coupons. 

CORNELL’S VEP SYSTEM 
Figure 1 shows images of single cell cavity and 

Cornell’s VEP system with acid circulation. Cornell’s 
VEP system could process 1.3GHz TESLA/Re-
entrant/ICHIRO shape cavities. Half-cell coupon cavity 
has been fabricated and processed for fundamental study. 
EP acid agitation is controllable with puddle on stir tube. 
New acid mixing tank is now available for all single-
/multi- cell cavities, easy acid mixing, acid circulation 
during VEP process. Temperature is controlled by spray 
water for cavity outside. We also have compact EP system 
for Nb sample sheet, mushroom cavities. Table 1 shows 
parameters of Cornell VEP. 

RECENT ACHIEVEMENTS WITH VEP 
We have processed and tested many single-/multi- cell 

cavities with VEP. Analysis on removal vs. voltage in 
Figure 2 shows a tendency that small removal as final 
etches could provide high gradient. Based on this 
analysis, additional 5μm VEP was applied on TESLA 9-
cell cavity “A9”. A9 successfully achieved high gradient 
of 38 MV/m with Qo of 0.9�E10 at 2 K, satisfied ILC BL 

specs [1]. Figure 3 shows summary of VEP’ed 9-cell 
cavities at Cornell. Single cell “NR1-3” was also 
processed with 5 μm VEP and achieved 43 MV/m with 
high Qo [2].  
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Figure 5: Current profiles with acid agitation. 

 
Figure 4: Half-cell Nb coupon cavity. 0
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Figure 6: Current profiles without acid agitation. 

 
Figure 8: Current vs. agitation at 17 volts. 
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Figure 7: Current vs. voltage with agitation. 

HALF-CELL COUPON CAVITY 
Half-cell coupon cavity has been fabricated for 

fundamental study on VEP. Figure 4 shows image. Nb 
half-cell can be oriented to both of top and bottom side of 
dummy cavity, so we could compare the current and 
temperature profiles of both sides. Four Nb coupons with 
diameter of 11 mm are attached on half-cell surface (2 on 
equator, 2 on iris), these coupons are available for surface 
analysis (roughens, removal, and contaminants, etc.).  

Current Profiles 
Figure 5 shows current profiles of top and bottom half-

cell at VEP voltage of 17 volts with agitation of 1 Hz. Top 
half-cell current has no oscillation during VEP process, 
bottom half-cell has oscillation. Figure 6 shows current 
profiles of top and bottom half-cell at VEP voltage of 17 
volts without agitation. Oscillation was observed both of 
top and bottom currents. But oscillation of top current 
was much smaller than bottom.  

I-V Curve 
 Figure 7 shows I-V curve comparison of top and 

bottom half-cell with acid agitation of 1 Hz. In this plot, 
current means average current. Top half-cell has 30~40% 
higher current than bottom half-cell. Current seems to 
increase gradually but difference is about 10% from 5 
volts to 17 volts.  

Acid Agitation Effect  
Figure 8 shows agitation speed vs. average current at 

VEP voltage of 17 volts. Number of data point for top 
half-cell is just two, but Top agitation effect seems much 
stronger than bottom half-cell. We will take more data 
point for top half-cell.  

Discussion 
Electrolytic action generate oxide layer on Nb surface, 

this corresponds to current drop off. HF react with Nb 
oxide layer and remove it, this corresponds to current rise 
up. The balance of these two reactions could make current 
oscillation of EP. Viscous layer is formed on Nb surface 
during EP process and thickness of this layer also could 
affect reaction balance and oscillation. In case of vertical 

elector-polishing, gravity effect could make viscous layer 
on top half-cell thinner than that of bottom half-cell. 
Thinner viscous layer could result in thinner oxidation 
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Figure 9: Images of coupons processed with different
conditions.  

layer and smaller current oscillation, but average current 
could be larger. Agitation effect on top half-cell seems to 
be larger than bottom. That means our puddle on cathode 
stir tube make agitation effectively only for top half-cell, 
this also could result in thinner viscous layer, small 
current oscillation, and larger average current on top half 
cell. Difference of current profile could be corresponds to 
difference of surface finish. To make uniform surface, we 
might need to make uniform viscous layer by applying 
effective agitation or acid flow. Maybe smaller removal 
make this difference as possible as small, help to make 
uniform surface, and result in higher performance.  

COUPON ANALYSIS 
Many coupons had been processed with different 

parameters. Figure 9 shows images of those Nb coupons. 
Surface roughness analysis is on-going. Based on analysis 
on surface roughness of coupon, current profiles, and VT 
results; we could optimize VEP parameters. We will also 
investigate contaminants on coupon that formed during 
VEP process. Small removal could benefit to prevent RF 
surface from contaminating.  

SUMMARY 
Cornell’s VEP had successfully achieved ILC specs 

with TESLA 9-cell cavity and demonstrated availability 
of VEP for high gradient and high Qo. Half-cell coupon 
cavity provides us more details of VEP current profile and 
understandings of VEP process. We could optimize VEP 
conditions from coupon study and analysis on VT results 
As further upgrading, full-cell coupon cavity is under 
designed. 

REFERENCES 
[1] F. Furuta et al., Proc. of IPAC12, New Orleans, USA 

2012, TUPPR045. 
[2] D. Gonnella et al., in these proceedings, TUP028. 
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HORIZONTAL HIGH PRESSURE WATER RINSING FOR PERFORMANCE 
RECOVERY 

Y. Morita , K. Akai, T. Furuya, A. Kabe, S. Mitsunobu, and M. Nishiwaki #

Accelerator Laboratory, KEK, Tsukuba, Ibaraki 305-0801, Japan

Abstract 
Eight superconducting accelerating cavities were 

operated for more than ten years at the KEKB machine. 
Those cavities are also used at SuperKEKB. During the 
KEKB operation, Q values of some cavities were 
degraded. Cause of the degradation was contamination by 
air dusts at a repair of vacuum seals or a gasket 
replacement of input couplers. So far, those degradations 
are acceptable for the SuperKEKB operation, however, 
further degradation will make the operation unstable and, 
in the worst case, make it impossible. High pressure 
rinsing (HPR) is an effective method to clean the cavity 
surface. In order to apply HPR, however, the cavity has to 
be disassembled from a cryomodule. The disassembly 
takes time and costs. Furthermore, re-sealed vacuum 
flanges bring the risk of vacuum leakage again. Therefore 
we have developed a horizontal HPR. This method 
applies a high pressure water jet that is inserted 
horizontally into the cavity in the cryomodule. The 
wasted water is extracted with an aspirator. This method 
does not require the disassembly. We applied the 
horizontal HPR to our degraded cavity. Its RF 
performance has been successfully recovered. 

INTRODUCTION 
KEKB superconducting cavities were developed for the 

KEKB B-factory to accelerate the 1 A electron beam 
currents. This cavity has a single cell, large beam pipes to 
heavily damp the higher order modes and an antenna type 
coaxial input coupler to feed large beam powers. First 
four cavities were installed and commissioned in 1998. 
Another four cavities were installed in 2000. Those 

cavities were operated until the KEKB shutdown in 2010. 
The maximum accelerated beam current was 1.4 A with 
the absorbed HOM power of 16 kW. The superconducting 
cavities will be used for the upgrade machine, 
SuperKEKB with the designed electron beam current of 
2.6 A. The most serious issue of our cavities for 
application to SuperKEKB is a handling of large HOM 
powers. This issue will be discussed in this conference [1].  

Performance degradation during long term operation in 
KEKB is another issue. This degradation was mainly due 
to particle contamination which was caused by an 
exposure of cavities to the atmosphere at indium joint 
repair or at exchange of input power couplers [2]. One of 
the installed cavity modules was opened to the 
atmosphere three times. The first time was at a vacuum 
leakage of indium joints in 2001. This cavity was opened 
to the atmosphere and dismounted from the cryomodule. 
Then its indium joint was re-sealed. The second time was 
at the exchange of the coupler gasket in 2004 to increase 
coupling of the input coupler. Although the indium joints 
were repaired, this cavity had a vacuum leakage again in 
2005. The vacuum leakage was repaired by tightening the 
volts of the indium joints. Those exposures significantly 
decreased the Q factor to 1.3x108 at the cavity voltage of 
2 MV. At the operating voltage for SuperKEKB (1.5 MV), 
the Q degradation is still acceptable. However, further 
degradation makes the cavity operation difficult. 
Performance recovery is desirable.  

High pressure water rinsing (HPR) is effective to clean 
the cavity surface contaminated with particles. It is 
suitable to apply this method for our performance 
recovery. On the other hand, HPR application needs to 

 
Figure 1: Schematic diagram of horizontal HPR apparatus. 

 ____________________________________________ 
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disassemble the cavity from the cryomodule. If HPR can 
be applied to the cavity in the cryomodule, we can greatly 
save time and costs. Furthermore risks of vacuum leakage 
of the re-sealed metal gaskets or indium seals can be 
avoided. Therefor we have developed horizontal high 
pressure rinsing (HHPR) that can be applied to our cavity 
in the cryomodule.  

In this paper we present details of HHPR, establishment 
of this method by using a prototype cavity and 
performance recovery of our degraded cavity by HHPR. 

HORIZONTAL HPR 
Figure 1 shows a schematic diagram of HHPR system. 

An ultra-pure water system provides ultra-pure water 
(18.2 M ) through a 0.2 m filter. A high pressure 
reciprocating plunger pump pressurizes ultra-pure water 
to 7 MPa. The pressurized water was led through a filter 
(0.5 m) to a nozzle which has six holes with a diameter 
of 0.56 mm. The nozzle is made of stainless steel which 
was hardened by martensitic transformation and 
supported horizontally by a stainless steel pipe. A driver 
system, which consists of sliders and pulse motors, 
horizontally inserts the nozzle into a cavity and moves the 
nozzle along the cavity axis while rotating it 60 degrees. 
Wasted water was extracted through a stainless pipe by an 
aspirator pump. 

APPLICATION TO PROTOTYPE CAVITY 
The HHPR was first applied to our prototype cavity in 

a clean room (class 100) [3]. The cavity was rinsed all the 
inner surface including beam pipes and coupler ports. The 
cavity was evacuated with remaining water in the cavity 
cell. After the evacuation the cavity was cooled down 
without any baking. The accelerating field reached 10 
MV/m without field emission and no performance 
degradation was observed.  

The HHPR was then applied to our prototype cavity in 
a clean booth to simulate HHPR application to our cavity 
in the cryomodule. Before this application, the prototype 
cavity was electro-polished 15 m to reset the effect of 
previous HHPR tests, baked at 120 oC and cold tested 
(Fig. 2). The prototype cavity was high pressure rinsed in 
the cell and iris area only. The total rinsing time was 10 
minutes. After HHPR, the prototype cavity was evacuated 
with a scroll type pump with remaining water in the 
cavity cell. Then the cavity was evacuated to 10-4 Pa with 
a turbo-molecular pump. Finally it was evacuated to 10-6 

Pa with an ion-pump. The cavity was cold tested without 
any baking. After several processing, the accelerating 
field of this cavity gradually increased to 8 MV/m. Then 
the field suddenly degraded to 6 MV/m with strong field 
emission as shown in Fig. 2. We tried RF processing 
several times, however performance never recovered.  

The cavity surface was inspected by a telescope after 
warm-up. No significant surface damage was found. 
Strong field emission suggested particle contamination in 
the cavity, so that we applied HHPR to the prototype 
cavity once again. This time wider SBP iris area including 

coupler port was rinsed. The cavity was cold tested again 
without baking. The RF performance was recovered as 
shown in the same figure. The accelerating fields reached 
12 MV/m which corresponds to the cavity voltage of 3 
MV. No field emission was observed. It was found that 1) 
the cavity once baked after the electro-polishing needed 
no further baking after HPR, and 2) cell and iris regions 
were sufficient for HPR to stop field emission. Those 
results showed applicability of HHPR to our cavity 
module. HHPR conditions are summarized in Table 1. 

 

Figure 2: Q-Eacc curves of the prototype cavity after 1st 
and 2nd HHPR. 

 
Table 1: HHPR Parameters 

Water pressure 7 MPa 

Nozzle Martensitic stainless steel 

6 holes ( 0.54 mm in dia.) 
Driving speed 1 mm/sec. 

Rotation speed 6o/sec. 

Rinsing time 15 min. 

APPLICATION TO SPARE CAVITY 
MODULE 

Following the performance recovery of the prototype 
cavity, we applied HHPR to our degraded cavity module. 
This cavity leaked at indium sealed joint of the beam pipe 
during cool-down. The cavity was disassembled and 
leaked joint was repaired by tightening volts of the 
indium sealed flange. After the repair, this cavity was high 
power tested at the test stand. The Q factors significantly 
degraded with strong field emission above 1 MV. The 
cavity must be contaminated with particles at the 
exposure of the cavity to the atmosphere. After RF 
processing, its Q factor increased slightly to 8x108 at 1.3 
MV. 

In order to apply HHPR to this cavity module, the 
cavity was moved from the test stand to the assembly area. 
The inner conductor of the input power coupler and beam 
pipes with HOM dampers were dismounted in a clean 
booth. The HHPR drive system was set at the small beam 
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pipe side. The stainless steel nozzle and the stainless steel 
pipe for aspirator were inserted horizontally into the 
cavity (Fig. 3). The rinsing conditions were the same as 
the last HHPR for the prototype cavity (Table 1).  

The cavity was evacuated with a scroll type pump to 
remove remaining water in the cavity for more than one 
day. Then the cavity was purged with pure nitrogen to the 
atmospheric pressure for re-assembly of the inner 
conductor and beam pipes. The cavity was evacuated 
once again with a turbo-molecular pump, and then 
evacuated with ion pumps attached to the beam pipes. 

 

 

Figure 3: HHPR application to cavity module (top), and 
stainless steel nozzle and its water jets (bottom). 

HIGH POWER CONDITIONING 
Conditioning at Room Temperature 

Before cool-down, the input power coupler was 
conditioned with high RF power with perfect reflection 
up to 300 kW. Main purpose of this conditioning is to 
process the electron multipacting discharge away on the 
coupler surface. DC bias voltage up to ±2 kV was applied 
to the inner conductor. It took more than eight hours to 
reach 300 kW than usual. The most conditioning time 
took at the minus bias voltage that enhances the 
multipacting discharge on the outer conductor surface. 
This fact indicated that water molecule still condensed on 
the outer conductor surface. 

The cavity module then cooled down to 4.4 K by a 
Helium refrigerator with cooling speed of 3 K/h. After the 
low level RF tuning including tuner adjustment, high 

power conditioning began. After several RF trips 
including high voltage discharge in the cavity, the cavity 
voltage reached 1.5 MV without field emission. The field 
emission was significantly improved. Above 1.5 MV, field 
emission began. The cavity voltage finally reached to 2 
MV. The field limitation was not by the cavity 
performance but by the radiation safety limit in the test 
stand. The Q factors at several cavity voltages were 
measured by the evaporation speed of liquid helium in the 
cryomodule. Those values are shown in Figure 4. The Q 
factors before HHPR and before the vacuum leakage are 
plotted in the same figure for comparison. The Q factor at 
1.5 MV was successfully recovered to 1.6x109 that was 
sufficient recovery for SuperKEKB operation.  

Although the performance recovery is sufficient for the 
SuperKEKB operation, the Q factors did not recover to 
the values before the leakage. This may come from re-
contamination at insertion of the inner conductor of the 
input coupler or re-assembly of the beam pipes. 

 

Figure 4: Recovery of Q factors after HHPR. 

CONCLUTION 
We have developed horizontal high pressure rinsing. 

This method makes it possible to rinse the cavity without 
disassembling the cavity module. It can also save time 
and costs. Furthermore, it can avoid risk of leakage at the 
re-sealed metal gasket or indium sealing. We applied 
HHPR to our spare cavity module. The Q values were 
successfully recovered. We will apply HHPR to another 
degraded cavity module. 

REFERENCES 
[1] M. Nishiwaki et al., “Development of HOM dampers for 

SuperKEKB Superconducting cavity,” TUP051, these 
proceedings. 

[2] S. Mitsunobu et al., “Status of KEKB Superconducting 
Cavities,” Proceedings of SRF2007, Peking Univ., Beijing, 
China.  

[3] S. Takano et al., “Horizontal High Pressure Water Rinsing 
for KEKB Superconducting Cavities,” Proceedings of 
SRF2009, Berlin, Germany.  
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STUDY ON VERTICAL ELECTRO-POLISHING BY CATHODE WITH 

VARIABLE-GEOMETRY WINGS 

Y. Ida, K. Nii, MGI, Himeji, Hyougo-ken, Japan 

K. Ishimi, Y. B. Iwabuchi, MGI, Kashiwa, Chiba-ken, Japan 

H. Hayano, S. Kato, H. Monjushiro, T. Saeki
#
, M. Sawabe, KEK, Tukuba, Ibaraki-ken, Japan

Abstract 
We have been studying on Vertical Electro-Polishing 

(VEP) of niobium (Nb) superconducting accelerator 

cavity for about one year with a view to the mass-

production and cost-reduction of Electro-Polishing (EP) 

process. Marui Galvanizing Co. Ltd. has been in the EP 

business of various metals  for long time and we have 

matured experience on EP processes. With being based on 

the experience, we thought that uniform electric-current 

on the surface of cavity and effective flow of electrolyte 

in the cavity are important factors. Moreover, we thought 

the most important effect is given if the cathode and the 

cavity surface (anode) are kept in a constant distance. 

Following these considerations, we invented VEP process 

by a cathode with variable-geometry wings. Using this 

cathode, we performed various tests of VEP with a Nb 

single-cell cavity as well as fluid circulation tests by a 

plastic mock-up of 9-cell cavity. In this article, we will 

report this unique VEP process, which might be 

applicable to the mass-production process of International 

Linear Collider (ILC). 

INTRODUCTION 

The Electro-Polishing (EP) is the method to remove 

and polish the inner-surface of niobium (Nb) 

Superconducting Radio-Frequency (SRF) cavity electro-

chemically. The EP is thought to be the process to prepare 

the smooth inner-surface of SRF cavity and to achieve 

slightly higher accelerating gradient than Buffered 

Chemical Polishing (BCP) process where the inner-

surface of cavity is removed chemically. In many 

laboratories, the removal thickness is more than 100 

micrometer in the first EP process in order to remove the 

affected layer and roughness of surface caused by such 

fabrication processes as rolling, deep-drawing, welding 

and so on, and after a following firing process with 800 
0
C, a few tens micrometer would be removed in the 

second or final EP process to prepare smooth and clean 

inner-surface. Currently, the standard setup of EP process 

for elliptical 9-cell cavities is in horizontal posture of 

cavity, where we call it the Horizontal EP (HEP) setup 

hereafter. However, in the HEP process, the rotation of 

cavity is needed and the draining process of electrolyte is 

complicated, and then a large space is needed for the 

process, which might has some possibilities for the 

simplification. In such a situation, the Vertical EP (VEP) 

setup where the cavity is set up in vertical posture without 

rotation and the draining process is simpler is studied in 

laboratories around the world [1-5]. Because the simple 

VEP process is fundamental issue in the mass-production 

of cavities in the future SRF projects like International 

Linear Collider (ILC), we started the study on the VEP 

process in the collaboration of Marui Galvanizing Co. 

Ltd. and KEK about one year ago. We considered the 

most important points in the VEP process are the uniform 

electric-current densities on the inner-surface of cavity, in 

other words, the constant distance between the cathode 

and cavity surface, and the effective flow of electrolyte in 

the cavity. Then we invented a unique VEP process with 

variable-geometry wings. In this article, we report the 

concept, structure and advantage of the cathode with 

variable-geometry wings which we named i-cathode 

“Ninja”
 ®

, as well as the tests of VEP process with the i-

cathode by a Nb single-cell cavity, and the tests to prove 

the effective flow of electrolyte with the i-cathode by a 

plastic mock-up of 9-cell cavity. 

I-CATHODE “NINJA” 
®
 

The schematic view of the i-cathode “Ninja” 
®
 which 

we invented is shown in Fig. 1. The most important 

feature is that it has four wing-shaped aluminium 

electrodes on the aluminium rod at the center of cavity 

cell. The cathode has a retractable structure of flexible 

wings. When the cathode rod is inserted into or pulled out 

of the cavity before and after the EP process, the wings 

are retracted. When the cathode is once inserted into the 

cavity, the wings are unfolded with a simple action. This 

simple structure might contribute to realizing a short 

setting-time of EP process too. 

 

Figure 1: Schematic view of i-cathode “Ninja” 
® 

for a 

single-cell cavity. Left-hand side: unfolded status. Right-

hand side: retracted/folded status. 

 ___________________________________________  
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By making the i-cathode with wings rotated during the 

EP process, following two advantages are expected 

compared with the standard cathode structure of simple 

rod without wings. (1) The wing works as a baffle plate in 

the cell of cavity for the flow of electrolyte and this helps 

the uniform distribution of electrolyte in the cavity. (2) 

The wings make the distance between the cathode and the 

cavity surface (anode) shorter in the cell of cavity and 

realize the uniform distribution of electric field in the 

cavity. With these excellent features of i-cathode, the 

uniform removal of Nb material might be realized over 

the whole inner-surface of cavity. 

UNIFORM FLOW OF ELECTROLYTE IN 

9-CELL CAVITY 

In order to find out the conditions for the uniform flow 

of electrolyte, we prepared plastic mock-ups of 9-cell 

cavity and i-cathode. Using the mock-ups, we performed 

experiments to see the distribution and flow of colored 

water in 9-cell cavity. Colored water was made with 

adding red food coloring to water and the similar 

viscosity to the 98% sulphuric acid was simulated by 

adding Carboxyl-Methyl-Cellulose (CMC) to colored 

water up to the concentration of 2.5 g/L. Following 

conditions are tried in the tests, (1) two directions of 

water flow: upward and downward, (2) two flow rates: 25 

L/min. and 12 L/min., and (3) two conditions of i-

cathode: unfolded wings with rotation and 

retracted/folded wings without rotation. 

 

Figure 2: Left-hand side: pictures of setup with a plastic 

mock-up of 9-cell cavity to see the colored water flow. 

Right-hand side, upper: wings are unfolded and the 

cathode rod was rotated. Right-hand side, lower: wings 

are retracted. 

In the results of experiments, when the flow rate is 25 

L/min., the distribution and flow show no difference 

among (1) two directions of flows and (3) two conditions 

of i-cathodes. On the other hand, when the flow rate is 12 

L/min. and only when the flow direction is upward, 

uniform distribution and flow were realized in the i-

cathode condition of unfolded wings with rotation, but 

colored water flowed only near cathode in the i-cathode 

condition of retracted wings without rotation. The pictures 

of experiments for the flow rate of 12 L/min. are shown in 

Fig. 3. We considered that the wings might work as baffle 

plates much effectively for the colored water and realized 

uniform distribution of colored water in the i-cathode 

condition of unfolded wings with rotation in particular 

when the flow rate is low. 

 

Figure 3: Pictures of experiments in the flow rate of 12 

L/min. and in the direction of upward flow. Left-hand 

side: i-cathode condition of retracted wings without 

rotation. Colored water has dense distribution and flow 

near the cathode rod. Right-hand: i-cathode condition of 

unfolded wings with rotation. The colored water has 

uniform distribution and flow in the cavity. 

 

VEP EXPERIMENTS OF NIOBIUM 

SINGLE-CELL CAVITY WITH I-

CATHODE “NINJA”
 ®

 

We performed Vertical EP (VEP) experiments of Nb 

single-cell cavity three times with i-cathode “Ninja”
 ®

. 

First VEP Experiment 

The picture and schematic view of setup for the first 

VEP experiment is shown in Fig. 4. 

 

Figure 4: Picture (left-hand side) and schematic view 

(right-had side) of setup for the first VEP experiment. 
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As seen in the schematic view in Fig. 4, cooling water 

was supplied from chiller to the heat exchanger in the EP 

electrolyte container. The sequence of VEP experiment 

was as follows. (1) The circulation of EP electrolyte 

started in the direction of upward flow. This is because we 

considered the bubbles in the EP electrolyte might be 

extracted more effectively and we had the better result in 

the previous mock-up experiment. (2) The i-cathode with 

unfolded wings started rotation. (3) The voltage was 

applied between the i-cathode and the cavity (anode). (4) 

if the temperature raised, the voltage was switched off for 

a while. Then (3) and (4) were repeated several times. The 

temperature was measured with six thermocouples, on the 

outer-surface of the cavity at the lower beam-pipe, near 

equator in lower cup, near equator at upper cup, upper 

beam-pipe as well as in the EP electrolyte at the upper 

outlet just above the upper beam-pipe and in the EP 

electrolyte container.  

 

Table 1: Conditions of first VEP experiment 

Items Condition 

Electrolyte composition H2SO4(98%) : HF(55%) = 9:1 

(V/V) and fresh electrolyte 

Voltage From 14to 9 V 

EP duration 30 min. (continuous) 

Flow direction Upward (bottom to top) 

Flow rate 5 L/min. 

Cathode rotation speed 5 rpm 

Cathode material Aluminum 

 

 

Figure 5: Upper: the plot of temperature vs. time. Lower: 

the plot of voltage and electric-current density vs. time in 

the first VEP experiment. 

 

The conditions of experiment are described in Table 1. 

The measured temperature, voltage and electric-current 

density during the experiment are shown in Fig. 5 for the 

first VEP experiment. The temperature raised from 24 to 

47 
0
C at the upper beam-pipe of cavity and this was the 

maximum. The electric-current density ranged from 50 to 

80 mA/cm
2
. The pictures of inner-surface of cavity before 

and after first VEP experiment are shown in Fig. 6. It is 

seen that the lower cup of cavity looked smooth but the 

upper cup looked rather rough. This might be the effect of 

bubbles during the VEP process. 

 

Figure 6: Pictures of inner-surface of cavity before and 

after the first VEP experiment. 

Second VEP Experiment 

We performed the second VEP experiment with the 

same Nb single-cell cavity. However, we set the upper 

cup of the cavity in the first VEP experiment to be the 

lower cup in the second VEP experiment. In other words, 

we flipped the upper side of cavity to lower from the first 

to the second VEP experiments. 

 

Table 2: Conditions of second VEP experiment 

Items Condition 

Electrolyte composition H2SO4(98%) : HF(55%) = 9:1 

(V/V) and fresh electrolyte 

Voltage 9 V 

EP duration (EP for about 10 min.  and 

switched off voltage for 

cooling) repeated 6 times 

Flow direction Upward (bottom to top) 

Flow rate 5 L/min. 

Cathode rotation speed 5 rpm 

Cathode material Aluminum 
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Figure 7: Upper: the plot of temperature vs. time. Lower: 

the plot of voltage and electric-current density vs. time in 

the second VEP experiment. 

 

The sequence of the second VEP experiment was the 

same as of the first VEP experiment. The conditions of 

second VEP experiment are described in Table 2. The 

measured temperature, voltage and electric-current 

density during the second VEP experiment are shown in 

Fig. 7. In order to suppress the rise of temperature and the  

creation of bubbles in the VEP process, we reduced the 

voltage to 9 V and extended the total experimental 

duration from 30 min. to 60 min. with introducing the 

pause period to turn off the voltage about every 10 min.to 

wait for the decrease of temperature and the amount of 

bubbles. The temperature was successfully reduced and 

ranged from 23 to 32 
0
C, and the electric-current density 

ranged from 20 to 40 mA/cm
2
 through the experiment. 

 

Figure 8: Pictures of inner-surface of cavity before and 

after the second VEP experiment. 

The pictures of inner-surface of cavity before and after 

the second VEP experiment are shown in Fig. 8. It is seen 

that the upper cup of cavity looked smoother than after 

the first experiment, and the lower cup also looked 

smoother than after the first experiment. Thus on the both 

upper and lower cups are improved in terms of surface 

brightness and there were no traces of bubbles. This might 

be the effect of low temperature and small amount of 

bubbles during the second VEP process. 

. 

Third VEP Experiment 

We performed the third VEP experiment with the same 

Nb single-cell cavity. This time, we again set the upper 

cup of the cavity in the second VEP experiment to be the 

lower cup in the third VEP experiment. In other words, 

the posture of cavity was back to one in the first 

experiment. In the third experiment, in order to increase 

the effect of low temperature and small amount of 

bubbles, we added more functions to the setup to cool 

down the cavity and to suppress bubbles as shown in Fig. 

9. The new setup includes (1) a spot cooler which was 

connected with a pipe to a bag surrounding the cavity and 

(2) the pump 2 which exhausts the bubbles in the upper 

beam-pipe by making a negative pressure on the upper 

surface of EP electrolyte and returned bubbles back to the 

EP electrolyte container. 

 

Figure 9: Schematic view of setup for the third VEP 

experiment. 

The sequence of the third VEP experiment was the 

same as of the first and second VEP experiments. The 

conditions of the third VEP experiment are described in 

Table 3 where all parameters are kept the same as the 

second VEP process except for the aged EP electrolyte. 

The measured temperature, voltage and electric-current 

density during the third VEP experiment are shown in Fig. 

10. 

 

Proceedings of SRF2013, Paris, France TUP052

09 Cavity preparation and production

G. Basic R&D bulk Nb - Surface wet processing

ISBN 978-3-95450-143-4

533 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

 

 

Table 3: Conditions of third VEP experiment 

Items Condition 

Electrolyte composition H2SO4(98%) : HF(55%) = 9:1 

(V/V) and aged in 2nd VEP 

Voltage 9 V 

EP duration (EP for about 10 min.  and 

switched off voltage for 

cooling) repeated 6 times 

Flow direction Upward (bottom to top) 

Flow rate 5 L/min. 

Cathode rotation speed 5 rpm 

Cathode material Aluminum 

 

 

Figure 10: Upper: the plot of temperature vs. time. Lower: 

the plot of voltage and electric-current density vs. time in 

the third VEP experiment. 

 

The temperature was successfully reduced again and 

ranged from 23 to 26 
0
C, and the electric-current density 

ranged from 20 to 35 mA/cm
2
 except for very sharp peaks 

of oscillations. Also the amount of bubbles at the top of 

upper beam-pipe was clearly reduced being checked by 

eyes. The pictures of inner-surface of cavity before and 

after the third VEP experiment are shown in Fig. 11. It is 

seen that both the upper and lower cups of cavity looked 

similarly smooth but slightly looked like orange-peel 

surface, in particular near the equator.   

 

Figure 11: Pictures of inner-surface of cavity before and 

after the third VEP experiment. 

Before and after the third VEP experiment, we 

measured the roughness on the inner-surface of upper and 

lower beam-pipes with a profilometer (Mitsutoyo SJ-301). 

The measured values of roughness are shown in Table 4. 

On the inner-surface of both beam-pipes, the measured 

roughness: Ra (arithmetic average), Ry (maximum height), 

and Rz (average over 10 points) are improved after the 

third VEP process. This confirmed the fact that the inner-

surface looked smoother after the third VEP process. 

 

Table 4: Roughness measurements before and after the 

third VEP experiment 

 

We also measured the thickness of Nb material of 

cavity over 24 points before and after the third VEP 

process with ultrasonic thickness gauge (GE sensing & 

inspection technology, CL-5) calibrated by measuring a 

coupon of Nb plate of a known thickness. The measured 

points on the single-cell cavity are numbered as shown in 

Fig. 12. For each point, we measured the thickness three 

times and took the average before and after the third VEP 

process. Then the removal thickness by the third VEP 

process was estimated for each point and the results are 

shown in Fig. 13. The average of removal thickness over 

24 points was 17 micrometer. 
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Figure 12: Locations of measured point on the single-cell 

cavity for the thickness measurements before and after the 

third VEP experiment. 

 

 

Figure 13: Removal thickness by the third VEP 

experiment at 24 points on the single-cell cavity. Upper: 

point 1 – 8. Middle: point 9 – 16. Lower: point 17 – 24. 

For each point, we measured the thickness three times and 

took the average before and after the third VEP, and the 

difference is plotted as the removal thickness. 

If we see Fig. 13, the geometrical dependence of the 

removal thickness is not clear because rather large 

scattering is seen in measured values over 24 points. The 

scattering for the three measurements at each point was 

about 1 to 2 micrometer. If we consider the propagation of 

error in the subtraction formula, the scattering of removal 

thickness might be ranging from 1.4 to 3 micrometer. But 

more systematic error might be caused by contacting 

condition between the sensor head of gauge and the 

surface of the cavity. However even the error of 

measurements might be rather large, in simple 

comparison, the removal thickness seems thick in the 

beam-pipes (measured points: 1, 8, 9, 16, 17, 24) and thin 

near the equator of cell (measured points: 4, 5, 12, 13, 20, 

21). This shows that enough uniformity for the removal 

thickness might not be achieved yet, and then the 

parameter-set of VEP process with i-cathode “Ninja”
 ®

 

might need more optimization. 

In the near future, we will repeat the VEP experiments 

of single-cell cavities continuously and will try to achieve 

the optimized parameter-set to realize smooth and 

uniform inner-surface and uniform removal thickness 

without geometrical dependence. We also have a plan to 

measure the gradient of single-cell cavity which is 

prepared with VEP process with i-cathode “Ninja”
 ®

. 

Moreover, we are planning VEP experiments with Nb 9-

cell cavities. 

SUMMARY 

We have performed the Vertical Electro-Polishing 

(VEP) experiments with a plastic mock-up of 9-cell 

cavity and a Nb single-cell cavity using the i-cathode 

“Ninja”
 ®

 which has retractable wings on the cathode rod 

to improve the uniform flow of electrolyte in the cavity 

and the uniform electrical field between the cathode and 

the cavity (anode). In the experiment with a plastic mock-

up, we confirmed the effect of wings on the cathode to 

improve the uniform flow of electrolyte. In the three VEP 

experiments with a Nb single-cell cavity, the parameter-

set of VEP process was improved step by step and the 

inner-surface of cavity and the removal thickness were 

reported. We are planning additional VEP experiments 

with Nb single-cell cavities and also Nb 9-cell cavities 

including the gradient tests of cavities in vertical cryostat 

(vertical tests). 
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ESTIMATION OF SMALL GEOMETRY DEVIATION FOR TESLA-SHAPE 
CAVITIES DUE TO INNER SURFACE POLISHING 

A. Sulimov, G. Kreps, J. Sekutowicz, DESY, Notkestrasse 85, 22607 Hamburg, Germany

Abstract 
Two well-known polishing methods are used for the 

inner surface cleaning of superconducting TESLA-shape 
cavities [1]: electro-polishing (EP) or buffered chemical 
polishing (BCP). The amount of removed material is 
relatively small and varies from 5 till 140 μm. The cavity 
is closed after polishing to prevent scratches or dust 
appearing on its inner surface. The estimation of the 
removed material amount is possible by different criteria, 
for example by comparison of weight before and after 
cleaning, or by the time - cleaning procedure duration. 
Both calculations could give us only approximate average 
value of the removed material amount. 

We describe the method for estimation of small 
geometry deviation basing on RF frequency 
measurements, which allows calculation of the different 
influence of surface treatment on the iris and equator 
areas. 

INTRODUCTION 
The high sensitivity of RF parameters to cavity 

geometry deviations is used to determine a very small 
radius increase due to inner surface polishing.  

The out of symmetry axis shift of the half-cell’s contour 
(see figure 1) shows that most of the geometry (volume) 
changes occur at iris and equator areas. It allows us to 
separate them in analysis and ignore the region between 
them. 

 
Figure 1: Radius deviations at iris (dRi) and equator 

(dRe) areas. 

METHOD DESCRIPTION 
The frequencies are the most sensitive RF 

characteristics for very small radius fluctuations. To 
determine the different influence of surface treatment at 
iris and equator zones we need at least two different 
independent values.  

The boundary frequencies of TM010 (zero and pi-
modes) perfectly suit for this goal. They (see figure 2) can 
be measured for any amount of cells in the cavity starting 
with two, where separating of “iris” areas exists. 

        
  (a)   Fo  1275 MHz          (b)   Fpi  1300 MHz 

Figure 2: TM010  E-Field distribution for zero (a) and pi-
mode (b). 

For TESLA-shape cavities with (Ri = 35 mm, 
Re = 103.3 mm) the sensitivity matrix S define equation 
(1): 

  (1) 

where  MHz/mm. 

The S-matrix elements have been defined with help of 
FEM code with boundary approximation of 3-rd order [2] 

One can see from equation (1) that both frequencies are 
very sensitive to cell’s radius changes (dRe), but 
coefficients are very similar (-14.6 MHz/mm). Bore 
radius variations (dRi) change the coupling between cells. 
So pi-mode frequency is 10-times more sensitive 
(4.0 MHz/mm) than zero-mode (0.4 MHz/mm). 

Measuring frequency changes dFo and dFpi and using 
equation (2), one can find the average radius’ changes:  

,  (2) 

where  μm/MHz. 

One can see from equation (2) that bore radius changes 
depends mostly on difference between frequency 
deviations (dFpi – dFo). 
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LIMITATIONS 
It’s very important to realise the limits where this 

method can be used: 
- Sensitivity matrixes S and A are found for 

TESLA – shape cavities [1] (with Ri = 35 mm, 
Re = 103.3 mm) and cannot be used for other 
geometries without corresponding corrections;  

- Equation (2) can be used, if frequency changes dFo 
and dFpi are caused only by radius increase (due to 
surface polishing). Influences of others factors, like 
temperature or cavity filling, have to be excluded 
or strongly reduced; 

- This method is based on the assumption that all 
changes are identical for all cavity cells. No other 
deformations, like elongations or eccentricity 
changes, are taking place. 

DATA ANALYSIS 
The results of polishing and RF measurements are 

collected in TESLA DB (DESY) [3]. Some of those data 
taken in the last 6 years are presented in tables 1 and 2. 

The estimated values of BCP and EP, which are 
presented after the calculated values of frequency 

deviations, were calculated on the basis of process 
characteristics (like duration of the process) and sample 
results. 

Cavity weight reduction can also be used to calculate 
the average value of removed material. For example, after 
the treatment of CAV00500 (last column of table 2) about 
180 μm, mass deviation was dM = 1.27 kg. For similar 
measurements, the averaging or additional calculations 
can be used to estimate the correspondence between these 
two parameters. But it gives us only an average value of 
removed material. 

The RF method allows us to find the radius deviations 
at two locations. For CAV00500 the amount of equator 
radius increase is about 70 % in comparison with iris: 
(dRe / dRi = 143 / 202). The average calculated value 
180 μm is closer to iris radius deviation 202 μm. The 
meaning is that treated area is mostly located around iris. 
This is a normal effect for EP treatment. 

For BCP process one can see the opposite effect – the 
amount of removed material at the equator area is closer 
to average value. For example cavity AC152 after about 
110 μm has dRe = 124 μm and dRi = 172 μm. By the way 
the ratio between last values is also about 70 %, but 
usually a little bit higher than for EP. 

Table 1: Results of BCP Analysis 

Parameters Units 
Cavities after BCP 

CAV00500 CAV00506 CAV00516 AC151 AC152 AC155 AC155 AC155 
Date 22.11.2012 08.10.2012 27.06.2013 15.05.2012 25.05.2009 26.05.2010 03.04.2012 11.06.2012 
Fo (before BCP) MHz 1275.024 1275.206 1272.839 1274.792 1271.613 1273.227 1274.983 1274.891 
Fo (after BCP) MHz 1274.763 1275.074 1272.714 1274.710 1269.883 1272.920 1274.891 1274.118 
Fpi (before BCP) MHz 1299.686 1299.765 1297.710 1299.685 1296.809 1297.520 1299.622 1299.553 
Fpi (after BCP) MHz 1299.518 1299.680 1297.615 1299.628 1295.688 1297.308 1299.553 1299.052 
dFo MHz -0.261 -0.132 -0.125 -0.082 -1.730 -0.307 -0.092 -0.773 
dFpi MHz -0.168 -0.085 -0.095 -0.057 -1.121 -0.212 -0.069 -0.501 
BCP (from [3]) μm 20 15 10 5 >10 +100 20 8 50 
|dFpi| / 10 (kHz/mm) μm 21 9 10 6 112 21 7 50 
dR iris μm 26 13 8 7 172 27 7 77 
dR equator μm 19 9 9 6 124 22 6 55 
dRe / dRi % 71 71 104 83 72 81 100 72 
Comments 2 x cold 2 x cold 2 x cold 2 x CTM 2 x CTM? 2 x cold 2 x cold 

Table 2: Results of EP Analysis 

Parameters Units 
Cavities after EP 

AC114 AC114 AC116 AC152 AC153 CAV00001 CAV00002 CAV00500 

Date  
18.07 - 

01.08.2007 29.10.2007 14-16. 
01.2008 17.11.2011 06.12.2010 02-06. 

12.2011 
07-09. 

12.2011 
21-28. 

02.2012 
Fo (before EP) MHz 1273.176 1272.740 1273.455 1274.486 1272.551 1276.431 1276.710 1274.590 
Fo (after EP) MHz 1272.776 1272.338 1272.143 1274.373 1271.949 1275.294 1275.636 1272.588 
Fpi (before EP) MHz 1297.563 1297.308 1297.838 1299.638 1297.315 1299.706 1299.865 1298.817 
Fpi (after EP) MHz 1297.317 1297.071 1297.052 1299.573 1296.977 1299.037 1299.238 1297.531 
dFo MHz -0.400 -0.402 -1.312 -0.113 -0.602 -1.137 -1.074 -2.002 
dFpi MHz -0.246 -0.237 -0.786 -0.065 -0.338 -0.669 -0.627 -1.286 
EP (from [3]) μm 12+12+24 48 90+50+10 12 13+48 72+48+10 72+48+10 96+72+10 
|dFpi| / 10 
(kHz/mm) μm 31 30 98 8 42 84 78 161 
dR iris μm 43 46 148 14 74 132 126 202 
dR equator μm 29 29 94 8 43 82 77 143 
dRe / dRi % 66 62 64 60 58 62 61 71 
Comments 2 x CTM 2 x CTM 2 x CTM 2 x cold 2 x CTM 2 x CTM 2 x CTM 2 x CTM 
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The analysis was done in range from 5 μm till 180 μm. 
It was limited only by the statistics in TESLA DB [2]. 

It’s necessary to mention that RF measurements have to 
be done under the same conditions as described in the 
previous chapter, but these conditions could be different. 
Both measurements can be done at room temperature on 
the cavity tuning machine (CTM) or both at cryogenic 
temperatures - (cold) measurements. 

SUMMARY 
The method, based on RF measurement results, is being 

used successfully at DESY for 15 years. 
The most important aspects are: 
- it has a good correlation with other estimations of 

removed material for both inner surface polishing 
processes: BCP and EP; 

- it can be used in a “wide” range of radius changes: 
from 5 μm till 200 μm; 

- it allows us estimation of not only the average 
value of removed material from the cavity surface, 
but also for different regions: iris and equator 
areas.  
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ELECTROPOLISHING OF NIOBIUM SRF CAVITIES IN LOW VISCOSITY 
AQUEOUS ELECTROLYTES WITHOUT HYDROFLUORIC ACID* 

E. J. Taylor , T. Hall, M. Inman, S. Snyder, Faraday Technology, Inc., Clayton OH 45315, U.S.A. #

A. Rowe, Fermilab, Batavia, IL 60510, U.S.A.

Abstract 
Electropolishing of niobium materials and cavities is 

conventionally conducted in high viscosity electrolytes 
consisting of concentrated sulfuric and hydrofluoric acids. 
The use of these dangerous and ecologically damaging 
chemicals requires careful attention to safety protocol to 
avoid harmful worker exposure and environmental 
damage. We present an approach based on pulse reverse 
waveforms enabling the use of low viscosity water based 
electrolytes without hydrofluoric acid for electropolishing 
of niobium materials. The subtleties of the bipolar 
electropolishing process vis-a-vis conventional 
electropolishing are presented. 

INTRODUCTION 
Electropolishing (EP) is used for final surface finishing 

of niobium SRF cavities to achieve acceptable 
performance. EP is a surface finishing process whereby 
surface asperities are preferentially removed by anodic 
electrolytic dissolution under the influence of a direct 
current (DC) electric field in an appropriate electrolyte. 
Conventional EP processing for niobium cavities is based 
on a viscous electrolyte consisting of a mixture of 
sulphuric acid (95-98%) and hydrofluoric acid (49%) in a 
9:1 volume ratio [1]. The need for a viscous electrolyte 
for effective EP is mechanistically understood in terms of 
the “viscous salt film theory” proposed by Jacquet [2] and 
is generally applicable to all metal-electrolyte systems [3] 
Hydrofluoric acid is added to completely remove the 
oxide film from the surface [4]. A recent study of niobium 
EP reports diffusion limited access of fluoride ion to the 
surface and is generally consistent with the viscous salt 
film theory [5].  In collaboration with Fermi National 
Accelerator Laboratory (Fermilab), we are addressing the 
need for an eco-friendly EP process.  

TECHNICAL APPROACH 
In contrast to EP using DC electric fields, our approach 

is based on pulse reverse pulse waveforms (i.e. bipolar 
EP). In Figure 1 is presented a generalized pulse reverse 
waveform. The anodic pulse is tuned to enhance mass 
transport, control current distribution and focus the 
current on the asperities and eliminate the need for a high 
viscosity electrolyte. To depassivate the surface, we 
intersperse cathodic pulses within the anodic pulses, in 
place of or in conjunction with off-times [6-9]. The 
off-times are generally inserted between the anodic and 
cathodic pulses to facilitate replenishment of reacting 

species, and removal of by-products and heat. The 
cathodic pulse eliminates the need for hydrofluoric acid to 
remove the surface oxide. The exact mechanism of 
depassivation is unknown at this stage. The amplitude of 
the cathodic pulses required for depassivation is material 
specific and appears to be based on the strength of the 
passive film. While a priori determination of the on-times 
and peak voltages is not currently known, guiding 
principles based on single pulse transient studies have 
been presented in more detail previously [10].  

 
EXPERIMENTAL 

Fermilab provided four single-cell niobium SRF 
cavities for bipolar EP studies. The initial cavity was used 
to transition from coupons and develop the process 
parameters for cavities. The remaining cavities were 
processed conventionally and provided a baseline for 
comparison after bipolar EP. Since the emphasis of the 
current project is to demonstrate the ability to develop an 
eco-friendly process for cavity electropolishing, minimal 
effort was directed towards the development and 
optimization of pulse reverse waveform parameters. After 
initial experiments with a “developmental” cavity, 
subsequent cavity trials used processing conditions:  

1) 5 wt% H2SO4 in water; 4 V anodic for 200 ms 
followed by off for 300 msec followed by 10 V 
cathodic for 200 ms, and/or  
2) 10 wt% H2SO4 in water; 4 V anodic for 100 ms 
followed by off for 150 msec followed by 10 V 
cathodic for 100 ms. 
 

RESULTS AND DISCUSSION 
We previously reported results on the application of 

pulse reverse electropolishing of niobium coupons in 5 to 
50 wt% H2SO4 in water [11]. In the prior work, we 
reported a current transient in the anodic current which 
we attributed to a transition from oxide film 

Figure 1: Generalized pulse reverse waveform for 
surface finishing of passive materials. 

 _____________________________  

* Work supported by DOE Purchase Order No. 594128 
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formation/growth followed by oxygen evolution. We 
speculated that our polishing mechanism occurred by 
removal of the niobium oxide during the cathodic pulse 
and termed this process termed “cathodic 
electropolishing.”  

We observed that the presence of the anodic current 
transition is important to effectively electropolish 
niobium. To adapt bipolar EP to single-cell cavities, we 
adjusted the timing of the waveforms to provide sufficient 
time for the anodic current transition. In a single-cell SRF 
cavity, the gap from the cathode to the niobium surface 
and the area ratio of the cathode to the niobium surface 
vary from ~1 to 3.5” and ~1:2 to 1:5, respectively. We 
conducted electropolishing of coupons at separations and 
area ratios representative of these parameters and 
observed 1) as the coupon gap increases the waveform 
frequency decreases, and 2) as the coupon surface area 
ratio increases the waveform frequency decreases.  

In initial experiments, the “development” cavity 
(TE1NR001) was processed in an apparatus constructed 
at Faraday based on the design specifications of Argonne 
National Laboratory/Fermilab [12]. The cavities were 
processed in a horizontal orientation with ~60% of the 
internal volume filled with 5 wt% H2SO4 in water 
electrolyte and rotated at 1 rpm. After a number of 
unsuccessful trials based on visual observations, we 
revisited the original Siemens literature [13] upon which 
current cavity processing is derived [1] with 
advancements by KEK [14] and others. The current cavity 
electropolishing protocol (horizontal orientation, partial 
electrolyte fill, rotation) were developed for the highly 
viscous sulfuric/hydrofluoric acid solution in order to 
avoid undesired streaking due to bubbles and generate an 
appropriate “electrolyte film” during cavity rotation. 
Since the viscosity of our low concentration sulfuric acid 
solution is much less than that of the sulfuric/hydrofluoric 
acid solution, we speculated that horizontal operation 
with partial cavity fill and rotation may not be required or 
desirable for the bipolar EP process [15].  

Additional electropolishing experiments were 
conducted in 5 wt% H2SO4 in water with the cavity in a 
vertical orientation completely filled with electrolyte and 
without rotation. Visual inspection at Faraday indicated 
acceptable electropolishing and was confirmed at 
Fermilab [16]. All subsequent processing trials were 
conducted with the cavity in a vertical orientation, filled 
with electrolyte and without rotation.  

Performance Experiment #1 consisted of “light EP” on 
cavity (TE1DESYB5) in 5 wt% H2SO4 in water (4 V 
anodic for 200 ms: off for 300 msec: 10 V cathodic for 
200 ms) with an average over the RF surface of ~30 µm 
of material removed as measured with an ultrasonic 
thickness gauge. The cavity performed with a quench 
field about 31 MV/m with a low-field Q0 of 2.0E+10 
which is within the normal performance band of a cavity 
receiving standard EP [16]. 

Performance Experiment #2 consisted of “heavy EP” 
on cavity (TE1AES007) in 5 wt% H2SO4 in water (4 V 
anodic for 200 ms: off for 300 msec: 10 V cathodic for 

200 ms) with ~15 µm material removed followed by 
additional processing in 10 wt% H2SO4 in water (4 V 
anodic for 100 ms: off for 150 msec: 10 V cathodic for 
100 ms) with ~70 µm average material removed (Total 
material removal for this cavity was ~100 µm as 
measured by ultrasonic thickness gauge). The cavity 
exhibited “average” performance as well as Q-disease, 
which was eliminated after bake. This behavior is 
consistent with bulk removal using the current practice 
[16].  

Performance experiment #3 consisted of “light EP” on 
the same cavity (TE1AES007) to demonstrate that the 
bipolar pulse process did not cause Q-disease for small 
material removal. The cavity was processed in 10 wt% 
H2SO4 in water (4 V anodic for 100 ms: off for 150 msec: 
10 V cathodic for 100 ms) with ~~20 µm material 
removed at the equator. The cavity was evaluated at 
Fermilab and did not exhibit Q-disease [16].   

Performance Experiment #4 consisted of “light EP” on 
a “high performing” cavity (TE1AES012) in 10 wt% 
H2SO4 in water (4 V anodic for 100 ms: off for 150 msec: 
10 V cathodic for 100 ms) with ~25 µm average of 
material removed. The cavity achieved a maximum 
gradient of ~44MV/m with a Q of 1x1010, the highest 
gradient and Q value at this gradient observed at Fermilab 
in any cavity regardless of processing technique [16].  

Minimal pulse reverse waveform optimization and 
activities directed towards mechanistic understanding 
were conducted in this program. More extensive 
waveform optimization and mechanistic understanding 
could lead to the development of 1) a pulse reverse 
waveform enabling neutral salt electropolishing 
electrolyte, and/or 2) a pulse reverse waveform for bulk 
removal that would sequence with the final 
electropolishing waveform to form a one-step, seamless 
surface finishing process. As an example, in the case of 
stainless steel semiconductor valve electropolishing, we 
conducted both bulk material removal and final 
electropolishing by sequentially applying a “bulk removal 
waveform” followed by a “final electropolishing 
waveform” in the same sodium chloride electrolyte in the 
same apparatus in one process step [9]. Additionally, in 
our limited coupon studies on niobium we have observed 
material removal rates of up to 5 µm/min, which would 
be enabling for rapid bulk removal in SRF cavities [12].   

Bipolar EP was deployed with a vertical cavity 
orientation completely filled with electrolyte and without 
rotation. The benefits of vertical electropolishing has been 
noted and includes elimination of rotary acid seals, sliding 
electrical contacts, and vertical/horizontal control fixtures, 
and simplifies plumbing and containment leading to lower 
capital costs, enabling multiple cavities to be processed 
simultaneously [17]. Based on the potential for sequenced 
pulse reverse waveforms for bulk removal and final 
electropolishing we envision an industrially compatible 
process shown in Figure 2, analogous to electroplating of 
internal components. Multiple SRF cavities are arranged 
to include multiple fluid deliveries and exit gas manifolds. 
The cavities could be sprayed or submerged in a 
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temperature controlled “cooling” solution or in the 
electropolishing electrolyte. In Step 1, a pulse reverse 
waveform tuned for bulk removal is applied to the cavity. 
During Step 2, a pulse reverse waveform tuned to 
accomplish final electropolishing is applied, without any 

other change in the equipment configuration or 
electrolyte. During Step 3, ultrasonic detergent cleaning 
and ultra-pure water rinsing is accomplished. At this 
point, the cavities could be removed for high pressure 
water rinsing and drying operations, as required, or those 
processes could be brought to the cavities. The transition 
from the bulk removal waveform to the final 
electropolishing waveform is accomplished by 
sequencing pulse reverse waveforms in the rectifier 
control system in the same electrolyte and in a single 
apparatus, offering considerable industrial throughput and 
cost advantages.  

SUMMARY 
We report on recent development activities directed 

towards an “eco-friendly” electropolishing process for 
niobium SRF cavities. Bipolar EP uses an aqueous 
sulphuric acid electrolyte without the addition of 
hydrofluoric acid. With minimal optimization of pulse 
reverse waveform parameters we have demonstrated the 
ability to electropolish single-cell niobium SRF cavities 
and achieve at least equivalent performance compared to 
conventionally processed cavities. The pulse reverse 
waveform process suggests a new paradigm in contrast to 
the ~80 year understanding that electropolishing can only 
occur in low viscosity electrolytes under mass transport 
control. While additional work is required to elucidate the 
mechanistic aspects of the pulse reverse process we 
tentatively refer to this process as “cathodic 
electropolishing.”  

In addition to the “eco-friendly” nature of bipolar EP, 
we electropolished cavities in a vertical orientation, filled 
with electrolyte and without rotation. Consequently, 
Bipolar EP offers numerous advantages from an industrial 
processing perspective. We speculate that waveforms 
could be developed for bulk material removal as well as 
employing neutral salt electrolytes. Finally, developments 
in cavity processing such as shielding, external cooling 
and high surface area cathodes are adaptable to the 
bipolar EP process. 
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Abstract
Studies on the application of electropolishing (EP) of

the ANL superconducting deflecting cavity have shown

promising results. This cavity geometry is a squashed

single-cell cavity with Y-end group waveguide as well as

on-cell LOM damper. The cavity works at TM110-like de-

flecting mode, in which the iris between the cavity cell and

the Y-end group is the highest magnetic field region. Be-

fore EP, the cavity had been chemically etched (BCP) sev-

eral times. Forty-μm EP processing was performed on one

Mark II prototype deflecting cavity at Fermilab. No mild

baking was performed before the cavity vertical test. The

test showed that the low-field Q had improved from 2×109

to 3×109 and the high-field Q-slope had been successfully

removed. The quench limit was slightly improved from 106

mT to 113 mT. Fast T-mapping had detected a significant

decrease of local temperature rise in the cavity iris. Optical

inspection before EP found a lot of grooves around the iris,

which might be related to the gas bubbles generated dur-

ing BCP. This suggests that horizontal EP is a promising

processing technique to remove the high-field Q-slope and

improve the deflecting cavity performance.

INTRODUCTION
Superconducting deflecting cavities are under develop-

ment for a number of applications. The Advanced Pho-

ton Source (APS) at Argonne National Lab (ANL) plans to

uses the superconducting deflection technique to generate

x-ray on the order of 2 ps or less [1]. An optimized deflect-

ing cavity design has been proposed. As shown in Fig. 1,

the cavity is a single squashed-cell cavity with a waveguide

damper on-cell and a Y-end group on the beam pipe [2].

The cavity works at 2815MHz . To provide sufficient de-

flecting modulation to the beam, the single-cell cavity de-

flecting voltage needs to reach 0.5 MV, which corresponds

to a peak surface magnetic field of 106 mT. Unlike the ac-

celerator, a deflecting cavity operates at dipole mode. The

equator is not the peak surface magnetic field region. The

iris between the cavity cell and the Y-end group has the

highest surface magnetic field.

A proper treatment technique is necessary to achieve

optimum cavity performance. Four deflecting cavities

have already been fabricated under a collaboration between

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357
† yaweiyang@aps.anl.gov

Figure 1: ANL deflecting cavity design.

ANL and JLAB [3]. All of them used buffered chemical

processing (BCP) as the baseline procedure. Electropolish-

ing (EP) has proven to be a successful treatment procedure

in achieving higher gradient with better Q in 1.3 GHz ac-

celerators [4]. This paper reports our progress on an EP

study on one of our cavity. The test result showed EP had

successfully removed the high-field Q-slope and improved

the cavity gradient.

ELECTROPOLISHING OF DEFLECTING
CAVITY

Cavity Background
The cavity was made from large-grain niobium ingot

with RRR larger than 300. One of our 2.815GHz deflect-

ing cavities was chosen for the EP study. This cavity was

the first cavity fabricated with all the waveguide couplers.

BCP had been applied to this cavity several times. De-

tailed investigation had revealed that there was stronger

than expected coupling between the on-cell damper and

cavity cell. A tuning technique had been developed to sig-

nificantly reduce the unexpected leaking [5], which had im-

proved the Q at 2K from 8 × 108 to 2 × 109 at low field.

However, there was still significant Q-slope at high field.

Light BCP and mild baking had little effect on Q-slope.

Description of Electropolishing Procedure
A 40−μm EP was performed on this cavity at Fermilab.

This technique has been found effective in 7-cell CEBAF

cavities [6]. The EP system we used was a horizontal EP

system designed for 1.3 GHz Tesla/ILC single-cell cavi-

ties. The total volume of acid stored was 15 L, the acid

circulation rate was 1.3 L/min. The rotation speed of the
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Figure 2: Q vs B curve comparison. Before EP, there was high-field Q-slope found with significant heating around the

iris. After EP, the test was performed without baking and no Q-slope was found.

cavity was set at 1 rpm. At a voltage of 14 V, the equi-

librium was established with current oscillating around 20

A. During the EP procedure, the cell wall temperature was

maintained at 22oC and beam pipe at 10oC. The EP proce-

dure lasted for 2 hours, followed by deionized water rins-

ing. The actual weight removed was 13 grams. There was

some removal difference found at different locations of the

cavity; 58 μm was removed at the iris, 20 μm was removed

at the cavity equator, and an average of 30 μm was removed

around the cavity cell.

CAVITY MEASUREMENT

Cavity Vertical Test
A cavity vertical test was performed at 2 K at JLAB. No

mild baking was performed before the cavity test. Fig. 2

compares the results before and after EP. Before EP, the

cavity Q was around 2 × 109 at low field and there was

a significant Q-slope at high field. After EP, the low-field

cavity Q had improved to 3 × 109, and the high-field Q-

slope had been removed without mild baking. The quench

limit had improved from 106 mT to 113 mT. X-rays due to

field emission were also detected, but at a very small level.

Time-Resolved Temperature mapping

Figure 3: Surface magnetic field distribution of the ANL

deflecting cavity.

Figure 4: Sensor Layout around the cell and iris.

To fully characterize the surface loss, a time-resolved

temperature mapping had been developed for the deflecting

cavity test [7]. Compared with 1.3 GHz accelerators, our

cavity had a compact size with different regions of high

magnetic field. A fewer number of sensors were needed.

Fig. 3 shows the calculated cavity surface magnetic field.

The highest surface magnetic field was at the iris between

the cavity cell and the Y-end group. Based on the surface

magnetic field distribution, an optimized temperature map-

ping layout had been used during the cavity vertical test.

The sensor layout is shown in Fig. 4. Before EP was ap-

plied, there was significant heating detected around the iris,

starting at 70 mT when the Q-slope started, as shown in Fig.

5. All nine sensors around the iris could detect a signifi-

cant heating signal. It was a global effect around the iris.

Quench happened around the A-2 sensor. After EP, there

was no obvious Q-slope. Temperature mapping showed

only two hot spot at high field including the one set around

the quench point. The detected temperature was less than

3 mK before quench happened. The quench happened at

the A-3 sensor, which was one-half inch from the previous

quench location. The quench location was detected by dra-

matic heating signals at the A-3 sensor, as shown in Fig. 6.

Optical Inspection
Before EP, an optical inspection was performed and a lot

of grooves were found around the Y-end group damper as
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Figure 5: Before EP, global heating was detected around iris with Q-slope. This picture shows the temperature rise of

sensors A-1 to A-5. The same heating was also detected at sensors A-6 to A-9.
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Figure 6: After EP, quench happened when the cavity

Bmax 113 mT. The 1.4 K pulse heating was detected when

quench happened at the A-3 location.

well as on the iris. As shown in Fig. 7, the grooves were

much more significant in the low-surface-field Y-end group

compared with the high-surface-field iris. The grooves

were believed left during the BCP as the track of gas bub-

bles. More power loss would be generated due to this ge-

ometric feature, which would lower the Q. After EP, the

surface is smoother, and it might be the reason of Q in-

crease. We speculate that the high-field Q-slope before EP

is related to the niobium hydrides in the near-surface layer

[8]. The horizontal EP can remove the near-surface layer,

and it has the advantages of minimizing the danger of H

absorption when forming the new niobium hydrides. This

can explain the Q-slope removal without baking, but fur-

ther analysis is required to verify this mechanism.

Figure 7: Numerous grooves found on the Y-end group and

the iris between the Y-end group and thecavity cell.

SUMMARY
Electropolishing has successfully removed the high-field

Q-slope and improved the Q on one of the ANL deflecting

cavities. Before EP was applied, BCP had been applied to

this cavity several times. High-field Q-slope was found at

high field with significant heating around the iris between

the cavity cell and the Y-end group damper. Light BCP had

little effect on the high-field Q-slope. Optical inspection

had found numerous grooves that were believed to be left

by the BCP. However, after 40 μm EP was applied, the Q-

slope was completely removed without mild baking. The

quench limit had increased from 106 mT to 113 mT.
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Abstract 
In the Specification for XFEL Cavity preparation two 

different preparation sequences are presented. Ettore 

Zanon Company as one of the two companies contracted 

for XFEL cavity production and preparation has chosen 

the so called BCP flash cycle. To fulfil the requested 

work flow, quality of infrastructure and processes, the 

company set up a complete new infrastructure in 

refurbished fabrication halls. The layout of the facility, set 

up of work flow of preparation and test results of 

resonators processed by Ettore Zanon in their 

infrastructure will be reported. 

INTRODUCTION 

A total of 800 XFEL cavities and 24 High Grad 

resonators [1] are ordered at Industry. An order of 400 

XFEL +12 high grade cavities is placed at Ettore Zanon 

(EZ) in Italy.  The EZ Company decided to make use of 

the BCP flash preparation sequences to reach the cavity 

performance requested by DESY.  

For this project the company had to extend the existing 

infrastructure in a refurbished manufacturing hall [2] of 

1200 m2 (Figure 1) ground space and air quality of ISO 

10 a completely new infrastructure for cavity preparation 

is set up, A cleanroom with160 m2 of ISO 4 quality and 

220 m2 of ISO 7 air quality is installed inside this hall. 

Ultrasonic cleaning (USC) and ultra- pure water rinsing 

line (UPW), closed loop Buffered Chemical Polishing 

(BCP) (Figure 2), one for  the BCP flash chemistry and 

one for outside etching. Ultra-pure water rinsing and 

ethanol rinsing facility are integrated in the ISO 7 area as 

well. In ISO 4 area slow pumping- slow venting units 

(SPSV) [3] and two high pressure water rinsing stands 

(HPR) are integrated. FMS integration, cavity drying after 

HPR, assembly of accessories and vacuum checks are 

performed in the ISO 4 area as well.  

A new UHV 800 C annealing oven (Figure 3), four 120 

C baking ovens, a semi-automatic chemical plant for parts 

etching before EB welding and a local BCP bench for 

accessory etching are set up inside this hall as well.    

In addition several new machines, test benches and a 

safety room for pressure test are integrated into the hall. 

During the start-up of the cavity preparation a new 

electropolishing facility is designed and set up by EZ to 

minimize transports and optimize material flow [4]. 

QUALIFICATION OF INFRASTRUCTURE 

Four DCV cavities are in use to set up infrastructure, 

determine process parameters, for training of personnel 

and establishing of the process flow [1, 5]. 

Release for processing XFEL cavities in the 

infrastructure is given after intensive studies and training 

by DCV. After passing tests at 2 K with RCV cavities 

successful up to step RCV 6 (table 2) release for pre-

series cavity preparation is given. Series production is 

released after eight pre-series cavities (PCV) are 

successfully tested. 

Figure 1: View on the ISO 7 area of EZ cleanroom. Left: 

BCP stand inside- and outside etching; Right automated 

cleaning facility. 

Pre- qualification of Main Infrastructure  

 

Figure 2: chemistry area inside ISO 7 cleanroom at EZ 

S.p.A. Left: closed loop BCP for BCP flash and outside 

etching. 
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Parts of the infrastructure are prequalified by standard 

test (Table 1). 

Only after passing these tests, permission for RCV 

treatment is given. 

 

Table 1: Condition for pre-qualification of infrastructure 

Cleanroom + 

Assembly area (ISO 

4) 

Air particle counter, airspeed control, 

fog generator under status in 

Operation. 

Ultra- pure water 

system 

TOC -; resistance sensors; liquid 

particle counter integrated in the UP 

water line  

HPR (ISO4) TOC and liquid particle counter, 

Pressure stability; Program parameter 

check 

BCP facilities  

(ISO 7) 

Filling -and dump time; Temperature- 

and flow stability. 

US cleaning (ISO7) Samples and DCV cavities drip off 

test; RGA at SPSV and 800 C oven 

SPSV units (ISO 4) RGA, total end pressure, air particle 

control 

EP facility Flow rate, temperature stability; 

filling-and dump time. Current-  and 

voltage stability   

800 C UHV Oven  UHV pressure RGA and Nb Samples 

test  

Personnel (ISO4) 

 

Training units, air particle counter; 

leak check of test objects.  

 

Qualification by RCV Test Sequences 

Four resonators (CAV0500; CAV0502; CAV0503; 

CAV0506) are handed to DESY for processing according 

to BCP flash sequence. CAV0500, CAV00503 and 

CV00506 reached gradients of 34 to 36MV/m without 

field emission, while CV00502 showed electron loading 

and a max gradient of 30MV/m.  

These cavities are hand out to the EZ SPA and served 

for the qualification processes RCV 0 to 9 (Table 2). 

 

 

Figure 3: 800 C UHV oven loaded with two XFEL serial 

cavities. 

 

With exception of Step RCV 2 and RCV 4 the cavities 

reproduce the gradient as shown at first test at DESY.  

Sequence RCV 2 for qualification of the first HPR 

(step 2) needed to be redone (step 2.1) due to 

contamination of the SPSV system while step RCV 4, 

qualification of BCP treatment, handling problems during 

first time process flow (step 4) are most probably caused 

the high field emission loading. A repetition of this 

sequence (step 4.1) was done successfully. 

 

Table 2: Surface treatment steps tested successfully with 

RCV test sequences 

       Sequence  

Step 

0 1 2.1 3 4.1 5 6 7.3 

Transport X X X X X X X  

Slow venting  X X X X X X  

Remove 

pumping port 

  X X X X X  

Dismount   

accessories 

   X X    

Main EP        X 

BCP flash 

treatment 

    X   X 

Install all 

accessories 

   X X   X 

HPR 1   X X X   X 

HPR 2       X  

Mount pumping 

port 

  X X X X X X 

Slow pumping  X X X X X X X 

120 C baking      X  X 

 

The final qualification of the main EP at EZ two serial 

cavities (CAV599 and CAV600) passed the complete 

treatment cycle of BCP flash with main EP done at EZ. 

Both of them reached above 30 MV/m without field 

emission. 

Ramp up of Production by PCV Resonators  

After release of the infrastructure the first 8 cavities 

named pre-series cavities (PCV) passed the complete 

cavity processing for the first time.  

The complete workflow of production, surface 

processing, quality control and handling by new 

personnel working in shifts with the new infrastructure 

had to be shown with this PCV cavities (Fig. 4).  

The cavities build according European Pressure 

Equipment Directive PED 97/23/EC [6] are equipped 

with He-tank, HOM- High-Q and Pick up antennas. They 
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are handed to DESY in “ready for string assembly” 

conditions. Relaxed conditions on time schedule and 

acceptance criteria as they are foreseen for series were 

accepted by DESY for the PCV resonators.  

 

The cavities CAV00511 andCAV00515 were limited at 

low field by field emission caused by ramp up problems. 

After additional HPR they performed at 26.2 resp. 27.7 

MV /m without field emission loading.  

 

Figure 4: Test results of the eight pre series cavities made 

by Ettore Zanon. 

 

Two other PCV cavities, CAV00513 and CAV00516, 

are limited by quench at 19 resp. 22 MV/m without field 

emission loading. Origin of this limitation is under 

investigation. 

SERIES CAVITY PRODUCTION 

Since start of the production of XFEL cavities in 

December 2012 until KW 36 /2013 a total of 106 cavities 

ae handed out to DESY. Seventy nine of them are tested at 

2 K. Sixty seven of the handed out XFEL cavities are 

fabricated by DESY by Ettore Zanon. 

Delivery rates up to four SCV per week will be reached 

by EZ in September 2013.  Due to overloaded EP facility 

at the subcontractor RI and a delay in qualification of the 

new EP facility at E.Z. S.p.A. this sequence was reduced 

to 2.5-3 SCV per week. Since August 2013 the EZ 

designed main EP facility is qualified [4] and full 

production rate is re-established (Fig. 5). 

The fifty six EZ resonators tested until KW 36/13 

reached an average acceleration gradient of 27.6 MV/m. 

The average of the usable gradient, defined by quality 

factor of Q >1x10
10 

and field- emission level of < 1x10
-2

-

mGy/min, of these cavities is 24.5 MV/m in the first pass. 

Thirty of the EZ cavities well exceeded gradients of 30 

MV/m, one cavity reached up to 37MV /m without field 

emission loading. 

Figure 5: View on production buffer at Ettore Zanon. 

 

The cavities not passing the acceptance test in first test 

are retreated by HPR at DESY. Eight are retested so far 

and recovered form field emission. They reached 

gradients from 26 up to 34 MV/m with average usable 

gradients of 39.2 MV/m. 

After second pass maximum average gradient went up 

to 30.4 MV/m and the usable gradient reached 28.4 

MV/m. 

A total of five SCV cavities showed quench limitation 

without field emission between 19 MV/m and 22 MV/m. 

Retreatment of this cavities and investigation on this 

limitation are on-going. 

SUMMARY  

At Ettore Zanon Company located at Schio Italy, a 

complete new industrial infrastructure for s.c. cavity 

preparation is set up. Qualification of the infrastructure 

and fabrication processing flow is done with nine 

referencing preparation cycles and eight pre-series 

cavities.  

Cavity production is ramped up in January 2013. Until 

KW 36/13 a total of sixty seven cavities are handed over 

to DESY. The fifty three resonators tested so far reached 

average gradients of more than 28 MV/m. About half of 

that production exceeded gradients of 30 MV/m.  A 

production rate of 4 cavities per week reaching acceptable 

performance is demonstrated.  
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PLASMA PROCESSING R&D FOR THE SNS SUPERCONDUCTING LINAC 
RF CAVITIES* 

M. Doleans, R. Afanador, J. Ball, W. Blokland, M. Crofford, B. Degraff, D. Douglas, B. Hannah, 
M. Howell, S-H. Kim, S-W. Lee, C. McMahan, J. Saunders, P. V. Tyagi,                                        

ORNL, Oak Ridge, TN 37831, USA

Abstract 
The Spallation Neutron Source routinely operates with 

a proton beam power of 1 MW on its production target. A 
plan to reach the design 1.4 MW within a few years is in 
place [1] and relies on increasing the ion beam current, 
pulse length and beam energy in the linac. The increase in 
beam energy from the present 930 MeV to 1 GeV will 
require an increase of approximately 15% in the 
accelerating gradient of the superconducting linac high-
beta cryomodules. In-situ plasma processing was 
identified as a promising technique to reduce electron 
activity in the SNS superconducting cavities and increase 
their accelerating gradient [2]. R&D on plasma 
processing aims at deploying the new in-situ technique in 
the linac tunnel by 2016. Overall plan and current status 
of the plasma processing R&D will be presented. 

INTRODUCTION 
Medium-beta (MB) superconducting cavities at the 

SNS operate above design gradients while high-beta (HB) 

cavities operate below design gradients, mainly due to 
electron activities and in particular due to field emission. 
The electrons emitted from the surface are accelerated by 
the RF electric field before striking and heating the 
Niobium surface of the resonators leading to thermal 
instabilities, mostly in the cavity end-groups. 

As explained in [2], the accelerating gradients that can 
be run stably in the superconducting linac (SCL) at the 
SNS strongly depends on the repetition rate. The higher 
the repetition rate, the lower the accelerating gradients 
before reaching thermal instability in the cryomodules. At 
10 Hz repetition rate, and with cavities powered 
individually, the average stable accelerating gradient for 
the HB section is about 30% higher than at the nominal 
60 Hz repetition rate with all the cavities powered 
simultaneously. A 15% increase of the accelerating 
gradients of the SCL HB cryomodules is being pursued 
using in-situ plasma processing. A similar idea is being 
considered at JLAB to benefit CEBAF operation [3]. 
 

 

 
 

Figure 1: Strategy for the development of plasma processing technique at the SNS. 
 
 ___________________________________________  

*This work was supported by SNS through UT-Battelle, LLC, under 
contract DE-AC05-00OR22725 for the U.S. DOE 
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Previous studies [2] and RGA measurement during 

thermal cycling of cryomodules have shown that residual 
contamination, for example from hydrocarbons, is a 
source of field emission in the SNS SCL resonators. 

In-situ plasma processing aims at removing residual 
surface contamination, particularly hydrocarbons from the 
HB cavity inner surfaces. No plasma etching technique 
like in [4] is being pursued at this point in time at the 
SNS. Also, no electron cyclotron resonance is used to 
excite the plasma as in [5] because it wouldn’t be suitable 
for in-situ plasma processing of the SNS cryomodules. 

A microwave discharge in an SRF cavity can be 
generated at room temperature or at cryogenic 
temperature. Because cold surfaces can cryo-pump the 
volatiles compounds desorbed from the surface, plasma 
processing at room temperature is preferred. 

Because deploying a new technique in an operating 
superconducting linac presents inherent risks, a 
progressive strategy in four phases has been devised and 
is shown in Figure 1: 

 Plasma processing studies with 3-cell and 6-cell 
cavities  

 Cold-test of plasma processed cavities 
 Plasma processing of an offline cryomodule 
 Deployment of in-situ plasma processing in the SNS 

linac tunnel 
The plasma processing of an offline cryomodule will be 
facilitated by the fact that the SNS has recently built a 
spare HB cryomodule [6]. 

 
Figure 2: Plasma processing in a 6-cell beta=0.81 cavity 
at the SNS. 

PLASMA PROCESSING AT THE SNS 
The first phase of the plasma processing R&D is on-

going. Preparatory work for the second phase has started 
and cold-test of plasma processed cavities are planned in 
FY14 using the new vertical test area (VTA) and 
horizontal test apparatus (HTA) [7,8]. The VTA and HTA 
use the new Cryogenic Test Facility (CTF) [9]. 

Plasma Processing Station 
A plasma processing station was developed during the 

first phase of the R&D. This station is mounted on a 
movable rack and is shown in Figure 2. In its present 
configuration it has two RF generators, a 500 W solid 

state amplifier, a circulator and a load capable of 
supporting full reflection, and a crate for control of the RF 
and recording of all the instruments. The amplifier has a 
center frequency of 805 MHz and a +-25 MHz tuning 
range.  

Instrumentation connected to the crate includes vacuum 
gauges, RF generator and power meters, video cameras, 
RGA, optical spectrometer and thermocouples. Most of 
the data acquisition has been done through Labview and 
post-processing is done using DIAdem. DIAdem is an 
ideal data visualization tool for this type of R&D because 
it easily handles heterogeneous types of data, it has a high 
level script language and can be used to replay plasma 
processing studies with synchronization of all the 
instrument signals. An example of such a sequence is 
illustrated in Figure 3. 

 
Figure 3: Example of a plasma processing sequence post-
processed and visualized in DIAdem. 

Plasma Ignition 
To ignite a plasma in the cavity, a flow of neutral gas is 

created through the cavity volume and one of the 
fundamental passband mode is excited until a microwave 
discharge occurs. The mode frequency and field 
amplitude in each cell of a multicell cavity is given by 
[10] 

N
mjNm

N
mk

mNj

m
m

2/1sin2

cos112
0

2

. (1) 

Where the zero index refers to the frequency of a single-
cell cavity, the m index refers to the mth mode, and the 
index j runs from 1 to N, N being the number of cells. 

The fundamental mode resonant frequencies and on-
axis field profiles for the 3-cell MB cavity and several 6-
cell HB cavities used in the R&D have been measured 
and closely follow Equation 1. As expected, all cavities 
had a few percents deviation of their field intensities with 
respect to the ideal model.  
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Figure 4: (left) on-axis field measurement for the six fundamental passband modes a SNS HB 6-cell cavity. (right) matrix 
plot of the ideal normalized field amplitudes . 
 
 
 

As an example, the on-axis field profile measurement 
for the six fundamental modes in a 6-cell HB cavity is 
shown in Figure 4. A convenient 6x6 matrix plot also 
shows the field amplitude for all modes and in each cell 
of the resonator. 

The plasma ignition condition in a cavity depends on 
the gas specie and pressure and has similar features to the 
Paschen curve for a DC discharge [11]. Ignition curves 
for the 3-cell medium beta cavity are shown in Figure 5. 
Ignition was achieved in the cavity volume for various 
gases and for the three modes of the 3-cell cavity. Plasma 
ignition in the fundamental power coupler instead of in 
the cavity volume can also occur but an acceptable range 
of gas pressure and forward power could always be found 
to ignite a plasma in the cavity. 
 

 
Figure 5: Plasma ignition in a 3-cell MB cavity as a 
function of the gas pressure and peak surface electric 
field. 

 

Because the amplitude of the electric field in each cell 
depends on which mode is being excited, the plasma can 
be ignited at various locations in the resonator. As an 
example, a helium plasma ignited in the 6th cell or in the 
2nd cell of a HB cavity is shown in Figure 6. 

Plasma Tuning 
The plasma ignited in a cavity acts as a dielectric [12] 

with dielectric constant less than unity. The plasma 
dielectric constant depends on the plasma density and is 
given by 

plasmaplasma

rf

plasma

nf

2

2

1

.  (2) 

 

 
Figure 6: Helium plasma in a 6-cell HB cavity in the 6th 
cell (top row) and 2nd cell (bottom row). Depending on its 
location, the plasma appears closer or farther away from 
the axial cameras used at each end of the resonator. 
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Figure 7: (left, model) Perturbation of the resonance frequency (a.u) due to a plasma in each of the six cells of the 
cavity and for each of the six fundamental passband modes of a HB cavity. (right, experiment) Measurement of the 
resonance modes for modes 3 to 6 without (blue) and with (green) plasma ignited in the 2nd cell of the cavity. Only 
modes 3, 5 and 6 are shifted, while mode 4 frequency remains unchanged, as expected from the model (see red 
contour in the left plot) 

 
When a resonant structure is loaded by a plasma, its 
resonant frequency is shifted upward [13] 
 

rf

neutrale

cavity

plasma

dVE

dVE
2

2

212
1

 (3) 

 
At our working pressure the collisional effect of the 
electron on the neutral gas can be neglected (i.e. <<1). 
The mode characteristics (i.e. resonant frequencies and 
field patterns) depend in which cells the plasma has 
ignited. When the plasma loading effect is treated as a 
perturbation, the description of the mode characteristics 
closely resembles the one used for field flatness tuning of 
a multicell cavity [10]. For example if one writes the 
perturbation matrix due to the plasma as 
 

N

P
00

00
001

  (4) 

 
one can write the perturbation effect on the resonant 
frequencies and field amplitudes as 
 

mn nm

mm

n
mPn

mm

mPm
 (5) 

 
To illustrate this effect, a matrix plot showing the shift in 
the mode resonant frequencies caused by a plasma in each 
of the cells of a cavity is shown in Figure 7. To check the 
basic validity of this model, a plasma was ignited in the 
2nd cell of a 6-cell HB cavity by using the 2nd mode. 
Resonances of mode 3 to 6 were monitored 
simultaneously through the field-probe signal. As 
expected from the model, the resonance frequency for 
modes 3, 5 and 6 are all shifted upward while the one for 
mode 4 is left unchanged. This is because the 4th mode 
has no stored energy in the 2nd cell.  
As shown in Equation 5, the relative field amplitude in 
the cells of a resonator is also affected by the ignition of a 
plasma. Figure 8 shows the perturbation on the amplitude 
of the electric field, for all modes and in each cell, due to 
the ignition of a plasma at different locations in the 
cavity. 
The modelling of the perturbation from a plasma in the 
resonator provides relevant information to tune the 
plasma. To increase the plasma density, the RF generator 
frequency should be raised as to track the upward shift of 
the mode resonances. It should be noted that when this is 
done, the increase in the plasma density then leads to a 
larger shift in the resonance frequency and the processes 
can be iterated to further increase the plasma density. To 
ignite the plasma in multiple cells, the variation of the 
field amplitude as illustrated in Figure 8 can be utilized. 
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Figure 8: Perturbation of the field amplitude for all fundamental passband modes and in each cell of 6-cell cavity due to 
the presence of a plasma at various location in the resonator. Results for a plasma ignited in cell 1, 2 or 3 are presented. 
Results for cells 4, 5 and 6 can found by mirror symmetry.  
 
 
 
For example, one sees that the 5th mode is adequate to 
ignite a plasma in the two end cells of the resonator. For 
this mode, when the plasma ignites in one end cell, the 
field amplitude increases in the opposite end cell of the 
cavity such that the ignition level in that cell can be 
reached. Similarly, the 1st mode is adequate to ignite a 
plasma in the two center-cells. 

Plasma Chemistry and Cleaning 
Plasma chemistry is a vast and rich topic [14]. The 

mechanisms of the plasma-chemical processes can be 
quite complex because the plasma is inherently a highly 
reactive system with multi-components chemically active. 
All the charged particles, excited atoms and molecules, 
radicals and UV photons can play an active role and lead 
to physical, chemical and photochemical processes. 

In our case, the physical energy of the ions is too small 
to initiate significant physical action and the plasma 
processes are dominated by chemical and photochemical 
effects. It is thus very improbable to find one plasma 
processing method to get rid of all possible residual 
contaminants on the operating SNS cavities. 

 We have purposefully decided to focus primarily on 
the removal of hydrocarbon residues from the surface 
because it is believed that their cleaning could lead to 
significant mitigation of the field emission affecting the 
SNS HB cavities. But, even in this case, the task of 
cleaning hydrocarbons from a niobium surface is far from 
trivial since cleaning and redepositing processes happen 
simultaneously. When a chemically active plasma is 
generated it is as critical to monitor the possible creation 
of new chemical bonds on the surface as it is to monitor 
the cleaning of the surface contaminants. 

Niobium samples introduced in the cavity volume 
provide a convenient method to learn and study plasma 
chemistry for SRF cavities. Because we decided to study 
the removal of hydrocarbons, FTIR technique [15] was 
used to analyse the hydrocarbons on the niobium surface 

of the samples. FTIR, and particularly specular 
reflectance method [16] was used because it is a fast 
analysis technique that doesn’t require UHV or sample 
preparation, it is non-destructive so that the same samples 
can be analysed before and after plasma processing, and it 
provides chemical bond information about the surface 
contaminants. Of course, FTIR also has its limitations and 
the use of complementary surface analysis techniques is 
being pursued. 
Plasma processing of hydrocarbon was attempted using a 
Ne-O2-H2 mixture. Neon was used as a support gas 
because it was found to create very stable discharges 
during plasma tuning studies. Oxygen is used as a 
cleaning agent because it can oxidize the surface carbon 
to CO and CO2, which easily desorb. And it can also react 
with the surface hydrogen and desorb in water and 
hydroxyl form [17-19]. However, it can also attach 
during the process [20]. For this reason, hydrogen was 
added to the mixture. Surface carbon is hydrogenated to 
hydrocarbon molecules and oxygen can be removed by 
creating and desorbing water and hydroxyl molecules 
[21]. 
Four Niobium samples (flat disks of 25mm diameter and 
1 mm thickness) were contaminated using a black 
permanent marker which contains long hydrocarbon 
chains such as n-propanol and n-butanol [22]. The 
samples were introduced in the 3-cell MB cavity. Two 
were positioned close in the iris region of the end cells, 
and the other two far away from any electric field in the 
end flanges region as shown in Figure 9. FTIR spectra for 
all samples before plasma processing are shown in Figure 
10. The complexity of the hydrocarbon composition of 
the marker is evident from the broadness and multiplicity 
of the peaks in the FTIR spectra. 
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Figure 9: Four Nb samples before introduction into the 3-
cell MB cavity. The samples were purposefully 
contaminated to study the cleaning of hydrocarbon chains 
by a plasma. 
 
A plasma using a Ne-O2-H2 mixture was ignited using the 
second mode and tuned up such that a plasma was present 
in both end-cells of the cavity volume. As expected, 
increase in the RGA signals for masses 18, 28 and 44 
were observed when the plasma was ignited 
corresponding to removal of hydrocarbons from the 
samples in the form of water, carbon monoxide and 
carbon dioxide. The plasma was left on for a few hours. 
The four samples were then removed from the cavity 
volume for inspection. 
 

 
Figure 10: FTIR specular reflectance spectra for the four 
Niobium samples before plasma processing.  
 
Images of the samples after plasma processing are shown 
in Figure 11, and the corresponding FTIR spectra are 
shown in Figure 12. The two samples positioned close to 
the plasma in the end-cells were significantly cleaned by 
the plasma, while the other two samples located in the 
end-flanges outside of the plasma do not appear 
significantly changed. Furthermore, the FTIR spectra 
reveal that all the types of hydrocarbon bonds were 
successfully processed and that no new chemical bonds 
were formed on the sample surface (i.e. no new peaks 

were detected). But, complementary analysis techniques 
such as XPS or SIMS [15] should be performed on the 
processed samples to confirm this point. It is believed that 
the remaining traces of contamination on sample 2 and 3 
could be removed using additional plasma processing. 
 

 
Figure 11: Nb samples after plasma processing in Ne-O2-
H2mixture. The samples positioned near the end cells of 
the cavity were cleaned while the samples located near 
the end flanges remain basically unchanged. 
 

 
Figure 12: FTIR specular reflectance spectra pectra for 
the four Niobium samples after plasma processing. 

CONCLUSION 
Plasma processing R&D at the SNS is on-going and 

aims at providing an in-situ technique to remove residual 
contamination for the SC cavities operated in the linac. 
Results from the first phase of the R&D are promising 
and the second phase of the R&D will start in FY14 and 
include cold-test of plasma processed cavities. 
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RECENT FININGS ON NITROGEN TREATED NIOBIUM 
G.R. Eichhorn , A. Ganshin, A. Holmes, J. Kaufman, S. Markham, S. Posen, E. Smith  #

Cornell Laboratory for Accelerator-Based Sciences and Education,  
Cornell University, Ithaca, NY 14853, USA

Abstract 
Based on recent findings at Fermilab, Cornell 

investigated the role of Nitrogen being present during the 
cavity hydrogen degassing process. We treated several 
samples at different temperatures being exposed to 
nitrogen between 10 minutes and 3 hours at pressures 
around 15 mbar. This contribution will summarize our 
findings from surface analysis and Tc measurements 
addressing the question, if such a process can form 
Niobium-Nitride.   

 INTRODUCTION 
During many decades, materials other than Niobium 

have been investigated for RF applications [1,2]. Due to 
the progress of the pure Niobium technology, many 
activities stopped during 1990s. However, as todays 
Niobium cavities are reaching closely their limits, 
alternative material with higher theoretical potential 
become interesting again [3]. Among them are Nb3Sn, 
which Cornell started to work on several years ago (and 
which now lead to a great success), MgB2 which is 
currently investigated in Los Alamos and NbN with 
several institutes involved [4]. 

While Nb3Sn has turned into a success story [5], the 
situation with NbN is still unclear. From the theoretical 
standpoint, a NbN cavity should reach fields as high as a 
Nb cavity but with quality factors of above 1011 (for a 1.3 
GHz cavity at 2 K) [6]. Nonetheless, the performance of 
different NbN cavities produced so far was rather poor 
and there is a great doubt that current coating techniques 
are suited.  

Based on this, a process was investigated which was 
applied by the Fermilab group. There, a Niobium cavity 
was fired in a vacuum furnace to 1000 C while nitrogen 
(~15 mbar) was introduced for some minutes. This 
resulted in a remarkable high Q cavity after a 70 μm BCP 
removal- while the cavity performed poorly prior to the 
BCP [7]. We closely followed this heating procedure and 
addressed the question, if Niobium Nitride could be 
formed under these circumstances. We especially 
addressed the question, if the Niobium Nitride could have 
been formed under the surface layer. 

PREPARATION OF THE SAMPLES 
All Niobium samples were baked in a vacuum furnace 

for 50 hours at 1000 C to ensure a proper Hydrogen 
degasing. Then the samples individually were heated up 
again to 1000 C with a rate of 50 C/min under vacuum 
conditions. Once the temperature was reached, ultrapure 

Nitrogen was bleed in, maintaining a pressure of 15 mbar. 
The exposure time was varied from sample to sample, 
ranging from 10 min up to 3 hours. The exposure time 
was followed by a quick cool-down being technically 
limited by the oven. Down to 600 C, the rate was 30-40 
C/min.  

SET-UP TO MEASURE THE  
CRITICAL TEMPERATURE 

To characterize the samples treated as described above, 
its fundamental superconducting property was measured, 
namely the critical temperature (Tc). The idea behind this 
approach was the following: as there is the suspicion that 
NbN was formed during the process, the critical 
temperature of the Nitrogen treated Niobium sample 
should raise from 9.2 K to around 16 K. This layer might 
be buried under the surface, so we choose to measure Tc 
with and induction set-up. This would allow the detection 
of an NbN layer even if it is not located on the surface. 
However, the limitations are clear: if there is no closed 
layer, the method would fail. 

Our set-up consists of two coils located on either side 
of the sample under test. Driving one coil with an AC of 
200 Hz, a voltage should be induced in the pic-up coil if 
the magnetic field of the two solenoids couple to each 
other. This is the case, if the sample placed in-between is 

 if it is superconducting, the magnetic 
field of the exited coil would be shielded due to the 
Meisner effect and the pic-up coil would not experience 
any induced currents.  

In practice, the electric shielding effect generates eddy 
currents in the normal conducting state, too, so a carful 
experimental set-up has to be chosen. We used a log-in 
amplifier and shielded current leads to minimize the 
noise. However, choosing the right parameters was still  

Figure 1: Sketch of the inductive Tc measurement 
apparatus. The sample under test is placed between two 
coils decoupling their magnetic field if the sample is in 
the superconducting Meisner state.   ___________________________________________ 

#r.eichhorn@cornell.edu                
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Figure 2: Induced induction voltage in the pic-up coil (measured with a log-in amplifier) as a function of temperature 
for the different samples. Sample 5 was measured with a non-optimal set of parameters, but averaging the data clearly 
indicates the transition temperature. The left plots show the full data sets, the plots in the middle magnify the 9.5 K 
region where Niobium becomes superconducting, the 16 K regions are zoomed into on the right hand indicating, where 
signatures of a Niobium Nitride transition should be found. 

difficult, as can be seen from the first data we took, 
shown in fig 2, upper plots. 

TC MEASURMENTS 
So far, three of the samples treated as described above 

were measured against their critical temperature: Sample 
1 was exposed 3 h to the nitrogen atmosphere, sample 7 
for 2 h and sample 5 for 1 h. 

These samples – one by one – were mounted between 
the solenoids (see fig. 1 for reference), enclosed by a 
copper block with two cernox resistors attached to it to 
ensure an accurate temperature calibration. After 
immersing the block into a small vertical dewar it was 
cooled down with liquid helium until it was fully covered. 

As soon as the liquid was evaporated, the copper block 
warmed up slowly by itself due to the omic heating of the 

sending solenoid. During this phase, the induced voltage 
on the receiving coil was monitored. Initially, as the 
sample was superconducting no voltage could be detected 
which changed during the warm-up and the onset was 
interpreted as the critical temperature. The data taken is 
shown in fig. 2. Going from 4 K to 20 K typically took 20 
minutes.  

For all three samples, no indication of a closed 
superconducting layer inside the niobium substrate with a 
higher critical temperature than niobium could be 
observed.  

SURFACE ANALYSIS 
In addition to measuring the critical temperature we 

analyzed the surface by methods of spectroscopy. As the 
inductive method suggested that there is no closed layer 
of Niobium Nitride we addressed the question if islands. 
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Figure 3: Focused Ion Beam Microscopy (FIB) image of 
the cross section of sample #7 (120 min Nitrogen 
exposure). 
 
of NbN may exist or if there are other indications of 
Nitrogen, diffused into the Niobium forming low 
Nitrogen Niobium-Nitrogen phases.  

Therefore, sample #7 was scanned with a Focused Ion 
Beam Microscopy (FIB), see fig. 3. Below the Platinum 
and Carbon layer (which was coated onto the sample to 
increase the contrast) a uniform Niobium layer was 
detected. Figure 4 gives a deeper cut into the material 
showing no indication of a Niobium Nitride phase. 

 
Figure 4: FIB image of sample #7 with a depth greater 
than 24 μm. Again, no nitride layer could be seen. 

 
Figure 5: EDX spectrum of sample #7 showing 
unpopulated Nitrogen lines. 

Table1: Atomic Decomposition Analysis from the EDX 
 

Element Weight% ΔWeight% 
C 18.78 0.61 
N -2.19 0.58 
O 3.05 0.23 
Si 0.49 0.04 
Nb 79.87 0.77 
Totals 100  

 
For further analysis, the sample was analysed with an 

EDX spectrometer. To increase the sensitivity for 
Nitrogen, the electron energy was kept as low as 5 keV. 
The spectrum taken is shown in fig. 5, tab. 1 summarizes 
the atomic composition analysis. 

CONCLUSION 
We addressed the question, if Niobium at 1000 C, 

exposed to a 15 mbar atmosphere of Nitrogen can react 
thermally to δ-NbN. Our inductive measurement of the 
critical temperature suggests that there is no closed layer 
of NbN inside Niobium samples treated this way. Surface 
analysis by means of FIB and EDS showed no signature 
of Nitrogen inside the Niobium which let us conclude that 
no Niobium Nitrite was formed or remained during the 
cool-down process.  
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Figure 1: un-stiffened (top) and stiffened (bottom) 

Cornell ERL 7-cell cavity. 

TM-FURNACE QUALIFICATION AT CORNELL 

F. Furuta, B. Bullock, R. Eichhorn, A. Ganshin, M. Ge, G. Hoffstaetter,

J. Kaufman, M. Liepe, J. Sears 

 LEPP, Cornell University, Ithaca, NY 14850, USA

Abstract 
New TM vacuum furnace had been installed to 

Newman laboratory at Cornell. The furnace is routinely 

used for annealing, degassing, and high- and low-

temperature bake of Nb SRF cavities and samples.  We 

will describe our qualification study on our new furnace. 

INTRODUCTION 

To process Cornell ERL 7-cell cavities, we have 

installed TM vacuum furnace in our SRF facility. Furnace 

could be available up to 1450 °C, achievable highest 

vacuum is 1.0e-8 Torr, and specified dimensions are 24 x 

24 x 60 cubic inch. Figure 1 shows images of TM vacuum 

furnace. Major usage of furnace will be hydrogen 

degassing and low temperature bake of 7-cell cavities.  

Our original hydrogen degassing parameter is 650 °C x 

10 hrs. The 1
st
 ERL 7-cell cavity, ERL7-1, had been 

degassed with that parameter at Jlab before installation of 

TM furnace in our facility. ERL7-1 successfully achieved 

our specifications at vertical test [1] and then installed to 

horizontal test cryomodule. As qualification of furnace 

and optimization of degasing parameter, we have done 

systematic bake tests followed by vertical tests on single 

cell cavities.    

TEST BAKE ON SINGLE CELL  

We had prepared two single cell cavities, cavity #1 and 

#2, that highly contaminated with hydrogen by centrifugal 

barrel polishing (CBP). After CBP, cavities were 

processed by 10 microns of buffered chemical polishing 

(BCP) followed by ultra-sonic cleaning (USC) and high 

pressure rinsing (HPR). Cavity #1 was baked in TM 

furnace from 650 °C to 1000 °C. We have kept 650 °C 

until partial pressure of hydrogen went down and got 

saturation. After saturation, increase temperature to 800, 

900, and 1000 °C and kept each temperature untill 

pressure saturation. Figure 2 shows results of test bake on 

cavity #1. X axis shows time in hours and Y axis shows 

partial pressure in Torr. It took about 4 days to get 

saturation of hydrogen at 650 °C. When we increased 

temperature to 800 °C, additional hydrogen came out; 

above 800 °C no additional hydrogen was released. These 

results suggest that 650 °C could not release all hydrogen 

absorbed in bulk Nb. 

CURE HYDROGEN Q-DISEASE 

Cavity #2 was kept 100 K over night, and then tested to 

confirm hydrogen Q-disease before furnace bake. Figure 

3 shows the result. Cavity was limited by RF power at 10 

MV/m with low Qo of 1e8, Q-disease was confirmed. 

Cavity #2 was baked 2 days at 850 °C in TM furnace. 

Figure 4 shows 850 °C bake log of cavity #2 in TM 

furnace. After furnace bake, cavity was processed by USC 

and HPR, but no chemistry. 1
st
 VT was done with fast 

cool down. After warming up cavity to room temperature, 

2
nd

 VT was done with slow cool down (kept cavity 100 K 

over night). These results are also shown in Figure 3. 

Cavity was limited by RF power again, but Eacc was 

improved to 28 MV/m with Qo of 1e9; Q-disease had 

been successfully cured by furnace bake.  

Based on single cell test bakes and VT results, 850 °C 

bake seems more promising to hydrogen degassing and 

cure hydrogen Q-disease. In parallel with cavity test bake, 

Nb sample was baked in TM furnace. Nb material had 

started to become slightly soft more than 800 °C bake, so 

we decided to not go higher temperature than 800 °C, and 

also decided to bake ERL 7-cells cavity 4 days at 650 °C. 
 ___________________________________________  
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Figure 2: Test bake on single cell highly contaminated with hydrogen. 

 

 
Figure 4: Furnace degasing log of cavity #2. 

 
Figure 6: degassing log of ERL7-2. 

 
Figure 3: cure of hydrogen Q-disease.  

Figure 5: VT results of single cell before and after 

120C bake in TM furnace.  

LOW TEMPERATURE BAKE  

We had also planned to use TM furnace for low 

temperature bake (120 °C x 48 hrs).  After confirming no 

hydrogen Q-disease, Cavity #2 was processed with 10 

microns of BCP followed by USC and HPR. Cavity #2 

was tested twice before and after 120 °C bake in TM 

furnace; Figure 5 shows the results. Eacc was improved 

up to 35 MV/m with Qo of 2e9 by additional BCP, 

limitation was RF power. After 120 °C bake, cavity 

performance was almost same and no degradation was 

observed by 120 °C bake in TM furnace. So we 

concluded furnace was clean and available for low 

temperature bake at 120 °C. 

ERL7-CELL BAKE IN TM FURNACE 

ERL7-2 was processed by bulk BCP (140 microns), 

hydrogen degassing in TM furnace (650 °C, 4 days), light 

BCP (10 microns), low temperature bake (120 °C, 48 hrs), 

and HF rinse. Chemistries were followed by USC and 

HPR. Figure 6 shows degassing log of ERL7-2 in TM 

furnace. ERL7-2 had been measured twice, 1
st
 VT was 

done with fast cool, 2
nd

 VT was done with slow cool (kept 

cavity 100 K over night). Figure 7 shows results. Cavity 

had achieved 13 MV/m with high Qo of 2e10 at 1.8 K at 

1
st
 VT, but limited by RF cable trouble. After fixing RF 

cable issues, 2
nd

 VT with slow cool shows same high Qo 

of 2e10 at low field and achieved 21 MV/m with Qo of 

1.47e10; no hydrogen Q-disease was observed. 
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Figure 7: VT results of ERL7-2 at 1.8K 

SUMMARY 

Qualifications on TM furnace have been done. ERL7-

cel1s had been processed in TM furnace routinely and 

achieved our specification values. No performance 

degradation, no hydrogen Q-disease happens by furnace 

bake. Of course hydrogen Q-disease could be cured by 

high temperature bake in TM furnace. More R&D on 

optimization of degassing parameter is planned. 
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ACID FREE EXTENDED MECHANICAL POLISHING R&D* 

C.A. Cooper
#
, A.C. Crawford, C. Ginsburg, A. Grassellino, R. Kephart, O.S. Melnychuk, A.S. 

Romanenko, A. Rowe, D.A. Sergatskov, Fermilab, Batavia, IL. 60510, U.S.A 

Abstract 
Extended Mechanical Polishing (XMP), as described in 

this paper, may be a pathway to eliminate chemistry from 

the elliptical SRF cavity processing sequence. It would be 

beneficial to remove chemistry after the XMP process 

because it would be more environmental friendly, would 

require much less infrastructure and would be less 

technically involved, opening up avenues for cavity 

processing at more industrial partners and facilities in 

general. Also the XMP process would be cheaper without 

the post-XMP chemistry step. Recent results on cavities 

processed by the fine polishing of XMP and followed by 

no chemistry show that the fine polishing does not have 

much if any negative effect on cavity performance. 

Recent attempts to remove contamination introduced in 

the bulk material removal and rough polishing steps of the 

XMP process shows need for further improvement.  This 

paper describes the XMP process, optimization 

experiments, and resulting cavity tests that that showed 

Q0 close to 3x10
10 

and EACC over 30 MV/m.   

INTRODUCTION 

Niobium superconducting radio-frequency (SRF) 

cavities are a key component of accelerators using cold 

technology. Niobium has been the element of choice as it 

becomes superconducting at close to 10° K. Niobium has 

mechanical properties that are suitable, yet far from ideal, 

to fashion polycrystalline sheets of it into radio-frequency 

cavities. There are a wide variety of problems 

encountered when working with the niobium used for 

SRF cavities including: a high melting point that 

necessitates electron beam welding, poor tensile strength 

and hardness of ingot material, high chemical resistance, 

high purity of material required, and a high affinity for 

hydrogen and oxygen [1-4]. Much work has been done on 

the manufacturing of niobium SRF cavities to increase 

accelerator performance and decrease accelerator installed 

and operating costs [5- 9].   

Extended mechanical polishing (XMP) has already 

demonstrated the ability to remove the damage layer from 

the cavity manufacturing process and has achieved mirror 

like finishes smoother than previously obtained through 

chemistry [10]. Using XMP, a cavity manufacturing 

process was also demonstrated that had the ability to 

successfully repair cavities with performance limiting 

defects that were unsuccessfully processed by EP [10]. 

However this work also showed that 20 microns of 

chemistry were required, after the cavity was processed 

by XMP, to produce a high performance cavity. At the 

time, it was theorized that this 20 microns of chemistry 

was needed because the tumbling process left 

contamination behind, although little to none was 

apparent from visual and chemical analysis on coupons. 

The work in this paper details the attempt to remove the 

need for chemistry after XMP.  This requires an 

understanding of the amount of contamination left by the 

process. It would be beneficial to remove chemistry after 

the XMP process for several reasons. The process would 

be more environmental friendly. The process would 

require much less infrastructure and would be less 

technically involved opening up avenues for cavity 

processing at more industrial partners and facilities in 

general. Also, the XMP process would be cheaper without 

the post-XMP chemistry step.  
 

EXPERIMENTAL 
 

The XMP process was thoroughly described in a 

previous publication [10]. XMP of single-cell, 

polycrystalline and large grain niobium, 1.3 GHz TESLA 

SRF cavities was done using a machine custom built for 

this purpose by Mass Finishing Inc. [11]. Cavities were 

secured in buckets, where each bucket rotated around the 

central shaft at up to 115 rpm at a 0.45 m (18 inch) 

moment arm. Simultaneously, each bucket counter-

rotated around its own axis at the same rate. The machine 

accelerates media with approximately 6-7 g of force 

against the inner cavity surface.  

Two coupon cavities were also utilized, as seen in 

Figure 1. The coupon cavity was made in the same 

manner as a standard single cell 1.3 GHz niobium cavity. 

But after the standard cavity was made, many small hubs 

were electron beam welded and holes cut into the cavities 

at the equator, beam tube and transition area from the cell 

to the beam tube. The coupons were initially flat and 

tumbled to match the geometry of the cavity before data 

was taken. The amount of force and hardness of the 

material being polished are two critical variables in 

studying mechanical polishing. The coupon cavity allows 

for a very close approximation to the actual tumbling 

process. 

 

 

 

 

 

 
 

 

 

 

 

Figure 1: Model of niobium coupon cavity used to study 

the XMP process. 

 ___________________________________________  
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The surface morphology of the coupons was measured 

using a KLA-Tencor P-16 Stylus-Type surface 

profilometer with a 0.1 micron diameter tip. A 5900 

JEOL scanning electron microscope, with Oxford EDS 

model 7460, was also used to analyze the samples. 

Pictures of the equatorial welds were taken by a special 

camera system (Kyoto Camera System) designed to 

access the cavity interior [12]. This system has 20 micron 

resolution. In all pictures, the weld bead is approximately 

10 mm wide and runs from top to bottom. Adjacent to the 

weld bead and running parallel to it on either side is a 

heat-affected zone, which is approximately 14 mm wide.   
 

RESULTS 
 

Initial tests on cavities cold tested after XMP and no 

post XMP chemistry yielded poor results with low quality 

factors and poor maximum accelerating gradients.  This 

was originally thought to be caused by media left in the 

cavity after the XMP process. It was shown that 20 

microns of chemistry after XMP and the 800 C hydrogen 

bake out was needed to produce a high performing cavity. 

It was however recently found that titanium from the 

flanges was depositing in the cavity during heat treatment 

[13]. There was some question as to if this apparent 

surface contamination from heat treatment was causing 

the need for chemistry after the tumbling process.  

Because of this question, two new cavities were processed 

by XMP, 800° C heat treated and 2° K cold tested with no 

chemistry. The results are in Figure 2.  

 
 

Figure 2: 2° K cold test results of 2 different single cell 

1.3 GHz TESLA cavities after tumbling to a mirror finish 

and 800° C bake. Processing was done with no chemistry. 

The large grain cavity, 1DE20 performs much better than 

the polycrystalline cavity TE1AES008. 
 

The bottom trend of Figure 2 is of a polycrystalline 

cavity, TE1AES008, and has very bad performance. This 

bottom trend very closely parallels the results from other 

tumbled cavities tested without chemistry.  But the top 

trend of Figure 2, cavity 1DE20, performed much better 

than any previously tested cavity that had been tumbled 

and tested without post heat treatment chemistry.  The 

main difference in the 2 cavities seen in Figure 2 is the 

number of grain boundaries.  The difference in 

performance was attributed to titanium, from the 

cavity flanges, which vaporized and preferentially 

deposited in grain boundaries [13].  This realization 

that the limitation in cavity performance after XMP 

and the 800 C heat treatment was vaporization of 

titanium lead to an improvement in the furnace to 

eliminate it [13]. After this furnace work there has 

been a flurry work in minimizing the amount of 

contamination that has been found in the cavities 

after XMP [14].  
Recent results on cavities processed by the fine 

polishing of XMP and followed by no chemistry show 

that the fine polishing does not have much if any negative 

effect on cavity performance. Recent attempts to remove 

contamination introduced in the bulk material removal 

and rough polishing steps of the XMP process shows need 

for further improvement, but have produced cavities with 

Q0 close to 3x10
10 

and EACC over 30 MV/m.  

The first wave of work on centrifugal barrel polishing 

and XMP at Fermi focused on repairing poor performing 

forming cavities with as short a processing time as 

possible and on obtaining as smooth surfaces as possible.  

A new approach was needed when focusing on acid free 

processing.  To minimize amount of material imbedded in 

the surface of the cavity new media, new carriers and new 

process parameters we examined.  The force of the media 

on the surface of the cavity was changed by varying the 

revolution rate of the tumbler. New more durable media 

have been examined. Low aspect ratio media that would 

be less likely to be driven into the polished surface were 

examined. The carriers for unsupported abrasive materials 

were examined. No suitable carriers were found, so we 

developed several of our own that are now under testing. 

These are high density carriers with little to no potential 

to scratch the soft niobium surface.  

Some of the recent success in achieving higher quality 

factors and accelerating gradient in cavities that have 

gone through XMP without chemistry is likely due to a 

reduced amount of residual contamination left behind. 

SEM has demonstrated that some of the changes we have 

made to the process have reduced the amount and severity 

of the pitting.  The EDS has shown much less 

contamination and smaller pieces of contamination. 

Figure 4 below shows an SEM picture from a coupon 

from the coupon cavity that was tumbled with the first 

step of the original XMP process.  The niobium is very 

distressed with many apparently deep pits.  There are also 

large pieces of contamination (the white areas) in some of 

the pits. As the niobium is soft this type of surface is hard 

to completely recover since the embedded media can get 

covered over during XMP. 
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Figure 3: SEM picture after original XMP 1
st
 step. 

 

Figure 4: SEM picture after modified XMP 1
st
 step. 

 

Figure 4 above shows that the surface produced from 

this particular modification of the XMP process has less 

pitting on the surface. There is also much less media on 

and imbedded in the surface. Similar results are seen for 

subsequent steps that do not require a carrier. 

Since the high temperature baking process was 

improved so that heat treatment does not introduce a 

contaminant, a new wave of work on acid free tumbling 

has commenced. Much encouraging progress has been 

made and record performing XMPed, no chemistry 

cavities have been processed. Current work shows 

promise for future further improvement in the 

performance of acid free XMPed cavities. 
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UPDATE ON STUDY OF WELDING POROSITY IN NB EBW

Y. Iwashita, Y. Fuwa, H. Tongu, Kyoto ICR, Uji, Kyoto
H. Hayano, KEK, Ibaraki

Abstract
We have been developing high-resolution inspection

systems and the connected instruments for SRF cavity
developments.  They include the cavity camera – so-
called Kyoto-Camera, eddy current scanner, high-density
T-map and X-map system and the local grinding system.
They revealed an existence of voids beneath the surface
of EBW seam.  Study on the welding porosity in the Nb
EBW seams is reported.

INTRODUCTION
Nondestructive Inspections have been playing

important roles on improving yield in production of high
performance SC Cavities. Starting from the high-
resolution camera for inspection of the cavity inner
surface, high resolution T-map, X-map and eddy current
scanner have been developed [1-7]. The position
identification based on the inspection results enabled us to
fix a defected cavity by the local repair technique.
Throughout these processes, voids have been found in the
Nb EBW seams. Since the buried defects cannot be
observed by the optical inspections, other techniques have
to be applied to study their characteristics such as
distributions. X-ray or neutron radiography has been tried
for the purpose.

EXISTENCE OF VOID
Figure 1 shows the combined cavity camera and the

local grinding system.  The camera cylinder and the
grinder cylinder can be switched quickly for the series of
inspection and repair process.  Defects found on the
surface by the optical inspections have been effectively
eliminated for many cases as shown in Figure 2.  In spite
of this success, it has been found that new defects
sometimes appear after the EP on a cavity repaired by the
local grinding technique as shown in Figure 3.  They
grew with the local grindings: the further the ground
depth went, the bigger the pit size grew.  This alludes
that they are voids buried beneath the surfaces.  These
voids appeared again after the local grinding followed by
EP process.  

VOID INSPECTION EFFORT
Thus study on the welding porosity in the Nb EBW has

been found to be important to us in order to discard such
cavities at early stage in the production sequence.  Since
these voids cannot be observed by the optical inspection
system, other technique had to be developed.  The eddy-
current scanner is not easy to apply on the EBW seam
since it was developed for the inspections on the flat Nb
sheets before the press.  Another techniques are
radiographies where X-rays or neutrons are used.  Since
Nb has larger atomic number Z=41 than iron (Z=26), X-

Figure 1: Combined cavity camera and local grinder
system.  The cylinders can be switched for a cavity in
inspect and repair cycles.

Figure 2: Succeeded example on the local grinding.

Figure 3: Voids appear after EP on the locally grounded
cavity for repair.
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rays usually used for parts made of steel can hardly
penetrate the 3mm Nb sheet.  Neutron radiography was
tried for that reason [5].  Although the results of neutron
CT were promising, their availability is somewhat limited
and thus is not handy.  X-rays, which has a better
accessibility, have been also tried at a few facilities with
high energy for better penetration depth (see Figure 4).
The high energy X-rays, however, was found to be not
adequate, since the high penetration power makes the
contrast poor and the poor visibility was resulted.  Thus
we are trying to use conventional X-rays with W target,
where the energy of K-X-ray is about 70keV.  Figure 5
shows an imaging example currently obtained.  Using
the magnifying imaging with factor 8.8, 200 m dents
seem to be observed.

0.01

0.1

1

101

102

10 100

mm (Al-13)
mm (Fe-26)
mm (Nb-41)

m
m

KeV

Figure 4: Penetration depth as functions of X-ray energy
against Al, Fe and Nb.

Figure 5: Observed EBW seam with artificial dents with
200 m and 500 m diameters (top).  The 500 μm dents
are visible in the right area (middle), while 200 
located in the left area are detected in a magnifying
imaging with factor 8.8 (bottom).

CARBON CONTAMINANTS
Contaminants found on the Nb surface after BCP as
shown in Figure 6.  They are firm solids and difficult to
come off.  According to EDX (Energy Dispersive X-ray
spectroscopy) analysis, they seem carbon oxides.  This
carbon could be a source of the voids.  A speculation of
defect formation at EBW seam is shown in Figure 7.
After BCP on the trimmed edge, this kind of carbon
contaminants may be resulted on the edges.  When the
contaminants were buried in the joints between the
dumbbells, they might form the voids during the EBW
process.  
Nb test pieces with steps at the joint were prepared for
investigation of the hypothesis as shown in Figure 8.
BCP'ed samples were carefully stored in a container box
keeping from any contaminations.  Some of them are

Figure 6: Contaminants found on the Nb surface after
BCP.  Left to right: camera image, SEM and optical
microscope. (by Dr. M. Sawabe)

Figure 7: A speculation on defect formation at EBW seam

μm dents
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coated with carbon material before fixed with a jig for
EBW (see Figure 9 and 10).  Seven pairs including an
initial pair for parameter setup were prepared, while four
of them have the carbon coats.  The EBW rise time was
0.1 s and the speed was at 0.2 m/s, which went down with
0.5 s.  The voltage of the electron beam was 60 kV
where the currents of 30 mA and 33 mA were supplied for
a first half and a last half of EBW.  Figures 11 and 12
show the images of the EBW samples.  The top figures
show the surfaces of the samples without and with thick
carbon coating on the edges.  Transmission images are
shown in the middles.  In these measurements, the whole
areas were dived into two images because of the limited
detector size.  The bottom images were taken with the
geometrically magnified method (x8.8).  We could not
observe any void in the seams on this trial.  The total
length of the EBW seams with the artificial carbon
contaminants is less than 40cm.  This short length may
be a reason why no evidence of a void.  Further
investigation will be followed on this subject.
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Figure 8: Sample Nb plate for EBW.

Figure 9: Sample Nb plates fixed on a jig for EBW

Figure 10: Sample Nb plates fixed on a jig for EBW

Figure 11: Images of the EBW seam without carbon coat
at the edge.  Vertical black lines are thin wires from 0.2
to 0.4 mm for resolution check.

Figure 12: Images of the EBW seam with carbon coat.
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APPLICATION OF IN-VACUUM INFRARED PYROMETRY DURING 

FABRICATION OF EUROPEAN XFEL NIOBIUM CAVITIES 
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V. Battista, G. Corniani, M. Festa, Ettore Zanon SpA, 36015 Schio (Vi), Italy 
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Abstract 
A technique to measure the temperature of Niobium 

components in vacuum during Electron Beam Welding 

(EBW) operation is presented and results obtained on the 

large scale cavity production for the European XFEL are 

discussed. During the EBW process, the knowledge of the 

components temperature during the welding operation 

could help both for choosing better welding parameters 

and for the optimization of the production cycle. In 

collaboration with the Italian firm Ettore Zanon (EZ), we 

developed a system able to measure the temperature of 

Nb components in vacuum during EBW operation using 

an IR pyrometer placed outside the vacuum chamber 

through an appropriate vacuum viewport. In this paper the 

experience of this device during the production of Nb 

components for the XFEL 1.3 GHz cavity production is 

discussed. 

INTRODUCTION 

In view of the mass production of components for the 

upcoming European XFEL, a big effort has been spent to 

transfer to Industry the necessary know-how, developed 

in several years of R&D in Research institutes. In this 

framework, DESY and INFN, within Working Package 

W04 of XFEL [1], have transfer their knowledge and are 

now supervising all the phases of the production of the 

800 1.3 GHz Nb SuperConducting (SC) cavities. This 

large production of Niobium resonators has been shared 

between two Companies (Ettore Zanon and Research 

Instruments) that have the responsibility, not only for the 

mechanical fabrication, but also of all subsequent 

required surface treatments, He tank integration and all 

the steps necessary to deliver to DESY a Vertical Test 

ready cavity [2,3]. 

The required production rate of 4 SC cavities per week 

for each Company, necessary to fulfil the overall time 

schedule of the accelerator installation, must comply with 

the high quality of the final products needed to guarantee 

the performance of the resonators once in operation.  

One of the critical operations during cavity production 

is the Electron Beam Welding (EBW) of Nb and Nb-Ti 

parts, which is used both for subcomponents and for 

cavity welding. For this reason, INFN started an activity, 

in collaboration with Ettore Zanon (EZ), aiming at 

optimizing the EBW operation (higher reliability and 

higher quality of the welds) and reducing the total 

production time [4]. 

In this paper we present, after a short description of the 

requirements for EBW of Nb components, the hardware 

developed at LASA and the experimental set-up installed 

at EZ for the in vacuum temperature measurement. 

Furthermore, the application of this technique on 

dummies and subcomponents as well as real cavities is 

presented. 

EXPERIMENTAL SET-UP 

The set-up already described in a previous publication 

[4], has been designed, constructed and qualified to 

measure the temperature of components and cavities 

during the EBW operation, therefore able to measure the 

temperature of objects under high vacuum condition.  

The final goal of this technique is to monitor the pieces 

temperature for the optimization of welding parameters 

and the increase of welding process reliability. 

Moreover a second opportunity is the minimization of 

the waiting time before venting the EBW vacuum 

chamber, to increase productivity without any risk of 

pollution of the Nb parts. Hot Niobium can getter N2 and 

O2, and therefore the EBW vacuum chamber machine can 

be vented to atmospheric pressure only below 150 °C and 

100 °C, respectively for N2 and air. 

The choice of the hardware and of a suitable 

experimental set-up has been done, together with EZ 

welding engineer, based firstly on the constrains imposed 

by the EBW machine layout and the welding process, 

such as items rotation and movement. Moreover a high 

reliability system is needed to avoid any interference with 

high power electron beam. 

Prescriptions for XFEL Nb cavities Electron Beam 

Welding require that:  

 EBW must be done in high vacuum condition  

(p < 5
.
10

-5
 mbar) during all the welding process to 

avoid degradation of the high RRR Nb 

 EBW machine cleanliness must be guaranteed 

 no material with possible loss of particle is accepted 

in the EBW 

 no sliding contact are accepted, as sources of 

particles that can be incorporated in the welds. 

 

An IR pyrometer (3MH-CF4 by OPTRIS, λ = 2.3 μm,), 

able to measure temperatures between 50 °C to 600 °C, 

was chosen as the temperature sensor for this test [5]. To 

avoid interferences with vacuum, it was installed outside 

the welding chamber. 

Viewports usually installed on the EBW machine for 

visual control of the welds are not transparent to IR 

radiation. Therefore a dedicated Zinc Selenide (ZnSe) 

viewport was installed [6]. Viewport transparency, at the 

pyrometer working wavelength (λ of 2.3 μm), is 80%. 
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Moreover ZnSe is transparent to visible light, at least in 

the red part of the spectrum, giving the possibility to use 

the two red laser aimers installed in the pyrometer to 

highlight the reading area of the pyrometer (see Fig. 1).  
 

 

Figure 1: ZnSe viewport transmittance vs wavelength [6]. 

IR pyrometer measures the power emitted by the hot 

parts that follows the Stefan-Boltzmann law: 

 

   (     
   (   )    

      
 ) 

 

where ε is the emissivity of the object, Tobj its 

temperature, Tamb the surrounding ambient temperature, 

TPyr the self-radiation of the pyrometer and C a device 

specific constant.  

Since most metals have high reflectivity and very low 

emissivity values in the IR range, the temperature 

measurement is not possible or is affected by large errors 

because they act like a mirror for the ambient radiation. 

This is the case also for Nb with ε = 0.1 ÷ 0.2 for 

T = 20 ÷ 300 °C [7].  

To overcome this problem, we installed on a Nb target 

special calibrated self-adhesive high emissivity stickers 

(“emissive dots”) with calibrated ε = 0.95 in the 

temperature range of our interest. They can be found on 

the market (ACLSED by Optris [5]), and their maximum 

operative temperature is 380 °C.  
 

 

Figure 2: Set up at LASA with pyrometer mounted on top 

of the test chamber. 

Firstly the system was tested at LASA (see Fig. 2), to 

calibrate pyrometer response vs. thermocouples signal 

directly mounted on the test piece, to verify viewport 

transparency and functioning of the whole system. For 

this test, Nb parts with “emissive dots” where installed in 

a vacuum chamber (p < 1
.
10

-7
 mbar) and heated up to 

300 °C. At higher temperatures, the adhesion of the 

stickers to the metal piece gets weaker, and dots tent to 

loose contact with the surface. Sensor sensitivity was 

adjusted with respect to calibrated thermocouples: the 

maximum error in the range between 20 °C ÷ 250 °C was 

of ± 5 °C. Vacuum quality was verified using a Residual 

Gas Analyser (Inficon, mass 200), and no significant 

contamination source was found. Moreover the loss of 

particles of the emissivity dots was verified in the DESY 

ISO4 clean room, showing that the stickers are 

compatible with particle free environment. 

Apparatus was then transferred to EZ and installed on 

the EBW machine. Fig. 3 shows the sketch of the 

experimental set-up and photos of the final configuration 

of the system once connected to the EBW chamber. 
 

 

  

Figure 3: Sketch of the experimental setup and photo of 

the pyrometer mounted on a gate valve with and without 

X-ray shielding. 

The ZnSe viewport and the pyrometer were installed in 

one of the vacuum top port, close to the connection of the 

electron gun. To avoid a decrease of the viewport 

transmission due to Nb evaporation during welding, a 

gate valve was installed between the viewport and the 

chamber acting as a shutter and preventing viewport 

metallization.  

The EBW machine operates up to 150 kV, and 

radiation safety rules forced the installation of lead X-ray 

shields to avoid any radiation leakage.  

During EB welding the component is located in 

position A, and the shutter is maintained closed. Once the 

welding process stops, the shutter is opened and the 

component is moved in position B (distance 520 mm) for 

temperature measurements.  

EB Gun

pyrometer

ZnSe UHV viewport

shutter

cryopumpEBW machine

A B

A: EB welding position

B: T measurements position

AB: 520 mm
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TEST ON DUMMY COMPONENTS AT EZ 

Two-cell Dummy Cavity 

We did two sets of measurements on a 1.3 GHz  

two-cell dummy cavity prepared and assembled for this 

investigation. The dummy cavity consists of two Nb cells 

(ɸeq = 210 mm, ɸir = 78 mm, 2.8 mm thickness) and one 

stiffening ring welded between the two cells, with a total 

weight of about 4.1 kg (see Fig. 4). 
 

 

 

Figure 4: Up: photos of the two-cell dummy cavity before 

and during tests. Red laser beams are used for aligning the 

pyrometer on the dots. Down: positions of the “emissive 

dots” in the two tests configuration.  

To study the temperature behaviour and heat transfer in 

this dummy cavity, we performed EB equatorial welds 

applying the same procedure and parameters used for the 

XFEL cavity production. In details, the electron beam 

power during the welding was 2.25 kW, with incident 

energy of 190 kJ. The temperature was measured at the 

end of welding process (t = 0) in several areas, at different 

distances with respect to the equator under weld operation 

using the “emissive dots”.  

The goal was not only the proof of principle of the 

measurement, but also the identification of the best area 

of the component to be used as a temperature reference 

during production. 

The first set of measurements was done after the 

welding of the first equator. The second test was intended 

to confirm data already measured and to verify that the 

behaviour was the same also in the new configuration, 

having now a better thermal contact being the first 

equator already welded. Moreover, in the second test the 

number of “emissive dots” close to the equator under 

investigation was increased since during the first test 

some of the dots, close to the high temperature region, 

were damage. Fig. 4, on the lower sketch, shows the 

position of the “emissive dots” in the two different test 

configurations. 

Fig. 5 reports the results of the first test that have been 

extensively described and discusses in a previous paper 

[4], here shown for completeness.  

 

Figure 5: Temperature at different locations of the two-

cell cavity (1
st
 test). For dot positions see Fig. 4. 

Main results of the first test have been that after about 

630 s the entire cavity is thermalized and all measured 

areas start cooling down with a similar behavior. 

Moreover, after cavity thermalization, until the end of the 

cooling down the highest recorded temperature 

corresponds to the stiffening ring (C, H).  

The main purpose of the second test was to check the 

temperature behavior of the stiffening area (H, C) with 

respect to the areas close to the equator under welding 

process (A, A*, B, B*) and farther away (G, E, F, D).  

Fig. 6 shows results obtained with the second test. Also 

in this case, similarly to the first test, the stiffening ring 

was at the highest temperature during the cool-down of 

the cavity, after its complete thermalization. Moreover, 

the temperature measured at farther “emissive dots” 

respect with to the equator under weld was similar to the 

behavior observed in the first test, confirming the 

goodness of the central stiffening ring as a reference point 

for temperature measurement.  

 

 

Figure 6: Temperature at different locations of the two-

cell cavity (2
nd

 test). For dot positions see Fig. 4. 
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Therefore, the stiffening ring is considered the most 

representative part to be used for following the 

temperature of the entire object. This is particularly 

relevant in the case of EBW machine venting since this 

indication could allow earlier starting of this process and 

hence a reduction of the overall welding process. 

9-cell Dummy Cavity 

Based on promising results obtained on the two-cell 

dummy cavity, we decided to investigate the temperature 

behaviour after equatorial welding of a more complex 

object such as the 9-cell cavity. The final goal was not 

only to achieve a reduction of the production time of the 

XFEL cavity in terms of optimization of the industrial 

fabrication but also to obtain information on the heating 

flow in the cavity during the EBW to optimize the 

welding procedure operation itself (i.e. power, time to 

wait between steps, etc.). 

A 9-cell Nb dummy cavity, equipped with only three 

stiffening rings and beam pipe tubes as a “real” cavity, 

was used for this test. This dummy was used at EZ in the 

past for the optimization of welding parameters and so the 

equators were already welded. During our test the 

equatorial welds were redone and the temperature was 

measured after these operations. In Fig. 7 photos of the 9-

cell dummy cavity equipped with “emissive dots” are 

shown. 
 

 

Figure 7: The 1.3 GHz 9-cell dummy cavities used for the 

infrared pyrometer temperature measurements. The 

“emissive dots” are placed not only close to the equators 

but also on the beam pipe tube and on the stiffening rings. 

Several “emissive dots”, located at different positions, 

were used to measure the temperature of the cavity and 

welds were done following the same procedure used for 

the XFEL production.  

We recorded temperatures after each welding operation 

on all “emissive dots”. It was observed that the behaviour 

in term of heating conduction and temperature trend was 

similar to the two-cell dummy cavity and the stiffening 

ring in the middle of the cavity (longitudinal axis) was at 

the highest temperature with respect to the entire cavity, 

after thermalization. Fig. 8 shows the temperature 

measured on the central stiffening ring during a natural 

cool-down in vacuum of the 9-cell dummy cavity after 

one of the typical welding sequences. 

 

Figure 8: Cool-down in vacuum of the 9-cell dummy 

cavity measured on the central stiffening ring. 

TEST ON XFEL COMPONENTS AT EZ 

This method has been finally applied both on 

subcomponents and on XFEL cavities. The usage of this 

technique has given important information relative to the 

waiting time before N2 venting, reducing considerably the 

production time. While End Cell Unit and Dumb Bell 

results have been reported in a previous publication [4], 

here we described the result obtained with this technique 

on the production of the XFEL 1.3 GHz cavities. 

9-cell XFEL Cavity 

The results obtained on the 9-cell dummy cavity 

encouraged EZ to apply this technique during the 

equatorial welding operation of the first 8 cavities for the 

XFEL project, 4 Dummy Cavities (DCV) and 4 Reference 

Cavities (RCV) respectively. DCV were produced for the 

ramp-up of the XFEL infrastructure at EZ while RCV, 

once treated with the so-called “flash BCP” surface 

process and cold RF tested at DESY, were used at EZ for 

infrastructures qualification [3,8].  

The goal of the application of the IR temperature in-

vacuum technique for DCV/RCV was mainly the 

optimization of the final venting operation, with a 

reduction of the whole production time, while fulfilling 

the XFEL requirements for the EBW of Nb.  

For these cavities, only one “emissive dot” was used, 

located on the central stiffening ring as shown in Fig. 9 

for a DCV cavity.  
 

 

Figure 9: DCV under preparation for the equatorial 

welding. One “emissive dot” is used to read the stiffening 

temperature during welding operation. 
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Firstly, long run temperature measurements were done 

on different cavities to precisely evaluate the temperature 

behaviour during the natural cooling down in vacuum. 

Afterwards, following the XFEL prescription and well 

knowing the cavity temperature as measured by the IR 

pyrometer, N2 was introduced in the cool down cycle to 

speed it up and reduce the overall process time. 

Fig. 10 presents measurements done on three of the 

four DCV cavities. Here time t = 0 corresponds to the 

start of the temperature recording, just after the end of the 

welding operations. The green and blue curves show the 

temperature of two cavities during their natural cool down 

in vacuum. The red curve, instead, shows the cavity cool 

down with the N2 inlet when its temperature was below 

80 °C followed by air venting below 54 °C. 

 

 

Figure 10: Measurement done during the cool-down of 

DCV cavities after the completion of the equatorial 

welding operation. Cool-down in vacuum (blue and green 

curve); Cool-down in vacuum and then N2 venting (red 

curve). 

In the first 1h and 30 min, all the three cavities show a 

similar behaviour since they follow their natural cool-

down process in vacuum. During this time their 

temperature decreases from 210 °C to 80 °C. Afterwards, 

while two cavities (507 and 504) are kept in vacuum, N2 

inlet starts in case of cavity 505. Blue and green curves 

show that the temperature decrease from 80 °C to 54 °C 

takes about 90 min for the “in vacuum” cavities while for 

505 (red curve) it takes only 45 min, halving the time of 

this last part of the cool-down.  

Knowing the cavity temperature, a further step has been 

done to allow the N2 inlet at the temperature prescribed 

by XFEL specification (150 °C). In this configuration, 

nitrogen venting is anticipated at 1 h after the end of 

equatorial welding, with a further decrease of the overall 

cooling time. 

Further optimizations done by EZ allow to stabilize the 

actual procedure during cooling down fixing the natural 

cooling down in vacuum to 1h and the N2 assisted also to 

1 h, followed then by the usual venting with air. The total 

reduction in cool down time for XFEL cavity is 50 %, 

from 4 h down to 2 h.  

CONCLUSION 

An apparatus for in-vacuum temperature measurement 

of Nb components under EBW operation has been 

designed, developed and tested. The design of this system 

and the choice of hardware have been done based on 

constrains imposed by the EBW machine operation and 

also on the XFEL prescription for EBW of Nb and Nb-Ti. 

Once calibrated at LASA, the system was mounted in 

the EBW chamber at Ettore Zanon and tested on different 

dummy cavities to study the temperature behaviour of 

pieces after welding showing that the central stiffening 

ring represents the overall cavity temperature variation 

during the resonator cool down. 

The equipment has also been used during the 

production of components for the XFEL project, 

subcomponents and full cavities, showing the usefulness 

of this technique in reducing the cool down waiting time 

after welding to 50 %, from 4 to 2 hours in case of 

cavities.  

The successful results so far obtained suggest future 

application of this technique, such as the improvement of 

the reliability of the welding procedure and the 

optimization of parameters.  
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QUENCH STUDIES AND PREHEATING ANALYSIS OF SEAMLESS
HYDROFORMED CAVITIES PROCESSED AT JEFFERSON

LABORATORIES

A. D. Palczewski∗, G. Eremeev, R-L. Geng,
Jefferson National Accelerator Facility, Newport News, VA, USA

I. Jelezov, Institute for Nuclear Research, Moscow, Russia
W. Singer, X. Singer, Deutsches Elektronen-Synchrotron, Hamburg, Germany

Abstract
One of the alternative manufacturing technologies

for SRF cavities is hydroforming from seamless tubes.
Although this technology has produced cavities with
gradient and Q-values comparable to standard EBW/EP
cavities, a few questions remain. One of these questions
is whether the quench mechanism in hydroformed cavities
is the same as in standard electron beam welded cavities.
Towards this effort Jefferson Lab performed quench studies
on two 9 cell seamless hydroformed cavities. These
cavities include DESY’s - Z163 and Z164 nine-cell cavities
hydroformed at DESY. Initial Rf test results Z163 were
published in the proceeding of SRF2011. In this report we
will present post JLAB surface retreatment quench studies
for each cavity. The data will include OST and T-mapping
quench localization as well as quench location preheating
analysis comparing them to the observations in standard
electron beam welded cavities.

INTRODUCTION
Traditionally, rotationally symmetric (elliptical)

niobium accelerating cavities are fabricated by deep
drawing half-cells, machined to the length dimension and
completed by electron beam welding (EBW) at the irises
and the equators. While these manufacturing procedures
are able to produce multi-cell cavities which perform
close the theoretical limit, there are many steps in the
process that, when not well controlled can reduce the
performance and yield. One of the alternative technologies
being investigated to replace stamped/welded cavities is to
use hydroforming from seamless tubes [1–3]. Since these
cavities do not have equator weld they are theoretically
cheaper to manufacture in large quantities, contain no heat
effected zone in the high magnetic field region, and require
fewer steps which can introduce contamination during
manufacturing.

On the way to the realiztion of large scale use of
seamless hydroforming as an alternative to welded cavities
there are questions that remain. One is the viability
of large scale industrialization. The other one is how,
if any the quench location within the cell, quench
characteristics( preheating behavior) and gradient/Qo after
standard cavity processing are different than those of
welded cavities. Towards this effort JLab/DESY has

∗ ari@jlab.org

Figure 1: Compiled RF pass band analysis for three tests of
Z163. Blue: final test at DESY π mode quench cell 8, Red:
initial test at JLab π mode quench cell 9. Green: retest at
JLab with no active pumping, π mode quench cell 5.

processed two ILC type 9 cell cavities (Z163 and Z164)
using the standard surface treatment to ascertain where
there are any differences in cavity performance between
treated seamless and welded 9 cell cavities.

DESY - Z163
Z163 is a ILC 9-cell cavity made of three hydroformed

3-cell cavities. The 3-cell cavities were joined to one
another and to the beam tubes by four electron beam
welds at the irises. Besides iris welds, stiffening rings
were added to each iris. The 3 three cell cavities were
produced at DESY and the 4 iris welds performed at E.
Zanon [4]. After 9 cell production the cavity went through
the following treatments before initial test; 50 micron BCP,
high temperature heat treatment at 800 oC for 2 hours,
144 micron EP, HPR, ethanol rinse and HPR. Initial RF
tests were quite good at 33 MV/m and published in the
proceedings of SRF2011 [5]. After the initial RF test the
cavity was tested again with OST and temperature mapping
in all modes to identify quench and maximum gradients in
all cells [6]. The π mode quench location was found to be
in cell 8 close to the stiffening ring in the lower half of the
cell. Other quench locations were found in other modes in
cells 1, 2, 4, 5 and 6 with the quench field in cell 5 going
to 44 MV/m at DESY. The compiled pass band analysis
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Figure 2: Quench location data for cell 9 in Z163, moving
from top to bottom: temperature rise vs. magnetic
field squared (field scaled to thermometer location field)
for quench location thermometer in red, the background
thermometer on the same board is shown in blue); unfolded
temperature map from cell 9 after quench during cooling;
inner surface optical inspection after disassembly showing
no identifiable defect.

quench field vs. cell is shown in Figure 1 blue.

After testing at DESY the cavity was sent to JLab for
reprocessing to see if additional EP would improve the
cavity performance. After delivery the cavity went through
JLAB standard second pass EP (30 micron) [7]. During
the first RF test the cavity reached 34 MV/m; pass band
analysis suggested the cavity was now limited in cell 1 or
9 in π mode. Mode analysis for the first RF test at JLab
is shown in Figure 1 red. Following the first RF test the
cavity was warmed up without venting and instrumented
with JLab 2 of 9 temperature mapping system, OST’s, as
well as a 4x4 local temperature mapping array at the cell
8 quench location which was found at DESY. Because of
conflict and test stand damage the cavity had to be valved
off and tested without active pumping for the final test.
During the final test the cavity was limited to 33 MV/ in
cell 5 with quenches in other cell 6, 8, and 9 as well as

Figure 3: Quench location for cell 8 in Z163. Top: picture
of top half of cavity in test stand, the right picture is a
zoom in of the left picture showing the 4x4 temperature
mapping array location at the quench location found at
DESY. Bottom: temperature vs. magnetic field squares
field scaled to quench location for the highest preheating
temperature thermometer in the array.)

high preheating in cell 1. Mode analysis for the final RF
test at JLab is shown in Figure 1 green. The interesting
thing to note is that the quench field in each mode changed
without venting the cavity. In general this only happen
when there is either heavy field emission, or when there
is trapped flux from the initial quench which changes the
quench field between the first and second power rise [8].
In the case of Z163 neither is true, and to the knowledge
of the authors this is the fist time such an event has been
documented.

During the final RF test at JLab, quench location
preheating temperature vs. field data was also measured
for the cell 9 quench location as well as the cell 8 quench
locations. No preheating data was taken for the cell
5 quench as cell 5 was not predicted to be the cavity
limiting cell in the first RF test, so no thermometers were
attached. For the quench location in cell 9 the preheating
thermometer shows a linear temperature vs. magnetic field
squared, suggesting the quench is most likely caused by
a normal conducting inclusion on the inner surface (Fig.
2, top). There is a possibility that the normal conducting
component comes from aluminum contamination similar
to what was seen in Z161 which was made in the same
batch and at the same time as Z163 [9]. Optical inspection
on and around the quench location did not show any sign
of a defect (Fig. 2, bottom). Preheating was also detected
around the quench location in cell 8 (same quench location
found by DESY). The preheating in cell 8 (Fig. 3) was
drastically different than that of cell 9 where the curve
suggests a magnetic and normal conducting components
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Figure 4: Compiled test data from Z164. Left: summary of 5 total cryogenic RF tests, the test results in the legend are
in chronological order from top to bottom. For each test the legend contains the surface treatment added between each
test. Right top: external quench location of cell 4 found by OST and temperature mapping. Right bottom: internal optical
inspection location of quench site, the area around the quench site was also inspection. No identifiable defect was found,
the large crystals in the image are from the 1250C heat treatment in the three 3-cell form.

[8, 10, 11]. Optical inspection around cell 8, quench
location was not performed as the defect was outside the
region of the inspection system at the time of imaging.
In addition to cell 9 and 8, the quench location found by
OST’s in cell 5 was also inspected but no defect was found.

DESY - Z164
Z164 is a ILC 9-cell cavity made of three hydroformed

3-cell cavities. The 3-cell cavities were joined to each
other and the beam tubes by four electron beam welds at
the irises. Besides iris welds, stiffening rings were added
to each iris. The 3 three cell cavities were produced at
DESY and the 4 iris welds performed at E. Zanon [4].
Prior to welding the 3 three cell cavities were treated
and tested at JLAB with BCP and 1250 oC titanium
treatment, all cavities reached above 32 MV/m with Q
slope limitations after multiple rounds of BCP [2]. After
welding the cavity went through a total of 4 types of surface
treatment and 5 RF tests, all performed at 2 K. Initially
after the first 50 micron BCP and high temperature heat
treatment at 800 oC the cavity was Q-slope limited to
26 MV/m (standard for this type of surface preparation).
The cavity was limited by Q-slope, 30 microns of EP
and a low temperature bake (120 oC for 48 hours) were
performed following the JLab standard ILC EP surface
treatment. The cavity was then limited by quench to 18
MV/m with moderate field emission (1 R/hr). Because
of the field emission the cavity went through an addition
HPR to remove possible contaminate which were possibly
causing the field emission. After HPR the cavity was
still limited to 18 MV/m with very light field emission
(50 mR/hr). Following the ILC procedure the cavity went
through a second pass processing EP of 20 microns. The
additional chemistry plus ethanol rinse only improved the
cavity performance to 21 MV/m. The RF test summary
can be found in Figure 4 left. All other cells went above 33

MV/m with cell 5 going above 40 MV/m.
During the last RF test, passband measurements

suggested the quench location must be in cell 4 or 6.
The cavity was instrumented with Jlab’s 2 of 9 high
magnetic field region temperature mapping system and
8 OST second sound system. Both the t-mapping and
triangulated OST data pointed to the lower half of cell
4 approximately 20 to 30 mm away from the equator as
the single quench location between cell 3 and 4 (Figure
4 right top). After the instrumented RF test that cavity
was disassembled for internal optical inspection [12]. An
extensive inspection on and around the quench area was
unable to identify any defect (Figure 4 right bottom). This
is strange since most cavities limited below 100 mT have
a correlated inner surface defect which can be found by
optical inspection [13]. The only reasonable assumption
to the degradation of the cavity was some how damaged
during the iris and stiffening ring welding (between cell 4
and 3) but not found by optical inspection because of the
hard to see location.

CONCLUSION
In this report we have presented RF tests with quench

analysis on two EP’ed 9 cell seamless hydroformed cavity.
The performance of the two cavities were quite different
with one performing below 22 MV/m while the other reach
approximately 35 MV/m. It appears in both cavities there
might have been a problem with welding the iris and
stiffening rings as quenches in both cavities were closer
to stiffening ring welds than the equator. In either case
no defect was found through standard optical inspection.
The preheating nature of the quench defects in Z163
also suggest that seamless cavities contain both defect
which appear to have either a purely normal conducting
component as well as defects which appear to have a
magnetic and normal conducting component.
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EXPLORATION OF MATERIAL REMOVAL RATE OF SRF ELLIPTICAL
CAVITIES AS A FUNCTION OF MEDIA TYPE AND CAVITY SHAPE ON
NIOBIUM AND COPPER USING CENTRIFUGAL BARREL POLISHING

(CBP).∗

A. D. Palczewski , G. Ciovati, R-L. Geng, Y.Li,†

Thomas Jefferson National Accelerator Facility, 12000 Jefferson Ave. Newport News, VA 23606, USA

Abstract
Centrifugal barrel polishing (CBP) for SRF application

is becoming more widespread as the technique for cavity
surface preparation. CBP is now being used in some
form at SRF laboratories around the world including in the
US, Europe, and Asia. Before the process can become
as mature as wet chemistry like eletro-polishing (EP)
and buffered chemical polishing (BCP), there are many
questions which must be answered. One of these topics
is the uniformity of removal as a function of cavity shape
and material type [1]. In this presentation we show CBP
removal rates for various media types on 1.3 GHz TESLA
and 1.5 GHz CEBAF large/fine grain niobium cavities,
and 1.3 GHz low surface field shaped copper cavity. The
data also include calculated RF frequency shift modeled
removal as a function of cavity and comparing them with
CBP thickness measurement results.

INTRODUCTION
Centrifugal barrel polishing (CBP) for SRF application

is becoming more wide spread as the technique for cavity
surface preparation [2–7]. During the CBP process, a
cylindrically symmetric hollow vessel is filled with an
abrasive media, sealed, and rotated around the vessels
symmetry axis in one direction, while also rotates in the
opposite direction around an additional axis parallel to the
vessel axis [8]. The rotation about the symmetry axis
moves the abrasive along the surface, while the parallel
axis rotation creates a radial force between the cavity and
the media. This combination creates uniform surface finish
and fast removal rate.

CBP is now being used in some form at SRF laboratories
around the world. Before the process can become as mature
as wet chemistry like eletro-polishing (EP) and buffered
chemical polishing (BCP) there are many questions which
must be answered. One of these topics is the uniformity of
removal as a function of cavity shape and material type. We

∗Authored by Jefferson Science Associates, LLC under U.S. DOE
Contract No. DE-AC05-06OR23177. The U.S. Government retains
a non-exclusive, paid-up, irrevocable, world-wide license to publish or
reproduce this manuscript for U.S. Government purposes.
† ari@jlab.org

report the current status of mirror-like finish CBP removal
rates at JLab on niobium and copper elliptical SRF cavities.

CAVITY REMOVAL RATES

The total CBP process for 4 cavities including, media
and total run times, are shown in Table 1. The detailed
procedure on how the cavities were handled and CBP steps
are outline in a previous paper [3]. After each CBP step,
the cavities wall thickness were measured at 6-8 locations
along the cavity wall and beam pipe using a Panametrics
NDT gage 25DL-Plus and Probe: M202 10/.25” 661010
tip. The measurements were taken at the end of each
CBP step after the cavity was cleaned and dried. For
each scan location, 3-4 thickness measurements were
taken and the mean calculated. If the standard deviation
of the measurements were greater than 10 microns, the
largest outliers were dropped, i.e. for all measurement
presented the error on the total thickness measurement is
below 10 microns. The measurements for the colloidal
silica polishing step was always below our measurement
sensitivity.

TESLA Large Grain Niobium

TE1G002 is an ILC TESLA shape experimental large
grain single cell cavity. The cavity was prepared with
the standard JLab cavity welding and has standard ILC
aluminum/magnesium seals for end flanges. Prior to CBP
no chemistry performed. The hourly removal rate as a
function of cavity position for the first three CBP steps is
shown in Figure 1.

Low Surface Field 1.3 GHz 1/2 Hardness Copper

LSF1-1CU is a ILC 1.3 GHz low surface field prototype
made out of 1/2 hardness oxygen free copper. The cavity
was made by the standard EBW procedure for niobium
where all the welds are full penetration outside welds on
a 1/2 material trimmed thickness butt weld. After welding
the cavity did not receive any chemistry or cleaning prior
to CBP. The hourly removal rate as a function of cavity
position for the first three CBP steps is shown in Figure 2.
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Table 1: CBP Processing Step for each Type of Cavity Measured

Cavity material (shape) step 1 (time) step 2 (time) step 3 (time) step 4 (time)

Large grain Nb (TESLA) K&M ceramic (20hr)a RG-22 cones (17hr)c 3µm diamond (30hr)f,d 0.04µm silica (90hr)g,d

Fine grain Cu (LSF) K&M ceramic (20hr)a RG-22 cones (17hr)c 3µm diamond (30hr)f,d 0.04µm silica (90hr) g,d

Fine grain Nb (TESLA) K&M ceramic (6hr)a RG-22 cones (20hr)c alumina (40hr)e,d 0.04µm silica (80hr)g,d

Large grain Nb (CEBAF) AH-41 ceramic (5.5hr)b RG-22 cones (10hr)c corn cobs (17hr)h

a K&M ceramic 3/8 X 3/8 22 degree angle cut triangles
b Mass finishing AH-41 aggressive ceramic mix
c Mass finishing 1/2” RG-22 plastic cones
d Raytech untreated 5mm hardwood cubes (40 lbs/cu ft.) as a media carrier
e 800 mesh aluminum-oxide power
f Buehler 3 µm MetaDi Supreme Diamond Suspension
g Allied high tech products 0.04 µm Non-Stick/Rinsable Colloidal Silica
h Mass finishing MFI Premium Corn Cob for Polishing - Medium Grade

Figure 1: CBP removal rate for large grain niobium as
a function of cavity position. The physical profile of the
cavity is shown in thin black.

Figure 2: CBP removal rate for low surface field 1.3 GHz,
1/2 hardness copper as a function of cavity position. The
physical profile of the cavity is shown in thin black.

TESLA Fine Grain Niobium

TE1G003 is an ILC TESLA shape experimental fine
grain single cell cavity. The cavity was prepared with
the standard JLab cavity welding and has standard ILC
aluminum/magnesium seals for end flanges. This was the
second run of CBP, but initial removal was not tracked. The
hourly removal rate as a function of cavity position for the
first three CBP steps is shown in Figure 3.

Figure 3: CBP removal for TESLA fine grain niobium. The
physical profile of the cavity is shown in thin black line.

Figure 4: CBP removal rates for large grain niobium
CEBAF shape. The physical profile of the cavity is shown
in thin black line.

Large Grain CEBAF 1.5 GHz

G1-G2 is an CEBAF 1.5 GHz shape large grain single
cell cavity. The cavity was prepared with the standard JLab
cavity welding and has standard CEBAF indium sealed
flanges. There was no chemistry before the CBP process.
The hourly removal rate as a function of cavity position for
the first two CBP steps is shown in Figure 4.
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Table 2: Measured and Calculate RF Frequency Shift from Large Grain Niobium TESLA Shape and Fine Grain Copper
LSF Shape after CBP.

∆F Superfish
Material (shape) ∆F Measured ∆F Superfish uniform ∆F Superfish profiled profiled/deformed
LG-Niobium (TESLA) -2.06MHz -2.3MHz -2.15MHz ———————-
FG-Copper (LSF) -8.39MHz -5.5MHz -5.9MHz -8.3MHz

CBP Profile Results

Looking at all three niobium cavities, one can see the
removal rate at different locations along the surface is not
uniform. For the course media the highest removal rate
is along the side wall, while the highest removal rate for
all other media is on the equator. This is contrast to the
copper cavity which showed the highest removal rate at the
equator. In addition, course and medium media have the
same removal rate on copper, while for Niobium it is 2-3:1.
While not graphed in this publication, the total removal
ratio between the equator and side wall close to the iris
for JLab current 4 step recipe (10:20:40:80 hr) the ratio is
about 0.8. So, if one wants to remove 100 micron at the
equator the assumption is the removal on the side wall is
20% more.

RF MEASUREMENTS

Before and after the total CBP process, RF frequency
measurements were completed for LSF1-1CU and
TE1G002. We wanted to compare the assumed uniform
removal frequency shift to a profiled RF frequency shift to
see if a single RF measurement could be used to replace the
tedious thickness measurements. The measured frequency
shift for both cavities are in Table 2. All calculation
were made in Superfish, assuming a removal deviation
from the theoretical cavity shape. The calculations were
done in two ways, first assuming a uniform removal from
a single thickness measurement near the equator; and
second, breaking the cavity up in 8 uniform section along
the profile and changing removal rate to match that of
the thickness measurements. Between the points a linear
interpolation of the removal rate was assumed except for
on the beam pipes which were assumed to be uniform. For
the niobium cavity, the difference between the uniform
uniform removal and the actual removal was 15%, while
the the difference between the profiled and actual was 6%.
For the copper cavity neither calculation came close to
the measured frequency change. This can be explained
because the much softer copper cavity deformed at the
equator weld region from the CBP. We measured a 0.7
mm deformation at the equator; adding this deformation
to the profiled calculation moved the frequency shift to
within 10% (Table 2 far right). The data suggests a single
RF measurement could be done to determine the removal
rate, but a assumption of the removal profile and cavity
deformation is need for accurate measurements.

CONCLUSION
The systematic removal rates for three types of niobium

and one type of copper elliptical cavities has been mapped.
For each cavity type, the removal in the course media type
has removed a greater amount from the side wall with the
exception of the copper which had the highest removal at
the equator. Our results also indicate the CBP of copper
cavities is very different than that of niobium and special
care should be taken as the materials yield strength after
welding in less than niobium. In addition to the ultrasonic
measurements, total removal RF frequency measurements
were also complete showing the need to profile removal
rates to understand the frequency shift from systematic
CBP.
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CHEMICAL STRUCTURE OF NIOBIUM SAMPLES VACUUM TREATED
IN NITROGEN IN PARALLEL WITH VERY HIGH Q0 CAVITIES.

Y. Trenikhina, IIT, Chicago USA
A. Grassellino, F. Barkov, A. Romanenko, FNAL, Fermilab, USA

Abstract
X-ray photoemission spectroscopy (XPS), Auger elec-

tron spectroscopy (AES) and X-ray diffraction (XRD), are

used for the surface analysis and bulk phase characteriza-

tion of nitrogen treated samples processed parallel with su-

perconducting radio-frequency (SRF) cavities. We investi-

gated the surface chemistry of samples treated with nitro-

gen in order to understand this treatment effect on SRF cav-

ity performance for several baking temperatures and dura-

tions in order to find cost efficient post-furnace chemistry-

free procedures to enable high Q-values.

INTRODUCTION
The combination of surface treatments applied to an

SRF niobium cavity completely define its performance by

means of altering the value of the cavity’s surface resis-

tance. Extensive research and cavity testing enabled the

achievement of quality factor values (Q0) on the order of

of 1010 at a peak magnetic field of ≈160 mT, which corre-

sponds to accelerating gradients of ≈40 MV/m. However

consistent improvement of cavity performance is limited

by field dependent rf losses, such as Medium Field Q-slope

(MFQS). MFQS is a gradual degradation of the quality fac-

tor which is observed between 20 mT and 80 mT. MFQS

poses prohibitive economical costs for future particle ac-

celerators, such as ProjectX, by restricting desired values

of accelerating gradients. The search for an optimal, cost-

efficient combination of surface treatments at FNAL is in-

tended to overcome MFQS, in a reproducible way, and un-

derstand its causes.

A recently found combination of surface processing,

which includes high temperature nitrogen treatment [1],

demonstrates a reverse of Q0 field dependent degrada-

tion. Reported values of Q0 are two to three times higher

than those obtained after the typical standard treatment se-

quence. Such an improvement in cavity performance was

achieved by combination of: 1) reacting bulk niobium cav-

ities with nitrogen gas at high temperatures in a UHV fur-

nace, 2) material removal via electropolishing (EP) and

high-pressure water rinsing (HPR). Figure 1 [1] shows the

results of RF characterization of the cavities, which were

subject to the described sequence with various experimen-

tal parameters. Non-typical improvement in the perfor-

mance of these cavities (as compared to the cavity which

had undergone standard surface treatments) is obvious.

Our characterization work was initiated in order to gain

a better understanding of the surface changes of SRF cav-

ities with applied surface treatments. Our investigations

Figure 1: XPS Nitrogen 1s peaks taken from nitrogen

treated samples.

consist of tracking material features induced by individual

steps of the surface treatment and corresponding them to

the results of RF cavity testing. Characterization of sur-

face changes of the samples processed in parallel with SRF

cavities gives insight into the processes responsible for par-

ticular RF performance of the cavity. XPS and AES were

used to characterize compositional changes of the samples

surface. Phase characterization of the samples was done by

XRD.

EXPERIMENTAL METHODS AND
DISCUSSION

Thermo Scientific ESCALAB 250 Xi instrument with Al

Kα source was used for collection of XPS spectra. Resolu-

tion of the instrument is ≈0.4 eV at pass energy 20 eV.

Pananalytical/Philips X’pert2 Material Research Diffrac-

tometer (with crossed-slit collimator, parallel plates colli-

mator, flat graphite monochromator and proportional detec-

tor) was used for XRD. AES was performed with Physical

Electronics PHI 660 instrument.

Combination of the surface characterization and RF test-

ing were used to study the effect of nitrogen treatment

at different experimental parameters and its changes after

“light” material removal via EP. The first step of the surface

treatment consists of baking a 1.3 GHz niobium SRF cav-

ity in the high temperature (800◦C-1000◦C) furnace with

nitrogen gas (partial pressure of N2 ≈ 2*10−2 Torr) for

various periods of time. RF characterization of nitrogen

treated cavities showed very poor performance (Q on the

order of 107). Presence of nitrogen was detected by XPS
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Figure 2: XPS nitrogen 1s spectra collected from nitrogen

treated samples.

120x10
3

115

110

105

100

95

 
c
o
u
n
t
s
,
 
a
r
b
.
u
n
i
t
s

406 404 402 400 398 396 394 392 390

binding energy, eV

 treatments at 800Cº
 fit
 peak A
 peak B
 peak C

Figure 3: Nitrogen 1s peak fit to the spectra collected from

niobium sample treated at 800◦C for 10 min.

on niobium samples treated at 800◦C for 10 minutes and at

1000◦C for 1 hour. Figure 2 shows nitrogen 1s peaks col-

lected from the surface of niobium samples treated with ni-

trogen. Preliminary fit of N2 1s peak collected from 800◦C
treated sample (Figure 3) shows that it consists of three

contributions (at 397.9 eV, 400.1 eV, and 396.8 eV). The

peak located at 397.9 eV could be assigned to nitrogen in

NbN, and the peak at 400.1 eV could be assigned to the

presence of nitrogen in oxynitride (NbNxOy) [2]. The ap-

proximate concentration of nitrogen on the sample surfaces

was found to be of the order of 20 at.% for different tem-

peratures of nitrogen treatment. Figure 4 demonstrates 3d

niobium spectra collected from the same nitrogen treated

samples. Three doublets give the best preliminary fit to the

Nb 3d peak collected from the 800◦C treated sample (Fig-

ure 5), which indicates the presence of a mixture of nio-

bium nitride phase, some form of oxynitride, and niobium

oxide (Nb2O5). Binding energies for Nb 3d5/2 doublets

obtained from the fit are: 203.4 eV, 204.0 eV, and 207.2

eV. Doublets at 203.4 eV (doublet A) and 207.2 eV (dou-

blet C) agree with the reference values for NbNx phases [3]

and Nb2O5 [2–4], respectively.

Additional surface chemical characterization was per-

formed by AES. AES spectra were taken for several grains

in the niobium sample treated with nitrogen at 800◦C for

10 min (Figure 6). Qualitative analysis of the spectra shows

that some grains reveal stronger oxygen peak than others,

which indicates variation in oxygen concentration among

the grains.

Phase characterization of the sample treated with nitro-

Figure 4: XPS Nb 3d spectra collected from nitrogen

treated samples.
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Figure 5: Nb 3d peak fit to the spectra collected from nio-

bium sample treated at 800◦C for 10 min.

gen at 800C for 10min was performed by XRD (Figure 7).

Peaks from niobium nitride phase (marked in blue) were

detected along with peaks from niobium substrate (marked

in red). Niobium nitride phase corresponds to the hexag-

onal NbN0.5 (PDF 04-003-1490). Some preferred orien-

tations of the diffracting grains can be noticed from the

spectra. Lattice constants were calculated from the fit:

a=3.05434Å, c=4.966Å. Approximate grain size from the

peak fit was estimated to be 280Å. Cavity testing results

and surface characterization of the first step of the surface

treatment used for the reversal of MFQS indicate formation

of an unwanted mixture of niobium and nitrogen phases,

which are not beneficial for the surface superconductivity.

The second step of the surface treatment is EP which re-

moves the material from the surface of the niobium cavity
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Figure 6: AES spectra collected from niobium sample

treated at 800◦C for 10 min.

TUP065 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

584C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Material studies

H. Basic R&D bulk Nb - Other processing



Figure 7: XRD spectra collected from niobium sample

treated at 800◦C for 10 min.

that had been heat treated with nitrogen. Various amounts

of material removal, followed by HPR, have been charac-

terized by cavity testing. The best performances have been

found for the following combinations: 5μm was removed

from the sample that had been treated at 800◦C for 10 min;

80μm was removed by EP from the sample treated with

nitrogen at 1000◦C for 1 hour.

Niobium samples that had been treated with nitrogen,

followed by EP and HPR, were characterized by XRD and

XPS. No nitrogen presence was detected. XRD indicates

only niobium peaks. This shows that no stoichiometric nio-

bium nitride phases are forming after the material removal.

The absence of a well defined nitrogen peak on XPS spec-

tra might suggest a low concentration of nitrogen, beyond

the detection limit. The presence of some nitrogen in the

interstitial sites of niobium lattice was suggested as an ex-

planation of anti-Q slope and much higher values of Q in

nitrogen treated cavities. The thickness of removed mate-

rial corresponding to ≈1/4 of the diffusion length of nitro-

gen in niobium (for various experimental parameters) was

found to provide the highest Q-values and strongest anti-Q

slope [1]. When a larger thickness was removed, MFQS

was found from RF testing of such cavity. Those facts sup-

port the presence of interstitial nitrogen, which could act as

trapping sites for hydrogen. Further investigations, such as

Secondary Ion Mass Spectroscopy, are needed in order to

confirm this assumption.

CONCLUSION
XPS and XRD studies of individual steps of the surface

processing that lead to non-typically high performance,

suggest the beneficial effect of nitrogen doping. Additional

surface studies are needed in order to quantify low concen-

trations of nitrogen and fully understand the mechanisms

of the reverse of MFQS and non-typically high Q values

appearance.
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Abstract 
   Plasma based surface modification is a promising 
alternative to wet etching of superconducting radio 
frequency (SRF) cavities. The crucial aspect of the 
technology development is dependence of the etching 
rate and surface roughness on the frequency of the power 
supply, pressure, power level, driven electrode shape and 
chlorine concentration in the gas mixture during plasma 
processing. To optimize the plasma parameters, we are 
using a simple cylindrical cavity with 8 sample holders 
symmetrically distributed over the cylinder. These 
holders are used as diagnostic ports for the measurement 
of the plasma parameters and as holders for the samples 
to be etched. The plasma properties are highly correlated 
with the shape of the driven electrode, chlorine 
concentration in the Argon/Chlorine gas mixtures, 
residence time of reactive species and temperature of the 
cavity. Using cylindrical driven electrodes with variable 
radius, we have optimized the plasma properties with 
respect to surface maximum processing effect. 

INTRODUCTION 
To improve the RF performance of the SRF niobium 

cavities, the cavity surface must be prepared by a process 
that enhances surface smoothness, removes impurities 
and create less sharp grain boundaries. Currently used 
technologies are buffered chemical polishing or electro 
polishing. These technologies are based on the use of 
hydrogen fluoride (HF) in liquid acid baths, which poses 
major environmental and personal safety concern. HF-
free plasma-based (“dry”) technologies are a viable 
alternative to wet acid technologies as they are much 
more controllable, less expensive and more environment-
friendly.  

As a proof of concept we developed an experimental 
setup for etching of small niobium samples [1]. The 
microwave plasma (2.45 GHz) frequency inside a quartz 
tube was used for this experiment. The gas mixture used 
was 97% argon and 3% chlorine. While the results with 
the flat samples were very encouraging [1], with etching 
rates up to 1.7 μm/min and surface roughness down to 
below 100 nm, the two parameters could not be achieved  
with the same treatment. Results are indicative of 
competitive character of the surface smoothness and 
etching rate. In every case, however, the surface 
roughness of plasma etched sample is equal or better than  

 
the chemically etched samples. The next step in the 
development of plasma etching technology for SRF 
cavity is to perform the etching of a single cell niobium 
cavity on optimized plasma parameters. We are here 
describing an intermediary step where a curved Nb 
surface substantially larger than the flat coupon area was 
successfully processed at a satisfactory rate at a relatively 
modest power level. 

CYLINDRICAL CAVITY EXPERIMENT 
The shape of the cavity is defined by the resonant low-

loss requirement for maximizing the cavity Q factor and 
generating the accelerating gradients at microwave 
frequency of 1.5 GHz. 

 Before etching the cavity, we developed an 
experiment with simple cylindrical cavity of 2.86 inch 
internal diameter and 6 inch length. This cylindrical 
cavity has 8 holes with mini conflat welded on it to hold 
niobium samples and to put view port for diagnostic 
purposes. The cavity is shown in the Figure 1. 

 

 
Figure 1: Cylindrical cavity on processing experiment. 
 
Although we are planning to use two frequencies, one 

in the radio-frequency (RF) and the other in the 
microwave (MW) range to produce plasma inside this 
cavity, we are currently using is RF at 13.56 MHz In the 
RF case the EM wavelength is approximately 22 meter in 
the case of 13.56 MHz and much longer than the cavity 
length while in the MW case the wavelength is in the 
same scale as the cavity length. 
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In the first case, when we are using a RF power supply, 
the plasma produced is in the capacitively coupled 
plasma (CCP) regime. In CCP the difference in surface 
area of driven and grounded electrode creates a 
difference in voltage drop of two sheaths established on 
both electrodes. 

Shape of SRF cavity presents a particular challenge for 
RF plasma processing of its inner wall. It has curved 
cylindrical symmetry and the processed surface has 
larger area than the surface of the driven electrode. By 
contrast, the technology that has been in the mature stage 
of development, such as semiconductor wafer 
processing, is based on essentially planar geometry. 
Moreover, the wafer which is etched presents the 
smaller-area electrode in order to take advantage of the 
asymmetry in the plasma sheath voltage. In present case 
the cavity which is to be etched is grounded and has large 
surface area. 

To learn more about the asymmetry of the cylindrical 
RF discharge, we opted for a variable diameter of inner 
electrode looking for the effect of the surface area of 
inner electrode on plasma properties. A set of variable 
diameter electrodes with the experimental cylindrical 
cavity is shown in Figure 2.   

 

 
Figure 2: Cylindrical cavity with different diameter 
electrode. 

 
The criterion for chosing the optimum electrode was 

provided by a set of plasma parameters that was 
measured using a Langmuir probe, a high precision 
scanning monochromator. In addition, the gas 
composition was determined with a high pressure 
residual gas analyser.  

The experimental setup for the cylindrical cavity 
processing is shown in the Figure 3. The cylindrical 
chamber is evacuated with the help of combination of 
rough and turbo vacuum pump. The gas flow and 
electrical power flow are in opposite direction. Gas was 
premixed in three-branch manifold, each branch 
containing flow controllers, which defined the mixing 
ratio. The mix was dominated by Argon and Helium as 
buffer gases, and Chlorine. 

 

 
Figure 3: Experimental setup for plasma processing of 
cavities. 

 
As the plasma properties and in turn the surface 

processing effect vary substantially with the frequency, 
pressure, chlorine concentration, temperature and power 
levels inside the reactor, we have to optimize these 
parameters for the most efficient and uniform surface 
material removal from  the samples placed on the cavity 
perimeter. 

 
EXPERIMENTAL RESULTS 

     Depending on the diameter of the driven electrode 
tube there is a certain pressure on which the plasma is 
completely filled in the cavity. If you operate cavity 
below this pressure the plasma is only in certain section. 
The plasma inside the cavity at different pressure is 
shown in Figure 4. 

 

  

  
Figure 4: Plasma inside the cylindrical cavity at 
different pressure. 
 
   We have established a scheme of Ar I levels in order to 
follow the effects of plasma etching conditions on the 
excited state balance and produce the foundation for the 
arguments on the optimum plasma etching conditions. 
The levels are grouped in blocks, which are represented 
with an average energy. Spectral line intensities 
expressing transition from the levels belonging to each 
block to 4p or 4s levels are strongly dependent on plasma 
parameters and indicate the decline of excited state 

Proceedings of SRF2013, Paris, France TUP066

09 Cavity preparation and production

H. Basic R&D bulk Nb - Other processing

ISBN 978-3-95450-143-4

587 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

 

population during material removal from the surface. We 
correlated the removal of material from the surface with 
the line intensity variation and found the easily observed 
“sweet spots” in external discharge parameters. In what 
follows all spectra were taken through the side windows 
of the discharge cell, across the sheath layer, and can be 
correlated to the average energy of electrons that are 
being accelerating through the sheath and that are 
responsible for reactive ion and radical production. 
Pressure dependence of the intensity ratio of several 5p-
4s Ar lines is illustrated in Figure 5. 

 

Figure 5: Intensity of Argon line versus pressure. 

Figure 5, the Pressure dependence of the intensities of 
Ar I 5p-4s lines indicate the reduction of electron density 
with pressure due to increased electronegativity and 
presence of removed volatiles from the surface. RF 
power was 100 W, and the mix composition by weight 
was Ar/Cl2 (85/15). 

CONCLUSION 
   In view of the complex technological challenges facing 
the development of plasma-assisted SRF surface 
treatment, we have adopted the following  experimental 
approach:  (a) to determine and optimize the plasma 
condition suitable for the uniform mass removal and 
optimum surface smoothness for the samples placed on 
the simple cylindrical cavity perimeter, (b) to process a 
single-cell cavity at established optimum conditions for 
discharge in the cavity geometry, and (c) to perform RF 
performance tests compatible with existing standards.   In 
both experiments, the central electrode (RF) and antenna 
(MW) is used to control the breakdown of the large-
volume plasma and to assure its uniformity.   
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Abstract
The effect of interstitial hydrogen on the magnitude of

the phonon peak is examined by subjecting two bicrystal

niobium specimens to 300 °C for 1 h in a 75% hydro-

gen, 25% nitrogen atmosphere at 0.5 atm., and subject-

ing a monocrystal specimen to a 100 μm uncooled BCP

etch. Prior to hydrogen infusion, specimens 1 and 3 were

heated to 800 °C for 2 h and 1200 °C for 2 h, respectively.

Specimen 2 was heated first to 140 °C for 48 h and later to

1100 °C for 4 h prior to the hydrogen infusion. Both spec-

imens exposed to the 300 °C heating displayed a 25% re-

duction in the phonon peak due to the additional hydrogen,

independent of their crystal orientations and heat treatment

histories. The uncooled BCP etch resulted in a 15% reduc-

tion in the phonon peak for specimen 3. An 800 °C vacuum

heating for 2 h was found to be sufficient to recover the

phonon peak in specimen 1, while an 1100 °C heating for

4 h was required to recover the phonon peak in one of the

grains of specimen 2. A 1000 °C heating for 2 h partially

recovered the phonon peak in specimen 3. The results sug-

gest that hydrogen trapped in the niobium lattice will degas

when the material is heated to at least the temperature to

which it was heated at prior to the hydrogen infusion step.

The vacancy concentration is believed to play a role in this

phenomenon.

INTRODUCTION
The thermal conductivity k of niobium for temperatures

below 3 K is dominated by phonon transport. In niobium

with sufficiently few lattice imperfections, a maximum in

k occurs at 1.8 K, called the phonon peak. A large phonon

peak is desired for improved thermal transport between the

RF surface of the cavity and the superfluid helium bath.

This reduces potential local hot spots and contributes to an

increased cavity quality factor Q in the mid- and high-field

Q-slope region. The magnitude of the phonon peak is sen-

sitive to SRF cavity manufacturing processes, such as de-

∗This work was supported by the U.S. Department of Energy, Office

of High Energy Physics, through Grant No. DE-S0004222.
† Currently at the Facility for Rare Isotope Beams, East Lansing, MI

USA 48824.
‡ chandras@frib.msu.edu

formation, annealing heat treatments, and chemical treat-

ments that may expose the niobium to impurities.

SRF cavity fabrication includes chemical processing

steps, such as buffer chemical polishing (BCP) and electro-

polishing (EP), which introduce interstitial hydrogen into

the niobium. Excessive hydrogen can adversely affect the

quality factor of cavities by precipitating into hydrides in

the niobium [1, 2]. The current standards for cavity pro-

cessing includes cooling the BCP bath to T < 10 °C to re-

duce hydrogen uptake. A fast cool down (≥ 1 K·min−1) of

the niobium cavity [1], especially at 77 ≤ T ≤ 170 K was

also identified as a critical measure to prevent the precipi-

tation of hydrogen into hydrides. Specimens mildly etched

(< 30 μm) through cooled BCP have shown little effect on

the thermal conductivity for 1.6 ≤ T ≤ 4.2 K [3].

This study exposes one mono- and two bicrystal niobium

specimens to hydrogen concentrations greater than typical

cavity processing, in an effort to identify the worst-case

thermal scenario for a cavity accidentally infused with hy-

drogen.

EXPERIMENTAL DETAILS
Hydrogen Infusion

The impermeable niobium pentoxide (Nb2O5) layer on

the surface of niobium needs to be removed in order to

infuse the specimens with hydrogen. Two methods are

used to infuse hydrogen into the specimens after dissolv-

ing the Nb2O5 layer. The first method heats the specimens

in a hydrogen rich environment, to temperatures hotter than

250 °C to dissolve [4] the impermeable niobium pentoxide

layer, and saturates them for the heating temperature. The

second method simulates a cavity processing incident, by

performing a heavy BCP etch in an uncooled acid bath. Re-

covery heat treatments are identified for each of the speci-

mens.

Two bicrystal, specimens 1 and 2, and one monocrystal,

specimen 3, niobium specimens with different heat treat-

ment histories were subject to hydrogen infusion. Prior

to hydrogen infusion, specimens 1 and 3 had been heat

treated at 800 °C for 2 h and 1200 °C for 2 h, respec-

tively in a custom built high-temperature, high-vacuum fur-

nace [5]. Specimen 2 was first heat treated at 140 °C for
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Table 1: Hydrogen Specimen Histories

Est. Heat Treatment (HT) Hydrogen Recovery Heat Treatment (HT)

RRR First HT Second HT Treatment First HT Second HT

before Th t Th t Hot Uncooled Th t Th t
Spec. H2 (°C) (h) (°C) (h) infusion BCP (°C) (h) (°C) (h)

1 100 800 2 � 800 2

2 190 140 48 1100 4 � 800 2 1100 4

3 110 1200 2 � 1000 2

48 h, and subsequently heated to 1100 °C for 4 h prior to

the hydrogen experiment. The thermal conductivities of

the specimens were measured in their as-received state, af-

ter each heat treatment, and after hydrogen infusion. The

as-received state thermal conductivities of the specimens

displayed no phonon peak due to thermal strain-induced

dislocations from ingot production [3, 6, 7]. The conduc-

tivity was unaffected after the 140 °C for 48 h heating for

specimen 2 [3, 7].

Hydrogen was infused into the bicrystal specimens 1 and

2 by heating them to 300 °C for 1 h in a 75% hydrogen,

25% nitrogen environment at 0.5 atm. in a brazing fur-

nace. Monocrystal specimen 3 was infused with hydrogen

by performing a 100 μm, uncooled BCP etch. Subsequent

to the hydrogen infusion, the thermal conductivity of the

specimens were measured. Later, specimens 1 and 2 were

heat treated at 800 °C for 2 h to degas hydrogen. Based

on the results from the degassing heating, specimen 2 was

heated again to 1100 °C for 4 h, and specimen 3 was heated

to 1000 °C for 2 h. The histories of the specimens are sum-

marized in Table 1.

Using the temperature of heating and the partial pres-

sure of hydrogen, the equilibrium concentration of hydro-

gen in niobium for specimens 1 and 2 were estimated to be

41.2 at. % hydrogen. At room temperature, this is close to

theα+β and the β phase interface in the niobium-hydrogen

phase diagram [8, 9]. At cryogenic temperatures, the sys-

tem is close to the α + ε and the ε phase interface. Based

on the thickness of the specimens and the diffusion distance

for hydrogen in niobium, the specimens heated to 300 °C

for 1 h were saturated with hydrogen [3].

Thermal Conductivity Estimation
The thermal conductivities of the specimens were esti-

mated using a novel technique described in [3, 10]. This

technique estimates thermal conductivity from temperature

gradient measurements along the length of the specimens,

and a parameter estimation algorithm that uses all of the

temperature and heat flux data simultaneously. A tem-

perature gradient is obtained by applying a finite electri-

cal power on one end of the specimen while cold sinking

the other. The temperature gradient is measured using four

calibrated carbon resistors, and yield three thermal conduc-

tivity curves for each specimen corresponding to the three

temperature sensor pairs.

RESULTS

Saturated Hydrogen
The thermal conductivity curves for specimens 1 after

the 800 °C for 2 h heating (open symbols), after hydrogen

infusion through the 300 °C for 1 h heating (half filled sym-

bols), and after the 800 °C for 2 h degassing heating(solid

symbols) are illustrated in Figure 1. The infusion of hydro-

gen into the specimen, on an average, led to a 25% reduc-

tion in the phonon peak, with no change in the conductivity

for T > 3 K. The 800 °C for 2 h heating is observed to be

sufficient to recover the phonon peak by degassing hydro-

gen from the material.

The conductivity curves for the 1100 °C heat treated

specimen 2 after its initial 1100 °C for 4 h heat treat-

ment (open symbols), after hydrogen infusion through the

300 °C heating (half filled symbols), after the 800 °C for

2 h degassing heating (red solid symbols), and after the

1100 °C for 4 h degassing heating (dark yellow solid sym-

bols) are illustrated in Figure 2. In addition to the 25%

reduction in the phonon peak after hydrogen infusion, sim-

ilar to specimen 1, specimen 2 displayed a 10% reduction

in the thermal conductivity at 4.2 K. The 800 °C for 2 h

degassing heating was insufficient to recover the thermal

conductivity, while the 1100 °C for 4 h degassing heating

was sufficient to recover the phonon peak in grain 2 of the

specimen, with no effect on grain 1.

Hydrogen via Uncooled BCP
Specimen 3, unlike specimens 1 and 2, was infused with

hydrogen through a more realistic uncooled BCP 100 μm

etch, simulating an error during cavity processing. The

conductivity curves for specimen 3 after the 1200 °C for

2 h heating (open symbols), after the uncooled BCP hydro-

gen infusion (half filled symbols), and after the 1000 °C

for 2 h degassing heating (solid symbols) are illustrated in

Figure 3. The excess hydrogen in the bulk lead to a 15%

reduction in the phonon peak, with no change in conduc-

tivity for T > 3 K. The hotter 1000 °C for 2 h hydrogen

degassing heat treatment lead to nearly complete recovery

in the phonon peak.

TUP067 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

590C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Material studies

H. Basic R&D bulk Nb - Other processing



1.5 2.0 2.5 3.0 3.5 4.0 4.5
10

20

30

40

50

60

70

 

�

���� ���� �� ��	
� ���� �� ���� ���� ��
���� ��� � � � � � � ��	
� ��� � � � � � ���� ��
���� ���� �� ��	
� ���� �� ���� ���� ��

Th
er

m
al

 c
on

du
ct

iv
ity

 (W
m

-1
K

-1
)

����������� ���

Figure 1: Thermal conductivity curves for specimen 1 after

the 800 °C for 2 h heating (open symbols), after hydro-

gen infusion through the 300 °C for 1 h heating (half filled

symbols), and after the hydrogen degassing heat treatment

at 800 °C for 2 h (solid symbols). On an average, a 25% re-

duction in the magnitude of the phonon peak was observed

due to the additional hydrogen. The 800 °C for 2 h de-

gassing heating was sufficient to recover the phonon peak

to its before hydrogen infusion condition.

DISCUSSION
Hydrogen from both infusion methods resulted in re-

duction of the phonon peak. The estimated concentration

of 41.2 at. % of hydrogen in niobium, for the specimens

heated at 300 °C, is sufficient to form hydrides that scatter

phonons and reduce the phonon peak by 25%. Addition-

ally, a 100 μm BCP etch in an uncooled acid bath also in-

troduces sufficient hydrogen to reduce the phonon peak by

15%. The 800 °C for 2 h heating in a high vacuum fur-

nace has been thought to degas all hydrogen [11]. While

the response of specimen 1 to the 800 °C degassing heat-

ing supports this, the conductivity curves from specimens 2

and 3 do not support it. One important difference between

the specimens, in addition to the differences in their RRR,

is the temperature of heat treatment prior to the hydrogen

infusion. Specimen 1 was heated to 800 °C for 2 h prior

to the hydrogen treatment, which is the same as the hydro-

gen degassing heat treatment. Specimens 2 and 3, though,

had been heated at temperatures hotter than 800 °C, i.e.,
1100 °C for 4 h and 1200 °C for 2 h, respectively. This

indicates that heat treatment history prior to hydrogen infu-

sion plays an important role in determining the temperature

of heating required to degas the hydrogen.

This phenomenon may be explained by considering the

vacancy concentration of the specimens. The equilibrium

vacancy concentration in niobium is exponentially propor-
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Figure 2: Thermal conductivity curves for specimen 2 after

the 1100 °C heat treatment (open symbols), after hydrogen

infusion (half filled symbols), after the hydrogen degassing

heat treatment at 800 °C for 2 h (red solid symbols), and

after the 1100 °C for 4 h hydrogen degassing (dark yel-

low solid symbols). Similar to specimen 1, the excessive

hydrogen lead to a 25% reduction in the magnitude of the

phonon peak. In addition, a 10% reduction in the conduc-

tivity at 4.2 K was observed. The 800 °C for 2 h hydro-

gen degassing heat treatment was insufficient to recover the

phonon peak, and the subsequent 1100 °C for 4 h degassing

heating lead to the recovery of the phonon peak for grain 2

with no change in conductivity for grain 1.

tional to the temperature of heat treatment. The vacancy

concentration in the 1100 °C and 1200 °C heat treated

specimens would be several orders of magnitude greater

than that in the 800 °C heat treated specimen [3]. The

additional vacancies may aid in absorbing more hydrogen

atoms than that estimated based on the parameters of the

infusion, leading to greater concentration of the solid-like

β and ε phases instead of the α phase. In the α phase, the

hydrogen atoms are disordered like a gas [12, Chapter 2].

In the β and ε phases, however, hydrogen is ordered like

a solid and has well defined spacing [12, Chapter 2]. The

mobility of the hydrogen atoms in the β phase has been ob-

served to be two orders of magnitude less than that in the α′

phase [13 - 15]. The reason for the absence of recovery

of the phonon peak in grain 1 of specimen 2 even after the

1100 °C for 4 h heating is not yet clearly understood.

The additional hydrogen in specimens 1 and 3 after hy-

drogen infusion, and before degassing heat treatments, had

no effect on the electronic contribution to the thermal con-

ductivity (T ≥ 3 K). In specimen 2, the additional hy-

drogen resulted in only a 10% decrease in conductivity

at 4.2 K. Due to the consistently greater reduction in the
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Figure 3: Thermal conductivity curves for specimen 3 after

the 1200 °C heat treatment (open symbols), after hydrogen

infusion through a 100 μm uncooled BCP etch (half filled

symbols), and after the hydrogen degassing heat treatment

at 1000 °C for 2 h (red solid symbols). The excess hy-

drogen in the bulk lead to a 15% reduction in the phonon

peak. The hotter 1000 °C for 2 h hydrogen degassing heat

treatment lead to nearly complete recovery in the phonon

peak.

phonon regime than in the electron regime of thermal con-

ductivity, it may be concluded that phonons are more sen-

sitive to hydrides than electrons, especially in niobium of

100 ≤RRR≤ 200.

The 25% reduction in the thermal conductivity at 4.2 K

after the degassing heat treatment at 1100 °C for 4 h is

thought to be due to impurities introduced into the speci-

men in the furnace, despite using titanium getter.

CONCLUSIONS
Standard cavity processing steps do not introduce suffi-

cient hydrogen in the niobium to affect the phonon peak.

Accidental exposure of a cavity to a heavy BCP in an un-

cooled acid bath could reduce the phonon peak by 15%.

When saturated with hydrogen, the phonon peak is consid-

erably reduced. Following excessive infusion of hydrogen,

for complete recovery of the phonon peak by virtue of de-

gassing hydrogen, a heat treatment at a temperature that is

at least as hot as the heat treatment prior to the infusion is

required.
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Abstract 
Smooth interior surfaces are desired for niobium SRF 

cavities, now obtained by buffered chemical polish (BCP) 

and/or electropolish (EP). Laser polishing is a potential 

alternative, having advantages of speed, freedom from 

chemistry and in-process inspection.  Here we show with 

Power Spectral Density (PSD) measurements that laser 

polishing can produce smooth topography similar to that 

obtained by EP. We studied the influence of the laser 

power density and laser beam raster rate on the surface 

topography. These two factors need to be combined 

carefully to smooth the surface without damaging it. 

Computational modeling was used to simulate the surface 

temperature and explain the mechanism of laser 

polishing. 

BACKGROUND 

Surface chemistry is needed in the fabrication process 

of niobium SRF cavities [1]. Buffered chemical polishing 

(BCP) with 1:1:2 (or 1:1:1) solution is commonly applied 

for fast etching and cleaning of niobium pieces. Electro-

polishing (EP) is optionally used as a final step to remove 

sharp features caused by BCP. These two techniques have 

become standardized and are being used routinely in large 

quantity production. However, pursuit of greener and/or 

faster treatment methods is still on-going, such as 

centrifugal barrel polishing (CBP) and non-HF EP. We 

have shown that laser polishing is able to achieve smooth 

topography on niobium [2, 3] that is similar to the EP 

produced surface. In this study we continue our efforts to 

further explore parameter space suitable for laser 

polishing and the polishing mechanism itself. 

EXPERIMENT 

Material and Preparation 

The niobium samples were 49 mm diameter disks cut 

from 3.2 mm high RRR sheet material of the type used 

for cavity fabrication. The niobium samples were etched 

in 1:1:1 BCP solution for 1 minute, rinsed with de-ionized 

water and air dried. The resulting sample surface 

resembled typical BCP topography. The sample disks 

were loaded into the laser treatment system and pumped 

down to ~10
-7

 - 10
-8

 Torr for polishing experiments. 

Laser Treatment System 

A Spectra-Physics High Intensity Peak Power 

Oscillator (HIPPO) table top laser was used as the laser 

source. The wavelength used for the polishing experiment 

was 1064 nm. The beam was directed into the UHV 

chamber of a PVD-5000 System. The focused spot size 

on the niobium samples was 96 μm x 104 μm FWHM 

(spot area 7.84x10
-5

 cm
2
). The repetition rate was 19 kHz, 

and the pulse length at this repetition rate was about 8 ns.  

Polishing Parameters 

Table 1 summarizes the range of parameters explored 

in our experiments. The number of pulses overlapped 

within one beam width, the pulse displacement and scan 

speed are listed. 

Table 1: Range of Parameters Covered 

Fluence Number of 

pulses 

overlapped 

Pulse 

displacement 

Scan 

speed 

J/cm2 Within one 

beam width 

μm cm/s 

0.18~0.61 15~960 6.4~0.1 12.16~0.19 

Characterization 

After laser treatment, the topography of the niobium 

samples was studied by optical microscopy and atomic 

force microscopy (AFM). Root mean square (RMS) 

roughness was obtained from AFM data. Power spectral 

density (PSD) analysis was applied to the AFM data as 

we have described previously [4]. 

RESULTS 

Figure 1 shows the optical images of niobium surfaces 

after laser treatment with different combinations of 

fluence and number of pulses overlapped.  

 

 

Figure 1A: Optical images of niobium surfaces after laser 

treatment: 0.24 J/cm
2
, 53 pulses overlapped, 1.8 μm pulse 

displacement, scanning speed 3.4 cm/s. 

 ___________________________________________  
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Figure 1B: Optical images of niobium surfaces after laser 

treatment: 0.61 J/cm
2
, 32 pulses overlapped, 3 μm pulse 

displacement, scanning speed 5.7 cm/s. 

Both 0.24 J/cm
2
 and 0.61 J/cm

2
 cases showed a 

smoothened surface.  But the scanning speed was 3.4 

cm/s and 5.7 cm/s respectively. Therefore, proper 

combination of fluence and scanning speed is important 

to achieve polishing effects. The benefit of higher fluence 

is that it enables a higher polishing rate. 

Figure 2 A, D shows the AFM image of the sample 

surface in Fig. 1A. Figure 2 A is the surface on the same 

sample without laser treatment, which is a typical BCP 

topography. Figure 2 D is the BCP surface after laser 

polishing. Figure 2 B, C are typical EP and CBP surfaces 

of niobium. The CBP surface was produced based on the 

standard recipe as described in reference [5]. It is easy to 

notice the wavy and smooth shape on EP surface (despite 

the relatively large Rq value due to larger scanned area 

than the other three), the ridges on BCP surface and the 

special pattern on CBP surface. The different 

characteristics of these surfaces result from their different 

polishing mechanisms. The laser polished surface most 

closely resembles the EP surface. 

The PSD of surface height is a useful measure of 

topography from a spatial frequency point of view. Larger 

PSD value on the curve means larger contribution from 

corresponding spatial frequency. Sharp "fractal" edges on 

the surface will produce a straight line "power law" on 

such a log-log plot. Figure 3 shows the PSD analysis 

result of the four types of surfaces in Fig. 2. The BCP 

surface shows a straight line between 10
4
 nm and 10

2
 nm. 

The laser polished BCP surface shows a curve with lower 

PSD value than BCP line from 0.25x10
4
 nm to 10

2
 nm, 

meaning the sharpness on BCP surface is reduced. The 

EP curve shows two steps: one from 0.5x10
5
 nm to 

0.25x10
4
 nm and another from 0.25x10

4
 nm to 0.2x10

3
 

nm. The CBP curve shows lower PSD than other curves 

over most of the range except the slight hump around 10
3
 

nm. This could relate to the features observed in Fig. 2 C, 

which are attributed to the polishing media. 

  

Figure 2: AFM images of niobium surface after: A) BCP, 

Rq=177 nm; B) EP, Rq=271 nm; C) centrifugal barrel 

polishing (CBP), Rq=31 nm; D) laser polishing (LP), 

Rq=170 nm. Scanned areas are 25 μm x 25 μm in A, C, D, 

and 50 μm x 50 μm in B. 

 
Figure 3: PSD analyses of the four types of surface in 

Figure 2. 

SIMULATION AND DISCUSSION 

As a guide to experiment and for preliminary 

understanding, a one-dimensional conduction heat 

transfer equation with initial and boundary conditions 

below [6] can be used to simulate laser polishing of 

niobium, if the surface does not undergo severe ablation 

process. Here we used constant thermal properties. No 

radiant heat loss or melting was considered. 

Figure 4 shows the simulation result of niobium 

temperature as a function of time during laser treatment at 

fluence of 0.24 J/cm
2
 and 0.61 J/cm

2
. The temperature 

rise due to the first laser pulse is shown in the figures. The 

pulse starts from time zero and ends at 8 ns (the dotted 
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vertical line). Initial temperature is room temperature 

20°C. The temperature drop after the pulse is simulated to 

100 ns. Both the surface temperature and the melt-depth 

temperature profiles are shown in each plot. The 

calculated melt depth due to the first pulse in the two 

cases is 50 nm and 520 nm respectively. And we noticed 

that the surface temperature dropped below the melting 

point a few nanoseconds after the pulse ending, so the 

melted part solidified quickly after the pulse. For the 0.24 

J/cm
2
 case, only a shallow layer of the surface was in the 

melting region as expected. For the 0.61 J/cm
2
 case, a 

thicker surface layer was melted, and the calculated 

surface temperature even exceeded the boiling point of 

niobium. Surprisingly, we didn't observe ablation on the 

sample surface. One reason for this discrepancy could be, 

fluence this high is beyond the scope of our assumptions. 

The actual temperature vs. time curve could be different, 

because the thermal properties of liquid niobium are 

different from solid niobium and the latent heat of phase 

change needs to be considered as well.  

 

 
Figure 4: Temperature as a function of time during laser 

treatment at fluence of A) 0.24 J/cm
2
 and B) 0.61 J/cm

2
.  

Another factor not included in the simulation is the 

influence of earlier pulses on later pulses. And this may 

well relate to the pulse accumulation factor we have been 

using in the experiments. In fact, the temperature of 

sample does not return to the initial temperature when the 

next pulse arrives. As the heat from earlier pulses 

accumulates on the sample disk, the starting temperature 

for each pulse becomes higher. And the initial 

temperature could make a difference on the temperature 

profiles shown in Figure 4 [3].  

Despite these limitations, the simulation indicates that, 

if we scan the laser fast enough, the surface could still be 

polished instead of damaged, as seen in the topography 

results above. 

It would be useful to continue this study with more 

precise control of the parameters and a wider range of 

variables accessible; for example, changing the pulse 

width, lower the repetition rate and changing the sample 

temperature. It would also be very helpful if the sample 

temperature could be monitored during the polishing 

process. 

CONCLUSION 

 Laser polishing of niobium is achievable, if a proper 

combination of fluence and pulse displacement is 

applied. 

 Comparison of topography and PSD analysis of laser 

polishing with other polishing methods shows that laser 

polishing smoothens sharp features in a way similar to 

EP. 

 One dimensional heat conduction model shows that a 

melting depth from 50nm to 520nm can be achieved. 
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THE COPPER SUBSTRATE DEVELOPMENTS FOR THE HIE-ISOLDE 

HIGH-BETA QUARTER-WAVE RESONATORS 

L. Alberty*, G. Arnau, I. Aviles, S. Calatroni, O. Capatina, G. Foffano, Y. Kadi, P. Moyret, 

K.-M. Schirm, T. Tardy, W. Venturini Delsolaro, CERN, Geneva, Switzerland 

A. D’Elia, CERN, Geneva & UMAN, Manchester, United Kingdom

Abstract 
A new Linac using superconducting Quarter-Wave 

Resonators (QWRs) is under construction at CERN in the 

framework of the HIE-ISOLDE project. The QWRs are 

made by niobium sputtered on a bulk copper substrate. 

The working frequency at 4.5 K is 101.28 MHz and they 

will provide 6 MV/m accelerating gradient on the beam 

axis with a total maximum power dissipation of 10 W. 

The properties of the cavity substrate have a direct impact 

on the final cavity performance. The copper substrate has 

to ensure an optimum surface for the niobium sputtered 

layer. It has also to fulfil the required geometrical 

tolerances, the mechanical stability during operation and 

the thermal performance to optimally extract the RF 

dissipated power on cavity walls. The paper presents the 

mechanical design of the high β cavities. The 

procurement process of the copper raw material is 

detailed, including specifications and tests. The 

manufacturing sequence of the complete cavity is then 

explained and the structural and thermo-mechanical 

behaviour during the tests performed on a prototype 

cavity. 

INTRODUCTION 

The High Intensity and Energy (HIE) ISOLDE project 

is a major upgrade of the ISOLDE and REX-ISOLDE 

facilities at CERN, which can currently deliver post-

accelerated radioactive ion beams (RIBs) with energies up 

to 2.8 MeV/u via a normal conducting linear accelerator. 

This will be replaced by a superconducting Linac, 

composed ultimately of four high beta and two low beta 

cryo-modules, all containing superconducting RF QWRs 

for beam acceleration and solenoids for beam focusing. 

Such upgrade will allow increasing the maximum energy 

of the delivered RIBs up to 10 MeV/u [1]. For the first 

installation stage, two high-beta cryo-modules with a total 

of 10 QWRs are foreseen. 

SUBSTRATE DESIGN 

The first prototypes of the HIE-ISOLDE high-beta 

copper substrates were manufactured at CERN from 

rolled, deep drawn and electron beam welded copper 

sheets (Cu-OFE, UNS C10100) [2] – figure 1, left. Their 

manufacture was crucial for developing both fabrication 

strategies and sputtering techniques. At that time, design 

studies were being carried out in view of both reducing 

the manufacturing complexity of the copper substrates 

and increasing their stiffness, aiming for less sensitivity to 

the pressure fluctuations of the helium bath. 

  

  

Figure 1: HIE-ISOLDE high-beta copper substrates: left) 

rolled and welded prototype; right) bulk machined 

prototype (inner conductor shown in magenta). 

As very promising results were being found when 

increasing the sputtering temperature up to 600°C, which 

compromises shape accuracy, dedicated studies allowed 

relaxing the functional tolerances of the QWRs by a 

factor of five [3]. 

The new design – figure 1/right, consists of two parts 

(inner and outer conductors) machined out from copper 

forgings, shrink fitted and electron beam welded. 

Cryogenic connectivity is done through a DN63CF 

stainless steel flange vacuum brazed to a copper nozzle.  

The number of critical RF electron beam welds was 

reduced to one and beam ports are no longer deep drawn 

but precision machined, allowing for both improved 

shape accuracy and repeatability. Sensitivity to pressure 

fluctuations is reduced by a factor of 10
2
.  

Supported by results, this version became the base 

design for the serial production of the HIE-ISOLDE high-

beta copper substrates. 

STRENGTH ASSESSMENT 

Since 2008, the design of the HIE-ISOLDE high-beta 

cryo-modules has significantly progressed [1, 4]. In 

particular, regarding the strategy for supporting and 

aligning the RF cavities inside the cryomodule [5], as 

cavities are now simply supported by the beam ports. 

Specially designed supports connected to an alignment 

mechanism and bolted to the beam ports allow aligning 

the beam axis of each cavity to the theoretical axis of the 

linear accelerator. A Finite Element (FE) analysis was  ___________________________________________  

*L.Alberty@cern.ch 
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performed aiming at assessing the mechanical strength of 

the bulk machined copper substrates under exceptional 

working conditions, taking into account a pressure rise of 

the cryogenic system up to 4.5 bar (absolute) [6]. Results 

show that the beam opening, inside the inner conductor, is 

expected to reach a 5 µm offset with respect to the beam 

ports. The global sensitivity to pressure detuning is of the 

order of 0.074 Hz/mbar [6]. Dedicated stress analyses 

allowed validating the design of the high-beta quarter-

wave copper substrates with comfortable safety margin. A 

modal analysis indicates that the first vibration mode 

occurs around 74 Hz. 

THERMAL PERFORMANCE 

As can be observed in figure 1, the inner conductor 

contains all the volume dedicated to the cryogenic helium 

bath. Thus, the outer conductor is purely cooled down by 

heat conduction, all heat being extracted through the two 

regions connecting the two conductors. In view of optimal 

heat extraction, these are both copper-on-copper 

prestressed and welded contacts. A FE analysis was 

performed to assess the thermal performance of such 

interfaces [7]. Material was Cu-OFE UNS C10100 with a 

minimum Residual Resistivity Ratio (RRR) of 100. A 

non-linear convection model was adopted for simulating 

the cryogenic nucleate boiling heat transfer in two-phase 

4.5 K He I. Thermal conductance is force-driven, as 

prestress was calculated from a structural analysis 

simulating the shrink fitting process. The circular RF 

weld has a bonding penetration depth of 1.8mm. Heat 

loads on RF surfaces were imported from electromagnetic 

simulations [8], 10W in total. Results from the steady 

state non-linear FE analysis show a negligible 

temperature gradient along the outer conductor. However, 

the circular electron beam weld on the RF surface is 

critical for extracting the heat from the outer conductor, 

as the total power flowing through the weld is a factor of 

10 higher than the amount extracted by the prestressed 

contact. 

COPPER PROCUREMENT 

The procurement of Cu-OFE UNS C10100 forged 

blocks started by identifying potential suppliers through a 

market survey. Final material specifications are resumed 

in table 1. Two geometries were envisaged: either a single 

forged cylinder, or inner plus outer conductor near net 

shape forgings. A first call for prototypes allowed both 

assessing suppliers’ technical capacity and procuring 

material to cover immediate needs. 

Table 1: Forged Copper Specifications 

Material ASTM B 170 UNS C10100 Grade 1 

Forging 3-D hot forging + cold forging 

Grain size (max.) 300 µm 

Hardness 65-90 HB 

NDT 100% UT @ 2 MHz 

  

Figure 2: Rough copper forgings for the outer conductors 

(left) and inner conductors (right). 

Significant scattering of both costs and delivery times 

was observed between different suppliers. In some cases, 

first production trials failed. All finished prototypes were 

accepted with minor derogations concerning grain size, 

homogeneity and controllability. Prototyping allowed 

confirming that fine and homogeneous microstructures 

are possible (despite dimensions), that defects can be 

expected both after hot and cold forging, and finally,  that 

Ultrasonic Testing (UT) controllability, strongly 

dependent of both microstructure and dimensions, is 

essential for assessing the material’s quality. SEM 

observations performed on Nb coated Cu coupons cut 

from the first prototype block showed that the film 

microstructure was comparable to coatings performed 

onto rolled sheets. 

MANUFACTURING TECHNIQUES & 

SERIAL PRODUCTION 

A total of three bulk machined copper substrates were 

produced at CERN. The first prototype was manufactured 

from a single round forged billet, but this approach was 

found to be considerably time and budget consuming, due 

to technical limitations. For the serial production, near net 

shape copper forgings were preferred – figure 2. 

Regarding quality control, reception tests including UT 

are complemented by both destructive and non-

destructive tests, as full material traceability is ensured. 

Generally, the forged half-hard material presented good 

machinability, and standard metal cutting techniques were 

adopted. However, due to geometric constraints, a special 

tool had to be developed to allow machining the beam 

ports in a 5-axis CNC milling centre. Ball nose end mills 

were used for final machining – figure 3, and surface 

roughness better than Ra=0.8 µm was measured. Prior to 

assembly, the leak tightness of the inner conductor is 

assessed at room temperature, the maximum acceptable 

leak rate being 2.10
-11 

Pa.m
3
/s. 

The inner and the outer conductors are first assembled 

by shrink fit. At CERN, the strategy adopted was to heat 

up the outer conductor in a vacuum furnace (background 

pressure better than 2.10
-3

 mbar) until attaining a 

temperature difference of 100°C. As depicted in figure 3, 

the inner conductor is then inserted by gravity into the 

outer conductor, becoming permanently joined. 

Proceedings of SRF2013, Paris, France TUP069

09 Cavity preparation and production

I. Basic R&D New materials - Deposition techniques

ISBN 978-3-95450-143-4

597 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



  

Figure 3: left) detail of beam ports finish; right) Inner and 

outer conductors being assembled by shrink fit. 

Once shrink fitted, the inner and outer conductors are 

electron beam welded from the RF side, the cavity 

standing in vertical position. All electron beam welds are 

pre-qualified by extensive tests. The circular weld is 

performed in two runs: first, a high intensity penetration 

run aims achieving the desired penetration; and secondly, 

with a defocused beam, the smoothing run ensures a good 

surface quality. The result is shown in figure 4. The next 

step consists of electron beam welding the copper nozzle 

to the cryogenic opening. The assembly is then leak tested 

at room temperature. 

 

Figure 4: Circular electron beam weld on RF surface. 

The final operation consists of tuning the copper 

substrate to a desired target frequency, by progressively 

trimming the free length of the outer conductor. 

TEST RESULTS 

The first bulk-machined prototype cavity manufactured 

at CERN and Nb sputtered at CERN with baseline 

production coating parameters was measured and for the 

first time RF performance exceeded the HIE-ISOLDE 

specification. The copper substrate was found to be able 

to extract all heat loads throughout conditioning and 

operation. The sensitivity to Helium pressure fluctuations 

was measured below 2.10
-2

 Hz/mbar, twice better than 

requirements. Preliminary characterization of 

microphonics show performance levels beyond 

expectations (stiffness of the new design). 

CONCLUSIONS 

The key copper substrate developments for the new 

HIE-ISOLDE high-beta SC QWRs were presented from 

design to material’s procurement, manufacturing and 

testing. Compared to first prototypes, which were based 

on plate metalworking techniques, the adoption of a bulk 

machined design lead to significant innovation: shape 

accuracy, stiffness and surface quality were significantly 

improved, as machining operations were minimized by 

adopting near net shape copper forgings. Critical RF 

welds were reduced to the minimum possible.  

Nevertheless, special attention has to be dedicated to 

material’s procurement and quality control, essential 

throughout the whole manufacturing process. Finally, test 

results beyond expectations allow us to conclude that the 

reported aspects played a major role on the development 

of the SC HIE ISOLDE high-beta QWRs. 
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CHARACTERIZATION OF SUPERCONDUCTING SAMPLES WITH SIC
SYSTEM FOR THIN FILM DEVELOPMENTS: STATUS AND RECENT

RESULTS∗

G. Eremeev† , L. Phillips, C.E. Reece, A.-M. Valente-Feliciano, B.P. Xiao‡ ,
Thomas Jefferson National Accelerator Facility, Newport News, U.S.A.

Abstract

Within any thin film development program directed to-
wards SRF accelerating structures, there is a need for an RF
characterization device that can provide information about
RF properties of small samples. One of the RF charac-
terization devices at Jefferson Lab is Surface Impedance
Characterization (SIC) system. The data acquisition envi-
ronment for the system has recently been improved to al-
low for automated measurement, and the system has been
routinely used for characterization of bulk Nb, films of Nb
on Cu, MgB2, NbTiN, Nb3Sn films, etc. We present some
of the recent results that illustrate present capabilities and
limitations of the system.

INTRODUCTION

The development of new materials as well as understand-
ing current limiting loss mechanisms and material behavior
in RF fields calls for an RF system capable of high res-
olution (∝ 1 nΩ) surface resistance measurement device
with a high magnetic field reach (greater than 200 mT).
The system also should allow for a fast turn around and
host sample sizes that can be accommodated in the stan-
dard material characterization systems. Over the years a
number of sample RF characterization systems have been
developed [1–8], but none of them has been able to match
the resolution and field reach of the best SRF cavities. Still,
RF characterization host cavities are widely used to charac-
terize superconducting samples, and a number of systems
are under development [9–11].

One of sample RF characterization systems at Jefferson
Lab is Surface Impedance Characterization (SIC) system.
The system has been shown in the past to resolve RF sur-
face resistance on the order of 1 µΩ and a field reach on
the order of 10 mT at 2 K. Presently, the system is been
heavily used for niobium on copper thin film development
and new material characterization in RF fields. This paper
is the status report of the system: we summarize the exper-
imental setup and characterization method, and show some
of the recent results to illustrate SIC’s capabilities.

∗Authored by Jefferson Science Associates, LLC under U.S. DOE
Contract No. DE-AC05-06OR23177. The U.S. Government retains a
non-exclusive, paid-up, irrevocable, world-wide license to publish or re-
produce this manuscript for U.S. Government purposes.
† grigory@jlab.org
‡ presently with BNL, Upton, New York, U.S.A.

EXPERIMENTAL SETUP
SIC system employs a cylindrical cavity loaded with

high permittivity sapphire to reduce the TE011 frequency
to 7.4 GHz [12, 13]. A flat two inch sample under investi-
gation forms a part of RF structure, but is thermally decou-
pled from the rest of the RF cavity, so that the RF cavity re-
mains at the helium bath temperature (typically 2 K) while
the temperature of the sample is varied. The dissipation in-
duced by RF field on the sample is derived via the power
compensation technique:

PRF (Hpeak, Tsample) =P
H=0;T=Tsample

heater

− PH=Hpeak;T=Tsample

heater

(1)

where P
H=0;T=Tsample

heater is the heater power needed to
maintain the temperature of the sample at T = Tsample

with zero RF field in the cavity, and PH=Hpeak;T=Tsample

heater

is the heater power needed to maintain the temperature of
the sample at T = Tsample with RF field in the cavity such
that H = Hpeak on the sample. The average RF surface
resistance of the sample can then be defined as:

RRF (Hpeak, Tsample) =
PRF (Hpeak, Tsample)

k ·H2
peak

(2)

, where k = 3.70·107 W
ΩT 2 = 5.84·10−5 m2 is a constant re-

lated to the surface area of the sample exposed to RF fields
and found with numerical simulations, and Hpeak is the
peak magnetic field on the surface of the sample.

The first part of SIC measurement is the measurement of
loaded quality factor of the cavity as a function of the sam-
ple temperature using a network analyzer. Presently, Agi-
lent’s FieldFox N9915A, connected to the network for data
communication, is used for loaded Q measurement. Lab-
view program automatically collects the data from all in-
struments, and controls the temperature of the sample. The
program sets the temperature controller’s set temperature
according to the user-defined temperature list, waits for the
sample’s temperature to stabilize, tracks the resonant fre-
quency and keeps the network analyzer’s frequency sweep
centered on the resonant frequency. Once the sample’s
temperature is stable and within 3 mK of the set temper-
ature, Q loaded measurement is initiated. The Q loaded is
measured with 3 dB technique for several frequency spans,
from which average loaded quality factor and the standard
deviation are determined. A typical QL versus temperature
result is shown in Fig. 1 with bars representing random er-
ror.
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Figure 1: A representative measurement of loaded quality
factor as a function of temperature is shown in this plot.
One can see loaded quality factor of about 107 at lower
temperatures. The quality factor drops as the sample tem-
perature approaches the superconducting transition temper-
ature of the sample. The red and black data points are
data for two subsequent measurements without disassem-
bly. The bars show a random error deduced from several
frequency scans with the network analyzer.

After the network analyzer measurements a standard
PLL RF system is connected to the cavity and the surface
resistance is measured using the power compensation tech-
nique, Fig. 2. The stored energy, and hence RF field, is de-
rived from the PLL measured power levels and the loaded
quality factor measured with the network analyzer.

Figure 2: A representative measurement of RF surface re-
sistance. The red and black data points are data for two
subsequent measurement at different power levels without
disassembly.

The output of frequency modulated RF source is ampli-
fied by a 1 Watt RF amplifier, which generates peak mag-
netic fields of about 1 mT on the sample surface. 200 Watt
amplifier has been procured to extend field reach and its
implementation is foreseen.

RESULTS AND DISCUSSION
Thin Film ECR Films Results

SIC system has been used heavily to characterize nio-
bium films on copper coated in electron cyclotron reso-
nance (ECR) system at Jefferson Lab. In Fig. 3 we show
the surface resistance as a function of temperature for sev-
eral ECR Nb films coated with different ion energies (124
eV, 154 eV, 184 eV, 214 eV, 244 eV, 264 eV). The thickness
of the films ranges from 0.9 µm to 2.5 µm [14, 15].

Figure 3: In this plot recent surface resistance measure-
ments of niobium thin film coated on copper substrates
with ECR technique are presented. The thickness of the
films ranges from 0.9 µm to 2.5 µm [14, 15].

Nb3Sn Results
We used a Nb chamber loaded with niobium samples,

Sn, and SnCl2 to produce Nb samples coated with Nb3Sn.
Two flat Nb samples in the chamber were fine grain and
large grain niobium samples. After the coating the samples
had visually different surface: the fine grain sample had a
uniform coating, whereas the large grain sample has sur-
face features, commonly referred as ”droplets”, similar to
those observed in other studies. Surface resistance of both
samples was measured in SIC system, Fig. 4. The large
grain sample with ”droplets” exhibits residual surface resis-
tance of about 1 mΩ, which is almost two orders of magni-
tude higher than that of the fine grain sample with uniform
coating, which exhibits residual surface resistance of about
20 µΩ.

NbTiN Results
SIC measurements are being done on the thin film mul-

tilayer samples. Two NbTiN films have been recently mea-
sured. One of the samples was NbTiN thin film deposited
on a bulk niobium sample with AlN dielectric interlayer.
The bulk Nb substrate is a single crystal that was me-
chanically polished, electropolished and etched with BCP
[1:1:4] to remove the final 10 µm. The sample was baked
at 600 ◦C for 24 h and then coated and annealed for 4h at
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Figure 4: Surface resistance measurements of Nb3Sn
coated on large grain and fine grain samples are presented.
The red circles are data for a Nb3Sn coated large grain sam-
ple. The black squares are data for a Nb3Sn coated fine
grain sample.

450 ◦C. The NbTiN and AlN layers are respectively 200
nm and 20 nm thick. The NbTiN layer exhibit the δ-phase
as measured with Bragg-Brentano (XRD). The other thin
film NbTiN was coated on thin film Nb deposited with
electron cyclotron resonance deposition system on bulk Cu
sample with AlN and Al2O3 dielectric interlayers. The
NbTiN/AlN structure deposited on an ECR Nb film on a-
Al2O3 was coated with the same parameters as the one
on the bulk sample. The quality factor measurements are
shown in Fig. 5[top]. Both samples exhibit two transitions,
one corresponding to NbTiN layer and the other to under-
lying superconducting Nb layer. The depression in the crit-
ical temperature for the multilayer structure on ECR sam-
ple is most likely due to the diffusion of oxygen from the
oxide layer into the film. The surface resistance measure-
ments on these samples are still under way, but the film
coated onto bulk niobium sample has higher quality fac-
tor at all temperatures, which implies lower surface resis-
tance. In Fig. 5[bottom] we plotted the derivative of the RF
transmission s21 as a function of temperature. We use the
s21 derivative plots to infer the transition temperatures and
transition temperature variation within the film.

CONCLUSIONS
Surface impedance characterization (SIC) cavity has

been routinely used to characterize flat two inch diame-
ter samples coated with various materials. Recent automa-
tion of data acquisition allowed for a higher capture rate
and autonomous measurement. In this contribution we pre-
sented some measurements of thin film niobium, thick film
Nb3Sn, and superconductor-insulator-superconductor sam-
ple that illustrated the setup, its applications, and the capa-
bilities of the system. The present challenges towards ex-
tending system capabilities include the increase in the field
reach, understanding of the quality factor limitations and

Figure 5: In the top plot the QL vs. T data is presented
for two NbTiN films: the red circles correspond to the film
coated on niobium with AlN dielectric interlayer; the black
squares correspond to the film coated on Nb on Cu with
AlN and Al2O3 dielectric interlayers. In the bottom plot
the derivative of s21 transmission is presented. The data il-
lustrates transition temperature and transition temperature
variation for both NbTiN and underlying Nb films. The de-
pression in the critical temperature for the multilayer struc-
ture on ECR sample is most likely due to the diffusion of
oxygen from the oxide layer into the film.

high residual resistance in some samples.
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DEVELOPMENT OF A NB3SN CAVITY VAPOR DIFFUSION
DEPOSITION SYSTEM∗

G. Eremeev , B.Clemens,†  K. Macha, H. Park, R.S. Williams,
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, U.S.A.

Abstract
Nb3Sn is a BCS superconductors with a superconducting

critical temperature higher than that of niobium. The fea-
sibility of technology has been demonstrated at 1.5 GHz
with Nb3Sn vapor deposition technique at Wuppertal Uni-
versity [1]. The benefit at these frequencies is more pro-
nounced at 4.2 K, where Nb3Sn coated cavities offer RF
resistances an order of magnitude lower than that of nio-
bium. At Jefferson Lab we started the development of
Nb3Sn vapor diffusion deposition system within an R&D
development program towards compact light sources. Here
we present the recent progress of the coating system devel-
opment.

INTRODUCTION
The focus of the Basic Energy of Science’s Inverse

Compton Source (BES-ICS) project R&D is on develop-
ment of novel superconducting structures that would oper-
ate at 4.5 K. The quadratic frequency dependence of nio-
bium surface resistance in superconducting state drives the
useful frequency for ICS cavities into mid- to lower- hun-
dreds MHz range. The drawback is the increase in size of
such cavities and consequently in the size of a cryomodule.
As an alternative to niobium, we looked into the possibility
of using other superconductors with higher critical temper-
atures. Nb3Sn has been identified as the most promising
candidate among other materials for a number of reasons: it
is most widely researched other than niobium superconduc-
tor for accelerating cavity application, quality factors above
those of niobium at 4 K has already been demonstrated on
accelerating structures, and there is ongoing work on this
superconductor at other institutions.

Here we will present the current status and future plans
for Nb3Sn development at Jefferson Lab.

BACKGROUND
Superconductivity in Nb3Sn was first discovered by

Bernd Matthias [2], who used liquid Sn over Nb powder in
a closed-off quartz tube to form the compound. Nb3Sn has
thermal conductivity about 1000 times lower than that of
niobium and also poor formability, which precludes its use

∗Authored by Jefferson Science Associates, LLC under U.S. DOE
Contract No. DE-AC05-06OR23177. The U.S. Government retains a
non-exclusive, paid-up, irrevocable, world-wide license to publish or re-
produce this manuscript for U.S. Government purposes.
† grigory@jlab.org

as a sheet material. Fortunately, Nb3Sn has thermal expan-
sion coefficient (9.8 10−6 1/K at 20 ◦C) close to that of nio-
bium (7.6 10−6 1/K at 20 ◦C), which allows to use Nb3Sn
as a layer on top of niobium. A number of techniques have
become available to deposit Nb3Sn layers: chemical va-
por deposition, co-evaporation, vapor diffusion, ion plat-
ing, tin bath submergence. The early work on the com-
pound included Sn chemical vapor deposition at RCA, co-
evaporation at GE [3], and vapor deposition and anneal-
ing at BNL [4]. However, the first successful results with
superconducting RF cavities [5–10] usually credit Nb3Sn
deposition method presented by Saur and Wurm [11]. Ini-
tially, a sealed-off quartz tubes with Nb and Sn inside were
used to produce parts of Nb3Sn resonator. It was found
that the quartz tubes cause contamination of the coated sur-
faces, and so the research moved on to all-niobium cham-
bers. There were two persistent problems that had to be
dealt with. One problem was Sn ’droplets’ that sometimes
formed on the surface and had poor superconducting prop-
erties, the other problem was the absence of complete coat-
ing on the Nb surface.

The Sn ’droplets’ turned out to be hard to deal with, be-
cause they could not be dissolved in HNO3 or HCl acid.
Stimmell [10] noted a blue tinge to those droplets when
they were anodized to 30 Volts, which suggests dissolved
Nb in the ’droplet’. A number of methods were used to re-
move the droplets: FeCl3 + CuSO4 + acetic acid at 50 ◦C
with ultrasonic agitation, alternate immersion HNO3 and
HF at room temperature with ultrasonic, annealing the ma-
terial at high temperatures, and boiling in 37 % HCl to re-
move the droplets, but all treatments resulted in inferior
surfaces [10, 12]. It appears from these efforts that the best
practice is to avoid these features altogether. This is related
to the second problem, which is achieving a whole surface
coating.

The solutions devised early at Siemens to create a con-
tinuous Nb3Sn coating on Nb surface was to anodize the
Nb surface up to 100 Volts prior to deposition. In addition,
Pfister et al. proposed to use SnCl2 or SnF2 in the deposi-
tion process. Siemens group speculated that the presence of
an anodic oxide film on the Nb substrate prevents reaction
of the substrate with condensing Sn vapor during the early
stages of the firing cycle and allows a continuous Sn film
to accumulate before diffusion into the Nb begins, but the
mechanism of initial stages of Nb3Sn formation has never
been clearly understood. In the later works at Wuppertal
University, the anodization voltage was reduced to 10 Volts

Proceedings of SRF2013, Paris, France TUP071

09 Cavity preparation and production

I. Basic R&D New materials - Deposition techniques

ISBN 978-3-95450-143-4

603 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



to prevent RRR degradation due to dissolution of oxygen
from the anodization layer.

SAMPLE COATING
We chose the Sn vapor diffusion process because of

its simplicity and the former results with Sn vapor diffu-
sion process at Wuppertal University. In Fig.1 one of the
best results with superconducting Nb structures coated with
Nb3Sn at Wuppertal University are shown [1]. The experi-
ments were done with 1.5 GHz CEBAF-shape cavities. At
2 K, the niobium cavity results, shown with crosses, are
slightly worse that Nb3Sn coated cavity at low fields, but
the niobium cavity has a higher quality factor and reaches
higher fields than the coated cavity. However, Nb3Sn cav-
ity quality factor at 4.2 K shown in the picture with the
solid squares is a factor of 50 higher than that of niobium
cavity shown in the lower right corner for comparison.

Figure 1: One of the best results with Nb3Sn coating on
accelerating structures [1]. The crosses present the data for
1.5 GHz niobium cavity at 2 and 4 K. The squares show the
data for Nb3Sn coated cavities at 2 and 4 K. Note that the
quality factor of Nb3Sn cavity is a factor 50 better than that
of niobium one at 4 K.

As a first step of the project we decided to coat sev-
eral samples using the setup provided by P. Kneisel. In
Fig. 2 we show setup components. An all niobium cham-
ber with pump out tube hosted two niobium flat 2” samples
for material characterization and surface impedance mea-
surements, and one coaxial sample for penetration depth
measurements. Flat samples were supported by a niobium
holder, while coaxial sample was mounted on a tungsten
wire. In the bottom of the chamber a cut-out was made to
hold high purity tin shots and SnCl2 powder. To prevent
direct contact between the tin and samples, tin and SnCl2
were separated from the samples with high purity Nb foil.

After assembly the chamber was put into one of the JLab
existing furnaces. Guided by Wuppertal experience with
Nb3Sn deposition we chose to hold the furnace at 500 ◦C
for one hour so that SnCl2 vapors (melting temperature
247 ◦C, boiling temperature 623 ◦C) deposit onto the sam-
ples’ surface and create Nb3Sn nucleation centers. After

Figure 2: Components for Nb3Sn deposition on samples at
Jefferson Lab.

that the temperature was ramped for two hours to 1200 ◦C
and held at the temperature for 2 hours. After the cycle was
finished, the heating was turned off and the chamber cooled
down naturally.

After deposition, the chamber was removed from the fur-
nace and cut open. All samples exhibited complete sur-
face coating with Nb3Sn, however two of the samples, the
coaxial sample and the large grain 2” flat sample, had Sn
’droplets’ on the surface. The other flat sample had com-
plete coating and no visible features on the surface, see the
top left corner in Fig. 3. The coaxial sample was placed into
an existing JLab sample measurement system, and the tran-
sition temperature was measured. In Fig. 3 the plot shows
the resonant frequency change as a function of temperature
for a Nb sample and for our Nb3Sn coated sample. The
frequency change is proportional to the field penetration
change and shows the temperature dependence expected
from the theory. The mid-point transition temperature of
coated Nb3Sn was measured to be 17.85 K.

Prior studies on the Nb3Sn compound has established
empirical functional dependencies between the transition
temperature, energy gap, lattice parameter, and low temper-
ature normal conducting resistivity, which were reviewed
in [14]. From the empirical relation between the transition
temperature and atomic Sn concentration, we derive that
critical temperature of 17.85 K corresponds to β = 24.94
atomic percent of Tin on the sample’s surface. And from
the empirical relation between the atomic Sn percent and
low temperature normal conducting resistivity, we derive
that the surface is expected to have ρ = 4.9 µΩcm, which is
about only 40 percent higher than the best measured value
of 3.4 µΩcm

The best flat sample was measured in the JLab Sur-
face Impedance Characterization (SIC) system. The results
show the transition temperature of about 17.9 K consistent
with coaxial sample measurements, and surface resistance
was about 20 µΩ at 4 K, which increases to about 40 µΩ at
10 K [13].
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Figure 3: Test results on the coaxial sample. The data
shows that the transition temperature of the coaxial sample
was 17.95 K. In the top left corner the surface of the best
sample is shown. Note, that on the y-axis ∆f(T)=f(T0)-
f(T), where f(T0) is the resonant frequency at about 4 K, is
plotted.

CAVITY DEPOSITION SYSTEM
Since at the project inception there was no vertical fur-

nace available at Jefferson laboratory for the project (both
Wuppertal and Cornell group used vertical furnace), it was
decided to build a horizontal insert that can be later con-
verted to be used in a vertical furnace ordered from T&M
vacuum company. For horizontal runs we used the so-
called ’Big Blue’ furnace. Following suggestion from
Stimmell’s dissertation we decided to implement a vapor
guide to control vapor distribution. The crucible has cool-
ing a He gas line, and a heater is planned to vary the Sn
crucible temperature ± 100 ◦C from the furnace temper-
ature. The insert design as well as the as-built insert are
shown in Fig. 4. For the first runs we built a niobium cav-
ity that hosts 10 samples. The two halves of the cavity are
spot welded together, so that the cavity can be easily taken
apart. The first run in the horizontal furnace was done with-

Figure 4: In this plot the insert design(to the left) and as-
built insert without niobium retort(to the right) are shown.

out Sn. The run was composed of several ramp and hold
temperature steps. Eventually, the furnace was run at 1200
◦C for two hours. At the highest temperature, room temper-
ature helium gas was run through the cooling line around
the crucible. The thermocouple on the crucible indicated
about 50◦C drop when He gas was run through the cooling
line.

Following the Sn-free run, the insert has been cut apart
by wire EDM, degreased, loaded with Sn and SnCl2, and
welded back together for Nb3Sn sample coating in the ’Big
Blue’. Ten samples have been arranged on the inside of the
test cavity inside the insert.

Concurrently with the horizontal insert testing, we have
procured a new vertical furnace from T&M vacuum com-
pany designed for Nb3Sn coating using the built insert. The
vertical furnace bought from T&M vacuum for investiga-
tions of Nb3Sn coatings on 1.3 GHz 1-cell cavities was
delivered in the end of August 2013 and is being commis-
sioned.

SUMMARY
Alternative BCS superconductors with the supercon-

ducting critical temperature higher than that of niobium
theoretically surpass the limitations of niobium. The feasi-
bility of technology has been demonstrated at 1.5 GHz with
Nb3Sn vapor deposition technique at Wuppertal University.
The benefit at these frequencies is more pronounced at 4.2
K, where Nb3Sn coated cavities show RF resistances an or-
der of magnitude lower than that of niobium. At Jefferson
Lab we started the development of Nb3Sn vapor diffusion
deposition system within an R&D development program
towards compact light sources. Coatings on niobium sam-
ples showed promising results and 1.3 GHz 1-cell cavity
insert has been built and tested in the existing horizontal
furnace. A new furnace for Nb3Sn coating development
has been procured and is being commissioned at Jefferson
Lab.
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QUALITY FACTOR MEASUREMENTS OF THE ULTRAMET 3 GHz
CAVITY CONSTRUCTED USING CHEMICAL VAPOUR DEPOSITION∗

D. L. Hall , D. A. Gonnella, M. Liepe†

Cornell Laboratory for Accelerator-based Sciences and Education, Ithaca, NY 14850, U.S.A.
V. A. Arrieta , S. R. McNeal , Ultramet Corporation, Pacoima, CA 91331, U.S.A.‡ §

Abstract
A seamless 3 GHz bulk niobium cavity constructed by

Ultramet using rapid chemical vapor deposition (CVD)
techniques has been tested on the vertical SRF test stand
at Cornell. The cavity received a 25 µm buffered chemical
polish (BCP) and 700◦C heat treatment for 4 days. First
test results gave an intrinsic quality factor of Q0 = (1.55±
0.12)×107 and (2.00±0.15)×107 at 4.2 K and 1.5 K, re-
spectively. A second BCP removed 100 µm of material, af-
ter which test results improved to Q0 = (7.59±1.52)×107

and (4.16±0.31)×108 at 4.2 K and 1.5 K. During the first
test poor coupling to the input amplifier impeded tests at
accelerating fields >0.2 MV/m, while during the second
test the cavity quenched at 1.3 MV/m when operating at
1.5 K. An optical inspection of the cavity after the second
test revealed the presence of at least 4 pits on the upper
hemisphere suggesting an area of higher than average sur-
face resistance that may have contributed to the low field
quench via thermal runaway. The potential of CVD as a
construction method for SRF cavities is discussed.

INTRODUCTION
A seamless 3 GHz ILC-style SRF bulk niobium cavity

was delivered to Cornell in September of 2012 for testing.
The cavity was produced using a fabrication process in-
corporating rapid chemical vapor deposition (CVD) tech-
niques developed by Ultramet, Inc. (Pacoima, CA USA),
under research funded by the U.S. Department of Energy.
The cavity was subjected to two vertical performance tests,
the results of which are presented in this paper. Also pre-
sented are RRR measurements of three samples of Ultramet
CVD niobium conducted by Cornell in July 2012.

Ultramet’s CVD-based cavity fabrication methodology
uses low cost commercially available niobium source ma-
terials, and allows for the construction of seamless niobium
cavities and components that require a minimal amount
of assembly welds, includinge achieved. Furthermore,
XPS measurements conducted by Ultramet on CVD nio-
bium samples confirm that contamination from the mandrel
of the as-fabricated niobium is confined to a region <25
µm from the surface [1]. This suggests that CVD niobium
cavities will require only minimum chemical treatment to

∗Work supported by U.S. Department of Energy Phase 1 SBIR Grant
DE-SC0002721

† dlh269@cornell.edu
‡ victor.arrieta@ultramet.com
§ shawn.mcneal@ultramet.com

achieve peak performance.

CAVITY CONSTRUCTION METHOD
The cavity is formed by depositing niobium, using pro-

prietary CVD techniques developed by Ultramet, onto a
sacrificial interlayer metal-coated graphite mandrel, such
as those seen in Fig. 1 (A). The mandrel, immediately after
application of the interlayer metal, is shown in Fig. 1 (B).

For the scaled-down 3 GHz ILC cavity tested, a two-
layer CVD niobium process was adopted for cost-saving
purposes; first, a thin initial layer of higher quality niobium
was deposited on the mandrel, after which the surface was
sanded using a CNC grinder. Subsequently, a second layer
of standard grade niobium was deposited to extend the av-
erage thickness of the cavity walls to 3 mm for the sake of
structural integrity. The cavity immediately after CVD is
shown in Fig. 1 (C).

To prevent contamination of the niobium surface layer
with hydrogen and other impurities, the mandrel must be
thoroughly out-gassed prior to the CVD process. Upon
completing the niobium deposition, the outside of the cav-
ity is machined on a CNC lathe to achieve uniform wall

Figure 1: (A) Graphite mandrel prototypes machined using
CNC methods. (B) The mandrel immediately following ap-
plication of the sacrificial interlayer metal. (C) The cavity
immediately after CVD. (D) The completed cavity, after
removal of the mandrel and exterior finish. Photographs
courtesy of Ultramet, Inc.
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thickness, after which the mandrel is removed by chemical
methods. The cavity in its final as-fabricated form prior to
leaving Ultramet for Cornell is shown in Fig. 1 (D).

RRR RESULTS FROM CVD SAMPLES
In July 2012 Cornell performed RRR measurements of

three samples of CVD niobium provided by Ultramet. Each
sample was deposited using different parameters in the
CVD process (time, temperature, pressure, reactor design,
etc.). The results of the RRR measurements are given in
table 1. These, together with the RRR measurements per-
formed separately by ORNL on behalf of Ultramet [2-4],
demonstrate that the CVD process can be optimized to pro-
duce high quality niobium with a bulk RRR >200, on par
with high-RRR niobium used in traditional cavity fabrica-
tion.

CAVITY PREPARATION AND RESULTS
OF THE FIRST TEST

The as-fabricated cavity included beam pipes and was
received without beam pipe flanges; these were fabricated
and added at Cornell upon arrival. The cavity received a
5 µm buffered chemical polish (BCP) in preparation of the
flanging operation, after which two reactor-grade niobium
indium-seal flanges were electron-beam welded at either
end of the cavity. The CVD niobium responded well to
beam welding and demonstrated good structural integrity.
An additional 10 µm of material was removed via BCP to
remove any possible contaminants introduced during the
welding process.

The cavity then received a 700◦C bake in a UHV furnace
for 4 days, followed by a further 10 µm BCP. Since work
carried out separately by Ultramet with samples of CVD
niobium indicate that surface impurities from the fabrica-
tion process are present only to a depth of <25 µm , the
standard 100 µm BCP etch was not performed for the first
test.

Cavity preparation culminated in a final low temperature
bake to improve the BCS surface resistance of the niobium.
Although the bake was intended to be 120◦C for 48 hours,
a failure in the furnace control system instead caused the
cavity to be baked at 210◦C for 3 hours. The cavity re-
ceived a final high pressure rinse before being mounted on
the test stand for a vertical test.

Results for the first test measuring intrinsic quality fac-
tor Q0 against accelerating field Eacc are shown in Fig. 2.

Table 1: Results of the RRR measurements at Cornell on
CVD deposited niobium. Each sample was fabricated us-
ing different sets of critical parameters in the CVD process.

Sample No RRR
1-1 (129± 24)
2-1 (253± 44)
3-1 (47± 9)

0 0.05 0.1 0.15 0.2

10
7

10
8

1.5 K

4

Figure 2: Quality factor Q0 vs. accelerating field Eacc

measurements made during the first vertical test. Poor cou-
pling to the cavity impeded testing at fields >0.2 MV/m.

Values of Q0 were taken at temperatures of 1.5 K and
4.2 K. Initial results demonstrate no discernible difference
between the two temperatures, although poor coupling be-
tween the input antenna and the cavity impeded testing at
fields greater than 0.2 MV/m. Results from the first test
indicate a Q0 of (2.00 ± 0.15) × 107 at 1.5 K, sub-par
for a 3 GHz cavity when compared to standard fabrica-
tion methods. The measured surface residual resistance of
(1.4±0.1)×10−5 Ω suggests the presence of surface con-
taminants and/or areas of poor superconductivity or normal
conductivity. The cavity was removed from the vertical test
stand and preparations were made for a second test.

POST-TEST CHEMISTRY AND RESULTS
OF THE SECOND TEST

To remove the surface contamination suggested by the
results of the first test, the cavity was subjected to a 100
µm BCP etch. No other chemistry or further baking was
performed, and the cavity was returned to the test stand for
a second test. Measurements taken at 1.5 K indicate a Q0 of
(4.45±0.33)×108 at 1.1 MV/m, and a measurement taken
at <0.5 MV/m shows a low-field Q0 of (7.59±1.52)×107

at 4.2 K. Accordingly, the average residual surface resis-
tance improved to (6.50± 0.49)× 10−7 Ω. The Q0 at 4.2
K indicates a BCS resistance of (2.91 ± 0.22) × 10−6 Ω,
which is in good agreement with the expected BCS resis-
tance for niobium of 2.49×10−6 Ω obtained using SRIMP
[5].

A quench at approximately 1.3 MV/m impeded testing
at higher fields despite the improved coupling factor. A Q0

vs. Eacc curve for the second test is shown in Fig. 3.

OPTICAL INSPECTION OF THE CAVITY
INTERIOR AND ANALYSIS OF RESULTS

An optical inspection of the cavity was performed af-
ter the second test to investigate for possible causes of the
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quench at 1.3 MV/m observed during the second test. A
number of pits and surface defects were found on the upper
hemisphere of the cavity in a band parallel to the equa-
tor, as shown in Figs. 4 (A) and (B), ranging in size from
small indentations to pits approximately 0.2 mm across and
0.05–0.1 mm deep. Epoxy casts of the inside of the cavity
confirmed that the larger pits are visible to the naked eye,
although the small size of the cavity impeded the creation
of a reliable cast from which to obtain depth measurements.

Discussion with Ultramet suggests that these pits may
be evidence of the BCP etching through the first niobium
layer and exposing the interface between the first and sec-
ond layers of niobium. It is likely that damage to the man-
drel locating datum, and/or small disparities in the CNC
grinding profile during coating and machining operations
and the physical geometry of the cavity, led to regions of
the first niobium layer along the length of the cavity be-
ing thinner than expected or even being penetrated, creat-
ing microscopic pin holes exposed during cavity prepara-
tion etching operations. This is strongly supported by the
aligned nature of the pits and their being confined to a nar-
row band on the cavity inner surface. Subsequently, this
thin region of the niobium layer interface was the first to be
exposed by surface chemistry. Further BCP may exacer-
bate existing pits or expose additional pits, and/or artifacts
of the CNC grinding process.

The results of the first test suggest the presence of sur-
face contaminants. Discussions with Ultramet conclude
that the metal interlayer coating on the mandrel may not
have been sufficiently outgassed, hence leading to contam-
inants being introduced into the surface niobium layer. Al-
though more aggressive surface chemistry removed enough
contamination to lower the average residual surface resis-
tance significantly, it also exposed the pitted interface layer
band shown in Fig. 4 (A). It is likely that the surface in
this region possessed a higher residual surface resistance

0 0.5 1 1.5

10
8

10
9

1.5 K

Figure 3: Quality factor Q0 vs. accelerating field Eacc

measurements taken during the second vertical test, follow-
ing the removal of 100 µm of material via BCP. Only one
point at 4.2 K was taken during this test, not shown here.

Figure 4: (A) Extent of the band (superposed in red on
the cavity diagram) in which all pits were found. (B) An
example of one of the pits. The pit shown is approximately
0.2 mm in diameter.

which, coupled with possible contaminants left from the
CNC grinding process, contributed to a thermal runaway
that caused the quench observed at 1.3 MV/m.

CONCLUSION
The CVD cavity has been shown to be capable of achiev-

ing a quality factor of (7.59 ± 1.52) × 107 at 4.2 K, close
to the expected BCS value for niobium at 3 GHz; a promis-
ing result for a first prototype. Furthermore, the CVD pro-
cess has demonstrated that it can create niobium samples of
RRR >200. The results of the tests and subsequent inspec-
tion indicate that the current limitations of the cavity lie
primarily in easily adjusted construction methods. In fu-
ture cavities, to prevent contamination of the niobium sur-
face layer, the mandrel must be thoroughly degassed prior
to deposition. Furthermore, Ultramet is currently conduct-
ing DOE-funded research to develop improved mandrelling
techniques due to undergo validation at Cornell in Septem-
ber of 2013 [6]. The mandrelling techniques under devel-
opment will allow for the net deposition and/or substan-
tially thicker initial deposits of the RRR>200 CVD nio-
bium material, hence avoiding or minimizing the risk of
interlayer penetration or contamination by machining de-
posits.

In summary, the CVD fabrication process shows con-
siderable promise with respect to the creation of seamless
superconducting structures, with potentials for cost savings
and the construction of complex geometries, and warrants
the need for further investigation.
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NIOBIUM COATINGS FOR THE HIE-ISOLDE QWR SUPERCONDUCTING 
ACCELERATING CAVITIES 

N.Jecklin#, S. Calatroni, B. Delaup, L. Ferreira, I. Mondino, A. Sublet, 
 M. Therasse, W. Venturini Desolaro, CERN, Geneva, Switzerland 

Abstract 
The HIE-ISOLDE (High Intensity and Energy at 

ISOLDE) project is the upgrade of the existing ISOLDE 
(Isotope Separator On Line DEvice) facility at CERN, 
which is dedicated to the production of a large variety of 
radioactive ion beams for nuclear physics experiments. 

A new linear accelerator made of 20 =10.3% and 12 
=6.3% quarter-wave resonators (QWR) superconducting 

(SC) accelerating cavities at 101 MHz will be built, and in 
a first phase two cryomodules of 5 high-  cavities each 
are scheduled to accelerate first beams in 2015. The 
cavities are made of a copper substrate, with a sputter-
coated superconductive niobium (Nb) layer, operated at 
4.5 K with an accelerating field of 6 MV/m at 10W Radio-
Frequency (RF) losses (Q=4.5·108). 

In this paper we will discuss the baseline surface 
treatment and coating procedure which allows obtaining 
the required performance, as well as the steps undertaken 
in order to prepare series production of the required 
number of cavities guaranteeing their quality and 
functionality. 

 
INTRODUCTION 

The HIE-ISOLDE project is the upgrade of the 
ISOLDE facility located at CERN, which is dedicated to 
the production of radioactive nuclei for a number of 
applications covering nuclear-, particle-, and solid-state-
physics, but also biophysics (radiobiology) and 
astrophysics. 

The construction of the new superconducting linear 
accelerator (linac) for the energy increase of the beam 
(from 3 MeV/u to 10 MeV/u) requires the production of 
superconducting accelerating QWRs of two geometries, 
12 with a geometrical =0.063 and 20 with a geometrical 

=0.103, including an adequate number of spares. 
The technology chosen for the production of HIE-

ISOLDE superconducting cavities is the Nb/Cu 
technology [1],[2]. The reason of this choice is to 
combine the superconducting characteristics of niobium 
with the stiffness and high thermal conductivity of the 
thick Cu substrate, offering a valid alternative to bulk 
niobium resonators [3].  

Of course, this was done at the expense of the added 
complication of the sputtering process of the niobium 
film, which was a challenging task in such a complex 
cavity geometry.  

In this paper, we will describe the production steps of 
the first prototype =0.103 SC cavities which achieve the 
required RF-performances (given in [2]), from the cavity 
surface preparation to the baseline niobium coating 
recipe. 

 
CAVITY PREPARATION STEPS 

The baseline procedure to produce a sputtered QWR 
lasts about 4 weeks – 2 for the Nb coating and 2 for the 
RF-measurements.  

 
Figure 1: Summary of the 4 weeks process steps for the 
production of one cavity. 

 
The production sequence comprises the following steps, 

also illustrated in Fig.1: 
• Copper substrate surface treatments : Chemical 

polishing (SUBU) and passivation (Sulfamic acid) 
• Dust-free copper substrate treatment : low pressure 

(8 bars) ultrapure water rinsing in clean room class 
100 

•  Dust-free system assembly in clean room class 100 
•  Pre-heating of the copper substrate under vacuum : 

cavity bakeout temperature (635-655 °C), with 
Tbakeout>Tcoating 

•  Activation of NEG pump inside the chamber 
•  8kW-power biased diode coating in several steps 
•  Dust-free sputtered cavity treatment : low pressure 

(8 bars) ultrapure water rinsing 
•  RF measurement 
 

Surface Treatments 
The substrate surface preparation prior to coating is 

carried out by a 20 minutes chemical etching. The 
polishing agent (SUBU) is a mixture of sulfamic acid 
(H NO S, 5 g/l), hydrogen peroxide (H O , 5% vol), n-3 3 2 2

butanol (5% vol) and ammonium citrate (1g/l) [4]. Its 
working temperature is around 72 °C, and the typical 
removal rate is 0.75 μm/min, as confirmed by a test 
recently made. The cavity is then pre-rinsed with a 
solution of sulfamic acid, in order to pickle the surface. 
The typical roughness measured after a 20 minutes SUBU 
is 0.8 μm [5]. 
 ___________________________________________  
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The cavity then undergoes a low pressure (8bars) 
rinsing with ultrapure water in a class 100 clean room. 

 
System Assembly and Coating Setup 

The assembly of the system is made in a clean room 
class 100. The cavity is mounted coaxially with the 
cylindrical Nb cathode, which is itself surrounded by an 
inner and an outer grid for plasma polarization (see 
Fig.2). A heating system made of 3 Philips Infrared lamps 
of 2 kW power each, is then mounted outside the cavity. 

The system is then sealed in a two-segments vacuum 
chamber with 2 DN630 Viton O-Rings. The use of 
Helicoflex gaskets has been tested for several cavities but 
these experiments showed that the improvement of 
vacuum induced by the metallic seals had no visible 
effects on the RF-performances of the cavities.  

The closed and tight chamber is then connected to the 
pumping system outside the clean room, where the 
connection line is purged 3 times with pure nitrogen 
before opening the chamber via a manual valve. The 
system is then pumped at constant low flow (0.5 L/min) 
by means of a flow-meter, thus avoiding turbulences, 
preventing dust motion inside the chamber. 

  
Figure 2: Coating setup (left) and system assembly in 
clean room class 100 (right). 
 
Bakeout and NEG Pumping 

Once the system is pumped, it undergoes a phase of 
bakeout. A first phase of 6 hours, by means of an external 
bell surrounding the whole vacuum chamber, allows 
reaching 120 °C on the entire vacuum vessel and degases 
its surfaces. 

An internal bakeout is then performed for 48 hours with 
the lamp system, allowing the cavity to be heated up to 
655 °C on the external conductor and 635 °C (lower value) 
on the internal one. The purpose of this internal bakeout is 
to overcome the maximal temperature reached during the 
coating (about 635 °C), thus insuring that there is no 
niobium film contamination due to vacuum deterioration 
during the high-temperature coating. 

After bakeout, a Saes Getter CapaciTorr D1000 NEG 
cartridge is activated, allowing a local pumping inside the 
chamber itself, thus improving the vacuum quality.  The 
chamber is connected via a bypass to a residual gas 
analyser (RGA) allowing the species present in the 

vacuum chamber to be identified and monitored at every 
moment of the bakeout, NEG activation, and coating. 

 
Coating Procedure 

An example of copper cavity before and after the 
niobium coating is shown in Fig.3. 

  
Figure 3: QWR before (left) and after (right) Nb coating. 

 
The baseline coating is based on DC biased diode 

sputtering. The cathode is negatively polarized( -1000 V), 
the grids are grounded, and the cavity is negatively biased 
to -80 V (Fig.2). Biasing the cavity allows a low-energy 
bombardment of the surface of the Nb film by the Argon 
(Ar) ions, thus densifying and smoothing the thin layer.  

The sputtering parameters found to be the most suitable 
for the coating are; 0.2 mbar Ar pressure, 8 kW power, and 
a substrate temperature between 315 °C and 625 °C for the 
internal conductor, corresponding to an external 
conductor temperature varying from 300 °C to 435 °C 
(taken in the middle of the latter). All these parameters 
are automatically monitored during the process as shown 
in Fig.4.  

The process is made in 14 runs, of about 23 minutes 
each (3 min for ramp-up at 8 kW, 20 min at nominal 
power), alternated with pauses in between, in order to 
prevent the cavity temperature overcoming the bakeout 
temperature. The limiting factor in our case corresponds 
to the inner conductor temperature that rises faster than 
the one on the external conductor due to the system 
configuration. Therefore, the coating is stopped before 
reaching 635 °C, and the cavity cools down naturally 
before the next cycle. Each cycle lasts 6 hours and the 
total process duration is 4 days. 

The average film thickness after these 14 runs coating 
process reaches typically 7.5 μm / 2.5 μm / 1.7 μm on the 
internal/ top/external conductor respectively [6]. 

Fig.4 shows the evolution of the parameters during the 
coating. On the left, the parameters of the entire 
deposition are depicted – so that the similarity of each run 
can be noticed –, whereas on the right, only a zoom of run 
9 is magnified for clarity. One can see that the coating 
process is stopped when the inner conductor is at around 
625 °C, but an overshoot of 10 °C happens. This overshoot 
is indeed taken into account not to overcome the 635 °C-
bakeout temperature.  

The cavity tuning plate is also niobium sputtered in 
another UHV coating chamber, with a planar magnetron 
setup at 9·10-4 mbar Krypton pressure, 150-200 °C 
temperature, and 600 W power. The plate is mounted on 
the cavity, and the RF-contact between cavity and plate is 
ensured by mechanical clamping with 72 screws tightened 
at 5Nm each. 
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CAVITY RF-PERFORMANCES 
The 101.28 MHz QWRs produced by the coating recipe 

mentioned above show a Q0 in excess of 2·109 and 
overcome the specified performances at the nominal 
accelerating field of 6 MV/m at 10 W – with a margin of 
30% on the cryogenic power. This baseline RF-result 
(orange diamonds) is illustrated in Fig.5, on which results 
of previous coatings setups are also depicted (blue/green).  

 
Figure 5 : RF results for 3 different cavities made with the 
same baseline coating recipe, but for different setups : 
distance d between cathode and top cavity is modified. 
 

The baseline coating was actually chosen to be the one 
with the setup giving the best results – i.e. using the 
distance d=22 mm between cathode and cavity top (d is 
defined in Fig.2 left). It is indeed noticeable that there 
exists a correlation between the increase of quality factor 
to the decrease of distance d [6].  

 
SUMMARY 

Applying the coating procedure given in this paper, we 
are now ready to start the production of the 20 required 
high-  cavities for the new HIE-ISOLDE linear 
accelerator. A new coating system is also under 
construction to start the optimization phase of the low-  

cavities and to continue the research and development of 
magnetron sputtering technique started recently [7] in 
parallel with the production.  
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Figure 4 : Temperature, power, voltage, pressure evolution during the coating for the 14 runs (left) and a magnified 
zoom (green box) for a single run (right). The intervals over which the temperature rises correspond to the coating 
phases, and the ones where the temperature decreases correspond to the cooling down phases during which no coating 
is made. 
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DEVELOPMENT OF AN OPTIMIZED QUADRUPOLE RESONATOR
 AT HZB

R. Kleindienst∗, O. Kugeler and J.Knobloch,
Helmholtz-Zentrum-Berlin, Germany

Abstract
Current superconducting cavities are generally made of

solid Niobium. A possibility to reduce cost as well as in-

crease the quality factor and/or accelerating fields is to use

thin film coated cavities. Apart from Niobium thin films,

other substances such as Magnesium diboride, Niobium

nitride and Niobium-tin are promising candidates. Measur-

ing the RF-properties of superconducting thin films, specif-

ically the surface resistance, with a high resolution at fre-

quencies, magnetic field levels and operating temperature

as realized in RF cavities, is needed to drive forward this

development. Presently, only few setups exist capable of

measuring the surface resistance of thin films samples with

a resolution in the nano-ohm range at RF frequencies below

3 GHz. A dedicated test stand consisting of a quadrupole

resonator is therefore being constructed at the Helmholtz

Zentrum Berlin. Starting with the 400 MHz quadrupole

resonator developed by CERN, the design was adapted and

optimized to 433 MHz (making available the higher har-

monic mode at 1.3 GHz for RF characterization of samples

in the L-band) using simulation data obtained with CST

Microwave Studio. A number of relevant figures of merit

have been improved to provide a higher resolution, a lower

peak electric field and less sensitivity to microphonics, en-

abling measurements with high resolution at high magnetic

field levels.

INTRODUCTION
A method of measuring the surface resistance of sam-

ples uses a Quadrupole Resonator, pioneered at CERN in

the late 1990’s [1]. It consists of a pillbox-like niobium

cavity which acts as a screening cylinder. Four rods are

supported from the top-plate of the cavity and are short cir-

cuited pairwise by two loops just above the bottom plate.

As can be seen in figure 1, the screening cylinder has a

opening below the two loops from which the calorimetry

chamber is mounted, thermally isolated from the screening

cavity. Thus the RF power dissipation in the sample can be

measured calorimetrically, which is far more accurate than

that by RF power measurements. When RF power is cou-

pled into the resonator, the magnetic fields focused onto the

sample cause power dissapation which is measured by tem-

perature probes inside the calorimetry chamber. A com-

pensation heater attached to the bottom of the sample is

powered such that the sample temperature remains con-

stant when RF is turned on, yielding a very accurate means

of determining the dissipated power. The coaxial gap be-

tween the calorimetry chamber and the screening cylin-

∗ raphael.kleindienst@helmholtz-berlin.de

der is small enough that the first quadrupole (and dipole)

modes are below the cutoff frequency. This means that the

electromagnetic fields decay exponentially in this gap and

are sufficiently small at the lower flange that they do not in-

terfere with the dissipation measurement. The quadrupole

resonator gets its name from the fact that it is a screened

four wire transmission line, excited in a quadrupole mode.

Figure 1: Cross section view of the quadrupole resonator.

The screening cylinder is coloured in grey. It is iso-

lated thermally from the calorimetry chamber (yellow) by

a coaxial gap of 1mm. The sample, coloured in green, is

welded on to the top of the chamber. The rods (red), con-

nected by two crescent shaped loops, focus the magnetic

fields on to the sample
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OPTIMIZING THE QUADRUPOLE
RESONATOR

Using as a baseline the design of the Quadrupole Res-

onator at CERN we set out to create a new version of

the Quadrupole Resonator for use at HZB. The target fre-

quency of the first quadrupole mode was changed to 433

MHz. The third harmonic can then be used to measure the

sample properties at 1,3 GHz, a frequency commonly used

in superconducting accelerators.

The resolution with which the surface resistance of a

sample can be measured is given by:

ΔRS =
2ΔPDC∫

Sample
| H |2 dA

(1)

where ΔPDC is the minimal detectable heating resolvable

by the temperature controller. 1 CST can be used to calcu-

late the electromagnetic fields of the resonant eigenmodes.

It normalizes the fields to a mode energy U of 1 J and can

thus be used to calculate:

c =

∫
Sample

| H |2 dA

U
(2)

A high value of c means that the magnetic fields in the res-

onator are concentrated strongly on the sample and thus

increase the resolution of the measurement.

Apart from measuring with a high resolution, measur-

ing at high field levels on the sample is also very in-

teresting for future research. For example, current CW

accelerator apllications require acceelerating fields of or-

der 20MV/m which translates to peak magnetic fields of

around 85mT. To characterize new materials, the RF mea-

surements should at least reach such field levels. The level

of fields attainable in the resonator can be limited by:

• Thermal Quench, related to the peak magnetic surface

field.

• Field Emission, related to the peak electric surface

field.

• Multipacting, in which resonant electron trajectories

cause the emission of large numbers of electrons.

• Mechanical oscillations (microphonics) causing the

RF control system to lose its lock on the resonance

frequency.

Experience at CERN has shown that more than one of

these issues can limit the performance of the Quadrupole

Resonator.[2] It is suspected that field emission or mul-

tipacting are the likely candidates causing the cavity to

quench at a peak magnetic field of 60 mT on the sample

surface. Mechanical oscillations of the quadrupole rods

have been a strong concern when the cavity was operated

at higher harmonics of 800 and 1200 MHz.

This leaves us with several figures of merit for the opti-

mization:

• Maximizing the focusing factor c for high resolution

1A description of the calorimetric measurement system deployed can

be found in [3]

• HSample/EPk, where HSample is the peak magnetic

field on the sample surface and Epk is the peak electric

field on any surface within the resonator. Ideally this

value should be high to limit field emission.

• HSample/Hpk, where Hpk is the magnetic field on

any surface within the resonator. Ideally this value

should be high to limit the danger of quenches.

• An ideal design also takes into considerating multi-

pacting as well as reduces the impact of microphon-

ics by shifting mechanical resonances to high frequen-

cies.

• Attention must also be given to the heating caused by

fields leaking into the coaxial gap separating the res-

onator and the calorimetry chamber. It was decided

that the ratio of power dissipating on the sample to

power dissipating through the side of the calorimetry

chamber was to stay below 1%, resulting in a negli-

gable influence of this heating on the actual measure-

ment.

RF Optimization
For the optimization, a fully parameterised model of the

quadruople resonator was created, starting with the CERN

geometry with shortened rods (to adjust for the new tar-

get frequency). In the first step, a suitable meshing needed

to be found. As the field distributions of the quadrupole

modes are shaped by the geometry of the rods, this was re-

flected in the mesh as well. A particularly fine mesh was se-

lected for the gap between the loop and the sample surface.

Next the mesh density was increased, noting the influence

of the mesh on the figures of merit. With a suitably diverse

meshing, the variations in the figures of merit stayed below

5% when 2.5 million cells or more were used.

Figure 2: Parameterized model of the quadrupole resonator

with typical meshing

With confidence in the meshing established, the next step

was to perform a scan over all the free parameters and as-

sess their influence on the figures of merit. Two examples

of this can be seen in figures 3 and 4. One can see that the

gap width between the loops and the sample have a large
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Figure 3: Focussing factor and ratio of magnetic field on

sample to peak magnetic field plotted against gap width.

Figure 4: BSample/EPk plotted against radius of rods The

maximum occurs due to the reduced peak electric fields

on the rods, the magnetic fields on the sample only being

influenced slightly.

effect on the magnetic fields concentrated on to the sample

(i.e on the focusing factor c). The resonant frequency of

the quadrupole mode also depends strongly on the the gap

(∼ 1MHz/100μm). This is a nice tool to enable a precise

determination of the gap when actually mounting a sample.

The radius of the rods also had a strong effect, partic-

ularly on the peak electric field. Increasing the radius at

first reduces the peak electric fields as the field lines run-

ning between the rods are diluted across a larger surface.

A further increase will cause the rods to be in close prox-

imity and thus increase the peak electric field. A minimum

was found at a radius of 13mm. Compared to the rods of

the CERN design (with a radius of 8mm), this is a con-

siderable increase, additionally improving both the cooling

through the liquid helium channels in the rods as well as

the mechanical stiffness, which, in turn, improves the mi-

crophonics.

Other parameters such as the transitional elements be-

tween the the thick upper rods and the narrower loops were

shown to have little influence on the figures of merit. These

parameters were used later on for frequency tuning, as the

power amplifiers and RF components for 433MHz and

1300MHz system had already been acquired.

Once the effects of all the free parameters were under-

stood, an iterative process was used to find an optimized

geometry.

Results of RF Optimization
The result of the optimization is displayed in the table

below:

Baseline Optimized

c 5.15 · 107 1.12 · 108
BSample/EPk 4.68mT/(MV/m) 7.44mT/(MV/m)
BSample/BPk 0.81 0.89

1st mechanical mode 69 Hz 172 Hz

One can see, that in the modified design the peak electric

fields are strongly reduced and that the magnetic fields are

concentrated on to the sample more efficiently. The peak

magnetic field occurs on the rods in both cases, a more fa-

vorable ratio was obtained by decreasing the distance be-

tween the loops and the sample from 1mm to 0.5mm.

The peak electric fields on the rods are also significantly

lower in the HZB design, due mainly to the increase of the

rod radius. The thicker rods also have the additional bene-

fit of being less susceptiable to mechanical vibrations, the

resonance frequency of the lowest mechanical mode being

increased from 69Hz to 172Hz.

CONCLUSION AND OUTLOOK
Following the RF optimization, we are now in the pro-

cess of producing the cavity together with Niowave. Some

additional modifications regarding the screening cylinder

and the support fixtures were incorporated into the design.

Construction is currently in an advanced state, we hope to

present first measurement results in Spring 2014.
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DESIGN AND COMMISSIONING STATUS OF NEW CYLINDRICAL 

HIPIMS Nb COATING SYSTEM FOR SRF CAVITIES 

L. Phillips, K. Macha, and A.-M. Valente-Feliciano 

Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606  

Abstract 
For the past 19 years Jefferson Lab has sustained a 

program studying niobium films deposited on small 

samples in order to develop an understanding of the 

correlation between deposition parameters, film micro-

structure, and RF performance. A new cavity deposition 

system employing a cylindrical cathode using the HiPIMS 

technique has been developed to apply this work to 

cylindrical cavities. The status of this system will be 

presented. 

INTRODUCTION 

The cavity deposition system described here follows 

several years of small sample studies at JLab involving 

niobium films produced using energetic condensation 

techniques [1]. High Peak Power magnetron sputtering 

(HiPPMS) was chosen as the niobium source for this 

system because the technique is well developed, and it is 

easily adapted to coat the inside of a cavity. HiPPMS is a 

form of ion beam assisted deposition (IBAD), and 

although much of the literature in this field is generally 

useful, it will be necessary to characterize the niobium 

flux in terms of ion energy spectrum and ion to neutral 

atom ratio. It will also be necessary to benchmark the film 

structure obtained with HiPIMS with respect to that 

obtained using other energetic condensation deposition 

parameters with well established results [2]. To enable 

this direct comparison, a provision for depositing niobium 

films on small coupons has been included in this system. 

An additional feature is included which will allow the 

coated cavity to be cryogenically tested directly without 

intervening exposure to air.  It is well known that the final 

RF surface of a niobium cavity is to a large degree what is 

left over from the inevitable exposure to air and wet 

chemistry. Advances, such as low temperature baking 

have helped by modifying what is there by default rather 

than intention. Alternatively, there are many options 

available for use in thin film cavities to create, in situ, a 

well-engineered, highly repeatable RF surface which is 

chemically inert before removal from the system.  One of 

many potential advantages of thin film cavities is that of 

bringing cavity performance within the realm of standard 

engineering practice and repeatability. 

SYSTEM DESCRIPTION 

The magnetron and cavity are supported at opposite ends 

of the system, as shown in Figures (1 and 2).  

 

 

Figure 1: Schematic of the cylindrical HiPIMS cavity deposition system. 
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Figure 2: Actual cylindrical HiPIMS cavity deposition system. 

The magnetron is connected to the system by a bellows, 

allowing it to be moved from the interior of the cavity to a 

small sample deposition chamber which also serves as a 

cathode conditioning and storage chamber. When in the 

small sample chamber, the cavity isolation valve can be 

closed and removed with the cavity evacuated. The input 

and transmitted power probes are present in the cavity 

during deposition. The removed gate valve/cavity unit is 

sealed with a second flange and the intervening space 

evacuated with an all metal valve and the cavity is then 

cryogenically RF tested. The goal of this feature is to 

develop techniques to tailor properties, such as electron 

mean free path, within the superconducting penetration 

depth to give optimum performance for a given 

application, followed by a cap treatment to provide 

immunity to subsequent exposure. 

The magnetron consists of a niobium cathode 

surrounded by an open grid-like anode, made of niobium 

in order to avoid contamination by secondary anode 

sputtering (Figure 3). The cathode and internal rare earth 

magnets are cooled by water. The field from these 

magnets extends the entire length of the cathode which 

extends entire length of the cavity. The field penetrates 

the cathode surface every 1.7 cm producing a peak B field 

of 0.2 T at a 4 mm distance from the cathode surface with 

the same longitudinal periodicity. 

NIOBIUM DEPOSITION PROCEDURE 

Copper cavity substrates will be used initially. Cavities 

will be first prepared by centrifugal barrel polishing 

(CBP) to a mirror like finish [3,4]. The cavity interior is 

then electropolished to remove CBP artifacts to a 

minimum depth of 5 to 10 microns to insure the absence 

of lattice damage. After evacuation on the system the 

cavity is baked to 360 °C. This temperature was found to 

produce good results in earlier small sample studies at 

JLAB [5].  

The magnetron is conditioned in the small sample test 

chamber by pre-sputtering before moving it into the 

cavity. Some sputtering gas must be present since 

niobium cannot self-sputter.  Krypton will be used due to 

its lower rate of inclusion in the growing film. A lower 

gas density in the growing film is also expected, since the 

HIPPMS process can operate at lower gas pressures than 

standard DC magnetron sputtering.  Also, since the film is 

deposited in pulses with a very high flux rate during the 

pulse, the Krypton burial rate will be significantly lower 

at the same pressure than it would in the DC case.  Gas 

inclusion is only relevant if it becomes a significant 

source of electron scattering and for reasons mentioned, 

this is not likely.  

 

Figure 3: Schematic of the cylindrical magnetron. 
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INITIAL MEASUREMENTS 

The first task is to characterize the flux obtained from 

the magnetron under various applied pulse conditions 

from the generator. Of great importance is the energy 

spectrum of the ion flux. Equally important is the ratio of 

niobium ions to neutral atoms. This last item will depend 

on the design of the anode structure, and the anode 

structure will also affect the niobium ion energy 

spectrum. One anode is complete and a second design is 

nearing completion.  

The second task is to establish film properties (initially 

Tc and RRR) as a function of deposition parameters using 

small coupons. A good starting point will be to adjust the 

cavity bias potential such that the normalized energy to 

the growing film in eV/atom is equal to the same value 

for monoenergetic ions which have produced a good 

known result.  This information will soon be available 

from extensive film studies involving the deposition of 

niobium ions from an ECR source [6,7]. 

After a suitable range of deposition conditions has been 

established, these parameters can be used to coat single 

cell cavities in this system under the same conditions with 

which the coupons were produced. 

SUMMARY 

A cavity system for the deposition of niobium on 

copper cavities has been completed and is in the process 

of being commissioned.  Films will be deposited 

energetically using HIPPMS techniques.  Post surface 

processing after deposition will also be studied by 

maintaining hermeticity through cryogenic testing before 

exposing the surface to air. Deposition process parameter 

selection will be guided by small sample studies. 
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PRELIMINARY RESULTS OF NB THIN FILM COATING FOR                 

HIE-ISOLDE SRF CAVITIES OBTAINED BY MAGNETRON 

SPUTTERING 

A. Sublet*, I. Aviles, S. Calatroni, A. D'Elia, N. Jecklin, I. Mondino, S. Prunet, M. Therasse,  

W. Venturini Delsolaro, P. Zhang, CERN, Geneva, Switzerland

Abstract 
In the context of the HIE-ISOLDE upgrade at CERN, 

several new facilities for the niobium sputter coating of 

QWR-type superconducting RF accelerating cavities have 

been developed, built, and successfully operated. In order 

to further optimize the production process of these 

cavities the magnetron sputtering technique has been 

further investigated and continued as an alternative to the 

already successfully operational DC bias diode sputtering 

method. The purpose of this poster is to present the results 

obtained with this technique. The Nb thickness profile 

along the cavity and its correlation with the electro-

magnetic field distribution inside the cavity are discussed. 

Film structure, morphology and Residual Resistivity 

Ratio (RRR) will be considered as well and compared 

with films obtained by DC bias diode sputtering. Finally 

these results will be compared with RF measurement of a 

production-like magnetron-coated cavity. 

INTRODUCTION 

In parallel to the established niobium coating baseline 

for the production of the high beta superconducting 

quarter-wave resonators (QWRs) [1,2], CERN is 

continuing its magnetron coating activities. On track to 

achieve the HIE-ISOLDE specifications (6 MV/m 

accelerating gradient with a total maximum power 

dissipation of 10 W), this technique is a good candidate to 

optimize the production cycle of the cavities. 

SETUP AND PROCESS WINDOW 

The experimental setup used is very similar to the one 

of the “diode” coating [2] except that the grids facing the 

coaxial cathode are removed and a solenoid is placed 

around the vacuum chamber to generate a uniform 

magnetic field across the cavity to be coated. Additionally 

a donut ring is placed on top of the cathode to reduce the 

top gap between cathode and cavity to 19mm and to 

follow the cavity top curvature. 

Magnetron studies were started few years ago at CERN 

for QWR coating but the pre-heating of the cavity was not 

wished due to mechanical limitation of the substrate. 

The current design and facilities allow us to pre-heat 

the substrate to 650 °C to degas the large amount of 

hydrogen trapped in the bulk copper before the niobium 

coating and thus rexduce the self-contamination of the 

film during the deposition. 

Plasma ignition monitoring 

The process window boundaries have been determined 

by monitoring the plasma ignition using the electrical 

characteristics of the discharge and Optical Emission 

Spectroscopy (OES) to collect light emitted by the argon 

plasma from the outer discharge. As the cathode is coaxial 

and used to sputter both inside (inner conductor) and 

outside (outer conductor), the plasma ignition and 

stability must be controlled to guarantee a balanced 

discharge and thus a uniform coating.  However, due to 

the complex geometry of the substrate surrounding the 

cathode, the plasma ignition and expansion varies with 

the discharge parameters. 

Figure 1: Typical plasma monitoring curves, 5 min 0-

3 kW cycle, 1.2x10
-2

 mbar, 93 G, 300 °C. 

 

For a given condition: 1.2x10
-2

 mbar, 93 G, substrate 

temperature of 300 °C, Figure 1 illustrates plasma ignition 

and extinction within one power cycle composed of a 

ramp-up of 2 min from 0 to 3 kW, a 20 s plateau at 3 kW 

and a ramp-down from 3 kW to 0 in 2 min. 

A first threshold voltage is reached shortly after power 

on (Figure 1 (1)), followed by a second one (Figure 1 (2)) 

at 775 W corresponding to outside plasma ignition as Ar 

emission is detected at the same time. Argon emission 

intensity steadily increases with power ramp-up. The 

plasma extinction outside is observed (Figure 1 (3)) at a 

power of 275 W, showing hysteresis with the ignition. 

The voltage-current characteristic of the discharge, 

Figure 2, highlights this hysteresis (patterned area), where 

first (1) and second (2) thresholds are observed. 

This basic plasma ignition study has been conducted to 

determine the magnetron process window boundaries 

with our setup as a function of pressure and magnetic 

field (Table 1). It shows that in these conditions, under 

8x10
-3

mbar it is not possible to ignite plasma outside.  ___________________________________________  

*alban.sublet@cern.ch 
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Figure 2: Voltage-current characteristic of magnetron 

discharge, 5 min 0-3 kW cycle, 1.2x10
-2

 mbar, 93 G, 300 

°C. 

 

Note that the plasma ignition threshold shifts towards 

higher power with higher cathode temperatures, probably 

due to gas rarefaction in the vicinity of the cathode. 

 

Table 1: Outer plasma threshold power (in bold 

configuration illustrated in figure 1 and 2) 

  Magnetic field [G] 

  70 93 117 

A
r 

p
re

ss
u

re
 

[m
b

a
r]

 

0.004 No ignition No ignition No ignition 

0.008 800W 2000W No ignition 

0.012 275W 775W 2300W 

0.016 50W 110W 300W 

0.02 0W 90W 250W 

TEST CAVITY RESULTS 

Niobium Deposition Rate Profile 

The thickness of the niobium film deposited on copper 

samples is measured by X-Ray Fluorescence (XRF). 

The test cavity was coated using the parameters from 

Figure 1 (4), i.e. 93 G magnetic field, 2 kW power and a 

process pressure of 1.1e-2 mbar, cavity biased to -80 V. 

Deposition was done in two runs of 2h10min and 

1h20min, with 2h10min cool down in between. 

Figure 3 shows the deposition rate profile of the 

niobium layer deposited by magnetron sputtering in the 

test cavity and by DC bias diode sputtering, together with 

the RF magnetic field distribution along the cavity. 

As compared to the DC bias diode sputtering baseline 

coating, the deposition rate of the film obtained in these 

conditions is very similar for the outer conductor (blue 

curves), though at the top of the cavity, the magnetron 

coating has a 50% faster rate. 

Regarding the inner conductor (red curves) this effect is 

even more pronounced with a rate up to four times larger 

with the magnetron method. Additionally, the rate 

difference between the inner and outer conductor in these 

conditions is also larger than for DC bias diode coating. 

This misbalanced rate could be viewed as a drawback; 

however the fact that it matches well the RF-field 

distribution in the cavity might be of interest. Having a 

higher growth rate at position where RF magnetic field 

will be larger might help for the RF performances because 

of potentially larger, cleaner grains and thicker layer. 

Film Structure and RRR 

The film structure is analysed by SEM on the coated 

copper samples (Figure 4). Samples from tip of the inner 

conductor show some voids but no blister and a very good 

adhesion of the layer on the substrate.  

 
Figure 3: Niobium film deposition rates profiles along cavity outer conductor (in blue) and inner conductor (in red) for 

magnetron and diode coating and simulated magnetic field distribution in the cavity (dashed lines). 
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Figure 4: SEM pictures (magnification x10000) of niobium coated copper samples taken along the cavity outer conductor 

(in blue) and inner conductor (in red) and RRR measured at corresponding position. 

Compared to DC bias diode coated samples, the grain 

size of magnetron coated samples looks smaller though 

deposition rate is higher. The slower thermal cycle during 

the magnetron coating might explain this observation. 

An average RRR value of 18 (Figure 4) was measured 

on magnetron coated samples, which is comparable to 

RRR measured on DC bias diode coated samples [3].  

RF TEST RESULTS 

Two production-like cavities have been produced for RF 

measurements with this setup. Figure 5 shows RF-test 

result of the first one together with the diode baseline 

reference cavity. The second one is under measurement. 

 

 
Figure 5: RF tests results for DC bias diode baseline 

coating (O) and magnetron coating (Δ). 

 

This cavity was coated in the same conditions as for the 

test cavity described above but with a third run of 

1h20min to obtain a 30% thicker layer. This first 

measurement of a magnetron coated cavity is very close 

to HIE-ISOLDE specification. The Q0 = 2x10
9
 is almost 

at the level of DC bias diode coating cavity. 

In terms of coating time the advantage of magnetron is 

also remarkable as a cavity can be coated within one day 

while it lasts four days with DC bias diode method. 

CONCLUSION 

This preliminary study defined the process window for 

magnetron coating. RF-measurement of first magnetron 

coated cavity shows very encouraging results, close to the 

HIE-ISOLDE project specifications. 
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THIN FILM COATING OPTIMIZATION FOR HIE-ISOLDE SRF 
CAVITIES: COATING PARAMETERS STUDY AND FILM 

CHARACTERIZATION 

A. Sublet*, I. Aviles, S. Calatroni, P. Costa Pinto, N. Jecklin, S. Prunet, A. Sapountzis, 
W. Venturini Delsolaro, W. Vollenberg, CERN, Geneva, Switzerland

Abstract 
The HIE-ISOLDE project at CERN requires the 

production of 32 superconducting Quarter Wave 
Resonators (QWRs) in order to increase the energy of the 
beam up to 10 MeV/u. The cavities, of complex 
cylindrical geometry (0.3m diameter and 0.8m height), 
are made of copper and are coated with a thin 
superconducting layer of niobium. In the present phase of 
the project the aim is to obtain a niobium film, using the 
DC bias diode sputtering technique, providing adequate 
high quality factor of the cavities and to ensure 
reproducibility for the future series production. After an 
overview of the explored coating parameters (hardware 
and process), the resulting film characteristics, thickness 
profile along the cavity, structure and morphology and 
Residual Resistivity Ratio (RRR) of the Nb film will be 
shown. The effect of the sputtering gas process pressure 
and configuration of the coating setup will be highlighted. 

INTRODUCTION 
In the frame of High Intensity and Energy (HIE) 

ISOLDE project [1], the niobium coating of the high beta 
superconducting quarter-wave resonators (QWRs) is 
about to enter series production. Development, 
understanding and optimization of the sputtering setup 
and process has been conducted along the last 4 years at 
CERN to exceed the specifications (6 MV/m accelerating 
gradient on the beam axis with a total maximum power 
dissipation of 10 W) [2, 3]. 

TESTS FACILITIES 
The general coating system is detailed in [3]. For the 

purpose of R&D tests, two different setups were used: 
a) A dedicated production-like cavity has been designed 

with a door access to the inside and 50 samples positions 
along the outer and inner conductors as sketched  in 
figure 1 (a). This setup allows having access to the film 
properties by sample characterisations prior to make a 
coating on a cavity for RF-test, and thus measure the 
impact of process or hardware modifications on the 
quality of the Nb film in a reproducible way. 

b) A specific test bench with scaled-down setup (figure 
1 (b)) has also been developed to investigate in particular 
the effect of the pressure on the effective sputtering yield 
and thickness of deposited film. This downscaled setup is 
very versatile thanks to its easy access and fast sample 
changes and parameter settings while respecting the 
original distance of substrate to cathode of 52 mm. 

 

   
Figure 1: (a) cross section drawing of test cavity with 
position of samples, inner conductor in red, outer 
conductor in blue and centre electrode in green; (b) top 
view of the test bench setup with a copper band sample. 

COATING PARAMETERS 
Several parameters of the hardware and of the process 

have been varied to optimize the coating uniformity and 
properties. The cathode shape – length, geometry and 
position relative to the substrate, the centre electrode 
facing the inner conductor – shape, distance to inner 
conductor tip, DC power and pressure were varied and 
tried in test cavity as summarized in table 1 below.  

 
Table 1: Parameter able (baseline arameters in 

Test
# 

top gap 
[mm] 

Centre 
electrode  

Power 
[kW] 

Pressure 
[mbar] 

1 52 40 mm 8 0.25 

2 46 (donut) 40 mm 8 0.23 

3 32 40 mm 8 0.22 

4 32 none 1.23 CW  0.077 

5 22 20 mm 1.33 CW 0.081 

Nb 
cathode 
 16mm 

Cu sample  
330mm long, 30mm wide

plasma confinement
cylinder (grounded) 

 120mm, 330mm long 

(a)

80
0m

m
 

300mm

(b) 

 ___________________________________________  

*alban.sublet@cern.ch 

T P bold)  
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Geometrical (Hardware) Parameters 
The hardware parameters like cathode and centre 

electrode helped to address the film uniformity and 
thickness issues. Thus we managed to obtain a uniform 
well adhering layer on the tip of the inner conductor by 
removing the centre electrode. The longer cathode 
allowed us to obtain a well adhering layer on the edge of 
the outer conductor. Finally, by reducing the distance 
between the top of the cathode and the top of the substrate 
down to 22 mm, at the position where the RF magnetic 
field is the most intense, we managed to gain a factor two 
in film coating rate. 

Process Parameters 
On the other hand, the process parameters like cathode 

power, sputtering gas pressure or substrate temperature 
were varied to obtain the film properties needed for the 
RF performances of the cavity. Pre-heating of the cavity 
substrate up to temperature of 650 °C certainly plays a role 
in the niobium film purity by releasing most of the 
hydrogen trapped in the bulk copper substrate before the 
coating process starts [4]. Therefore the temperature of 
the substrate during the process should not exceed the 
maximum reached during the pre-heating phase. Pressure 
and power are two other process parameters intimately 
linked together, and they are actually hardly decoupled 
from the substrate temperature. Low pressure may 
increase the deposition rate due to larger mean free path 
and higher ions energy driven by the lower collisions rate. 
High power may help to increase the sputtering yield in 
DC bias diode sputtering regime, and helps growing a 
high quality film with closer grain boundaries and dense, 
smooth layer. 

Limitations 
These parameters are not independent and for instance 

one cannot ignite a high power discharge at low pressure 
due to the limited 1kV voltage output of the DC-power 
supply system. Thus a low pressure coating will take 
place at low power as well. The coating sequence itself is 
also dependent on the power. At high DC-power, the 
substrate temperature will increase in a very short time up 
to the pre-heating temperature and one must allow 
sufficient cooling time before continuing the process. As a 
consequence such coating is done in several runs (up to 
15) to obtain the desired film thickness for a net coating 
time of 6 hours. At low power (< 1400W) one can work 
either in continuous (CW) or in several runs mode. 

TEST CAVITY RESULTS 
Niobium Deposition Rate Profile in Test Cavity 

The thickness of the niobium film deposited on copper 
samples is measured by X-Ray Fluorescence (XRF).  

The effect of the cathode to cavity top distance (“top 
gap”) on the film thickness is shown in figure 2 below. 
The inner and outer conductor deposition rates do not 
vary too much in both setups (up to ~ 50% larger). On the 
contrary, the deposition rate at the top of the cavity (zoom 
in figure 2) shows a clear improvement. A factor two gain 
at this position is obtained by reducing the cathode to top 
distance of 20 mm from 52 mm to 32 mm top gap.  

This top gap distance has a big impact on RF 
performances of the cavity. Decreasing this distance has 
the effect of increasing the coating rate, thus the 
thickness, locally on the top of the cavity (region of 
highest magnetic field). This increase of rate in this 
particular region is correlated to the increase of the 
quality factor of the cavity. As shown in [3], a further 
improvement was obtained with 22 mm top gap distance.

 
Figure 2: Niobium film deposition rates profiles along cavity outer conductor (in blue) and inner conductor (in red) for 
test #1 with top gap of 52 mm ( ) and test #3 with top gap of 32 mm (O). 
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Figure 3: SEM pictures (magnification x10000) of niobium coated copper samples taken along the cavity outer conductor 
(in blue) and inner conductor (in red) and RRR measured at corresponding position, test #1, 52 mm top gap. 

Film Structure and RRR 
The film structure is analysed by SEM on the coated 

copper samples. The outcome of these measurements is 
presented in Figure 3. 

Due to higher deposition rate, thicker layer and higher 
temperature on the inner conductor, grains are larger than 
on the outer conductor and top of the cavity. On both 
inner and outer conductors the grains of recrystallized 
copper are visible and govern the crystallographic 
orientation of niobium film. On the tip of the inner 
conductor samples show equiaxial grains, the morphology 
of the very tip is much more granulated and exhibit 
blisters if observed at low magnification. Smoother films 
with proper adhesion have been obtained in this region by 
removing the centre electrode, as for the baseline setup. 
The rest of the film is dense and uniform along the cavity. 

The RRR is defined as the ratio of resistances (R) at 
room temperature and just above the superconducting 
transition temperature: R300K/R10K. It is measured on 
quartz samples mounted in the test cavity. RRR 
measurements (Figure 3) show an average value of 17 and 
the distribution along the cavity shows no correlation with 
the coating rate. 

TEST BENCH RESULTS 
Higher DC-power is of interest to obtain higher 

deposition rates and denser films but this implies to work 
at higher pressure not to be limited by the maximum 
voltage output of the power supply (1 kV). 

The test bench, with its down scale design, allows the 
use of different power supplies and sputtering 
configuration (DC bias diode and magnetron). 

 

 
 

Figure 4: Average Nb film deposition rate from test bench 
study, as a function of pressure for the DC bias diode and 
magnetron sputtering, power = 155 W in both cases. 
 

To investigate the effect of the pressure on the Nb 
deposition rate a given power, fixed at 155 W, was chosen 
to have a thermal behaviour comparable to the cavities. 

Samples thickness measurements by XRF revealed an 
almost linear decrease of coating rate with the log of the 
increasing pressure (Figure 4). Magnetron sputtering 
allows having a measurement of the coating rate for a 
mean free path much larger than the cathode-anode 
distance. 

One can observe that working with DC bias diode 
sputtering at high pressure regime is a limiting factor for 
the deposition rate and the film growth for three reasons: 
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(1) the mean free path is smaller than the cathode-
anode distance, increasing the number of collisions and 
thus reducing the sputtering rate; 

(2) due to the larger collision rate, energy of Ar ions 
and Nb atoms is much smaller, changing the way the film 
grows (structure, morphology); 

(3) the lower deposition rate at higher pressure 
increases the time needed to obtain the desired film 
thickness and exposes longer the growing film to 
contamination during the coating. 

Consequently, in DC bias diode sputtering, raising the 
pressure to work at higher power is not an option to 
further enhance the film properties with this technique 
and a higher voltage power supply is necessary.  

Therefore, the magnetron sputtering route is of interest 
[5] to overcome these drawbacks and to obtain potentially 
even better RF performances. 

CONCLUSION 
CERN thin film coating test facilities are used to 

optimize both hardware and process parameters and 
define optimal film growth conditions. 

This study, in parallel to real cavity RF measurements, 
resulted in the release of the DC bias diode sputtering 
baseline recipe for production of HIE-ISOLDE SRF 
cavities [3] exceeding project specifications. 
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NB COATING DEVELOPMENTS WITH HIPIMS FOR SRF APPLICATIONS 
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A.P. Ehiasarian, Nanotechnology Centre for PVD Research, Materials and Engineering Research 
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Abstract 

In the last few years the interest of the thin film science 

and technology community on High Impulse Power 

Magnetron Sputtering (HIPIMS) coatings has steadily 

increased. HIPIMS literature shows that better thin film 

morphology, denser and smoother films can be achieved 

when compared with standard dc Magnetron Sputtering 

(dcMS) coating technology [1]. Furthermore the 

capability of HIPIMS to produce a high quantity of 

ionized species [2,3] can allow conformal coatings also 

for complex geometries. A study is under way at CERN 

to apply this technology for the Nb coating of SRF 1.3-

1.5 GHz Cu cavities, and in parallel at SHU the plasma 

physics and its correlation with film morphology are 

being investigated [2]. Recent results achieved with this 

technique are presented in the paper. 

INTRODUCTION 

DC magnetron sputtering (dcMS) has been extensively 

used for producing thin film Nb/Cu RF cavities for 

particle accelerators such as LEP and LHC, and in future 

HIE-ISOLDE, at CERN. Surface resistance at high field 

is however trailing that of state of the art bulk Nb cavities, 

behaviour often attributed to defects inherent in the dcMS 

process itself. In the last years the community started to 

focus on the High Impulse Magnetron Sputtering 

(HIPIMS). This recent deposition technique, given its 

properties such as the high target ions content in the 

plasma, allows achieving a denser and smoother film if 

compared with the dcMS ones. The main aim of this 

paper is to show the first results achieved at CERN in 

studying HIPIMS coated cavities, and the correlation 

obtained studying different working condition with the 

morphology of the film and with the plasma composition. 

EXPERIMENTAL SETUP 

Coating Systems 

The coating system used at CERN is a vertical 

cylindrical magnetron configuration, the same used for 

the usual dcMS coatings, in which the vacuum chamber is 

the cavity itself, and is shown schematically in  

Figure 1. The whole system is all-metal UHV and 

baked for 24 hours out prior to coating in order to reach 

base pressures in the 10
-10

 mbar range. The central 

stainless steel tube supports one central and two 

peripherals niobium targets and allows the insertion of a 

SmCo magnet which can be moved up and down in order 

to create the plasma in the most suitable region of the 

target, and guarantee uniform coating. The magnet is air 

cooled. The peripheral targets are insulated from the 

central tube, such that it is possible to either bias or to 

keep them grounded while the central target is kept at 

high voltage for sputtering. The magnet, with a tangential 

component of the magnetic field equal to 100 mT on the 

magnet surface, giving a value of around 50/60 mT on the 

target surface, confines the plasma in a specific region 

about 5 cm in length. The cavity cell (central part of the 

cavity) is the most critical region for accelerator 

performance. It faces the central cathode and is coated in 

one single coating run, keeping the plasma in the central 

cathode region. The cavity cut-off tubes are instead 

coated in five different deposition steps in order to obtain 

a better coating uniformity. The cut-offs were coated by 

dcMS, while the cell was coated either by HIPIMS or by 

dcMS for comparison. 

The coatings were obtained in a Kr atmosphere at 

4.3x10
-3

 mbar. 

Figure 2 represents the typical current and voltage 

waveforms of a HIPIMS discharge. The power supply 

used at CERN is a Hüttinger Electronics TruPlasma 

Highpulse DC Unit, capable of 10 kW max average 

power, and voltage up to 2 kV, with pulse width up to 

200 µs and frequency up to 500 Hz. 

 

Figure 1: System used at CERN. 

 

Figure 2: Typical HiPIMS current and voltage behaviour. 

The cavity analyzed in this paper was coated with a 

peak current of 200 A (current density of 2 A/cm
2
), a 

potential of 570 ± 10 V, an average current of 2.6 A with 

a pulse width of 200 µs and a frequency of 106 Hz. 

Motivation for this parameter choice is given in [2]. 
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Coupons were placed in the central part of a stainless 

steel dummy cavity, in order to replicate as well as 

possible coating conditions on a real copper cavity. For 

every coating test two samples were coated. Copper 

samples were used for Scanning Electron Microscope 

(SEM) analysis to get information on the morphology, the 

texture and the grain size of the niobium film deposited, 

as well as for cross-checking the thickness of the deposits 

with measurements by X-Ray Fluorescence (XRF). 

Quartz samples were used for RRR measurement. For all 

these analyses the reader is referred to [2]. 

RF Measurements 

During the RF measurements, cavities are helium bath 

cooled in a vertical cryostat, with temperature sensors 

attached directly on top and on the bottom of the cell 

using kapton tape and cable binders. It was found that that 

the temperature gradient between the upper and lower 

part is only about 0.2 K at the moment of transition. The 

quality factor is measured at 4.2 K and 2 K, reached by 

pumping on the helium bath, see Figure 3Erreur ! 

Source du renvoi introuvable.. It should be noted that 

during measurement of the HIPIMS cavity at 4.2 K the 

pressure was in the 10
-7

 mbar range, rising up to the 10
-5

 

mbar range in super-fluid He. 

Above 11 MV/m there was radiation up to 200 uS/h 

measured at the bottom of the cavity. The interlock 

system prevented measurements at higher fields. A 

quality factor of 6x10
9
 was obtained at low field and 2 K, 

corresponding to a surface resistance of 43 nΩ. The BCS 

resistance at 2 K and 1.3 GHz is about 8 nΩ. The 

obtained residual resistance is therefore about 35 nΩ. 

Several dcMS cavities have been produced and tested as 

well. The best performing one had weaker performance 

compared to the best HIPIMS cavity, and is also shown in 

Figure 3. This cavity has a resonant frequency of 1.5 GHz 

and for direct comparison with the 1.3 GHz HIPIMS 

cavity its quality factor was quadratically scaled. Helium 

processing with 150 W (11 MV/m) was performed for 

about 1 h at 4.2 K with no effect on the Q-value. 

So far all results obtained concerning residual 

resistance and Q-slope remain however below the best 

values obtained with standard dcMS coatings reported in 

literature [4], thus indicating that some tune-up is still 

needed in the whole production chain. 

During cool down of the HIPIMS cavity to 2 K the 

surface resistance as a function of temperature was 

measured. The data can be used to derive the 

superconducting energy gap Δ/kB, see. The value of 1.51 

lies below literature values. The reason might be that the 

measurements were not performed at constant field, but 

constant input power. Also the field level was rather high 

Eacc=2.5-3 MV/m, where a Q-slope is already observed. 

The resonant frequency was measured as a function of 

temperature. A new procedure for this measurement was 

applied. 

 

Figure 3: Quality factor of two elliptical single cell 

cavities, produced by dcMS and HIPIMS sputtering. 

Figure 4: Surface resistance as a function of temperature 

for the HIPIMS cavity produced at CERN. 

The measurement was performed in the following way. 

First the helium was evaporated until only a few litres 

were left in the cryostat. Then the cryostat was pumped 

down to 1 mbar. During the consequent warm up f vs T 

was measured. 

The resonance frequency shift is related to the change 

in penetration depth in the superconducting state and was 

fitted (Figure 5) with the Gorter-Casimir temperature 

dependence [5]. 

 

 
Where λ0 is the penetration depth at zero Kelvin, 

correlated to the mean free path l, the London penetration 

depth λL, and the BCS coherence length ξ via 
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Figure 5: Change in penetration depth as a function of 

temperature.  

The fit allows to extrapolate the penetration depth at 

0K, which can in turn be related to the mean free path and 

therefore to the RRR of the film using (RRR-1)=2.7 l 

(nm). For the input parameters λL=32 nm and ξ0=39 nm 

were chosen.  

The best fit parameters are listed in the table below. 

Table 1: Best fit parameters 

Tc (K) λ0 (nm) l (nm) RRR 

9.4 50 42.5 16.7 

XRD Analysis 

In order to have a deeper understanding of the texture 

of the thin film produced XRD (X-Ray Diffraction) 

analysis has been done using the grazing incidence angle 

technique. The two samples examined were produced 

with a peak current value of 110 and 160 A respectively 

(peak current density of 1.1 and 1.6 A/cm
2
). The analysis 

of the XRD spectra is shown in Figure 6. 

As we can see from the image it’s clear how the 

orientation of the grains is modified by the peak current 

value. The peak of the substrate, the Cu <111>, is getting 

more and more relevant compared to the others, 

indicating a reducing thickness of the films as result of 

increasing peak current. This could be partially attributed 

to a compacting effect on the film. It’s also quite clear 

that the presence of Nb <211> and Nb <220> is getting 

less and less relevant with respect to Nb <110> and 

leading to a more ordered texture film. 

 

 

 

Figure 6: XRD spectra. Sample 1 (110 A) is shown in 

blue while sample 2 (160 A) is shown in red. 

SEM Analysis 

Figure 7 shows SEM micrographs of the surface of 

samples produced at CERN in cavity geometry. The 

samples were produced by a baseline dcMS process and 

three HIPIMS processes at various current densities (from 

0.5 to 2 A/cm
2
).  

The samples were produced without biasing voltage. It 

can be seen that the morphology of the film for the low 

current case is more “disordered” and closer to the dcMS 

case. For the high current case the morphology seems to 

be much more ordered, following a preferential 

disposition. Furthermore, increasing the current density, it 

was possible to achieve a smoother surface and a bigger 

grain size as shown by the SEM measurements. 

The HIPIMS samples also showed an improved 

adhesion. This became apparent when bending the 

samples in order to create a crack in the film for cross-

sectional SEM analysis, the dcMS samples lifted out from 

the substrate. With the samples produced with HIPIMS 

that lift out did not occur independently of the coating 

parameters used indicating qualitatively stronger 

adhesion. 
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a) 

 

c) 

 

b) 

 

d) 

Figure 7: Clockwise from left: dcMs sample (a), HIPIMS sample produced with 50 A peak current (b), HIPIMS sample 

produced with 150 A peak current (c), HIPIMS sample produced with 200 A peak current (d). 

 

CONCLUSIONS 

The preliminary study described in this paper has 

shown that an HIPIMS coating in an accelerating cavity 

can perform as a dcMS coated cavity. This can be given 

by the improved morphology of the coating (density, 

smoothness) and with a further investigation the limits 

reached with this tests might eventually be overcome. 

HIPIMS is confirmed being an interesting and promising 

technology to enhance performance of the thin film 

coated cavity. 

It has been shown also that deposition with HIPIMS 

will improve adhesion and allows the possibility of 

creating coatings with a preferred orientation. 

Furthermore, given the energy imparted to the Nb ions 

[2], it is possible to achieve higher density structured film, 

with the aim of increasing the superconductive properties 

of the film itself.  
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Abstract 
In the pursuit of niobium (Nb) films with similar 

performance with the commonly used bulk Nb surfaces 

for Superconducting RF (SRF) applications, significant 

progress has been made with the development of 

energetic condensation deposition techniques. Using 

energetic condensation of ions extracted from plasma 

generated by Electron Cyclotron Resonance, it has been 

demonstrated that Nb films with good structural 

properties and RRR comparable to bulk values can be 

produced on metallic substrates.  The controlled incoming 

ion energy enables a number of processes such as 

desorption of adsorbed species, enhanced mobility of 

surface atoms and sub-implantation of impinging ions, 

thus producing improved film structures at lower process 

temperatures. Particular attention is given to the 

nucleation conditions to create a favourable template for 

growing the final surface exposed to SRF fields. The 

influence of the deposition energy on film growth on 

copper substrates is investigated with the characterization 

of the film surface, structure, superconducting properties 

and RF performance. 

INTRODUCTION 

 RF fields having a very shallow penetration depth in 

the SRF material (~40 nm for Nb), one can deposit a thin 

layer of Nb on the inner surface of a castable cavity 

structure made of copper (Cu) or aluminium (Al). This 

opens the possibility to dramatically change the cost 

framework of SRF accelerators by decoupling the active 

SRF surface from the accelerating structure definition and 

cooling. 

The viability of SRF Nb films on Cu (Nb/Cu) 

technology has been demonstrated with pioneer studies at 

CERN on 1.5 GHz cavities [1-3] and the successful 

implementation in LEP-2 with 352 MHz cavities. Due to 

defects inherent to the magnetron sputtering technique 

used for Nb deposition, the 1.5 GHz Nb/Cu cavities 

produced suffered a significant reduction of Q at 

accelerating gradients above 15 MV/m [4].  

Several material factors, highly dependent upon the 

surface creation conditions, may contribute to degraded 

SRF performance by the reduction of the electron mean 

free path, thus the reduction of the lower critical field Hc1. 

 

 

Figure 1: Inside the ECR sample coating system. 

The understanding of the dependence of the final SRF 

performance (surface resistance, lower critical field Hc1...) 

for Nb films on the characteristics of the films produced, 

the nucleation, the diverse deposition parameters, 

substrate nature, temperature and morphology is of 

primary importance. 

The quality of the resultant thin film is heavily influenced 

by the deposition technique utilized.  With the availability 

of energetic condensation techniques [5], films with a 

wide range of structure and features potentially relevant 

to RF performance can be produced. In this context, JLab 

is using an Electron Cyclotron Resonance (ECR) Nb ion 

source in ultra-high vacuum (UHV) (figure 1) [5]. The 

main advantages are the production of a high flux of 

singly charged ions with controllable kinetic energy and 

the absence of macro-particle production. The ECR 

plasma produces ions with an energy of 64 eV, tunable by 

applying a bias voltage to the samples. 

The challenge is to develop an understanding of the 

film growth dynamics from its nucleation to the final 

exposed surface. The defect density within the RF 

penetration depth determines the electron mean free path 

in that layer. It is certainly affected by impurities 

 ___________________________________________  
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incorporated during the final stage film growth, but it is 

also strongly affected by the underlying crystal structure 

developed from the initial film nucleation and the 

substrate nature. The development of every phase can be 

expected to depend strongly on the kinetic energy of the 

arriving Nb ions. 

FILM STRUCTURE 

ECR Nb films are deposited on both crystalline and 

amorphous Cu substrates. To achieve a crystalline 

interface, the native oxide layer is reduced by heating the 

substrate at 360 ˚C for 24 hours prior coating. In other 

hand, the amorphous Cu oxide layer can be preserved by 

baking and coating the samples at 200 ˚C or below. A 

series of material analyses are underway on both types of 

resulting Nb films and a selection is presented in this 

section. 

Electron Back Scatter Diffraction  

 

 

Figure 2: EBSD map for ECR films deposited on large 

grain Cu substrate with -120 V bias (184 eV) 

respectively at (a) 360 ˚C and (b) 200 ˚C (note the 

difference in scale). 

Electron Back Scatter Diffraction (EBSD) provides 

microstructural information about the crystallographic 

nature of the films revealing grain size, grain boundary 

character, grain orientation, texture, and phase identity. 

Each data point is associated with a Kikuchi-band 

diffraction pattern and thus contains phase and orientation 

information. The EBSD data processing software can 

generate a variety of additional visual and analytical 

information. For example, Crystal orientation mapping 

can be provided by using a basic RGB coloring scheme fit 

to an inverse pole figure (IPF).  In the so-called IPF 

orientation map, for cubic phases, full red, green, and blue 

are assigned to grains whose <100>, <110> or <111> 

axes, respectively, are parallel to the projection direction 

of the IPF (typically, the direction normal to the surface).  

Figure 2 represent IPF orientation maps for films 

coated at 360 ˚C (a, crystalline interface) and 200 °C (b, 

amorphous Cu oxide interface) on polycrystalline Cu 

substrates with large crystallite sizes. Nb films coated on 

a crystalline interface are hetero-epitaxial, with grain size 

comparable to the underlying substrate (figure 2a).  Nb 

films coated on the native Cu oxide (figure 2b) exhibit 

fiber growth with poorer crystal quality. 

Scanning Transmission Electron Microscopy  

 

 

Figure STEM micrographs for the Nb film/Cu 

substrate interface for films grown at (a) 360 ˚C (hetero

3: 

-

epitaxy) and (b) at 200 ˚C (fiber growth). 

The atomic structure of the Nb/Cu interface for ECR 

films was directly imaged, with atomic-column 

resolution, by combining the chemically-sensitive Z-

contrast imaging method (high-angle annular dark field, 

HAADF) with single-atom-sensitivity Electron Energy 

Loss Spectroscopy (EELS) in a STEM (Scanning 

Transmission Electron Microscope) [6]. 

Figure 3 shows annular bright field (ABF) and HAADF 

micrographs of the interface of two ECR Nb films 

deposited at 360 ˚C (a) and 200 °C (b) respectively. 

Coupled with EELS analyses, they reveal a continuous 

crystalline interface for the hetero-epitaxial film (coated 

at 360 ˚C) where the sample coated at 200 ˚C has an 

amorphous interface of about 3-5 nm between the Nb film 

and the Cu substrate. 
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CRYOGENIC MEASUREMENTS 

Residual Resistivity Ratio 

Residual resistivity ratio (RRR, R300K/R10K) 

measurements are conducted via the four-point probe 

method on a multi-sample measurement setup using 

calibrated CERNOX thermometers (sensitivity: 50 mK). 

In the case of Nb films deposited on Cu, the thick 

conductive Cu substrate overwhelms the measurement. To 

overcome this effect, the Nb films are lifted by dissolving 

the Cu substrate in an ammonium persulfate solution at 

room temperature. During the substrate removal and 

manipulation of the free standing Nb films, the electrical 

properties are likely to be degraded. Thus the RRR values 

obtained should be treated as lower bound values.  

Table 1: RRR Values for Nb Coated at 360 °C on Cu 

 (fine grain, large grain, (100), (110), (111)) Substrates
Bias 

Voltage 

Cu fine 

grain 

Cu large 

grain 

Cu 100 Cu 110 Cu 111 

0 51 24 35 43 50 

30 57 92 78 90 80 

60 -- 289 82 251 85 

90 115 120 57 164 98 

120 118 70 83 198 138 

150 82 173 99 201 245 

180 97 85 -- 175 62 

270 101 136 55 189 72 

 

It is found that the substrate properties and the initial 

growth conditions in terms of ion energy and substrate 

temperature are determining the final properties of the 

resulting Nb film [7, 8]. Table 1 shows the RRR values 

for hetero-epitaxial Nb films coated at 360 °C 

simultaneously on single crystal and polycrystalline Cu 

substrates. Nb (100) films grown on Cu (110) substrates 

have typically a higher RRR than Nb (110) films grown 

on Cu (100) and (111). The large grain Cu substrates have 

been heat treated ex-situ at 1000 °C for 12 hours and are 

thus fully re-crystallized. This leads to typically higher 

quality Nb films.  To get rid of the influence of system 

condition variations from one coating run to another, a 

multi-bias sample holder has been designed and 

commissioned allowing the in-situ coating of samples 

with 8 different ion energies. A series of coating to verify 

the previously achieved results is under way.  

Superconducting Gap Measurements 

Superconducting gap measurements were performed by 

Point Contact Tunnelling (PCT) spectroscopy at Argonne 

National Lab [9] on ECR Nb films deposited on large 

grain Cu substrates at different temperatures. Hetero-

epitaxial films have a superconducting gap similar to bulk 

Nb (=1.61-1.56 meV, figure 4) where fiber films grown 

on the native Cu oxide have a superconducting gap of 1.3 

meV. 

RF MEASUREMENTS 

A series of 50 mm disk samples dedicated to RF 

measurements have been produced and are being 

investigated with the 7.5 GHz TE011 sapphire loaded 

cavity (SIC) setup described in [10, 11]. Even though, the 

RF measurements need to be refined, some trend seems to 

emerge. Figure 5 displays the surface resistance (R ) s

versus temperature for films coated with ion energies 

from 64 eV (no bias) to 264 eV (-200 V bias) revealing a 

trend of the surface resistance decreasing with increasing 

ion energy.  

 

 

Figure Superconducting gap measurement for a hetero4: -

epitaxial polycrystalline Nb/Cu film (RRR=289). 
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Figure Surface resistance measurements for a series of 

ECR Nb films coated at various bias voltages and at 360 

˚C.

5: 

 

 

Figure  Surface resistance measurements for ECR Nb 

films coated with constant or varying ion energy during 

film growth.

6: 

 

Nucleating the film with high energy ions initially and 

then lowering the ion energy for the subsequent film 

growth by opposition to keeping the ion energy high for 

the duration of the coating seems also to have some effect 

on the RF performance. Figure 6 displays R  curves as a s

function of temperature for films deposited with a 

constant ion energy (squares) of 184 eV (-120 V bias, 

pink) and 24 4eV (-180 V bias, dark blue). The second set 

of curves (stars) represents the surface resistance for films 

deposited at high energy for the initial nucleation and 

coalescence and then switched to 64 eV (no bias applied). 

One can notice a surface resistance decrease by 

comparison with films grown at constant high ion energy.  

 

SUMMARY 

Engineering Nb/Cu films with energetic condensation 

via ECR allows the tuning of the film structure from fiber 

growth to equi-axial growth by varying the incident ion 

energy for substrate temperatures lower than if using a 

thermal process only. Nb/Cu films can be produced with 

RRR and superconducting gap values similar to bulk Nb. 

RF performance measurements of such films reveal some 

influence of the incident ion energy on the surface 

resistance. A first attempt at engineering the film growth 

by varying the ion energy for the nucleation layer and the 

subsequent growth shows also some effect. 
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CHEMICAL VAPOR DEPOSITION TECHNIQUES FOR THE
MULTILAYER COATING OF SUPERCONDUCTING RF CAVITIES ∗

F. Weiss† , C. Jimenez, S. Pignard, LMGP - Grenoble INP - CNRS - Minatec, Grenoble, France
M. Benz, E. Blanquet, R. Boichot, A. Mantoux, F. Mercier, SIMaP Grenoble INP - CNRS - UJF, France

C.Z. Antoine, CEA-IRFU, France

Abstract
Issued from the recent development of thin films tech-

nologies, multilayer nanostructures face today very chal-

lenging questions in materials science: ultimate size reduc-

tion, process control at an atomic scale, new size driven

properties and system characterisation. For superconduct-

ing RF technologies a significant breakthrough could arise

from the use of multilayered structures deposited inside Nb

cavities. These multilayer nanostructures are based on the

use of some 10 nanometers thick superconducting layers

(d> λ L) with a higher Tc than in Nb, alternating with in-

sulating layers, required to decouple the superconducting

films. We present here our first studies devoted to nano-

layered superconductors produced by Chemical Deposition

techniques, CVD (Chemical Vapor Deposition) and ALD

(Atomic Layer Deposition). The basic principles of CVD

and ALD will be presented together with new develop-

ments of the coordination chemistry for the ALD precur-

sors, which is key point for the optimization of the individ-

ual layers. First results concerning NbN thin films obtained

by CVD to be used in Superconducting/insulating (S/I/S/I)

multilayers structures are reported.

INTRODUCTION
SRF technology (RF superconductivity) has been devel-

oped by a few laboratories around the world over the past

25 years and is now widely used or foreseen for various

accelerators applications, like light sources (e.g. XFEL

project), or e+/e- colliders (ILC) or applications where

high intensity beams require very low cryogenic losses (lu-

minosity enhancement for LHC, high intensity protons or

hadrons linacs for neutron sources or nuclear physics).

This technology is exclusively based today on bulk nio-

bium. All attempts to use other superconductors to surpass

bulk Nb have failed until now. Recent theoretical work

from A. Gurevich [1–3], has given new highlights to the

physical limitation of SRF. A. Gurevich has proposed a sur-

face multilayered coating, specifically designed for RF ap-

plication, able to break the niobium monopoly, and bring a

significant breakthrough in SRF technology.

The multilayered structure proposed here is based on

very thin NbN layers (e<10 nm) alternating with very thin

AlN insulating layers (e<10 nm), see figure 1. In such a

structure, the first penetration of vortices is shifted to higher

∗Work supported by EuCARD-2 Enhanced European Coordination

for Accelerator Research & Development
† francois.weiss@grenoble-inp.fr

field and it can be used to screen the surface magnetic field

of the cavity [1]. Recent experiments on samples with only

a few layers, have shown an enhancement of the first pene-

tration field of vortices [4–6]. In a RF cavity, at high field,

the drag forces are higher than the pinning forces, and the

vortex are not pinned anymore. The proper functioning

regime for a cavity is the Meissner state with no vortex at

all inside the cavity.

Till now, among the thin films deposition techniques

used for the deposition of superconductive NbN films,

physical vapor deposition methods have been almost ex-

clusively investigated. The aim of this paper is to introduce

chemical vapor deposition techniques, CVD and ALD as

alternative techniques to process superconducting niobium

nitride thin films. Compared to physical ones, chemical

vapor deposition techniques can be used to provide films

with higher purity and better conformality. Chemical Va-

por Deposition technique is based on the homogeneous and

heterogeneous reactions of two or more gaseous precursors

that leads to the desired film deposition on the substrate sur-

face. Atomic Layer Deposition (ALD) is based on the se-

quential self-limiting surface reactions from generally two

gaseous precursors. It provides an ideal technique for de-

positing ultrathin and conformal films in 3D architectures.

Main advantages of CVD and ALD vs. PVD are given in

Table 1.

Figure 1: Targeted multilayered structure.

CVD DEPOSITION OF NBN FILMS
NbN thin films have been grown by CVD from ammonia

and Nb chlorides (in situ produced). As-grown layers have

been characterized by Field Effect Gun- Scanning Electron

Microscopy (FEG-SEM), X-ray Diffraction (XRD) and X-

ray Reflectometry (XRR). For this study, the substrates are

C-plane (0001) oriented monocrystalline hexagonal sap-

phire. Experiments have been carried out on quarter of 2′′

wafers and on whole 2′′ wafers.
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Table 1: PVD vs CVD vs ALD. Main Features.

PVD CVD ALD

Low cost High cost High cost

Low temperature High temperature Low temperature

Non uniformity Good uniformity Excellent uniformity

Good conformality Excellent conformality

High deposition rate Average deposition rate Very low deposition rate

Target must be tuned Good composition control Good composition control

Precursor selection challenges Precursor selection challenges

Safety issues Safety issues

Experimental Set-up
The HTCVD set-up consists of a graphite susceptor

heated by induction in a vertical cold-wall reactor work-

ing at low pressure (Figure 2) [7]. The precursors used are

ammonia, NH3 (99,999%) and niobium chlorides, NbClx
species in situ formed via chlorination of high purity Nb

wire (99,999%) with chlorine gas Cl2 (99,999%), respec-

tively. Before deposition process, metal wire is heated at

650◦C under H2 atmosphere in order to partially remove

any native oxide. Substrates are cleaned using acetone and

ethanol in ultrasonic baths. The influence of the deposi-

tion temperature on growth rate, surface morphology, crys-

talline state and quality of the NbN layers is studied. De-

position temperature is varied from 900◦C to 1300◦C.

Figure 2: CVD reactor.

Results and Discussion
The NbN layers grown in this study present a homoge-

nous specular surface with metallic reflection over a 2′′

wafer. The layers exhibit no visible cracks under optical

microscopy. However, the morphology and the structure of

the deposited layers are strongly influenced by the deposi-

tion temperature.

Figure 3 gives the typical θ/2θ X-ray diffraction pat-

tern of layers deposited at 900◦C and 1300◦C. At 900◦C,

the NbN layer has a hexagonal structure (P63/mmc) with

a highly (000l) preferential orientation (ICDD: 04-004-

3003). However, additional peaks are observed which re-

veal a small polycrystalline contribution as indicated by the

(10-10) and the (10-11) reflections. At 1300◦C, the NbN

layer has a cubic structure (Fm-3m) with a highly (111)

preferential orientation (ICDD: 01-088-2404). The stabil-

ity of the cubic structure at high temperature has already

been discussed by Takahashi et al. [8]. However, it could

also be deduced that the NbN cubic layer is polycrystalline

as proved by the presence of the (200) and the (220) re-

flections. Additionally the peaks corresponding to (111)

reflection are asymmetric. Such feature is correlated to a

gradient of the lattice constant in the grown layer. The ori-

gin might have a chemical origin due to the variation of

the stoichiometry of the NbN layer during the growth. It

might also have a mechanical origin with the generation

of stress during the growth (lattice mismatch, grain coales-

cence) and/or during the cooling step (difference of thermal

expansion between sapphire and NbN). Such topics are un-

der investigation. Finally, two small additional peaks are

observed around 32◦. They have been attributed to cubic

NbN with the F-43m space group (ZB-NbN, ZB stands for

Zinc-blende), but this crystal structure is metastable and re-

mains hypothetical [9].

Figure 4 shows the as-grown surface of the NbN layer

deposited at 900◦C and 1300◦C observed by FEG-SEM.

The observation of the hexagonal NbN layer grown at

900◦C reveals the presence of particles deposited on the

smooth NbN surface. The particles appear like flakes and

could originate from the metal wire during the cooling step.

For the layer grown at 1300◦C, the surface is covered by

triangular- shaped grains with a typical lateral size of 20-40

nm. Some area present a different structure and are related

to the (200) and (220) orientations detected by XRD (Fig-

ure 3). Furthermore, some particles appear like white dots.

These particles seem to be attached to the surface and some

of them present an epitaxial relationship with the underly-

ing NbN layer. The origin of the particles is not understood

yet. Finally, the thickness and the roughness of as-grown
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Figure 3: XRD patterns of NbN thin films grown at 900◦C

and 1300◦C.

Figure 4: FEG-SEM of as-grown surfaces. a) NbN layer

grown at 900◦C. b) NbN layer grown at 1300◦C.

NbN layers have been measured by XRR. The thicknesses

are 39 nm (which corresponds to a growth rate of 67 nm/h)

and 49 nm (84 nm/h) and the roughness are 2.1 nm and 4.0

nm for the samples grown at 900◦C and 1300◦C respec-

tively. An interfacial layer of Nb2O5 between NbN and the

sapphire substrate must have been added in the simulation

parameters to fit the XRR measurements. The growth rate

is almost not affected by the temperature, which indicates a

mass transport-limited regime for these growth conditions.

The rms (root mean square) roughness for the layer grown

at 1300◦C has also been measured by an optical profilome-

ter as 4.1 nm on a 1x1.4 mm2 scan which is consistent with

the value given by XRR. The increase of roughness with the

temperature could be linked to either to a change of struc-

ture from hexagonal to cubic either to a transition 2D/3D

growth mode. Further investigations are necessary to un-

derstand this phenomenon.

Finally the critical temperature of the film grown at

1300◦C (cubic structure) is at Tc=16.6 K , This value is

near the highest values reported for bulk NbN proving the

high quality of our films [10].

ALD DEPOSITION OF NBN FILMS
To reach lower thermal budget while keeping the inter-

esting conformality criteria of the above-described CVD

process, ALD deposition process of NbN films will be

developed. The first step will be devoted to the selec-

tion of suitable niobium organometallic precursor. Single-

source precursors such as Guanidinates or Triazenides will

be preferred since the number of starting precursors is re-

duced and they present promising physical and chemical

(volatilily, stability) properties [11]. Previous laboratory

experience in oxides and nitrides ALD deposition will be

used [12, 13]. Definitely, ALD deposition technique will

be the most adapted for the realization of multilayers in-

side RF accelerator cavities.
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CONCLUSION
40-50 nm thin NbN layers have been grown on C-plane

sapphire. A change from hexagonal structure to cubic

structure has been observed by increasing the deposition

temperature. Very promising results regarding the critical

temperature have been obtained.
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MATERIALS ANALYSIS OF CED Nb FILMS BEING COATED ON BULK 

Nb SINGLE CELL SRF CAVITIES* 

X. Zhao , C. E. Reece, A. D. Palczewski, G. Ciovati, Thomas Jefferson National  
 #

Accelerator Facility, Newport News, VA 23606, USA  

I. Irfan, C. James, M. Krishnan, AASC, San Leandro, CA 94577, USA 

Abstract 
This study is an on-going research on depositing a Nb 

film on the internal wall of bulk Nb single cell SRF 

cavities, via a cathodic arc Nb plasma ions source, an 

coaxial energetic condensation (CED) facility at AASC 

company. The motivation is to firstly create a 

homoepitaxy-like Nb/Nb film in a scale of a ~1.5 GHz RF 

single cell cavity. Next, through SRF measurement and 

materials analysis, it might reveal the baseline properties 

of the CED-type homoepitaxy Nb films.  

Literally, a top-surface layer of Nb films which sustains 

SRF function, always grows up in homo-epitaxy mode, 

on top of a Nb nucleation layer. Homo-epitaxy growth of 

Nb must be the final stage (a crystal thickening process) 

of any coatings of Nb film on alternative cavity structure 

materials. Such knowledge of Nb-Nb homo-epitaxy is 

useful to create future realistic SRF cavity film coatings, 

such as hetero-epitaxy Nb/Cu Films, or template-layer-

mitigated Nb films. 

 One large-grain, and three fine grain bulk Nb cavity 

were coated. They went through cryogenic RF 

measurement. Preliminary results show that the Q0 of a 

Nb film at 2 K and low rf field, produced by CED, could 

be close to that of the pre-coated bulk Nb surface (being 

CBP'ed plus a light EP); but the quality drops rapidly for 

increasing rf field. We are investigating if the severe Q0-

slope is caused by hydrogen incorporation before 

deposition, or is determined by some structural defects 

during Nb film growth. 

INTRODUCTION 

In recent years, we have extensively investigated 

growth of Nb films in epitaxy mode via an energetic 

condensation technology through a collaboration among 

AASC, Jefferson Lab, and some universities. [1-4].  

AASC’s role is to deposit Nb film on SRF cavities via a 

cathodic arc-discharge Nb ion deposition. Such Nb 

plasma ion uses a low voltage (30 V) arc discharge to 

generate a highly ionized plasma. The energy spectrum of 

ions from coaxial energetic deposition (CED) ranges from 

20 eV up to 170 eV. The CED facility was running in a 

pulse mode with ~50 ms arc pulse width. The deposition 

at a given position on the substrate lasts ~1 ms/pulse, 

during which ~0.5 nm of Nb film is deposited. 

The instantaneous deposition rate is as high as 560 

nm/s. The estimated (instantaneous) ion flux is 10
18

 Nb 

ions/cm
2
-s. The repetition rate (frequency) of the 

arc/pulse is 0.2 to 0.25 Hz. By considering the dead-time 

and frequency of the arcs, the nominal deposition rate is 

~3Å/s, or roughly one atomic monolayer per second. This 

nominal deposition rate is similar to a conventional 

physical vapour deposition method, such as a magnetron 

sputtering source (1.67 nm/s) or  the ECR Nb plasma 

source at Jefferson Lab (2.25 nm/s).   

Our past research [1-4] indicates that the epitaxy films 

of Nb on copper polycrystals (Nb/Cu), Nb on magnesium 

oxide crystals (Nb/MgO100),  Nb on different crystal 

planes of sapphire (Nb/A-plane Al2O3 , Nb/C-plane 

Al2O3), could all yield good crystal quality, close to a bulk 

Nb crystal.  

By adopting a well-prepared crystal substrate, a heating 

condition for substrate, and a thickening process, high 

quality Nb films on small sample coupons could be 

reliably produced.  

These experience suggested that, CED energetic 

condensed Nb films, growing in an epitaxy mode, might 

have a good SRF performance. 

Albeit small samples yielded impressive results, it’s 

earnest to up-scale such epitaxy coating technology to a 

SRF cavity dimension. 

To provide a crystalline substrate for homo-epitaxy 

growth, the simplest available SRF cavity, is a 1.5 GHz 

single cell. These cavities are widely utilized in Jefferson 

Lab for SRF R&D. 

In this series of work, four previously tested SRF single 

cell cavities received (or will do immediately) Nb film 

coating at AASC. Table 1 shows the name and 

specification of the cavities. They are made of different 

bulk Nb materials.  

Table 1. The SRF Single Cell Cavities for this Nb-Nb 

Coating Work  

Cavity Name Specs. Note 

CBMM-B1 1.5GHz SRF 

cavity.  Large 

grain, bulk Nb 

Received 2 RF tests. 

Nb Film was 

etched away for 2
nd

 

RF test. 

RDT-5 1.3Hz SRF 

cavity. Fine grain, 

bulk Nb. 

Received 2 RF tests. 

Before 2nd RF test, it 

was heat treated in 

oven to degas 

hydrogen.  

C1 1.5GHz SRF 

cavity. Fine grain, 

bulk Nb.  

Failed. Heater melt-

down. 

C5-C6 1.5GHz SRF 

cavity. Fine 

Grain, bulk Nb. 

Waiting for new 

heaters 
 ___________________________________________  

*Work supported by Jefferson Science Associates, LLC under U.S. 
DOE Contract No. DE-AC05-06OR23177.   

#xinzhao@jlab.org 
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Fig. 1 is an illustration of Nb/Nb film coating on a bulk 

Nb cavity. It’s a cross section view to depict interface  and 

surface of  Nb homo-epitaxy film. Nb grain size, 

orientation will be gauged by the underlying bulk Nb 

crystals. The “mold effect” of homo-epitaxy growth shall 

determine the microstructure of a deposited Nb film. 

 

~1.5 um

~100 nm SRF Function / Surface Layer

Thickening Layer

Nb/Nb Homo-epitaxy Interface

Nb Oxide Layer
Nb Grain Size 

d

Nb Film

Bulk Nb

Cavity

 
Figure 1: Illustration of proposed Nb/Nb film coating on a 

bulk Nb cavity. This is a cross section view to show 

interface and surface of Nb/Nb homo-epitaxy growth. 

 

 If a CED coating could achieve equivalent SRF 

performance as pristine bulk Nb cavities, in terms of Qo 

and Q-slope, such evidence would strongly endorse the 

energetic condensation coating technology itself 

(opposing to a magnetron sputtering deposition) for future 

SRF film cavities. Good SRF Nb/Nb epi-film cavity 

results will also encourage more research or technical 

development on practical/low-cost Nb/Cu epi-film 

cavities.  Essentially, current work on homo-epitaxial 

Nb/Nb film cavity is to glean fundamental knowledge for 

hetero-epitaxial Nb/Cu film SRF cavities.  

It’s known to SRF community, a Nb material will form 

an oxide layer naturally, when exposed to atmosphere. 

The oxide passivation layer is about few nanometres 

thick. Its microstructure has been thoroughly investigated 

in the past [5-8].  The outmost layer (to air side), is a 

glass-like randomly-networked pentoxide (Nb2O5) which 

has certain short-range orders. From air side to the deep 

bulk-Nb side, there are a variety of forms of NbO, NbO2, 

NbOxHy et al. in sequential and complex microstructures, 

depending on how the oxide layer was formed. Closing to 

the Nb side, the Nb-O structure might be prone to be a 

long-range order, pesudomorphic structure of the 

underlying Nb lattice.      

To achieve a Nb-Nb homo-epitaxial growth, one must 

remove the randomly-networked pentoxide (Nb2O5). 

While, for a long-range ordered NbO, which might mimic 

the crystal structure of underlying Nb grains, it might not 

be an issue as a template.  As long as a Nb oxide has a 

crystal structure (a long range order, or a periodicity in 

atomic arrangement), the local pseudomorphic epitaxy of 

Nb/Nb or Nb/NbO/Nb may have a good structured 

interface to sustain a epitaxial growth mode. 

 To remove surface amorphous pentoxide, it was shown 

[5] that baking at 400
0
C eliminates the surface oxide and 

all the oxygen diffuses deeper into the bulk. Figure 2 

shows the removal rate, time and temperature 

relationship. 

 

 
Figure 2 : Nb oxide removal rate, time and temperature 

relationship, driven by a thermal process only  [5]. 

 

In this study, we adopted the aforementioned 

thermodynamic principle to remove surface pentoxide. As 

stressed by Eremeev, baking at 400
0
C is an ideal minimal 

baking temperature to largely remove some tenacious 

oxides.  However, at the beginning of this work, AASC 

had no heating facility to reach such a temperature. It was 

limited at 350
0
C. Thus, utilizing a H2 glow discharge 

cleaning at 350
0
C was a technical choice of expediency at 

that moment. A hydrogen glow discharge cleaning, plus a 

lower temperature baking was known as an efficient 

method to clean surface oxide. In retrospect, such a H2 

GDC might ruin the Nb coatings/cavities in vicious ways. 

For our earlier work on CBMM-B1 and RDT-5 cavities, a  

H2 glow discharge cleaning (GDC, at Tcav. ~350
0
C) for 12 

hrs (over night) was applied. For the work on C1 and C5-

C6 cavities, no H2 process is applied. AASC will be able 

to bake a Nb cavity at 400
0
C. 

EXPERIMENTAL RESULTS 

Work on Cavity “CBMM-B1” 

Cavity “CBMM-B1” single cell 1.5GHz SRF cavity is 

made of large grain bulk Nb material. This cavity has 

received the following film coating procedure at AASC. 

 After mounting the cavity, pump down for ~1hr. 

 Bake the cavity (at Tcav. ~150
0
C)  for 2 days. 

 H2 GDC process (at Tcav. ~350
0
C) for 12 hrs. GDC 

condition is 500mTorr/600V/35mA. 

 Coating Nb film (at Tcav. ~350
0
C) for 12 hrs. 

 Stop heating the cavity, and start back-feeding 

10%O2/90%Ar for 2hrs. 

 Take-out the cavity after cooling-down.   
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Next, the cavity was returned to Jefferson Lab, and 

received a standard HPR cleaning. Then, the 1st round 

cryogenic RF test was conducted. The first RF test  

showed a very low Q0 (Fig. 2) and a rapid quality factor 

degradation for increasing RF field. 

 

1.E+09

1.E+10

1.E+11

0 5 10 15 20 25 30

Q
0

Eacc [MV/m]

CBMM-B1 Large grain CEBAF single cell

T=1.6K, barrel polish + BCP + 800C/2h

T=1.7K, baseline Quench

 
(a) 

 

1.E+08

1.E+09

0 1 2 3

Q
0

Eacc [MV/m]

CBMM B1 Nb cavity with Alameda Nb thin film - Test No. 1

T= 2.0 K

 
(b) 

Figure 3: Qo vs. Eacc plot of CBMM-B1 cavity, before (a) 

and after coating (b). 

 

The test results also showed that the Nb film has a 

higher residual resistance (230 nΩ see Fig. 3), compared 

to that before coating (7.3 nΩ). Nevertheless, surface 

resistance vs. 1/T plot appears to still follow the BCS 

theory but with significantly reduced energy gap, possibly 

due to normal-conducting precipitates (Fig. 4). 
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(b) 

Figure 4: Surface Resistance vs. 1/T plot of CBMM-B1 

cavity, before (a) and after coating (b). 

 

 

We postulated it’s either the hydrogen impurity being 

introduced during the H2 GDC process, or defects of film 

microstructure, which caused the poor SRF performance. 

Thus, about 20 m were removed from the inner cavity 

surface, hoping to recover a pristine BCP’ed bulk Nb 

surface 

After the etching and cleaning procedure, the cavity 

received 2
nd

 cryogenic RF test.  Nevertheless, both the 

low Q0 and drastic Q-slope have no improvement.  Such 

phenomenon prompted us to believe hydrogen in-take 

during H2 GDC is so deep, even the bulk Nb cavity might 

be fully loaded with hydrogen.    

 

Work on Cavity “RDT-5” 
Cavity “RDT-5” single cell 1.3 GHz cavity is made of a 

fine grain bulk Nb material. This cavity received a similar 

film coating procedure as “CBMM-B1” at AASC, except 

its GDC condition is 19mTorr/1.3KV/10mA 

After coating, the cavity was returned to Jefferson Lab, 

and received a standard HPR cleaning. Then, the 1st 

round cryogenic RF test was conducted, and the results 

showed a very low Q0 and a quick decay in Q-slope  

(Fig.  5). 

We speculated it’s also the hydrogen impurity being 

introduced by H2 GDC process, which caused the poor 
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SRF performance. Thus, the cavity was heat treated at 

600
0
C for 10 hrs.(with covering and caps), trying to degas 

hydrogen. 

After the heat-treatment, the cavity received 2
nd

 

cryogenic RF test.  Q0 lifted up to a value close to the one 

before Nb film coating. Nevertheless, the Q still 

decreased quickly.  

 

 

 
 

Figure 5: Qo vs. Eacc plot of RDT-5 cavity, 1
st
 RF Test 

(blue circles) and 2
nd

  RF Test (green triangles). 

  

Work on Cavity “C1” 

Cavity “C1” single cell 1.5 GHz cavity is made of fine 

grain bulk Nb material. During film coating procedure 

(setting Tcav. to 400
0
C), the heater made of Aluminium 

materials was melt-down. The lava of Al covers up a 

beam-pipe’s opening (flange).  Such failure made the 

cavity impossible to receive a RF test. Furthermore, its 

inner wall might have embedded with Al impurities. 

Thus, its RF test was cancelled, but materials analysis on 

inner wall of this cavity might be conducted in the future. 

 

Work on Cavity “C5-C6” 

Cavity “C5-C6” single cell 1.5GHz cavity is made of 

fine grain bulk Nb materials. It has been shipped to AASC 

and is waiting to be coated. AASC is purchasing a new 

heater set in order to achieve mini Tcav up t0 400
0
C  

 

SUMMARY 

We are working on homo-epitaxial Nb/Nb film cavities 

in purpose of understanding challenges in hetero-epitaxial 

Nb/Cu film SRF cavities. Four SRF single cell cavities 

are set in our work. We are gradually sorting out technical 

problems in order to find out a base-line SRF 

performance of CED energetic condensation Nb films.  

More materials analysis will be conducted. 
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FILM DEPOSITION, CRYOGENIC RF TESTING AND MATERIALS 

ANALYSIS OF A Nb/Cu SINGLE CELL SRF CAVITY * 

X. Zhao , R.-L. Geng, Y. Li, A.D. Palczewski 
#

 

Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606  

Abstract 
In this study, we present preliminary results on using a 

cathodic-arc-discharge Nb plasma ion source to establish 

a Nb film-coated single-cell Cu cavity for SRF research. 

The polycrystalline Cu cavity was fabricated and mirror-

surface-finished by a centrifugal barrel polishing (CBP) 

process at Jefferson Lab. Special pre-coating processes 

were conducted, in order to create a template-layer for 

follow-on Nb grain thickening. A sequence of cryogenic 

RF testing demonstrated that the Nb film does show 

superconductivity. But the quality factor of this Nb/Cu 

cavity is low as a result of high residual surface 

resistance. We are conducting a thorough materials 

characterization to explore if some microstructural defects 

or hydrogen impurities, led to such a  low quality factor.  

INTRODUCTION 

The mainstream superconducting resonators are 

fabricated using high-purity bulk niobium material. Due 

to the high material cost, the bulk niobium technology 

becomes less favorable when large number of resonators 

or large sized resonators are required. An alternative 

technology is to coat the inner surface of a copper 

resonator with a thin layer (typically on the other or a few 

microns) of superconducting niobium. As the functioning 

superconducting layer is characterized by the London 

penetration depth (which is on the order of few tens of 

nanometers for niobium), the coated thin layer is fully 

capable of supporting the required super-current. As 

compared to the bulk niobium technology, which requires 

typically a few millimeters wall thickness, the coated thin 

film niobium technology offers a significant saving in 

material cost for fabrication of superconducting 

resonators. In addition, the thermal conductivity of copper 

at cryogenic temperatures is superior to that of the 

niobium, rendering improved thermal stability for 

operation of the superconducting resonators in practical 

applications. Another advantage of niobium coated thin 

film technology lies in the fact resonators thus fabricated 

have been far less sensitive to the ambient magnetic field 

as compared to the bulk technology. This effect leads to 

the simplification to the design and realization of 

magnetic shielding for the resonators and therefore further 

saves the cost of the cryomodules that host the 

superconducting resonators. 

Thin film niobium coated copper cavity technology was 

previously realized by using the magnetron sputtering 

technique. Despite some successful applications, the 

sputtered Nb-Cu technology has not found applications in 

regime of acceleration gradients higher than 10 MV/m. 

This is due to a problem of rapid increase of surface 

losses as the gradient is raised. 

The method of making Nb-Cu resonators described in 

this study is characterized by several novel aspects which 

aimed to yield improved properties of the final 

functioning superconducting surface.  

METHODS 

Our goal is to create a multiple-layer structure of Nb 

film for SRF application. Our microstructure design of the 

film has such novelty: I. It contains a Template-Layer 

between underlying copper substrate and a thickening 

layer made of Nb material; II. The Template-Layer, being 

established by a post-energetic-condensation 

thermodynamic nucleation process, can yield controllable 

grains (crystal) size/distribution; III. The Nb grains in the 

Thickening-Layer have a polycrystalline fibrous structure, 

whose texture is gauged by the aforementioned Template-

Layer.   

Our proposed growth mode is different than epitaxial 

growth of Nb film on a polycrystalline Cu substrate,in 

which the grain size and distribution of Nb grains are 

gauged by underlying copper grains. One potential 

advantage of this microstructure design is to avoid 

complicated finishing process (which would be required 

by a Nb-Cu epitaxy), and is able to tune Nb 

microstructure (grain size, distribution, grain boundaries 

characters) in order to optimize an SRF surface layer.  

Fig. 1 schematically illustrates one sample of our 

conceptual design of this multi-layer Nb film (in a cross-

section view). The microstructure has four layers:  a 

Buffer Layer (Layer X), a Template Layer, a Thickening 

Layer and an SRF function / Surface Layer. The Template 

Layer, Thickening Layer and Surface Layer are made of 

pure niobium. Composition of the Buffer Layer can be 

one of, but not limited to, such choices:  magnesium 

oxide, aluminium oxide, silicon oxide, copper oxide, 

niobium oxide, aluminium nitride.  The Buffer Layer can 

be of either amorphous or polycrystalline structure.  

To conduct the coating work, a single-cell SRF cavity 

made of a commercial OFHC copper was fabricated at 

Jefferson Lab. Its structure design has a low surface field 

(LSF) shape. Dimensions of the cavity (called LSF1-1) 

are shown in Fig. 2. 

 

 ___________________________________________  

*Work supported by by Jefferson Science Associates, LLC under U.S. 
DOE Contract No. DE-AC05-06OR23177.   

#xinzhao@jlab.org                
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Fig. 1: A conceptual illustration of microstructure design 

of a multi-layer Nb film coating for SRF cavity. 

 

Figure 2: LSF1-1 cavity model and key dimensions. 

Cavity ID at equator: 7.814 inch typical; Cavity OD at 

equator: 7.940 typical; Beam tube ID: 3.07 typically. 

 

The cavity half cells and beam pipes were welded 

together by a standard EBW procedure. After welding, the 

cavity did not receive any chemistry or cleaning prior to a 

centrifugal barrel polishing (CBP) [1]. After CBP, the 

LSF1-1 cavity was cleaned by a standard high pressure 

rinse (HPR) procedure. There was no chemical treatment 

following CBP. The LSF1-1 was sent to AASC Company 

for Nb film deposition. AASC’s deposition method, 

coaxial energetic condensation (CED) has been described 

elsewhere [2]. The energetic condensation was conducted 

via a cathodic arc-discharge Nb ion deposition. Such Nb 

plasma deposition uses a low voltage (30 V) arc discharge 

to generate a highly ionized plasma. The energy spectrum 

of ions from coaxial energetic deposition (CED) ranges 

from 20 eV to 170 eV.  

Besides using AASC’s CED coating technology, a 

novel contribution of this work was implementing our 

special procedure to embody our multilayer 

microstructure design:  

1. Pumping down the LSF1-1 cavity for 3hr after 

mounting the cavity into AASC CED Coater 

facility. 

2. Baking the cavity at 150
0
C (Tcav. ~150

0
C) for ~48 

hrs. 

3. Conducting a H2 gas glow discharge plasma 

cleaning (GDC) at Tcav. ~200
0
C for ~12hrs. 

4. Coating a nucleation layer of Nb material (~10 

atomic layers of Nb).  

5. Annealing the layer at Tcav. ~350
0
C for 3hrs. 

6. Coating (Thickening) Nb film till nominal 1.5 µm 

at Tcav. ~350
0
C. 

7. Stop heating the cavity, and start back-feeding O2. 

8. Take-out the cavity after cooling-down.   

 

After this procedure was accomplished at AASC, the 

cavity was returned to Jefferson Lab. It was cleaned by 

high pressure water rinsing at a pressure of 180-200 PSI, 

then received the 1st round of cryogenic RF 

measurement. The coated niobium survived the 200 PSI 

HPR without visible change. The cavity then was high 

pressure water rinsed again at the standard pressure of 

1200 PSI followed by a second cryogenic RF test. The 

coated niobium again survived the 1200 PSI HPR without 

visible change.  

Following the 2
nd

 round of RF test, LSF1-1 cavity went 

through a heat-treatment in a vacuum furnace of 450
0
C 

for 24 hrs at Jefferson Lab.  

After the heat-treatment, LSF1-1 received another HPR 

at 1200 PSI; then LSF1-1 cavity went through the 3
rd

 

round of cryogenic RF measurement. The cavity was then 

cut into pieces by wire EDM in order to perform material 

analysis 

Materials analysis, such as HiRox optical microscope, 

XRD Pole Figures, SEM-EDX, EBSD (in-plane view and 

cross-section view), TEM/STEM/EELS (sampling by 

FIB) were applied, in order to thoroughly reveal the 

microstructure of the Nb-Cu film in atomic, and 

nano/macro-scales.  Some measurements have been 

finished, but others continue. 

RESULTS AND DISCUSSION 

Cryogenic RF Measurement 

The first cryogenic RF test revealed that the input 

power coupler was too weakly coupled to the cavity. The 

uncertainty of the data was high, therefore the test was 

aborted. Nevertheless, the change in the resonance 

frequency as a result of the bath pressure change was 

measured to be -235 Hz/Torr.  

During the 2
nd

 cryogenic RF testing, two cernox 

sensors were attached to the cavity, one each at the upper 

and lower beam tube. A special cryogenic warm up 

procedure (from 4-10 K) was first applied, during which 

the resonance frequency and the loaded quality factor 
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were monitored automatically with a Labview program. 

This procedure allows determining the superconducting 

transition temperature Tc with two independent 

techniques. The measured Tc was found to be 9.33 K by 

both techniques. Figure 3 is the curve of the resonance 

frequency as a function of the cavity temperature.  

Figure 3: The resonance frequency of the cavity as a 

function of the cavity temperature. 

After the Tc was experimentally determined, the cavity 

was slowly cooled down again to 2 K. The temperature 

difference between the upper and lower beam tube was 

measured to be around 20 mK. The cool down rate was 

controlled at 1.26 mK/sec while crossing Tc. The Q(Eacc) 

curve was then measured at 2K. The unloaded quality 

factor (Q0) at low field was only 4×10
7
, followed by rapid 

decline as the gradient was raised. As the gradient was 

further raised, the rate of Q0 decline was somehow much 

reduced. The dependence of Q0 with temperature was also 

measured. By using the formula Rs=G/ Q0, where G is the 

geometry factor of the cavity, the surface resistance Rs 

can be calculated. Figure 4 shows the temperature 

dependence of the surface resistance. Clearly, the quality 

factor of the cavity is limited by the residual surface 

resistance, which is estimated to be on the order of 9 µΩ.  

Finally, the cavity was heat treated in a vacuum furnace 

at 450 °C for 24 hours. The purpose of this procedure was 

to reduce the hydrogen that could have been added into 

the niobium coating layer or the copper substrate during 

the H2 gas glow discharge plasma cleaning step. The 

coating survived the heat treatment, and no delamination 

of the niobium film was observed. The cavity was high 

pressure water rinsed again at 1200 PSI followed by 

cryogenic RF testing. This time, the cavity was cooled 

down through Tc in a standard fashion (i.e. no slow cool 

down). Typical cool down rate crossing Tc is estimated to 

be ~ 60 mK/sec. The cavity performance was improved as 

compared to that before the heat treatment with a low 

field Q0 of 6×10
7
. However, the rapid decline of Q0 with 

gradient was still present. The highest gradient reached 

1.7 MV/m, limited by cable heating. 

 

Figure 4: The temperature dependence of the surface 

resistance. The residual surface resistance is estimated to 

be 9 µΩ. 

Materials Analysis to Reveal Microstructure of 

the LSF1-1 Nb-Cu Film  

Visual Inspection  

Inner (coating) surface of the LSF1-1 cavity appears 

smooth and uniform. It shows a specular, matte, grey and 

metallic hue of Nb material (Figure 5). The welding belt 

zone on the cavity equator appears no different than the 

other areas. Note the water-like stains in Figure 6 is a 

deposit left by the EDM. The pristine Nb-Cu surface was 

clear.  

 

 

 

Figure 5: The pristine Nb-Cu surface of the LSF1-1 

copper cavity. It appears a clear coating. The inner wall 

shows a specular, matte, grey and metallic hue of Nb 

material.  
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Next, the cavity was cut in half (Figure 6). HiRox 

optical microscope was applied to inspect its inner wall 

morphology, from tens toward a few thousand 

magnification. 

 

Figure 6: A half-cavity piece cut from LSF1-1 Cavity. 

Some visible uncoated copper areas associated with 

welding defects were observable in the equator region. 

They are up to a few millimeters in length, and a few 

hundred micrometers in width. There are only a few of 

them observable by eyes (<7 spots).  Figure 7 shows a 

photo of such a defective area. Welding defects in the 

equator region were already observed before CBP. They 

were caused by insufficient melting and were not 

completely removed despite CBP. Please note these 

macroscopic defects are different from to the microscopic 

cracks/blisters found under SEM analysis, which are in 

the scales of microns.  We will discuss those later.  

 

 

Figure 7: Some visible defects in the equator region 

showing uncoated copper. These defects are resulted from 

insufficient melting during electron beam welding. Deep 

welding defects are not totally removed by CBP. 

One half-cavity (named “LSF1-1.2”) was further cut 

into 3 pieces, of which the centre one is an “Ω” shaped 

stripe 1 inch-wide (Figure 8, 9). That “Ω” shaped stripe 

was further cut into 8 small coupon samples of 

approximately one by one inch wide (Figure 10). All 

cutting services were conducted at Jefferson Lab’s 

machine shop via a wire EDM machine. 

 

Figure 8: An “Ω”-shaped stripe of one inch wide was cut 

from a half cell. 

 

 

Figure 9: Coupon small sample “LSF1-1.2.4” was cut 

from the equator area. The welding belt zone appears no 

different from the other areas. The coatings seemed quite 

uniform. 

After each EDM step, samples were cleaned by a 

standard UHV procedure. The final 8 small coupon 

samples  were ultrasonic cleaned by detergent Micro. 90, 

then by methanol. 

Figure 10: Set of 8 samples cut from the “Ω” shape of 

Figure 8. Coupon small sample “LSF1-1.2.4” (Left 4), 

has received SEM and XRD Pole Figure Measurement. 

 

HiRox
TM

 Optic Microscopy 

HiRox Microscope examinations were conducted at the 

W&M surface analysis lab. The machine revealed surface 

topographic features at its max magnification of three 

thousand. Many spots on the cavity inner wall were 

surveyed along the “Ω” profile, touring from one iris area 
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(beampipe-cell junction), drum area, equator welding 

zone, finally toward the other side iris.  

All images have some similar features: 1. Numerous 

round Nb macroparticles (a well-known by-product of 

unfiltered cathodic-arc-discharge deposition). 2. “Stripe-

like” topography in macroscopic-scale, which is shaped 

by CBP media tumbling and friction. Figure 11 shows 

such defects.  

In rare locations, a few peel-off areas were found. On 

those tiny defect areas, their top Nb films appeared being 

“skimmed off” by a fractural force. They exposed copper-

like metallic hue. The spots were observable by a high 

magnification (of a few thousand. See Figure 12).  

It’s unknown yet, whether they are caused by HPR 

stripping of weak coating areas. For instance, if 

debris/falling particles being introduced before coating, 

those areas have no Nb-Cu bonding. Under HPR, the 

loosely bound Nb material might be removed or torn off.  

  

 

Figure 11: A low-mag micrograph of HiRox. “Stripe-

like” topographic character in a macroscopic-scale, which 

feature is shaped by CBP media tumbling and friction.    

 

Figure 12: A high-mag micrograph of HiRox. Numerous  

round Nb macroparticles (a well-known by-product of 

unfiltered cathodic-arc-discharge deposition), and a few 

of peel-off areas. 

On the EDM cutting plane (cross-section) of the 

welding zone, we observed two round pits on each side 

(Figure 13). The four bubble pits were far away from the 

inner or outer cavity wall (Figure 14). They aretens to a 

few hundred microns in diameter. Their round profiles 

and smooth appearance (Figure 15, 16) suggest that they 

are welding defects, being created by trapped gas bubbles 

during e-beam welding work.  

In this sample, the four pits don’t impact the wall 

surface topography in this piece of sample. Nevertheless, 

in extreme cases, if bubble pits were close to the wall 

surface, a CBP finishing might create reveal a deep pit on 

the cavity wall.  

 

 

Figure 13: Welding bubbles are visible on EDM cutting 

planes.  

 

Figure 14: A low-mag micrograph of HiRox. The pits are 

far away from inner or outer walls. 
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Figure 15: A view of HiRox 3D Imaging on a bubble pit. 

 

Figure 16: The round up and shining appearance of 

bubble pits imply they are defects of welding work. 

 

SEM Imaging 

Coupon small samples “LSF1-1.2.2” and “LSF1-1.2.4”  

were surveyed on different instruments. 

SEM work on sample “LSF1-1.2.4” was conducted at 

the W&M Surface Lab via an Hitachi 4700 Field 

Emission high resolution SEM/EDX.  This SEM could 

discern topographic contrast from magnification of 30X 

to 50,000X (in nanometer scale). 

Sample “LSF1-1.2.4” was located at the equator zone, 

the welding belt of a few millimetres wide running across 

the middle of the sample. Both welding zone and non-

welding zones were scanned by SEM.  

Under SEM (up from low mag. 100X), the stripe-like 

CBP finishing morphology is still observable (Figure 17). 

 

 

Figure 17: SEM micrograph of a low magnification 

imaging (100X) on coupon small sample “LSF1-1.2.4”. 

Spot on a welding zone, whose topography is not 

different from a non-welding zone.   

Unsurprisingly, macroparticles of CED cathodic arc 

discharge are visible everywhere (Figure 18). 

Nevertheless, under high resolution high magnification 

imaging, microscopic cracks/blisters were also found 

everywhere (Figure 19). They are typically from tens to 

hundreds of microns long, hundreds or tens of nanometers 

wide at their maximum openings (Figure 20).  

 

 

Figure 18: SEM micrograph of sample “LSF1-1.2.4” 

(mag. 1000X)  showing CED arc-discharge particles and 

microscopic cracks/blisters . 
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Figure 19: SEM micrograph (mag. 5000X). Microscopic 

cracks/blisters are typically from tens to hundreds of 

microns long. 

It’s not known yet, if the cracks were caused by thermal 

stress induced film delaminating during coating 

procedure, or in the oven heat-treatment post the 2
nd

 RF 

measurement. Film cracking or delamination 

tensile/compression stress is a well known phenomenon 

in film deposition technology. Please note these 

omnipresent microscopic cracks are different than the 

aforementioned few macroscopic cracks in the weld zone.  

SEM work on sample “LSF1-1.2.2” was conducted at 

the Applied Superconductivity Center at the National 

High Magnetic Field Laboratory, at Florida State 

University, via a Zeiss 1540 EsB Cross Beam Scanning 

Electron Microscope. This is a state-of-the-art dual beam 

field emission Scanning Electron Microscope (SEM) with 

an ultimate resolution of 1 nanometer. It is fully computer 

controlled with multi-resolution digital image capture. It 

is equipped with a low-energy capable Focused Ion Beam 

(FIB) column, which allows for live-imaging of samples 

at high magnification, while simultaneously machining 

with 5 nm precision using a stream of Ga ions. 

 

 

Figure 20: SEM micrograph (mag. 25,000X ) of a crack. 

Microscopic cracks/blisters are hundreds or tens of 

nanometers wide at their max openings. 

Sample “LSF1-1.2.2” was located near the iris zone of 

the cavity. Because the EsB machine has superior 

resolution, rough surface morphology by CBP finishing is 

more apparent (Figure 21). By FIBing and viewing the 

cross-section of the Nb-Cu film interface, SEM indicates 

the thickness of the film is quite uniform. Its thickness is 

about 700 nm (Figure 22). Preliminary EBSD survey on 

this sample doesn’t see grain structure. This suggests 

either the grain sizes are less than 50nm (the limit of 

EBSD resolution) and/or the grains have large 

stress/strain. This demonstrates that the Nb-Cu film is by 

no means an epitaxy film. 

  

 

Figure 21: SEM micrograph of Sample “LSF1-1.2.2”. 

Courtesy of NHMFL-ASC, a work by Zu-Hwan Sung. 

 

 

Figure 22: SEM micrograph of Sample “LSF1-1.2.2”. 

The cross-section view of Nb-Cu film interface. Courtesy 

of NHMFL-ASC, a work by Zu-Hwan Sung. 

To observe Nb-Cu interface morphology, the cross-

sectional plane of the sample was etched with 50% 

diluted BCP solution for 20-30sec, it shows fibrous 

structure of Nb film, a CBP-finished buffer layer, and an 

underlying crystalline copper substrate in different layers 

(Figure 23). 
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Figure 23: Cross-section view of Nb-Cu film interface, 

after a BCP etching. Courtesy of NHMFL-ASC, a work 

by Zu-Hwan Sung. 

 

Texture Measurement by XRD Pole Figure 

XRD measurement was conducted at Norfolk State 

University. The same coupon small sample, “LSF1-1.2.4” 

was surveyed. The X-ray survey area was on a non-

welding zone, which plateau is very flat and suitable for 

XRD reflection geometry. A survey in Bragg-Brentano 

mode (θ/2θ) proved that the Nb film has a classic 

polycrystalline structure. There are a variety of {hkl} 

crystal planes (grain orientations) parallel to the sample 

surface (Figure 24). 

 

 
degree (2θ) 

Figure 24: XRD  in Bragg-Brentano mode (θ/2θ scan) on 

coupon small sample, “LSF1-1.2.4”.  

The XRD pole figure of Nb{110} planes (Figure 25), 

shows an obvious broad centre peak, and  a diffusive 

“ring” at orbital  = 60
0
. This ring pattern indicates the 

Nb film has a preferential orientation: a Nb{110} in-plane 

fibrous texture. This means, a majority of the Nb grains 

expose one {110} plane parallel to the cavity wall surface, 

while the grains have different azimuthal orientations  off-

plane. The off-plane orientations have a uniform 

distribution; therefore, the ring texture pattern is quite 

even. Such texture implies that the Nb film was growing 

in a fibrous mode or fibrous microstructure, rather than 

the Nb-Cu epitaxial mode.  This is one preliminary 

evidence of success in implementing a multi-layer 

structure by our coating procedure. 

 

 
   

Figure 25: Experimental XRD pole figure of the coupon 

small sample, “LSF1-1.2.4”. The Nb{110} pole figure 

shows an obvious broad centre peak, and  a diffusive 

“ring” at orbital   = 60
0
. This ring pattern implies the Nb 

film has a fibrous grain microstructure.  

SUMMMARY 

Nb film growth on a single cell Cu cavity was 

attempted using a novel procedure. The cavity was 

cryogenically tested several times after various surface 

cleaning and cavity heat treatment procedures. Clear 

superconducting transition was measured. The niobium 

coating survived repeated high pressure water rinsing and 

temperature cycling including cryogenic cycling and high 

temperature cycling. The quality factor of the cavity was 

dominated by the residual resistance. Uncoated copper 

associated with welding defects in the equator is a known 

source for the high residual resistance. From the 

measurement data, we estimate a surface resistance of the 

coated niobium on the same order as that of standard bulk 

niobium. Detailed examination of the surface reveals 

numerous features that will feedback on process 

improvement. Preliminary materials analysis by EBSD 

and XRD Pole Figures indicate the film has a fibrous and 

Nb{110} in-plane texture. Such a fibrous growth mode 

supports our conceptual design on microstructure. More 

materials analysis, such as HRTEM/STEM/EELS are 

required to fully understand the film’s growth mode and 

its microstructure evolution. Future film coated-cavity 

work will be carried out with copper cavities free from 

welding defects in equator region. Further tests will be 

done to assess the possibility of hydrogen embedment due 

to hydrogen glow discharge cleaning. 
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RECIPROCAL SPACE XRD MAPPING WITH VARIED INCIDENT ANGLE 

AS A PROBE OF STRUCTURE VARIATION WITHIN SURFACE DEPTH* 

F. Williams, Q. Yang, Norfolk State University, Norfolk, Virginia 23504, USA  

X. Zhao , C. E. Reece, Thomas Jefferson National Accelerator Facility, Newport News, 
#

Virginia 23606, USA 

M. Krishnan, AASC, San Leandro, CA 94577, USA 

Abstract 
In this study, we used a differential-depth X-Ray 

diffraction Reciprocal Spacing Mapping (XRD RSM) 

technique to investigate the crystal quality of a variety of 

SRF-relevant Nb film and bulk materials. By choosing 

different X-ray probing depths, the RSM study 

successfully revealed evolution of the materials’ 

microstructure after different materials processes, such as 

energetic condensation or surface polishing. The RSM 

figures clearly show the materials’ crystal quality at 

different thickness. Through a novel differential-depth 

RSM technique, this study found: I. for a heteroepitaxy 

Nb film Nb(100)/MgO(100), the film thickening process, 

via a cathodic arc-discharge Nb ion deposition, created a 

near-perfect single crystal Nb on the surface’s top-layer; 

II. for a mechanically polished single-crystal bulk Nb 

material, the microstructure on the top surface layer is 

more disordered than that in-grain. 

INTRODUCTION 

Next generation SRF particle accelerators call for 

revolutionary new materials or new surface treatment 

processes, in order to be more energy efficient. To design 

and develop an optimal SRF material process, it is 

necessary to adopt new analytic techniques to non-

destructively characterize the SRF functional layer less 

than 200 nm into the surface. One is interested to 

understand the crystal quality of the superconductor 

within this depth. 

The definition and measurement of crystal quality in 

this text is based on crystallographic long-range-order 

(coherence) of atoms, but not on chemical impurities. As 

was pointed out by Cullity et al.
.
[1, 2], the quality of so-

called “single crystals” or grains, varies from one case to 

another. At one extreme, a grain might have gone through 

plastic deformation, such that some portions (subgrains) 

of the grain are misoriented from the others, thus the 

dislocation density is high; at the other extreme, some 

precisely grown crystals have ultra-low density of 

dislocations, line/planar imperfections (stacking faults), 

and their crystal planes in that single grain are flat to less 

than 10
-4

 degrees over a distance of centimeters.  

Essentially, a motivation of this study is to quantify the 

density of intra-grain defects in Nb materials by 

diffraction techniques. It is known in metallurgy, a 

subgrain is a portion of a crystal or grain slightly different 

in orientation from neighboring portions of the same 

crystal. Usually, neighboring subgrains are separated by 

low-angle boundaries. 

To characterize SRF materials, one convenient choice 

in the SRF community is the electron backscattering 

diffraction (EBSD) technique. EBSD has been widely 

used to investigate the microstructure of SRF Nb 

materials (thin film or bulk).  The probing depth of EBSD 

is ~ 50 nm, which is comparable to the SRF London 

penetration depth. Therefore, EBSD measurements have 

provided useful insights into SRF materials in many 

studies[3, 4]. 

A popular choice of the EBSD tool, is a commercial 

software of the EDAX/TSL
TM

 company. The program is 

called OIM
TM

 Data Collections and Analysis.  The OIM 

stands for crystallographic “Orientation Indexing 

Mapping” of crystals, which is the core-value of a 

commercially available EBSD toolbox. 

The limit of the EBSD technique is that the state-of-art 

EBSD instrument is mainly applied to visualize 

orientation of multiple crystals/grain (inter-grains 

characteristics, grain boundaries angles, grain size etc). A 

single crystal’s quality, or intra-grain’s density of 

structural defects is beyond the primary scope of the OIM 

technique. 

Albeit some works [4] using intra-grain mis-orientation 

map to plot large strain/stress in a crystal, noticeable, a 

mis-orientation angle less than 1
0
 is difficult to 

discriminate by EBSD. Note, an XRD measurement could 

scan in a minimal angle step of 0.003
0
 in high resolution 

mode, or 0.06
0
 in reciprocal space mapping measurement. 

The width of a Kikuchi band does directly relate to 

crystal lattice constant. Unfortunately, TSL OIM software 

does not record or quantify that information. In other 

words, for EBSD OIM software, there is no tool to 

measure Δθhkl , or  crystal lattice constant deviation. 

Only a few indirect parameters in the EBSD OIM
TM

 

software, such as Confidence Index (C.I.) of grain-

orientation indexing/assignment, and Imaging Quality 

(I.Q.) of a Kikuchi diffraction pattern, which are extracted 

from the EBSD imaging dataset, might shed qualitative 

light on intra-grain crystal quality.  

To relate our measurements to conventional EBSD 

mapping techniques, we have presented the measured CI 

and IQ values as benchmarks.  

In short, the EBSD technique has its limitation as a tool 

for characterizing the individual gains/crystals. 

Research on crystal quality is on revealing subtle 

deviation of crystal planes (e.g. bending, twisting, 

polygonization) or plane distance (dhkl, which is 

proportional to the lattice constant ).  Outside the SRF 

 ___________________________________________  
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community, in scientific research of semiconductors [5-9], 

macromolecular crystal proteins [2] and optic-

electronics [10], the X-ray Diffraction reciprocal space 

mapping technique (XRD RSM) has been widely utilized, 

for example to measure the structural properties of 

epitaxial films, or to reveal  film composition, layer 

tilting, lattice relaxation and crystal quality. Such RSM 

plots could demonstrate the strain, relaxation, and 

misorientation of a thin film on a substrate.  The detection 

area of an X-ray machine could be a few square 

centimeters. In an RSM plot, both  Δθhkl  (Lattice 

Constant deviation) and  Δω  (Crystal Planes 

Misorientation) are observable. Different structural 

properties maybe revealed in one graph.  

Here we describe a novel RSM technique, using X-ray 

penetration of a sample (film or bulk) to different depths. 

The depth variation is accomplished by varying the 

incident angle of the X-rays. Thus this new technique 

allows nondestructive investigation of a material’s 

structural character at different depths. It can reveal 

structural evolution of an SRF material after different 

processes, such as film coating, polishing or heating. 

EXPERIMENTAL METHOD 

To validate the use of RSM for Nb materials study, 

three types of representative coupon samples were 

selected. They went through different materials processes. 

It is expected that these representatives have distinct 

microstructure character in surface and in the bulk layer. 

For this study, the surface thickness of interest is less than 

one hundred nanometers, because only this depth is 

relevant to the RF London penetration depth in an SRF 

application.  

Film samples dubbed “CED-34”, “CED-38”, “CED-

47” are Nb films that were coated on single crystal MgO 

(100) substrates using AASC coaxial energetic deposition 

(CED) facility. The bulk sample “Nb-SC-01” is a single 

crystal Nb coupon. Sample “Nb-PC-01” is a 

polycrystalline bulk Nb coupon. 

The AASC deposition method of making film samples 

has been described elsewhere [11-16]. The energetic 

condensation was conducted via a cathodic arc-discharge 

Nb ion deposition. 

The bulk Nb coupons “Nb-SC-01”  and “Nb-PC-01” 

(10×10×3 mm), were chemically-mechanically-polished 

(CMP’ed process) at Wah ChangTM company. The CMP 

is a “mirror-finishing” process to obtain an ultra-flat 

surface. After CMP, the samples were lightly chemically 

etched for a few microns to remove the “damage-layer” 

that is caused by the mechanical polish.  The etch used 

was the typical “buffered chemical polish” (BCP) applied 

to niobium.  After the BCP process, most of the impurity 

residuals or crystallographic defects were removed. The 

surface appeared very shiny and morphologically flat 

under the SEM. 

The Residual Resistance Radio (RRR) values of the Nb 

film samples were measured at the vertical cryogenic 

testing area (VTA) of Jefferson Lab. In this study, the 

RRR value is defined as the ratio of resistivity at 300 K to 

that at 10 K.   

Pole Figure and Reciprocal Space Mapping (RSM) 

measurements were performed at Norfolk State 

University, using a high resolution four-circle 

PANalytical X’Pert Pro Materials Research 

Diffractometer (Pro-MRD). The system was especially 

designed for thin film analysis and operated with a Cu Kα 

X-ray source at a wavelength of 1.54 Å. Unless specified 

otherwise, the X-ray beam projection area on a sample 

was 2×2 mm. The incident optics was a high-resolution 

four bounce Ge(220) monochromator, and the diffraction 

optics was a High Resolution Triple Axis/Rocking Curve 

element. 

Figure 1 shows a standard XRD experimental 

arrangement. The angle θhkl  stands for diffraction angle of 

{hkl} Bragg planes;  is an X-ray beam incident angle;   

is an azimuth angle of the sample stage;   is a tilting 

angle against the normal direction of the sample stage.  

 

 
Figure 1:  Standard XRD experimental arrangement. 

 

To investigate the FWHM of a single XRD peak, the 

scan step was set to 0.003
0
 to fully use the high resolution 

of the system. The scan step was changed to 0.01
0
 for full 

range θ-2θ scan, 0.06
0
 for reciprocal space mapping 

measurement, 0.1
0
 for  scan and 2

0
 for pole figure 

measurements. 

XRD Pole Figure protocol is particularly useful to 

measure the texture of polycrystalline materials (aka. 

preferential orientation), or mis-orientation of a single 

crystal film against a cut-plane. The principles of pole 

figure surveys can be found in an X-ray diffraction 

textbook [1].  

In our pole figure measurements, the sample was tilted 

from  = 0
0
 to 90

0
 with a step of 2

0
. At each  position, 

the sample was rotated around its normal direction from  

 = 0
0
 to 360

0
 at a step of 2

0
 while at the same time the 

XRD signal was collected by a detector at the fixed 2θhkl 

position. For instance, the 2θ110 angle is 38.55
0
 for 

detecting the Nb {110} plane. More experimental 

arrangement in this study was also described elsewhere 

[12]. Essentially, The XRD pole figure technique uses a 

“fixed length” of X-ray scattering vector (by lock-in 2θhkl) 
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to map a family of {hkl} points in reciprocal lattice space 

(k-space). 

Three samples were surveyed by a Pole Figure 

measurement. Figure 2 (a-c) are the experimental results 

of Nb {110} Pole Figures.  Fig. 2 (a) is a PF of sample 

“CED-034”.  It is the Nb(100) film on MgO (100) 

substrate. (b) is sample “Nb-SC-01”. It is a single crystal 

bulk Nb (100) coupon. (c) is sample “Nb-PC-01”. It is a 

polycrystalline bulk Nb coupon. 

Fig. 2 (a) and (b) demonstrated that the samples are 

“single crystal”.  Nb (100) and   Nb(110) crystal planes 

are parallel to substrate cut-surface (in-plane) 

respectively. Fig. 2 (c) confirms that sample “Nb-PC-01” 

is a polycrystalline material, the grains have no 

preferential orientation, or no obvious texture. 

  

 
Figure 2:  Experimental Nb {110} Pole Figures. (a) 

Sample CED-034, a Nb(100) film on MgO (100) 

substrate. (b) Sample Nb-SC-01, a single crystal bulk Nb 

(110) coupon. (c) Sample Nb-PC-01, a polycrystalline 

bulk Nb coupon. The right column shows a 3D view of 

the pole figures. 

 

Reciprocal space mapping was used to characterize 

intra-grain structures of three samples (Film “CED-34”, 

Bulk “Nb-SC-01” and “Nb-PC-01”). A RSM plot usually 

shows a distribution of diffraction intensity of one {hkl} 

point in reciprocal space.  Structural information of the 

samples could be interpreted from a profile of the 

reciprocal lattice point. Experimental RSM data is 

presented in a two-dimensional “ ω vs. ω/2θ  ” plot . The 

“ω/2θ” means the machine running under a coupled ω/2θ 

scan mode, aka θ/2θ  (Bragg-Brentano) scan mode. Its x-

coordinate represents variable θ. 

By Bragg’s law, 2dhkl ×sin (θ hkl ) = λ Cu,Kα , Δθhkl is 

proportional to the distortion of lattice space (Δdhkl) . A 

broadening effect along the θhkl coordinate indicates 

variation in dhkl  (spacing of crystal planes {hkl}). dhkl is 

proportional to the lattice constant (a) of Nb, which is a 

body-centered cubic (BCC) structure, and 

dhkl = a / √ℎ + 𝑘 + 𝑙 , 

thus the Nb lattice distortion  Δa/a  (%) can be derived 

from Δθhkl.  

A broadening in ω direction (or Δω) embodies 

misorientation spread of a {hkl} crystal-plane, which 

implies structural imperfection in the  sample (grain) due 

to “mosaic spread” (evidence of subgrains), dislocations  

population, bending or polygonization of a lattice.  

Before each RSM survey, a {hkl} Bragg plane (or θhkl ), 

a X-ray incident angle (0), an azimuth angle (  ), and a 

sample stage tilting angle (  ) were selected in order to 

probe a specific penetration depth in a particular sample. 

Then, the XRD machine scans in a ω/2θ mode at different 

offset. Scan step of ω or 2θ is 0.06
0
 . 

To calculate penetration depth (t) of an X-ray beam, 

this equation from Cullity’s book is applied [1]: 

t = sin α / μ 

here α is an incident angle ; μ = 1259 is the absorption 

coefficient of Nb at λ Cu,Kα  = 1.54 Å. 

By controlling the penetration depth, we could either 

investigate the RSM of a surface layer, which is a few 

hundred nanometers, or probe that of a thicker (includes 

integration over the surface) layer. By comparison of 

RSM plots of a thinner layer to that of a thicker layer, one 

may discriminate the microstructure at different depths. 

This may reveal the structure evolution of the Nb sample 

after a coating or polishing. 

For a shallow and a thick thickness survey, although 

different reciprocal points in k-space were observed via 

RSM, it is still reasonable and meaningful to compare 

profiles of the points. This is because: I. In the same 

sample measurement, the observed reciprocal points 

belong to the same {hkl} crystal plane family; II. Nb 

crystal lattice is a cubic structure, whose symmetry 

determines that a deviation of one {hkl} shall lead to a 

proportional deviation of the other {hkl} points, since the 

volume of a cubic “box” lattice shall be conservative.      

Because a strain of the lattice is always three 

dimensional, while the state-of-art RSM is a two 

dimension plot of such incoherence lattices, it is 

unrealistic to apply a 2D graph to depict a 3D lattice.  
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This is not a problem particular to our RSM study, but a 

conventional challenge to visualize 3D space structure by 

XRD. 

The EBSD system being utilized in this study, being 

made by the EDAX/TSL
TM

 company, is installed on an 

Amray
TM

 scanning electron microscope (SEM) at 

Jefferson Lab. The EBSD arrangement is equipped with a 

TSL-OIM
TM

 software to acquire and index the 

crystallographic orientations. 

In this study, two parameters related to crystal quality 

were recorded for parallel comparison.  The abbreviation 

of “Avg. C.I.” means the Average Confidence Index; 

while “Avg. I.Q.” means the average “Image Quality” of 

the “Kikuchi imaging pattern” (an electron backscattering 

diffraction pattern).  Higher C.I. means the TSL
TM

 crystal 

orientation indexing software has a higher confidence to 

index the crystal zone and orientation, under that e-beam 

scan spot.  Higher I.Q. means the Kikuchi imaging pattern 

(being originated at a single e-beam scan spot), is sharper. 

For a strained zone, then, a spot with a high density of 

crystallographic defects, has a Kikuchi image quality 

worse than that of a perfect crystal zone. 

RESULTS AND DISCUSSION 

Crystal Quality Evolution via Film Thickening 

Investigation of a Nb Epitaxy Film at Different 

Penetration Depths by RSM  
In our previous studies[11-16], a trend became obvious 

that by coating a thicker Nb film,  average crystal quality 

of a single crystal Nb film is advanced, as represented by 

RRR value, a bulk electrical property.   

It was suspected that the crystal quality of a film’s top-

layer has been progressively improved, as the grains were 

being continuously thickened (in other words, the grain 

grows up).   To confirm our speculation, we selected two 

material analysis techniques (RSM and EBSD) to probe 

the crystal quality of sample Nb films.  

Initially, Nb Film sample CED-34 was surveyed by 

RSM. This film sample was coated by a typical AASC 

CED
TM

 deposition  method. Before coating, the 

magnesium oxide crystal substrate with (100) in plane 

was annealed at 700 C for 12 hours. The substrate 

temperature was set at 500 C during deposition.  The Nb 

film thickness was about 1.6 microns.  The RRR value of 

the sample is 277; the superconducting transition 

temperature 9.21-9.25 Kelvin.  

 
  0

 0

Through a Pole Figure measurement of Nb {110} , and 

two “  scans” of Nb {110} and  MgO{110} at orbital  

= 60
0
 respectively,  the epitaxial relationship between the 

Nb film and MgO substrate is revealed. It is  

Nb(100)//MgO(100) with Nb[100]//MgO[110], which 

was called as Type “Op” epitaxial relationship in the 

Hutchinson’ study[19, 20].  

Table 1 shows two RSM experimental arrangements 

(1.1 & 1.2) on surveying sample CED-34.  Both 

arrangements probed {123} reciprocal points (by fixing 

2θ123  = 121.8
0
 ), but at different k-space positions.  They 

have different probing depths.  

For arrangement 1.1, the RSM survey probes a shallow 

surface layer (with penetration depth about 430nm). 

Figure 3 is the experimental RSM graph of sample CED-

034 as described in Table 1. 

 

Table 1: Two RSM Experimental Arrangements to 

Measure {123} Reciprocal Points at Different X-ray 

Penetration Depths. Sample label is CED-34. It is a Nb 

film on MgO (100) substrate. 

Experimental 

Arrangement 
1.1 1.2 

Omega ω (o) 3.1 27.3 

2Theta, 

2θ (o) 
121.82 121.87 

Psi, 

ψ (o) 
0.61 58.32 

Phi, 

 (o) 
28.45 27.65 

X-ray 

Penetration 

Depth 

shallow, 

~430 nm 

thick,  

~3.65 um 

Spread of ω at 

FWHM, 

Δω (o) 

0.1 0.6 

Spread of θ at 

FWHM, 

Δθ (o) 

0.1 0.2 

 

For the set-up 1.2 (high incident angle  ω), theoretically 

the X-ray beam could probe a thicker layer (~3.6 microns 

if all mass is Nb). Because thickness of the Nb film CED-

34 is only 1.6 micron, literally, the X-ray beam had 

sampled the entire through-thickness of the film.   

The deviation of lattice constant (a) on the top-surface 

versus that of the entire layer is: 

Δa(top-layer)/Δa(entire film)  ~= 0.1/0.2=1/2  . 

The crystal misorientation on the top-surface versus 

that of the entire layer is: 

Δω (top-layer)/Δω (entire film) ~= 0.1/0.6=1/6. 

Fig. 3 (a) for arrangement 1.1 shows a reciprocal 

point{123}, whose profile is an oval near-circular-shape. 

Sampling depth of arrangement 1.1 is shallow, about 

430nm. The spread of ω and 2θ123 at FWHM, Δω (
o
) and 

Δ2θ (
o
), are both small (~0.1

0
).  Its shape is similar to a 

singularity k-space point, which suggests that the surface 

structure of the film is close to a perfect crystal, if being 

compared to 2(b). 

Fig. 3 (b) for set 1.2 shows a reciprocal pole {123}, 

whose profile is an asymmetrically elongated bar-shape.  

Sampling depth of arrangement 1.2 is deep, the full 1.2 

um. The image obviously deviates from a k-space 

singularity point. It suggests that the entire film structure 

might be “bent” or gradually mis-oriented (spread of ω at 

FWHM, Δω  = ~ 0.6
0
).  
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By comparing the RSM figure of  3(a) to 3(b), it 

demonstrated that crystal structure of the top-layer of Nb 

film CED-34 is superior to that of the average ones, 

regarding the entire film.   

 

 
Figure 3: RSM experimental plot of Nb film sample 

CED-034 which are {123} reciprocal points at different 

X-ray penetration depth. (a) shallow penetration (b) deep 

penetration. 

 

Investigation of Two Nb Epitaxy Films of Different 

Thickness by EBSD 
To verify whether crystal quality does advance through 

a film thickening process, the EBSD technique was also 

applied to measure the crystal quality of two films of 

different deposition thickness.  

The films (CED-47 and CED-38) were created by the 

same CED deposition conditions as that of CED-34, 

except their thicknesses are 60 nm and 800 nm, 

respectively.  

Figure 4 shows the samples’ EBSD inversed pole 

figures (IPF).  The figures also illustrate thickness 

difference of the samples.  EBSD survey area is  250×250 

µm, scan step 10 µm.  The IPF graphs grayscale are 

rendered by I.Q. values, whose rendering scale is 

[min,max] = [500, 2100]. Bright red color means the 

scanning zone has a higher crystal quality. Dark red zones 

are low crystal quality ones  

 
Figure 4: Schematic illustration of Nb Films CED-47 and 

CED-38. Their surface crystal quality was measured by 

EBSD. It indicates the Nb film crystal quality 

progressively evolves by thickening. The square EBSD 

IPFs are the EBSD inversed pole figures of Nb film 

sample CED-47 and CED-38.  EBSD survey area is  

250×250 um, scan step10 um.  IPF grayscales are 

rendered by I.Q. values; Rendering scale is [min,max] = 

[500, 2100].   

 

Table 2 lists some measurable parameters given by TSL 

OIM software (being extracted out of the raw data of 

Fig.4). The table shows the RRR values, an averaged 

figure of merit to evaluate electrical conductivity, or the 

electron-mean free path in the state of normal 

conductivity, increased up from 46 to 136 (~ 3 times) . 

The superconducting transition temperature (Tc) of the Nb 

films increased from 8.95 to 9.2K, which also suggested 

the average crystallographic defect density of Nb film 

being suppressed via a film thickening.   

 

Table 2: Crystal Quality being measured by EBSD. It 

shows crystal quality progressively evolves by thickening 

a Nb film. *C.I. is Confidence Index value; ** I.Q. is 

Image Quality value 

Sample Label  CED-47 CED-38 

Thickness (nm) ~60 ~ 800 

RRR 46 136 

Tc (K) 8.95 9.20 

Avg. C.I.* 0.67 0.90 

Avg. I.Q.** 1121 2101 

Avg. 

Misorientation 

Angle 

0.180 0.150 

 

The table indicates the average confidence index 

changes from 0.67 to 0.9; while the average Image 

Quality has a more obvious change, which is from 1121 
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to 2101 (about 2 times increment). The average 

misorientation angle of the scanning area (250 × 250 

microns), is smaller than that of the thicker film.  But 

such change (0.18 vs. 0.15) is not obvious. It shows the 

EBSD technique is not efficient at revealing small 

misorientation.  

Since the probing thickness of EBSD is only about 

50nm, and all the EBSD parameters relevant to crystal 

quality indicated a trend of progression, it substantiated 

that crystal quality gradually improved as the film 

thickening progressed. Both RSM and EBSD experiments 

demonstrated the top layers crystal quality has less 

crystallographic defect density than that on the interface 

of the Nb film / MgO substrate. 

Investigation of a Single Crystal Bulk Nb 

Coupon Sample at Different Penetration Depths 

by RSM 

Table 3 shows two RSM experimental arrangements 

(2.1 & 2.2), which have different probing depths on bulk 

sample “Nb-SC-01”. Both arrangements were probing 

{110} reciprocal poles (by fixing 2θ110 =38.5
0
 ), at 

different k-space points. 

 

Table 3: Two RSM Experimental Arrangements to 

Measure {110} Reciprocal Points at Different X-ray 

Penetration Depth. Sample label is Nb-SC-01. It is a 

single crystal bulk Nb (100) coupon sample. *minus sign 

means tilting direction; 
#
 it is a spread of multiple sub-

peaks 

Experimental 

Arrangement 
2.1 2.2 

Omega ω (o) 19.28 20.53 

2Theta, 

2θ (o) 
38.551 38.551 

Psi, 

ψ (o) 
83.2 -8.12* 

Phi, 

 (o) 
69.34 0 

X-ray 

Penetration 

Depth 

shallow, 

~ 310 nm 

thick, 

~ 2.75 um 

Spread of ω at 

FWHM, 

Δω (o) 

0.6# 0.1 

Spread of θ at 

FWHM, 

Δθ (o) 

0.2 0.1 

 

Figure 5  shows the experimental RSM graphs of bulk 

sample “Nb-SC-01”. Arrangement 2.1 probes a shallow 

surface with penetration depth about 310 nm. Figure 5(a) 

shows multiple peaks at a reciprocal point {110}, whose 

profile is an asymmetrical, wide-spread, and multi-

centered contour. This RSM plot is far from that of 

perfect crystal. Such a multiple-peak image might be 

explained by formation of subgrains on the surface, with 

each one having a slightly different orientation 

(misorientation angles ~ 0.1
0
). It is known in metallurgy, 

subgrain is a portion of a crystal or grain slightly different 

in orientation from neighboring portions of the same 

crystal. Usually, neighboring subgrains are separated by 

low-angle boundaries. 

 
Figure 5: Experimental RSM graph of bulk sample Nb-

SC-01 as described in Table 3. (a) shallow penetration (b) 

deep penetration. 

 

The image’s obvious deviation from a k-space 

singularity point suggests that the adopted CMP  process 

plus a light BCP process, still produced  a damaged 

surface structure (strain or subgrains) . The subgrains 

maybe gradually misoriented (Spread of ω at FWHM, Δω 

(
o
) = ~ 0.6

0
). 

The set-up 2.2 (high incident angle) probes a thicker 

layer (2.76 microns if all mass is Nb). Figure 5(b) shows 

one peak of reciprocal pole {110}, whose profile is in 

quasi-circular-shape. Its max peak is similar to a 

singularity k-space point. 

The spread of ω and 2θ110 at FWHM, Δω (
o
) and Δ2θ 

(
o
), are both small (~0.1

0
).  Its shape is similar to a 

singularity k-space point, which suggests that bulk 
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structure is close to a perfect crystal, if being compared to 

5(a).  

The deviation of lattice constant (a) on top-surface 

versus that of entire layer is: 

Δa(top-layer)/Δa(entire film)  ~= 0.2/0.1=2/1  . 

The crystal misorientation on the top-surface layer 

versus that of entire layer is: 

Δω (top-layer)/Δω (entire film) ~= 0.6/0.1=6/1. 

Thus, the RSM Figure 5 (a) vs. 5(b) demonstrates that 

the top-layer’s crystal structure of the mirror-finished 

bulk Nb is crystallographically disordered, and top-layer 

crystal structure is inferior to that of the deep layer, 

regarding the intra-grain crystal quality.   

 

Investigation of a Polycrystalline Bulk Nb 

Coupon Sample at Different Penetration Depth 

by RSM 

Table 4 shows two RSM experimental set-ups (3.1 & 

3.2), which have different probing depth on bulk sample 

“Nb-PC-01”. Both arrangements were probing {110} 

reciprocal points (by fixing 2θ110 =38.5
0
 ), but at different 

k-space points.  Because it is a polycrystalline (with poly-

grains) material, it doesn’t matter how to set   or  

angles. 

 

Table 4: Two RSM Experimental Arrangements to 

Measure {110} Reciprocal Points at Different X-ray 

Penetration Depth. Sample label is Nb-PC-01. It is a 

polycrystalline bulk Nb sample.  

Experimental 

Arrangement 
3.1 3.2 

Omega ω (o) 1.5000 19.2755 

2Theta, 

2θ (o) 
38.551 38.551 

Psi, 

ψ (o) 
0 0 

Phi, 

 (o) 
0 0 

X-ray 

Penetration 

Depth 

shallow, 

208 nm 

thick, 

2.62 um 

 

For arrangement 3.1, the X-ray beam probes a shallow 

surface (with penetration depth about 208 nm). The X-ray 

beam sampled the top surface damage layer. Figure 6  

presents the experimental RSM graphs as described in 

Table 4. For the set-up 3.2 (high incident angle), the X-

ray beam probes a thicker layer (2.62 microns).  

Figure 6 (a) and (b) show similar “stripes” in k space, 

which is a typical sign of poly-grain materials, for the 

grains are mis-oriented gradually along the  coordinate. 

Appearance of (a) and (b) are similar, although the stripe 

(a) is quite significantly broader in   direction, and wider 

in the spread of θ110 ( in /2θ coordinate), than that of (b). 

As mentioned previously, a broadening effect of θ110 

implies a larger lattice constant deviation.  Intuitively, the 

plot (a-b) implies that the average crystal quality of deep-

layer Nb is better than that of the surface layer, which 

might still have a damaged area even after being polished. 

It is hard to describe the difference quantitatively. 

Nevertheless, such observation of the spread of the 

“stripe” is consistent with residual surface damage. 

Also note, the averaged FWHM width of θ110 (in /2θ 

coordinate) of Fig. 6(b) is similar to that of 5(b). This 

suggests that in a deep layer far from the surface the 

average crystal quality of polycrystalline Nb-PC-01 is 

comparable to that of the single grain Nb-SC-01. 

 

 
Figure 6: The experimental RSM graphs of bulk 

polycrystalline sample Nb-PC-01 as described in Table 4. 

(a) shallow penetration (b) deep penetration. 

CONCLUSION 

We have shown that an XRD RSM measurement is a 

useful nondestructive technique to measure intra-grain 

crystal quality of  Nb surfaces. By using different X-ray 

penetration depths, crystal quality at different thickness 

can be discerned. This technique is efficient and useful to 

probe SRF materials such as Nb films or bulk single 

crystal small samples.   
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This study confirmed that during a Nb film coating 

process the film thickening process, via energetic 

deposition, can advance crystal quality of a film’s 

topmost surface-layer, which is of greatest interest for 

many applications.  

For an ultra thin film (say << 50nm) , the 

microstructural disorder is largely influenced by the 

interface; by depositing a much thicker film (say, > 1 

µm), the topmost layer of 50 nm may obtain a well 

ordered structure. Such a phenomenon suggests a micron 

thick film coating shall be suitable for SRF cavities.  

The RSM study also confirmed that a mechanical 

“mirror polishing” introduces substantial microstructure 

disorders into the bulk Nb material’s topmost layer.  

Chemical polishing or etching is a way to remove the 

surface damage layer. The particular CMP process plus 

BCP process used on samples here still left a slightly 

damaged surface. Process development feedback from the 

RSM technique described here may guide optimization of 

optimal surface processing of bulk materials in additions 

to thin film materials. A very recent study on high 

temperature treatment of large grain SRF Nb cavity has 

successfully adopted the RSM and Pole Figure techniques 

to reveal the surface structure-properties relationship[21]. 
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STUDY OF NbTi WELDED PARTS 
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J.B. Sirven, CEA/DEN/DPC, Gif sur Yvette, France

Abstract 
Due to its mechanical properties, niobium-titanium alloy 

is widely used to manufacture the flanges of 

superconducting niobium accelerating cavities. The 

material hardness is compliant to provide UHV-tight 

connections with aluminum gaskets or spring-type 

gaskets (Helicoflex). In addition, the alloy can be directly 

welded to the niobium. Because it is also 

superconducting, Nb55%Ti was used for the fabrication 

of the membrane of the original capacitive tuner of the 

IFMIF half-wave resonator. This paper will present 

surface analysis made on NbTi samples after the chemical 

treatment and on a Nb / NbTi weld, in order to better 

understand the experimental RF behavior of the cavity 

with this type of coupler. 

INTRODUCTION 

During the tests of the IFMIF half-wave resonator 

prototype with its capacitive tuner, unexpected quench 

appeared. The RF calculations performed to explain the 

test results pointed out that some watts were dissipating in 

an unknown area. A thermal simulation using the model 

described in [1] demonstrated that a weld between a 

niobium piece and a niobium-titanium one could be the 

cause of the quench [2]: if this one is not homogeneous, 

with the concentration of niobium on some areas lower 

than expected, a small dissipation in the weld could heat it 

up above the critical temperature as this one depends on 

the concentration of niobium in the NbTi alloy [3]. 

Indeed, variation of Tc along the welding seam of 

Nb55%Ti – Nb joint have already been observed on 

XFEL cavities [4]. We wanted to check if we find similar 

feature in our case. 

EFFECT OF THE BCP TREATMENT ON A 

NbTi FLANGE 

The IFMIF HWR prototype is made of high purity 

niobium with a titanium helium vessel. The cavity and the 

vessel are directly welded to the cavity flanges which are 

made of niobium-titanium [5]. The tuner port is also made 

of NbTi. Part of this flange as well as the weld connection 

to the main niobium cavity body is exposed to the RF 

field. Therefore this area is also treated with a buffered 

chemical polishing (BCP). 

After the chemical treatment heavy pitting is observed 

everywhere on the NbTi flange. Moreover these pits have 

oblong shape, all directed from bottom to top. 

A sample of the weld between the niobium-titanium 

flange and the niobium cavity body was observed with an 

optical microscope (Figure 1). The niobium-titanium 

close to the weld is not affected by the BCP treatment like 

the flange material. 

 

 
Figure 1: the weld between a niobium piece and a 

niobium-titanium one observed with a microscope. 

A complementary test was performed to determine if 

the oblong shape of the observed pits is due to bubbles 

traces. A sample of NbTi was machined in the tuner 

flange which was previously removed from the cavity 

body. The already chemically treated surface was 

removed with a milling machine and polished. The piece 

was placed in the acid bath in such a way that the initially 

vertical surface was now placed horizontally. 

The results are presented on Figure 2. The horizontally 

placed surface presents many pits which have the same 

size of the previously observed ones. But their shape is 

round and no more oblong. On the now vertical surface 

(initially horizontal), the pits are much smaller and fewer 

in number. Their shape is oblong with a vertical 

orientation. 

It seems that thetexture and the grain orientation has an 

impact on the way the NbTi material reacts to the 

chemical treatment. Due to the lack of information about 

the metallurgical process - the NbTi material was supplied 

by the manufacturer of the cavity – complementary tests 

 ___________________________________________  
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on reference samples would be performed to confirm 

these results. 

 

 

Figure 2: chemical treatment of the NbTi sample. 

LIBS MEASUREMENTS ON THE WELD 

AREA 

The Laser Induced Breakdown Spectroscopy (LIBS) 

was used to study the materials of the weld area. LIBS is 

a technique for qualitative and quantitative elemental 

analysis of any matter [6,7]. The principle is shown on 

Figure 3: a pulsed laser beam is focused onto the material 

to be analysed creating very hot plasma. Upon 

desexcitation, the plasma emits an emission spectrum 

characteristic of the composition of the material. This 

emitted light is collected and coupled to a spectrometer 

and detector for analysis. The positions of the lines in the 

resulting spectrum obtained gives the elemental 

composition, the intensity of these lines gives the 

quantitative information. 

A portable version exist that can operate in the air, and 

is applicable to large objects [8]. 

 

 
Figure 3: principle of the Laser Induced Breakdown 

Spectroscopy (LIBS). 

Only qualitative measurements were realized. To make 

a quantitative measurement several NbTi calibration 

etalons with well-known concentrations of niobium and 

titanium are required.  

Measurements on NbTi Matrix 

A first set of measurements was performed on the NbTi 

part of the sample. The material was analysed at 25 spots 

forming a 5x5 matrix. The size of each spot is 50 µm 

corresponding to the size of the laser beam. The analysis 

of the results was performed on the emission peak at 410 

nm for niobium and the one at 625 nm for titanium. The 

emission peaks for each material was chosen in the 

material spectrum in such a way that it does not interfere 

with a ray of the other material spectrum. The results are 

presented in Figure 4: the intensity of each peak is plotted 

as the intensity ratio of the titanium peak over the 

niobium peak. Small variations in the local composition 

are observed in the NbTi matrix. 

 

Figure 4: measurements on the NbTi matrix. 

Measurements on the Weld 

Two kinds of analysis were performed: two matrices on 

the weld to determine if this one is homogeneous, and two 

lines starting from the niobium part, crossing the weld 

and finishing in the niobium-titanium part (Figure 5). 

Like in the NbTi matrix, the composition along the 

welding seam also presents small variations in the local 

composition. On the other hand, when looking from the 

seam towards the NbTi matrix, the thermally affected 

zone (TAZ) close to the weld presents a higher 

concentration of niobium than the rest of the NbTi matrix, 

coherent with a thermal diffusion front. 
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Figure 5: LIBS measurements on the weld area. 

EDX MEASURMENTS 

To have a resolution better than 50 µm – resolution of 

the used LIBS apparatus – energy-dispersive X-ray 

spectroscopy (EDX) measurements were performed on 

the sample. A SEM view (x25) and EDX analysis of the 

weld area are presented on Figure 6. The same results 

with a higher magnifying power (x12000) are presented 

on Figure 7 for the middle of the weld, on Figure 8 for the 

NbTi TAZ, and on Figure 9 for the NbTi matrix far from 

the welding seam. 

These results confirm the variation of composition 

across the welding seam, with a diffusion of Nb in the 

TAZ. This variation of composition is expected to 

influence the local TC similarly to what was observed in 

[5].  

 
Figure 6: SEM view (upper left) and EDX analysis on the 

weld area (x25). In red: niobium. In green: titanium. 

In addition, a change of the repartition of the Titanium 

was evidenced: it gathers in the shape of small nodules ~ 

0.5 µm x 0.2 µm large.  

 

 
Figure 7: EDX analysis on the middle of the weld 

(x12000). In red: niobium. In green: titanium. 

 

 
Figure 8: EDX analysis in TAZ (close to the welding 

seam) (x12000). In red: niobium. In green: titanium. 

Proceedings of SRF2013, Paris, France TUP085

06 Material studies

J. Basic R&D Other materials (multilayer, MgB2,. . .)

ISBN 978-3-95450-143-4

661 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 9: EDX analysis in the niobium-titanium matrix 

far from the welding seam (x12000). In red: niobium. In 

green: titanium. 

SUMMARY 

The LIBS and EDX measurements give the same 

results: the composition along the NbTi – Nb weld seam 

is relatively homogeneous at a large scale (> 50 µm). At 

smaller scale, nodules of pure Titanium are found (~0.5 

µm x 0.2 µm large) that probably appeared during the 

solidification of the melted area. Pure Titanium is not 

superconducting and is liable to generate additional losses 

in RF. 

In the thermally affected zone (TAZ) close to the weld 

presents a higher concentration of niobium than the rest of 

the NbTi matrix. This modification of the alloy 

composition is expected to modify locally the critical 

temperature, and can also affect the surface resistance.  

These two phenomena could be the possible source of 

dissipation when the niobium-titanium flange and the 

NbTi – Ti weld seam are exposed to the RF field and 

explain the early quench observed on the IFMIF HWR 

prototype. 
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Abstract
Studies on the application of magnesium diboride 

(MgB2) high-Tc superconducting films have shown 
promise for use with rf cavities. Studies are directed 
towards applying the films to niobium cavities with the 
goal to increase accelerating gradients to greater than 50 
MeV/m. Our current research is directed towards 
depositing MgB2 films onto copper, or other high thermal 
conductivity metal, substrates which would allow future 
cavities to be fabricated as film-coated copper structures. 
We have started atomic layer deposition studies as well as 
coating of thin films of MgB2 on 2-inch copper coupons
using a hybrid physical-chemical vapor deposition 
(HPCVD) technique [1].

INTRODUCTION
Over the last few years there has been research on the 

application of MgB2 films to niobium (Nb) cavities to 
enhance performance because of the higher Tc available 
with MgB2 compared to niobium [2-4]. Most of the 
current interest in the accelerator community is directed 
towards increasing the accelerating gradient beyond the 
50-MV/m limit imposed by the quench field of niobium. 
However, there are properties of MgB2 that might make it 
possible to design and build helium-free superconducting 
systems for storage-ring-based light sources, x-ray free 
electron lasers, and possible industrial and medical linear 
accelerators. Measurements reported by Oates et al. [5]
suggest that a cavity coated with MgB2 film can achieve 
the same surface resistance Rs at 8-12 K that is achieved 
with Nb at 4 K. The goal of this study is to investigate the 
feasibility of designing helium-free superconducting rf
cavity systems using cryocoolers operating in the 8-12 K 
range.

CAVITY AND CRYOMODULE DESIGN
Typically superconducting cw cavity designs require 

about 20 to 60 watts at 4 K if the superconducting 
material is Nb. If MgB2 films can achieve similar surface 
resistances at 8-12 K as those of Nb, then the heat 
removal demand on a cavity cooled with cryocoolers 
would be in the same range. The typical load map for an
RDK-415 Sumitomo cryocooler is shown in Fig. 1. As 
can be seen, the cooling capacity on the second stage of 
the cryocooler over the range of 8 K to 12 K is between 
10 and 20 watts, and is almost independent of the first-
stage temperature over the range of 30 K to 70 K. The 
second-stage cooling capacity is up to 80 watts at 90 K 

and over 40 watts at 60 K. 

RDK-415D Typical Load Map (60 Hz)

Figure 1:  Load lines for a Sumitomo RDK-415 
cryocooler at 60 Hz.

The cavity cell geometry is, of course, independent of 
the cryogenic cooling system. The cryomodule without 
liquid cryogens is considerably simplified. No liquid 
filling ports or internal piping, liquid reservoirs, or 
internal gas piping is required.  An artist’s simplified 
sketch showing a cutaway of a typical 500-MHz, 5-cell 
cavity with the cryocooler connections is found in Fig. 2. 
The second stage is connected to the cavities through 
commercially available thermal links that are fabricated 
with many thin high-conductivity copper foils capable of 
flexing and absorbing motion and differences in thermal 
contraction. The first stages are connected to heat shields 
and other heat intercept points from the room temperature 
flanges. Four cryocoolers are mounted on the cavity 
providing 80 watts of cooling at just over 12 K and 60 
watts at 8 K. The first stages provide 320 watts of cooling 
at 70 K. Less cooling power required by the second stage 
would result in the shield operating at a lower 
temperature.  

Ideally, a high-thermal-conductivity material like 
copper would be best for the cavity. Thermal 
conductivities above 100 W/mK provide enough heat 
removal for temperature differences across the cavity to 
be less than 0.2 K. Copper with an RRR value of 100 has 
a thermal conductivity greater than 1000 W/mK, so the 
temperature variation across the cavity would be reduced 
to the milli-Kelvin range. The thermal conductivity of Nb 
is about 200 W/mK, so even Nb would be usable as a 
substrate if MgB2 cannot be deposited on copper. The 
temperature gradient would be a bit higher across the 
cavity with Nb, but within an acceptable range. The 
thermal links might well provide the largest temperature 
difference between the cavity surface and the second stage 
of the cryocooler. Thermal conductance per link can be as 
high as 13.5 to 15.5 watts/link. The temperature 
difference between the cold head and the cavity would be 

____________________________________________
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about 0.5 K. A more complete analysis using a 3-D heat 
analysis computer code is needed to see if any extra 
elements or added thermal link connections are needed to 
keep the total temperature difference to 0.5 K, or less. 

When all elements in the respective cooling systems are 
included, the electrical utility installation should be 
comparable for both cryocoolers and liquid helium 
systems. The cryocoolers operating at 9-12 K require 7.5 
kW to deliver 20 watts of cooling.  This number is 
comparable to the electrical requirements for a large 
liquid helium system that achieves 500 W/W for a 100 
watt system and 250 W/W for a 1 kW system at 4 K [6].  

 
Figure 2:  A simplified sketch shows a cutaway of a 
typical 500-MHz, 5-cell cavity with the cryocooler 
connections. 

DEPOSITION, COATING AND FILM 
GROWTH CHALLENGES 

Magnesium is volatile and MgB2 decomposes at high 
temperature when not under sufficient Mg vapor pressure. 
The most serious challenge in growing MgB2 films is to 
provide a very high Mg vapor pressure at the growth 
temperature [7]. For growing clean MgB2 films, it is also 
critically important to prevent contamination from oxygen 
and carbon. The hybrid physical-chemical vapor 
deposition (HPCVD) technique [1] effectively satisfies 
these requirements. It provides a high Mg vapor pressure 
by thermally evaporating bulk Mg pieces. Diborane 
precursor gas is the boron source. The ultra-high purity of 
Diborane and hydrogen carrier gas keeps the process free 
from oxygen and carbon contamination. It is also 
compatible to coating curved surfaces. 

Large-Area MgB2 Films by HPCVD  

The original HPCVD system was modified for 2"-
diameter films. In this system, a resistive heater and a 3" 
Mo susceptor were used. To ensure sufficient Mg vapor 
pressure across the 2" substrate, the center of the 

susceptor was slightly cooler than the edge to create a 
temperature gradient that drives the Mg vapor from the 
edge of the susceptor, where it is generated, to the center 
of the substrate. This was achieved by adjusting the radial 
density of the resistive heating element [8]. During the 
deposition a hydrogen carrier gas of 40 Torr with a flow 
rate of 400 sccm was used. The boron source was 5% 
Diborane in hydrogen and a flow rate of 40 sccm was 
used during the growth. The substrate temperature was 
about 720°C. 

Figure 3 is a photograph of a 2"-diameter MgB2 film on 
sapphire substrate. The film was cut into five pieces along 
a diameter, and the properties of these films were 
measured to test the uniformity of the 2" film. The 
thickness variation across the film is about 10%, shown in 
Fig. 4. The zero-resistance Tc of the film is almost 
independent of the location at 39.5 K, whereas the 
residual resistivity changes between 0.

temperature curve for one of the five films cut from the 2" 
film.     

Figure 3: A photograph of a 2"-diameter MgB2 film 
on sapphire substrate. 

 
Figure 4:  Coating thickness variation across the 2"  
MgB2 film. 

 
Figure 5: Variation of Tc and residual resistivity across 
the 2" MgB2 film. 
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Figure 6:  Superconducting transition of a small MgB2 cut 
from the 2" film.

Atomic Layer Deposition of MgB2

Atomic layer deposition (ALD) is a highly conformal 
deposition technique that enables a very high-precision 
level of thickness and composition control on arbitrarily
shaped surfaces. The ability to synthesize by ALD high 
Tc materials [9] such as MgB2 at low temperature would 
represent a breakthrough not only for the synthesis 
community but also for a wide range of applications from 
SRF cavities to magnets and sensors. Traditional 
synthesis or deposition techniques usually require very 
high temperature (>600°C) in very reactive environments 
such as Mg and B vapor. As such, growing high-quality 
superconducting MgB2 at low temperature (<450°C) is a 
real challenge. We have conducted the ALD experiments 
in a homemade ALD system, with in situ monitoring 
(RGA and QCM). After modifying the ALD system to be 
able to handle safely Diborane gas (B2H6), we attempted 
to use Mg(Cp)2 and B2H6 below the decomposition point 
of Diborane (<250°C) without success. Our chemist 
collaborators at IIT suggested using TriEthylBorane 
(B(Et))3 or (B(C5H5))3 as a more reactive source of Boron 
and stable to higher temperature (350°C), relying on the 
combination of both precursor’s organic ligands at high 
temperature to form volatile compounds, as seen 
previously in the literature with other precursors. 
However this attempt did not succeed with Mg(Cp)2.

Changing the approach, we decided to synthesize a 
more reactive Mg precursor. Previous experience of our 
chemist collaborator showed great success in synthesizing 
highly reactive Open Cp compounds of Fe that enabled 
much lower growth temperature by ALD. The synthesis 
of an Open Cp compound of Mg is a challenge in itself;
the crucial synthetic step that is now ongoing is to be able 
to isolate the Open Cp and to check its melting point. We 
are expecting this new precursor very soon and will 
resume the ALD growth study of MgB2.

In parallel to the synthesis effort we have also 
investigated the growth of epitaxial MgO as a potential 
tunnel barrier or nucleation layer for the growth of 
epitaxial MgB2 (001). We found that at a moderate 
temperature of 300°C, as compared to the usual deposition 
techniques (sputtering) that require temperature >600°C, 
we can grow epitaxial MgO (111) on C axis-sapphire. 

SUMMARY
Development of MgB2 and other possible thin film 

technologies makes it possible to operate SRF cavities at 
8-12 K with efficient cryocoolers that provide significant 
benefit with reduced cost. It will eliminate all liquids (He 
and N2), liquid transfer and gas lines, storage tanks, and 
gas compressors. There will not be a need for 
conventional facilities to house this equipment.

CONCLUSION
We have started feasibility studies using MgB2 as a thin 

film superconducting layer on copper using HPCVD and 
ALD techniques. A successful demonstration of MgB2
coating and deposition on copper coupons and follow-up 
rf tests and measurements will potentially pave the way to 
apply these techniques to an accelerating cavity with the 
goal of designing helium-free superconducting rf cavity 
systems using cryocoolers operating in the 8-12 K range. 
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RF TEST RESULTS OF THE FIRST Nb3Sn CAVITIES COATED AT
CORNELL∗

S. Posen† and M. Liepe
Cornell Laboratory for Accelerator-Based Sciences and Education, Ithaca, NY

Abstract

Breakthrough performance levels were achieved for a

1.3 GHz single cell cavity that was fabricated, coated with

Nb3Sn, and tested at Cornell. Unlike previous Nb3Sn cav-

ities, this cavity showed minimal Q-slope up to medium

fields. This disproves speculation that the Q-slope in previ-

ous cavities was caused by vortex dissipation for B > Bc1,

as surface fields far higher than the measured Bc1 for this

cavity were reached. At 2 K, quench occurred at ∼55 mT,

apparently due to a defect, so additional treatment may

increase the maximum gradient to even higher fields. At

4.2 K, at ∼12 MV/m, the cavity achieved Q0∼1×1010, ap-

proximately 20 times higher than niobium at this temper-

ature. This makes it the first accelerator cavity made with

an alternative superconductor to far outperform niobium at

useable gradients.

INTRODUCTION

SRF researchers have been highly effective at finding

preparation methods that suppress performance-limiting

effects in niobium particle accelerator cavities. Now cav-

ities are regularly produced that operate very close to the

fundamental limits of niobium: they have surface resis-

tances Rs very close to the ideal BCS value at operating

temperatures, and they reach maximum surface magnetic

fields very close to the superheating field Bsh. To continue

to keep up with continually increasing demands of future

SRF facilities, researchers have begun a significant effort

to develop alternative materials to niobium, materials with

smaller Rs and/or larger predicted Bsh.

Nb3Sn is one of the most promising alternative SRF ma-

terials. Because it has a high critical temperature Tc of

∼18 K, compared to 9.2 K for niobium, its RBCS at a

given temperature is much smaller. This makes the ma-

terial ideal for continuous wave (CW) linacs: benefits in-

clude a smaller and simpler cryogenic plant, the possibility

of 4.2 K operation (no superfluid; atmospheric operation),

and higher cost-optimum accelerating gradients in CW op-

eration. Its predicted Bsh is nearly twice that of Nb, up to

∼400 mT depending on the material parameters used for

the calculation. This makes the material ideal also for high

energy linacs: it would allow Nb3Sn cavities to operate at

higher accelerating gradients than Nb cavities, and there-

fore fewer cavities would be required.

∗Work supported by NSF Career award PHY-0841213, DOE award

ER41628, and the Alfred P. Sloan Foundation.
† sep93@cornell.edu

In the seventies, Siemens AG developed a method to fab-

ricate Nb3Sn coatings via vapor diffusion, which produced

excellent RF results [1]. The University of Wuppertal ap-

plied this coating mechanism to particle accelerator cavi-

ties, achieving very small Rs at low fields, but their cavi-

ties showed a strong Q-slope. The Q vs E curve of one of

the best cavities produced by University of Wuppertal and

tested at JLab is shown in Fig. 1 [2].

Figure 1: Q vs E curves at 2 K and 4.2 K for one of the best

Nb3Sn cavities produced by U. Wuppertal [2]. The approx-

imate values for a Nb cavity are shown for comparison.

Various causes for the Q-slope were suggested, such as

intergrain losses, imperfect stoichiometry [3], and dissipa-

tion due to vortex penetration beginning at the lower criti-

cal field Bc1 [4]. As a result, it has been unclear whether or

not this Q-slope behavior is fundamental to Nb3Sn. In a re-

cent historical review, Kneisel called finding the answer to

this question and determining the origin of the Q-slope “the

next important steps” for Nb3Sn [5]. More importantly, if

vortex penetration at Bc1 were unavoidable, then bulk al-

ternative SRF materials in general—which tend to have rel-

atively small Bc1 values—would be severely limited in the

fields they could reach without strong dissipation. There is

an energy barrier to vortex penetration, which for an ideal

surface prevents strong vortex dissipation up to the super-

heating field Bsh [6], but small defects with size on the

order of the coherence length ξ can decrease it. Other al-

ternative materials also tend to have relatively small ξ, so

the possiblity of vortex penetration above Bc1 has been a

serious concern.

Cornell University is now leading the program for new

R&D efforts on Nb3Sn SRF cavities. In 2009, Nb3Sn de-

velopment at Cornell began with the design, fabrication,
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and commissioning of a small coating chamber for sam-

ples. After establishing the capability to repeatably pro-

duce Nb3Sn films of sufficiently high quality for cavity

RF surfaces [7], Cornell researchers began work on a large

coating chamber for single cell 1.3 GHz cavities, shown in

Fig. 2. The first cavity coated showed unusually high Rs in

one half cell during RF testing (determined by temperature

mapping). The poorly performing half cell continued to

show excess losses even after removing the coating and re-

peating the coating cycle with the cavity upside down (dif-

ferent orientations during cooldown were also attempted).

The poor performance was therefore attributed to problems

with the niobium half cell substrate. The performance of

the second cavity coated at Cornell will be presented here.

Figure 2: Cross-section of coating chamber (left), coating

chamber being lowered into furnace (center), and UHV fur-

nace with chamber inside (right).

RF MEASUREMENTS
ERL1-4, a 1.3 GHz Cornell ERL-shaped (similar to

TESLA shape) single cell cavity, was coated with Nb3Sn

via thermal vapor diffusion. Visually, the Nb3Sn surface is

a darker gray than niobium, and it is matte rather than shiny,

as shown in Fig. 3. After the coating process it was treated

with only an HPR before mounting to a vertical test stand

for cryogenic performance test. The cavity was cooled at

a very slow rate, � 6 min/K, as specified by Wuppertal re-

searchers, to reduce trapped flux due to thermocurrents [2].

The Q vs E curve of ERL1-4 is shown in Fig. 4, along

with that of the Wuppertal cavity from Fig. 1 for com-

parison. Overall, the performance is excellent. Unlike the

cavities produced by Wuppertal, it does not show a strong

reduction in Q0 above 5 MV/m. At 4.2 K, at medium fields

the Q0 is up to approximately 10 times higher than that of

the Wuppertal cavity, and approximately 20 times higher

than a niobium cavity. At 2 K, the Q0 is only slightly

higher, indicating that residual resitance dominates over

BCS, with very low Rres value of ∼9 nΩ, similar to most

Wuppertal cavities [2]. Above 9 MV/m, due to its relatively

flat Q0, ERL1-4 has a higher Q0 than even this exceptional

Wuppertal cavity at 2 K.

The cavity was first tested at 4.2 K, and no hard limit

Figure 3: Coated cavity (left); view looking down into cav-

ity before (top right) and after coating (bottom right).
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Cornell ERL1-4, 2.0 K
Cornell ERL1-4, 4.2 K

Figure 4: Q vs E curve from the new Cornell Nb3Sn cav-

ity, showing a small residual resistance at low fields and a

large improvement in Q0 at usable gradients over one of

the best U. Wuppertal cavities. Uncertainty in Q and E is

approximately 10%.

was reached, but at the highest fields shown, there were in-

dications that the cavity might quench soon: a sharp drop

in Q0 (reminiscent of Q-switch) on the order of 10%. To

avoid quench—which traps flux at the quench site and re-

quires a new slow cooldown for additional testing without

Q0 reduction—the 4.2 K test was stopped and the cavity

was cooled to 2 K. At 2 K, the limitation was quench at ap-

proximately 55 mT, which was again preceeded by a sharp

drop in Q0, as well as pre-heating on the temperature map.

The pre-heating was highly localized, as shown in Fig. 5.

After quench, the same area showed further increased heat-

ing, which is consistent with this being the quench loca-

tion: locally the temperature spikes to near or above Tc

during quench, then cools rapidly back to the helium tem-

perature, trapping lossy flux due to thermocurrents. Our
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observations suggest that the limitation is a defect that be-

comes normal conducting when the Q0 drop occurs, and

triggers thermal breakdown at slightly higher fields. The

dominance of this spot on the temperature map shows that

this is a local problem—a defect—not a global problem

with Nb3Sn. Furthermore, though it was accompanied by

a large decrease in Q0, the Wuppertal cavity reached sig-

nificantly higher CW fields than ERL1-4, so the limitation

cannot be attributed to a fundamental problem with Nb3Sn.

Before quench, Eacc = 13 MV/m, Q0 = 1x1010

After quench, Eacc = 9 MV/m, Q0 = 6x109

Figure 5: Temperature maps (which show the heating of

the outer cavity surface relative to the helium bath) before

quench, close to the quench field (top) and after the first

quench (bottom). The region of strong localized heating is

circled. Notice the difference in scale between the top and

bottom.

Q0 was measured as a function of temperature, as shown

in the left side of Fig. 6. There was no sign of Q0 change

near the Tc of niobium, 9.2 K, indicating excellent Nb3Sn

coverage of the surface. The high-temperature range is

highlighted in the inset, from which a Tc of 18.0± 0.1 K is

measured. Q0 was converted to an estimated average sur-

face resistance via Rs = G/Q0, where G is the geometry

constant of the cavity. The resulting Rs vs T data was fit

using a polymorphic BCS analysis [8]. The fit is shown in

the right side of Fig. 6, and the fit parameters and derived

values are summarized in Table 1. Δ/kBTc and Bc are in

good agreement with literature values.

Table 1 lists the material parameters obtained from the

Rs(T ) fit, together with additional parameters calculated

from the fit parameters using Ginzburg-Landau theory. The

so obtained Bc1 value agrees well with a Bc1 measure-

ment performed with μ-SR by A. Grassellino et al [9] on

a Nb3Sn witness sample produced by Cornell. Figure 7
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Figure 6: Q vs T measured with phase lock loop (PLL) or

with network analyzer (NA) with weak coupling such that

the Q0∼QL (left); Rs vs T from PLL data and polymor-

phic BCS fit (right).

compares Bc1 to the Q vs B data, showing that the cav-

ity far exceeds Bc1 without a significant increase in surface

resistance. This is important, as it shows that vortex pene-

tration does not occur at Bc1 for bulk films of superconduc-

tors with small coherence length. The energy barrier keeps

Meissner state metastable, even with the small ξ of Nb3Sn.

The Q-slope seen in the Wuppertal cavities therefore does

not represent a fundamental problem for alternative SRF

materials.

0 20 40 60 80108
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Figure 7: Q vs B curves of the Cornell and Wuppertal cav-

ities. In green is the Cornell cavity’s Bc1 = 27 ± 5 mT,

which the cavity clearly exceeds without any indication of

vortex dissipation.

CONCLUSIONS
Exceptional SRF performance was observed in tests of

a new Nb3Sn cavity at Cornell. At 2 K, the surface mag-

netic field reached 55± 6 mT, far exceeding Bc1 = 27± 5
mT without any sign of vortex penetration. This dis-

proves spectulation that the Q-slope observed in previous

Nb3Sn cavities was an inevitable result of exceeding Bc1.

The gradient was quench limited at a defect, and there is

no indication of any fundamental mechanism that would

TUP087 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

668C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Material studies

J. Basic R&D Other materials (multilayer, MgB2,. . .)



Property Value Derivation

λL(0) [nm] 89± 9 [10], 10% uncertainty assumed

ξ0(0) [nm] 7.0± 0.7 [10], 10% uncertainty assumed

Tc [K] 18.0± 0.1 observed from Q vs T
Δ/kbTc 2.4± 0.1 fit to Q vs T
l [nm] 3.7± 0.5 fit to Q vs T

Rres [nΩ] 9± 2 fit to Q vs T

λeff(0) [nm] 150± 20 λL

√
1 + ξ0

l [11]

ξGL(0) [nm] 3.2± 0.2 0.739
[
ξ−2
0 + 0.882

ξ0l

]−1/2

[12]

κ 47± 6 λeff/ξGL [11]

Bc(0) [T] 0.47± 0.6 φ0

2
√
2πλeffξGL

[11]

Bc1(0) [T] 0.027± 0.005 Bc
lnκ√
2κ

[11]

Bsh(0) [T] 0.39± 0.05 Bc

(√
20
6 + 0.5448√

κ

)
[6]

Table 1: Measured and Calculated Properties of the Nb Sn film [13]3

prevent future Nb3Sn cavities from reaching even higher

fields. Future research on preparation methods to achieve

better Nb3Sn surfaces can be expected to overcome non-

fundamental limitations as they have in niobium, allow-

ing fields close to Bsh∼400 mT to be reached. Even with

the current performance achieved, Nb3Sn now becomes a

promising alternative material for certain future accelera-

tors, as at usable accelerating fields ∼12 MV/m, we have

shown that at 4.2 K Nb3Sn cavities can achieve a Q0 of

1010, ∼20 times higher than niobium.
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Abstract 

For the past three decades, bulk niobium has been the 

material of choice for SRF cavities applications. RF 

cavity performance is now approaching the theoretical 

limit for bulk niobium. For further improvement of RF 

cavity performance for future accelerator projects, 

Superconductor – Insulator - Superconductor (SIS) 

multilayer structures (as recently proposed by Alex 

Gurevich) present the theoretical prospect to reach RF 

performance beyond bulk Nb, using thinly layered higher-

Tc superconductors with enhanced Hc1. Jefferson Lab 

(JLab) is pursuing this approach with the development of 

NbTiN and AlN based multilayer SIS structures. This 

paper presents the results on the characteristics of NbTiN 

films and the first RF measurements on NbTiN-based 

multilayer structure on thick Nb films. 

SIS MULTILAYER APPROACH FOR SRF 

CAVITIES 

 A few years ago, a concept was proposed by A. 

Gurevich [1] which would allow taking advantage of 

high-Tc superconductors without being penalized by their 

lower Hc1. The idea is to coat superconducting radio-

frequency (SRF) cavities with alternating 

superconducting and insulating layers (SIS structures) 

with a thickness d smaller than the penetration depth λ 
(figure 1). If the superconducting film is deposited with a 

thickness d <<λ, the Meissner state can be retained at a 

magnetic field much higher than the bulk Hc1. The strong 

increase of Hc1 in films allows utilization of RF fields 

higher than the critical field Hc of Nb but lower than those 

at which the flux penetration may create a problem. The 

thin higher-Tc layers provide magnetic screening of the 

bulk superconducting cavity preventing vortex 

penetration. The BCS resistance is also strongly reduced 

because the superconducting materials used have higher 

gap Δ (Nb3Sn, NbTiN …) than Nb. With such structures, 

Q-values at 4.2 K could be increased two orders of 

magnitude above Nb values.  

If a 50 nm Nb3Sn layer is coated on a bulk Nb cavity 

with an insulating interlayer and if the Nb cavity can 

sustain fields up to 150mT, this structure could potentially 
sustain external magnetic fields of about 320mT and 

therefore reach accelerating gradients without precedent. 

CANDIDATE MATERIALS 

Superconductor: NbTiN  
Although A15 compounds such as Nb3Sn have a higher 

Tc, the Nb B1-compounds are less sensitive to radiation 

damage and crystalline disorder. 

B1-compounds have a NaCl structure where metallic 

atoms form a face centred cubic (fcc) lattice and non-

metallic atoms occupy all the octahedral interstices. These 

compounds are characterized by the fact that they always 

have a certain amount of vacancies, usually distributed 

randomly throughout the lattice [2]. The superconducting 

properties of B1 compounds are very sensitive to 

deviation from stoichiometric composition.  

The ternary nitride NbTiN is the B1-compound with the 

highest critical temperature, 17.8 K.  

The phase diagram of the binary system Nb-N up to 

N/Nb=1 includes many different phases [3, 4], 

characterized by different Tc [5]. The B1-NbN 

superconducting phase of interest (cubic δ-phase, a=4.388 

Å) is only thermodynamically metastable at room 

temperature. The Tc is very sensitive to the nitrogen (N) 

stoichiometry and NbN suffers from a high resistivity due 

to the presence of both metallic and gaseous vacancies 

randomly distributed in both sub-lattices, in amount of 

1.3% respectively. The equi-atomic composition is 

Nb0.987N0.987[6]. 

 

Figure 1: The SIS multilayer concept. 
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The ternary nitride NbTiN presents all the advantages 

of NbN and exhibits increased metallic properties with 

higher titanium (Ti) percentage. Ti is a good nitrogen 

getter, so the higher the Ti composition, the lower the 

number of vacancies. In contrast with NbN, the B1-TiN 

phase is stable at room temperature (Tc=5 K, a=4.24 Å). 

The two nitride phases are completely miscible resulting 

in a superconducting ternary NbTiN cubic phase which 

remains thermodynamically stable at room temperature 

[7]. The Tc is slightly higher for NbTiN but as for NbN, 

N stoichiometry is critical to obtaining the right 

superconducting phase.  

Some of the common techniques used to produce 

NbTiN are reactive magnetron sputtering [8] and high 

impulse magnetron sputtering [9].  

Insulator: AlN 

AlN is an insulator that is extensively used for its 

dielectric and piezo-electric properties for multilayer 

terra-hertz (THz) mixers and surface acoustic wave 

sensors. It can be grown with a wurtzite (hexagonal close-

packed, a=3.11 Å, c=4.98 Å) or sphalerite (B1 cubic, a= 

4.08 Å) structure (figure 3). 

AlN has been found to enhance the superconducting 

properties, such as Tc, of NbN and NbTiN, in particular 

for very thin films [10]. AlN’s thermal conductivity (3.19 

W/cm2 at 300 K) is comparable to Cu (4.01 W/cm2). 

EXPERIMENTAL METHOD 

This study uses an ultra-high vacuum (UHV) multi-

technique deposition system tailored to in-situ multilayer 

depositions and described elsewhere [12].  

Multiple sample holders are available on the main 

chamber to allow the simultaneous deposition of witness 

samples to probe the quality and properties of the 

individual layers and allow the variation of deposition 

parameters during the same deposition run. All sample 

stages can be heated up to 800 °C and are equipped with 

shutters to allow the deposition in the same run of 

multiple sets of samples with different parameters, 

ensuring directly comparable environmental conditions. 

 NbTiN films are grown on various substrates (Nb, 

MgO (100), AlN ceramics) and at various temperatures by 

DC reactive sputtering with an 80w. % Nb/ 20w. % Ti 

target. Table 1 summarizes the typical coating parameters 

and properties for NbTiN films. 

Table 1: Tc for NbTiN Films at Various Coating 

Temperature 

 NbTiN 

N2/Ar 0.23 

Total Pressure [Torr] 2x10
-3

 

Sputtering Power [W] 300 

Deposition rate [nm/min] 22 

 

AlN films are produced with reactive sputtering of an 

elemental Al (99.999%) target. The AlN films are fully 

transparent and exhibit the B1 cubic structure. The 

corresponding deposition conditions are reported in table 

2. 

Table 2: Coating Parameters for AlN 

 AlN 

N2/Ar 0.33 

Total Pressure [Torr] 2x10
-3

 

Sputtering Power [W] 100 

Deposition rate [nm/min] 3 

The films produced are then analysed with different 

techniques. The crystallographic characteristics of the 

layers are probed via by -2 x-ray diffraction with Cu 

K radiation. Tc measurements are conducted via the 

four-point probe method on a multi-sample measurement 

setup using calibrated CERNOX thermometer s 

(sensitivity: 50 mK). RF measurements are conducted on 

50  mm disk samples coated simultaneously with a 7.5 

GHz TE011 sapphire loaded cavity (SIC) [10]. 

NBTIN FILMS 

The substrate dependence of the crystallographic 

structures of NbTiN films by XRD analysis was 

investigated. The films deposited on crystalline substrate 

such as MgO (100), Al2O3 (1-210) and epitaxial w-AlN 

(0001) on sapphire exhibit relatively good structure [11]. 

Good quality films with a structure corresponding to the 

-phase are produced with various thicknesses. The 

results are reported in figure 3 and table 3 for films 

deposited on MgO (100). The best Tc, 16.95 K, was 

obtained for a 1.6 m NbTiN film. Hc1 measurements by 

Squid magnetometry are also under way on this series of 

films. 

 

Figure 2: Setup in the UHV multi-technique deposition 

system main chamber. 
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Table 3: Transition temperatures as a function of 

thickness for NbTiN films grown on MgO (100). 

 NbTiN/MgO (100)   

Thickness [nm] Tc [K] Tc [K] aÅ

10 12.11 0.91 4.3487 

35 16 0.39  

50 15.97 0.16 4.3644 

100 16.57 0.21 4.3657 

1625 16.95 0.06 4.3618 

 

(a)  

(b)  

(c)  

Figure 3: XRD Bragg-Brentano (2) spectra for NbTiN 

coated on MgO (100) with a thickness of  (a) 50 nm, (b) 

100 nm and (c) 1.6 m. 

NBTIN/ALN STRUCTURES 

SIS structures based on NbTiN and AlN have been 

coated at 450°C in-situ on bulk Nb and Nb/a-Al2O3 

substrates after a 24 hour-bake at 600 °C. The samples are 

then annealed at 450 °C for 4 hours. 

 NbTiN/AlN on Nb Thick Film 

 Figure 4 shows the surface resistance measurement of 

an NbTiN/AlN structure coated on a thick Nb film. The 

film used as a substrate was coated ex-situ by energetic 

condensation [11]. The multilayer structure shows a 

suppressed Tc of about 8 K for the Nb film where it was 

previously measured at 9.3 K. This is most likely due to 

oxygen diffusion resulting from the oxide layer reduction 

during the 600 ˚C bake-out. Other multilayer structures 

have been coated on ECR films previously characterized 

with the SIC setup at lower bake-out and coating 

temperatures and are waiting to be measured. To avoid 

the diffusion of oxygen into the Nb film during bake-out, 

one can remove the Nb oxide layer by in-situ plasma 

etching. Another solution is to coat both the Nb film and 

SIS structure in-situ. This will be implemented in the near 

future. 

 NbTiN/AlN on Bulk Nb Substrate 

A similar structure was deposited on a single crystal 

bulk Nb substrate. The structure was examined by -2 x-

ray diffraction with Cu K radiation. The scan shows 

reflections for Nb (100) and (200), AlN (111) and NbTiN 

(111). The lattice parameters a0 are respectively 3.301 Å, 

4.041 Å and 4.330 Å for Nb, AlN and NbTiN.  

 

Figure 4: Surface resistance as a function of temperature 

for NbTiN/AlN structure coated on ECR Nb film 

measured in the SIC setup. 
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Figure 5: TEM image of a FIB cut NbTiN/AlN/Nb 

structure. 

A cross-section sample has been cut by FIB (focused 

ion beam) and observed by TEM. The TEM cross section 

(figure 5) reveals polycrystalline NbTiN and AlN layers 

with sharp interfaces.  

 Figure 6 shows the loaded quality factor for the SIC 

measurement with the NbTiN/AlN/Nb bulk sample. It 

reveals two transitions at about 9.2 K for bulk Nb as 

expected and at 16 K the NbTiN layer. Further 

measurements are on the way for the surface resistance of 

this sample [13]. 

 CONCLUSION 

 JLab in collaboration with surrounding universities 

(College William & Mary, Old Dominion University, 

and Norfolk State University) is pursuing the 

opportunity to create SIS multilayer structures 

following the concept proposed by A. Gurevich for 

overcoming the fundamental bulk material 

limitation, Hc1. This has the potential to create viable 

superconducting RF cavity surfaces that will reduce 

the cost framework of SRF accelerators, reach higher 

gradients, and allow operation of SRF structures at 

4K. 

 Good quality NbTiN and AlN films have been 

produced by DC reactive sputtering. The first 

multilayer structures have been deposited and are 

under analysis. 

 NbTiN based multilayer structures are analysed on 

thick Nb films and Nb bulk. 
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Figure 6:  Quality factor as a function of temperature for 

NbTiN/AlN/Nb (bulk) measured in the SIC setup. 
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THERMAL SIMULATIONS FOR THE MULTI-LAYER COATING MODEL

Fanbo Meng, IHEP, Beijing, China
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Alexander S. Romanenko, Fermilab, Batavia, USA

Abstract
Thermal simulations for the multi-layer coating model

has been developed based on previous work of a finite d-

ifference thermal feedback code. RF field-attenuation for-

mula for the multi-layer coating model has also been in-

cluded. The temperature distribution along different super-

conducting layers under applied magnetic fields has been

calculated with various superconducting material parame-

ters.

INTRODUCTION
Technology of fabricating superconducting cavity with

Nb has been developed for several decades. Recently two

9-cell cavities made from large grain Nb reached 45MV/m

at DESY which has increased the high gradient record [1].

The room for further gradient increase is limited by the the-

oretical boundary of Nb 60MV/m, because the thermody-

namic critical field of Nb is about 200mT [2]. An idea to

enhance the RF breakdown field of superconducting cav-

ities by multilayered nanoscale coating is proposed by A.

Gurevich in 2006 [3]. The simple model consists of an

alternating superconducting layer (S) and an insulator lay-

er (I) that both deposited on the Nb bulk. Based on this

model, the formulae that describes the RF electromagnet-

ic field attenuation for each layer has been derived from

a calculation with the Maxwell equations and the London

equation [4].

The thermal feedback code is developed to calculate the

thermal performance of Nb bulk with pit-like defect [5].

Different from the traditional Nb bulk, in the multilayer

structure the Nb bulk is covered by the insulator layer I and

the alternating superconducting layer S . Both of the two

layers are thin and have the different thermal conductivity

from the Nb. By the modification of the previous code, the

new program can be used for multilayer structure. On the

other hand, with the help of the electromagnetic field atten-

uation formulae the magnetic field in each layer is easy to

calculate, and then the temperature distribution of the mul-

tilayer model in certain magnetic field can be revealed by

the new code.

THERMAL FEEDBACK CODE FOR
MULTILAYER COATING MODEL

To simplify the calculation, the multilayer coating model

in this code is adopted to be a cylinder disk which consists

of three layers. From top to bottom, it is alternating super-

conducting layer, insulator layer and Nb layer as shown in

Fig. 1. In this case, this model is an axial symmetry struc-

ture. So it is only need to calculate the temperature distri-

bution on the cross-section, and the problem is reduced to

solving 2D finite difference thermal equation. On the top

surface of the model, the magnetic field is assumed to be

parallel to the layers. Since the magnetic field can pene-

trate from the top layer to the bottom layer, to neglect the

dielectric loss in the middle layer, the heat will generate in

both top layer and bottom layer. The 2K liquid He is as-

sumed to surround the bottom and brim of the multilayer

disk to export heat from the disk. When the heat export e-

Figure 1: The multilayer model for thermal simulation. A-

long with positive direction of z axis, it is S layer, I layer

and Nb layer successively. It should be emphasized here,

that the temperature distribution figures below are plotted

as an inversion of this model.

quals to the heat generation, the thermal system will get in-

to a balance state, and then the temperature distribution on

the cross-section can be calculated. The thermal conductiv-

ity of the Nb layer is temperature dependent. The thermal

conductivity of the coating layers is constant in considera-

tion of the nanoscale coating thickness. The heat transport

between the disk and the liquid He depends on the Kapitza

conductance. The mesh is important in this code, for the

two coating layers are much thinner than the Nb layer. The

‘linear increase mesh’ method is used in vertical direction,

in that way the vertical dimension of the mesh will increase

in constant proportion to reduce the total number of the ele-

ments, to make a balance between the calculation accuracy

and the running time.

MAGNETIC FIELDS IN THE MODEL
Before the thermal calculation, the magnetic field atten-

uation relation in each layer should be got, which can be

used to calculate the heat generation of the multilayer mod-
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el. Thanks to Takayuki Kubo’s job, the magnetic field for-

mulae in each layer can be described as bellow [6]

BI = B0

λ1cosh
dS−x
λ1

+ (λ2 + dI)sinhdS−x
λ1

λ1cosh
dS
λ1

+ (λ2 + dI)sinhdS
λ1

, (1)

BII = B0
λ1

λ1cosh
dS
λ1

+ (λ2 + dI)sinhdS
λ1

, (2)

BIII = B0

λ1e
− x−dS−dI

λ2

λ1cosh
dS
λ1

+ (λ2 + dI)sinhdS
λ1

. (3)

Here, B0 is magnetic field applied on the surface of the

model. BI, BII, and BIII are magnetic fields in layer S ,

I, and Nb respectively. λ1 and λ2 are London penetration

depth for S layer and Nb layer. dS and dI are thickness of

the coating layer S and I. The materials used for S layer

is assumed to be Type II superconductor λ1 � ξ1, and the

S layer thickness is larger than the coherence length dS �
ξ1. Note that the S layer of our model is not necessarily a

thin film, hence the discussion below can be applied to any

S layer with arbitrary thickness dS � ξ1 [6].

As the description above, BII is the magnetic field in the

middle layer which is a constant along the depth. At the

same time, BII is still the field applied on the surface of the

Nb layer that caused the heat generation on the Nb surface.

For convenience, BII can be indicated as BII = β ·B0, here

β =
BII

B0
=

λ1

λ1cosh
dS
λ1

+ (λ2 + dI)sinhdS
λ1

(4)

is defined as magnetic field attenuation factor. Since the

heat of the superconductor surface is caused by Ohm loss,

the heat generation on the S layer and Nb layer can be

described as Qs = 1
2RsH

2
0 , Qs = 1

2Rs(βH0)
2, where

Rs=RBCS (BCS resistance)+Rres (residual resistance). It

can be found that β is important in our simulation. For dif-

ferent materials, to take their character parameters into the

equation (4), β can be computed , and then be inputted into

our code for the thermal calculation.

SIMULATION RESULTS FOR THE
MODEL

Model with thin Coating Thickness
In the simulation, Nb3Sn is used as the materials for the

S layer, hence λ1 = λNb3Sn = 60nm. The London pen-

etration depth of Nb is 50nm, so λ2 = λNb = 50nm [6].

To make a comparison, there two kind of materials used

for I layer, AL2O3 and MgB2. The thermal conductivity

of AL2O3 and MgB2 are 1W/m-K and 0.07W/m-K re-

spectively [7, 8]. In the first case, the thickness of S layer

and I layer is chosen as 60nm and 90nm (dS = 60nm,

dI = 90nm). Take λ1, λ2, dS and dI into the equation(4),

then we can get β = 0.2334. The surface magnetic field is

used as 150mT. The temperature distribution for this case

is shown in Fig. 2. Since the coating thickness is only

nanoscale, the vertical axis is plotted in log coordinate for
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Nb3Sn−Al2O3−Nb temperature distribution
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(m
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a) temperature distribution of Nb3Sn-Al2O3-Nb model

dS = 60nm, dI = 90nm, KAl2O3 =1W/m-K

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

x 10−3
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10−5

10−4

10−3

Nb3Sn−MgB2−Nb temperature distribution
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2.2
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2.3

b) temperature distribution of Nb3Sn-MgB2-Nb model

dS = 60nm, dI = 90nm, KAl2O3 =0.07W/m-K

Figure 2: Two temperature distribution with different I
layer materials. The highest temperature of two model are

same as 2.34K. The thickness of the whole model is 3mm,

and the disk radius is 5mm. For a better view, the vertical

axis is shown in log coordinate.

a clear view of the distribution. From the comparison of

the two results, the highest temperature on the surface is

the same as 2.34K in the two pictures, though the thermal

conductivity of AL2O3 is much larger than the MgB2.

Model with Thick I Layer
In the second case, we can increase the thickness of the

coating layer. For the convenience of comparison the thick-

ness of S layer is fixed, and then the thickness of I layer

is increased into micronscale, such as 8um. Because of

the change of thickness, β will decrease to 0.0063. Fig.

3 shows the new calculation results. The highest tempera-

ture of Nb3Sn-MgB2-Nb model is 2.6K, which is larg-

er than 2.3K the temperature of the model with Al2O3

I layer. Compare to the case one, with the increase of

I layer thickness, the temperature of Nb3Sn-MgB2-Nb
model rises quickly. On the other hand, the temperature

of Nb3Sn-AL2O3-Nb model maintains at the same val-

ue 2.34K as before, due to the high thermal conductivity

of I layer. Here it can be found that, with the increase of

I layer thickness, the thermal conductivity of I layer will

play a more important part in the temperature rise. In other

words, when the thickness is in micronscale the low ther-

mal conductivity will induce a quick temperature rise under

the same surface magnetic field. It is easy to understand,
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this conclusion is also useful to the S layer. For the ther-

mal performance, the thinner the coating thickness is, the

better the multilayer model will be.
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a) temperature distribution of Nb3Sn-Al2O3-Nb model

dS = 60nm, dI = 8um, KAl2O3 =1W/m-K
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b) temperature distribution of Nb3Sn-MgB2-Nb model

dS = 60nm, dI = 8um, KAl2O3 =0.07W/m-K

Figure 3: Two temperature distribution with thick I lay-

er. When the thickness of I layer is 8um, due to the low

thermal conductivity of MgB2, the highest temperature

of Nb3Sn-MgB2-Nb model reaches 2.6K, while that of

Nb3Sn-AL2O3-Nb model still maintains at 2.34K.

Model with low hermal onductivity
In the third case, we should forget the real material-

s parameters and just consider this model in theory. The

Nb3Sns parameters are also used in S layer, but the thick-

ness is increased to 300nm. In I layer, the thickness is

600nm and the thermal conductivity is 0.005 W/m-K. Here

β is computed to 0.0011. As shown in Fig. 4, the tempera-

ture on the surface is up to 2.75K. Futher increase the thick-

ness of layer or decrease the thermal conductivity of layer,

the top layer will lose superconducting which we called

quench. So it should be taken a comprehensive considera-

tion in choosing coating thickness and thermal conductivi-

ty.

SUMMARY
The 2D thermal feedback code introduced in this paper

is a tool to analysis the thermal performance of the multi-

layer coating model. The coating thickness and the thermal

conductivity of the coating layer are important parameter-

s in calculating the temperature rise of the model. If the

coating thickness is near micronscale and the thermal con-

ductivity is low, the temperature rise on the S layer will be

a limitation to achieve the high surface magnetic field. For

the real multilayer coating structure does not have only one

S layer or I layer, the thermal simulation for more complex

model need to be developed in the future.
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Figure 4: Temperature distribution with low thermal con-

ductivity. The highest temperature reaches to 2.75K, as a

result of low thermal conductivity of I layer.
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Abstract 
A compact Energy Recovery Linac (cERL) is under 

construction at KEK in order to test the performance of 

the key components required for the future ERL project. 

The main linac L-band cavities were assembled and tested 

in the cryomodule under high power operation. During 

the test, information concerning field emission were 

gathered by using PIN diodes rings and NaI scintillator 

located at the cavities ends. With Si PIN diodes, it is 

possible to observe the radiation pattern produced by field 

emission, inferring the meridian where the emitter 

belongs. On the other hand, the bremsstrahlung spectra 

recorded with the scintillator allow estimation of the 

longitudinal emitter location. The data were analyzed by 

means of simulations, taking into account the cavities 

operating conditions and interactions between the 

accelerated electrons and the cavity surface. The resulting 

information are used to monitor the cavity performance 

and to deduce a possible emitter location. 

 

INTRODUCTION 
A compact Energy Recovery Linac (cERL) is under 

construction at KEK in order to proof the performance of 

the key components required for the future ERL project 

[1], in figure 1 is shown a schematic view for cERL. Two 

L-band cavities were assembled and tested in the main 

linac cryomodule under high power operation in 

December 2012 [2,3].  

 
Figure 1: Compact ERL conceptual layout. 

 

EXPERIMENTAL SETUP 
A set of PIN diodes and NaI scintillator were installed 

inside and around the cryomodule in order to detect 

radiation pattern and its intensity during operation. The 

radiation can be produced by field emitted electrons, 

which are accelerated inside the cavity and injected to the 

cavity surface or to the gate valves located at cryomodule 

ends. 

 

 

Si PIN Diodes: Sets of ring shape 16 PIN diodes were 

installed at four locations near the cavities as shown in 

figure 2. For each cavity, a first set of PIN diode ring was 

positioned between the eccentric fluted pipes and the 

helium jacket (SBP3, SBP4), and a second set of ring was 

installed on the taper beam pipe located after the cavity 

large beam pipe (LBP3, LBP4). The diodes signal reveals 

the radiation angular pattern if any field emission occurs 

during cavity operation.   

NaI Scintillator: The detector was placed near the 

cryomodule, as shown in figure 2, behind a lead shield 

with a collimator window (2x2mm) on the beam axis. The 

scintillator crystal was a 2”x2” inches, and connected to a 

photomultiplier and a multichannel analyzer. Before the 

test, the detector was calibrated by means of known 

radioactive sources (Na22, Co60 and Cs137). The radiation 

background was measured for 1 hour before each test. 

The bremsstrahlung radiation produced by emitted 

electrons incident to the gate valve is recorded in order to 

reveal the longitudinal emitter position. By knowing the 

electrons kinetic energy and the cavity accelerating field, 

it is possible to determine from which irises the electrons 

were originated. 

 
Figure 2: PIN diodes setup (above) and cryomodule top 

view with PIN diodes and scintillator location (below). 

 

The two cavities installed in the cryomodule are 

identified as “upstream cavity (#4)” for the one near the 

injector, and as “downstream cavity (#3)” for the one near 

the beam dumper. 

 ___________________________________________  

#
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EXPERIMENTAL RESULTS 

After cool down to 2K, the cavities were tested one by 

one. During the test, the cavity voltage (Vc) was 

progressively increased and the PIN diodes signals were 

continuously recorded. The data acquisition for the diodes 

signal was performed by a customized EPICS. The NaI 

scintillator data were recorded by the PC connected to the 

multichannel analyzer.  

 

Upstream Cavity (#4): Radiation was first detected 

when the cavity voltage was about 8 MV. As can be seen 

in figure 3, a peak in PIN diodes signal was detected in 

the upper part on the LBP side. 

 

 
Figure 3: PIN diodes signal from upstream cavity (cavity 

#4) with Vc=14MV, SBP side (above) and LBP side 

(below). Data were recorded before burst event. 

 

While keeping the cavity voltage at 14 MV, a radiation 

burst occurred. After this event, the radiation pattern 

changed as shown in figure 4. 

 
Figure 4: PIN diodes signal from upstream cavity (cavity 

#4) with Vc=11.9MV, SBP side (above) and LBP side 

(below). Data were recorded after burst event. 

A new emitter appeared on the horizontal meridian 

(90°). The signal peak was located on the right part on the 

LBP side. 

Downstream Cavity (#3): Radiation started to be 

detected when the cavity voltage was about 7 MV. As 

shown in figure 5, a peak in the PIN diodes signal was 

located around 45° meridian on the LBP side. 

 
Figure 5: PIN diodes signal from downstream cavity 

(cavity #3) with Vc=10MV, SBP side (above) and LBP 

side (below). 

 

NaI Scintillator: The bremsstrahlung radiation spectra 

were measured for both cavities near the field emission 

onset. During the measurement, the scintillator was 

located in front of the gate valve, as shown in figure 2. 

The cavity voltage was kept stable during the data 

acquisition of 2 minutes. The background signal was 

subtracted and the data were binned by dividing the 

energy interval in 200 KeV step. The measurement results 

corresponding to the upstream and downstream cavities 

are shown on figures 6 and 7. Each measurement was 

performed at different cavity voltages, from 8 MV to 9.5 

MV for the upstream cavity, and from 7MV to 8.5 MV 

for the downstream cavity. The data for upstream cavity 

(#4) were taken after burst event. 

 
Figure 6: Bremsstrahlung radiation at different cavity 

voltage (upstream cavity). 
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Figure 7: Bremsstrahlung radiation at different cavity 

voltage (downstream cavity). 

Radiation Onset: Radiation monitors were placed on 

both sides of cryomodule near the cavity axis. It was 

possible to measure the radiation dose at different cavity 

voltage as shown in figure 8 [2]. 

 

Figure 8: (Left) setup of the high power test of cERL 

main-linac cryomodule. (Right) Measured accelerating 

voltage (Vc) and radiation doses for both cavities. 
 

DISCUSSION 

Comparison with Vertical Test Results 

It is possible to compare the cavity performance during 

the high power test with the one at their previous vertical 

test. Both cavities showed a performance degradation 

since their last vertical test, as indicated the following 

aspects. 

Quality Factor Q0: The unloaded Q exceeded the 

design requirement during their last vertical test as shown 

in figure 9 and figure 10 [4]. 

At the high power test, the unloaded Q dropped 

drastically due to strong field emission.  

Field Emission Onset: As shown in table 1, the field 

emission onsets were decreased compared to the last 

vertical test for both cavities. 

Radiation Pattern: during the high power test, the 

radiation pattern was detected by Si PIN diodes installed 

at cavity ends. The value of the meridian angle where 

radiation was detected during vertical test and high power 

test is reported in table 2. 

Table 1: Field Emission Onset 

Cavity # 
Field emission onset [MV/m] 

Vertical test High power test 

Upstream (#4) 22 8 

Downstream (#3) 13 7 

 

 
Figure 9: Q-E plot for upstream cavity (#4) during the last 

vertical test (red squares) and high power test (blue dots). 

 
Figure 10: Q-E plot for downstream cavity (#3) during the 

last vertical test (red squares) and high power test (blue 

dots). 

 

Table 2: Radiation Meridian Angle 

Cavity # 
Meridian angle 

Vertical test High power test 

Upstream (#4) 

before burst 
45° 

0° 

Upstream (#4) 

after burst 
90° 

Downstream (#3) 112° 45° 

 

The meridian angle, where radiation was detected, 

varied in both cases.  From the data collected, it seems 

that new emitters were introduced on the cavity surface 

during the cavities installation into cryomodule. The 
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origin of the emitters is not yet clear, but the changes in 

the cavity performance and radiation pattern strongly 

suggest the appearance of new field emission sources.  

Emitter Location 

We estimated the emitter location by using 

experimental data and simulation results.  

First, we extrapolated the electron maximum kinetic 

energy from the scintillator data. Through a fitting in the 

middle section of each curve (linear part), it was possible 

to calculate the maximum kinetic energy at each cavity 

field. The calculated maximum kinetic energy with 

respect to each cavity accelerating field is presented in 

table 3. The conversion between the cavity voltage and 

the accelerating field was performed through the equation 

Vc[MV]=1.038xEacc[MV/m], where 1.038 is the cavity 

length in meter, Vc is the cavity accelerating voltage and 

Eacc is the accelerating gradient. 

 

Table 3: Estimated Electron Maximum Kinetic Energy 

Vc 

[MV] 

Eacc 

[MV/m] 

Maximum kinetic energy [MeV] 

Upstream (#4) 
Downstream 

(#3) 

7 6.7 -- 3.0 

7.5 7.2 -- 4.5 

8 7.7 4.0 5.6 

8.5 8.2 5.5 7.2 

9 8.7 6.4 -- 

9.5 9.2 8.5 -- 

 

Next, we estimated the relation between emitter 

location and electron kinetic energy using simulation code. 

The FishPact code [5] is used for this purpose. The 

electron trajectories originated from an emitter located on 

the iris between the 1
st
 and 2

nd
 cell are depicted on figure 

11. Each trajectory starts at different RF phases and lands 

at a different location on the cavity surface [6]. 

 
Figure 11: Electron trajectories at different RF phase 

originated by emitter located on iris between 1
st
 and 2

nd
 

cell, Eacc=15 MV/m. 

Figure 12 presents the maximum kinetic energy for 

electrons landing on right end (LBP side). For the 

simulation, only electrons that land in a 1 cm radius 

around the beam axis were recorded to take into account 

the effect of collimator window. Electrons were generated 

from emitters on different iris along a 3 cm line and 

spaced by 0.5 mm. 

Comparing the scintillator data and the simulation 

results, it seems that for both cavities emitters were 

located in the first two cells. Indeed the emitter in the 

downstream cavity (#3) it probably located in the 1
st
 cell, 

and the emitter in upstream (#4) cavity in the 2
nd

 cell. 

 
Figure 12: Electron maximum kinetic energy, from 

emitters on 1
st
 cell iris (red cross), on 2

nd
 cell (blue cross) 

and 3
rd

 cell (yellow cross). Electron energy extrapolated 

from scintillator data from upstream cavity (dark blue 

dots) and downstream cavity (red dots). 

Furthermore, it was possible to narrow the probable 

origin region by considering the relation between the 

emitter location and the landing location at different RF 

phases. Figure 13 and figure 14 show the electrons 

landing location with respect to the emitter position and 

RF phase during emission at 8.5 MV cavity voltage is 8.5 

MV (figure 13 for emitters on the iris between 2
nd

 and 3
rd

 

cell, figure 14 for emitters on the iris between 1
st
 and 2

nd
 

cell) . The black dots represent electron trajectories that 

can reach the LBP side. The region that can emits 

electrons towards the LBP side extends for about 7 mm 

along the iris.  

 

Figure 13: Electrons landing location with respect to RF 

phase during emission and emitter position (distance from 

iris). Emitters are located along the iris in 2
nd

 cell. 
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Figure 14: Electrons landing location with respect to RF 

phase during emission and emitter position (distance from 

iris). Emitters are located along the iris in 1st cell.  

 

By considering the information gathered through the 

PIN diodes and NaI scintillator it was possible to identify 

a probable emitter location in each cavity, which are 

displayed on figure 15. The region where the emitter can 

be located has some square centimetre extension, taking 

into account the uncertainty due to the finite PIN diodes 

number (that defines the meridian) and the length along 

the iris surface (as shown in figure 13 and 14). 

 

Figure 15: Emitter area location for upstream (above) and 

downstream (below) cavity. 

The emitter region is located on the iris surface facing 

the SBP side on the opposite meridian with respect to 

radiation peak. This choice come from an extensive 

analysis performed on radiation patterns recorded during 

vertical tests [6,7]. By taking into account the electron 

trajectories, their kinetic energy and the emitted current it 

was possible to determine the radiation peaks. 

SUMMARY 

The main linac cavities were assembled in the 

cryomodule and tested in high power regime. PIN diodes 

sensors and NaI scintillator were installed around the 

cryomodule in order to detect the radiation produced by 

field emitted electrons. Performance degradation was 

observed for both cavities compared to the results 

obtained during their last vertical test. A different 

radiation pattern was observed along with a lower field 

emission onset. Probably during the assembly operation 

new emitters landed on the cavity surface. Through the 

data gathered with PIN diodes and scintillator and also 

using simulation results, it was possible to define an area 

where most probably the emitters were located. 
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MUSICC3D: A CODE FOR MODELING THE MULTIPACTING
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Abstract
Most of the facilities that are under design or in con-

struction for proton and electron acceleration are using su-
perconductivity cavities. Like “hot” RF structures but re-
inforced, Multipacting is then of major importance. There-
fore, during the design of these new cavities, Multipacting
studies should be undertaken so that it does not become
problematic while these cavities are running. Modelisation
tools for Multipacting are now essential. If 2D calculations
are sometimes relevant, for example in coaxial lines, mod-
ern cavities are complex 3D structures often without axial
symmetry. For that reasons, IPNO have conducted an ef-
fort to develop a 3D code for modeling Multipacting in RF
structures, MUSICC3D. This code has been compared to
1D analytical calculations, to a 2D code and experimental
results for a real Spiral 2 cavity. Now, the code permits to
predict Multipacting zones for various RF structures, such
as the Spoke cavity for ESS.

INTRODUCTION
Multipacting is a parasite phenomenon, described by

Farnsworth in the 1930’s [1], in vacuum devices in which
a hyper frequency wave is transmitted. It is encountered
especially in vacuum tubes [2], particle accelerators struc-
tures [3, 4] and in microwave circuits on satellites [5].
This phenomenon generates on avalanche of electrons in a
vacuum hyper frequency device. It results in energy loss,
electronic noise and frequency disorder, heating and alter-
ation of the HF device. All this can lead to the disruption of
the functioning the HF structure and even its destruction.

To eliminate or limit Multipacting, there are three main
techniques:

1. Improve the surfaces conditions of materials used.
I.e., minimize the Secondary Emission Yield
(SEY) [6] to reduce the creation of secondary elec-
trons. The SEY is the most important parameter in
Multipacting. This is possible by using materials with
low SEY or by modifying the surface geometry (for
example by producing sawtooth [7]).

2. Adapting the geometry to the RF device (hardly fea-
sible on accelerating cavity geometries already very
complex).

3. Polarisation of the RF device. This technique involves
sending an electric or magnetic field in the RF device
to disrupt the resonance frequency of the electrons
created [8, 9] (impossible in superconducting acceler-
ating cavities).

Several theories have been developed to model Multi-
pacting discharge (Gill and von Engel [10], Hatch and
Williams [11], Vaughan) for simple 1D geometries. Few
calculations exist for 2D geometries [2, 12].
These theories and calculations are limited to simple ge-
ometries. Today, the accelerator cavities or HF structures
have 3D geometries more and more complex, this is why it
is now essential to simulate Multipacting in 3D.

CODE MUSICC3D
The MUSICC3D program is being developed at IPNO.

It enables the study of Multipacting for any 3D geometries
including one or more materials. It uses particles in the
cell method. Based on the Runge Kutta method and using
the relativistic equation of motion, it solves the trajectory
of a particle (e-) in the RF field imported from an exter-
nal field solver (any solver using a tetrahedral mesh). The
integrations over the multi differential SEY, with electron
incident energy (Ein), electron incident angle (αin), electron
emission energy (Eout) and electron emission angle (αout),
is done with the Montecarlo method.

The MUSICC3D program is presently using a model of
virtual particle (i.e. the charge of a unique particle ”re-
bounding” in the interior of the cavity is created by the
product of SEYs occurring at each interaction with the
walls). Main inputs are given in Table 1.

Benchmarking calculations have been done with analyt-
ical calculations in 1D [11] and with the MULTIPAC [13]
2D program. Precision of calculation with MUSICC3D
has been then estimated. For reasonable calculation times,
maximum error found ,between the calculations 1D, 2D
and results obtained with MUSICC3D, is less than 0.5 per-
cent.

SIMULATION OF SPIRAL 2 CAVITY
In the framework of Spiral 2, an intense program of

R & D was launched at the IPNO to study and design
the superconducting accelerating cavities to be used in the
high-energy part accelerator (12-40 MeV). The IPNO has
designed a new quarter-wave cavity (QWR) at the fre-
quency of 88 MHz and a beta of 0.12. The conditioning
of this type of cavity has identified various Multipacting
zones. These zones were then measured experimentally.

Thereafter, in order to benchmark the MUSICC3D pro-
gram with a real cavity and a complete 3D structure, sim-
ulations of the cavity Spiral 2 were performed using the
software MUSICC3D. These simulations have identified
the Multipacting that were zones measured experimentally.
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Table 1: List of the Main Inputs of MUSICC3D Program

Input

Frequency (fixed)

Electric field (fixed or sampled in a range)

Phase (fixed or sampled in a range)

Electron parameter
- SEY calculated in the program for the main materi-

als in RF structures (copper, niobium) or imported
by a file.

- Electron emission perpendicular to surfaces or with
angular emission (Gaussian distribution).

- Electron emission energy fixed or according to
Gaussian distribution.

- Collision parameter (number of collision for which
the calculation stops).

- Trajectory parameter (number of electrons emitted
per site, number of points stored for visualisation
and recording trajectories).

- Emissions sites.

The Figure 1 gives the comparison between experimental
measures and MUSICC3D simulations. Taking into ac-
count the experimental error bias, correspondence is very
satisfactory, which may be important especially at low field
value.

Figure 1: Multipacting barriers for the Spiral 2 cavity. In
red : MUSICC3D simulations. In blue : experimental mea-
sures. The green numbers are used to identify Multipact-
ing zones. E (MV/m) representing the peak electric field
(E = 4.78 ∗ Eacc with Eacc the accelerator electric field).

The zones marked 1 to 4 on the Figure 1 correspond to
the 4 orders of Multipacting located at the corner of the
cavity bottom. The simulations reveal that the 2nd order

(zone 2) is the most important Multipacting zone both to
its maximum height and amount of charges. This is found
experimentally, since this zone is the most difficult to pass.
Moreover, the electrons so-called primary initiating the
Multipacting can be emitted from the nuts of the cavity.
The higher electric fields of the cavity being present on
this nut, the chances to emit the primary electrons are
maximums. These 2nd order is represented on the Figure 2.

Figure 2: Visualisation of the electron trajectories for 2 and
5 Multipacting zones in the Spiral 2 cavity (MUSICC3D).

The zone marked 5 is located in the middle of the beam
tube. Despite its large width, it is relatively easy to go
through it. This can be explained because of the low charge
and its emission rate of primary electrons is fairly low as
they are emitted inside the beam tube where the electric
fields are very low.

SIMULATION OF SPOKE CAVITY FOR
ESS

IPNO is in charge of the design of news Spoke cavi-
ties [14] for the ESS project. These cavities will resonate at
a frequency of 352.21 MHz for a beta of 0.5, and are main-
tained at a temperature of 2 K by a cryomodule supplied by
the ESS cryogenic system.

Thanks to the MUSICC3D program, a Multipacting
study is in progress. Figure 3 shows the first results of sim-
ulations in the Spoke ESS cavity.

Two distinct Multipacting zones were revealed as shown
in Figure 4:

1. The first zone is located in the corners at the bottom
and at the top of the cavity.

2. The second zone is located towards an intersection
point between the central bar and the edge of the cav-
ity. This zone is composed of 4 Multipacting orders.
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Figure 3: Multipacting barriers in the Spoke cavity for ESS
obtained by MUSICC3D simulations (E = 4.98 ∗ Eacc).

Figure 4: Visualisation of the electrons trajectories in the
Spoke cavity for ESS (MUSICC3D).

CONCLUSIONS
The new RF structures being increasingly more com-

plex, it is now necessary to study them using 3D tools.
Multipacting is a very annoying phenomenon, especially in
the accelerating cavities, IPNO has undertaken the design
of a 3D program studying this phenomenon, MUSICC3D.

This program allows to predict and locate spatially the
Multipacting zones. It has been compared and validated
by crosscalculations using 1D analytical calculations, 2D
MULTIPAC calculations. Moreover, it has been bench-
marked by measures on Spiral 2 cavity.

With MUSICC3D, a first Multipacting study was carried
out on the Spoke cavity while under development, for ESS.
Two Multipacting zones were revealed during this study.
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FIELD EMITTER CURRENT CONDITIONING ON Nb SINGLE CRYSTALS 
WITH DIFFERENT ROUGHNESS DUE TO VARYING EP/BCP RATIO  

S. Lagotzky, G. Müller, FB C Physics, University of Wuppertal, 42097, Germany 
P. Kneisel, TJNAF, Newport News, VA, USA

Abstract 
Systematic investigations of the influence of different 

EP to BCP polishing ratios (rp = 0.15 - 5.80) on the 
surface quality and the enhanced field emission (EFE) of 
dry ice cleaned Nb single crystals are reported. After 
removal of 138 m with rp  0.24, smooth surfaces with a 
roughness below 200 nm and few defects were obtained. 
EFE occurred at activation fields above 120 MV/m but 
the resulting onset fields Eon were often between 50 and 
100 MV/m. Current conditioning up to 1 A reduced only 
the field enhancement factor but not the Eon values. Based 
on these results, the emitter number density of the actual 
ILC cavities is roughly estimated. 

INTRODUCTION 
Particulate contaminations and surface irregularities are 

the main origin of enhanced field emission (EFE) of high-
pressure-rinsed Nb surfaces [1]. Improved cleaning 
techniques like dry ice cleaning (DIC) and clean room 
assembly have led to a significant decrease of the number 
density N of particulate emitters [2]. However, the 
optimum choice of crystallinity and polishing of Nb is 
still under discussion [3]. For the future ILC cavities, 
large grain (LG) or even single crystal (SC) Nb with a 
combination of buffered chemical polishing (BCP) and 
electropolishing (EP) is considered [4]. Therefore, we 
have systematically investigated the EFE of DIC-SC Nb 
samples which got the same total polishing depth but a 
different EP/BCP ratio rp. Since high peak power 
processing has been successfully used to remove EFE in 
SRF cavities [5], we have also started with the current 
conditioning of activated emitters up to 1 A. 

EXPERIMENTAL DETAILS 
Measurement Techniques 

For the systematic EFE and current conditioning 
measurements we have used a non-commercial field 
emission scanning microscope (FESM), which is in detail 
described elsewhere [6]. Non-destructive voltage scans 
V(x,y) for a limited EFE current (I = 1 nA) were 
performed in an area of 1 cm² with a resolution of 150 m 
to localize emitters and to determine their N as function 
of activation field Eact in reasonable steps (1 kV). Electric 
field maps up to 240 MV/m were derived  for an average 
gap of z = 40 m (E > 200 MV/m) or z = 50 m (E  
200 MV/m). 

 The I(V) characteristics at all emission sites was 
locally measured up to 1 nA or 1 A. Field emission 
current processing (FECP) was performed on two samples 

at 1 nA up to 5 minutes and on the other two at 1 A for 
typically 15 minutes. This strategy was chosen for the 
planned comparison of current with ion impact 
conditioning. The actual field Eon was calibrated for each 
emitter as slope of PID-regulated V(z) plot for 1 nA. 
Using the modified Fowler-Nordheim law [7] 
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the field enhancement factor FN and the emitting area SFN 
can be calculated for a given work function  at the 
beginning and at the end of the FECP. For simplicity, we 
have taken  = 4eV (Nb), v(y) = t(y) = 1, A = 154 and B 
= 6830 for E in MV/m and IFN in A. 

The surface quality of the samples was investigated in 
areas of 1 mm²  before the FESM measurements using a 
commercial optical Profilometer (OP) installed on a 
granite plate with an active damping system in a clean 
(cleanroom class ISO5) laminar air flow (Fig. 1). Samples 
up to 20×20 cm2 and a max. height difference of 5 cm can 
be measured with a lateral (vertical) resolution of 2 m (3 
nm) by means of the spectral reflection and chromatic 
aberration of white light. A CCD camera is installed for 
fast orientation. Further zooming into a scan area of 
98×98 m2 is achieved by using an AFM which can be 
positioned within ±2 m of OP results with a lateral 
(vertical) resolution of 3 nm (1 nm). Using these results, 
the linear and square roughness Ra and Rq of the surfaces 
can be calculated and the geometric field enhancement 
factor geo of pronounced features can be estimated. 
Finally scanning electron microscopy (SEM) with energy 
dispersive x-ray analysis (EDX, Z > 10) was applied to 
search for the EFE origin and foreign materials at the 
emission site within a correlation accuracy of ±100 m. 

 
Figure 1: Measurement system for surface quality: 
camera (CCD), optical profilometer (OP), atomic force 
microscope (AFM), interferometer (IF) in front of 
laminar air flow (LAF). 

 ___________________________________________  
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Sample Preparation 
Four round (Ø  23 – 26 mm) SC Nb discs (RRR > 250) 
were polished at TJNAF in two steps: 1. buffered 
chemical polishing (BCP) using HF, HNO3 and H3PO4 in 
the volume ratio of 1:1:2 with polishing depths of 20, 40, 
80 and 120 m and 2. electropolishing (EP) using HF and 
H2SO4 in a volume ratio of 1:10 with complementary 
depths values. The overall polishing depth is nearly 
constant (136 – 138 m), but different rp values (0.15 – 
5.80) result for each sample (Table 1). After both steps 
the discs were rinsed with ultrapure water, wrapped up in 
soft tissues (BCP) or protected with a Teflon cap (EP) and 
transported to Wuppertal. 

Table 1: Polishing depths for BCP and EP, total polishing 
depth and rp for all samples. 

sample #1 #2 #3 #4 
BCP [ m] 20 40 80 120 
EP [ m] 116 96 58 18 

 [ m] 136 136 138 138 
rp 5.80 2.40 0.73 0.15 

The Nb discs were glued with a conductive tape on a 
cathode holder and covered with a Teflon protection cap 
(Fig. 2). For the final cleaning of these samples and caps 
we used a commercial DIC system (SJ-10, CryoSnow 
GmbH) with a gun in laminar air flow box (cleanroom 
class ISO5) as shown in Fig. 3. At a propellant gas (N2) 
pressure of 8 bar and a liquid CO2 pressure of 10 bar, it 
provides a flat jet (12 mm width and 3 mm height in 5 cm 
distance) of CO2 snow particles. The samples (caps) were 
manually DIC cleaned under rotation (4×90°) in total for 
5 (3) minutes. The protection caps were not removed until 
the samples faced at least high-vacuum conditions in the 
load-lock of the FESM, and also used for transport to 
other measure-ment systems. The samples have two 
marks on the edge for correlated positioning in FESM, 
OP and SEM.  

 
Figure 3: DIC system with control panel and gun. 

 RESULTS AND DISCUSSION 
Surface Quality 
Typical defect-free OP profiles of each sample after both 
polishing steps and cleaning with ionized N2 (5 bar) are 
compared in Fig. 4. Small pits (Ø  50 m, height < 1 

m) are always present. As expected, the influence of EP 
on the surface quality is most pronounced for sample #1, 
less for sample #2 and negligible for sample #3 and #4. 
  

a)  e)  

b)   f)  

 c)   g)  

 d)   h)  
Figure 4: Surface profiles (OP) of sample #1 (a, e), #2 
(b, f), #3 (c, g) and #4 (d, h) after the BCP (a – d) and 
after the EP (e – h). Please not the different height scales. 

 
The mean values for Ra and Rq calculated from these 

profiles (Fig. 5) indicate that after BCP on SC Nb the 
resulting roughness is reduced up to a polishing depth of 
80 m. BCP between 80 and 120 m leads to similar Ra 
and Rq values, i.e. more sharp features are removed. 
Combination of BCP with EP leads to a reduced 
roughness for rp  2.40 (sample #1 & #2), but similar 
surface quality as BCP only for rp  0.73. 
 

 
Figure 5: Ra and Rq of each sample after BCP and EP. 

 
Figure 2: SC Nb sample on holder with protection cap. 
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Despite the high average surface quality of the samples, 
rather few surface defects were also found on the OP 
profiles and further investigated with AFM. Within the 
limited resolution of OP and AFM profiles, maximum geo 
values up to 10 could be derived for such defects. 

EFE Statistics 
Similar N values were obtained from the field maps for 

all samples at the same field levels, e.g. N = 5 – 8 cm-2 at 
200 MV/m (Fig. 6). It is remarkable that Eact for these 
DIC-cleaned SC Nb surfaces is much higher than for 
DIC-cleaned polycrystalline Nb [1] and for high-pressure- 
rinsed SC and LG [6].   

The Eon values (Fig. 7) resulting from locally measured 
I(V) curves scatter between 50 and 160 MV/m for three 
samples (#1, #3 and #4), while sample #2 was measured 
up to 240 MV/m to improve the statistics. On average the 
the field reduction factor Eact/Eon was about 1.5±0.5, but a 
dependency on rp is not visible.  

  
Figure 7:  Histogram of locally measured Eon. 

N(Eact) (Fig. 8) shows the typical exponential rise for 
all samples within the error bars. Extrapolation to Eact = 
70 MV/m (Epeak of actual ILC cavities) by using the fit 
function 

bEaEN actact )(ln   (2) 
indicates, that at this field level sample #1 (a = 0.04013 
m/MV, b =  -6.08798) would have the lowest N  0.0377 

cm-2
. Sample #4, however, gives N  0.2925 cm-2. 

Accordingly, at least 1 emitter has to be expected in 26.55 
(3.42) cm² for maximum (minimum) rp value. Assuming 
that a single cell Nb cavity has an EFE sensitive iris area 
of about 50 cm2, ILC 9-cell cavities even build from EP 
SC Nb will still suffer from EFE. Consequently, 
processing of these emitters will be necessary. 

  
Figure 8: N(Eact) with exponential fits (least square). 

SEM investigations of the 14 strongest emission sites 
showed surface defects (50%), particulates (15%) and 
unidentified or destroyed objects. EDX in regions with 
particulates and destroyed objects showed always Nb and 
one W particulate (probably from the anode). 

Field Emitter Current Processing 
The FECP up to 1 nA (1 A) were performed on 62% 

(38%) of the emission sites located within the field maps. 
The FECP up to 1 nA did not affect the emitters 
significantly. The example in Fig. 9 shows a slight 
increase of EFE by processing ( FN: 21 20, SFN:  
10-4 10-3 m²).  Some other emitters were weakened. 
SEM images taken in these regions showed rarely 
destructions (29%). 

The FECP up to 1 A was more often able to change 
the emitters significantly. The example in Fig. 10 shows 
the rare case of weakening at high fields ( FN: 63 24, 
SFN: 10-6 10-2 m²). However, most emitters were only 
stabilized by high current FECP and showed a reduced 
Eon by a factor  2. SEM images taken in regions with 
FECP up to 1 A showed more often destructions (43%), 
which might be the origin of these activation effects. 

a)  b)   

c)  d)  
Figure 6: Field maps up to 200 MV/m of sample #1 (a), 
#2 (b), #3 (c) and #4 (d). 

  
Figure 9: (a) FECP up to 1 nA on a W particulate (b). 

a) b) 
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Altogether the FECP of about 40 emitters reduces the 
scatter of their FN and SFN values as shown in Fig. 11. 
With one exception the FN values are on average more 
reduced by FECP at 1 A than at 1 nA. Unreasonable SFN 
values, most likely caused by adsorbates effects are 
removed at both current levels. 

 
Figure 11: SFN versus FN plot before and after FECP up 
to 1 nA and 1 A. 

Nevertheless the emitters cannot be completely 
destructed and low Eon down to 40 MV/m was still 
observed after FECP up to 1 A (Fig. 12). 

CONLCUSIONS AND OUTLOOK 
In terms of surface roughness and remaining defects, 

polishing of SC Nb with more EP than BCP provides the  

 
Figure 12: N(Eon) histogram before and after the FECP. 

best surface quality. For the DIC-cleaned SC samples, 
however, we could not observe a dependency of EFE 
properties on the rp value. FECP up to 1 A is able to 
weaken strong emitters, but extrapolation of N to 70 
MV/m indicates that actual ILC cavities will suffer from 
EFE even after DIC.The measurement series should be 
repeated on LG or polycrystalline Nb, because the effect 
of rp on the EFE might be different. Ion processing of 
emitters with Ar and He might be more effective than 
FECP. 
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Figure 10: FN (a) FECP up to 1 A on a surface feature (b). 

a) b) 
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INFLUENCE OF HEAT TREATMENTS ON FIELD EMITTERS ON Nb 
CRYSTALS 

S. Lagotzky*, G. Müller, FB C Physics, University of Wuppertal, 42097, Germany 
D. Reschke, A. Matheisen, DESY, 22603 Hamburg, Germany

Abstract 
Systematic investigations of the influence of heat 

treatments on parasitic field emitters (1 nA) up to 
activation fields of 160 MV/m on high-purity Nb samples 
at temperatures between 122°C (24 h) and 400°C (2 h) are 
reported. Two large grain and two single crystal Nb 
samples with typical preparations (40 μm BCP, 140 μm 
EP and final HPR at DESY) were used. For all samples a 
significant increase of the emitter number density with 
increasing T up to 32 emitters/cm² at 400°C were 
obtained, the strongest of which emitted already at 40 
MV/m. The dependency of the emitter number density on 
the insulating Nb2O5 layer thickness is discussed. 

INTRODUCTION 
Enhanced field emission (EFE) from particulate 

contaminations and surface irregularities is one of the 
main field limitations of the superconducting Nb cavities 
required for the ILC. Systematic investigations on large 
grain (LG) and single crystal (SC) Nb have revealed an 
exponential increase of the emitter number density N with 
activation field Eact and EFE at much lower onset fields 
Eon (1 nA) of activated emitters. This emitter activation 
can be caused either by high Eact partially combined with 
microdischarges or by heat treatments (HT) at tempe-
ratures T between 120 and 800°C [1]. In cavities EFE 
activation by high T may also arise due to enhanced RF 
losses of particulates which are thermally isolated from 
the cavity surface. Moreover, HT between 120 and 800°C 
are integrated in the usual cavity fabrication process [2].  

Previous EFE measurements on polycrystalline [3,4] as 
well as LG and SC [5] Nb samples have shown, that a 
strong emitter activation occurs after HTs at 400°C with 
low Eon ≥ 40 MV/m, and remaining particulates and 
surface defects were identified as emitters. Since the EFE 
activation is rather weak at 120°C, a decrease of the 
natural insulating Nb2O5 layer thickness due to HT has 
been suggested as main reason for their EFE activation 
[1]. Therefore, we have started more detailed systematic 
EFE measurements on LG and SC Nb samples before and 
after different HT between 120 and 400°C. 

EXPERIMENTAL DETAILS 
Measurement Techniques 

For the systematic EFE measurements we have used a 
non-commercial ultra-high vacuum (p ~ 10-9 mbar) field 
emission scanning microscope (FESM) as shown in Fig. 1 
[6]. Flat samples up to 25×25 mm2 can be investigated 

after surface tilt correction relative to the truncated cone 
anode (Ø = 300 μm) in order to achieve a constant gap Δz 
within ±1 μm for a typical (±5 mm) scan area. The FESM 
employs a PID-regulated power supply FUG HCN100M-
10000 (10 kV, 10 mA) controlled by the EFE current as 
measured with an analog electrometer Keithley 610C or a 
digital picoammeter Keithley 6485. Non-destructive 
voltage scans V(x,y) for a limited EFE current (I = 1 nA) 
were performed with a resolution of 150 μm to localize 
emitters and to determine their N as function of Eact in 
reasonable steps (1 kV). Using the average Δz = 50 μm 
estimated from the long range optical microscope image, 
electric field maps E(x,y) up to 160 MV/m were derived. 

For most emitters of each map, I(V) characteristics 
were locally measured up to 1 nA. The actual local field 
Eon was calibrated for each emitter as slope of a PID-
regulated V(z) plot for 1 nA. Using the modified Fowler-
Nordheim law [8] 
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the field enhancement factor βFN and the emitting area SFN 
can be calculated for a given work function φ. For 
simplicity, we have taken φ = 4eV (Nb), v(y) = t(y) = 1, 
A = 154 and B = 6830 for E in MV/m and IFN in A. 

After FESM measurements the surface quality of the 
samples was investigated by means of a commercial 
optical profilometer (OP) with a lateral resolution of 2 μm 
as described elsewhere [9]. Further zooming into areas up 
to 98×98 μm2 was achieved with an AFM in contact 
mode which can be positioned within ±2 μm of the OP 
results and has a lateral (vertical) resolution of 3 nm (1 
nm). Using these results the linear and square roughness 
Ra and Rq of the surfaces can be calculated, and the 
geometric field enhancement factor βgeo of pronounced 
features can be estimated. Finally scanning electron 
microscopy (SEM) with energy dispersive x-ray analysis 
(EDX) was applied to search for the EFE origin and 
foreign materials at the emission site within a correlation 
accuracy of ±100 μm. 

 
Figure 1: Schematic view of the FESM [7]. 
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Heat Treatments 
For HT of the samples a resistive furnace located in the 

load-lock of the FESM (Fig. 1) was used which provides 
temperatures T up to 1200°C under HV conditions (<10-6 
mbar). T is measured with a thermocouple (Pt10Rh-Pt 
type S) and regulated by a commercial PID-controller 
(JUMO cTRON 04) within ± 1°C. The HT consist of a 
warm-up ramp from room temperature to the set point    
(≤ 6.3 °C/min), the annealing over time t and a natural 
cool-down phase, which can last up to 3h for T = 400°C. 

In order to get useful steps after the usual cavity baking 
conditions (HT122), the required duration t of HT at 
different T can be estimated from calculations of the 
amount of produced oxygen atoms [10]: 

))(exp(1 tTkC oxox   (2) 

The oxygen is released from the conversion of the natural 
insulating Nb2O5 layer with an original thickness of dox = 
64 Å [11] into the semiconducting NbO2 and finally into 
the metallic NbO with the overall reduction rate [10] 

)/exp( RTEAk aox    (3) 

(A  3∙109 1/s and Ea  135 kJ/mol). Cox was increased 
by one order of magnitude by choosing appropriate T and 
t until Cox = 1 (HT325) with an additional HT at T = 
400°C. XPS surface analysis of anodized and heated Nb 
samples [11], however, show that even at Cox = 1 a thin 
Nb2O5 layer is still present on top of the Nb surface. In 
table 1 the graphically from [11] interpolated dox values 
are compared to the Cox values.  Probably this discrepancy 
can be explained by an incomplete diffusion of the 
produced oxygen atoms out of the oxide layer.  

Table 1: Parameters of HT, values of Cox calculated with 
(2) and (3), and dox taken from [11]. 

HT T 
[°C] 

t 
 [h] 

Warm-up 
time [h] 

Cox dox  
[Å] 

Initial 22 672 - 1.57∙10-8 64.0 
HT122 122 24 3 3.64∙10-4 45.0 
HT150 150 12 1 2.76∙10-3 39.4 
HT175 175 9 1 1.75∙10-2 34.5 
HT200 200 8 1 0.101 30.0 
HT250 250 10 1 0.971 20.7 
HT325 325 6 1 1.000 11.0 
HT400 400 2 1 1.000 6.6 

Samples 
We have used two LG and two SC Nb (RRR > 250) 

samples with a diameter of 28 mm welded to a support 
rod. The samples were polished at DESY in two steps:    
1. buffered chemical polishing (HF (48%): HNO3 (65%): 
H3PO4 (85%), 1:1:2) up to 40 μm and 2. electropolishing 
(HF (40%): H2SO4 (98%) 1:9) up to 140 μm. Finally they 
were high pressure rinsed with ultrapure water, covered 
with dry-ice-cleaned protection caps (Fig. 2), sealed in 
plastic bags in a cleanroom class ISO5 and transported to 
Wuppertal. The protection caps were not removed until 

the samples faced at least high-vacuum conditions in the 
load-lock of the FESM and also used during transport to 
other measurement systems. The samples have two marks 
on the edge for correlated positioning in FESM, OP and 
SEM. 

 
Figure 2: Nb sample with protection cap. 

RESULTS AND DISCUSSION 
Surface  Quality

Survey scans (OP, 25×25 mm², 25 μm lateral res., (Fig 
3a) showed that the surface of the samples is flat (±2 μm) 
in the central areas (1 cm²). The mean roughness of the 
samples in these areas was Ra = 83 nm (Rq = 103 nm) for 
the SC Nb samples and Ra = 117 – 205 nm (Rq = 149 – 
248 nm) for the LG Nb samples depending on the grain 
orientation. The AFM measurements (98×98 μm², 10 nm 
lateral res.) showed Ra = 8 nm (Rq = 10 nm) for SC Nb 
and Ra = 7 – 11 nm (Rq = 9 – 14 nm) for LG Nb. High 
resolution OP in small (1 mm²) selected areas (Fig. 3b) 
showed only few surface defects with low βgeo ≤ 6, e.g. 
strings of small pits as residues of scratches, and AFM 
profiles at the grain boundaries revealed only βgeo ≤ 4 
(Fig. 3c). According to (1), geometrically caused EFE 
from these samples should not arise up to field levels of 
about 300 MV/m. 

a)  b)  

c)  
Figure 3: (a) OP profile of LG sample (25 μm lateral 
resolution), (b) OP (2 μm lateral res.) and (c) 3D-AFM 
profile (10 nm lateral res.) of the grain junction. 

EFE Statistics of HT Activated Emitters 
 The EFE of all samples was investigated in the central 
areas of 1 cm2 before and after each HT as listed in table 
1 (HT325 only on one LG, HT250 & HT400 only on two 
LG and one SC). For the best sample shown in Fig. 4, no 
field activation was observed initially up to 160 MV/m, 
but a clear increase of N with increasing T demonstrates 
strong HT activation of emitters. The other three samples 
showed already few emitters at 100 MV/m before HT, but 
similar strong HT-activation effects, too. A dependency 
of the EFE on the grain boundaries or the crystal 
orientation of Nb could not be observed. 
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 In order to reduce the statistical error, the total number 
density of field- and HT-activated emitters on all four 
samples is shown in Fig. 5a. Obviously N(Eact) increases 
exponentially within error bars after all HT. The 
monotonous shift to higher N with T indicates that 
emitters on an annealed surface can be already activated 
at lower Eact than on initial Nb surfaces. Moreover, HT 
lead to emitters with Eon down to 40 MV/m (Fig. 5b), 
which are relevant for the ILC (Eacc = 31.5 MV/m, 
Epeak/Eacc = 2). 

a)  
  

b)  
Figure 5: (a) N(Eact) after each HT with exponential fits 
(least square) and (b) histogram of N(Eon) for field 
activated emitters, emitters activated after HT122 - 
HT325, and emitters activated additionally by HT400. 

In Fig. 6a, the number density of emitters activated by 
each HT (NHT) increases until Cox = 0.975 (HT250), but a 
further raise of NHT can be observed until HT400, which 

would demand a second activation process. In contrast, 
correlating NHT with dox from table 1 (Fig. 6b) leads to a 
monotonous decrease with oxide thickness. Moreover it 
seems that the difference between Eact and Eon becomes 
smaller for HT400 (Fig. 5b). Therefore, higher T or 
longer annealing times might lead to an activation of all 
potential emitters at their final Eon. 

a)  

b)  
Figure 6: NHT plotted against dox (a) and Cox (b). 

Single Emitter Characteristics 
SEM investigations of the 10 strongest emission sites 
selected from all field maps revealed 30% surface defects, 
30% particulates and 40% destroyed or unidentified 
emission sites. EDX in regions with particulates and 
destroyed emitters showed W (probably from the anode), 
Al and Nb. 

Surface defects mostly showed a FN-like I-V curve, 
often with nearly parallel slopes after different HT (Fig. 
7). The resulting FN parameters are reasonable for this 
feature but differ significantly from the calculated βgeo = 6 
resulting from the AFM profile. It is remarkable that Eon 
of this emitter varies non-monotonously with dox and the 
current is most unstable after HT200 and HT250. This 
reflects a rather complex structure of the remaining oxide 
at this defect. 

a)  b)  
Figure 7: (a) FN-like EFE (βFN = 62 - 83, SFN = 10-5 - 10-2 
μm²) of a surface defect (b). 

a)  b)  
 

c)  d)  
 

Figure 4: Field maps up to 160 MV/m of one LG sample 
at initial status, after HT175, HT250 and HT400. 
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In comparison, particulates like the one shown in Fig. 8  
often reveal much more unstable IV-curves, which result 
in unreasonable FN parameters (e.g. SFN = 1011 km²). 
Therefore, metal-insulater-metal or resonant tunnelling 
emission models should be considered for such effects 
[12]. 

a)  

b)  

Figure 8: (a) unstable EFE (βFN = 5 - 140, SFN = 10-7 - 1029 
μm²) of a melted Al particulate (b). 

CONLCUSIONS AND OUTLOOK 
The HT of LG and SC Nb leads to activation of 

remaining particulates and surface defects due to the 
dissolution of the natural insulating Nb2O5 layer. 
Activated surface defects show FN-like EFE with 
reasonable βFN and SFN values, which are difficult to be 
derived from AFM profiles and SEM images. Activated 
particulates reveal unstable EFE and other mechanism. 

Air exposure (or anodizing) of the surface might 
deactivate such emitters. Furthermore high current 

processing or ion impact of emitters should be 
investigated. 
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FIELD EMISSION AND CONSEQUENCES AS OBSERVED AND 
SIMULATED FOR CEBAF UPGRADE CRYOMODULES 

F. Marhauser#, R. Johnson, J. Rodriguez, Muons, Inc., Newport News, VA, USA 
P. Degtiarenko, A. Hutton, G. Kharashvili, C. Reece, R. Rimmer, JLab, Newport News, VA, USA 

Abstract  
High gamma and neutron radiation levels were 

monitored at the Continuous Electron Beam Accelerator 
Facility (CEBAF) at Jefferson Laboratory (JLab) after 
installation of new cavity cryomodules and initial test 
runs in the frame of the ongoing 12 GeV upgrade 
program. The dose rates scaled exponentially with cavity 
accelerating fields, but were independent of the presence 
of an electron beam in the accelerator. Hence, field 
emission (FE) is the source of origin. This has led to 
concerns regarding the high field operation (100 MV per 
cryomodule) in the future 12 GeV era. Utilizing 
supercomputing, novel FE studies have been performed 
with electrons tracked through a complete cryomodule. It 
provides a principal understanding of experimental 
observations as well as ways to mitigate FE as best as 
practicable by identification of problematic cavities. 

INTRODUCTION 
After operation of two newly installed 1.5 GHz CW 

superconducting RF cavity cryomodules (CM) at CEBAF 
(C100-1, C100-2), prompt gamma dose rates up to 
10 rad/h and neutron equivalent dose rates up to 2 rem/h 
were detected [1]. Gamma spectroscopy analysis revealed 
various short-lived and long-lived radionuclides produced 
in CM components [2]. The observations conducted by 
JLab’s radiation control department were analyzed in 
conjunction with numerical computations. For this 
purpose, Muons, Inc. collaborated with the SLAC ACD 
group to enhance Track3P, which is part of the ACE3P 
supercomputing suite of finite element analysis (FEA) 
solvers [3]. Improvements were incorporated making 
feasible - for the first time - to track particles through a 
principally unlimited number of cavities. This allows 
changing phase and amplitude of each cavity 
independently. Hereby, electrons can be seeded at RF 
interiors and obey the laws governed by the Fowler-
Nordheim enhanced field emission. 

CODE PREPARATIONS 
The Track3P executable provided to Muons, Inc. is 

installed on the Hopper computer system at the National 
Energy Research Scientific Computing Center [4]. 
Though the addressable computing resources on Hopper 
are vast, simulations need to be constrained in reasonable 
balance with internal code restrictions. The complete CM 
RF interior comprising eight cavities has been modeled. 
Non-relevant geometrical features have been avoided to 
reduce the number of mesh cells. For instance, 

                                                           
# frank@muonsinc.com 

fundamental power and higher order mode couplers, 
which may introduce somewhat asymmetric field effects, 
were omitted to allow modeling only a slice (20 deg.) of 
the cavity string. Electrons that are captured by the RF 
fields accumulate the highest energies and are of most 
interest. These propagate rather close to the beam axis. 
Hence, potential asymmetric field effects are of less 
concern for the objective in this paper.  

Figure 1 illustrates the meshing sequence by means of a 
single seven-cell cavity. It ends with a refined surface 
mesh discretization. This is particularly important for the 
cavity cell iris regions in order to seed a larger amount of 
field-emitted electrons into the calculation domain. The 
small figure at the bottom represents the full system of 
computed Eigenmodes in the CM, which is used as input 
for Track3P. For Fowler-Nordheim FE, both the field 
enhancement factor and material work function will be set 
initially, which influences the current density, yet not 
trajectories or impact energies. 

 

 
 

Figure 1: Top left: Modeling and FEA meshing sequence 
by means of a bare JLab upgrade cavity. Top right: 
Corresponding close-ups of the mesh. Bottom: Electric 
field contours of all accelerating modes in the full CM. 

OPERATING SINGLE CAVITIES 
All JLab upgrade cavities are routinely tested in the 

CEBAF tunnel during the RF-commissioning stage before 
beam operation, i.e. at times when only one cavity is 
powered. For instance, the radiation dose rates during 
such a test period are plotted in Fig. 2 for C100-1. Hereby 
gamma and neutron probes were placed upstream (He 
supply end can side), underneath the midpoint and 
downstream the CM (He return end can side). The lateral 
distance from the beamline was 40”. Due to previous test 
operations of C100-1, residual activation was observed 
concentrated mostly at the He supply/return end cans. 
While short-lived isotopes decay typically within 1-2 
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hours, longer-lived isotopes remain and produce 
background radiation. This explains the different noise 
floors of the gamma detectors at low operating field levels 
depending on the probe location. There are no isotopes 
produced that emit neutrons, such that the neutron probes 
have a less noisy background floor than gamma probes. 

 

 
 

Figure 2: Gamma (mrad/h) and neutron dose rates 
(mrem/h), respectively, arising from the operation of 
individually powered cavities in JLab CM C100-1. 

 
Figure 2 reveals that the severity of FE can differ 

significantly among similar cavities although treated by 
the same streamlined, elaborated interior cleaning 
methods. It might generate very high gamma radiation 
doses in some cavities (e.g. #2, #3), while other cavities 
(e.g. #5) are spared at the same field levels. Consequently 
even with state-of-the-art surface treatments, the existence 
of strong field emitters cannot be excluded. To resemble 
the observations numerically, the field-emitted electron 
trajectories and possible impact sites and energies were 
computed for each cavity. Figure 3 for instance depicts 
impact energies versus the impact location along the CM, 
when electrons originate from cavity 2. This specific 
cavity generated the highest gamma radiation doses with 
strong bias towards the He return end can of C100-1. The 
accelerating field (Eacc) has been normalized to 16 MV/m. 
It corresponds to the field level at which the onset for 
neutron production has been observed, whereas the onset 
of FE was around Eacc = 10 MV/m based on gamma ray 
signals. The maximum energy that relativistic electrons 
may gain at Eacc =16 MV/m is 11.2 MeV, when traversing 
a single cavity on axis (0.7 m active cavity length). The 
calculations reveal that the maximum energy gain is 
slightly above 10 MeV, when the electrons are emitted 

from the surface (starting at a few eV). Yet, the 
achievable energy depends strongly on the site of origin 
differentiated by the color code in Fig. 3, which covers all 
eight iris regions of the seven-cell cavity. 

 

 
 

Figure 3: Impact energy versus impact location along the 
cryomodule. Emitters start in cavity 2 (Eacc = 16 MV/m 
for cavity 2, zero for all others) distinguishing between 
iris 1 through iris 8 (see color code in legend). 

 
Only electrons emitted from both of the outer cells 

(irises 1&2 and 7&8) may exceed the threshold for photo-
neutron production in Nb indicated by a horizontal line 
(~9 MeV). Furthermore, the probability for such electrons 
to traverse the whole CM and hit walls at the ends of the 
module or escape through the CM is highest, when they 
originate from iris 2 or 7, respectively. Yet, the monitored 
gamma dose was about two orders of magnitude higher at 
the downstream than at the upstream end of the CM. 
Moreover, neutrons were detected dominantly between 
the mid and the downstream end of the CM. 
Consequently, the first cell - specifically iris 2 - is 
identified as the most probable site for dominant FE. It 
should be noted that both CM ends exhibit distinct 
locations, where the beam tube steps down in diameter by 
more than a factor of two. This step has been introduced 
to limit the heat conduction from the warm CM inter-
connecting beam tubes into the cryogenic enclosure. The 
black vertical lines in Fig. 3 mark the start and end 
position of each cavity, while the two red vertical lines 
correlate with these step-down locations. It clarifies that a 
significant portion of the high energy electrons are 
scraped off at these positions. This is rather unfavorable 
since field-emitted electrons are eventually stopped in 
thick copper walls used as thermal heat intercepts. 
Radionuclides with the highest radioactivity have indeed 
been measured arising from Cu (among other metals like 
Al, Nb, stainless steel) concentrated at the downstream 
end of C100-1 [2]. 

OPERATING ALL CAVITIES 
While the neutron yield is yet rather low during RF-

commissioning (one cavity powered at a time), the 
situation changes once all cavities are powered and 
relative phases of cavity fields are set for ‘on crest’ 
conditions. This is the normal operational scenario in 
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CEBAF with beam. This case has been resembled 
numerically, e.g. for Fig. 4 with all cavities operating at 
Eacc = 16 MV/m (90 MeV energy gain). The focus is again 
on cavity 2 with emitters seeded on iris 2. 

 

 
 

Figure 4: Impact energy versus impact location along the 
CM. Emitters start in cavity 2 at iris 2 (Eacc = 16 MV/m). 

 
The bulk of electrons that can hit the step-down at the 

He return end can side accumulate energies up to about 
75 MeV. This can create an elevated neutron dose 
compared to the upstream end with energies up to 
~20 MeV only. In fact, such a bias has been observed 
during test runs of C100-1 as plotted in Fig. 5 covering a 
full month of operation. Due to Fowler-Nordheim scaling, 
the neutron yield increases significantly with the total 
energy gain. At 90 MeV the neutron equivalent dose rate 
exceeds 1,000 mrem/h at the He return end can compared 
to only ~200 mrem/h at the He supply end can side. Note 
that the envisaged energy gain of JLab CMs is 100 MeV. 

 
Figure 5: Neutron dose rates arising from the operation of 
C100-1 at various total energy levels. 

 
Yet, during some test periods the neutron dose rate 

dropped considerably, in contrast to the exponentially 
increasing trend. The most pronounced dip is visible at 
85 MeV with roughly a factor of five dose rate reduction 
compared to the operation at merely 1 MeV below. It 
should be emphasized that at no point was the radiation 
survey correlated to the more prioritized physics run in 
CEBAF such that the operating field conditions changed 
frequently. To understand Fig. 5, individual field 
amplitudes were analyzed covering a full month period 
(Fig. 6). It reveals that cavities 2 and 3 were operated 
merely within Eacc = 12-13 MV/m, when the total energy 

gain was 85 MeV (cf. blue line), i.e. lower than the field 
levels in all other cavities. At times corresponding to a 
gain < 85 MeV however, the fields were usually higher by 
a few MV/m provoking a stronger, dominant FE. This 
explains the much higher neutron dose rates at 84 MeV 
compared to 85 MeV energy gain. The dip at 75 MeV 
(Fig. 5) is explainable by similar arguments [5]. 

 

 
 

Figure 6: Field levels in individual cavities during 
radiation surveys (covering a full month) with C100-1 
delivering an energy gain (blue line) of 83.9-85 MeV. 

SUMMARY 
RF field emission studies have been carried out for a 

full JLab upgrade SRF cavity cryomodule utilizing the 
supercomputing code Track3P. Track3P has been recently 
enhanced by the SLAC code developers with the help of 
Muons, Inc. to allow such novel calculations. Results 
were correlated with radiological, location-dependent 
dose rate pattern gathered for the first CEBAF upgrade 
cryomodule (C100-1) during initial test runs. It explained 
the biased topology of measured dose rates and allowed to 
identify the most problematic cavities in C100-1 that 
carry dominant field emitters (down to a single cavity cell 
or iris region). Diagnostics engaging neutron probes as 
field emission indicators have been found to be very 
helpful, particularly when cavities are powered 
individually. A significant suppression of the FE-induced 
dose rates is to ramp down the fields in the problematic 
cavities only (few MV/m), while trying to compensate for 
the lost energy gain operating ‘quiet’ cavities at higher 
field levels. More detailed studies, which could not be 
addressed here, can be found in ref. [5]. 
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HIGH POWER PROCESSING AT A HIGH ORDER MODE FREQUENCY 
V. Volkov, BINP SB RAS, Novosibirsk, Russia,  

J. Knobloch, A. Matveenko, A. Neumann, Helmholtz-Zentrum Berlin, Germany

Abstract 
Regular High Power Processing (HPP) at fundamental 

frequency in a superconducting cavity usually carried out 
to increase maximal RF field in the cavity that is limited 
by Field Emission (FE). HPP at a High Order Mode 
(HOM) frequency allow significantly increasing FE 
threshold of fundamental RF field. In the paper we give 
proof of this prediction and give the concrete proposal of 
such HPP design for Rossendorf 3.5-cell RF gun 
structure. Expected RF over field is about 100% (from 17 
up to 34 MV/m) as compared with a regular HPP. 

INTRODUCTION 
Dark current, or the unwanted field emission of 

electrons from nanoprotrusions (or asperities) localised on 
metal surfaces in the regions with high electric surface 
field is undesirable because it limits operational field and 
beam performance. Asperities are usually formed by dust 
particles that appear in a cavity during its assembly. There 
are difficulties to prove a perfect technology of such clean 
assembly if it takes place occasionally against those one 
that are made by manufacturers. The problem can be 
solved by the cavity treatment with considered HPP 
applied to melt the asperities. Such HPP is useful 
especially for SRF guns where a replaceable photo 
cathode inserted in it because there are real risks to import 
dust particles into SRF gun cavity through the insertion.   

ASPERITY HEATING 
Our estimations are based on a new conception of 

asperity heating that actualizes in rf and microwave 
cavities [1, 2]. It is heating due to rf skin current, not due 
to emission current or due to ion bombardment of the 
emitter surface as it seeks in present analysis (there is the 
comprehensive review in [3]). As some estimations and 
numerical simulation predicts [1] the rf skin current gives 
orders of magnitude large heating power in comparison to 
emission current heating power. 

Rf skin current density is defined by Maxwell equation* 
[4]: 

J = rot(H)-∂D/∂t                             (1) 

This current crosses through the asperity tip surface. 
Due to the enhancing rf field at the tip this current 
multiplied by enhancement factor β. This current 
propagates further along the asperity volume because the 
skin layer much large than the asperity diameter.  

RF fields of TM mode in rf cavity could be expressed 
as D(r,t)=D(r)·eiωt and H(r,t)=-iω·H(r)·eiωt/ωc. Inserting it 
to Eq.(1) gives J=-iω·eiωt[rot(H)/ωc+D], i.e. J~ω. 
                                                           
* Symbols adopted throughout this article unless otherwise noted are 
defined in the Handbook [4]. 

 Therefore the heating power is proportional to P~ω2 
and the asperity temperature is proportional to T~ω1/2 
which is determined by a balance of heating power and 
Boltzmann radiation. Here ωc is a certain coefficient. The 
bold type symbols indicate vectors. The term of rot(H) 
can be neglected near regions with high rf electric field in 
a cavity where the asperity dispositions  are considered.  

2D models of asperities [1, 2] shown in Fig.1 
demonstrates electric field forces acting between the dust 
particle and the cavity surface. The same forces acts 
between two identical particles assuming the second 
particle is the mirror image in the cavity surface. These 
forces, between such electric dipoles, can be estimated (at 
z>L) by Coulomb law as F~(q·L)2/z4, where the charge q 
can be calculated as the time integral of the current of 
Eq.1 propagating through the dipole asperity.  

 
Figure 1: Numerically simulated RF field pattern of the 
asperity model (L/r =10) close a cavity wall. 

 
Due to rf fields the asperities are directed along electric 

force lines due to the forces acting at the ends to the 
opposite sides. If the field has a gradient then the 
summary forces (F) not zeroing and acts to the direction 
with increased field. Magnetic force acts to the current 
perpendicularly to the asperity and to the magnetic field 
vector. In Fig.3 simulated with SLANS cod these forces 
are shown.   

The main estimating formulas obtained in [1] are listed 
below - the electric force and temperature of asperities 

                         (2) 
            (3) 

Here are assumes L/r=2β, where r is the asperity radius, 
TRF is emitter temperature, β is field enhancement factor, 
E is RF electric field, ω is RF circular frequency, ρ is 
electric conductivity, εo is electric constant, σ is Stephan-
Boltzmann constant. 

To corroborate the considered conceptions about the 
dust particle nature of FE in microwave cavities and the 
asperity heating we produce three experimental dates. 
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HZB Experiments
3D modelling of dark current trajectories emitting from 

the nanoprotrusion and hitting to the JYG screen in the 
RF gun cavity predicts the form of the screen image that 
was observed in HZB experiments [1] (see Fig.2). The 
cone angle of the image forms due to the diffusion of 
emitting electrons from the tip of the asperity having the 
specific rf field configuration with fan like distribution of 
field vectors. The asperity position must have some off-
set relatively to the cavity axis. As the simulation predicts 
such an image cannot be done from a spot like emitter.   

 
Figure 2: The scheme of numerical simulation of dark 
current trajectories emitted from the asperity disposed at 
the cavity back wall upon which they hit the YAG screen. 

Light Emission Phenomena 
The light emission phenomena in SRF cavity with 

flying point lights which observed with help of video 
camera [5] can be explained as the asperities heating by 
the skin current up to visible light temperature. The 
electric forces of Eq.2 compensate the asperity weight 
shown in Fig.3 in the region with positive FE around the 
cavity axis and magnetic forces compensate centrifugal 
forces of asperity orbit. The asperities can have a positive 
charge due to FE therefore several particles must be 
orbited interactively as a one polygonal object.   

 
Figure 3: Electric (FE) and magnetic (FB~-R) forces acting 
on asperities in RF cavity. The “hot” colours indicate the 
regions with intensity of positive electric forces directed 
upward and “cold” colours indicates down directed 
electric forces. 

Kilpatrick Criterion
The asperity heating (skin current) can be those 

physical causes of frequency dependent predictions made 
by the Kilpatrick criterion [4]. Existing FE theory based 
on Fouler-Nordheim equation does not give such an 
explanation [3]. 

If we consider TRF in Eq.(3) is the maximal asperity 
temperature reached at HPP both in one of a cavity with ω 
resonance frequency and in other similar cavity having a 
higher resonance frequency (ωHF) with the same 
configuration of RF electric field than the enhancement 
factor (βHF) will be  

βHF=β∙(ω/ωHF)1/2.                        (4) 
 
Therefore we can apply in the second cavity large electric 
field of main mode to get the same dark current. By using 
the equation βHF∙EHF=β∙E that assumes equal dark 
currents we obtain equation similar to Kilpatrick criterion: 

EHF/E=β/βHF=(ωHF/ω)1/2                    (5) 

HOM HPP 
The experiments with dark current energy distributions 

in Rossendorf SRF gun [6] indicates the fact that main 
concentration of dark current sources are in the cathode 
cell, i.e. at the hole edge around the cathode. This 
conclusion becomes teachable due to numerical 
simulation of dark current trajectories of the experiments 
that is described in [2]. In this condition, the HOM of 
2.842 GHz with maximal electric field in the cathode cell 
is the best candidate for HOM HPP. In Figure 4 the RF 
electric field pattern of this HOM and its amplitude 
distribution on axis are presented. 

 
Figure 4: a) electric field pattern of HOM 2.842 GHz, b) 
HOM amplitude distribution of electric field on axis.  

We compare the numerically simulated HOM HPP 
method applied for Rossendorf SRF gun with the regular 
HPP made in [6]. Gaussian temporal distribution of field 
emitted current with rms width of σFE is taking into 
account in the simulation.  

,                 (6) 
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where BFN=6.83∙106, and =4.3 eV is the work function. 
Dark current trajectories from the hole edge around the 

cathode of the cavity with these considered HPP are 
simulated by ASTRA cod and depicted in Figs. 5a and 5b. 

  
a) b) 

Figure 5: Dark current trajectories in main mode field (a) 
and in HOM field (b). 

In practice there is convenient to use a maximal power 
dissipated by dark currents with HOM HPP instead of the 
dark current magnitude because the limitation is due to 
the power limiting by HOM generator. In the example of 
Rossendorf SRF gun [6] the dark current power of main 
mode HPP was found to be 500 W by numerical 
simulation of dark current trajectories. We have simulated 
those HOM HPP lead to FE power up to 300 W with 
numerically simulated dark current trajectories caused by 
HOM field configuration. A pulse regime of operation 
goes without saying here. 

If the field amplitude is raising in the cavity the asperity 
temperature comes up to a melting temperature and after 
that the decreasing of the enhancement factor β is 
beginning such that the temperature in Eq. 3 remains 
constant. We must take into account the difference 
between RF electric field configurations of two 
considered modes against the previous case of Eq.5 
derivation, especially the difference of surface peak 
electric fields Eo≠Ehom.  Equating of two melting 
temperatures of Eq.3 for two considered HPP gives the 
relation 

βo /βhom= (Eoωo/ Ehomωhom)1/2,               (7) 

where Eo, Ehom are the peak electric fields and βo, βhom are 
the enhancement factors at the regular HPP [4] and HOM 
HPP correspondingly. We assume in Eq.3 the asperity 
radius (r) does not changed during the HPP and 
considered regular HPP enhancement factor is βo=575. 

We expect the field of main mode after the HOM HPP 
will be large by the factor of Eq.6 because such field 
gives the same dark current as one before the HPP. In 
Figure 6 calculated factors of Eq.6 named as Main mode 
gain and the dissipated FE power with HOM HPP are 
presented versus of HOM maximal field on axis.  

We see in Fig.6, after the HOM processing we can raise 
the level of main mode field up to Emax=16.7*2.1=35 
MV/m and we will have the same dark current from the 
hole edge where there is the main source of FE.  

 Main simulated parameters of two considered HPPs 
are presented in Table 1. 

 

Table 1: Summary of Simulated Parameters 

Parameter 1.3 GHz 2.842 GHz 

Enhancement factor, β  575 270 

Peak FE current, A 4.3∙10-8 2.47∙10-7 

Rms width of FE bunch, ps 45 20.6 

Maximal axis field, MV/m  16.7 23 

Peak surface field, MV/m  20.24 42.4 

FE dissipated power, W 500 300 
 

 
Figure 6: Field gain of main mode after the HOM HPP. 

CONCLUSION 
The new conception of asperity heating by RF skin 

current have met the confirmation by the HZB 
experiments, it may be the reason of the flying light 
emission phenomena, and it counts for the physical cause 
of frequency dependent predictions made by the 
Kilpatrick criterion. 

Considered HOM HPP gain the accelerating field by 
factor of two in magnitude. This is especially useful for 
SRF guns due to a risk of a dust contamination of the 
cathode cell that may occur during the cathode insertion. 
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SUPERFLUID HELIUM. TEMPERATURE WAVES MEASUREMENTS 

FROM HEAT SOURCES 
A.N.Ganshin, F. Furuta, D.L.  Hartill , G.H. Hoffstaetter , K.M. Price  and E.N. Smith            
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Abstract 
   One of the most important properties of 

Superconducting Radio Frequency (SRF) cavities is their 
ability to disperse generated heat from the internal cavity 
wall to the external super fluid helium bath. If the 
generated heat is not removed fast enough, an effect 
known as thermal feedback dominates, resulting in 
medium field Q-slope and a cavity quench. This 
generated medium field Q-slope has the ability to 
negatively impact the Q factor should it become strong 
enough. To determine what physical factors affect the 
creation of the medium field Q-slope we will be 
computationally modelling the medium field Q-slope with 
varying parameters, such as thermal boundary resistance, 
called Kapitza resistance [1], wall thickness, RF 
frequency, bath temperature, residual resistivity ratio, 
residual resistance,  and  phonon mean path.  For already 
prepared cavities, the Kapitza resistance and wall 
thickness near quenching area are the only parameters 
that can be modified. 
       Our results show that the medium-field Q slope is 
highly dependent on the Kapitza conductivity and that by 
increasing the Kapitza conductivity the medium field Q-
slope reduces significantly. Understanding and 
controlling the medium field Q-slope will benefit future 
continuous wave (CW) applications such as the Energy 
Recovery Linacs (ERL) where cryogenics costs dominate 
due to CW operation at medium fields  (< 20 MV/m). 

INTRODUCTION 
For successful operation of various linear 

accelerators SRF cavities must attain high Q and 
accelerating field specification. Chemical treatment such 
as buffered chemical polishing and/or electro-polishing 
for cavity quenching at field >25MV/m may not always 
lead to the improvement of the cavity performance but 
instead cause the development of new surface defects and 
reduced quenching field.  
    Also, it is extremely time consuming to do internal 
treatment for large arrays of cavities, such as the 16,000 
needed for the International Linear Collider. In this case 
we would like to consider outside cavity treatment by 
improving the temperature boundary resistance between 
cavity and superfluid helium and by reducing the wall 
thickness where heating from surface defects occurs. 

 

   A superconducting radio-frequency (SRF) cavity’s most 
influential limiting factor is its ability to effectively 
remove the heat created within the cavity. A cavity that 
cannot sufficiently do this will heat up, causing thermal 
feedback and cause a cavity quench. In order to 
summarize the relationship between the heat produced 
and the RF field, the Q factor is discussed. The Q factor 
quantitatively calculates the number of RF cycles in order 
to dissipate the energy stored within the cavity. The 
medium field Q slope is also commonly used as measure 
of the dependence of the Q factor on the RF field 
strength.   
   There are many physical factors and variables that are 
used when calculating the Q factor and medium field Q 
slope, but most of them are either material properties of 
the metal or arise from the geometry of the cavity, 
meaning that they cannot be easily modified. Out of all 
the variables that make up the Q factor/medium field Q 
slope, the only one that can be readily modified is the 
Kapitza resistance. The Kapitza resistance is a type of 
thermal resistance that occurs between a metal and a 
liquid helium bath. The heat transfer between the walls of 
the cavity and the helium bath occur via phonons. The 
phonons in the helium bath have a much lower velocity 
than those in the metal, and this mismatch of velocity 
means that only at certain angles are the phonons actually 
able to enter the metal walls. The critical angle of 
incidence is calculated using Snell’s Law.  

                    arcsin 3h
crit

s

v
v

                  (1)                       

   The velocity of the phonons in helium is hv  and sv is 
the velocity of the phonons in the metal. Of all the 
phonon that try to move from the helium bath to the 
cavity walls, only a fraction of the phonons from the 
helium bath hit the cavity wall within the critical angle. 

                
2

3sin ( ) 2 10
2

critf                      (2) 

   Not all of those phonons have the ability to penetrate 
into the cavity wall due to acoustic impedance. Only a 
fraction of the above fraction makes it into the cavity’s 
walls.  
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   The number of phonons that are able to penetrate from 
the metal to the helium and allow heat transfer is quite 
small, which is the cause for the Kapitza resistance. 
  

                      
3 3

2 2 3

15
2

s s
k

B h h

v
R

k T A v

3 3
s svs                           (4) 

 
   All of the variables are held constant except for the 
surface area, which can be easily altered.  
 
                                      1AR                                   (5) 
 
   This proportion tells us that ideally, by increasing the 
surface area the Kapitza resistance will be lowered 
therefore allowing the heat to be dispersed more rapidly.  
Even cavities made with the best materials and treatment 
still do heat up, most commonly  due to defects that cause 
hot spots in the cavity’s walls. Until recently there was 
only one reliable technique to find possible defects 
responsible for the quench -- temperature mapping. A 
powerful alternative technique to resistance tthermometry 
is the use of 2nd sound in superfluid helium to image the 
heat transfer from the resonator to the superfluid helium 
bath [2].  By testing a superconducting resonator in a 
superfluid helium bath it is possible to observe the 
second-sound temperature and entropy waves driven by 
the conversion of stored RF energy to thermal energy at a 
defect.  By measuring the time-of-arrival of the second 
sound wave at three or more detectors which form a basis 
for the resonator’s three dimensional coordinate system, 
the defect location can be unambiguously determined. For 
our research we used the unique property of superfluid 
helium and its ability to support propagation of 
temperature or entropy waves, called second sound.  The 
velocity of the second sound is an order of magnitude less 
than the velocity of the “traditional” density waves and 
near the cavity operational temperature at 2K is 16m/s.  
   In this paper we will discuss a common theoretical 
model for the flow of heat through a sheet of metal. Using 
this program we will model how various physical 
parameters affect the Q factor, most importantly how the 
Kapitza resistance affects it.  We will also experimental 
determine how second sound waves penetrate through a 
metal plate and are detected by OST’s.  

THEORETICAL MODEL 
Calculating the Medium Field Q Slope and Q 
Factor 
   The theoretical model used is the 1D Heat program 
written in C++ and Matlab. The program models how 
heat is dispersed through a sheet of metal and calculates 
the conductivity between each of the layers for an ideal 
case without defects. The model estimates the         
medium field Q slope and the Q factor and has the ability 
to determine what physical factors affect them.   

   The medium field Q slope is calculated using an 
approximation proposed by Halbritter [3].  
 

 

       
k

bBCS
bB
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              (6) 

  
   Where k is termal conductivity and  d is thickness of 
niobium, Tb – temperature of helium bath.  The standard 
BCS resistance used to calculate the medium field Q 
slope uses a Pippard approximation. [4] 
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Kapitza conductivity of annealed niobium uses the 
following equations which have been fit to experimental 
data sets [5]. 

       
4.65

2( , ) 200 ( )
1

b
d b

TW
H T T f t

m K K
       (8) 

 
   In our case the temperature is the temperature of the 
helium bath, which is held constant; therefore, the only 
factor that is changing is the RF frequency (f). In the code 
there are two options when using the BCS resistance 
function. There is a choice for when the RF field is 
1.3GHz and one for when it is at any other frequency. 
When the RF field is 1.3GHz the standard BCS resistance 
is held at a constant value otherwise the above equation is 
used to calculate the BCS resistance.  
   The Q factor is written as a function of the magnetic 
field and the medium field Q slope.   
 

            2 4

0

( ) [1 ( ) ( ) ]
s c

G B
Q B O B

R B
               (9) 

 
The higher-order function, O(B), is assumed to be 
insignificant and therefore ignored in the program.  
RRR is a measured quantity of the purity of a sample of 
niobium and cannot be modified. Fig.  1 and 2 
demonstrate that even if the sample of niobium is not very 
pure, by increasing the  
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Figure 1: Medium Field Q Slope (B = 0.1T, f = 3GHz, 
phonon mean free path  = 0.0001m,  d = 0.003m ) for 
increasing Kapitza conductivity. 

      
Figure 2: Medium Field Q Slope (B = 0.1T, f = 1.3GHz, 
phonon mean free path  = 0.0001m,  d = 0.003m ) for 
increasing Kapitza conductivity. 

 
Kapitza conductivity we can compensate for that and still 
have a good cavity. The Q factor was also computed at 
various Kapitza conductivity values.  
   In both cases as the Kapitza conductivity is increased so 
is the Q factor. It does appear to reach a limit after the 
Kapitza conductivity is multiplied by a factor of 10.  
   As we can see from Fig.  3, if we improve Kapitza 
conductivity even up to 10 times, at magnetic field 
0.07mT for 3GHz cavity, Q factor can be improved by 
20%. For 1.3GHz cavities near 0.1mT range Q-factor   
can be increased by ~ 12%.  
 

      
 
 Figure 3: Q factor computed at f= 3GHz at various 
Kapitza conductivities. 
 

 

 
 
Figure 4:  Q factor computed at f 1.3GHz at various 
Kapitza conductivities. 
 
   In the case of point-like defect on the vacuum side the 
temperature can reach several Kelvin [6] and change 
niobium into its normal conducting state leading to a 
cavity quench. The quench location can be detected using 
a method developed at Cornell, by using the properties of 
second sound waves propagation. Once the defect 
location is found, local wall thinning with surface area 
development (decreasing Kapitza resistance) can be an 
efficient tool for the improvement of heat transport from 
the RF side to superfluid helium bath.        
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Figure 5:  illustrates medium field Q slope with Kapitza 
conductivity improvement and with reducing niobium 
wall thickness from 3 mm down to 1 mm for 1.3GHz 
cavity. 

                    EXPERIMENTAL SECTION 
   For understanding the propagation of second sound 
waves in restricted geometry where number of obstacles 
play role we made modelling experiments in a small 
Dewar. Experimental set up is presented on the Fig.  5. 
Three 50-ohm heaters have been glued to a G-10 non-
conductive post separated by a few mm from an 
aluminum plate 0.5mm thick. Holes were drilled through 
the plate adjacent to each heater, 3mm diameter for the 
upper two heaters, 6mm for the lowest. On the other side 
of the plate three OST’s were anchored to the top plate 
keeping the geometry ‘heater -- drilled hole – OST 
detector’ on same sight-line. One more heater was 
directly attached to the middle of the metal plate. 
  

        
 

Figure 5: Experimental setup. 

 
     

 

 
Figure 6: Propagation of second sound through a 3mm 
hole,  excited by a square pulse in a 50-ohm heater with 
0.1ms  duration,  50V  (top), and 450V (bottom) trace. 

 
 

 
 
Figure 7: Propagation of second sound through 0.5mm 
aluminium plate at 450V drive top trace and 50V bottom 
trace. 

  

 In Fig.  6 we see the propagation of the temperature wave 
launched by heater 1 through the 3 mm open hole and 

detected by OST-1 for two different pulse drives, top 50V 
and bottom 450V, pulse duration was 0.1msec for both 
cases. 
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   Time propagation of the first peak at 6.4 msec exactly 
corresponds to the geometrically shortest path (~ 12mm) 
from heater to OST, where the velocity of second sound 
at 1.65K is 20.36 m/sec.  
   We observed a number of reflections from walls of the 
Dewar and metal plate that roughly doubles the 
propagation path length, and could only the first reflection 
for 50V found  and first and third for 450V.   
   Fig.  7 demonstrates the pattern of second sound waves 
detected from the heater mounted on the metal plate, 
where the heat must pass through the plate, changed 
drastically.  The signal is significantly attenuated by the 
metal plate and becomes ten times smaller compared with 
the open geometry test. Another remarkable observation 
is the development of the shock wave front (indicated by 
red arrow) with the increasing of drive. At 50V the onset 
time is on the level of noise and the second pick could be 
identified as an arrival time. Currently, the research is 
under progress where a more comprehensive paper will 
be published elsewhere.  

IMPROVEMENT OF KAPITZA 
CONDUCTIVITY 

   In order to increase the Kapitza conductivity, the 
surface area needs to be increased. There are several ways 
we propose that this can be done.  
   The most common way to increase surface area in low 
temperature physics is silver sinter. Powder sinters have 
large surface areas, in the range of couple square meters 
per gram, and are typically good candidates for efficient 
heat transfer improvement. The sound velocity in silver is 
also small compared to other metals: silver powders have 
a low sintering temperature ~ 250C. 
    In order to avoid any  risk of bringing nanoparticles 
into the clean room environment we considered another 
way to increase the surface area, which appears more 
suitable for SRF research, by coating the outside of the 
cavity by nanoporous gold. Hieda et al [7], found that 
they could increase the surface area by around a factor of 
40 of an object by coating it in a micrometer layer thick 
of nanoporous gold [7]. Using this same method, coating 
the outside of the SRF cavity with nanoporous gold could 
increase the surface area by a factor of 40 thereby 
improving the Q factor.  

        CONCLUSIONS 
   Following  the Vines et.al. paper on the “Systematic 
Trends for the Medium Field Q-Slope” [8], the Kapitza  
conductivity  plays  a    role  in  improving   the  Q  factor  
when   other  physical parameters in an already prepared 
cavity -  such  as  wall  thickness,  RF  frequency,    
residual  resistivity  ratio, residual resistance, and phonon 
mean path cannot be changed. The Kapitza conductivity 
is directly proportional to surface area, so by increasing 
the surface area the cavity will be more able to remove 
heat from its walls into the helium bath. One way that 
looks feasible to increase the cavity’s surface area by a 
factor of 40 is to coat the outside of the cavity with a layer 

of nanoporous gold which is harmless treatment for the 
cavity performance improvement. It should be even more 
important for single crystal niobium (111) where Kapitza 
resistance play dominating role in heat transport to helium 
bath [9].  Based on the experimental results, there is a 
need of future tests in order to better understand how 
second sound is reflected. In order to better model a hot 
spot in a cavity, an experiment with the  heater  inside  a  
vacuum  sealed  cell and with both pure niobium and 
niobium covered by nanoporous gold is  planned. 
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MEDIUM FIELD Q-SLOPE STUDIES IN HIGH FREQUENCY CAVITIES∗

A. Grasselino, O. Melnychuk† , A. Sukhanov, Fermilab, Batavia, IL, 60510, USA

Abstract
A phenomenon of Medium Field Q-Slope (MFQS) in

superconducting RF cavities is of high importance be-
cause it occurs in the field range (5-20 MV/m) that includes
designed operation fields of future CW accelerators [1].
MFQS impacts resistive losses in the cavity and, conse-
quently, directly affects accelerator operation costs. We
present studies of MFQS based on vertical test data for
1.3 GHz nine-cell cavities and make comparisons of ver-
tical test data from different laboratories.

INTRODUCTION
Medium Field Q-Slope (MFQS) feature of supercon-

ducting RF cavities can be thought of as a primary factor
that determines RF losses in the cavity at typical operating
gradients (15-20 MV/m) given cavity performance at low
field. Exact unique physics mechanism behind MFQS phe-
nomenon is not understood. The goal of our studies is to
form a systematic understanding of MFQS as a function
of several factors that affect cavity performance. Such un-
derstanding may point towards possible improvements of
cavity performance and be of help for understanding the
physics mechanism of RF losses in a superconductor.

DATA
We select data from Vertical Test Stand (VTS) Q0 vs.

Eacc measurements of 9-cell 1.3 GHz cavities performed at
Fermilab at 2 K and 1.8 K and at DESY at 2 K.

Fermilab Data
We use last 2K test of 24 TB9* Fermilab cavities.

TB9NR004 TB9ACC014 TB9AC114 TB9AES011
TB9AES014 TB9ACC015 TB9AES012 TB9RI025
TB9NR002 TB9ACC012 TB9AES002 TB9RI022
TB9AES013 TB9RI026 TB9ACC016 TB9RI021
TB9RI024 TB9RI027 TB9RI020 TB9AES003
TB9AES007 TB9ACC007 TB9ACC006 TB9ACC011.
Eleven out of these 24 tests include also 1.8K measure-
ments.

DESY Data
We started with all tests of 53 AC* DESY cavities which

amounts to nearly 2100 Q0 vs Eacc data sets. Then we se-
lected data sets for MFQS studies according to the follow-
ing requirements: last test date for a given cavity, funda-
mental mode measurements at 2 K, at least 10 data points

∗Operated by Fermi Research Alliance, LLC under Contract No. De-
AC02-07CH11359 with the United States Department of Energy

† alexmelnitchouk@gmail.com

available in the measurement with at least one point be-
low 5 MV/m and at least one point above 20M/m, data
were taken before quenching without subsequent warm-
up above Tc. These selection criteria give us 38 Q0 vs
Eacc data sets from measurements of the following cav-
ities: AC112, AC115-AC125, AC146-AC148, AC150-
AC158, AC57-AC60, AC62-AC63, AC70-AC71, AC73,
AC75-AC76, AC78, AC80-AC81.

RESULTS
Our observables of interest are: Q0 value at low field

(Eacc=5 MV/m is used as a reference point), Q0 value at
a typical operating gradient for near future accelerators
(Eacc=16 MV/m is used as a reference point), and the rate
of change of Q0 between low field and operating field. We
characterize the rate of change of Q0 with accelerating field
by Medium Field Q-Slope (MFQS). We define absolute and
relative MFQS. Absolute MFQS is defined as a difference
in Q 0 between 5 MV/m and 16 MV/m. Relative MFQS is
defined as absolute MFQS divided by Q0 at 5 MV/m.

In Fig. 1 performance of DESY and Femilab cavities is
compared. DESY cavities tend to have higher Q0 at both
5 MV/m and 16 MV/m. This corresponds to a difference of
approximately 4nOhm of residual resistance. Typical ac-
curacy of determining residual resistance is 10%. MFQS
plots for DESY cavities (especially absolute MFQS on the
lower right of Fig. 1) reveal existence of several popula-
tions.

In Fig. 2 we focus on DESY cavities and compare Q0

value at 5 MV/m and 16 MV/m after splitting DESY data
sample into four sub-samples according to chemical treat-
ment (BCP or EP) and according to niobium grain size
(large grain or fine grain). Fig. 2 shows that unbaked cavi-
ties tend to have lower Q 0value at 5 MV/m compared to all
cavities. Also, in unbaked cavities, there is no large differ-
ence in Q 0between 5 MV/m and 16 MV/m – MFQS tends
to be low. We make several observations in Fig. 2 in the
context of MFQS studies:

• No significant difference between large grain and fine
grain cavities is observed.

• No significant difference between BCP and EP pro-
cessing prior to Q0 vs. Eacc measurement.

• In both BCP and EP treated cavities, in both large
grain and fine grain cases, there are instances in which
Q0 has very similar value at 5 MV/m and at 16 MV/m.
In these cases there was no low temperature baking
performed in between chemical treatment and Q0 vs.
Eacc measurement. The effect of no baking at low
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Figure 1: Comparison between DESY (solid blue) and Fermilab (hatched red) cavities. Top left: Q 0at 5 MV/m. Top
right: Q0 at 16 MV/m. Bottom left: relative MFQS. Bottom right: and absolute MFQS

temperature is studied in more detail in Fig. 3. The
difference in Q0 between low temperature baked and
unbaked cavities appears to be noticeably larger at
5 MV/m than at 16MV/m (top plots in Fig. 3).

Finally, we compare Q 0values at 5 MV/m and 16 MV/m
between 2 K and 1.8 K measurements. The comparison is
done using Fermilab cavities. Figure 4 shows Q0 measured
at 2 K and 1.8 K in the top and middle row respectively. Not
all 2 K measurements have their 1.8 K counterparts, only11
out of 24 measurements. Since the comparison could not be
done with identical set of cavities we check that the subset
of 11 cavities on which 1.8 K data is available is not biased
with respect to the full 2 K sample. 2 K distributions for the
subset of 11 cavities is shown in the bottom row of Fig. 4.
There is no significant difference compared with the full
2 K sample of 24 cavities.

SUMMARY
Fermilab and DESY VTS Q0 vs. Eacc data for 9-cell

1.3GHz cavities were studied with the focus on low field,
operating field, and MFQS. In summary:

• for Fermilab cavities average Q0 at 2 K(1.8 K) is
2.1(2.6)×10

10 and 1.6(2.1)×10
10 at 5 MV/m and

16 MV/m respectively;

• DESY cavities tend to have somewhat higher values
of Q0, difference in performance between Fermilab
and DESY cavities can be attributed to difference in
residual resistance of about 4nOhm;

• no siginficant difference between large grain and fine
grain cavities is observed;

• no significant difference between cavities treated with
BCP or EP is observed;
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Figure 2: Q0 at 5 MV/m and 16 MV/m for large grain DESY cavities

• cavities without lower temperature bake have signif-
icantly lower Q 0at 5 MV/m (this observation applies
for both large grain and fine grain cavities and for both
types of chemical treatment, BCP and EP).

REFERENCES
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QUENCH DETECTION DIAGNOSTICS ON 3.9 GHz XFEL CAVITIES 
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INFN Milano - LASA, Segrate (MI), Italy 
 C. Pagani 
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Abstract 
This paper presents results of quench localization on 

3.9 GHz XFEL prototype cavities tested at LASA vertical 
test facility. Cavities have been equipped with OST 
second sound detectors and thermometry sensors. A first 
guess for quench position has been obtained from modal 
analysis. Second sound sensors confirmed the quench 
position resolving also the symmetry degeneracy given by 
the RF mode pattern analysis. In a subsequent vertical 
test, second sound and temperature sensors have been 
installed nearby the suspect quench position. From 
thermometry mapping, a sudden increase in cavity 
temperature within a small region is evident, therefore 
confirming that a local thermal breakdown due to defect 
heating occurs in the predicted quench point. The quench 
region deduced with the mentioned techniques is then 
compared with results of optical inspection. 

INTRODUCTION 
Several techniques can be employed for quench events 

detection on superconducting cavities operating below 
lambda point temperature (2.17 K). One of the most 
promising methods, introduced at Cornell [1], is based 
upon second sound waves detection by Oscillating 
Superleak Transducers (OST), nowadays widely 
employed in many labs. When dealing with small size 
superconducting cavities as for the XFEL 3.9 GHz 
injector section, where the equator-iris distance is only 
19.22 mm, the state-of-the-art of second sound method 
accuracy may not be enough for effective quench 
localization. 

Several error sources can affect a proper quench 
localization, for instance the uncertainty on sensor 
positions due to inaccurate placing, extended active 
sensor surface, or a wrong estimation of time of flight due 
to the difficult identification of second sound pulse wave 
front arrival. Furthermore, the dynamics of quench on 
cavity surface may lead to a transition of the surrounding 
area into normal conducting region therefore generating 
an apparently larger quench area on cavity surface [2]. 
Finally, other phenomena can alter the thermodynamic 
properties of superfluid helium, locally causing a non-
uniform propagation of second sound signals [3]. 

 A full explanation of these effects is still lacking, even 
if experimental tests on second sound velocity seems to 
exclude the so-called “too fast” second sound 
phenomenon as the prime suspect for wrong quench 
localization [4]. 

As a consequence, accuracy on second sound 

diagnostics is still far from the sought-after value of 
some mm. Further investigations are needed for a better 
understanding of physical processes involved during 
second sound waves production and propagation so to 
achieve a new degree of method precision. 

In the same time, this technique can be combined with 
other methods in order to cross check the consistency of 
the results. Such an approach has been already exploited 
on 1.3 GHz cavities at DESY [5], where Second Sound 
technique is employed together with temperature 
mapping, mode analysis and optical inspection.  

This paper shows the results obtained with a similar 
approach on 3.9 GHz XFEL prototype cavities tested at 
INFN Milano - LASA vertical test facility.  

TEST ON A XFEL 3.9 GHZ PROTOTYPE 
CAVITY 

We performed an investigation on the 3HZ02 3.9 GHz 
cavity, one of the three prototypes expressly 
manufactured for validation and test purposes in view of 
the upcoming XFEL 3rd harmonic cavities series 
production. 

This cavity shows a modest Q0 already at low-field, 
indicating a poor surface condition, in spite of several 
BCP treatments [6]. As it is clear from Fig. 1, a sharp Q 
drop occurs between 12-16 MV/m without any substantial 
degradation from its initial value until the maximum 
accelerating field is reached. We have observed no X_ray 
or electron activity near or at the accelerating field 
corresponding to the quench. 

 

Figure 1: Cavity 3HZ02 Q0 vs. Eacc for several RF tests. 
A flat low Q0 and its sharp drop indicate a possible poor 
surface condition or material inclusion. 

 ___________________________________________  

*michele.bertucci@mi.infn.it 
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This sharp drop of the quality factor can be explained 
with a cavity thermal instability causing a local or diffuse 
breakdown of superconductivity. 

Our final goal is to identify the occurrence of a local 
quench event and locate its position on the cavity surface. 

Modal Analysis 
As a first test, we measured the maximum accelerating 

field achieved on 9 cavity cells during the power rise in 
all the 9 fundamental pass band modes. The maximum 
field value in  mode (in “flat” condition, i.e. with equal 
fields in each cell) corresponds to the quench field 
causing thermal breakdown. 

Experimental values for maximum fields in each 
excited mode are shown in Table 1. We recall that cavity 
eigenvectors are symmetrical with respect to the cavity 
center so that mode analysis cannot distinguish between 
any symmetrical couple of cells. 
Table 1: Maximum fields in the 9 fundamental pass-band 
modes. Index 9 corresponds to  mode (“flat” condition). 
Accelerating fields, also in other mode, compatible with 
the  mode critical value are underlined in blue.  

# 
Cell 

Fundamental cavity pass-band eigenmode index 
1 2 3 4 5 6 7 8 9 

1/9 3.0 5.9 7.2 10.8 16.5 19.2 17.5 16.6 15.3 

2/8 8.7 15.0 14.3 14.5 10.8 0.0 9.3 14.6 15.3 

3/7 13.4 17.0 7.2 5.7 20.2 19.2 3.2 10.9 15.3 

4/6 16.4 11.1 7.2 16.5 3.7 19.2 14.3 5.8 15.3 

5 17.4 0.0 14.3 0.0 21.5 0.0 18.6 0.0 15.3 

Emax 17.4 17.0 14.3 16.5 21.5 19.2 18.6 16.6 15.3 

 
Comparing the field values for the 9 modes, we see that 

only a quench occurring in 2nd or 8th cell is consistent with 
the whole modal analysis results. Taking into account the 
uncertainty in field calculation of about 1 MV/m due to 
our experimental accuracy, this implies that the same cells 
may be the cause of thermal breakdown even in the 2 /9, 
3 /9, 4 /9 and 8 /9 modes, while for the other modes the 
quench event occurs in another cells where the maximum 
field is higher. 

Starting from the mode indication, we can focus our 
attention on this couple of cells as suspect quench sites. 

Second Sound  
While the modal analysis can yield only an indication 

about which cells can be a quench site and does not 
resolve the cell degeneracy, Second Sound Technique can 
locate it within a 1-2 cm radius zone. For this purpose, it 
is important a proper choice of OST sensors arrangement 
around the cavity. 

Quench positions have been calculated from 
experimental OST data employing two different 
algorithms of trilateration error minimization. The former, 
developed by LASA, is based on the conjugate 
subgradient method (CS) and allows a quench-OST line-

of-sight check, excluding from trilateration OST sensors 
not directly viewed from quench point. The second one, 
developed by Cornell, uses the Vertex-Pair Calculation 
Method (VPS) [7], forcing the trilateration algorithm to 
place the quench on cavity surface. 

First of all, we resorted to a configuration with sensors 
spread all around the cavity, so to crack modal analysis 
symmetric degeneracy and identify one single cell as 
quench site. The calculated quench locations are 
graphically shown in Fig. 2. 

 

 

Figure 2: Quench position calculated with CS (left) and 
VPC (right) algorithms in the “strewn sensors” 
configuration. The yellow sphere on the left picture 
represents the uncertainty in quench position calculation. 

Clearly, a single cell – consistently with modal analysis 
predictions – is successfully identified as a quench origin. 
The two algorithms yield similar results for quench 
location within few millimeters. Position and accuracies 
are shown in Table 2 as configuration “1”. 
Table 2: Calculated quench positions in both 
configurations and resorting to both algorithms. All units 
are in mm.  is the distance between the positions 
calculated with CG and VPC. 

configuration 1 2 

Position 
 CG 

(mm) 

x -19.5 -33.5 
y -6.7 -19.6 
z -104.7 -102.8 

quench radius 13.1 3.3 

position  
VPC 
(mm) 

x -20.5 -32.3 
y 0.1 -23.5 
z -100.9 -110 

CG-VPC) 7.9 8.3 
Once we identified the cell, we arranged a new 

configuration, with sensors concentrated nearby the 
supposed quench position, so to be sure that every sensor 
sees the quench, therefore increasing experimental 
accuracy. Once again we use the two algorithms to 
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minimize the error in the trilateration calculation and the 
results are shown in Fig. 3. We see clearly a more 
effective determination of quench position when 
employing CG algorithm. The minimization error, 
represented by the yellow sphere in the CG algorithm, is 
clearly reduced. The new calculated locations are reported 
in Table 2 as configuration “2”. 

Second Sound accuracy is better when dealing with 
configuration 2 due to a larger number of OSTs used for 
triangulation. A discrepancy still persists between the 
results obtained with the 2 different algorithms. At any 
rate, we can refer to this configuration as the more 
effective for assessing the quench position once its 
location is roughly determined. 

 

 
Figure 3: Quench position calculated with CS (left) and  
VPC (right) algorithms in the “concentrated sensors” 
configuration.  

Fast Thermometry 
Taking advantage of second sound indication, we can 

now focus on a narrow surface zone to have a further 
validation of quench position by means of temperature 
mapping technique. 

Five thermometry sensors (Cernox®) with fast readout 
electronics are attached to the cavity in the area spotted 
by the Second Sound detectors. A fast digitizing 
oscilloscope measures the amplified output from the 
thermometers signal processing boards. During the cavity 
test, in correspondence with a quench event, the nearest 
sensor to the quench position suggested by the OST 
trialateration shows a consistent temperature rise, 
confirming the position of the quench. The temperature 
measured by the other sensors placed around the spot at 
10 mm distance does not measure any significant 
temperature rise. Fig. 4 shows the sensor configuration 
and the resulting temperature plots. The red curve show 
the temperature variation when the sensor is far (upper 
plot) on very near (lower plot) to the quench location. The 
blue curve shows the transmitted power picked up from 

the cavity: after the quench event the cavity does not 
restore its initial superconducting state within the 500 ms 
of RF ON pulse. This indicates a strong thermal transition 
of the cavity caused by the quench. 

 

 
 
Figure 4: Sensor configuration with corresponding sensor 
temperature responses (red lines). Blue line is cavity 
transmitted RF power. 

Optical Inspection 
Finally, we made an attempt to directly check the 

presence of a defect on the inner cavity surface as quench 
origin, nearby the point localized by the previous 
techniques, resorting to the optical cavity inspection. 

The optical inspection of the inner cavity surface is 
usually performed in the equatorial and iris zone of each 
cell by means of a rigid boroscope system after cavity 
welding, bulk BCP etching and 800 °C [8]. 

 
Figure 5: Optical image of cell 2 equatorial region after 
800 °C treatment. 

Fig. 5 shows the blow-up of the quench zone at equator 
of cell 2. As it is clear from picture, no “smoking gun” 
evidence can be obtained from this direct visual 
inspection. This can be due either to poor optical 
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resolution (resolution 37 um/pixel) - failing to detect too 
small impurities - or to a subsurface defect which 
obviously cannot be identified with this technique.  

CONCLUSIONS 
Quench in a 3.9 GHz XFEL prototype cavity has been 

extensively studied by different methods. We have 
applied mode analysis to identify cell pairs responsible 
for quenching the cavity, Second Sound for spotting the 
quench site and fast thermometry to cross validate the 
Second Sound results. We have resume also optical 
inspection images searching for a clear quench site on the 
cavity inner surface which we could not identify. 

Second Sound technique has proven to be reliable in 
identifying the quench area within 5-10 mm but works 
has still to be done to reduce even further this uncertainty 
and allow fast and reliable quench detection on the small 
3.9 GHz cavities where the cell distance is 19.2 mm.  
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Orsay Unité mixte de recherche CNRS-IN2P3 Université Paris-Sud 91406 ORSAY cedex 

 

Abstract 

The maximum RF surface magnetic field (BS) achieved 

with SRF bulk Nb cavities is often limited by anomalous 

losses due to Joule heating of normal-resistive defects 

embedded onto the RF surface. At high BS (e.g BS>50 

mT), the defect temperature increases strongly with BS, 

leading to a thermal runaway of the cavity or quench. The 

unloaded quality factor Q0 of the cavity decreases 

suddenly and strongly due to superconducting to normal 

state phase transition of the hot spot area. Quench 

detectors, called Oscillating Superleak Transducer (OST) 

and sensing 2
nd

 sound events in He II, have been recently 

used to study quench of SRF cavities. IPN developed its 

prototypes of OST quench detectors and a test stand for 

their calibration and characterization in the temperature 

range T0=1.6 K-2.2 K. This device allows precise and 

controlled experimental simulation of SRF cavity quench 

using pulsed heat sources. Experiments were performed 

to study the dynamic response of OST detectors when the 

heat source is subjected to a time varying heat flux q(t) as 

function of several parameters (T0, q(t) time structure and 

density, heat source size) and first experimental data are 

presented.  

INTRODUCTION 

Thanks to the tremendous R&D effort by different 

laboratories around the world and to the use of high purity 

material and well assessed fabrication and preparation 

procedure, SRF bulk niobium cavities are nowadays 

operated reliably at high accelerating gradient which 

correspond to surface magnetic field  BS >50 mT [1]. 

However, the maximum RF surface magnetic field (BSmax) 

achieved with SRF bulk Nb cavities is often limited by 

anomalous RF losses due to Joule heating of normal-

resistive defects or inclusions embedded [1-2] onto the RF 

surface. The typical effective diameter and surface 

resistance of these defects are respectively in the range 1-

100 µm and 1-10 m. For example at BS=50 mT, the heat 

flux density qDefect due to Joule heating of a defect area is 

0.8 10
6
 W/m

2
 in contrast to RF losses in the 

superconducting RF surface region (qSRF~0.8 W/m
2
). Due 

to such very high heat flux in a defect zone, and to the 

quadratic dependence of Joule RF losses with BS
 
(e.g. q α 

RSBS
2
), the temperature increases strongly with BS 

especially in the defect area. This heating increases the 

RF surface temperature in the vicinity of the defect 

beyond the critical temperature TC (BS) of  niobium 

resulting in a dramatic increase (e.g. by 5 to 6 orders of 

magnitude) of the local RF losses. This catastrophic 

process leads generally to a thermal runway of the SRF 

cavity or quench as soon as the hot spot area effective 

diameter exceeds a critical value for which the unloaded 

quality factor Q0  decreases strongly. Obviously, the 

thermal quench of SRF cavity is easily detectable with RF 

probes (i.e. transmitted and/or reflected RF power). 

However, as it is an overall measurement, RF signals are 

insufficient to characterize completely the thermal 

runaway and are unable to locate quench source. 

Dedicated diagnostic tools are then needed in order to 

study thoroughly and investigate in details quench 

phenomena. 

BRIEF HISTORY OF THERMAL 

DIAGNOSTIC TOOLS OF ANOMALOUS 

RF LOSSES IN SRF CAVITIES 

The first generation of sensors dedicated to diagnostic 

of anomalous RF losses and thermal breakdown events 

was developed in ~1980. These sensors are special 

surface thermometers (Fig. 1), which allow the 

measurement of the outer surface temperature [3-5] of 

SRF cavities cooled by Liquid Helium (LHe). These 

thermometric resistive sensors, which operate in sub-

cooled normal Lhe or He I bath or saturated superfluid 

helium bath, are of two types: a) Scanning Surface 

Thermometers (SST), b) Fixed Surface Thermometers 

(FST).  

 

Fig. 1: Surface thermometers of IPN Orsay for 

measurement of liquid helium cooled SRF cavities wall 

temperature. 

Due to the cooling medium (saturated boiling He I, 

sub-cooled He I, saturated superfluid helium or He II at 

bath temperature Tbath<T) and the measurement 

configuration, SST are intrinsically limited [3-4] when 

operated in He II: 1) low measurement efficiency (~1-

2%), 2) lack of reliability, lack of repeatability. FST are 

also practically limited because a large number (i.e. 

>>100) of such sensors is needed [4-7] in order to ensure 

a good spatial resolution. Second generation of quench 

detectors in superfluid helium, namely OST (Oscillating 

Super Leak Transducer), were developed in 1970 for 

fundamental research on He II thermo-hydrodynamics 

[8]. These OST, which are capacitive quench detectors, 

based on second sound (temperature wave) measurements 

in superfluid Helium (He II), were applied to SRF cavity 

thermal breakdown investigation nearly 5 years ago [9]. 
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More recently, it was suggested to use Low REsponse  

TIme (<< 1ms) REsistive THermometers (LRETIRETH) 

as quench detectors.  

EXPERIMENTAL SET-UP 

Description of OST Detectors Developed at IPN 

Orsay 

We used the original design, of OST developed by Z.A 

Conway [9]. It is a capacitive sensor (Fig. 2-Fig. 3). The 

first rigid electrode, is a brass disk (O.D: 16 mm, 

Thickness: 4.1 mm), imbedded in the body of the sensor 

which is made of aluminium alloy. Moreover, the 

deformable Active Electrode bonding agent, which is the 

dielectric insulator is an epoxy resin (STYCAST 2650 

MM). The active deformable electrode is a polycarbonate 

semipermeable (Pore diameter: 0.2 µm) membrane of 6 to 

11 µm thickness and coated with 50nm thick aluminium 

onto upper surface for electrical contact. Finally a SMA 

base connector is attached to the brass electrode. 

Cryogenic Insert for Calibration and Full 

Characterization of Quench Detectors 
We have developed a new cryogenic insert (Fig. 4) 

dedicated to the calibration and full characterization of 

various quench detectors. The main characteristics of the 

cryostat and insert assembly are: a) Useful height of 1 m, 

b) Bath temperature range: Tbath=1.55 K– 4.25 K, c) Static 

heat load: ~ 0.6 W-1 W. The quench of SRF cavities is 

experimentally simulated by means of localized resistive 

heaters creating a precisely controlled pulsed heat flux. A 

photograph of SMD type resistors used for SRF cavity 

quench simulation is shown in Fig. 5. 

 
Fig. 4: Cryogenic insert for quench detectors 

characterization. 

 
Fig. 5: SMD type resistors. 

Test Cells and Configuration of Sensors 

In order to investigate the effect of the heater geometry, 

and the distance of the sensors to the quench-like source, 

we performed experimental runs with different 

configurations. Cylindrical resistive heaters and SMD 

resistive heaters of different size were used for this 

purpose. Moreover, we used two industrial bare ship 1050 

BC CERNOX resistors, named CX here after as 

LRETIRETH. The different experimental configurations 

tested actually are summarized in Table 1 and a close 

view of the three test cells used, are illustrated in Fig. 6- 

Fig. 8. The measured resistances values at Tbath= 2 K of 

the different heaters are in the range 55 -60 .  

 

 
Fig. 2: Main components of OST quench detectors prior 

to assembling. 

 
Fig. 3: SEM micrograph of the porous polycarbonate 

membrane after aluminium coating. 

Proceedings of SRF2013, Paris, France TUP103

04 Measurement techniques

T. T-mapping and Second Sound

ISBN 978-3-95450-143-4

715 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Table 1: Test Cell Configurations 
Test 

cell 

Heater 

geometry 

Heater Area 

(mm2) 

Sensor type Sensor 

 location 

(mm) 

 

1 

 

Cylinder 

12.9 CERNOX #1 

 

CERNOX #2 

24.1 

 

      7.7 
24.2 

79.5 

 

2 

 

Cylinder 

12.9 OST#4 

 

OST#3 

28  

 

41  
24.2 

79.5 

 

3 

Flat-

SMD 

1.3 OST#1 

OST#2 

20  

31 5.1 

 

 
Fig. 6: Test cell #1. 

 
Fig. 7: Test cell #2. 

 
Fig. 8: Test cell #3. 

EXPERIMENTAL RESULTS AND 

DISCUSSION 

Experimental Procedure  

Several experiments were performed at different Tbath. 

Prior to the measurements of the response of the sensors 

(OST and CX), we calibrated the CX resistors by 

comparison to a CERNOX 1050SD thermometer 

calibrated at IPN Orsay. For this purpose, we naturally 

used the Lhe saturated bath as thermostat: using a MKS 

pressure transducer, a PID pressure controller and a 

motorized butterfly valve, Tbath was regulated to better 

than 0.2 mK for Tbath < T=2.1768 K, via the vapour 

pressure control. After thermometers calibration, we then 

measured the response of quench detectors to a pulsed 

heat flux generated by the different heaters. 

The Observed Signals 

During the first experimental runs, due to insufficient 

electromagnetic shielding, we observed very noisy signals 

for both OST and fast response thermometers. After an 

important effort of shielding of the whole experimental 

set-up from the sensors to the data acquisition system, the 

signal to noise ratio of the thermometric signals was 

significantly improved (i.e. more than order of 

magnitude). Two examples of second sound signals as 

observed at Tbath=2 K by the sensors OST#1 and OST#2 

of the test-cell #3 are illustrated in Fig. 9 Fig. 10 for two 

different values of the polarization voltage at a given a 

pulsed heat flux (peak value qP=753 W/cm
2
) with a pulse 

duration P= 100 µs and at a repetition rate frep=10 Hz. 

For the run shown in Fig. 9, the applied polarization DC 

voltage was VP=50 V while in the case depicted in Fig. 

10, VP=150 V: the measured signal is improved by a 

factor 5 increasing from 180 µV to 890 µV when VP is 

increased by a factor 3.  

 
Fig. 9: Response signals of OST #1(red)  and OST # 2 

(green) to a pulsed heat flux qP= 753 W/cm
2
 for VP=50 V.  

 

 
Fig. 10: Response signals of OST#1 (red) and OST#2 

(green) to a pulsed heat flux qP=753 W/cm
2
 for VP=150 

V. 

Notice that two type of behaviour were observed 

concerning the effect of VP on OST signals: a) linear 

increase of signal amplitude with VP, b) amplitude which 

is not dependent on VP. An example of second sound 

signals as observed at Tbath=2.1 K by the thermometers 

CX#1 and CX#2 is shown in  Fig. 11 for a pulsed heat 
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flux (peak heater power QP= 38 W, pulse duration P= 

100µs and at a repetition rate frep=10 Hz). As expected, 

thermometric signals are very weak: the measured peak 

values are in the range 1-100 µV for a sensing current of 

20 µA. It should be stressed that thermometric signals are 

still perturbed (e.g. cross talk) by the heater signal even 

with careful electromagnetic shielding.  

 
Fig. 11: Response signals of CERNOX #1(red) and 

CERNOX# 2 (green) to a pulsed heat flux QP= 38 W. 

The observed first peaks of the thermometric signals 

shown in Fig. 11 corresponds to heating T =0.3mK for 

CX#2 andT=0.08 mK for CX#1. Moreover, the 

measured second velocity at Tbath=2.1 K as deduced from 

thermometric signals of Fig. 11 is 12.6 m/s which is close 

(to within 1.4 %) to precise measurements (e.g. 12.42 

m/s) performed by Wang et al.[10]. The observed second 

sound signals shape and time structure, as measured either 

by OST or LRETIRETH, depends strongly on the 

experimental configuration and in particular on the heater 

geometry. More precisely, the geometry of the heat 

source or the excitation source that generates the second 

sound determines if the resulting wave is planar, 

cylindrical or spherical. The type of involved second 

sound wave determines in turns the temporal structure of 

the sensors response to a pulsed excitation. More 

precisely according to theory, in the case of cylindrical or 

spherical second sound wave configuration, the 

propagating shock wave should show a heating 

(compression) followed by cooling (rarefaction) at given 

location from the pulsed heat source.  

Such behaviour was previously observed by several 

authors. In our case, for cylindrical heat source, one 

observes pseudo-sinusoidal response to a pulsed 

excitation as it is clearly shown in Fig 11-Fig. 12. The 

time structure of the observed OST or CX sensors signals 

are similar to damped oscillations, which leaded to 

misinterpretation by some previous studies. In the case of 

spherical second sound shock wave propagation (e.g. flat 

SMD heater), we observed (Fig. 13) the theoretically 

expected signal but with a slightly different time structure 

as compared to cylindrical case: the decay time of 

oscillations is shorter in the case of spherical wave.  

 

 
Fig. 12: Response of OST #3(red) and OST # 4 (green), 

at Tbath=2.1 K to a pulsed heat flux qP= 48.3 W/cm
2
, with 

τP= 100 µs for VP=150V-Test cell#2: cylindrical heater 

area=79.5 mm
2
 (O.D= 5.3 mm, Length=15 mm). 

 

 
Fig. 13: Response of OST#1(red) and OST#2 (green), at 

Tbath=2.1 K to a pulsed heat flux qP= 753 W/cm2, with 

τP= 100 µs for VP=150V-Test cell#3: Flat SMD heater 

area=5.1 mm
2
. 

Additional tests will be carried out to clarify this 

behaviour and whether or not this is due to heat source 

geometry.  

Second Velocity  

As mentioned above, second sound signals were 

successfully recorded by both OST and CX 

thermometers. From these data, we have deduced by 

cross-correlation experimental values of the second sound 

velocity U2. The corresponding results, as deduced from 

OST signals, are illustrated in Fig. 14. Measurements 

were performed by two different procedure stabilize He II 

bath temperature at different values then subject the 

heaters to pulsed heat flux and simultaneously monitoring 

OST and CX signals versus time, b) subjecting the heaters 

to pulsed heat flux and simultaneously monitoring OST 

and CX signals versus time while He II bath temperature 

is slowly drifting. The data obtained by the two methods 

are in very good agreement. The solid red circles were 

obtained by the first method using the test cell#3 and 

cross correlation between OST#1 and OST#2. The solid 

blue triangles were obtained by the second method using 
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the test cell#2 and the time flight between heater and 

OST#3. 

 

 
Fig. 14: Comparison of measured second sound velocity 

to previous experimental data (solid black line). 
 

Moreover our experimental data are in very good 

agreement with previous experimental results reported by 

Donnelly group [10]. Note that second sound velocity was 

also deduced from the thermometric signals (e.g. time 

flight between heater and CERNOX #2) leading to data 

(not illustrated in Fig. 14) in very good agreement with 

those from OST sensors.  

Experimental Observations About Signal Time 

Structure 

The pseudo-sinusoidal like response to a pulsed 

excitation shown in Fig. 12, was systematically studied as 

function of Tbath. This test was performed with test cell 

#2. The frequency of oscillations of OST#3 sensor was 

measured as function of second sound velocity (Fig. 15), 

which varies with Tbath. The peak heater power and pulse 

duration are respectively QP=38 W and P= 100 µs at a 

repetition rate frep=10 Hz. 

The results shown in Fig. 15 show a linear increase of 

the oscillation frequency with respect to second sound 

velocity. This confirms that these pseudo-oscillations 

have a physical meaning to be clarified and is not a 

characteristic of the OST membrane mechanical 

behaviour. 

 

 
Fig. 15: Oscillation frequency versus second sound 

velocity.  

CONCLUSION AND OUTLOOK 

In the frame of a R&D program dedicated to the 

development of diagnostic tools for in situ quench 

detection and locating in SRF Cavities, IPN developed its 

first prototypes of OST quench detectors and a cryogenic 

test stand for their calibration and full characterization in 

the saturated He II  temperature range Tbath=1.6 K-2.2 K. 

This device allows precise and controlled experimental 

simulation of SRF cavity quench using pulsed heat 

sources. This experimental set-up will help to progress in 

locating and characterizing quench sources in SRF 

cavities. Experimental tests on various bulk niobium SRF 

cavities (e.g. QWR, spoke and elliptical resonators) with 

quench detectors (OST and LRETIRETH) are planned in 

the near future. In particular, we plan to study the quench 

dynamics and critical size of hot spot normal resistive 

area leading to SRF cavity quench. 
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TEMPERATURE WAVES IN SRF RESEARCH* 
A. Ganshin , R.G. Eichhorn, D. Hartill, G.H. Hoffstaetter, X. Mi, E. Smith and N. Valles,  
Cornell Laboratory for Accelerator-based Sciences and Education, Newman Laboratory, 

Ithaca, New York, 14853 U.S.A 

 
Abstract 
 The localization of the quench spot on the surface   of a 
superconducting elliptical-cell radio-frequency cavity 
operating at high field gradients is a goal of modern SRF 
diagnostics. We report here an efficient method of the 
visualization of quench position by detection of the 
superfluid helium second sound waves propagating in 
superfluid helium.  Results characterizing defect location 
with second sound waves, oscillating superleak transducer  
(OST)  detection and newly developed software will be 
presented.  

CAVITY DEFECTS AND METHODS OF 
THE DETERMINATION 

Until recently there was only one  reliable technique to 
diagnose energy losses during cavity operation and find 
possible defects responsible for the  quench -  temperature 
mapping.   Temperature mapping requires hundreds to 
thousands of fixed thermometers attached to the culprit 
cavity to identify the approximate quench location. After 
that  measurement with many localized thermometers is 
necessary to zoom in on the quench spot.   Also, for 
reliable sensor measurement, advanced and expensive 
electronics must be used. The situation becomes even 
more complicated when the temperature map system must    
be used for defect localization in multi cell cavities such 
as seven cell ERL and nine cell ILC cavities.  Optical 
inspection cannot always provide unambiguous 
interpretation of quench caused defects [1]. 
              A powerful alternative technique to resistance 
thermometry is the use of 2nd sound in superfluid helium 
to image the heat transfer from the resonator to the 
superfluid helium bath.  By testing a superconducting 
resonator in a superfluid helium bath it is possible to 
observe the second-sound temperature and entropy waves 
driven by the conversion of stored RF energy to thermal 
energy at a defect.  By measuring the time-of-arrival of 
the second sound wave at three or more detectors which 
form a basis for the resonator’s three dimensional 
coordinate system, the defect location can be 
unambiguously determined.    For our research we used 
the unique property of superfluid helium, its ability  to 
support propagation of temperature or entropy waves, 
called second sound.  The velocity of the second sound is 
an order of magnitude less then the velocity of the  

“traditional” density waves and near the cavity  
operational  temperature at 2 K  is 16 m/s. This give us the 
possibility to get adequate time/place resolution of the 
quench spot (1cm spatially for 0.5 msec timing). 

EXPERIMENTAL TECHNIQUE AND 
ELECTRONICS 

         For the detection of the second sound waves we are 
using the concept of the oscillating superleak transducer 
(OST) immersed in superfluid helium [2].     A typical 
OST arrangement uses 8 to 16 transducers evenly 
distributed around the cavity.  It is convenient to record 
all second sound traces by a 16 channel Data  Acquisition 
Card, we used model  DT9834; the number of channels 
(OST’s)  can be easily extended by adding another card 
via USB port.  For the operation of the DAQ card the 
level of the signal should be on order of one  volt 
magnitude. For this purpose we designed a multistage low 
noise preamplifier, electrical circuit shown in figure 1. 
The electrode behind the porous membrane is biased at 
70 V, which is current limited by a large resistor to avoid 
heating in the cryostat in the event of a short-circuit 
through the diaphragm.  

      

  
Figure 1: Electrical diagram of the preamplifier circuit. 

 
 ____________________________________________  
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Figure 2: Second sound signals detected by multichannel  DAQ card. 

 
Figure 2 demonstrates second sound traces from a 

quench event of a nine cell cavity at a helium bath 
temperature of 2.005 K where t=0 corresponds to the 
quench event as determined by rf transmitted power 
measurement in the cavity. For  calculation of the quench 
location we created a Matlab code, that can model the 
cavity according to drawings specification, input the 
temperature at which the data was collected, models the 
OST positions and their geometry, calculates and save the 
distances between pairs of vertices which define the 
cavity  as well as  calculate and save the distances 
between the vertices which define the cavity and the 
OSTs.  

The current code allows us to  evaluate timing data and 
statistical error and to input geometrical data and 
systematic error. There is an option to  load previously 
calculated and saved cavities (with vertex pair  
calculations) and OSTs (with vertex-OST calculations). It 
is possible to calculate the quench location using one of 
two different methods, choose specific OSTs to use, and 
display the error. 

Geometries of standard Tesla cavity and re-entrant 
cavity can be selected from a list. Once the vertex-pair 
calculations are completed, they can be used to find the 
shortest distance from each vertex to each OST by 
selecting option “complete method of calculation” inside 
software.  This takes a significant amount of time, so the 
alternative method “Direct Lines of Sight Only”  can be 
picked from the drop down menu. 

This method only takes into account direct lines of 
sight between vertices and OSTs (draw a line straight 
from a vertex to an OST. If that line intersects the cavity 
at any location, that OST will not be used when 
evaluating the likelihood that this vertex is the quench 
location.) The program will only consider vertices that 
have direct lines of sight to at least three OSTs. Often, 
this means that only points near the equators will be 
considered as quench locations. This method avoids the 
need for extensive vertex-pair calculations, but is not as 
complete as the original method. 
      Considering a single vertex on a cavity the program 
evaluates the shortest distance between the vertex and 
each OST. Call these distances dn( , ).  The values of 
( , ) simply pick a specific vertex.  The velocity  of the 
second sound wave is determined from the helium bath 
temperature. The arrival time of second sound tn  from the 
quench spot    recorded by each OST and  errors n 
associated with these times is known. N is the total 
number of OSTs, and n corresponds to a specific OST. 
The program finds the vertex ( , ) and variable 
parameter, , that minimize the sum,  
 

                      (1) 
 
The quench vertex, values of gamma, velocity, 

average , and errors in alpha, beta and gamma appear in 
the title above the graph after the calculations have taken 
place, as it is shown in figure 3. 
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Figure 3:  Three dimensional picture of SRF cavity with 
localized quench spot using  MATLAB code.  
 

 
MEASUREMENTS OF  PROPAGATION 

OF SECOND SOUND WAVES IN A 
TEST DEWAR 

 
Experimentally we were able to determine how 

the geometry of the Dewar affected the sound of the 
second sound wave received. We used various 
thicknesses of aluminium and G10 and drilled holes in 
some of them. 

 
Experimental Set Up 
 

For understanding the propagation of second 
sound waves in restricted geometry where number of 
obstacles play a role we performed  a number of  
modelling experiments in a small Dewar. 

The heater to excite the second sound waves  
was glued by Stycast 2850FT epoxy to an aluminium post 
which was attached to a non-conductive G-10 plate, as 
shown in Figure 4a. There is a separation of 12 mm 
between the heater  and the post with three OST’s for the 
detection of arrival second sound waves which is also 
anchored to the G10 plate. When testing we need to make 
sure that the helium level in the Dewer is high enough. In 
order to do this we use quartz tuning forks [3]. 
During our experiments we made four sets of tests. 

1. Propagation of the second sound in an open 
geometry, without any barriers between heater 
and detectors. 

2. 3 mm aluminum plate and G-10 non-conductive 
12 mm plate was placed at an intermediate 
distance  between heater and detectors 

3. An aluminum plate (thickness 0.5mm) was 
moved close to the heaters post. Three heaters 

were glued to the G-10 post. Two 3mm and one 
6mm holes were drilled directly opposite the 
heaters in the same sight line as the OST’s 
detectors, figure 4b. 
 

        
 
 
 

                    
 

Figure 4: Experimental set up a) top - with the solid metal 
screen  in  the  middle  of  the  cell,  later  with  6mm  hole,   
b)  bottom - screen  with  drilled  holes  near  the  heaters. 
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Figure 5: Detection of second sound waves in open 
geometry. 

 
Figure 5 shows the propagation of second sound 

waves in open geometry  launched from the heater. The 
first arrived signal with a travel time 6ms corresponding 
to the shortest path ( ~ 12 mm )  from the heater to the 
OST, where the velocity of second sound at 1.65 K  is 
20.36 m/sec [4]. The other two signals have been 
reflected from walls and the top plate and have therefore 
taken longer to be received.  

Interestingly the reflected signal has larger 
amplitudes compared to the direct one. This is a result of 
the focusing of reflected temperature waves from the 
curved walls of the Dewar. The heat flux during the pulse 
was 17 W/cm2.  

Next we illustrate the case when the direct path from 
the heater (with the same heat flux)  to the OST was 
covered by a non-transparent screen (figure 4a). Three 
sets of data are shown in Figure 6. The strongly 
attenuated signal was detected by three OST’s. The 
earliest arrival time 6ms was recorded by OST 1 due to 
the second sound penetrating through 0.5 mm gap between 
top plate and screen. The other OST’s start to detect 
signals with later arriving time, around ~0.01 sec, due to 
being reflected off of the bottom of the Dewar,  bypassing 
the barrier. During the experiments we replaced 3mm 
Aluminium screen with 0.5mm and  12 mm G-10, no 
visible differences in waves propagation have  been 
observed.  

Next we studied the traces recorded by OST’s  for 
two different cases. During case (b) the screen was moved 
closer to the heater and the top gap was removed.  
a. The aluminum plate was placed in the middle of the 

cell figure 5a, the  heat source was 40 mm away from 
the 6mm hole  

b. The screen was shifted towards the pile with heaters, 
the distance between the heater and source was less 
than half a millimeter.   

 

 
Figure 6: Results from 3mm thick Al plate. 

 
  Figure 7 illustrate case a) hole in the plate located in the 
middle of the cell. 

     
Figure 7:  Plate  with  6mm  hole  in  metal plate 40mm 
apart from the heater. 

 
If one  compares  the signal in figure 6 with the signal 

in the open geometry (figure 5) we clearly see the strong 
attenuation of the amplitude by almost a factor of 100. 
Also only the OST lying on the same straight line heater - 
hole – detector  correctly records the propagation time,  
even the nearest OST’s   20 cm apart detect a weak signal 
so small it masks the onset time. 

For figure 8, even ~1 mm separation between heater and 
hole decreases heat flux propagated through the hole and 
lead to the suppression of the detected signals. Also there 
is extra amplitude decrease of the detected signal by 
OST’s shifted from line of sight.  The time propagation of 
second sound waves for all detected signal correctly 
corresponds the path between source and detector and 
velocity of second sound. 
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Figure 8: Heat source near (less than 1mm separation) to 
the 3mm hole.   

CONCLUSIONS 
In this paper we continue investigation of the  

technique developed at Cornell of quench localization in  
superconducting niobium cavities during RF tests by 
detection of temperature (second sound) waves.  We 
describe hardware such as a low noise preamplifier and a 
DAQ card and a newly developed software for in-situ 
determination of quench location.  We made a number of 
modelling tests where the distance between heat source 
and detectors as well as propagation pattern  were well 
known. It was shown that only direct line-of-sight 
between OSTs and heater give consistently correct 
determination of propagation time or heater location. 
Potentially an increase of the number of OST’s may be 
required for reliable localization of the quenching spot. 
Currently developed technique allows us to do it with 
minimum efforts by increasing number of channels or 
DAQ cards.    
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INVESTIGATION OF THE SURFACE RESISTIVITY OF SRF CAVITIES 

VIA THE HEAT AND SRIMP PROGRAM AS WELL AS THE MULTI-CELL 

T-MAP SYSTEM* 

M. Ge
#
, F. Furuta,  D. Gonnella, G.H. Hoffstaetter, M, Liepe, H. Padamsee,  

Cornell University, Ithaca, NY, 14853, USA

Abstract 
The thermal feedback model with the linear BCS 

resistance which were believed not strong enough to 

explain medium-field Q-slope (MFQS) is still valid. The 

HEAT and SRIMP program (H&S program) which 

adopted the SRIMP code for BCS resistance calculation 

allows inputting full material parameters, hence is able to 

simulate different cavity cases e.g. baked, unbaked, 

BCP’d, EP’d, and so on. The results agree with the 

measurement data from the low-field up to the hot-spots 

onset field. With the T-map data, it’s a clear view that the 

localized hot-spots occur above MFQS region and caused 

high-field Q-slope.  

INTRODUCTION 

The surface resistance of superconductor under RF 

field is a critical topic, because it determines the Q-value 

of SRF cavity in accelerating fields. The thermal feedback 

model with the linear BCS resistance was developed for 

Medium-Field Q-Slope (MFQS) study [1]. However, the 

thermal feedback model was believed not strong enough 

to account for the observed MFQS [1-3]. In this work, we 

explain that the thermal feedback model with linear BCS 

model is still valid for MFQS and the localized hot-spots 

cause the Q-slope in high fields. 

HEAT AND SRIMP PROGRAM 

The surface resistance of superconductor under RF 

field includes two parts, one is BCS resistance (RBCS) and 

the other is residual resistance (R0), shown in equation 

(1). And equation (2) is the simplified RBCS forms. 

 𝑅 = 𝑅   + 𝑅  (1) 

 
𝑅   = 𝐴 (

1

𝑇
) 𝑓 exp (−

Δ

𝑘𝑇
) 

(2) 

Here, the factor A is a constant which determined by 

material property such as mean free path (l) etc., Δ  is the 

energy gap, f is the frequency.  

The traditional HEAT program [4] uses Pippard 

approximation [5]: 

𝑅   (𝑇) = 

(     1    )
  

 
(
1   

 
) exp [−

1  1 ( )

 
] 

(3) 

 =
𝑇

𝑇 
    =

𝑓

       
  
 ( ) = [   (

   

 
)]

 
 ⁄

 

(4) 

where f is the frequency of the RF field, T is the 

temperature. However in equation (3) and (4), it doesn’t 

consider the Nb property. Comparison between baked and 

un-baked cases, the mean free path l is reduced by baking.  

Hence the factor A in equation (2) is changed and 

decreases the BCS resistance after baking. But equation 

(3) and (4) are unable to reflect the changes.  

The improved HEAT program, HEAT and SRIMP code 

(H&S code), uses SRIMP [6, 7] to replace the equation 

(3) and (4). The SRIMP was written by Jurgen Halbritter 

for the BCS surface resistance calculation. The method of 

calculation incorporates the full BCS theory. Five 

material parameters are required to describe the 

superconductor:  

 The superconducting transition temperature Tc; 

 The energy gap (entered as Δ 𝑘𝑇⁄ ); 

 The London penetration depth,   at T=0; 

 The coherence length,   at T=0; 

 The electron mean free path, l, at 4.2 K. 

MULTI-CELL T-MAP SYSTEM 

The T-map system is known as a powerful tool for 

surface resistance research. It’s able to detect tiny heating 

on exterior wall on cavities. Cornell University developed 

a multi-cell T-map system [8] shown in Figure 1 with 1 

mK temperature resolution. 

 

Figure 1: Picture of the Cornell multi-cell T-map system. 

 

 ___________________________________________  
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SURFACE RESISTANCE ANALYSIS 

The EP’d and BCP’d Cavity Cases 

Figure 2 is the comparison Q vs. E curves between 

H&S program calculation and RF measurement from 1.7 

to 2K. The plot shows the calculation agrees with the 

measurement results well. The cavity is TELSA single-

cell cavity NR1-3. The cavity was EP’d and 120°C baked. 

During the test, the cavity was FE and quench free. 

 
Figure 2: Comparison of H&S calculation and RF 

measurement at different temperatures for EP’d cavity. 

The Q0 versus Temperature data measured at low 

accelerating field was fitted by the SRIMP to obtain the 

material parameters mentioned in previous section. Figure 

3 is the Q-T fitting curve of the cavity NR1-3. In the 

fitting, we use surface RRR value to represent electron 

mean free path [9]. The parameters are shown in table 1. 

Table 1: Material Parameters 

Parameters value 

Tc (K) 9.2 

Energy gap 1.891 

 (A) 360 

 (A) 640 

Surface RRR 4.4 

Residual resistance (R0) 

(  ) 
4 

Here we selected the residual resistance, energy gap, 

and surface RRR as fitting parameters. The cavity was 

120°C baked; therefore the surface RRR was reduced. 

Converted the surface RRR to electron mean free path, 

the value is about 119 Angstrom. The detail of the 

conversion is discussed in the reference [9].The BCS 

resistance is minimum when mean free path is around 120 

Angstrom [1]. 

The figure 4 shows the comparison of the BCP’d cavity 

case. The cavity is the 7-cell cavity ERL 7-4 for Cornell 

ERL project. The cavity was BCP’d more than 100   ; 

then the cavity was furnace treated under 650°C vacuum; 

after light-BCP, the cavity was 120°C baked in furnace 

followed by HR rinsed; and then the cavity was HPR’d 

and assembled in class 10 cleanroom. 

The SRIMP code fitting from the Q0 versus 

Temperature data indicates that the R0 is about 5.6   ; 

the energy gap is 1.825; and the surface RRR is about 

4.56. Using these parameters as the input of H&S 

program, the result agrees with the RF measurement very 

well at different temperatures. 

The Baked and Unbaked Cavity Cases 

In EP’d and BCP’d cavity cases, it suggests that 

120°C baking plays an important role in reducing the 

BCS resistance to minimum. The H&S program is able to 

reflect the baking effect. In the figure 5, there is the 

comparison between the cavity NR1-2 baked and un-

baked cases. The NR1-2 cavity was EP’d about 30   , 

and was tests before and after 120°C baking. The table 2 

shows the material parameters comparison fitted by 

SRIMP. The surface RRR was reduced from 38 to 6.9, 

and energy gap was increased from 1.86 to 1.956. The 

changing of the parameters reduced BCS resistance from 

13.78    to 6.02    at the accelerating gradient equalling 

2 MV/m; however the residual resistance was increased 

from 4.5    to 10.16   ; the total surface resistance was 

reduced from 18.27    to 16.18    at 2 MV/m, which is 

shown in table 3. 

 
Figure 3: Q vs. T curve fitted by the SRIMP code. 

 
Figure 4: Comparison of H&S calculation and RF 

measurement at different temperatures for BCP’d cavity. 
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Figure 5: Comparison of H&S calculation and RF 

measurement between the baked and the un-baked cavity. 

Table 2: Material Parameters Comparison of NR1-2 

Parameters Baked Un-baked 

Tc (K) 9.2 9.2 

Energy gap 1.959 1.86 

 (A) 360 360 

 (A) 640 640 

Surface RRR 6.9 38 

Residual resistance (R0) 

(  ) 
10.16 4.5 

Table 3: Surface Resistance Comparison of NR1-2 

Parameters Baked Un-baked 

BCS resistance at 

2MV/m (  ) 

6.02 13.78 

Residual resistance (  ) 10.16 4.5 

Surface resistance at 

2MV/m (  ) 

16.18 18.27 

Q0 at 2MV/m 1    1    1 5  1    

In the un-baked cavity case, the H&S program’s 

calculation agrees with the measurement data up to 25 

MV/m above which the obvious discrepancy occurs. The 

cause of the discrepancy is the localized hot-spots based 

on the T-map data which will be shown in next section.  

The Localized Hot-spots and High-field Q-slope 

From the cavity NR1-2 measurement data (the un-

baked case), we found that all the hot-spots present above 

the 25 MV/m where the onset of the Q-slope is. The 

figure 6 shows the temperature map at 25 MV/m, which 

has no hot-spots. 

Figure 7 (a) is the temperature map of the cavity NR1-2 

at 32MV/m, and (b) is the temperature map after the 

baking. By the contrast, we clearly see the hot-spots were 

suppressed by the baking, and the Q-value was recovered. 

Before the baking, the cavity was no quench; and the 

performance limited by RF power source. After the 

baking, the cavity limited by the hard quench at 32MV/m.  

 
Figure 6: the temperature map at 25 MV/m 

 
a) The temperature map of before the baking at 32 MV/m 

 
b) The temperature map of after the baking at 32MV/m 

Figure 7: Temperature map comparison of NR1-2 before 

and after the baking at 32 MV/m. 
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The sensor in 11
th

 row and 20
th

 column shows the 

highest temperature increase in the figure 7 (a), and the 

value is closed to 0.11K. The figure 8 shows the heating 

versus accelerating gradient (Eacc) of the sensors (11, 20), 

(4, 6), (6, 17), (3, 22). The comparison curve from the 

sensor (3, 3) was selected because the sensor located in 

non-heating region. 

 
Figure 8: the temperature increases vs. accelerating 

gradient.  

The H&S program is able to calculate the surface 

resistance of the hot-spots based on the T-map data. The 

program treats the residual resistance within one sensor 

coverage area as uniformed; in other words, the program 

utilizes the average residual resistance value within one 

sensor. To obtain the power loss on one hot-spot, the 

program gradually increases residual resistance thus 

increase the heating on exterior wall. The calculation 

ceases when the heating on exterior wall matches the T-

map data. The power loss in none hot-spots region is 

mainly caused by BCS heating. Summing the power loss 

on each sensor region, the cavity Q0 is obtained. The 

figure 9 depicts the calculated Q0 of NR1-2 compared 

with the RF measurement data. The scattering of the 

calculated result depends on the quality of the T-map 

data, e.g. the quantity of the broken sensors which miss 

the hot-spots detection. 

 
Figure 9: the Power loss on the Hot-spots comparison 

between H&S program and RF measurement. 

CONCLUSION 

The thermal feedback model with linear BCS resistance 

is valid for the medium-field Q-slope analysis. The H&S 

program’s calculation indicates that the residual 

resistance is field-independent below the hot-spots onset 

field (25MV/m for NR1-2), and the residual resistance 

became field-dependent after the onset.  

The distribution of the residual resistance isn’t 

homogeneous. The high residual resistance region formed 

the hot-spots which degraded the Q-value in high-field.  

The H&S program’s calculations match up the 

measurement data perfectly. In this paper we checked the 

BCP and EP case as well as baked and un-baked case. It 

can be used to estimate the best performance of SRF 

cavities. 
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SECOND-SOUND MEASUREMENTS ON A 3 GHz SRF CAVITY AT LOW
ACCELERATION FIELDS∗

S. Sievers† , U. Bonnes, C. Burandt, F. Hug, T. Kürzeder, N. Pietralla, A. Richter,
Institut für Kernphysik, TU Darmstadt, Darmstadt, Germany

Abstract

The superconducting Darmstadt electron linear acceler-
ator S-DALINAC uses 20-cell niobium cavities that are op-
erated at a microwave frequency of 3 GHz in liquid helium
at a temperature of 2 K. This operation temperature is well
below TC = 9.25K of niobium and guarantees supercon-
ducting condition in routinely operation.

Occasional surface impurities, in particular after venting
the beamline for maintenance work, can disturb the super-
conductivity and can lead to local break-downs of super-
conducting conditions. In such events it is desirable to have
a method at ones disposal for locating and eliminating these
surface impurities.

In order to locate quench sites on the superconducting
cavities during operation in liquid helium a set-up using
Oscillating Superleak Transducers (OSTs) was developed
and tested in a vertical bath cryostat. For the experiments
we used a cavity known to quench at very small acceler-
ating fields. Despite the low rf power of approximately 4
W needed to quench the cavity, we were able to locate the
quench sites with the OST set-up. Subsequent optical in-
spection clearly showed surface damages at the determined
positions. We will report on our set-up and procedure.

S-DALINAC
At the S-DALINAC [1] (Layout in Fig. 1), the electron

beam is provided either by a thermionic gun or an in 2011
implemented source for polarized electrons (S-DALINAC
Polarized Injector - SPIN [2]). Both sources deliver their
beam into the normalconducting injector beam line with
a chopper/prebuncher system, which divides the continous
beam into bunches for the acceleration in the superconduct-
ing RF cavities.

Figure 1: Floor plan of the S-DALINAC.

∗This work is supported by the DFG through SFB 634
† sievers@ikp.tu-darmstadt.de

Table 1: Designed and Achieved Figures of Merit of the
S-DALINAC Cavities.

Figure of Merit Design Achieved

Frequency 2.997 GHz
Length 1 m
Quality factor Q0 3 · 109 0.5 - 1 · 109
Accelerating field Eacc 5 MV/m 3 - 6 MV/m

In the superconducting part of the injector linac ener-
gies of up to 10 MeV can be achieved. Behind the injec-
tor the high-flux bremsstrahlung site DHIPS [3] uses this
beam for nuclear resonance fluorescence and nuclear as-
trophysics measurements. Alternatively the beam can be
bent by 180◦ into the main linac. This section consisting
of eight superconducting 20-cell cavities is designed for an
energy gain of 40 MeV and can be passed up to three times,
due to the recirculating design of the S-DALINAC.

The beam can be extracted after each pass to the
adjacent hall. There three different set-ups can be
used for experiments: two for electron-scattering, the
high-resolution 169◦-(e,e’)-spectrometer [4] and the high-
acceptance-(e,e’x)-spectrometer QCLAM [5], as well as a
photon-tagger spectrometer NEPTUN [6].

BACKGROUND
For a couple of years quench localization arrays consist-

ing of OSTs [7] are developed in most accelerator labora-
tories using elliptical superconducting cavities for electron
acceleration.

For this work it was most important to prove that this
technology of quench localization can also be applied for
the low-field region of less than 5 MV/m, as the designed
acceleration gradient of the S-DALINAC cavities is equal
to that value. With a working frequency of nearly 3 GHz
and 20 cells these cavities have an active length of 1 m.
Fig. 2 shows a photograph of one of the S-DALINAC
cavities while Tab. 1 gives the design values beside those
achieved in operation.

Figure 2: S-DALINAC 20-cell cavity.
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OST DESIGN
Recent quench localization set-ups exploit the property

of superfluid helium to transport introduced thermal energy
as of a quenching cavity in the form of waves of second
sound [8]. These waves propagate at velocities of approxi-
mately 20 m/s [9]. This is sufficiently slow for triangulation
of the quench spot with small errors of some mm which al-
lows for a proper identification of the quenching cell. In the
phenomenon of second sound the superfluid component of
the helium oszillates inversely phased to the normalfluid
component. This is used by a special kind of capacitor
microphone, so called Oscillating Superleak Transducers
(OST), to detect the second sound. An OST as every ca-
pacitor microphone consists of two capacitor plates. One
plate is vapor-deposited onto a very fine membrane filter
(pore diameter 0.22µm) which can predominantly be pen-
etrated only by the superfluid component of the second-
sound waves. The other plate is solid. To ensure a high
sensibility of the OSTs a design was developed, in which
the aluminated membrane filter is put directly on top of a
brass plate, forming the capacitor. Building the OST with-
out an insulating coating of the solid capacitor plate could
enlarge the capacitance by a factor of 4. To ensure electri-
cal insulation of the plate, the casing of the OST was built
of teflon. Fig. 3 shows the components of the Darmstadt
OSTs and an assembled one.

Figure 3: Components of the Darmstadt OSTs. In the mid-
dle the two capacitor plates can be seen. On top an assem-
bled OST is shown.

QUENCH LOCALIZATION ARRAY
The vertical bath cryostat in Darmstadt has a limited di-

ameter of 35 cm and the OSTs have a limited angle of view
as well. For that reason it was necessary to use 16 OSTs
in four planes to cover the whole cavity. A photopraph of
the set-up is shown in Fig. 4. The OSTs are connected via
coax-cables to a 22-pin-feedthrough on the top cover of the
cryostat.

Figure 4: Darmstadt Quench Localization Set-Up. The
OSTs are arranged around the cavity in four rings in or-
der to cover the cavity completely giving the possibility of
detecting quenches in every cell.

In addition to the OSTs, we developed a special ampli-
fier board, which is designed to generate signals with very
low noise from the OSTs. The board is equipped with a
connector to fit on 22-pin-feedthroughs already mentioned.
So it can be connected directly at the top cover of the cryo-
stat and the low signals of the OSTs cannot be disturbed by
ambiant electrical noise, once the cables leave the electrical
shielding of the cryostat. One of the boards is equiped with
8 amplifiers, so two boards are needed to read-out the full
OST set-up simultaneously.

The amplified signals are digitized and analysed with a
NI-ADC-PCI-Card and Labview. A typical graph of one
of the OST-signals showing several quenches is shown in
Fig. 5. The black curve gives the probe signal of the cavity,
the red curve shows the signal of the OST. Both signals are
measured simultaneously for 1 s. In the first 0.6 s the cavity
is driven just below its quench limit, afterwards the input
power is increased over the quench threshold. The cavity
shows periodical quenching and re-filling with RF power.
The OST detects increasing signals of second sound in this
time-span. As the waves of second sound are reflected by
the cryostat walls the signals of the OSTs do not decay to
the noise level between two quenches of the cavity.

Proceedings of SRF2013, Paris, France TUP106

04 Measurement techniques

T. T-mapping and Second Sound

ISBN 978-3-95450-143-4

729 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 5: Typical graph of a series of quench events. The
upper curve (black) shows the rf power coupled out of the
cavity the lower curve (red) the detected OST signals.

FIRST RESULTS
The first cavity measured with the new set-up at the

S-DALINAC has been out-of-duty for about 20 years. Dur-
ing that time it was stored vented and in ambient condi-
tions. Prior to the test an ultra-sound cleaning was done
but the assembly did not take place in clean room environ-
ment. So very low quality factor and quench limit were as-
sumed. The cavity indeed quenched reproducibly at about
1.5 MV/m only in its 12th cell and the quality factor was
calculated to be 3 · 108, only. An optical inspection carried
out after warm-up and disassembly showed two consider-
able defects close to the iris of the quenching cell, shown
in Fig 6.

Figure 6: Defects close to the iris of cell #12, which has
been identified to be the quenching cell using OST mea-
surements.

OUTLOOK
With the first test of the Darmstadt OST Quench lo-

calization array the quench spot of an out-of-duty cavity,
known to have a low quench field and a low quality fac-
tor, could be identified. After showing the usability of
the set-up for cavities operated at low stored energies, it
will be continously used to scan conspicuous cavities of
the S-DALINAC in the vertical bath cryostat. A planned
modification of the frequency tuning system and the mag-
netic shielding of the S-DALINAC cavities in the acceler-
ator provides the opportunity to implement the system in-
side the accelerator cryostats as well. So the S-DALINAC
could become the first accelerator with an online quench
localization system in future.

ACKNOWLEDGEMENT
R. Eichhorn (now at Cornell University) is acknoledged

for his early participation in this work.

REFERENCES
[1] A. Richter, Operational Experience at the S-DALINAC,

Proc. of the 5th EPAC, Eds. S. Myers, A. Pacheco, R. Pas-
cual, C. Petit-Jean-Genaz, J. Poole, IOP Publishing, Bristol
(1996) 110.

[2] Y. Poltoratska et al., Status and recent developments at the
polarized-electron injector of the superconducting Darmstadt
electron linear accelerator S–DALINAC, J. Phys.: Conf. Ser.
298 (2011) 012002.

[3] K. Sonnabend et al., The Darmstadt High-Intensity Photon
Setup (DHIPS) at the S–DALINAC, Nucl. Instr. and Meth. A
640 (2011) 6.
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STUDY ON NIOBIUM SCRATCH AND TANTALUM OR CARBONACEOUS 

CONTAMINANT AT NIOBIUM SURFACE WITH FIELD EMISSION 

SCANNER  

S. Kato
 #
, H. Hayano, T. Kubo, T. Noguchi, T. Saeki, M. Sawabe, KEK, Tsukuba, Japan

Abstract 
It is mandatory to investigate field emission from 

niobium SRF cavity surface systematically since even 

small field emission often limits the cavity performance 

terribly. In this study typical three cases where field 

emission is problematic are investigated, that is, niobium 

scratches at the surface, tantalum contaminant and 

carbonaceous contaminant at niobium surface. A KEK 

field emission scanner (FES) allows us to measure a 

distribution of the field emitting sites over a sample 

surface at a given field strength along with its SEM 

(scanning electron microscope) observation and EDX 

(energy dispersive x-ray) analysis [1]. This article 

describes results of the FES-SEM-EDX application to 

those defects at niobium surface. 

INTRODUCTION 

The field emission has been much improved by careful 

handling in the material preparation, machining, welding, 

polishing and so on. However, this issue is still a big 

concern, specially in mass production process. There was 

no good tool to find and quantify the field emitters, 

strongly depending on both their surface topography and 

surface atomic composition. A field emission scanner 

(FES) was newly developed in KEK and was firstly 

applied to measure a distribution of the field emitting sites 

over a sulphur segregated EPed Nb surface along with its 

SEM observation and energy dispersive x-ray analysis 

[2]. A couple of so-called field emission scanning 

microscopes are reported [2-5]. Our FES features a 

combined system with an existing UHV SEM-EDX 

(Scanning Electron Microscope - Energy Dispersive X-

ray Spectroscopy). The field emission intensity and the 

number of emission sites strongly depend on Nb surface 

properties and some contamination on the Nb surface. 

which are determined by its surface treatment and 

handling.  

Typical defective surfaces are of surfaces with 

scratches, pits and bumps, dust particles, and some 

residues. This time the FES was applied to three different 

problematic surfaces that is, tantalum contaminated 

niobium surface, well-known scratched surface and 

surface with carbonaceous contaminant. Carbonaceous 

contamination is a new issue [6]. This contaminant 

including mainly both carbon and oxygen and 

sporadically nitrogen was often found to be segregated on 

BCPed or EPed surface with a size of several m to 

several tens of m [6]. There is a strong doubt that this 

carbonaceous contamination causes additional field 

emission from the surface. This article describes 

investigation of field emission from those surfaces with 

the FES. 

FES-SEM-EDX SYSTEM 

Since the detail of the FES was described elsewhere 

[1], the brief explanation is given here. The FES consists 

of an anode needle driven by small and precise stepping 

motors and an eucentric SEM sample stage.  

Keeping a tip-surface distance constant over the 

scanned surface is very important because the sample 

might be macroscopically tilted. This means the scanned 

plain by the tip should be parallel to the sample surface. 

For this purpose, three steppers for linear motion to 

control the scanning tip in X, Y and Z axes and two 

steppers for tilt motion to control the tip in rotation 

around X and Y axes were used. These motions are 

illustrated in Fig. 1. 

 

Figure 1: Three steppers for linear motion and two 

steppers for tilt motion were installed on a SEM sample 

stage with five axes. 

In this work, some additional improvements were made 

like installation of two differential-transformer type linear 

position sensors to avoid internal backlash of X and Y 

steppers. This results in maintaing a position accuracy of 

about one m when the backlash causes irregular 

movement of the anode tip during scanning. 

This FES enables us in-situ FES mapping and SEM-

EDX observation, vibration-free scanning, no need of 

sample transfer between two modes of the mapping and 

the observation and easy switching of the FES and SEM-

EDX operation modes keeping the same SEM working 

distance. Fig. 2 and Fig. 3 show the schematic view and a 

top view of the FES and SEM stage respectively. 

 ___________________________________________  

#shigeki.kato@kek.jp 

Proceedings of SRF2013, Paris, France TUP108

04 Measurement techniques

T. T-mapping and Second Sound

ISBN 978-3-95450-143-4

731 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

Figure 2: Cross sectional schematic view of the SEM 

stage and FES. Two position sensors for the X and Y 

steppers are additionally installed beside of the steppers. 

 

 

Figure 3: Side view of the FES and SEM stage. Three 

disk samples are seen in the center. 

RESULTS AND DISCUSSIONS 

Nb samples for niobium scratches and tantalum 

contaminant were as-received from Tokyo Denkai Co. 

Ltd. and Nb samples for carbonaceous contaminant were 

BCPed in KEK. The scratch and tantalum contaminant on 

Nb surfaces were artificially made with a diamond tip and 

spot-welding of a tantalum film, respectively. 

Carbonaceous contaminant on Nb surface was simply 

prepared with normal BCP. 

Scratches at Niobium Surface 

A SEM image of a scratch on Nb surface is shown in 

Fig. 4(a). The square with lines in the SEM image 
represents a scanned area of 100x100 m2 with the 

scanner tip on the corner. A contact current measurement 

with the tip touching on the Nb surface allows us to find 

the peak in this area and measure the height. A peak 

height of 1 m above the Nb flat level was measured.  

(a)    

(b)  

(c)  

Figure 4: (a) SEM image of a scratch on Nb with the 

scanner tip. The square shows scanned area of 100x100 

m2. (b) FES map of a field emission current over the 

square. (c) Fowler-Nordheim plot at the peak of the FES  

Subsequently the tip scanning with a measurement 

pitch of 10 m and a gap distance of 2 m between the tip 

and the plain was carried out to obtain a field emission 

current over the square as shown in Fig. 4(b). The data 

acquisition time for each data point is 30 s and the point 

to point traveling time is 30 ms. A  peak current of 5 A 

was measured with an electric field of 600 MV/m. An  
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obtained Fowler-Nordheim plot at the peak of the FES 

map was shown in Fig. 4(c) resulting a field enhancement 

factor of 13 with an assumption of a work function of  

4.3 eV of clean polycrystalline Nb.map. 

Tantalum Contamination 

Ta contaminated Nb surface was also observed and 

measured with the SEM-EDX-FES. Fig. 5(a) and (b) 

show a SEM image and an EDX spectrum of the flake 

which is welded on Nb surface. The round flake was 

confirmed to be Ta. Then an area of 100x100 m2 was 

scanned under the same conditions with a case of 

scratched Nb surface. The measured peak height of this 

Ta flake above the Nb flat level was 57 m. FES map of 

the Ta contaminated Nb surface is shown in Fig. 5(c). 

Relatively large peak currents of a couple of 10 A were 

measured with an electric field of about 300MV/m at 

three positions. A Fowler-Nordheim plot was measured at 

a position close to those three high current peaks in the 

map. A field enhancement factor of 8.2 was obtained with 

an assumption of a work function of 4.25 eV of clean 

polycrystalline Ta. The map does not seem to represent 

the SEM image. This might be mainly due to oxide and/or 

alloy formation because of the welding causing a different 

work function from the work function of the clean 

surface. 

Carbonaceous Contamination 

A typical carbonaceous contaminant found after BCP at 

Nb surface is shown in Fig. 6. EDX measurement showed 

that contaminant consists of mainly both carbon and 

oxygen and sporadically nitrogen. Its size ranges from 

several m to several hundreds of m. The SEM image 

implies it is surface of relatively low secondary electron 

yield. From additional SEM observation, it also turned 

out that carbonaceous contamination shows 

characteristics of not perfectly electrically conductive, 

volatile or non heat-resistive and elastic material as it 

gradually disappears and slowly moves under the electron 

beam irradiation. Fig. 7 shows a zoomed SEM image in 

the image of Fig. 6. Searching the highest peak in this 

area with FES, a height of 30 m was found in the center 

from the Nb plain level. The electrical resistivity of the 

carbonaceous contaminant was roughly measured in the 

center with two terminal contact method where the tip 

contacted with the contaminant and was applied with a 

DC voltage of 15 V. The obtained resistivity was 

measured to be around 3x107  Ωm assuming a contact area  

(a)  (c)  

(b)  (d)  

Figure 5: (a) SEM image of a contaminant on Nb with the scanner tip. The square shows scanned area of 100x100 m2. 

(b) EDX spectrum at the flake. (c) FES map of a field emission current over the square. (d) Fowler-Nordheim plot at a 

position among the three current peaks of the FES map. 
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Figure 6: SEM image of typical carbonaceous 

contaminant found after BCP at Nb surface with a low 

magnification.  

 

Figure 7: Zoomed SEM image of the image of Fig. 6. The 

resistivity of the carbonaceous contaminant was measured 

in the center. 

of 100 m2. After this measurement, the tip was inserted 

into the contaminant and moved along with the surface 

keeping the same gap distance causing back-and-forth 

movement of the contaminant under the SEM 

observation. As partially mentioned above, it was found 

that the contaminant is some sort of elastic material that 

seems to be softer than rubber but harder than jelly and is 

not sticky with the tungsten tip. Furthermore the 

contaminant was never split during the movement. 

FES mapping of 60x60 m2 with a gap distance of 8 

m between the tip and the plain at another zoomed area 

(Fig. 8(a)) in the image of Fig. 6 was attempted. A peak 

height of 6 m above the Nb flat level was measured in 

advance. The other measurement conditions are the same 

as the previous. There was no field emission up to an 

applied electric field of 600 MV/m when the mapping 

was repeatedly carried out. However at a peak field of 

700MV/m, unexpected discharge occurred during the 

mapping. Fig. 8(b) shows a SEM image after the 

discharge. It was observed that a bottom left part of the 

square was remarkably blasted and the anode tip apex 

seemed to be covered with some fragments from the 

carbonaceous contaminant.  

(a)  

(b)  

(c)  

Figure 8: (a) SEM image of carbonaceous contaminant on 

Nb surface with the scanner tip. The square shows 

scanned area of 60x60 m2. (b) SEM image of the same 

view field after a discharge. (c) FES map of a field 

emission current over the square. 

A new FES map after the blast was acquired under the 

same conditions as shown in Fig. 8(c). A new current 

peak of field emission has appeared. This would be 

because of emission from the covered emitter with the 

carbonaceous contaminant or emission from a new 

emitter generated by the blast. The blasting may also 

make additional cause of discharge since distinct quantity 
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of contaminant fragments will scatter over cavity surface 

if this happens in a SRF cavity.  

CONCLUSION 

FES can provide information not only of field emission 

of contaminants at Nb surface but also of its mechanical 

and electrical properties. Three different cases of 

scratched Nb surface, tantalum contaminant on Nb 

surface and carbonaceous contaminant on Nb surface are 

studied with FES. For scratched Nb surface and tantalum 

contaminant, FES maps, heights of contaminant, field 

enhancement factors were obtained. Qualitative 

mechanical characteristics of carbonaceous contaminant 

and its electrical resistivity were also revealed by FES. 

Carbonaceous contamination that is a new issue against 

Nb cavity performance was also investigate with FES-

SEM-EDX. EDX showed this contaminant mainly 

consists of carbon and oxygen while nitrogen and fluorine 

was also found in some cases. From SEM observation it 

was found the carbonaceous contaminant showed 

characteristics of poorly conductive, non heat-resistive 

and elastic material. From FES, some mechanical 

property and electrical conductivity of the contaminant 

was obtained though the mapping was often disturbed  the 

unexpected discharge. 
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AN X-RAY FLUORESCENCE PROBE FOR DEFECT DETECTION IN 
SUPERCONDUCTING 1.3 GHz CAVITIES 

P. Michelato, M. Bertucci (INFN Milano - LASA, Segrate (MI)),  
A. Navitski, W. Singer, X. Singer (DESY, Hamburg), Y. Tamashevich (Uni HH, Hamburg),  

C. Pagani (Università degli Studi di Milano & INFN Milano - LASA, Segrate (MI))

Abstract 
The aim of this project is to develop a system for defect 

detection by means of X-ray fluorescence (XRF) analysis. 
XRF is a high sensitivity spectroscopy technique allowing 
the detection of trace element content, such as the few 
microgram impurities, responsible for low cavity 
performances if embedded in the equatorial region during 
cavity manufacturing. The proposed setup is customized 
on 1.3 GHz TESLA-type niobium cavities: both the 
detector and the X-ray excitation source are miniaturized 
so to allow the probe to enter within the 70 mm iris 
diameter and aside of the HOM couplers. The detection-
excitation geometry is focused on cavity cell equator 
surface located at about 103 mm from the cavity axis, 
with an intrinsic spot-size of about 10 mm. The 
measuring head will be settled on a high angular 
resolution optical inspection system at DESY, exploiting 
the experience of OBACHT. Defect position is obtained 
by means of angular inner surface scanning. Quantitative 
determination of defect content can be carried out by 
means of the so called fundamental parameters technique 
with a Niobium standard calibration. 

INTRODUCTION 
Inner cavity inspection for defect localization is 

nowadays performed resorting to optical techniques, but a 
more effective method for elemental characterization of 
trace element inclusions limiting the cavity performances 
is needed so to correctly locate the defect position and, 
when possible, remove them with a guided repair 
procedure (e.g. mechanical grinding and local etching). 
Main limitations to defect detection and suppression are 
due to small defect size and inclusions embedded in the 
cavity material. 

As an estimation of minimum defect radius causing 
thermal breakdown in  a Niobium cavity operating in the 
XFEL working conditions,  assuming  f=1.3 GHz, and a 
20 MV/m value for accelerating gradient,  a value of  
40 m is obtained for copper (Rs=10  mΩ) [1], 
corresponding to 2.3 g critical defect mass. Similar 
results are obtained for other elements like Fe, W, etc., 
that can contaminate the cavity usually involved during  
manufacturing.  

Aiming to locate such a tiny amount of material, we 
need an high sensitive elemental technique. In the same 
time we must exploit a small size instrumentation that can 
be settled and moved within the cavity bore. XRF 
spectroscopy technique fulfills the need for high 

sensitivity, although the size of already existing XRF 
setups for industrial and academic applications is still too 
big for cavity inner analysis.  

Given that niobium X ray absorption cross section is 
high for low energies (<100 keV), the excitation radiation 
will penetrate inside the bulk for a depth of about  10 m 
[2]. So the XRF analysis has to be considered as a surface 
analysis. Nevertheless we consider that X ray will cover 
the characteristic RF penetration depth in niobium [3]. 

CHARACTERISTICS OF XRF 
XRF technique allows a simultaneous acquisition of the 

whole sample spectrum in a very short time, detecting 
low concentration values up till a part per million. The 
fluorescence spectrum lines offer a unequivocal 
determination of sample elements.  

Furthermore, it is a non-destructive technique, namely 
it leaves the sample completely unaltered after the 
measurement. It must be however pointed out that light 
elements (Z<12) are detected with difficulty. In the cavity 
case, a successful detection of carbon impurities can be 
obtained  resorting to destructive techniques like SEM-
EDS or Auger spectroscopy [4]. 

We performed a preliminary check in order to assess 
the possibility of detecting  100 m size metal defects 
embedded on a pure niobium surface. Furthermore, we 
checked the possibility of a lateral XRF scan for an 
accurate defect localization when dealing with a irradiated 
area greater than defect dimension. 

Feasibility of Defect Detection 
A first successful preliminary test has been performed 

using a low-performance XRF portable setup, operating 
with a low power X ray tube (i=200 A, V=25 kV, P= 5 
W) with a 2.5 mm diameter spot and a Molybdenum 
target anode (E=17.6 keV), and a EDS Si detector with 
Peltier cell cooling. Defects are simulated with a copper 
salt deposition on a flat niobium surface.  

Few g of copper are thus placed on a 1 mm diameter 
zone. The sample XRF spectrum for a 60 s acquisition 
time.is shown in Fig.1 

Cu K  fluorescence line (E = 8.047 keV) corresponding 
to a 1 g impurity is clearly visible. The choice of 
molybdenum anode has the advantage of avoiding  
fluorescence from niobium matrix, given that Nb 
absorption edge (18.9 keV) is greater than Mo K  energy,  
and so increasing sensitivity in 1-15 keV spectral range. 
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Figure 1: XRF Spectrum of Nb sample with Cu g 
impurity.  

Test on Lateral Defect Scanning 
For an effective detection of defects in a reasonably 

short acquisition time, a high photon flux from X ray tube 
is needed. This implies a high tube power and a coarse 
excitation beam collimation; this in turn leads to the 
impossibility of a fine focusing of exciting radiation. 
Aiming therefore to assess the possibility of a lateral XRF 
scan for defect localization even dealing with a large spot 
size, we placed a sample on a sliding support allowing a 
simultaneous displacement of excitation-defect focus with 
a 25-50 m step (see Fig.2).  

We simulated the behavior of the lateral scanning 
system using  70 m diameter copper wire and 10 g iron 
and tungsten single grains dropped on the niobium plate. 
We expect a sudden increase of peak intensity from 0 to 
maximum value corresponding  to the passage of grain 
from “dark” to “bright” zone thorough  a small half-light 
zone due to tube collimator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: set-up arrangement for lateral sample scanning 

Measurements have been done with the already 
mentioned standard XRF setup, with a 50 mm2 niobium
sample irradiated area. Experimental results are shown in 
Fig.3, where total number of counts is normalized with 
respect to maximum value.

Figure 3: Peak intensity as a function of sample 
displacement for Fe, W and Cu defects. 

We can see clearly a similar shape for tungsten and 
iron, where a sudden rise in peak intensity occurs due to 
spot brightness variation when crossing the dark – half-
light-light zones, while for copper the diagram is 
additionally modulated by variation of sample irradiated 
area.  The central plateau (from 4 to 8.5 mm) is consistent 
with nominal value for beam size (4.5 mm for a 59 mm2 
irradiated area taken from instrument datasheet). The 
mean value between the edges of central plateau can be 
taken as a first assessment of defect position. 

Quantitative Measurement of Defects 
Quantitative XRF analysis is based upon the 

fundamental parameters equations [5, 6], which express 
the peak intensity of a given fluorescing element (i) as a 
function of (i)-element atomic properties and sample 
element concentrations, namely . 
Once XRF line intensity values have been experimentally 
obtained, the unknown values of element concentration 
can be calculated by means of functions  inversion.  When 
dealing with the case of single small defect embedded on 
the niobium bulk, first order expansion of  allows to 
obtain a linear relation between fluorescence intensity and 
element concentration. Calibration constant, depending on 
set up geometry and tube and detector characteristics, can 
be calculated by measurement of a pure sample of 
element (i) in the same experimental conditions. 
As a consequence, defect mass and size can be inferred 
from element concentration. It must be pointed out that 
concentration accuracy will be affected by error on total 
peak counts ( , so that the acquisition time should be 
extended up till a reasonable value for N is achieved. 

DESCRIPTION OF THE EXPERIMENTAL 
SETUP 

The X ray Fluorescence set up will settled at DESY and 
will be developed exploiting the experience of OBACHT 
system for high angular resolution optical inspection [7], 
which uses linear and rotational drives to displace camera 
inside the cavity and allows a fine optical mapping of 
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inner cavity surface. The same framework will be 
exploited for XRF inner scanning.  

A draft of the experimental setup is shown in Fig.4. 
Basically, the XRF probe is introduced inside the cavity. 
The tube – detector system must be focused on the 
equatorial region of the given cell. By means of a cavity 
rotation, the probe will scan the cell equator with a step 
equal to the beam size, so to analyze the whole equator 
circumference in a certain number of steps. This is a 
preliminary raw assessment of defect position. Then, if a 
defect is detected, a more accurate localization can be 
obtained by moving the irradiated zone with a smaller 
step within the suspect defect site. Even if beam spot size 
is large (25 mm), the exciting radiation intensity 
diminishes when moving  away from the spot center, so 
we expect to find the defect in the zone with local 
maximum fluorescence intensity (corresponding to the 
beam spot center). 

 
Figure 4: Draft of XRF probe. 

X ray Tube 
Aiming to analyze the inner zone of a 1.3 GHz 

Niobium cavity, whose entrance diameter is about 70 
mm, we must resort to a low size X-Ray tube, that has to 
be introduced inside the cavity, for the whole cavity 
length (1.2 m, or at least half of it) together with the 
detection system.  The tube power must be high to give  
certain minimum counts number in a reasonably small 
acquisition time.  

A good choice is the ProtoXRD 30 mm Fine Focus Mo 
X-ray Tube (300 W, 30 kV, 10 mA, water cooled). The 
tube has a thermal spot size of approximately 0.5 mm × 
0.5 mm. Target to window distance is 15 mm. X-ray exit 
window: beryllium 130 m thick, 6 mm opening, 22°6’ 
divergence angle. A drawing of tube is shown in Fig. 5. 

Detector 
We will exploit the Silicon Drift Detector developed by 

XGLAB srl., which offers good performances even with a 
very small size. The detector has a 25 mm  active area, 2

450 m thickness, with 130 eV nominal energy resolution 
at Mn-K  with an internal on-chip multilayer collimator. 
The detector is readout by an integrated preamplifier 
(CUBE) instead of standard JFET so to obtain optimal 
performances in terms of data throughput and energy 
resolution stability and allowing a low level concentration 

detection in very fast scanning mode. The detector is 
equipped with a data acquisition system providing low 
noise and high acquisition speed.  

 
Figure 5: Linear dimensions of  X-ray tube, expressed in 
mm. Courtesy of Proto XRD. 

CONCLUSIONS 
Preliminary tests confirmed the feasibility of low-size 
defect detection on cavity surface by means of XRF 
technique. The development of experimental setup is now 
in progress and further tests have to be done to work out 
the best experimental arrangement. Our final goal is  the 
development of a new analytic tool that will extend the 
outreach for cavity defect diagnostics.  

REFERENCES 
[1] H.Padamsee, RF Superconductivity for accelerators, 

(New York, Wiley & sons Inc.,  1998), 205-206. 
[2] National institute of Standards and technology, 

Physical Meas. Laboratory; http://physics.nist.gov  
[3] N. W. Ashcroft, N. D. Mermin, Solid State Physics, 

(Harcourt, 1976). 
[4] W. Singer et al., Phys. Rev. ST - Accel. Beams, 14 

(2011), 050702. 
[5] R. Jenkins,  X-Ray Fluorescence Spectrometry. 1988, 

(New York, Wiley & Sons Inc., 1988). 
[6] J.W. Criss and L.S. Birks, Analytical Chemistry. 

1968; 40 (7): 1080-1087.  
[7] F. Schlander et.al., “Quality Assessment for 

Industrially Produced High-Gradient 
Superconducting Cavities”, MOPC085, IPAC 2011. 

TUP110 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

738C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

04 Measurement techniques

T. T-mapping and Second Sound



EXPERIMENTAL INVESTIGATIONS OF THE QUENCH PHENOMENA 
FOR THE QUENCH LOCALIZATION BY THE SECOND SOUND WAVE 

METHOD 
J. Plouin*, J.P. Charrier, C. Magne, L. Maurice, J. Novo, CEA-Saclay, Gif-sur-Yvette, France

Abstract 
The quench localization by the second sound method is 

now widely used in many laboratories. This method 
avoids the complicated implementation of temperature 
arrays around the surface cavities. Instead, specific 
sensors are placed around the cavity and the time of 
arrival of the second sound wave generated by the quench 
is measured on each sensor; then the distance from 
sensors to quench is deducted from the theoretical second 
sound wave velocity. In principle, the quench position can 
be localized with a triangulation by a limited number of 
sensors.  

However, many measurements have shown that the time 
of arrival of the wave was not corresponding to the 
theoretical second sound wave velocity: the “measured” 
velocity is often 50% higher than the theory.  

At CEA-Saclay we performed several measurements on 
single cell cavities to investigate these phenomena. 
Several hypotheses are studied: large quench spot, heat 
propagation by another phenomenon than the second 
sound near to the cavity where the heat power density is 
very high. 

These results and the discussions on these hypotheses 
are presented hereafter. 

OVERVIEW 
The search for of high accelerating fields and for large 

scale fabrication (XFEL, ILC…) requires simple methods 
to localize the quench position in a cavity, in order to 
proceed to reparation. The second sound technique could 
be a nice solution and is based on the following principle 
[1]. A heat pulse is generated by the quench spot. In 
superfluid helium (T<2.17 K) this heat pulse is 
transported through a second sound wave, which is a 
quantum phenomenon [2]. The arrival of this wave on 
Oscillating Superleak Transducters (OSTs) is measured 
by an electric signal induced by the deformation of the 
OST flexible membrane.  

QUENCH LOCALIZATION AT CEA 
At CEA-Saclay, we used monocell 1.3 GHz cavities to 

test this technique. The tests were performed in the 
vertical cryostat “CV2” in the Supratech platform of 
CEA. Each cavity was equipped with a temperature 
mapping system, and 4 OSTs, provided by Cornell, were 
placed around the equator plane.  

The temperature mapping consists into 17 
thermometers fixed on a structure able to rotate around 
the cavity axis.  

Each OST is connected to an electronic circuit which 
provides a 120 V polarization, amplifies and filters the 
signal (Fig. 1). 
 

 

Figure 1: 1.3 monocell cavity equipped with temperature 
mapping and OSTs (left) and electronic circuit dedicated 
to OSTs (right). 

Cavities Performances 
We could realize five tests where the thermal quench 

was reached without electron emission: two tests with 
Cavity A and three tests with Cavity B. The Q0/Eacc 
curves are shown in Fig. 2; Cavity A reached 30 MV/m 
twice and Cavity B reached 34 then 36 and 37 MV/m. 
The helium bath temperature was around 1.5 K for Cavity 
A and around 1.6 K for Cavity B. 
 

 
Figure 2: Q0/Eacc curves of the tested monocell cavities. 

Quench Localization with Temperature Mapping 
The quench position was localized with the temperature 

mapping, to have a reference comparison with OSTs 
measurements. The position is determined with a 
precision of a few millimetres in each direction (Fig. 3). 

 
 ____________________________________________ 

*juliette.plouin@cea.fr 
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Figure 3: quench localization with temperature array 
(cavity A, Dec. 2011). The quench is positioned on the 
equator (thermometer 9). 

OST Measurements 
For each test, we then placed the temperature mapping 

system on an azimuthal position opposite to the quench to 
avoid perturbations, and we measured the signals from 
OSTs during a series of quenches. The results were 
recorded by an oscilloscope trigged by the RF quench 
signal, given by the RF power reflected by the cavity 
(blue positive step signal on Fig. 4). The signals from 
OSTs always start with a sharp negative decrease, caused 
by the arrival of the second sound wave on the flexible 
membrane. The time of arrival of the wave on each OST 
after quench trigger can be measured with a precision less 
than 100 s.  

 

 
Figure 4: Oscilloscope signals during quench with OST 
signals. 

In principle, the quench position is then localized by 
multiplying the time of arrival by the velocity of 2nd 
sound, which is equal to 20 m/s or less between 1.4 and 
1.8 K [3]. Then, one can trace spheres with radius equal 
to this quantity, and their intersection with the cavity 
should give the quench position. However, doing this 
leads in general to trace spheres whose radii are too small 
to reach the quench location, even sometimes the cavity.  

Two examples are given in Fig. 5 for the two tests with 
Cavity A, where the quench was found on the equator by 
the temperature array. Since the OSTs are also in the 
equator plane, the problem can be treated in two 
dimensions, using circles instead of spheres.  

 

 

 

Figure 5: tentative triangulation in the equator plane with 
2nd sound velocity equal to 20 m/s (blue circles) and to 
28.5 m/s (green circles). 

“Too Fast” Second Sound Wave 
One can see that the blue circles don’t intersect. We 

found the same kind of results for the three tests with 
Cavity B, except that the quench was not on the equator. 

The results can be presented as follow: for each test, 
and for the two nearest OSTs, the distance (quench-OST) 
has been divided by the time of arrival of the signal. The 
result is the corresponding velocity of a wave that would 
travel from the quench point to the OST.  

Table 1: Calculated Velocities for the Wave Travelling 
from Quench to the two nearest OSTs 

Test Cavity Eacc at 
quench 

v first 
OST 

v second 
OST 

Dec 2011 A 30 MV/m 27 m/s 30 m/s 

June 2012 A 30 MV/m 22 m/s 36 m/s 

Oct 2012 B 34 MV/m 39 m/s 28 m/s 

Apr 2013 B 36 MV/m 31 m/s 26 m/s 

Sept 2013 B 37 MV/m 34 m/s 27 m/s 

  
During the test of Apr 2013, we also measured OSTs 

signals during the cooling of the helium bath around the 
cavity.  

The result is shown on Fig. 6, with the calculated 
velocity (like in Table 1) corresponding to the two closest 
OSTs.  
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Figure 6: Calculated velocities for the wave travelling 
from quench to the two nearest OSTs with varying 
temperature. 

 
From Table 1 it is clear that the “measured wave 

velocity” is always higher than the theoretical 20 m/s.  
Figure 6 shows that this “measured velocity” evolves 

with the same shape as the theoretical one, but has always 
higher values. 

Thus, considering the heat transportation in helium as a 
pure 2nd sound wave traveling from a point seems to 
generally lead to a “too fast” 2nd sound wave. Similar 
results were also found by other laboratories [4, 5].  

DISCUSSION 
Triangulation with Mathematical Function 

Some better localization can be achieved by using the 
2nd sound wave velocity as a fitting parameter v2. [1]. One 
can then minimize the following mathematical function, 
and force the resulting point to be on the cavity surface.  

 

The parameters xi, yi, zi and ti represent the position and 
the time of arrival of each OST. This method is used by 
several labs to proceed to quench localization [4, 6]. 

By using this technique in two dimensions for the two 
tests with Cavity A, and only with the two OSTs that are 
directly seeing the quench, we had to use 28.5 m/s as a 
parameter for the wave velocity. The quench localization 
with this technique (green dots on Fig. 5) is quite good for 
the Dec. 2011 test, but quite imprecise for the June 2012 
test.  

Finally, this triangulation technique, conjugated to a 
large number of OSTs, can lead to localization around a 
few cm, which is already a good reduction of the area to 
observe. 

However, all these observations highlight that the 
phenomena involved during a quench cannot just be 
described by the generation of a 2nd sound wave by a 
point source. One can give two explanations: 

 The heat source formed by the quench is not a point. 
 The heat propagation is not carried by a pure second 

sound wave. 

Size of the Quench Spot 
The thermal quench of a cavity is generally caused by a 

local increase of the magnetic field on a small defect 
situated on the inner surface of the cavity. On the outer 
surface, the heat source is rather a spot, with a size 
depending on the dynamic of the heat propagation in both 
niobium and superfluid helium. If the size of the spot is a 
few cm, one can understand that the signals arriving on 
different OSTs come from different points of the spot, 
each being closer to the OST than the position of the 
defect. Then the “measured wave velocity” is 
overestimated, which is coherent with what we observed. 
This “large spot” quench has been studied in several 
laboratories. [4, 7]. 

No Pure Second Sound Wave 
However this “large spot” hypothesis is not enough to 

explain the observed phenomena, since it even occurs that 
a sphere traced from OST with a radius equal to [time of 
arrival of the wave]x[theoretical 2nd sound wave] don’t 
even intersect with the cavity surface. 

Actually, it seems that heat propagation from niobium 
to OST is more complicated than a pure 2nd sound wave. 
Figure 3 shows that the temperature near the quench 
reaches more than 5 K, higher than the lambda point of 
helium (2.17 K). The nature of heat propagation is 
determined by the surface power density, and above a 
given value, 2  sound waves cannot propagatend  [8, 9]. 
Thus it seems that during quench tests, we cannot 
consider the heat propagation as a “pure” 2nd sound wave. 

Further Developments 
To get rid of the size of the spot, as well as to control 

the surface power density, it is very interesting to 
simulate a quench with a specific heater. Such 
experiments have already been developed  [5, 10-12], 
and we would like to reach higher values of heat 
power surface density to investigate whether the 2nd sound 
wave disappears, at least locally, when the power is 
grown up. 
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TIME-RESOLVED MEASUREMENTS OF HIGH-FIELD QUENCH IN SRF 
CAVITIES 

S. Antipov, University of Chicago, Chicago, IL, USA 
E.Efimenko, Moscow Institute of Physics and Technology, Russia 

A. Romanenko, Dmitri Sergatskov, FNAL, Batavia, IL, USA 

 
Abstract 

Fermilab temperature mapping system for SRF cavities 
has been improved to operate with time resolution of 
<1ms. Using the improved system, quench dynamics has 
been investigated in several cavities. It has been 
determined that the maximal size of a normal conducting 
zone during quench can be as high as 130 mm, its growth 
rate – 20 mm/ms, and temperature inside – up to 40 K; 
cavities recover after quench within 100 – 250 ms. 
Findings are consistent with the thermal breakdown 
mechanism. 

INTRODUCTION 
In SRF cavities “quench” is a local loss of a 

superconducting state leading to a rapid decrease of the 
stored energy. Quench is one of the main factors limiting 
achievable gradients. While low-field (Eacc < 20 MV/m) 
quenches are typically caused by apparent large defects, 
at the moment there is no clear understanding of the 
nature of the defects that cause quench at high fields 
(Eacc > 20 MV/m). There are two plausible mechanisms 
of the high-field quench: thermal breakdown and thermo-
magnetic breakdown [1]. Thermal breakdown is though 
to be triggered by the defect that has a surface resistance 
greater than surrounding niobium, whereas in a thermo-
magnetic breakdown, the defect has a lower RF critical 
magnetic field. This difference leads to a different 
triggering mechanism, and hence different initial 
propagation conditions, which may influence the 
evolution of the process. Consequently understanding 
dynamics of quench gives a clue to underlying physics 
and the nature of quench. 

In this paper we present results of measuring quench 
dynamics using time-resolved temperature mapping. It 
allows to observe and measure the evolution of the size of 
normal conducting region and temperature distribution 
within it.  

EXPERIMENTAL SETUP 
The experiment was held at Fermilab using TESLA shape 
SRF cavities with the fundamental TM010 mode at the 
frequency of 1.3 GHz. Measurements were performed at 
the Fermilab Vertical Test Stand [2] at temperatures 
down to 1.5 K. Fermilab full body temperature mapping 
system, which is based on the design similar to a system 
at Jefferson Lab [3,4], has been used for the studies. In 
such a system temperature sensors are 100 Ω carbon 
Allen-Bradley resistors, whose resistance decreases 

exponentially with temperature. These thermometers are 
fixed on 36 printed circuit boards (PCBs), 16 
thermometers on each. The shape of PCBs replicates the 
shape of ILC TESLA shape 1.3 GHz cavities. PCBs are 
placed every 10 degrees around cavity rotational axis. 
Horizontal distance between thermometers is about 18 
mm on cavity equator and is smaller further away; 
vertical spacing is about 10 mm (Figure 1).  

 
Figure 1: Fermilab temperature mapping assembled on 
the single cell niobium cavity. 

Carbon resistors are connected in parallel to a Keithley 
2400 voltage source, providing 10 V DC. Each 
thermometer is connected in series to two 1 MΩ resistors. 
This scheme provides a 5 μA constant current through 
carbon resistors. Measurement of voltage drop across 
them gives their resistance R, which is then converted 
into temperature T. Calibration curves for R-T conversion 
are obtained on each of the system cool down cycles from 
4.2 to 1.6 K. 

Data acquisition from all 576 thermometers is 
performed by two SCXI-1001 chassis that contain 18 
SCXI-1102 modules. Each module is capable of 
multiplexing 32 channels, collects data from two PCBs, 
and provides a maximum sampling rate of 333 kHz. 
Analog signal from them is routed to a computer which 
performs analog to digital conversion. The maximum rate 
of conversion is 333 kHz. Operation of SCXI modules is 
controlled by a LabVIEW program. 

For the purpose of obtaining a full T-map temperature 
is measured in a following way. First, a measurement 
without field is made to get the background temperature 
distribution. Then several measurements are made with 
different polarities of source signal, and the results are 
averaged. This technique provides precise measurements 
of temperature, with up to ~50 microK resolution 
possible. The down side is that the procedure takes too 
much time – obtaining a full temperature map takes about 
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a second, which is significantly greater than typical times 
of quench – tens of milliseconds. 

To increase data acquisition rate one may select a 
subset of thermometers to be measured from a whole 
array and perform only one measurement of each sensor. 
In this case the maximum sampling rate Fs is limited by 
hardware performance, namely by maximum sampling 
rate of SCXI modules and the fact that they cannot skip 
unused channels. Maximal Fs was observed to be 
approximately equal to 10 / kHz,

s
F N where N is the 

total number of SCXI modules, used in creating a 
temperature map. 

EXPERIMENTAL PROCEDURE 
The experimental procedure was the following: first, 

measure the quality factor of the cavity, increasing the 
amount of stored energy, to find the critical accelerating 
gradient; then perform a full temperature map, using all 
thermometers, to localize the quench; and finally, 
perform time-resolved measurements of temperature 
distribution in quench region, taking data only from a 
small number of thermometers, but with high sampling 
rate.  

 
Figure 2: Temperature map. Cavity TE1NR005, field 
22.3 MV/m. Thermoboard at 160o is faulty due to broken 
cable connector. 

Figure 2 depicts a typical quench image, obtained by 
full temperature mapping. The map is not continuous, 
because obtaining a full temperature map takes roughly a 
second, so different pieces of the picture were taken at 
different moments of time. Nevertheless, one can notice a 
hot region produced by quench. Knowing the position of 
the hot spot, a subset of thermometers around it was 
picked to be measured with sampling rate of 10 kHz. The 
resulting data had a lot of high frequency noise, most 
probably coming fromt the electrical circuit. To filter the 
noise, the data was averaged with 1 ms intervals. Data in 
faulty channels was approximated by linear fits using the 
data from adjacent channels. A smoothed picture of the 
resulting signal is depicted in Figure 3. 

RESULTS 
We tested 3 ILC-type 1.3 GHz cavities: TE1NR005, 

TE1AES003, and TE1ACC005 at the temperature of 2 K. 
Treatments of the cavities were different – all of them 
were electropolished and baked at 120o C, but 
TE1AES003 was also subjected to furnace nitrogen 

treatment [5]. Quenches happened in a wide range of the 
accelerating field strength from 20 to 33 MV/m (Figure 
4). In addition, cavity TE1AES003 was tested at two 
more temperatures: 1.8 and 2.165 K. The results are 
summarized in Table 1. 

 

 
Figure 3: Temperature distribution on a cavity wall 30 ms 
after the quench started. Color corresponds to the 
deviation from 2K

He
T . 

Figure 5a) depicts the evolution of temperature in the 
center of the quench spot in TE1NR005 cavity with 1 ms 
time resolution. After the process starts the temperature 
rapidly increases from 2

He
T K  to about 30 K in 30 ms 

and then slowly decreases due to cooling by He; at 
90ms

SC
t the cavity returns to superconducting state. 
The rate of temperature increase at the beginning of the 
process is 2 K/ms. 

 
Figure 4: Quality factor vs accelerating gradient. 

Another thing one can analyze is the radius of the 
normal zone. Its lower estimate is the distance from the 
center to the farthest thermometer with 

C
T T . When a 

temperature on a thermometer passes the Nb transition 
temperature 9.2 K, the radius is exactly equal to the 
distance to that sensor. Figure 5b) depicts the dependence 
of quench radius on time with 1 ms time resolution. At 
the beginning the size of the hot spot increases with a rate 
of 18 mm/ms. The maximal radius of the hot spot is about 
45 mm, which is consistent with the results of 
observations of quench by fast thermometry technique 
with 16 sensors, placed around cavity equator every 40 
mm (Fig. 6). The estimated maximal diameter of the hot 
spot, obtained by that method, is 80 – 120 mm for 

20 35 MV/
acc
E . Our data also agrees with 
simulation results for thermal breakdown [6].  
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Figure 5: Temperature in the center of the hot spot – a) 
and its size – b) as a function of time. Cavity TE1NR005, 
quenching gradient 22.3 MV/m. 
Table 1: Results. Cavity A – TE1AES003, 
B – TE1NR005, C – TE1ACC005 

Cavity A A A B C 

THe, K 1.8 2.0 2.165 2.0 2.0 
Field, MV/m 20.7 21.7 21.6 22.3 33 
Max R, mm 50 40 65 45 60 
Max T, K 35 35 40 30 40 
Growth rate, mm/ms 20 20 20 18 12 
T increase rate, K/ms 2.5 2.3 2.3 2.4 2.5 
tSC, ms 105 110 190 90 250 

As can be seen in Table 1 a quench, happening at a 
higher field, has greater temperature and size of hot spot, 
than the one at a lower one. Comparatively low value of 
Tmax for TE1NR005 can be explained by the fact that the 
center of the hot spot, where the temperature is the 
greatest, was exactly in the middle between two 
thermometers, so the measured maximal temperature is 
lower than the actual one. It also takes cavity with greater 
quench field more time to return to a superconducting 
state – up to 250 ms for quench at 33 MV/m. These 
results are intuitive – the more energy stored into cavity 
is converted into heat the bigger and hotter spot appears. 

The process of the initial growth of the normal 
conducting region does not seem to depend on the field or 
on the temperature of He bath. The rate of increase of the 
size of normal conducting zone and the rate of increase of 
temperature in its center are about 20 mm/ms and 2.5 
K/ms correspondingly for all 6 cases. This result is 
important for numerical simulations of the process, since 
the cooling model is rather complex. 

 
Figure 6: Thermometry detects 3 peaks on sensors spaced 
by 4 cm. Spot size is roughly 12 cm. Eacc = 30 MV/m. 

In Figure 7 behavior at temperatures 1.8 K, 2.0 K, and 
2.165 K is compared; the last one is close to He lambda 

point (where superfluid He II transitions to normal fluid 
He I, about 2.17 K), and the cooling in that case was 
significantly lower than in the first two. Plots for all three 
cases follow each other closely until 12 ms. This fact can 
be explained by spreading of the heat from the inner 
cavity wall, where the energy is dissipated. Because the 
temperature distribution on the inner wall at the 
beginning of the process is unaffected by helium cooling, 
it depends only on the field, which was roughly the same 
in all three cases. Thus, at first, the same temperature 
distribution appears on the outer wall and later it starts 
cooling down by He. Consequently, one can disregard 
cooling for the first 10 ms, when simulating quench. 

 
Figure 7: Evolution of quench radius over time for 3 
different He temperatures: 1.8, 2.0, 2.165 K. 

CONCLUSION 
Experimental procedure, implemented on Fermilab’s 

temperature mapping system, allows to measure 
temperature distribution within quench spot, as well as 
the amount of energy stored in the SRF cavity, at the 
moment when quench starts, during its growth, and decay 
with temporal resolution of 1ms.  

Typical temporal parameters of the breakdown have 
been determined. For three tested SRF cavities, 
quenching at fields 20.7 – 33 MV/m, maximal radius of 
the normal zone was 40 – 65; time to return to 
superconducting state: 90 – 250 ms. The behavior of 
quench at the times lower than 10 ms has been observed 
to be independent on the stored energy and the amount of 
He cooling. Results on maximal radius of the normal 
zone are consistent with observations of quench by other 
techniques.  
The experimental procedure can also be useful for 
investigating how different surface treatments affect the 
breakdown. Achieved results can be useful for better 
understanding of the nature of high-field quench, 
improvement of quench detection techniques, and 
material science research for future SRF cavities. 
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XT-MAP SYSTEM FOR LOCATING SC CAVITY QUENCH POSITION  

H. Tongu, Y. Iwashita, Kyoto ICR, Kyoto University, Uji, Kyoto, Japan 
H. Hayano , Y. Yamamoto, KEK, Tsukuba, Ibaraki, Japan

Abstract 
XT-map system under development in collaboration 

between Kyoto University and KEK is a combined 
system of T-map and X-map. High resolution T-map at 
quench detection will give more information for 
improving yield in production of high performance SC 
Cavities. The high-density sensor distribution of the XT-
map gives the high resolution. Because the huge amount 
of sensor lines are multiplexed at a hi-speed scanning rate 
in the vicinity of the sensors, the small number of signal 
lines makes the installation process easy and reduces the 
system complexity. The quench survey test with this XT-
map system has been performed in the vertical test at 
KEK. 

INTRODUCTION 
The upper limit of the accelerating gradient of the 

superconducting (SC) cavity seems to be affected by the 
condition of the interior surface. Main causes of limiting 
accelerating gradient are thought to be the quench of local 
heat source and field emission due to defects such as 
scratches, dust particles in tens of µm and ruggedness of a 
few hundreds µm. Therefore, in order to improve the 
performance and the production yield of the SC cavities, 
non-destructive inspections for finding defects on the 
interior surface of SC cavity have important roles. 

 As a method for survey and observation of defects on 
the interior surface, the high-resolution camera system, 
so-called Kyoto Camera, was developed by collaboration 
between Kyoto University and KEK [1]. Kyoto Camera 
used in several research laboratories is an effective non-
destructive inspection tool at the room temperature 
environment. On the other hand, the multi-point 
thermometry mapping measurements (T-map) and the 
multi-point X-ray radiation mapping measurements (X-
map) are useful tools to survey the defect locations during 
the vertical test. T-map, X-map and the optical 
observation are complementary to each other for the 
purpose[2]. Those inspections are recognized as essential 
processes for the local repairing of the interior surface 
together with the micro grinder after identified the defect 
locations [3]. We developed the high-resolution T-map 
and X-map systems. Developed T-map system and the 
detected quench events will be reported. 

XT-MAP SYSTEM 
We have developed the high-resolution T-map and X-

map system considering the non-destructive inspection 
for superconducting 9-cell 1.3GHz niobium (Nb) cavities 
in ILC. Our XT-map system is the combined system of T-
map and X-map as shown in Fig. 1, and its main R&D is 
performed connected to the vertical tests of ILC cavities 
in KEK. XT-map system has following features.   

 High-resolution. 
 Low operation cost (less heat leak). 
 Use of low-cost components on the market.  
 Easy setting and operation.  

 

 

Figure 1: The double-leaf-shaped Flexible Printed 
Circuits films (polyimide film with several layers) for 
XT-map. 

Multiplexing Design 
The T-map sensors are distributed about one per cm2 

considering the wall thickness, thermal conductivity of 
Nb and practical density of installable sensors. Since the 
X-ray sensor has larger size, its density is a half of the T-
map system.  Therefore whole T-map assemblies for 9-
cell cavity will contain about 9000 (X-map: 4500) sensors. 
Many cabling wires for this multi-point measurement 
would increase the heat intrusion into the cryostat. In 
order to reduce the number of the signal cables 
significantly, CMOS analogue multiplexers have been 
installed in the cryogenic area as shown in Fig. 2. This 
multiplexing design makes it possible to decrease the 
number of cables and vacuum tight feed-throughs. 

 

Figure 2: Block diagram of T-map system. 
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Sensor 
Although the performances of cryogenic temperature 

sensors commercially available are very good, the cost 
makes it difficult for us to apply them to the high density 
T-map. The carbon resistors, which increase their 
resistance around cryogenic temperature, manufactured 
by Allen-Bradley Company have been utilized as low-
cost temperature sensors. The production of this resistor, 
however, was ceased in 1997 [4].  Thus ruthenium oxide 
chip resistors instead of the carbon resistors are adopted 
as the temperature sensors in our XT-map system. This 
kind of surface mount technology (STM) resistor has 
good availability at a low cost. In our initial investigation 
on RuO2 STM resistors, the larger the resistance is, the 
more the temperature sensitivity is. The time constant of 
large resistance sensor, however, becomes large and the 
signal's rise-time increases [5]. Therefore we adopt 10kΩ 
resistor as T-map sensor considering the balance of the 
sensitivity and the signal's rise-time at cryogenic 
temperature. The sensitivity as a function of temperature 
is shown in Fig. 3.  

 

 

Figure 3: The sensitivities of RuO2 resistors as functions 
of temperature. Values in brackets are the applied 
current values. Left: The resistances as functions of  
temperature for RK73B by KOA. Right: The resistance 
relative to the values at 4.2K (measured at 5µA,). 

 
PIN photodiode is adopted as X-ray sensor in 

consideration of performance, package size, cost, and 
availability on market. Although the SMT photodiode 
(BPW34FS by OSRAM) has less sensitivity as a X-ray 
detector because of small sensitive area compared with a 
big size metal-can package device, a brief integrating 
amplifier in the X-map circuit compensates the poor 
sensitivity.  A charge accumulated during the scan 
interval is collected by the integrating amplifier. 

Flexible Printed Circuits 
In order to realize the super-multipoint measurement 

(with high-density sensors), we mounted the SMT 

components such as chip resistors on XT-map circuits. 
The double-leaf-shaped device that consists of the SMT 
components on flexible polyimide film (Flexible Printed 
Circuits: FPC) was designed as shown in Fig. 1. Another 
major advantage of this configuration is an easy 
installation on SC-cavity with simple fixtures. The 
installation time can be reduced in spite of the large 
number of sensors. T-map sensors (64 points) on the FPC 
have arranged to contact with an exterior surface of SC-
cavity while the X-map sensors (32 points) are installed 
on the backside space (outer side). The logic circuits are 
separated from sensor area as shown in Fig. 1. The T-map 
FPC boards were designed to keep contacting the cavity 
exterior surface by applying a tension to the FPC board at 
2 irises of a cavity. 

As shown in Fig. 4, the daisy-chained the FPC boards 
pass a token sequentially during data scan of all analog 
data on each board, which reduces the number of cables. 
In our present design of XT-map system, the sampling 
time for each point on T-map are about 1 ms (2 ms on X-
map), while 1024 sensors are installed on one cell. 
Therefore a scan of 9-cell cavity takes about 1 sec since 
the nine units work in parallel, where only one signal line 
from a multiplexed data is needed for each cell in 
addition to common four power supply lines and two 
timing signals. The sampling time would be reduced if 
necessary. 

As shown in Fig. 5, the daisy-chained 16 double-leaf 
FPC boards covers one cell of ILC SC-cavity. Only 25 
cabling wires are required to operate 9-cell XT-map 
system. 

 

  

Figure 4: Experimental assembly consists of XT-map 
sheets and Stiffener X-map sheets. The sheet cables are 
used for the daisy chain.  The lines are connected to 
room temperature area through an interface circuit. 

Stiffener X-map 
X-ray measurement around the narrow cavity iris zone 

is interfered by the stiffener ring. Therefore a special X-
map system is separately developed so that X-map 
sensors can be installed under the stiffener rings as shown 
in Fig. 6.  This Stiffener X-map system consists of the 
eight strips, where each strip has 32 photo diodes, a 32-ch 
MPX, and an integrating amplifier. The outputs of the 
amplifiers connected to a signal line is sequentially turned 
on for the scan. 
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Figure 5: The schematic drawing of our inspection 
System (XT-map and Stiffener X-map system).

Figure 6: Stiffener X-map test circuits and its 
installation. The ribbon shaped FPC boards are 
installed under the stiffener ring.

DETECTION OF QUENCH 
A preliminary quench detection test of XT-map was 

performed on a SC cavity which was known to have a 
quench location by a previous vertical test at KEK. As 
shown in Fig. 7, 4 XT-map FPC boards were installed on 
1/4 area (90 degrees) of a cell, where a heat generation is 
predicted. Fig. 8 is a typical measurement result of T-map 
with a heater installed on the cavity (a pseudo heat 
generation) in the detection test. Not all the sensors
worked correctly in these results. They are supposed to 
have insufficient thermal contact between the sensors and 
the cavity exterior surface, which has to be improved. The 
quench detection itself were possible with other sensors 
because of the super-multipoint measurement (high-
density sensors). Fig. 9  shows the typical measurement 
results at actual quench events.  The amplitudes of 
measured T-map outputs were above 100 mV for sensors 
around a heat generation point. 100 mV corresponds to a
temperature rise from 2 K to 10 K. 

Figure 7: Installation of test of XT-map assemblies
for the quench detection at KEK.

Figure 8: Measurement result of the temperature rise 
survey with 26 W and 79 W heater.

Almost all of the obtained events during this test are 
similar to these two measured patterns shown in Fig. 9.
The temperature rise time is estimated about 0.5 sec, 
because a scan cycle is about 0.216 sec (the measurement 
time per sensor is about 0.85 msec) in this test. If the 
temperature rise time is 0.5 sec, a detection miss of a 
quench may happen at the 1 kHz sampling rate (a scan of 
9-cell cavity takes about 1 sec). Fig. 10 is row output 
signals with 1 kHz sampling rate. The signals in a channel 
have data sufficient to reduce the sampling time less than
1/2. So, our T-map system can operate over 2 kHz 
sampling rate.

SUMMARY
Basic design of XT-map system for non-destructive 

inspection during the vertical test has been established.
Although sensitivity of the adopted X-map and T-map 
sensors are less than those used in other laboratories, both
sensors show sufficient performance in our XT-map 
system. Issues such as insufficient thermal contacting of 
sensors were found in this quench detection test, which 
will be resolved in a next version.

Brushing up of the installation assemblies of the XT-
map, and optimization of the operation parameter, will be 
performed.

equator

iris

iris

equator

iris

iris
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Figure 9: Typical two measurement results of the quench detection test of XT-map during the vertical test. The 
circles are quench location previously observed by KEK T-map. The temperature rise time is estimated about 0.5sec, 
because the scan cycle is about 0.216

 

Figure 10: Raw output signals of T-map during quench. 
Signals from several T-map sensors around a quench 
event can be seen.  
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QUENCH FIELD AND LOCATION IN VERTICAL TESTS AT KEK-STF 

Y. Yamamoto
#
, E. Kako, T. Shishido, KEK, Tsukuba, Japan

Abstract 
Many vertical tests have been done for the ILC 

(International Linear Collider) and ERL (Energy 

Recovery Linac) at KEK-STF since 2008. T-mapping 

system (fixed type) was equipped every vertical test, and 

quench location was identified completely. Every quench 

location at quench field will be presented in this paper. 

INTRODUCTION 

Many 9-cell cavities have been fabricated, measured 

and assembled for the use of STF-1 (Phase-1) [1], S1-

Global [2], Quantum Beam Project [3] and STF-2 (Phase-

2) including R&D program for the cavity performance. T-

mapping/X-ray-mapping system [4] is usually equipped 

every vertical test at STF. Once cavity has a quench, the 

quench location is identified certainly by T-mapping 

system. Before and after every vertical test, the cavity 

inner surface is inspected by the Kyoto camera [5], and 

problematic defect is typically observed. After the 

removal of the defect by local grinding, the cavity 

performance is drastically improved in the next vertical 

test. This is a typical situation at KEK-STF. 

Recently, vertical test for MHI-23–MHI-26 starts for 

CM-2a (half size cryomodule) in STF-2. It will complete 

by the end of this year. They will be assembled into CM-

2a before next summer. From autumn, STF-2 will start. 

VERTICAL TEST RESULT 

Figure 1 shows the recent result of the vertical tests for 

9-cell cavities (MHI-12–MHI-22, MHI-C and HIT-02). 

Except for MHI-16, the other cavities attain above 35 

MV/m as the ILC specification [6]. Figure 1 shows the Q0 

vs. Eacc curves for the best result of the vertical test. 

Figure 2 shows the maximum accelerating gradient for 

these cavities. Table 1 shows the summary of the best 

result in the vertical test. More detail information for 

these results is described in [7]. 

MHI-C is a prototype cavity fabricated for a study of 

mass production using a new technology [8]. This cavity 

attained above 35 MV/m in the first vertical test. HIT-02, 

which was fabricated by a new vendor, also attained 

above 35 MV/m in the first vertical test, however, the 

field emission was heavy. After the local grinding for the 

iris region, this cavity attained 41 MV/m without field 

emission in the second vertical test. Vertical test for these 

cavities will be continued as R&D for high performance 

in future. 

Table 1: Summary of the Best Result in V.T.s at STF 

Cavity Max. Eacc 

[MV/m] 

Q0 at  

Max. Eacc 

Q0 at  

35MV/m 

No. of  

V.T. 

MHI-12 40.7 6.2  109 9.3  109 2 

MHI-13 36.2 7.5  109 8.6  109 2 

MHI-14 36.6 6.1  109 8.4  109 3 

MHI-15 35.7 7.3  109 8.1  109 4 

MHI-16 33.8 8.6  109 - 2 

MHI-17 38.4 6.1  109 8.5  109 1 

MHI-18 36.2 7.5  109 8.0  109 4 

MHI-19 37.2 8.4  109 9.6  109 2 

MHI-20 35.1 6.7  109 6.7  109 3 

MHI-21 38.9 6.6  109 9.1  109 1 

MHI-22 35.8 5.7  109 6.2  109 2 

MHI-C 37.1 5.2  109 7.5  109 4 

HIT-02 40.9 6.1  109 9.3  109 2 

 

Figure 1: Best Q0 vs. Eacc curves of the vertical tests for 

MHI-12–MHI-22, MHI-C and HIT-02 cavities. 

 

Figure 2: Maximum accelerating gradient in vertical tests 

of MHI-12–MHI-22, MHI-C and HIT-02 cavities. Instead 

of MHI-16, every other cavity achieved above 35 MV/m. 

 ___________________________________________  
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QUENCH FIELD AND LOCATION 

T-mapping system combined with X-ray-mapping has 

been used every vertical test at STF since 2008. Once 

cavity has a quench, this system identifies the quench 

location certainly. At present, totally 51 quench events in 

π mode were observed for 28 9-cell cavities. Figure 3 

shows the quenching cell for those data. Every cell has an 

equal probability for quench in π mode. However, there is 

a bias in cells #1, #2 and #9. This means RF performance 

is different between centre cell and end cell (end cell has 

a beampipe). It is interesting that DESY’s result has a 

same trend as KEK-STF [9]. 

 

Figure 3: Quenching cell for π mode in vertical test at 

KEK-STF (top). After separation into two limiting cause, 

the same histogram is re-displayed separately (bottom). 

 

Figure 4 shows the quench location mapping for π 

mode in vertical test at KEK-STF. Figure 5 shows the 

histogram for each angular region. In the angular 

distribution of quench location, there is no excess 

compared to Figure 3. Figure 6 shows the correlation 

between quench cell and field for π mode. Events with 

lower quench field (<20 MV/m) concentrate on the both 

end cells and neighbouring cells. Probably, this trend is 

due to the speciality of end cell. 

 

Figure 4: Quench location mapping for π mode in vertical 

test at KEK-STF. The horizontal axis is the clockwise 

angle viewing from the input coupler side (0º is the 

position of the input coupler), and the vertical axis is the 

cell location from cell #1 (top) to cell #9 (bottom). The 

black horizontal lines show the equator region of the cell, 

and dotted lines show the iris. 

 

Figure 5: Angular distribution of quenching location for π 

mode in vertical test at KEK-STF (histogram). 

 

Figure 6: Correlation between quench cell and field at 

KEK-STF. 
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DEVELOPMENT OF DATA BASE 

Recently, data base for result of vertical test at KEK-

STF is under development. In addition to cavity 

performance, EP and rinsing parameter, and T-mapping 

results are included in this data base. Figure 7 shows the 

data base at present. 

 

Figure 7: Data base of cavity performance, EP and other 

parameters at KEK-STF. 

SUMMARY 

In STF, many vertical tests have been carried out since 

2008. It is not difficult to achieve the ILC specification at 

present. 

There is the excess in the quenching cell at vertical test. 

Cell with lower quench field concentrates on the end cells 

and neighbouring cells. On the other hand, the angular 

distribution of quench location has no bias. 

Recently, data base of cavity performance, EP and the 

other parameters is under development, and will be public 

in future. 
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HIPIMS: A NEW GENERATION OF FILM DEPOSITION TECHNIQUES 
FOR SRF APPLICATIONS* 

A.-M. Valente-Feliciano#, Jefferson Lab, Newport News, VA 23606, U.S.A. 

 
Abstract 

Over the years, Nb/Cu technology, despite its 
shortcomings due to the commonly used magnetron 
sputtering, has positioned itself as an alternative route for 
the future of accelerator superconducting structures. 
Avenues for the production of thin films tailored for 
Superconducting RF (SRF) applications are showing 
promise with recent developments in ionized PVD 
coating techniques, i.e. vacuum deposition techniques 
using energetic ions. Among these techniques, High 
power impulse magnetron sputtering (HiPIMS) is a 
promising emerging technique which combines 
magnetron sputtering with a pulsed power approach. This 
contribution describes the benefits of energetic 
condensation for SRF films and the characteristics of the 
HiPIMS technology. It describes the on-going efforts 
pursued in different institutions to exploit the potential of 
this technology to produce bulk-like Nb films and go 
beyond Nb performance with the development of film 
systems, based on other superconducting materials and 
multilayer structures. 

INTRODUCTION 
Due to the very shallow penetration depth of RF fields 

(only ~40 nm for niobium [Nb]), SRF properties are 
inherently a surface phenomenon, involving a material 
thickness of less than 1 micron. One can then foresee the 
merits of depositing an Nb film on the inner surface of a 
castable cavity structure made of copper (Cu) or 
aluminum (Al). At the system design level, this would 
exploit the freedom to decouple the active SRF surface 
from the accelerating structure definition and its cooling, 
opening the possibility to dramatically change the cost 
framework of SRF accelerators. 

CERN has conducted pioneering studies [1-3] in the 
field of SRF Nb films on Cu (Nb/Cu) applied to cavities 
and successfully implemented this technology in the LEP-
2 and the LHC accelerators. Although 1.5 GHz cavities 
achieving gradients up around 25 MV/m [4] were 
produced, these cavities suffered from significant losses 
resulting in the significant reduction of Q at accelerating 
gradients above 15MV/m. Some of the defects were 
inherent to the magnetron sputtering technique used to 
produce these cavities.  

In the meantime, bulk Nb cavities are approaching their 
intrinsic limit at Hmax = Hc (180 mT), with breakdown 
fields close to the de-pairing limit (50 MV/m) [5]. 

The challenge in developing SRF Nb thin films is to 
reproduce and go beyond the performance of bulk Nb. 
While tight correlation with the characterization of real 
materials has yet to be described, there exists a theoretical 
framework describing the relevant material parameters of 
surfaces as they influence SRF properties. Several 
material factors, highly dependent upon the surface 
creation conditions, contribute to degraded SRF 
performance with respect to ideal surfaces. These limiting 
factors such as intra-granular impurities and lattice defect 
density, inter-granular impurities and oxidation, surface 
topography and chemistry, may lead to the reduction of 
the electron mean free path, thus the reduction of the 
lower critical field Hc1.  

Understanding of the film growth dynamics from 
nucleation to final exposed surface is therfore crucial. The 
defect density (which determines the electron mean free 
path) within the RF penetration depth is certainly affected 
by intragrain contaminants incorporated during the final 
stage film growth, but it is also strongly affected by the 
underlying crystal texture, which is in turn developed 
from the initial film nucleation process, which necessarily 
is strongly influenced by the substrate. The development 
of every stage can be expected to depend strongly on the 
kinetic energy distribution of the arriving Nb ions. 
Although the thickness corresponds to the very top 40 nm 
of the Nb film, this final surface is dictated from its 
origin, i.e. the substrate, the interface, and deposition 
technique (ion energy, substrate temperature…).  

ENERGETIC CONDENSATION 
Control over the deposition process is exercised by 

only three first-order vapor parameters and one first-order 
substrate parameter. The vapor parameters are the 
absolute arrival rates of film atoms, the partial pressures 
of background gases in the chamber and the energy of the 
deposition fluxes. The substrate parameter is the substrate 
temperature.  

Without energetic atoms, only the substrate temperature 
influences the processes of physi- and chemisorption, 
thermal desorption, nucleation, nuclei dissociation, 
surface diffusion, and formation of specific nucleation 
sites. Crystalline defects, grains connectivity and grain 
size may be improved with a higher substrate temperature 
which provides higher surface mobility (the important 
parameter is the “homologous temperature”= 
Tsubstrate/Tmelting_of_film). However practical substrates for 
SRF cavities (Al, Cu) may not allow heating to high 
temperatures. 

The missing energy may be supplied by ion 
bombardment. Energetic condensation is a deposition 
process where a significant fraction of the condensing 

 ___________________________________________  
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species have hyper-thermal and low energies (10 eV and 
greater). It is characterized by a number of surface and 
sub-surface processes that are activated or enabled by the 
energy of the ions arriving at the surface [6-9]. 

If the incident ions have enough energy, i.e. between 
the surface displacement energy and bulk displacement 
energy, surface diffusion of atoms is promoted but no 
defects are created in the film bulk thus promoting 
epitaxial growth [10]. 

When the incident ion energy is increased beyond the 
bulk displacement energy (usually in 12–40 eV range 
[11]), the ions can be incorporated into the surface (sub-
implantation), the collision cascades under the surface 
generating defects and intrinsic stress followed by re-
nucleation. 

A maximum of intrinsic stress exists for kinetic 
energies of about 100 eV; the actual value depends on the 
material and other factors. The existence of such 
maximum can be explained by insertion of atoms under 
the surface yet still very little annealing [12]. 

As the energy of these penetrating ions increases, a 
very short ballistic phase with displacement cascades 
occur followed by a thermal spike phase  (atomic scale 
heating) with a very high mobility of atoms in the 
affected volume. The thermal spike can be considered as 
a transient liquid. As soon as atoms have found their 
place, i.e. the liquid “freezes”, large amplitude thermal 
vibrations still facilitate diffusion, especially the 
migration of interstitials inside grains and adatoms on the 
surface.  This favors the annihilation of defects and re-
nucleation. When the majority of condensing species are 
ions, each of the atoms in the growing film is subject to 
atomic scale heating several times, namely, once when it 
arrived and again when neighboring atoms arrived. 

As the kinetic ion energy is increased, usually by 
biasing, the sputtering yield is increased and the net 
deposition rate is reduced (re-sputtering). Film growth 
ceases as the average yield approaches unity (between 
400 eV and 1400 eV). If the energy is further increased, 
the surface starts to be etched. 

All energy forms brought by particles to the surface 
will ultimately contribute to broad, non-local heating of 
the film thus shift the working point of process conditions 
to higher homologous temperature. This could replace 
conventional heating and so produce dense films via 
enhanced surface mobility at generally low bulk 
temperature. At higher temperature (higher homologous 
temperature or temperature increase due to the process 
itself) the grains are enlarged because the increase of ad-
atom mobility dominates over the increased ion-
bombardment-induced defects and re-nucleation rates 
[13]. 

The relationship between the coating morphology, the 
substrate temperature, kinetic energy of the ions and the 
deposition rate is summarized in the revised structure 
zone diagram proposed by A. Anders (Fig. 1). 

 

Figure 1: Generalized Structure Zone Diagram [9]. 

In summary, these competing processes due to the 
additional energy provided in energetic condensation 
techniques can induce the following changes to the film 
growth process (Fig. 2): 

 residual gases are desorbed from the substrate 
surface 

 chemical bonds may be broken and defects 
created thus affecting nucleation processes and 
film adhesion 

 film morphology changes 
 microstructure is altered 
 stress in the film alters 

Figure 2: Regions of dominance for various ion-
bombardment processes as a function of ion/atom ratio 
and ion energy [14]. 

As a result of these fundamental changes, energetic 
condensation allows the possibility of controlling some of 
the film properties. The density of the film may be 
modified and the crystal orientation may be controlled to 
give the possibility of low-temperature epitaxy. 

Energetic condensation can be implemented with a 
variety of deposition techniques such as high power 
impulse magnetron sputtering (HiPIMS) [15], cathodic 
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energy deposition (CEDTM ) [16], vacuum arc deposition 
[17], electron cyclotron resonance  (ECR) [18]. This 
contribution addresses HiPIMS and its potential for SRF 
applications. 

HIGH POWER IMPULSE MAGNETRON 
SPUTTERING 

HiPIMS technology is an array of ionized physical 
vapor deposition techniques. It is a complex variation of 
conventional sputtering techniques such as direct current 
magnetron sputtering (dcMS). It has been of great interest 
over the last decade, generating extensive developments 
especially in the field of industrial hard coatings [19].  

The HiPIMS Discharge 
HiPIMS uses very short pulses (Fig. 3) with power 

densities at the target surface (during the pulse) exceeding 
the typical dc power density by about two orders of 
magnitude (of the order of kW/ cm2). This increases the 
ionization of the sputtered material creating a metal-based 
plasma in contrast with a gas plasma for conventional 
sputtering. Since the duty cycle is small (<10%) the 
average heating of the target is manageable. The initially 
high negative bias voltage used, leads to an increased 
kinetic energy of the charged particles bombarding the 
film surface, which is known to generate a denser, less 
columnar structure, where re-nucleation commonly takes 
place [20]. The energy of the ions produced is in the 20 
eV - 100 eV range versus only about 2 - 10 eV in 
conventional sputtering. Table 1 displays typical 
parameters for a HiPIMS plasma by comparison to a 
dcMS plasma. 

Table 1: Plasma Parameters for HiPIMS versus dcMS 
[22] 

Parameter  HiPIMS  DC Sputtering  

Peak Power Density  103 Wcm-2  1 Wcm-2  

Average Power Density  13 Wcm-2  1 Wcm-2  

Current Density  1-103 Acm-2  0.01-0.1 Acm-2  

Discharge Voltage  500-1000 V  500 V  

Process Gas Pressure  10-3-10-2 Torr  10-3-10-2 Torr  

Magnetic Field Strength  0.010-0.100 T  0.010-0.100 T  

Electron Density  1018-1019 m-3  1016 m-3  

Electron Temperature  1-5 eV  1-7 eV  

Degree of Metal 
Ionisation  

30-100 %  <5 %  

Ion energy 
(average for metal ions)  

20 eV  5 eV  

 

 

Figure 3: Typical HiPIMS pulse [21]. 

The HiPIMS plasma breaks down in isolated ionization 
zones (IZs) [23] that rotate in the direction given by the 
ExB drift, with velocities around 104 ms-1 and 
frequencies in the range of about 100 kHz. The positive 
feedback loop between electron mean free path and 
ionization leads to “bunching” of plasma ionization 
zones. These IZs move in ExB direction because ions are 
“evacuated” from ionization zones by electric field, 
exposing new neutrals to ionization by drifting electrons 
Electrons drift according to the local E and B fields, 
perpendicular to both, and produce electron jets related to 
the azimuthal electric field of the plasma zone. From the 
target point of view, a HiPIMS discharge represents 
therefore a situation of continuous temporal and spatial 
change in local sputtering conditions. The physically 
relevant power density of HIPIMS is much higher than 
the typically reported average power density. IZs explain 
how HIPIMS can offer “energetic condensation” in the 
context of sputtering.   

Some of the shortcomings of HIPIMS are the reduction 
of deposition rate and the potential transition to an arc 
discharge. The deposition rate for the HIPIMS discharge 
is expected to be in the range 30-80 % compared to a 
conventional magnetron discharge, with the same average 
power. The other problem with HIPIMS is the generation 
of arcs on the cathode surface, especially for target 
materials with low melting point.  

 

Figure 4: Modulated pulsed power discharge [24]. 
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An alternative approach  to HiPIMS, referred to as 
modulated pulse power (MPP), consists in modulating the 
pulse such that in the initial stages of the pulse the power 
level is moderate (typical for dcMS) followed by a high 
power pulse. The MPP technique uses longer pulse 
lengths (up to 3 ms) than classic HiPIMS and utilizes 
multiple steps and micro pulses in one pulse period. One 
typical MPP pulse consisting of two stages in one pulse is 
shown in Fig. 4. The first step is the weakly ionized 
period, in which low voltage current and power are 
loaded on the target to ignite the plasma. Then the pulse 
goes to the strongly ionized period with high voltage, 
current and power. There can be multiple steps in one 
MPP pulse to reach the strong ionization period. By 
varying the pulsing width, frequency, the width and the 
distance between micro pulses, MPP can generate 
controllable peak power, a maximum average target 
power, and a maximum peak current on the target during 
the strong ionization segment. The micro pulses within 
the pulse segments offer the flexibility to stabilize the 
plasma and control the voltage, current and power. A 
combination of reduced gas rarefaction effects, 
prevention of sustained self-sputtering, and a relaxation 
of ion trapping leads to an increase of the deposition rate. 

HiPIMS Potential for SRF Applications 
HiPIMS plasma and the resulting films have been 

found to display the following characteristics: 
 High level of ionization 
 High energy ions, tunable with bias voltages 
 Possibility to control the film structure 
 Phase-tailoring [25] leading to improved 

performance 
 Allow lower temperature process 
 Proven improved coverage of complex-shaped 

surfaces (even for high aspect ratio objects and 
rough substrate surfaces ) [26] 

 Enhanced adhesion to substrate 
 Film smoothness 
 Film densification 

Such characteristics can be of great benefit in the 
development of Nb film coating for SRF applications. 
One can imagine a magnetron configuration as shown in 
Fig. 5 [27] where the magnetron travels along the inner 

axis of the cavity. A bias voltage can be applied to the 
cavity to tune the energy and favor the normal incidence 
of the incident ions.  

Other opportunities in the use of HiPIMS present 
themselves beyond just the film growth. The substrate can 
be treated in-situ to clean the surface or remove native 
oxides, typically with plasma etching (high voltage 
applied to the substrate), thus generating an optimum 
surface for film nucleation. By using very high energy 
incident ions, film forming species can be implanted in 
the substrate, forming a gradient towards the surface 
allowing interface engineering for the creation of an 
adequate template for the SRF film subsequent growth.  

The HiPIMS technology could also be easily extended 
to the development of alternative SRF materials [5]. NbN, 
or NbTiN film deposition is relatively straightforward by 
using the HiPIMS discharge in a reactive gas (N2) 
atmosphere. The ion species measured in the studies 
reported in [28] (Fig. 6) suggest the formation of dense, 
textured NbN films. 

HIPIMS AT LBNL 
The HiPIMS process has been the object of extensive 

plasma studies applied to a variety of materials at 
Lawrence Berkley National Lab (LBNL) in the group of 
Andre Anders [29-30].  

Various experiments are carried out in a general-use 
chamber to explore the plasma physics and characteristics 

 

Figure 5: Possible configuration for the HiPIMS setup for 
cavity deposition [27]. 

 

Figure 6: Time-Of-Flight study of Nb HIPIMS with N2 
gas [28]. 
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of the HiPIMS process, especially applied to Nb and other 
SRF materials. The possibility of “gasless” self-sputtering 
[31] of Nb, i.e. a HIPIMS mode in which the sputtered 
atoms satisfy the need for a process gas was explored. 
Thus no argon (Ar), krypton (Kr) or any other gas is 
needed, eliminating the issues related to noble gas 
inclusion. Such “gasless” self-sputtering has been 
demonstrated for HIPIMS using high sputter yield 
materials such as copper [32]. In the case of Nb [27], the 
sputter yield is not sufficient to produce enough “niobium 
gas”. Rather, noble process gas is always needed to obtain 
HIPIMS pulses. This leaded into the exploration of the 
minimum pressure needed to obtain a HIPIMS Nb 
discharge [28]. It was found that, due to some “residual 
plasma” of the previous pulse, the pulse repetition rate is 
an important parameter that allows pressure reduction 
while still maintaining a stable and reproducible 
operation. 

Another recent development of the HiPIMS process 
consists in superimposing a Mid Frequency (MF) 
discharge in between the HiPIMS pulses to lower the 
frequency pulses of the HiPIMS pulses. Though they do 
not depend on MF pulse pattern, the HiPIMS pulses can 
be spaced as far (or close) in time as desired as long as the 
MF discharge is present. Conditions are found where the 
species in the plasma are largely dominated by Nb+ [33]. 

Sample studies are in progress for Nb films deposited 
on Cu and Al. The characteristics such as crystal 
structure, adhesion to the substrate, Tc, RRR are 
investigated [27]. 

In parallel to the exploration of HiPIMS process for the 
development of SRF materials, a cavity dedicated 
deposition chamber was designed and built (Fig. 7). The 
system is composed of a set of two, movable cylindrical 
magnetrons, sized for 1.3 GHz cavity deposition. The two 
magnetrons are mounted on movable arms, as shown in 
Fig. 7, to uniformly coat the inside of the cavity while 
slowly traveling through it. Their travel is synchronized 
by computer-controlled stepper motors. The use of two 
magnetrons allows the option of biasing the cavity, where 
the bias is one of the main parameters for film 
optimization. The concept is to use one target as the 
cathode, and the other as the anode. The polarity of the 
targets is alternated at a frequency typical for HIPIMS. As 
a result, the cavity does not participate in the discharge 
process and can be biased using another, independent 
power supply. Additionally, the deposition rate can be 
doubled each by using each of the magnetrons at its 
maximum power rating. This leads to a shorter process 
time and a reduced incorporation of residual gas 
contaminants. 

 

 

Figure 7: LBNL dual magnetron HiPIMS deposition 
chamber dedicated to the coating of 1.3 GHz cavities with 
niobium [27]. 

HIPIMS AT CERN 
CERN in collaboration with Sheffield Hallam 

University is conducting studies on HiPIMS plasma with 
Nb [34] and developing the technique for the coating of 
1.5GHz Nb/Cu cavities. 

 

Figure 8: HiPIMS cavity deposition system used at 
CERN. 
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The HiPIMS coating system described in details in [35] 
has a vertical cylindrical magnetron configuration (Fig. 
6). It is built on the basis of the DC cylindrical magnetron 
coating system for 1.5 GHz Nb/Cu cavities used in 
previous studies [36]. It is an all-metal UHV system with 
the cavity being part of the vacuum system. The base 
pressure of the system is in the 10-10 - 10-11 mbar range. 
The cavity beam pipes are coated in sequential steps by 
DC magnetron sputtering (dcMS), while the cell is coated 
either by HIPIMS or by dcMS. The coatings are 
performed in a 10-3 mbar range Kr atmosphere. 

Some 1.5 GHz Cu cavities have been coated with both 
HiPIMS and dcMS. Figure 9 represent the quality factor 
curves at 4.2 K and 2.1 K for a dcMS cavity and HiPIMS 
cavity, both coated with Kr. These preliminary results 
show an improvement in the performance of Nb films 
coated by HiPIMS compared to dcMS. 

 

Figure 9: Quality factor of two elliptical single cell 
cavities, produced by dcMS and HIPIMS sputtering. 

HIPIMS AT JEFFERSON LAB 
In the framework of a project dedicated to the 

development of SRF films via energetic deposition, JLab 
is implementing the HiPIMS process in the ultra-high 
vacuum (UHV) multi-technique deposition system [37] 
and a cylindrical cavity system [38].  

The UHV system is equipped with several magnetrons 
and described elsewhere [37]. A sample center stage, 
equipped with shutters, heaters and bias voltage 
connections, is in development to optimize the sample-
target relative positions. One of the objectives is to apply 
energetic condensation through the HiPIMS process to the 
development of alternate SRF materials and S-I-S 
multilayer structures and improve the results achieved 
with dcMS [39]. A concept for coating cavities with 
multilayer structures is also under development for this 
system. Another objective is to bridge the HiPIMS study 
for Nb/Cu cavity deposition with the newly built 
cylindrical HiPIMS magnetron sputtering system with  
the ongoing studies on Nb films produced by energetic 
condensation via ECR (which produces 64 eV Nb+ ions in 
UHV [40]).   

The cylindrical HiPIMS magnetron sputtering is 
dedicated to the coating of 1.5/1.3 GHz Nb/Cu cavities 
and is under commissioning. In this system, the cavity is 
part of the vacuum system, as shown in Fig.10. The 
magnetron is mounted on a bellow at the opposite end of 
the system. The cathode and internal rare earth magnets 
are cooled by water. The field from these magnets extends 
the entire length of the cavity (Fig.10). The intermediate 
chamber between the cavity and the cathode chamber will 
also be used to produce Nb films on small samples for 
material characterization. 

 

 

Figure 10: JLab cylindrical HiPIMS deposition system 
dedicated to cavities (top) and schematic of it cathode 
setup (bottom) [38]. 

The system parameter space and film properties 
(initially Tc & RRR) will be first investigated. The ion 
flux, ion energy spectrum and Nb ions-to-neutral ratio are 
to be characterized under various pulse conditions.  

The substrate cavity preparation will consist of 
mechanical polishing by central barrel polishing (CBP) 
followed by electropolishing to mimic the substrate 
preparation done for small samples studies [41]. To 
minimize particulate contamination prior to coating, the 
cavity will be assembled in an ISO 4 clean room. The 
system will be baked at adequate temperature to achieve 
the lowest vacuum pressure. Kr will be used as a working 
gas to minimize gas trapping in the Nb film [4]. The other 
coating parameters will be derived from the extensive 
studies of Nb films deposited with ECR plasma [42-44]. 

SUMMARY 
HiPIMS is an emerging array of energetic condensation 

techniques. Due to the interest in industry, extensive 
studies in plasma physics and materials have been and are 
conducted. HiPIMS offers a variety of features to produce 
improved film deposition.  

Plasma studies focused on Nb are being conducted at 
LBNL and at CERN in collaboration with Sheffield 
Hallam University. Nb has a relatively low self-sputtering 
yield and “gasless” self-sputtering in vacuum could not be 
demonstrated. Low pressure operation works well with 
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optimized pulse frequency thus preventing significant 
trapping of sputtering gas in the films.  

HiPIMS systems dedicated to cavity deposition are 
ready at LBNL, CERN and JLab. The first HiPIMS 
Nb/Cu cavities have already been coated at CERN with 
modest but encouraging results. This technique is directly 
applicable to the deposition of SRF materials beyond Nb 
both in single layer or S-I-S multilayer structures. 
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Abstract 
Energetic Condensation refers to thin film growth on a 

surface using ~100eV ions, versus lower energy 

deposition using sputtering (~1-10eV with no substrate 

bias) or still lower energy thermal evaporation. The 

relatively high incident energy of energetic condensation 

creates defects and vacancies within the first few atomic 

layers and enables diffusion to lower free-energy sites in 

the lattice. Shallow defects migrate to the heated surface 

and are annihilated, leading to low-defect crystal growth. 

It has been shown [1] that the purer the film, the closer 

are its superconducting parameters to those of the bulk 

metal. Use of cathodic arc plasmas was proposed in 2000 

by Langner [2] followed by detailed development of the 

process [3]. AASC’s work in this area has picked up from 

the European Community-Research Infrastructure 

Activity and has demonstrated very high RRR=541 in Nb 

films grown on crystal substrates [4]. The physics of 

energetic condensation and work in progress to coat 1.3 

GHz copper cavities using cathodic arc plasmas are 

described.  

INTRODUCTION 

In the early 1980s, researchers at CERN [5] explored 

the concept of sputtered films of Nb on copper cavities as 

a potential replacement for bulk Nb SRF cavities. Q0 

values in excess of 2 x10
9
 at 5 MV/m were reproducibly 

achieved on single cell 500 MHz cavities and a Q0 value 

of 6.2 x10
9
 was reached at 5 MV/m on a 4-cell 352 MHz 

cavity. These excellent results were somewhat tempered 

by the sporadic appearance of blisters in the Nb film and a 

rapid decrease of Q0 with increasing field. Papers 

published in the 1990s [6, 7] suggested that impurities in 

the film were responsible for the drop in Q with higher 

field. In the early 2000s, Langner [2], Russo [3] and 

others proposed the use of cathodic arcs to grow the Nb 

thin films. This pioneering work was motivated by the 

fact that cathodic arcs naturally generate ions that are 

energetic (40-120 eV) vs. the ~1eV ions from magnetron 

guns. The more energetic ions would presumably lead to 

denser (less porous) films with better adhesion. 

Furthermore, the source of ions from an ultrahigh vacuum 

might also be conducive to purer films with better SRF 

properties. Residual Resistivity Ratio (RRR) of up to 100 

was measured in Nb films grown at substrate 

temperatures of ~100 C. RF cavity cells were coated 

using various configurations of cathodic arcs. 

Our work using cathodic arcs picks up where the 

European work under the program CARE (Coordinated 

Accelerator Research in Europe for particle physics) left 

off, in about 2006 [8, 9]. 

This paper begins with a brief description of the physics 

of energetic condensation. There are three types of plasma 

sources that use energetic ions to grow thin films: 

cathodic arcs, electron cyclotron resonance (ECR) sources 

and High Power Impulse Magnetron Sputtering 

(HiPIMS). All three sources produce dense, well adhered 

films and have therefore been actively pursued for better 

SRF cavity coating applications. This paper presents 

results using cathodic arcs. Our earlier work on coupons 

of A-plane a-sapphire and MgO [4] motivated coating of 

Nb films on Cu coupons and has recently progressed to 

coating 1.3 GHz elliptical-cell RF cavities. Some 

preliminary results of the cavity coatings are described in 

this paper. 

ENERGETIC CONDENSATION 

A cathodic arc plasma uses a low voltage (~30 V) arc 

discharge to generate a highly ionized plasma, the ions of 

which consist exclusively of the cathode material. The 

plasma is created in a vacuum arc discharge, so can be 

sustained in ultrahigh vacuum (~10
-8

 Torr) conditions. For 

Nb plasmas, the ion energy spectrum has been measured 

[10] to lie in the range of 60–120 eV, with most of the 

ions being triply charged. When such energetic ions 

impinge in the normal direction upon a substrate, they 

penetrate and deposit their energy within a few 

monolayers from the surface. The net energy deposited is 

in the range of 100–170 eV, as the ≈46 eV of ionization 

potential energy carried by Nb
3+

 is added to the kinetic 

energy. This energy greatly exceeds typical binding 

energies in the lattice (~10 eV), so substrate atoms are 

displaced and the excess energy goes into electronic and 

phonon excitations. These ion deposition processes occur 

on a rapid time scale of <1 ps.  This time scale may be 

estimated as follows: the range of Nb ions in sapphire or 

MgO substrates is ~1 nm (a few monolayers). The fastest 

incident ions with ~14 km/s speeds (100 eV energy) that 

are stopped after a single binary collision in the lattice 

would travel for ~1nm/14km/s ≈70 fs. Slower ions 

moving at ~4 km/s (10eV) and suffering many inelastic 

collisions before stopping might cover a distance of ~3 

nm and thus take 0.75 ps. Lifshitz et al. [11] and Brice et 

al. [12] have described the details of the interaction  
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 between energetic ions (~100 eV) and various 

substrates. They have coined the term ‘‘subplantation’’ to 

distinguish this regime of ion-surface interactions from 

deep implantation (>1 keV ions) and surface interactions 

(<1 eV). In subplantation, the incident ions deposit more 

than enough energy into just a few subsurface atomic 

layers to displace atoms from the lattice and create 

interstitials. The key to effective subplantation is to 

maximize the number of displacements within this 

subsurface layer, while minimizing deeper defects. This is 

because the ion energy deposition (that occurs on ~1 ps 

time scales) must be accompanied by substrate heating. 

This heating allows subsurface defects (lattice 

dislocations, voids and impurities) to migrate to the 

surface where they are annihilated. Such a synergistic 

interplay between the highly non-equilibrium ion 

deceleration physics in the top few atomic layers and 

thermal diffusion physics in the bulk, promotes growth of 

the film in a low energy state that is likely to be epitaxial 

growth, evolving as the film thickens, to homo-epitaxial 

growth. Our pulsed discharge is fired once every few 

seconds, so the synergistic effects of fast ion deposition 

and thermal annealing are completed on each pulse. 

Anders [13] has suggested a revision of the classical 

Thornton diagram [14] in which he replaces the gas 

pressure axis of Thornton’s with an ion energy axis. 

Anders suggests that energetic condensation allows the 

film to develop properties that in a thermal environment 

would require substrate temperatures that approach 

melting, i.e. a so-called homologous temperature of near 

unity. Here we mention another way in which to look at 

the effect of energetic condensation: highly localized 

heating of the substrate to melt, followed by very rapid 

cooling. N.A. Marks [15] provides a simple estimate of 

the heating due to ion stopping in a solid. The initial 

radius of the spike created by the stopped ion is estimated 

by equating the ion energy Eion with the amount of kinetic 

energy in a hemisphere of radius r0 at the melting 

temperature of Nb of 2742K: 

   

Eion = rkT*
2

3
pro

3

 
(1) 

 For the typical 100 eV Nb ion in energetic 

condensation, this radius is 1.48 nm. There are ~100 

atoms in the substrate that are affected by a single 

incident ion into the lattice. The mobility of the quasi-

liquid atoms in the spike at a thermal speed of ~700 m/s 

implies a time of ≈0.5 ps to cover one lattice spacing. We 

may regard the displacement time scale in the disturbed 

lattice as ~0.5 ps. Next (following Marks) we estimate the 

time scale for cooling of the local hot spot by thermal 

diffusion into the undisturbed lattice. Marks uses 

separation of variables to derive a simple analytical 

expression for the heat diffusion in terms of Bessel 

functions that are easily evaluated for the conditions of 

our experiment.  

Figure 1 shows a schematic representation of the 

diffusion cooling in a Nb film. Although the substrate 

might be copper, since the relevant length scales are ~1 

nm, and since the typical film is ~1000 nm, these physical 

processes take place in Nb, so the thermal conductivity, 

density and specific heat of Nb were used in the analysis. 

It was found that after ~0.8 ps, the temperature of the 

local hot spot is quenched to “1/e” of the melting 

temperature, when any rearrangement of atoms in the 

lattice should cease. 

The similarity of these time scales: for lattice 

rearrangement and rapid quenching of the mobility, imply 

that each incident energetic ion disturbs ~100 atoms in the 

lattice and allows significant rearrangement of the lattice 

within the ~1.5 nm hemispherical range of influence. For 

greater precision, a Monte Carlo calculation (such as 

TRIM) should be used to track the detailed slowing down 

of the incident energetic ion, taking into account angles of 

incidence and straggling. Nevertheless, the simple 

estimates provide a physical picture of the dominant 

process and gives insight into how energetic condensation 

differs from lower energy deposition processes such as 

sputtering or PVD. The basic tenets of Brice et al.’s [12] 

definition of sub-plantation: that the energy be deposited 

into a few monolayers and that the ratio of surface to bulk 

defects be high, are met in the case of Nb deposition onto 

a heated copper substrate. Brice examined ion 

bombardment of silicon in the context of semiconductor 

thin film growth. We have adapted his ideas for our case. 

In the case of either the vacuum arc or the ECR, the 

energy is easily varied by varying the substrate bias 

voltage. But there are subtle differences in the ion spectra. 

The coaxial energetic deposition (CED) spectrum is broad 

and ranges from ~60 eV up to ~170 eV, whereas the ECR 

spectrum would be a more narrow spectrum with only a 

~10 eV spread about the mean. Then too, the angular 

spread of the incident ions is also important as the range 

of ions in the solid varies strongly with angle. 

CED APPARATUS 

Figure 2 shows a photograph of the Coaxial Energetic 

Deposition (CED) apparatus. Base pressures of ~10-8 

Torr are possible within this chamber and are measured 

and monitored using a SRS200 residual gas analyser. In 

addition to substrate temperature control, the substrate 

can also be biased. The key process variables are substrate 

temperature, degree of annealing, substrate bias, 
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Figure 1: Schematic representation of quenching of the 

1.5 nm radius, hemispherical hot spot by diffusion 

cooling 
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deposition rate, and base pressure. The principle of CED 

operation is shown on figure 3. 

Estimate of Instantaneous Deposition Rate 

The erosion rates from cathodic arcs of almost all 

metallic elements in the periodic table have been 

measured by several researchers over decades of study. 

Recent books by Boxman [16] and Anders [17] 

summarize these data. A reasonably good estimate for Nb 

is 30 µg/C. It is also well known that current from 

cathodic arcs flows from tiny spots ~1µm in diameter, 

each carrying ~80-100 A. For our ~150 A CED arc, there 

might be just one spot or at most two spots that carry the 

current. The plasma from this spot is highly ionized and 

explodes outwards into the vacuum with a directed speed 

of ~12 km/s. At a short distance from the spot, the plasma 

has a kinetic temperature of ~3-4 eV, consistent with a 

mean charge in Nb of 2+. The ion thermal velocity at 

these temperatures is ~3 km/s. The conical explosion of 

the hot plasma from the spot is akin to a supersonic flow 

from a nozzle with a Mach number of 4 (12 km/s)/(3 

km/s). A rule of thumb for such an expansion is that the 

cone angle θ (the cone within which >90% of the flow is 

contained) is given by: 

We may approximate the expansion as into a cone of 

half angle 14
0
. Measurements were made of the axial and 

angular velocity of the arc spoke in the CED geometry. 

Figure 4 shows the probe configuration used for the 

measurements. The arc spoke in the CED executes a 

helical motion as it runs down the Nb cathode from the 

trigger zone (in blue in the figure) to the power supply 

end of the rod.  Two electric probes (SS304 0.025” 

diameter wire) in the shape of rings allowed the axial 

velocity to be measured by time-of-flight, while a single 

0.25” diameter SS304 rod connected to ground through a 

Pearson Coil (red rod in figure) measured the angular 

speed by registering the spoke each time it whipped 

around the axis and made impact with the rod. 

At axial magnetic field strengths of ~5-10 mT, the 

 
Figure 2: Photograph of the CED apparatus, with a 2.2 

GHz RF cavity shown for scale. 

	 

Figure 3: Schematic drawing of CED operation: (a) 

coaxial electrode geometry and typical current pulses to 

trigger an arc; (b) detail of anode mesh and heated 

substrate, showing plasma transmitted by the anode onto 

the substrate. 

   

q = sin-1 1
M( ) (2) 

 
Figure 4: Configuration of Langmuir probes used to 

measure the axial velocity of the spoke (rings spaced 

14cm apart) and the angular rotation (0.25” dia. rod at 5 

cm radius from axis. 
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Figure 5: Time-of-flight separation of two axial probes 

spaced 14 cm apart. 
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Figure 6: Angular rotation velocity of arc spoke measured 

using the 0.25” diameter rod (Fig. 4). 
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measured axial speed was 6-8 m/s (see Fig. 5) while the 

angular rotation frequency (see Fig. 6) was ~3-4 x 10
3
 

rad/s.  

These values define the helicity of the spoke motion. 

The rotation period is 2.1 ms (for ω = 3x10
3
 rad/s). The 

transit time to cover the 40 cm length of the Nb rod is 

≈50 ms. Thus the spoke executes ≈20 orbits as it flies 

down the cathode. The pitch of the helix is ≈2 cm. Such a 

pattern of damage was observed on the cathode after just 

a few shots. With coating runs of 1000’s of shots, 

therandom initiation of the spots at the trigger end 

eventually wash out any signature of the helix, as 

expected. 

Tables 1 and 2 show the steps used to estimate the 

instantaneous deposition rate. 

Table 1: Spot Radius and Dwell Time of Arc on Spot 

 

Table 2: Instantaneous Deposition Rate 

 

First consider Table 1: take the case for a substrate at 

3 cm radius (the beam tube of a ~1 GHz cavity, for 

example). For the expansion angle given by Eq. 1, the 

spot radius at the substrate location is 7.6 mm. The 

angular rotation frequency gives an angular velocity at 

this radius of 90 m/s. Hence the spot traverses its own 

footprint in (2*0.76cm/90m/s) = 168 µs. 

Next consider Table 2: start with the erosion rate for Nb 

at these currents of 30 µg/C. The arc current of 150 A 

gives a mass flow rate out of the cathode at the spot of 

4.5 mg/s. The anode transmission of 60 percent and the 

spot area give the flux at the substrate location of 

1.5 mg/cm
2
s. From the last row in Table 1, we calculate 

the fluence at the substrate as 0.252 µg/cm
2
. With the 

density of Nb of 8.57 g/cc, we get the film thickness/pulse 

at the substrate as ≈3 Å, or one monolayer/pulse. The last 

row in Table 1 gives the instantaneous deposition rate as 

1745 nm/s. The spot diameter is 1.5 cm whereas the pitch 

of the helix is ≈2 cm. At small radial distances from the 

axis, the spot does not fully cover the cavity surface as it 

rotates down the cathode. However, at a radius of 10cm 

from the axis (equator of cavity) the spot diameter has 

expanded to 5cm which is larger than the pitch. Thus a 

given zone of the cavity surface sees the spot twice during 

one pulse i.e. there is overlap. It is easy to show that the 

fluence in a cylindrical geometry falls off as 1/r, where r 

is the radial distance from the axis, not as 1/r
2
, as is the 

case for a single spot expanding freely into vacuum. 

Therefore the instantaneous deposition rate at the equator 

is ≈500 nm/s. 

RF CAVITY COATING 

Prior publications [4, 18] have described high RRR (up 

to RRR=541) measured from Nb films deposited on 

various crystal substrates. Those results motivated coating 

of RF cavities for tests at cryogenic temperatures.  

Figure 7 (left) shows a photograph of the KEK-03 1.3 

GHz cavity that was supplied by LANL and coated using 

the CED apparatus. The image at right shows the interior 

after coating. The coating was achieved using 13,500 

pulses at a cavity temperature of 330 C (measured half 

way down the beam tube). The estimated film thickness is 

~5 µm in the beam tube and ~1.5 µm at the equator. 

Figure 8 shows the Q0 vs. Eacc graph of this cavity 

(measured at LANL) at 4 K and 2 K as noted in the 

legend. The lack of difference between 4 K and 2 K 

results suggests that losses are due to beam-pipe flanges, 

not the cavity itself. This was confirmed by measuring the 

cavity with the flanges coated with Nb as shown in Fig. 8.  

The beam pipe length of 120 mm was determined to be 

too short for a negligible loss on the flanges. 

The KEK-03 cavity was rinsed using a high pressure 

water rinse (HPWR) in a clean room environment at 

LANL. Figure 9 shows photographs of the coated cavity 

before the rinse (left) and after the rinse (right). The Nb 

film was well adhered and survived the HPWR test. 

KEK-03 cavity KEK-03 cavity coated with ~1.5µm Nb at equator  
Figure 7: KEK-03 cavity (left) and interior image after 

coating (right). 
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<2 K on 03 Oct. 2012 

4 K on 03 Oct. 2012 

4 K on 05 Feb. 2013 

2K on 05 Feb. 2013 

With end SST flanges coated with Nb (excl. copper gaskets) 

 
Figure 8: Q0 vs. E measurements from KEK-03 cavity at 

4 K and 2 K. 
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KEK-03 Cu cavity after Nb coating KEK-03 cavity after 500psi HPWR 

 
Figure 9: Photograph of KEK-03 cavity coated with Nb 

(left) and after 500 psi high pressure water rinse (right). 

KEK-06 Cu cavity before Nb coating KEK-06 Cu cavity after Nb coating 

 
Figure 10: Photograph of KEK-06 cavity as received (left) 

and after coating with Nb (right). 
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Figure 11: Q0 vs. Eacc measurements from KEK-06 

cavityat 4 K and <2 K. 

 

Figure 10 shows photographs of the KEK-06 cavity 

(with 50 mm longer beam pipes) before (left) coating and 

after (right) coating. This coating run used 12,000 shots 

with the cavity at 350-360 C to produce a Nb film of 

similar thickness to that of KEK-03. 

Figure 11 shows the Q0 vs. Eacc graph of this cavity 

(measured at LANL) at 4 K and <2 K. 

This cavity does show a difference between 4 K and 2 

K probably because we eliminated the effect of the end 

flanges, by making them longer than for KEK-03. The 

difference is, however, much smaller than what one 

would expect, i.e., BCS resistance should be about 40x 

less if all the surfaces were Nb. This result suggests that 

there are areas that are not coated well and lossy, which is 

causing the lower than expected Q0. A temperature 

mapping system is required to locate the zones that are 

lossy. 

Figure 12 shows photographs of the next Cu cavity that 

was coated, provided by ANL. This cavity was tested at 

JLab by P. Kneisel. Unfortunately, the results were not 

encouraging. The cavity was superconducting but with a 

low-Q at 4 K and only minor improvement at 2 K. The 

one encouraging observation from these tests was that 

despite several cycles of High Pressure Water Rinse 

(HPWR) the Nb coating has held up rather well. 

Our next improvement planned for the CED apparatus 

is implementation of a macro-particle filter that consists 

of alternate vanes as shown in Figure 13. 

ANL Cu cavity before Nb coating ANL Cu cavity after Nb coating  
Figure 12: Photographs of ANL Cu cavity as received 

(left) and after coating with Nb (right). 

Unfiltered	CED	 Vane	filter	 Close-up	of	vane	filter	  
Figure13: CED electrode configurations: unfiltered (left); 

vane filtered (middle); expanded view of vane filter 

(right). 

The expanded view of the vane filter (right) shows that 

by driving the current (either the arc current itself or else 

an external current) one can create a local magnetic field 

between vanes that would guide the fully ionized plasma 

around the vane structure and into the vacuum gap 

towards the cavity walls, whilst blocking the uncharged 

macro-particles, that would now have no direct line of 

sight to the cavity walls. 

SUMMARY 

We have described the mechanism of energetic 

condensation growth of Nb films and have presented a 

simple physical model for such film growth.  Building 

upon our prior accomplishments with small coupons, here 

we have presented recent results of coated 1.3 GHz 

single-cell elliptical cavities made of copper. The highest 

gradient so far has been about 9.5 MV/m limited by the 

available RF power due to significantly low Q0, 

suggesting non-uniform coating with some normal 

conducting spots. The next step will be to identify the 

areas of inadequate coating and optimize coating 

parameters to improve the coating quality to improve the 

Q0. 
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Abstract 
The HIE-ISOLDE superconducting linac will be based 

on quarter wave resonators (QWRs), made by niobium 

sputtering on copper. The operating frequency at 4.5 K is 

101.28 MHz and the required performance for the high 

beta cavity is 6 MV/m accelerating field for 10 W 

maximum power dissipation. These challenging 

specifications were recently met at CERN at the end of a 

vigorous development program. The paper reports on the 

progress of the cavity RF performance with the evolution 

of the sputtering process; it equally illustrates the parallel 

R&D which is on-going at CERN and at INFN in the 

quest for even higher performances. 

INTRODUCTION 

The technology of Nb sputtering on copper was 

invented at CERN [1], and initially developed there for 

the LEP cavities [2]. The state of the art SRF surfaces 

made at CERN were magnetron sputtered Nb films on 

elliptical cavities, for LEP and for future Linac Colliders. 

In the case of Quarter Wave Resonators (QWR) for heavy 

ions, different in shape, bias diode sputtering was 

developed and is used at INFN-LNL [3]. In 2007  

Nb sputtering on copper was selected for the QWRs 

needed for the HIE-ISOLDE project at CERN [4], making 

particular reference to the sputtered QWR made at INFN-

LNL for the energy upgrade of the ALPI linac [5].  

The HIE-ISOLDE specifications call for an average 

surface resistance of 65 nΩ at 6 MV/m accelerating field, 

corresponding to the performance achieved in the best 

ALPI cavities. This is quite challenging in consideration 

of the much larger surface of the HIE-ISOLDE resonator 

(a factor 2.5), with the consequent higher risk of spurious 

defects on the substrates. On the other hand, the lower 

operating frequency (101 MHz vs. 160 MHz) and the use 

of clean rooms for cavity preparations should provide 

some safety margin.  

Work at CERN to establish a complete production 

chain for Nb sputtered QWR started in 2008 [6].  

By the end of 2009 the chemistry, coating and RF 

testing infrastructures were operational, the first prototype 

cavity had been produced, and it was ready to be coated. 

COPPER CAVITY SUBSTRATES  

The geometry of the HIE ISOLDE high beta cavity is 

optimized for the sputtering process, avoiding sharp edges 

on the high RF current regions, after LNL experience [4]. 

The cavity design and electromagnetic parameters are 

described in [7]. The substrate material is OFE copper.  

A first design relying on rolled sheets and extensive 

electron beam welding was initially adopted (with  

4 prototypes built) for the early phases of the program. In 

a second time a new version, based on machining from 

bulk with minimal number of EB welds, was produced 

and 3 prototypes were manufactured. The shape of the 

helium reservoir was also modified. As a result, the 

sensitivity to the helium pressure fluctuations was 

decreased by two orders of magnitude down to 0.02 

Hz/mbar. A detailed report on the copper substrates is in 

these proceedings [8]. 

The standard procedure for cavity surface preparation 

prior to coating, adopted in all prototype tests, is made of 

the following steps: chemical polishing (SUBU), high 

pressure water rinsing and drying with ethanol in a clean 

room class 100 [9]. 

Nb SPUTTERING METHODS 

In the initial phase of prototype cavity development at 

CERN, two methods for Nb coating were pursued in 

parallel: bias diode sputtering and magnetron sputtering. 

The bias diode technique relies on high substrate 

temperatures and on the negative bias to release 

impurities and to promote mobility of the Nb atoms 

during film growth. Magnetron sputtering was considered 

to be promising as it provides high deposition rates at 

lower pressures, reducing the level of impurities and 

allowing keeping the process temperature low. This 

feature in particular was attractive to minimize cavity 

deformations. Since the end of 2011 the HIE-ISOLDE 

team at CERN concentrated the efforts on adapting the 

bias diode method (the system is shown in Fig. 1) to the 

HIE-ISOLDE cavity. Metrological controls and beam 

dynamics simulations were done to verify that the impact 

of the mechanical deformations induced by high cavity 

process temperatures was tolerable [10].  

 Early in 2013, after a sustained development program, 

the HIE-ISOLDE specifications were reached for the first 

time and later exceeded. More details on the diode 

coating procedure at CERN are given in a dedicated paper 

in these proceedings [9].  

In the meanwhile, in the frame of EuCARD and in 

collaboration with CERN, INFN-LNL carried out R&D 
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on magnetron sputtering on the HIE ISOLDE cavity 

geometry. In the second half of 2013, R&D on the 

magnetron method was also resumed at CERN, aiming at 

optimizing the coating time. Coating of one cavity with 

the diode method takes 4 days, while with the magnetron 

method it would take less than one day. This endeavour 

can take advantage of the experience accumulated during 

the previous phase and it is progressing quickly. One 

cavity has performed just below the HIE ISOLDE 

specifications. These new developments are reported in 

another paper in these proceedings [11].  

 

 

 

 

 
 

 

Figure 1: HIE-ISOLDE sputtering system (right: bias 

diode scheme, left: Nb cathode and external grid). 

BIAS DIODE CAVITIES AT CERN 

The production of Nb/Cu resonators is a complex 

process and the final result can be influenced by a huge 

number of factors, in part correlated. These go from the 

quality of the copper substrate (material purity, 

roughness, possible defects and porosities, cleanliness 

during and after the chemical steps, etc.) to the many 

sputtering parameters (geometric factors, temperatures, 

base vacuum and residual gases, sputtering pressure, bias 

voltage, sputtering voltage and current, nature of the 

process gases, etc.). The preparation for the RF test is also 

essential, in particular the manipulations to remove the 

sputtering gear, the ultra-pure water rinsing and drying, 

and the mounting of the bottom plate with the RF contact. 

The exact relative weight of each of these parameters in a 

given protocol which empirically proves to be effective is 

generally not completely known, due to the lack of time 

to carry out systematic studies.  

The progression of cavity performance at CERN in 

2012/2013 was accomplished in 13 iterations on four 

different prototypes. The cavities are named Qx_y where 

x is the serial number of the copper substrate and y is the 

progressive number of Nb coating. The work was guided 

by the knowledge of the ALPI procedure [12], by basic 

physics considerations and by an evolving understanding 

of the most influential parameters. It is well established 

that Nb films can display good RF properties provided 

that they are sufficiently pure and ordered. Moreover, a 

“good” microstructure is required, with well-connected 

grains and absence of voids. A useful (necessary but not 

sufficient) figure of merit used in sample studies to assess 

the film quality is the standard RRR. Furthermore the Nb 

film must adhere well to the substrate and resist the high 

pressure water rinsing without peeling off.  

Differently from elliptical cavities, which are coated in 

a configuration where the cavity itself is the vacuum 

chamber, the quarter wave resonators are installed for 

coating in a large vacuum system, where the size of 

outgassing surfaces is much larger, increasing the risk of 

film contamination. On the other hand this configuration 

allows bringing the cavity to high temperatures without 

oxidizing it, and even the oxide layer on the copper 

substrate is dissolved during bake-out. An important step 

forward in our development was installing inside the 

vacuum chamber infrared lamps, by means of which 

higher temperatures could be reached during bake-out, 

thus allowing increasing the substrate temperature during 

the coating. High bake-out temperatures reduce the level 

of contaminants, notably hydrogen, and high deposition 

temperatures favour the desired microstructure [13]. Once 

high temperatures could be reached the attention was 

turned to the Nb deposition rate, which controls the final 

level of impurities in the film. The deposition rate could 

be increased by gradually pushing up the sputtering 

power (from the initial 2 kW to 8 kW). However, since 

the maximum substrate temperature and the total film 

thickness were fixed, and because the cavity heats up 

faster during coating at higher power, it was necessary to 

start carrying out the coating in steps, letting the cavity to 

cool down for several hours between the runs. As a result, 

the film is composed of “layers”. The nature of the 

interfaces between these layers and their possible 

influence on the film properties are unclear.  Actually the 

number of layers and the peak deposition power cannot be 

dissociated in our setup.  

Another variant introduced during the development was 

the nature of the working gas and of the gas used for the 

venting after sputtering. We started by using krypton and 

dry air respectively, following CERN experience [14]. In 

July 2012 we have changed to argon and nitrogen, 

according to LNL practices. It is likely that argon is better 

adapted than krypton to the bias technique because it 

preferentially re-sputters impurities which have a more 

similar atomic weight, while the re-sputtering of Nb is 

enhanced by Kr, reducing the effective coating rate. 

The interesting question which gas is better to use when 

exposing for the first time to atmosphere the fresh  

Nb film after sputtering was not yet fully addressed. 

The next parameter that we looked at was the film 

thickness. It is known that a minimum value, likely at 

least 1 µm,  is required to have good RF performances. It 

was then tried to increase the coating time to get a 

globally thicker Nb film. This gave encouraging results, 

as it is visible in Fig. 2 (cavity Q2_7).  
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A dummy copper cavity (Q4) had been designed as a 

sample holder with realistic thermal properties. Once that 

became available, the thickness distribution could be 

investigated on samples. It was realized that, as the 

plasma parameters evolved, films had been growing 

thinner than assumed from the total electric energy of the 

process, and that there was a dependence of the effective 

coating rate on slight changes of pressure. More 

importantly, it was apparent that the coating rate at the 

cavity top was much lower than anticipated. The sample 

study conducted with the Q4 mock-up is reported 

elsewhere in these proceedings [15]. 

Realizing the importance of the local sputtering rate 

opened the way to the next breakthrough. What was 

needed was to change the distribution of deposition rate 

(thickness), in order to increase it at the cavity top, where 

the maximum RF current is. This was done by reducing 

the distance between the cathode and the cavity top.  

In summary, the main steps undertaken during the 

development were: increasing temperatures, increasing 

deposition rate and thus number of Nb layers, changing 

the working gases, increasing the global thickness, and 

increasing the local deposition rate at the cavity top. 

RF TEST RESULTS 

The evolution of the RF performance in vertical cryostat 

at 4.5 K is displayed in Fig. 2 below.  

 

 

 

 

 

 

Figure 2: Q vs. Eacc curves of bias diode coated cavities. 

Shown in the plot are the results after He processing, 

when applied. In some cases maximum performance was 

reached after having warmed the cavity up to 30 K, 

followed by a second cool down to 4.5 K. The present 

understanding of this phenomenon is in terms of 

thermoelectric currents trapping flux in the Nb layer 

during the superconducting transition. The vertical 

temperature gradient is reduced during the second cool 

down thereby reducing the trapped flux.  

Along with the usual Q vs. E curve, in few cases the 

shift in resonance frequency as a function of temperature 

was measured. The shift is related to the change of 

penetration depth in the superconducting state and was 

fitted with the Gorter-Casimir temperature dependence 

[16], using a procedure described in [17]. The fit allows 

extrapolating the penetration depth at 0 K, which in turn 

is related to the mean free path and thus to the average 

RRR of the film. The results, shown in Table 1 below, 

document the evolution of the RRR over time.  

 

Table 1: Evolution of RRR During Cavity Development 

 

Coating test λ0 (nm) RRR 

Q2_3 April 2011 188 1.9 

Q1_5 June 2011 83 6.8 

Q1_10 Feb. 2012 62.3 13.5 

Q2_8 April 2013 50.7 26.4 

Q3_4 March 

2013 

45.7 41. 8 

 

SPECIFIC ISSUES 

A few more specific problems had to be tackled on the 

way to higher RF performance. They are documented for 

completeness hereunder.  

 

Quality of the Inner Conductor Tip Surface 

As the power of the sputtering discharge got increased 

we faced a degradation of the sputtered film at the inner 

conductor tip (Fig. 3, left). The surface displayed 

macroscopic roughness (orange-peel texture); adhesion of 

the coating was poor and the Nb layer did not withstand 

low pressure water rinsing. 

These cavities, although they may show high Q values 

at low field and low Q slopes, were limited by strong field 

emission, which was understandable as the damaged zone 

corresponds to the peak electric field. 

 

 

 

 

Figure 3: Surface of the inner conductor tip before and 

after removing the central electrode.  

This problem had been known during the development 

phase of the ALPI cavities and it had been solved by 

optimizing the geometry of the central electrode facing 

the cathode [12].  Several attempts were therefore made at 

CERN, with electrodes of different shape and diameter, 

until it was noted that the size of the damaged zone was 

directly correlated with the diameter of the electrode.  

Removing the electrode completely produced a smooth 
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surface (Fig. 3, right). A cavity (Q2_8) was then made 

which was free from field emission up to 7 MV/m. 

Q Switches  

Some cavities displayed so-called Q switches, whereby 

at a given threshold in field the intrinsic Q dropped 

dramatically. This phenomenon is due to the sudden 

transition of some portion of the cavity surface to the 

normal conducting state. In LEP and LHC times, small Q 

switches were observed when parts of the coating lost 

contact with the substrate and got heated above Tc by the 

RF field [18]. Investigations were conducted by 

simulating the effect in the hypothesis of quenching at 

various cavity locations, and by placing thermometers and 

heaters on the bottom plate to induce and observe the 

transitions. Finally a cavity, which had been plagued by Q 

switches, was re-measured, having only changed the 

tuning plate fittings, and it was found that the Q switch 

had disappeared. It was then concluded that the problem 

was located in the bottom plate and was therefore not 

intrinsic to the coating. 

  

Quality of the RF Contact Surface  

The relatively short distance (70 mm) between the 

inner conductor tip and the bottom plate created the risk 

of losses in the RF contact, which is not superconducting. 

The magnetic field at that location would reach ~1.7 mT 

at the working point, which was unsatisfactory [19].  

A dedicated experiment with an indium gasket led to 

exclude that the low Q at the time were due to the RF 

contact. However, to be on the safe side, the next 

prototypes were made with longer tip-gap distances (80 

mm and 90 mm). This in turn created some problems of 

adhesion of the Nb film on the cavity lower edge (Fig. 4, 

left), due to the less favourable exposure of this surface to 

the sputtering cathode (smaller integral Nb flux and 

grazing angles). The problem could be mitigated (Fig. 4, 

right) by using a longer cathode, even though the need for 

Nb coating in this area is unclear. 

  

   

 

 

 

 

Figure 4: RF contact surfaces after rinsing: adhesion 

improved using a longer sputtering cathode. 

 

Cavity Conditioning Issues 

Multipacting levels at low field are usually conditioned 

during the cool down of the cavity. Helium processing 

was applied whenever clear signs of field emission 

appeared (X rays and heating of the bottom part of the 

cavity). We used helium pressures of about 10
-5

 mbar and 

carried out the conditioning in CW trying to maximize the 

cavity power compatibly with the available cryogenic 

power. The procedure was effective in most cases, 

shifting the onset of emission to higher fields, but 

sometimes we also observed degradation of the 

performance after strong processing events. The limited 

time available for the RF tests did not allow checking 

whether such performance losses would be reversible by 

applying more conditioning. 

TUNING PLATE  

The bottom plate is made of OFE copper with a 

magnetron sputtered Nb layer. It is clamped to the cavity 

by means of stainless steel collars housing 72 M6 screws 

closed with a 5 Nm torque, which push on titanium rings 

compensating the differential thermal contraction between 

copper and stainless steel. The required tuning range is at 

least 30 kHz and the tuning resolution should be less than 

1 Hz. The detailed design of the plate and of the tuning 

system mechanism is being finalized; a prototype was 

recently tested and fulfilled the specifications. The tuning 

system and tuning strategy are the subject of a dedicated 

paper in these proceedings [20]. 

DISCUSSION AND OUTLOOK 

As it is shown in Fig. 2, the cavity performance 

constantly progressed over time. Changes in the 

procedure which gave good results were kept in for all the 

subsequent cavities. For a tentative interpretation, we 

divide the test cavities in four groups: the square symbols 

correspond to tests at increasing coating temperatures and 

deposition rates, but with bake-out temperatures still 

lower than those reached in the sputtering process. 

Diamonds correspond to cavities with T(baking)>T(coating) but 

also higher deposition rates/number of layers and 

different sputtering gas. The cavity Q2_7 (circles) was 

sputtered with all the previous changes implemented but 

adding 25% more thickness. Finally triangles correspond 

to cavities coated with progressively lower distances 

between the cathode and the cavity top. In this 

configuration, the specifications for HIE-ISOLDE have 

been exceeded reaching an average surface resistance of 

43 nΩ at 6 MV/m accelerating field. This translates in  

7 W power dissipation, which guarantees 30% margin 

with respect to the available cryogenic power. 

Not shown in Fig. 2 are cavities affected by vacuum 

leaks or contamination during coating. Also not shown is 

the result of the cavity sputtered after Q2_7, when we 

tried to increase the sputtering power from 8 kW to  

12 kW. In doing so the sputtering pressure had to be 

increased to sustain the discharge, as the maximum 

voltage of typical power supplies for sputtering is limited 
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to 1 kV. Disappointingly, the RF performance of this 

cavity was inferior to that of Q2_7. Tests on samples 

indicated that the increase in pressure had the side effect 

of reducing the effective coating rate.  

There was no time yet for a full optimization of the 

parameters which are considered to be relevant, for 

instance the bias voltage and the sputtering rate. In order 

to further increase the deposition rate with the bias diode 

method, a new power supply capable of supplying more 

than 1 kV is being purchased. Preliminary tests also 

showed that coatings at lower power and lower pressure 

show a larger sputtering rate, for a fixed maximum 

sputtering voltage.  

More studies will be needed to disentangle the 

influence of sputtering rate, coating temperature and of 

layered coating on the surface resistance of the film. 

The level of performance reached so far is sufficient to 

start the series production, but work will continue in order 

to secure more margins and cover possible performance 

losses from the vertical tests to the Linac operation.   

DEVELOPMENTS AT INFN-LNL 

A system for magnetron sputtering HIE-ISOLDE 

cavities was set up at INFN-LNL. The vacuum system 

and the Nb cathode are shown in Fig. 5 below.  

 

  

 

 

 

 

Figure 5 HIE-ISOLDE sputtering system at INFN-LNL. 

The Nb cathode is a double wall water cooled cylinder 

rounded at the top (Fig. 5) to follow the substrates shape. 

A systematic test campaign on samples, using a stainless 

steel cavity provided by CERN, was carried out to study 

the superconducting properties of the Nb film at various 

locations in the cavity, as a function of the sputtering 

configuration and parameters.  

The setup achieved high sputtering rates (above 10 

Å/s), and very good thickness homogeneity (2±1 ).   μm

The working pressure is in the range of 10
-2

 mbar, 

increasing the argon pressure improved the thickness 

homogeneity along the cavity. 

Deposition temperatures are not easily measurable with 

the stainless steel sample holder and the quartz samples; 

however the cavity is heated up at 350 °C during the 

process by means of infrared lamps.  

The measured RRR as a function of the sputtering 

power at half height of the external conductor is shown in 

Fig 6. 

 

 

Figure 6: RRR vs. sputtering power of Nb samples at 

LNL. 

This preliminary work allowed selecting a suitable 

range of sputtering parameters. The next step will be the 

sputtering and test of a real copper cavity substrate of the 

HIE ISOLDE type.  

CONCLUSIONS 

Besides its value for the nuclear physics community, 

the HIE-ISOLDE project, with its choice of the Nb/Cu 

technology for the QWR, acted as a test bed to rebuild the 

CERN infrastructure on SRF thin films for accelerating 

cavities, after the LHC era.  

The project created an opportunity to advance the R&D 

on two different techniques of Nb sputtering, the bias 

diode method traditionally applied to this type of cavities, 

and the promising approach based on magnetron 

sputtering, investigated in parallel at CERN and at INFN.   

A strong development campaign, focused on the bias 

diode method, led CERN to achieving and exceed in early 

2013 the challenging HIE-ISOLDE specifications of  

6 MV/m accelerating field at 10 W power dissipation.  

While work continues to improve our understanding 

and to push the performance even higher, the currently 

developed procedure is mature to be applied, in time for 

the imminent start of the series cavities production for the 

first HIE-ISOLDE cryo-module  
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Nb3Sn FOR SRF APPLICATION
∗

M. Liepe† , S. Posen, CLASSE, Cornell University, Ithaca, NY 14853, USA

Abstract

The superconductor Nb3Sn is a promising alternative to

standard niobium for SRF applications for two reasons: Its

larger superconducting energy gap results in significantly

lower BCS surface resistance at typical SRF operating tem-

peratures. Additionally, theoretical predictions suggest that

the maximum operating field of Nb3Sn cavities could be

twice that of niobium cavities. Early work on a small num-

ber of Nb3Sn coated cavities indeed showed 2K to 4.2K

quality factors well above what is achievable with niobium,

though at accelerating fields below ≈10 MV/m only. After

many years of worldwide inactivity, Cornell has taken the

lead and initiated a new R&D program on Nb3Sn to ex-

plore its full potential for SRF applications. New facilities

for coating cavities with Nb3Sn have been set up at Cor-

nell, and 1.3 GHz single cell cavities have been coated and

tested. This paper presents a summery of Cornell’s Nb3Sn

program, discusses first promising results obtained, and

also gives an overview of other Nb3Sn SRF work world-

wide.

INTRODUCTION

Niobium is the current material of choice for SRF ap-

plications. After many years of worldwide R&D, niobium

cavities are now approaching their fundamental limits, both

in terms of maximum field as well as in terms of surface re-

sistance at typical operating temperatures. For the future of

our field and for the further of SRF driven accelerators it is

therefore of utmost importance to look into materials offer-

ing SRF performances beyond niobium. Nb3Sn is such a

material.

POTENTIAL AND CHALLENGES

Nb3Sn is a material with tremendous potential for SRF

applications. It has extremely small surface resistance Rs,

as a result of its small normal resistivity ρn and large crit-

ical temperature Tc∼18 K (twice as high as niobium). It

also is an excellent candidate for achieving large Eacc,

with very large predicted superheating field Bsh∼400 mT

(again twice as high as niobium). Furthermore, it can be

coated onto niobium substrates, allowing existing niobium

cavities to be upgraded. It is non-reactive with water, and it

adheres strongly to niobium when coated onto it, so that

Nb3Sn cavities can be cleaned using the high-pressure-

water-rinsing methods developed for niobium.

Nb3Sn is brittle, and it has low thermal conductivity, so it

has to be used in film form. Therefore it faces challenges

associated with using SRF films: (1) achieving uniform

∗Work supported by DOE award number DE-SC0002329.
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Figure 1: Principle of coating Nb3Sn cavities via vapor dif-

fusion.

coating of the entire cavity surface; (2) only light chem-

istry is available to clean the surface due to the small thick-

ness of the film; (3) thermal gradients can cause thermocur-

rents due to the interface between the film and the substrate,

which in turn can trap flux that causes excess Rres. Finally,

with 3-4 nm, the coherence length ξ of Nb3Sn is signif-

icantly smaller than that of niobium. There is an energy

barrier to vortex penetration, which for an ideal surface

prevents vortex entry and resulting strong vortex dissipa-

tion up to the superheating field Bsh [1], but small defects

with size on the order of the coherence length can decrease

it. This risk of all alternative superconductors for SRF ap-

plications has been one the major concerns in the past, and

might limit these materials the field below the lower critical

field Hc1, which is small for all type II alternative super-

conductors. However, as summarized below and discussed

in greater detail in [2], recent results at Cornell on Nb3Sn

give great hope that all of these challenges of Nb3Sn can

be overcome.

PREPARATION METHODS

The Nb3Sn fabrication method that has produced the

most encouraging SRF results so far is vapor diffusion. The

technique was developed at Siemens AG [3] and Univer-

sity of Wuppertal [4], and it is now being employed by

researchers at Cornell University and Jefferson Lab. A

niobium cavity is placed in an ultra-high-vacuum furnace

with a small amount of tin, see Fig. 1. The temperatures

of both are raised to above 1000◦C, so that the tin has a

high enough vapor pressure to reach the cavity, and once it

reaches the surface, the temperature is high enough to en-

courage diffusion and alloying. As shown in Fig. 2, Nb3Sn

layers produced via vapor diffusion have to typical thick-
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Nb
3
Sn 

Nb 

Figure 2: SEM picture of a cross section cut out showing a

≈ 2µm thick Nb3Sn layer on top of Nb. The cross section

was cut out with a gallium focused ion beam at Cornell.

Figure 3: Q vs E curves at 2K and 4.2K for one of the best

Nb3Sn cavities produced by U. Wuppertal [4]. The approx-

imate values for a Nb cavity are shown for comparison.

ness of ≈2 µm. The Q0 vs Eacc curve of one of the best

cavities produced by University of Wuppertal and tested

at JLab is shown in Fig. 3. As can be seen, the cavity

achieved very small surface resistance at low fields, but all

the Wuppertal cavities showed a strong increase in surface

resistance with increasing field above ≈5 MV/m. Various

causes for the Q-slope were suggested, such as inter-grain

losses, imperfect stoichiometry, and dissipation due to vor-

tex penetration beginning at the lower critical field Bc1 [5].

As a result, it has been unclear whether or not this Q-slope

behavior is fundamental to Nb3Sn.

Researchers at several institutions have recently attempted

to fabricate Nb3Sn using novel methods; refer to Fig. 4.

Dipping of a niobium cavity into liquid tin with subsequent

annealing was explored at INFN [6], but showed problems

with tin droplets on the cavity surface and spurious tin-rich

phases. Pulsed laser deposition studies have started at KEK

[7]. Multilayer sputtering was investigated at INFN [8], in

which alternate layers of Nb and Sn are deposit and then

annealed to form Nb3Sn. However, no encouraging RF

results have been achieved so far with this method. Ca-

thodic arc deposition was done at Alameda Applied Sci-

ences Corp. [9], but the coatings obtained only low critical

temperatures.

Linear
feedtrough

Cooling water 
jacket

Furnace

Liquid Sn

Furnace

Figure 4: Alternative Nb3Sn fabrication methods. Top left:

Liquid Tin Dipping at INFN [6]. Top right: Pulsed Laser

Deposition at KEK [7]. Bottom left: Multilayer Sputtering

at INFN [8]. Bottom right: Cathodic Arc Deposition at

Alameda Applied Sciences [9].

CURRENT STATUS

Current research on Nb3Sn development at Cornell Uni-

versity and Jefferson Lab uses the vapor diffusion method.

In 2009, Nb3Sn development began at Cornell, and Cornell

is now now the leader on new Nb3Sn R&D efforts on SRF

cavities [2, 10]. Following the encouraging first results

from Cornell, Jefferson Lab has started the development of

a Nb3Sn vapor diffusion deposition system within an R&D

development program towards compact light sources [11].

Recently, JLab has coated several samples (flat plates for

material characterization and a coaxial sample for penetra-

tion depth measurements) in an all niobium reaction cham-

ber. All samples exhibited complete surface coating with

Nb3Sn, however two of the samples, had Sn droplets on

the surface. The coaxial sample was placed into an exist-

ing JLab sample measurement system, and the critical tem-

perature Tc was measured via resonant frequency change,

which is proportional to the field penetration change. As

shown in Fig. 5, the mid-point transition temperature of

coated Nb3Sn was measured to be 17.85 K. A 1.3 GHz 1-

cell cavity insert has been built and a test run without Sn

was completed in an existing horizontal furnace. The in-

sert design as well as the as-built insert are shown in Fig. 6.

Concurrently with the insert testing, a new vertical furnace

for Nb3Sn coating development has been procured and is

now being commissioned at Jefferson. Refer to [11] for

details on the JLab Nb3Sn program.

Nb Sn  development at Cornell began with the design,3

fabrication, and commissioning of a small coating chamber

for samples. After establishing the capability to repeatably

produce Nb3Sn films of high quality [10], Cornell began
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Figure 5: Critical temperature Tc results on the coaxial

Nb3Sn coated sample at JLab. The data shows a transition

temperature of 17.85 K.

Figure 6: JLab insert design (left) and as-built insert (right).

work on a large coating chamber for single cell 1.3 GHz

cavities, shown in Fig. 7. A 1.3 GHz single cell cavity was

coated with Nb3Sn via thermal vapor diffusion. The cavity,

before and after coating, is shown in Fig. 8. After the coat-

ing process it was treated with only a high pressure rinse

(HPR) before mounting to a vertical test stand for cryo-

genic performance test. The Q vs E curve of the Cornell

Nb3Sn cavity is shown in Fig. 9, along with that of the

Wuppertal cavity from Fig. 1 for comparison. Overall, the

performance is excellent. Unlike the cavities produced by

Wuppertal, it does not show a strong reduction in Q0 above

5 MV/m. At 4.2 K, at medium fields the Q0 is up to approx-

imately 10 times higher than that of the Wuppertal cavity,

and approximately 20 times higher than a niobium cavity.

Quench occurred at approximately 13 MV/m. Temperature

mapping reviled that the quench is caused by a small, lo-

calized defect on the surface, and is not an indication of a

global problem with the Nb3Sn coating. Details measure-

ments of the material properties of the coating show a high

critical temperature Tc of about 18 K, and an estimate of

the lower critical field of Bc1 = 27± 5 mT [2]. This value

Figure 7: Cross-section of coating chamber (left), coating

chamber being lowered into furnace (center), and UHV fur-

nace with chamber inside (right).

Figure 8: Coated cavity (left); view looking down into cav-

ity before (top right) and after coating (bottom right).

agrees well with a Bc1 measurement performed with µ-SR

by A. Grassellino et al. [12] on a Nb3Sn witness sample

produced by Cornell. These first results indicate that max-

imum magnetic surface fields well above the lower critical

field were achieved in the coated cavity without a signif-

icant increase in surface resistance. This is important, as

it shows that Nb3Sn bulk films can be produced with suffi-

cient high quality to prevent vortex penetration at Bc1, even

for superconductors with small coherence length. The en-

ergy barrier keeps the Meissner state metastable aboveBc1.

The Q-slope seen in the Wuppertal cavities therefore does

not represent a fundamental problem for alternative SRF

materials. Refer to [2] for details on the Cornell Nb Sn pro-3

gram.

CONCLUSIONS

With its high critical temperature and superheating field,

Nb3Sn is a material with tremendous potential for SRF ap-

plications. Currently, the most promising RF results have

been achieved with Nb3Sn cavities coated via vapor diffu-

sions of tin into niobium substrate. A Nb3Sn cavity pro-
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Figure 9: Q vs E curve from the new Cornell Nb3Sn cav-

ity, showing a small residual resistance at low fields and a

large improvement in Q0 at usable gradients over one of

the best U. Wuppertal cavities. Uncertainty in Q and E is

approximately 10%.

duced at Cornell achieved a outstanding performance: at

4.2 K and ≈12 MV/m, it had a Q0 of 1010, 20 times higher

than Nb, making it the first alternative material accelerator

cavity to far outperform niobium at useful gradients and

temperatures. Importantly, the peak surface magnetic field

in this cavity significantly exceeded the lower critical mag-

netic field Bc1, disproving speculation that the Q-slope ob-

served in previous Nb3Sn cavities was an inevitable result

of exceeding Bc1.

Already with its current performance, Nb3Sn has now be-

come an alternative material for certain future accelerators.

Encouraged by the new Cornell results, several labs are

now starting Nb3Sn research programs, and future research

on improved Nb3Sn preparation methods can be expected

to overcome non-fundamental limitations with time as they

have in niobium.
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STATUS OF MgB2 COATING STUDIES FOR SRF APPLICATIONS * 

T. Tajima
#
, L. Civale, D.J. Devlin, R.K. Schulze, I.O. Usov, G.C. Martinez, LANL, Los Alamos, 

NM 87545 USA 

Abstract 
MgB2 has shown promising results on small samples 

and its coating development is entering into the stage to 

coat large samples and elliptical cavities. In this paper, a 

brief summary of the results on vortex penetration fields 

and RF surface resistance is given. Then, a newly built 

coating system at LANL is described with the results of 

first runs. This system has a coating furnace that can 

include up to one 1.3 GHz 9-cell cavity. 

INTRODUCTION 

The niobium (Nb) cavity technology has come very 

close to its full capacity on accelerating gradient (Eacc), 

e.g. ~50 MV/m for electron accelerators due to its well-

known critical magnetic fields (Bc1 ~ 170 mT and Bc ~ 

200 mT). New and other alternative materials with 

Gurevich’ s idea of multi-layer coating [1] could produce 

SRF cavities that exceed the performance of Nb cavities 

and open up more opportunities to use SRF cavities.  

MgB2 has a remarkably high Tc of ~40 K comparing to 

conventional s-wave superconductors (Tc < 20 K), which 

could lead to lower BCS resistance at the same 

temperature and higher thermal tolerance if the cavity is 

operated at 4 K or 2 K. Other attractive features of MgB2 

include the absence of weak links (cause of losses at high 

fields), simple chemical composition and a wide range of 

coating temperatures (>~250 C).  

VORTEX PENETRATION FIELD (BVP) 

Vortex penetration fields of MgB2 samples prepared by 

reactive evaporation [2] were measured using a SQUID 

magnetometer [3] with external magnetic field parallel to 

the sample surface. The accuracy of the measurement is 

approximately within ±10 mT. Figure 1 shows vortex 

penetration fields as a function of temperature for 200, 

300 and 500 nm films compared to RRR>300 cavity 

grade large grain bulk Nb and sputtered Nb films. The 

data on Nb are consistent with best cavity results and the 

data on MgB2 films show a high potential of exceeding 

the performance of Nb. Figure 2 shows B ’s at 4.5 K as in vp

Figure 1 as a function of film together with theoretical 

curves of Bc1 assuming the penetration depth () and 

coherence length () of 110 nm and 6 nm, respectively. 

The measured Bvp’s are higher than predicted Bc1 possibly 

due to the surface barrier. Figure 3 shows the Bvp vs. T for 

the films prepared by hybrid physical chemical vapour 

deposition (HPCVD) compared with the STI films. So far, 

the films prepared by HPCVD have shown the best Bvp 

results. 

While the data in Figure 2 suggest that a film of about 80 

nm can sustain ≥400 mT (equivalent of Eacc ≥ 100 

MV/m), the measurement was impossible since the signal 

of total magnetic moment for the films of <200 nm was 

too small. 

 

Figure 1: Bvp vs. temperature for MgB2 films prepared by 

STI, together with bulk and film Nb samples. 

 

Figure 2: Bvp as a function of film thickness at 4.5 K 

compared to the theoretical curves of Bc1. 

 

Figure 3: Bvp vs. T for a 500 nm film prepared by 

HPCVD compared with STI films.  

To overcome this difficulty and realize the more cavity-

like configuration, i.e., only one side of the film is 

exposed to the magnetic field, we plan to use a prolate 

 ___________________________________________  
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spheroid (a football shape) as shown in Figure 4 since the 

signal of total magnetic moment is proportional to the 

volume of the football shape, not to the thickness of the 

film as shown on the left in Figure 4. 

 

Figure 4: A plan to use a prolate spheroid to be able to 

measure ultra-thin (<200 nm) films and to realize the 

cavity-like configuration. The current samples are coated 

on flat substrates as shown on the left. 

RF SURFACE RESISTANCE (RS) 

Figures 5 and 6 show RF surface resistance (Rs) as a 

function of temperature at low RF power measured at 

MIT [4] and Jefferson Lab [5], respectively. The films 

measured at MIT include samples from STI and Temple 

University, and the samples measured at Jefferson Lab are 

from Temple University. 

Calculating from BCS theory using the data, the BCS 

resistance is supposed to be about one order of magnitude 

lower than Nb at 4 K and 2 K, but it seems to be flattened 

out at these temperatures with residual resistance 

dominating the Rs. Studies on this residual resistance and 

finding ways to reduce it will be very important for the 

future application of MgB2. 

Figure 7 shows Rs as a function of peak magnetic field 

(the unit used is Oe and 10 Oe equals to 1 mT) measured 

at MIT using a stripline resonator or a dielectric resonator 

[4]. The increase in Rs at ≥~30 mT for the films coated on 

sapphire might be attributed to the very low thermal 

conductivity of sapphire at very low temperatures [6]. The 

films coated on Nb have shown lower Rs than those 

coated on sapphire due possibly to this thermal effect. 

Note that the data at highest H was not limited by quench, 

but limited by available power. Figure 8 is a more recent 

data that includes a film coated on copper [7]. The data on 

the film coated on copper shows no increase in Rs up to 

~60 mT (again limited by available power), which might 

be evidence that the rapid increase in Rs for the films 

coated on sapphire is a thermal effect, not due to vortex 

penetration. This data also proves that the vortex 

penetration for SRF cavities is not at Bc1, but at the 

superheating field (Bsh) that includes the surface barrier 

effect, which is consistent with the recent result of a 

Nb3Sn cavity at Cornell [8]. 

 

Figure 5: Rs as a function of temperature for the film 

prepared by STI. The Rs is scaled to 2.2 GHz assuming it 

scales as f
2
. This graph is taken from [4]. 

 

Figure 6: Rs as a function of temperature for the film 

prepared by Temple University and measured at Jefferson 

Lab at 7.4 GHz. This graph is taken from [5]. 

 

Figure 7: Rs vs. peak magnetic field for STI and Temple 

U. films deposited on different substrates, together with a 

Nb film coated on sapphire. The measurements were done 

at MIT using a stripline resonator or a dielectric 

resonator. This graph was taken from [4]. The data for 

500 nm film on Nb from STI (solid triangle) was only 

limited by available power, not quench. 
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Figure 8: A recent results of Rs vs. peak magnetic field for 

STI and Temple U. films deposited on different substrates 

[7]. The measurements were done at MIT using a stripline 

resonator or a dielectric resonator. The data for 500 nm 

film on copper (solid square) was only limited by 

available power, not quench. 

COATING SYSTEM AT LANL 

A coating system that can be used to coat up to a 1.3 

GHz 9-cell elliptical cavity has been built at LANL. The 

selected coating technique was HPCVD due to its highest 

Tc and highest Bvp among the films that we have 

evaluated at LANL. Also, the fact that no ultra-high 

vacuum is required and the coating can be done at 

relatively low temperatures (Tc ≥ 38 K at coating 

temperatures at ≥500 C) [9] motivated us to adopt this 

technique. The only drawback of this technique is a safety 

concern related to the use of diborane (B2H6) gas that has 

high toxicity and flammability. 

Fortunately, LANL has a proper facility to use diborane 

gas safely at technical area 35. Figure 9 shows the coating 

furnace under a hood equipped with a diborane and 

hydrogen gas detectors and strong ventilation to outside. 

The entire room also has strong ventilation to outside and 

is kept at a negative pressure so that the gas inside the 

room does not leak out from the room. 

Figure 10 shows the dimension of the furnace using a 

1.3 GHz ILC type 9-cell cavity as a reference. The heater 

has 3 zones and they can be controlled independently. 

However, since this heater is an old one that was found in 

storage at LANL, it does not have an advanced control 

and safety feature. It indeed malfunctioned and 

overheated to melt a copper surrogate cavity in late 2012 

when it was kept on overnight. Therefore, currently, we 

operate it only in the daytime. 

Figure 11 shows a single-cell 1.3 GHz cavity being 

used for the current tests together with a stainless steel 

(SST) spool piece attached to the cavity, a 31.8 mm OD 

SST pipe for the diborane gas feed, and a piping of 

 

 

Figure 9: Coating system at Technical Area 35 at LANL. 
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approx. 6-9 mm OD for Mg source (6.35 mm diameter 

and 6.35 mm long pellets). Figure 12 shows a schematic 

of the current coating configuration. Three mass flow 

controllers independently controls the mass flow of 

background gas (currently ultra-high purity hydrogen gas 

during coating and ultra-high purity Ar gas during 

cooling), and diborane gas. The diborane gas that has 

been used is 0.3 % diborane balanced with hydrogen gas. 

We are planning, however, to change the background gas 

and the gas mixed with diborane to ultra-high purity 

helium gas to avoid hydrogen contamination in Nb in case 

of coating MgB2 films on Nb. 

 

Figure 10: Furnace dimension relative to a 1.3 GHz 9-cell 

cavity. The heater has 3 zones that can be controlled 

independently. 

 

Figure 11: A photograph showing a copper surrogate 

cavity with samples attached and a tube that includes Mg 

pellets. 

 

Figure 12: Schematic of current configuration of the 

system.  

FIRST COATING TESTS AND RESULTS 

We have carried out a total of 10 runs since June 2013. 

Due to the natural cooling which takes ~2 days to room 

temperature, we can do the coating only once or twice a 

week at this moment. We bake out the system at about 

100 C higher than the coating temperature prior to each 

coating run. 

We have learned the following two facts so far. 

 Boron does not get coated on the cavity surface at 

≥500 C probably because the diborane gas gets 

decomposed and consumed in the long 31.8 mm OD 

SST tube and in the SST spool piece before reaching 

the cavity.  

 Insufficient Mg vapour pressure on the cavity 

surface even heating the Mg source to ~840 C 

(maximum temperature with our current local 

heater). There is a possibility that the Mg gas gets 

cooled down before reaching the cavity especially in 

the small diameter tube between the Mg source and 

the SST spool piece and condensates on the pipes 

and SST spool piece. 

Although we have been unable to form a stoichiometric 

superconducting MgB2 film yet due probably to 

insufficient Mg pressure, we have obtained some data on 

the boron coating. Figure 13 shows the boron deposition 

rate as a function of cavity temperature compared with the 

data taken at Penn State University in the course of 

HPCVD research [10]. Our data are in good agreement 

with the data in [10]. Figure 14 shows the boron thickness 

profile at 3 locations, i.e., inlet beam pipe, cell equator 

and outlet beam pipe. The thicknesses of the samples 

were estimated using Rutherford Backscattering 

Spectroscopy (RBS) analyses. The thickness of inlet 

beam pipe turned out to be about twice as much as on the 

cell equator and on the outlet beam pipe. While the 

thickness profile might be different in the case of a MgB2 

film, this issue will need to be addressed by changing 

coating parameters if the MgB2 thickness profile will be 

the same. 

Figure 13: Boron growth rate vs. cavity temperature 

plotted on a curve taken from [10].  

 
Figure 14: Boron thicknesses on the inlet beam pipe, cell 

equator and outlet beam pipe. 
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FUTURE OPTIONS 

To overcome the problem of insufficient Mg vapour 

pressure on the cavity surfaces, we are moving the 

location of Mg source into the SST spool piece directly 

attached to the cavity. If this works, we will try coating 

the cavity at 500-550 C. If, however, this does not work, 

we will try a 2-stage process, i.e., coat a boron layer and 

then react it with Mg at an elevated temperature at 700 C 

or higher, but probably less than 800 C to avoid Nb 

recrystallization in case of coating on Nb. Considering a 

coating on a Nb/Cu cavity as an attractive alternative, a 

low coating temperature is preferred unless a high 

temperature is necessary. 

CONCLUSIONS 

MgB2 thin film samples especially prepared with 

HPCVD have shown excellent properties relevant to SRF 

applications, which warrants the coating of practical-size 

cavities and study their performance. LANL as well as 

other institutes and companies are trying to develop a 

suitable technique to coat SRF cavities and hope to 

produce a lot of cavity results by the next SRF 

conference. 
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Abstract 
Due to the very shallow penetration depth of the RF 

fields, SRF properties are inherently a surface 
phenomenon involving a material thickness of a few 
microns thus opening up the possibility of using thin film 
coatings to achieve a desired performance. The challenge 
has been to understand the dependence of the SRF 
properties on the detailed characteristics of real surfaces 
and then to employ appropriate techniques to tailor these 
surface properties for greatest benefit. Our goal has been 
to build a basic understanding of key nano-scale film 
growth parameters for materials that show promise for 
SRF cavity coatings. In what follows we will describe our 
experimental attempts to test the 
superconducting/insulating/superconducting (SIS) 
multilayer model proposed by A. Gurevich [1] to shield 
the bulk of the cavity and hence enable larger accelerating 
fields than presently possible. 

INTRODUCTION 
Progress in the development of Nb resonator cavities 

for particle accelerators in recent years has resulted in a 
significant increase of RF peak breakdown field up to 
170–180 mT at 1.3 GHz. Such field induces a screening 
current density close to the depairing limit Jd=Bc / 0  for 
Nb at T below Tc, where Bc(0) = 200 mT is the 
thermodynamic critical field for Nb, and is the London 
penetration depth. In 2006 A. Gurevich proposed a 
multilayer coating that could overcome this limit. [1] This 
model considers the enhancement of parallel Bc1, the 
magnetic field at which it becomes energetically 
favorable for a vortex to be inside a type II 
superconductor, in films with thickness d smaller than . 
Thus, with a suitably tailored SIS multilayer, he proposed 
that it might be possible to take advantage of critical field 
enhancement and also lower surface impedance. In what 
follows we show our experimental work to test this 
model. 

EXPERIMENTAL WORK 
We have previously reported that it is possible to tailor 

the microstructure and hence superconducting properties 
of materials with adequate choice of template and growth 
conditions. [2, 3] We have also carried out studies on the 

thickness dependence of Bc1 for the particular case of 
MgB2. [4] Here we compare three different types of 
trilayered (SIS) samples, where the bottom layer is bulk-
like Nb that mimics the interior surface of a cavity, then 
an insulating layer and finally another superconductor 
where we have chosen NbN, NbTiN and MgB2. The 
NbN-based and NbTiN-based samples were deposited 
using reactive DC sputtering, and the MgB2-based sample 
using hybrid HPCVD deposition. 

Our systematic earlier investigations on MgB2 films to 
assess the critical field versus thickness dependence 
indicated that a suitable thickness for implementing SIS 
trilayers using this material was around 60 nm. Thus, we 
prepared such trilayers: 10 nm Au / 60 nm MgB2 / 15 nm 
MgO / 600 nm Nb / MgO (100). A comprehensive 
treatment of HPCVD for the generation of MgB2 thin 
films is described elsewhere [5-7]. 

We note that a gold cap layer was added to avoid 
degradation and/or contamination of the MgB2 surface. 
The penetration field was measured using SQUID (Figure 
1). BC1 was determined by measuring trapped moments 
that appear after application and removal of the applied 
field, following the work of C. Bohmer et al. [8] We note 
here that similar methodology was applied to determine 
Bc1 in the NbN-based trilayer that we reported earlier. 
Thus, the critical field measured BC1 was larger in this 
multilayer than in a pure Nb reference film (i.e. we found 
Bc1 was 1300 Oe for the Nb reference sample vs 1700 Oe 
for the MgB2 based multilayer sample). This result is 
quite encouraging since it indicates magnetic shielding 
under DC field, but the result is not as impressive as the 
previously reported result obtained for the NbN based 
multilayers since in that instance we observed a 
penetration field of ~ 220 mT, which is much higher than 
the 170 mT reported for bulk Nb. It is worth mentioning 
here that SRF impedance characterization of optimal 
epitaxial MgB2 films deposited on sapphire also indicated 
two orders magnitude larger residual SRF impedance than 
large grain pure Nb thus suggesting a much lossier 
material than bulk Nb. [9] The observed Tc was 30.2 K 
for the MgB2 layer.  

A microstructure characterization of the sample was  
carried out with X-Ray diffraction (XRD) and the theta-
2theta scan indicates that the Nb film is (110) oriented in 
this sample, which has been demonstrated to lead to lower 
film quality than when it is (001) oriented thus explaining 
the lower penetration field of the reference Nb sample 
compared to our previous studies. The MgB2 layer 
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appears composed of several highly strained phases 
(Figure 2). 
         

 

Figure 1: Penetration field measured with DC SQUID 
at 5K. A Nb reference films is shown here for 
comparison, so that the shielding effect of an MgB2–
based multilayer can be assessed. The penetration 
field is approximately 300 Oe larger than that of the 
reference pure Nb film sample. 
 

Figure 2: Detail of the XRD scan of a MgB2-based 
trilayer. We observed a highly strained MgB2 layer 
with multiple phases present. 
 
The amount of strain present in the various MgB2 phases 
was determined from their shift from the bulk -peak 
position, 2  = 51.863o corresponding to a lattice constant 
of 3.523 Å. Thus, the 1st phase exhibits 2.7108% strain, 
the 2nd phase exhibits 2.8584% strain and finally the 3rd 
phase exhibits 3.0514 % strain. Thus, this trilayer had a 
far from perfect MgB2 layer compared to similarly grown 
epitaxial MgB2 films grown on crystalline sapphire. 
Despite this fact, we note that there is a shielding effect 
similar to that observed when using NbN-based 
multilayers. We also note that MgB2 film properties 
degrade with exposure to air/moisture and the resistance 

goes up, while Tc goes down which may constitute a 
serious practical issue for SRF cavities applications. 
 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 3: TEM image showing a cross section of a 
NbTiN-AlN-Nb trilayer. 

Although we have achieved promising results with 
NbN, we have also considered NbTiN since it is another 
suitable B1 superconductor, similar to NbN but with some 
advantages. NbN suffers from higher resistivity due to 
presence of both metallic and gaseous vacancies 
randomly distributed, while NbTiN presents all the 
advantages of NbN, a slightly higher Tc (17.8K) and also 
exhibits enhanced conductivity with higher Ti percentage.  
NbTiN films deposited by DC reactive sputtering 
exhibited the best transition temperature when deposited 
from a composite Nb80Ti20 target. NbTiN-based trilayers 
were deposited on sapphire, and AlN was used as 
insulating layer (Figure 3). 

The surface impedance of NbN-based and NbTiN-
based trilayers were measured using the 7.5 GHz Surface 
Impedance Characterization (SIC) tool developed and 
commissioned at TJNAF. [10] Figure 4 shows such 
measurement for a NbTiN-based trilayer while Figure 5 
shows it for NbN-based trilayer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Surface resistance measurements for a 
NbTiN/AlN/Nb trilayer deposited on sapphire. We note 
that the residual resistance around 2K is approximately 30 
mOhm. We also distinguish two temperature regimes 
with transitions around 8.5 K and 14.5K, related to Nb 
and NbTiN respectively. 
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Figure 5: Surface resistance measurement for a 
NbN/MgO/Nb trilayer deposited on a Cu template. 

We note that Surface Impedance data reported earlier 
on a MgB2-based trilayer indicated a residual resistance 
of 181  thus almost one order magnitude larger than in 
the present two NbTiN and NbN-based trilayered 
samples, which in turn exhibit a residual resistance one 
order magnitude larger than large grain bulk Nb, 
suggesting that further studies are necessary to establish 
the optimal trilayer composition and deposition 
conditions for this application. 

CONCLUSIONS 
Multilayers incorporating NbN and following the 

“Gurevich model” were shown to shield niobium in the 
pioneer work by Antoine et al. using SQUID 
magnetometry as well as third harmonic analysis [11], 
[12]. Our own work was able to demonstrate shielding 
beyond the critical field of Nb also using NbN-based 
trilayers also using SQUID magnetometry. Here we have 
shown that other promising superconductors also show 
promise for this application, but further studies to 
optimize thin film deposition conditions must be 
undertaken. 
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Abstract
CERNs Quadrupole Resonator enables sub-nΩ-

resolution measurements of the surface resistance. Much

more information about the RF performance is accessible

compared to regular cavity measurements. In this contri-

bution we show that the surface resistance decreases for

low cooling rates. The design of the Quadrupole Resonator

allows us to exclude the formation of niobium hydrides, the

efficacy of the magnetic shielding and thermal currents as

possible causes. We find that the expulsion of the residual

ambient magnetic field as the cause of the reduction of the

surface resistance is consistent with our results.

INTRODUCTION
The attempt to reach quality factors beyond 1011 and

pushing the accelerating gradients of SRF cavities to the

theoretical limit, the treatment dependent loss mechanisms

in niobium need better understanding. The Quadrupole

Resonator displayed in Figure 1 has been designed and

built in 1997 to measure the surface resistance of super-

conducting samples at 400MHz [1].

Figure 1: The Quadrupole Resonator.

In 2009 it was refurbished to extend its range to 800 and

1200MHz [2]. Its wide parameter range was used to test

theoretical surface resistance models [3]. Its capability to

measure the surface resistance with a sub-nΩ-resolution at

magnetic fields up to 60mT makes it the perfect tool to

test materials for continuous wave (CW) application of su-

∗Work supported by the German Doctoral Students Program of the

Federal Ministry of Education and Research (BMBF)
† sarah.aull@cern.ch

perconducting cavities and reveal the relevant loss mecha-

nisms. Recently the Quadrupole Resonator has been fur-

ther extended to study the influence of trapped magnetic

flux on the surface resistance. In this paper the calorimetric

measurement technique is reviewed and the accuracy, res-

olution and reproducibility of the measurements with the

recently installed high precision power meters and pressure

regulation system are discussed. The high resolution of the

setup provides the basis for the investigation of the relation

between cooling rate and surface resistance.

Heater
T-Diode

Heat

Sample Surface

Figure 2: The thermometry chamber: Four radially sym-

metric temperature diodes and a DC heater are attached to

the bottom side of the sample.

PERFORMANCE ANALYSIS OF THE
QUADRUPOLE REONATOR

The measurement principle relies on a calorimetric tech-

nique [3]. The sample is equipped with a DC heater in the

center and four temperature diodes at the high RF field re-

gion as sketched in Figure 2. Figure 3 displays how the dis-

sipated RF power is compensated by DC heating: Starting

from the temperature of the helium bath Tbath the sample is

warmed up to a temperature of interest Tinterest by using a

DC heater attached to the bottom side of the sample. The

required DC heater power is Pdc1. Then, the RF is switched

on and the sample temperature rises due to dissipation. The

heater power is then reduced to bring the sample back to the

temperature of interest. The power dissipated in the sample

PRF is the difference in heater power with and without RF

and is proportional to the surface resistance RS:
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RS =
2 · (PDC1 − PDC2)∫

Sample

∣∣∣ �H∣∣∣2 dS
. (1)

The integrated magnetic field
∣∣∣ �H∣∣∣2 over the sample sur-

face S is directly proportional to the transmitted power Pt

with a factor derived by simulation and RF calibration [3].

Power

Time

Sample
Temperature

DC on RF on

Heater regulation

Pdc1 Pdc2

Prf

Tinterest

Tbath

0

0

Figure 3: The Calorimetric Technique: The dissipated

power PRF is compensated with a DC heater.

Errors and Resolution
To date, a severe limitation of the setup has been fluctu-

ations in the helium bath pressure of about 1−2mbar. The

cryostat was thus equipped with a pressure regulating sys-

tem, stabilizing the bath pressure to ±0.02mbar. The mea-

surment errors are now dominated by the accuracy of the

voltmeter (measuring the DC power) and the power meter

(measuring Pt. For the error of the surface resistance, two

contributions have to be taken into account: For the mea-

surement of the heater power, the heater voltage is mea-

sured with a 6.5 digit multimeter while the resistance of

1 kΩ is known. For a stabilzed temperature (±0.1mK), the

heater voltage changes within 10 μV. This is only relevant

for low temperatures (< 2.5K) and measurements at low

RF fields (< 10mT) since the total heater voltage is small

compared to the uncertainty of the RF measurement.

The transmitted power is measured with a

Rhode&Schwarz R©NRP-Z81 power sensor. The data

sheet [4] specifies the absulte error of 3.0% which is the

dominant error contribution for the surface resistance.

The temperature is measured with four temperature diodes

with a specified resolution of 0.1mK and an absolute error

of 12mK. These values are sufficiently small so that they

can be neglected.

Figure 4 shows as an example the reproducibility of a

measurement. The surface resistance of a reactor grade

niobium sample after 48 h mild baking was measured as

a function of RF field at 800MHz and 2K. The surface

resistance at about 13mT was taken three times. The plot

shows that the reproducibility is well within the absolute

uncertainty of 3%.
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Figure 4: Reproducibility of measurements.

For the estimation of the resolution, i.e. the smallest

change in surface resistance, we have to account for the

minimal power needed to change the temperature of the

sample by 0.1mK. At 400MHz, 2K and 5mT, this mini-

mal heating was measured to require 2.5 μW which results

in

Rresolution = 0.44 nΩ.

For higher RF fields this value is decreasing quadrati-

cally due to the magnetic field dependence of the surface

resistance.

As shown in this section, the Quadrupole Resonator is

suitable for precise high resolution measurements which

are crucial for the analysis of losses of superconductors,

especially for low loss applications like CW operation.

THE INFLUENCE OF THE COOLING
RATE ON THE SURFACE RESISTANCE
It has been shown that the quality factor Q (∼ 1/RS) of

a cavity can be reduced by thermal cycling above the tran-

sition temperature T [5-7]. Moreover, it was found thatc

the effect is reversible when cooling down in the usual man-

ner. But as the cavity cryostats are not designed for thermal

cycling, it is difficult to identify the source the effect of this

procedure. The Quadrupole Resonator setup with its high

precision and easily controllable sample temperature en-

ables us to study the effect of the cooling conditions on the

surface resistance.

We performed a set of surface resistance measurements

by changing only the cooling conditions of a mild baked

reactor grade niobium sample. Specifically, by using the

DC heater the sample was warmed up to 10.9K, i.e. to the

normal conducting state. In the following, the heater power

was varied in the range from 0% to 60% of the maximum

DC power Pdc,max = 1W to slow down the transition to

the superconducting state. The surface resistance was

then measured at 400MHz, 2.5K and 15mT. The sample

temperature was monitored as a function of time by the
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Figure 5: The surface resistance as a functiong of cooling

rate.

temperature diodes and the cooling rate was derived from

the cooling speed at Tc at the temperature diode position.

The outcome is displayed in Figure 5. It can be seen that

the surface resistance decreases significantly when cooling

down slowly but saturates for fast cooling. In addition, this

effect was found to be reversible.

DISCUSSION
Different sources could possibly explain the reduction

of the surface resistance with slower cooling which we will

dicuss in the following.

Magnetic Shielding
For cavity measurements the temperature dependence

of the magnetic shielding was originally thought to be

the cause of additional trapped flux. In [5] it was al-

ready shown that this is not the case. In the case of the

Quadrupole Resonator only the sample is warmed up while

the host cavity, cryostat and magnetic shield stay at the

same temperature. Hence, we can rule out any influence

of the magnetic shielding.

Niobium Hydrides
When cycling a cavity, temperatures might rise above

50K and reach therefore the temperature range where nio-

bium hydrides form. It is known that these hydrides af-

fect the superconducting properties, causing the so-calld

Q-disease [8]. As mentioned above, in our setup only the

sample is warmed up to ≈ 11K. The sample is far away

from the Q-disease region while the rest of the setup stays

at the helium bath temperature of less then 2K. Niobium

hydrides can therefore not be the cause.

Magnetic Field of the Heater
It could be argued that the change in surface resistance

is due to the fact that the DC heater produces an additional

magnetic field which partly compensates the incompletely

shielded earth magnetic field (about 2 μT). Scaling the ef-

fect of trapped flux on the surface resistance from 1.3GHz

to 400MHz under the assumption of the normal skin effect

and an homogeneous magnetic field [9], we find

Rtrapped flux = 3.5 nΩ ·
√

400MHz

1300MHz
≈ 2 nΩ

which gives the right order of magnitude. To test this hy-

pothesis, we reverse the heater current and repeat the mea-

surements. The field produced by the heater should now

not compensate but add to the ambient field and the surface

resistance should increase with lower cooling rates. This is

not what was observed; the progression shown in Figure 5

was reproduced. As a consequence, an additional field of

the heater can be ruled out as a possible cause.

Thermal Currents
The temperature distribution over the sample surface is

different for every cooling condition, i.e. for cooling down

under the influence of different heater powers the local tem-

perature gradient between the center and the outer edge of

the sample changes. A local temperature gradient results in

a thermo-voltage (Seebeck effect [10]) and in a current flow

in case of a closed current circuit. These thermal currents

can produce magnetic field which can be trapped, as shown

in [6, 11]. In our case, the current circuit is not closed so

that a thermo-voltage arises, but without current flowing.

Accordingly, no additional magnetic field can be produced

or even be trapped.

Expulsion of Trapped Flux
Experiments performed on isothermal niobium samples

[11] and a quasi-isothermal niobium rod [7, 12] showed al-

ready that the amount of trapped flux can depend on the

cooling rate. The fact that no dependence for the finegrain

samples in [11] was found is likely to be an geometric ef-

fect due to a large demagnitization factor. For the niobium

rod was observed that the slower the rod was cooled down

the more ambient magnetic field was expelled. Our mea-

surements complement these findings, connecting the ex-

pulsion of the magnetic field with an decreasing surface

resistance.

CONCLUSION
The thermal decoupling of the sample from the host cav-

ity and the high resolution of the Quadrupole Resonator

allowed us to investigate the influence of the cooling rate

on the surface resistance of a niobium sample in detail. It

was found that the surface resistance decreases with slower

cooling rates. This result is complementary to recent find-

ings that an ambient magnetic field is better expelled if the

cooling procedure is sufficiently slow. Hence, the expul-

sion of an ambient field could be linked to the decline of the

surface resistance while in the case of the Quadrupole Res-

onator all other possible explanations could be ruled out.
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OUTLOOK
The Quadrupole Resonator has been extended with a

small coil inside the thermometry chamber to create an am-

bient DC magnetic field on the sample. This coil has been

commissioned [13] and will be used to continue the trapped

flux studies in combination with the effect of the cooling

rate. The idea is to cool down in different ambient fields

and quantify the influence of the cooling rate on the sur-

face resistance. In addition, these studies can be transfered

to new materials and niobium films.
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Abstract 
In the investigations on the high gradient SRF cavities, 

the superconducting multilayer is a promising alternative. 

The predictions show that SIS nanocomposite 

(Superconductor/Isolator/Superconductor) could improve 

the efficiency limited by the bulk Nb it-self used today for 

accelerating cavities. We started, at the IPNO lab in 

collaboration with the CSNSM lab (CNRS) and Irfu lab 

(CEA), an experimental study to test the screening effect 

on multilayer assemblies. Based on 3rd harmonic 

magnetometer and a TE011 SRF cavity, measurements of 

first critical magnetic field HC1 and surface resistance of 

samples have been performed. These promising results 

are the starting point of the MBE deposition 

developments. This setup is devoted to optimize the best 

organization of the multilayer to produce the model 

sample, and to find, in a close future, a realistic solution 

to apply this technique on an accelerating SRF cavity. 

INTRODUCTION 

Bulk Niobium has held the monopoly for the 

fabrication of high Q0, high accelerating gradient RF 

cavities for accelerators over 3 decades. 

Record accelerating gradient are close to 40-45 mV/m 

(TESLA shape), corresponding to a magnetic component 

of the RF field close to 200mT near the surface of the 

cavity. For many years the ultimate limits of RF cavities, 

based on the superheating model were nevertheless 

expected to reach higher fields (55-65 MV/m). Years of 

active R&D did not allow pushing Niobium toward 

higher field and the applicability of superheating model in 

practical conditions (high field, high duty cycle, low 

temperature) is questioned. 

Indeed even in his famous paper, Yogi noticed that far 

from TC, individual vortices could enter the material 

faster than the RF period [1]. 

It is now established that individual vortices can enter 

the material in less than 10-13 sec and that surface defect 

can promote vortices penetration [2-4]. 

There are also several theoretical and experimental 

evidences that nonlinear BCS resistance and vortex 

penetration can be the source of thermal dissipation in 

superconducting cavities [2, 5-8]. 

Early vortex penetration at surface defects could also 

explain the monopoly of Niobium  in SRF applications 

since Nb has the highest HC1 value (180 mT at 0 K) 

among all superconductors: high HC1 material is 

mandatory to prevent bulk vortex penetration even if the 

surface HC1 is deprived by surface defects (asperities, 

grains boundaries…).  

Attempts to use higher TC and HC2 superconductors 

have failed so far, probably due to their low HC1.  

MULTILAYERS 

Very high HC1 can indeed be achieved with films 

whose thickness d is smaller than the magnetic 

penetration depth the field is attenuated by screening 

currents but for energetic reason it is not possible to 

nucleate a vortex in such thin film A. Gurevich proposed 

to use such films to screen bulk Niobium and allow much 

higher field to be reached inside cavities [9]. Several 

layers are needed to efficiently damp the external field, 

separated by an insulating layer to prevent Josephson 

coupling between each layer. 

Depositing such nanometric composite structure will be 

a complex issue, but the deposition of model samples 

with asserted techniques used to build similar structures 

(Magnetron Sputtering, Molecular Beam Epitaxy) will 

allow to better understand their physical properties, and 

hopefully find an optimization route. 

EXPERIMENTAL DETAILS  

Samples Description 

 SL: one 25 nm single NbN layer on the top of one 14 

nm MgO deposited on a 250 nm Nb layer. 

 R is the same sample as SL but with the top NbN 

layer removed by RIE etching to provide a single 

Niobium   reference. 

 ML4 is a set of four MgO (14 nm)/NbN (25 nm) 

layers deposited onto 500 nm of Nb on sapphire. A 

bulk RRR 300 Niobium disc (for RF cavity 

measurement) was also deposited in the same 

conditions. (sample rf-ML4) The surface of the Nb 

disk was simply chemically etched before deposition 

of the multilayer coating and the surface roughness 

was not optimized (see Figure 1 and Table 1). 

 rf-ML2 is a bulk Large Grain Niobium (RRR 300) 

disk deposited with set of two MgO(14 nm)/NbN (50 

nm), so that the total thickness of NbN is the same as 

ML4. 

 rf-Nb is a bulk RRR 300 Nb disk. 

All these characteristics are summarized in table 1.  
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Table I: Samples characteristics  
Samples Niobium   

thickness 

Number of  

NbN/MgO
a
 

sequences 

Tc (K) 

R 250 nm 0 8.9 b 

SL 250 nm 1x 25 nm 16.38 b 

ML4a 500 nm 4x 25 nm 15.1 c 

rf-ML4 bulk, PX 4x 25 nm 

Not known rf-ML2 bulk LG 2 x50nm 

rf-Nb bulk, PX 0 

PX: polycrystalline; LG : large grain 

a. For all samples: intermediate MgO thickness is 14 

nm). SL and MLs are covered with a last 5nm MgO 

capping. 

b. Measured with a Quantum Design PPMS®. 

c. Measured with local magnetometry at low field. 

 

 

Figure 1: Samples rf-ML4 (polycrystalline Nb) and rf-

ML2 (LG). Pitting due to the Nb substrate etching can 

still be observed underneath the nanometric layers. Rf-

ML2 exhibits also a clear grain boundary between the two 

main grains of the surface. 

3rd Harmonic Analysis  

The third harmonic local magnetometer principle [10, 

11] is based on the fact that when a coil is small enough 

compare to the sample size, then the sample can be 

considered like an infinite plane (due to field attenuation 

with distance). When the sample is in the Meissner state 

and current is applied into the coil, the sample acts like a 

perfect magnetic mirror, and the coil behaves linearly. 

Then the temperature is slowly increased, when it reaches 

the transition temperature at the actual field seen by the 

sample, vortices start entering and pinning in the sample. 

Pinned vortices produce a “dragging forces” on the 

electrons coil and its behavior is not linear anymore. The 

coil being parallel to the surface, no Bean-Livingston 

barrier is expected. The temperature where a 3rd harmonic 

signal appears for various field is thus actually the 

signature of the first critical field HC1. 

Measurements on single and multilayers deposited on 

Niobium have been published elsewhere [12-16], at field 

limited below 60 mT. On Figure 2, one can clearly see 

that at higher field, the signal is not the expected Gaussian 

curve, but reflects the interference between the various 

films of the multilayer. 

 

Figure 2: Series of measurement for the ML4 sample. 

Corresponding field are listed in the legend box (in mT). 

Recently we have improved the thermal design of the 

experimental set-up and were able to characterize samples 

up to 150 mT over large temperature ranges.  

In particular we have re-tested the sample ML4 over a 

wider temperature range, and discovered that the 

transition previously observed in [12] were in fact sitting 

on the top of a broader transition that dramatically occurs 

between 36 and 38 mT (see Figure 2). 

 

 

Figure 3: Measurement of the transition of various single 

and multilayer samples. 

The transition is so abrupt it can probably be attributed 

to the fact the field lines have surrounded the sample. At 

high field, with a sample with 1 cm radius compared to 

the coil diameter (2.5 mm), the condition Rsample>> Rcoil is 

no longer valid (Figure 3). Although these results are 

somewhat less good than was initially hoped, ML4 

exhibit a transition field ~ 30 mT higher than sputtered 

Niobium, confirming the screening effect of only 100 nm 

of NbN total thickness. Hopefully, the future use of 

thicker samples should help us to confirm this trend. 

In order to check the effect of thicker layers, a samples 

was deposited on a large grain niobium disc for RF 
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testing with 2x50 nm of NbN (HC1 will be measured soon 

on a cutoff). 

RF TE011 Characterization 

TE011 cavity is a tool of choice for testing flat samples 

deposited with standard deposition technique, and later on 

with techniques more adapted to accelerating cavities 

with more complex shape.  

TE011 cavity has a fundamental mode at 3.88 GHz 

where the magnetic field is ring shaped and maximum at 

the bottom of the feed-through, at the intersection with 

the top of the cavity but no field on the edges. The TE012 

mode at 5.12 GHz presents the same type of field 

repartition (Figure 4). The use of two frequencies gives 

access to the frequency dependence of the surface 

resistance of the samples.  

This field repartition allows placing a removable flat 

sample (13 cm diameter) at the top of the cavity, with 

negligible field on the indium seal that makes the cavity 

vacuum tight.  

The other advantage of this configuration is the absence 

of perpendicular electric field on the surface which 

renders the cavity insensitive to dust contamination (no 

field emission). If handled with care, no clean room 

assembly is necessary. 

 

 
Figure 4: field repartition for the TE011 et TE012 modes. 

Figure 5 shows the raw RF data for rf-Nb and rf-

ML2 samples.  

The contribution of the surface resistance from the 

samples to the whole cavity Q0 is coarsely 20%. Indeed 

not much difference is observed in the two sets of curves 

(Nb vs ML2) from Figure 5. One important conclusion 

can be drawn from these results: the residual resistance 

from the multilayer is very high. Indeed, the residual 

resistance is the only unpredictable part of surface 

resistance, and a high Rres like the one found in e.g. HTSC 

would have seriously preclude the whole ML concept. 

 

Figure 5: Raw RF data at 4.2 and 1.7 K for rf-Nb and rf-

ML2 samples. The two sets of curves are very similar 

showing that the sample does not influence much the 

overall cavity’s behavior. 

The thermometric system attached to the sample allows 

having a more precise idea of the surface resistance of the 

sample independently of the cavity body. 

The backside of sample is held under vacuum, except 

its 3 mm thick edge, in contact with the helium bath that 

ensures sample cooling. This configuration allows up to 

150 mW dissipation at 1.5 K for bulk niobium and 10 

times more if the substrate is copper. In the vacuum 

chamber a system of thermal sensors and a calibrated 

resistance allows determining the thermal behavior of the 

sample: the thermometers are mounted on the backside of 

the sample and are encapsulated in copper to improve 

thermal contact with the sample. The contact is 

maintained by bronze-beryllium springs. 3 lines of 6 

thermometers forming an angle of 120° between each 

other allow measuring the temperature profile from the 

center to the border of the sample. Six other thermometer 

pairs are mounted near the edge of the disk. A calibrated 

heater is fixed on the center of the disk to calibrate both 

the thermometers and the dissipated power from the 

sample [17].  

 
Figure 6: repartition of thermal sensors and the calibrated 

heater on the backside of the sample.  
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This system allows in a first stage to measure its 

thermal behavior of the sample in the presence of a 

known power deposition (calibrated resistance), and then 

in the second stage, to measure the final temperature 

profile with RF field applied on sample which is 

correlated to the dissipated power on the surface of the 

sample.  

The surface resistance is calculated using:  

 dSHRP SSdis
2

. .
2

1
   (1) 

where Pdis. is the dissipated power on the surface sample, 

RS the surface resistance and HS the surface magnetic 

field.  
Due to the thermometer distribution, 9 different sectors 

of the sample can be independently measured, which 

renders the information redundant but helps to 

discriminate the behavior of a local defect from the 

overall sample behavior.  

Figure 7 shows the surface resistance the samples rf-

ML4 for a surface magnetic field of 1 mT, compared with 

a good 1.3 GHz, scaled with 2 law. This scaling is 

probably not fully correct for the residual part of Rs, but 

is acknowledged for the BCS part of the surface 

resistance RBCS [3]. On the same plot we have also 

indicated the results of rf-ML2 and rf-Nb at 4,2 and 1.7 

K. At low temperature (residual resistance regime), 

sample rf-ML4, deposited on a rough polycrystalline Nb 

disc, obviously exhibit a higher surface resistance Nb 

(about 3 times higher than rf- Nb and 10 times than  

scaled Nb), whereas rf-ML2 deposited on a smooth large 

grain material compares to Nb. This support the idea that 

residual resistance will not be the main obstacle for the 

development of multilayers, and that room for 

improvement can be found. 

 

Figure 7: RF surface resistance of Nb, rf-ML2 and rf-

ML4 measured at 3.88 GHz. For sake of comparison, the 

surface resistance of a good 1.3 GHz cavity is also shown, 

scaled with an 2 law.

 

At higher temperature (BCS regime), ML samples 

seems to behave better than Nb. In particular the 

measurement of rf-Nb and rf-ML2done with the same 

calibration at 4,2 K show a significant factor 2 in favor  to 

multilayers.  

With a total thickness of 100 nm of NbN, and assuming 

 ~200 nm for NbN, the respective contributions to the 

surface resistance of the nanometric layers and niobium 

are of the same order of magnitude (cf Equation (1)):  

Nb
L

ML
L

s ReReR  /2/2 )1(
~     (2) 

Where L is the NbN layer thickness,  its 

penetration depth and RML its BCS surface resistance of 

NbN. RNB stands for the BCS resistance of bulk niobium.  

The observed result is consistent with part of the 

screening current flooding in the NbN layers with TC 

close to 17 K and a surface resistance ~ 1/10 of that of 

bulk niobium [4]. 

Several routes of improvement can already be foreseen:  

 One can expect that with more or thicker layers, the 

contribution of bulk Nb would become negligible. 

 Influence of the interface between the Nb matrix and 

the multilayers must be studied and the surface 

preparation of the niobium must be improved 

accordingly. 

MBE 

We need to determine how the screening properties 

evolve in more realistic situations. We plan to test 

samples deposited on bulk monocrystalline and 

polycrystalline Niobium. The preparation of multiple 

samples requires the development of a home deposition 

set-up. In this context we are now upgrading an existing 

MBE set-up from CSNSM. 

The choice of MBE: MBE is known to be able to 

grow very pure layers, with a controlled thickness and 

crystallographic properties (depending on the substrate). 

The existing set-up was able to deposit any pure 

element (including Nb and Mg…). The adjunction of a 

RF source to the system is necessary to be able to prepare 

nitride starting from a bulk metal source. 

 

Figure 8: Special UHV adapted COMICS source to 

provide nitrogen molecular beam. Niobium beam is 

provided by a secondary atomic source in the same 

experimental set-up. 

We have chosen to adapt a special source (COMICS 

sources) developed initially at LPSC (Grenoble). These 

sources have the advantage of being very compact and 
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adaptable to different elements like nitrogen in this case, 

but any other gas like oxygen could be used. We have 

extended this concept to ultrahigh vacuum (as needed in 

MBE). 

The source is now under commissioning. 

PERSPECTIVES AND CONCLUSION 

We have presented the superconducting properties of 

composite structures specifically designed for RF 

accelerating applications. ML structures seem to be a 

promising way to go beyond Nb for accelerator cavities, 

providing effective screening of the surface, preventing 

early vortex penetration and RBCS improvement thanks to 

the use of higher TC superconductors. 

The important information is that Rres is the same order 

of magnitude as Nb. Indeed in the multilayer model there 

was no way to predict this part of surface resistance. A 

very high residual resistance would have seriously 

impeded the concept. 

A better understanding of interaction with substrate is 

needed to improve these layers performances.  

Two strategies need to be developed in parallel: 

 Deposition method for cavities (not treated in this 

paper). 

 Understanding the physics of ML and optimization of 

their structures. 

Adequate tools for the testing of many samples are now 

effective. Effort must be now carried on the production of 

ML on samples and cavities. 
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Abstract
The SIS structure—a thin superconducting film on a bulk

superconductor separated by a thin insulating film—was

propsed as a method to protect alternative SRF materials

from flux penetration by enhancing the first critical field

Bc1. In this work, we show that in fact Bc1 = 0 for a SIS

structure. We calculate the superheating field Bsh, and we

show that it can be enhanced slightly using the SIS struc-

ture, but only for a small range of film thicknesses and only

if the film and the bulk are different materials. We also

show that using a multilayer instead of a single thick layer

is detrimental, as this decreases Bsh of the film. We calcu-

late the dissipation due to vortex penetration above the Bsh

of the film, and find that it is unmanageable for SRF ap-

plications. However, we find that if a gradient in the phase

of the order parameter is introduced, SIS structures may be

able to shield large DC and low frequency fields. We argue

that the SIS structure is not beneficial for SRF cavities, but

due to recent experiments showing low-surface-resistance

performance above Bc1 in cavities made of superconduc-

tors with small coherence lengths, we argue that enhance-

ment of Bc1 is not necessary, and that bulk films of alter-

native materials show great promise.

INTRODUCTION
SRF researchers have begun a significant effort to de-

velop alternative materials to niobium, superconductors

that could offer higher accelerating gradients Eacc and/or

lower surface resistances Rs at a given temperature. There

are several promising candidates, but most of them suffer

from two potential liabilities. First, as shown in Table 1,

they have relatively small first critical fields Bc1, the mag-

netic field at which it becomes energetically favorable for a

vortex to be inside the superconductor. Second, they have

relatively small coherence lengths ξ. Vortex penetration is

prevented at fields significantly above Bc1 by an energy

barrier, but surface defects on the order of ξ can reduce

this barrier. These materials have ξ on the order of a few

nm, compared to tens of nm for niobium, making even very

small defects a potential vulnerability. As a result, there

has been significant concern in the SRF community over

∗Work supported by DOE award number DE-SC0002329 and in part

by the EU under REA grant agreement CIG-618258.
† sep93@cornell.edu

whether vortex dissipation will occur if these materials are

exposed to fields that bring them into the metastable state

between Bc1 and Bsh, the superheating field at which the

energy barrier is reduced to zero for an ideal surface.

Table 1: Material properties of niobium and three promis-

ing alternative SRF materials. The penetration depth λ is

calculated using Eqn 3.131 in [2]. The correlation length ξ
is calculated using the equations in [3]. For Nb a RRR of

100 was assumed. For MgB2, λ and ξ are not calculated,

as the experimental values are given in the reference. For

calculations, Bc = φ0/(2
√
2πξλ) is used, where φ0 is the

flux quantum [2]. Bc1 for Nb found from power law fit to

numerically computed data from [4] and for strongly type

II materials is found from Eqn 5.18 in [2]. Bsh for Nb is

found from [5] and for others calculated from Bc

√
20/6

(valid only for strongly type II materials near Tc) [6]. Nb

data from [7], Nb3Sn data from [4], NbN data from [8], and

MgB2 data from [9]. Note that the two gap nature of MgB2

may require more careful analysis than is performed here.

A. Gurevich proposed [1] a method to avoid the poten-

tially vulnerable metastable state altogether. Pointing to

the enhancement of parallel Bc1 in films with thickness d
smaller than the penetration depth λ, he suggested coating

a niobium cavity with alternating layers of insulator (I) and

thin film superconductor (S). With such a SIS structure, he

proposed it might be possible to take advantage of the high

Bsh and low Rs of the alternative superconductors used in

the thin films without the disadvantage of their small Bc1.

SRF researchers have been putting significant effort into

developing SIS multilayers, and they are producing excel-

lent work [10-16].
In this work, we will start by showing that in practice

there is no enhancement of Bc1 for SIS films—we will

show that in fact Bc1 is zero for such a structure. Next

we will study the superheating field of SIS structures and

show that for a homolaminate, Bsh is always lower than

Material λ [nm] ξ [nm] Bc1 [T] Bsh [T]

Nb 40 27 0.13 0.24

Nb3Sn 111 4.2 0.042 0.36

NbN 375 2.9 0.006 0.15

MgB2 185 4.9 0.017 0.19
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the bulk value, and for a heterolaminate, only a small in-

crease in Bsh is possible. Following this, we show that SIS

structures cannot be used above Bsh for SRF applications,

as the heating would be unmanageable. We then consider

SIS multilayer films for DC and at low frequencies, and

show that they may be effective in screening large fields by

setting up a gradient in the phase of the order parameter.

Finally, we consider the outlook for alternative materials

for SRF cavities and show that recent developments give

reason for strong optimism for bulk films.

NO BC1 ENHANC MENT

Tinkham [2] defines Bc1 as the field at which “the Gibbs

free energy [has] the same value whether the first vortex

is in or out of the sample.” For a SIS, the sample under

consideration should be the full structure [17]. Stejic et al.

[18] calculate the Gibbs free energy of a vortex in a thin

film superconductor immersed in a parallel external field.

They show that Bc1 of the film is enhanced relative to the

bulk value, according to

Bc1 =
2φ0

πd2

(
ln

d

ξ
+ γ

)
(1)

where φ0 is the flux quantum, γ = −0.07 and d << λ.

However, if a SIS structure is used to screen Nb SRF cavi-

ties, the geometry is quite different than that of an isolated

film. How does Stejic’s expression for Bc1 change when

the film is screening a bulk superconductor? In this case, it

will have a B-field gradient across it, which will affect the

free energy. We can use the same formalism as Stejic to

calculate the Gibbs free energy for this case, and use it to

find Bc1 and Bsh[19].
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Figure 1: Geometry of the structure under consideration.

The amplitudes of the magnetic field and the vector poten-

tial are plotted as a function of distance into the structure.

Consider a single layer SIS structure, as shown in Fig. 1.

A strongly type II superconducting film of thickness d, pen-

etration depth λf , and coherence length ξf is separated

from a bulk superconductor with with penetration depth λb

by an insulating film of thickness δ. The superconducting

film is screening the bulk from a parallel magnetic field

with amplitude B0. The screened field inside the bulk re-

gion has amplitude Bi. In our geometry, the x-axis is per-

pendicular to the film, pointing into it, with origin at the

interface with the exterior. The z-axis is aligned with the

magnetic field.

Stejic shows that the Gibbs free energy of a vortex in a

superconductor can be determined from the value of two

magnetic fields evaluated at the vortex location r0: the

Meissner-screened external field BM and the field gener-

ated by the vortex in the film BV .

G =
φ0

μ0
(BV (r0)/2 +BM (r0)) (2)

BM can be found by minimizing the free energy in the

structure when no vortex is present. This procedure gives:

BM =
B0 +Bi

2

cosh x
λf

cosh d
2λf

− B0 −Bi

2

sinh x
λf

sinh d
2λf

(3)

where Bi is given by

Bi = B0

[
δ + λb

λf
sinh

d

λf
+ cosh

d

λf

]−1

(4)

Stejic gives a relatively simple expression for BV for the

case when d << λ, but this would restrict us to very thin

films. To study the full range of thicknesses, we turn to the

more general expression from Shmidt [20] (this expression

assumes r0 = (x0, 0)), which agrees with Stejic’s expres-

sion for very small films:

BV =
2φ0

λ2d

∞∑
n=1

∞∫
−∞

dk

2π
eiky

sin(πnx/d) sin(πnx0/d)

k2 + (πnx0/d)2 + 1/λ2

(5)

We can check our procedure by choosing d >> λ, such

that the film behaves as a bulk supercondcutor. This calcu-

lation is shown in the top plot of Fig. 2. B = Bc1 when

the free energy outside the superconductor is equal to that

when a vortex is deep in the bulk. B = Bsh when the

barrier to vortex penetration is reduced to zero (this plot is

very similar to the one from Bean and Livingston’s 1963

paper [21]).

We can study a single thin film (not in a SIS structure)

by setting Bi = 0 in Eqn. 3. This calculation is shown in

the center plot of Fig. 2 (the free energy outside the film is

subracted from each of the plots for clarity). In this case,

there is no bulk, so the first location at which the free en-

ergy drops below the external value at high fields is in the

center of the film. This would be the stable position for

a single vortex above Bc1. Both Bc1 and Bsh are much

higher for the film than the bulk.

Finally, we plot the free energy of vortex in a single SIS

structure in the bottom plot of Fig. 2. In contrast to the pre-

vious case, only one side of the thin film is exposed to the

external magnetic field. The field at the other side is smaller

E
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Figure 2: Gibbs free energy at various fields for a single

vortex in (top) bulk Nb3Sn, (center) a 50 nm Nb3Sn thin

film, and (bottom) a SIS structure with a 50 nm Nb3Sn film

on a Nb3Sn bulk. Bc1 is the smallest field at which there is

a position inside the structure where the free energy for a

vortex is smaller than the value outside. Bsh is the field at

which the energy barrier to vortex penetration disappears.

The top and center plots show the Bc1 enhancement for

a thin film compared to a bulk. The bottom plot shows

that for a SIS structure Bc1 = 0. The expression for the

thin film Bc1 is not valid for the SIS structure because it

assumes that the first stable vortex position will be at the

center of the film. However, for the SIS structure, the first

stable vortex position occurs on the side of the film adjacent

to the insulating layer.

due to screening by film. Since BV = 0 at the edges of the

film, Eqn. 2 shows that the free energy in the insulating

layer is lower than the free energy outside. The film pro-

vides screening at any finite B0 below the second critical

field, so for B0 > 0, the energetically favorable configu-

ration is for flux to be trapped in the insulating layer. As

we explain below, this implies that in practice for the SIS

structure, Bc1 is zero.

Why is Eqn. 1 describing the enhancement of Bc1 in a

lone thin film not applicable for the SIS structure? This

expression assumes that the first stable vortex position will

occur in the center of the film. It predicts when the free

energy at the center of the film will dip below the value

of the free energy in the exterior. However, for the SIS

structure, the free energy at the insulator side of the film

will dip below the exterior value at fields much smaller than

this.

Fig. 2 shows that at moderate fields, when Bi is be-

low Bc1 of the bulk superconductor, there is no stable posi-

tion for a vortex in either the bulk or the film. In effect,

both superconductors are below their individual Bc1, so

it is not immediately obvious if Bc1 of the overall struc-

ture is important. Let us consider the implications of it be-

ing energetically favorable for a vortex to pass through the

film, and have its flux trapped in the insulating layer. Once

the flux is trapped in this way, it is non-dissipative under

RF fields (unlike a vortex, which has a normal conducting

core). However, as the vortex penetrates through the film

to the insulator, dissipation occurs due to drag, and later

we will show that this dissipation is too strong to be tol-

erable for SRF applications. Therefore it is the Bc1 of the

SIS structure that is important, not that of the individual su-

perconductors. Above Bc1, the structure is in a metastable

state: only the energy barrier of the film prevents quench-

inducing vortex penetration.

THE SUPERHEATING FIELD IN
MULTILAYERS

We have shown that the Bc1 of SIS structures is always

zero. However, they may still offer a significant advantage

over bulk films if they have a higher superheating field. In

Fig. 2, the barrier height is indicated for fields between Bc1

and Bsh. We can find the superheating field easily using the

same free energy calculations to find the field at which the

barrier is reduced to zero. In Fig. 3, the maximum applied

field at which both the film and the bulk are exposed to

fields below their respective Bsh is plotted as a function of

film thickness. Various materials and insulator thicknesses

are considered [22].

Consider the curve for the Nb3Sn/insulator/Nb3Sn struc-

ture. Calculations show that for a homolaminate like this

one—a homolaminate being a SIS structure in which the

film is the same material as the substrate—the film always

reaches its Bsh before the bulk, and the thinner the film,

the lower its Bsh. The highest Bsh occurs when the film is

so thick that it approximates a bulk superconductor. This
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smaller Bsh than Nb3Sn

Gain is significant only for relatively small range in d

To left of peak, 
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Figure 3: Maximum field below Bsh of both the film and

the bulk as a function of film thickness for various film ma-

terials in a SIS structure with Nb. The effect of varying the

insulator thickness δ is shown for the Nb3Sn film, as is the

effect of splitting the film thickness d over 5 equally thick

multilayers with thin separating insulators.

can be understood in terms of the forces on a vortex (which

can be derived from Eqn. 2), as shown in Fig. 4. BM , the

Meissner-screened external field, pushes the vortex into the

film due to the gradient in the field. The boundary condi-

tion imposed by BV , the magnetic field of the vortex, can

be satisfied by an image antivortex outside of the bound-

ary, which creates a force that pulls the vortex out of the

film [21]. Assuming that the insulating layers are very

thin (this is optimal, as will be shown later), then as Eqn

4 shows, if λb = λf , then the force due to BM is the same

no matter how thick the film is. However, there are two

image antivortices contributing to BV : one for the external

boundary, and one for the boundary at the insulating layer.

For a thin film, the image antivortex at the insulating layer

will have a significant attractive force, pulling the vortex

into the film. Since this is the only change in the forces on

the vortex as the film thickness changes, a homolaminate

will only have its Bsh decrease as the film becomes signifi-

cantly smaller than a bulk. Note that this same logic applies

no matter how many times the superconductor is divided—

a homolaminate SIS multilayer with many thin film layers

will still experience a reduced Bsh.

Meissner-screened external 
field (pushes vortex into SC)

Image 
antivortex 
(attracts 
vortex)

Bulk SCThin Film SCExterior Insulator

……

Image 
antivortex 
(attracts 
vortex)

Vortex

Figure 4: Forces on a vortex in a homolaminate. As the film

is made thinner, the second image antivortex has a stronger

pull on the vortex, lowering the barrier to vortex penetra-

tion.

Only one curve in Figure 3 is a homolaminate; the rest

are heterolaminates, in which the film material is different

than the bulk. For a very thin heterolaminate, the film does

not provide much screening for the bulk, and Bi reaches the

bulk’s Bsh before the thin film barrier disappears. A very

thick film behaves as a bulk, and reaches that material’s

bulk Bsh while Bi is still relatively small. However, there

is a small range of film thicknesses where the film and the

bulk can simultaneously be close to their respective Bsh. In

this case, the Bsh of the SIS structures is somewhat higher

than the bulk value of the film material, but the potential

gain in Bsh is relatively small, and the gain decreases as

the thickness of the insulating layer increases. The Bsh

gain can be explained with a rough argument invoking the

superfluid velocity vs:

vs =
h̄

m∗

(
∇φ− e∗

h̄
A

)
(6)

where m∗ and e∗ are the effective cooper pair mass and

charge, A is the magnetic vector potential, and ∇φ is the

gradient in the phase of the order parameter. If the super-

conductor is in the Meissner state, ∇φ = 0 and the mag-

nitude of A can be approximated by A =
∫
Bdx, where

the integration starts deep in the bulk superconductor where

A = 0 and proceeds outwards. If the bulk superconductor

is a material with a relatively small λ, such as niobium,

then at the film A and therefore vs will be smaller than if

the bulk material were a large-λ material, such as the alter-

native materials under consideration. As a result, the super-

conductors in the SIS structure are relatively “unstressed,”

and can screen a larger external field. This same argument

explains why it is optimal for δ to be as small as possible—

this keeps A as small as possible. However, the gain in

Bsh cannot be multiplied by adding more films of the same

material. As with the homolaminate, BM (and the vector

potential) will be unchanged by splitting up the supercon-

ducting film into separate layers with thin insulators be-

tween them, but BV will have a stronger influence on the

vortex, pulling it into the film. This detrimental effect is

visible in the last line of Figure 3, showing the calculation

for a series of 5 Nb3Sn films, each with thickness d/5, on

a Nb bulk, with thin insulating films between the supercon-

ductors.

Note that for the material parameters used, which came

from experimental references, the theoretical superheating

fields of NbN and MgB2 are smaller than that of Nb. In this

study, calculations were not performed for the SS’ struc-

ture, a superconducting film deposited directly onto a dif-

ferent superconductor, without an insulating layer. The cal-

culation would be significantly more difficult, but such a

structure may offer a stronger performance improvement

for appropriate choices of the thickness of the film layer

and the superconducting materials.

Proceedings of SRF2013, Paris, France WEIOC04

06 Material studies

J. Basic R&D Other materials (multilayer, MgB2,. . .)

ISBN 978-3-95450-143-4

797 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



DISSIPATION ABOVE BSH
Gurevich states [1] that “thin film coating significantly

decreases vortex dissipation at B0 > Bv ,” where Bv is the

vortex penetration field. This raises the question of whether

it might be possible to use a SIS structure above Bv , in a

regime in which vortices pass through the film each half

cycle, bringing trapped flux into and out of the insulating

region. Gurevich gives an expression for the power dissi-

pated per area:

P/A =
2ωd

πμ0λf
(λb + δ + d/2)Bv (B0 −Bv) (7)

where Bv ≈ Bsh. Consider a d = 50 nm Nb3Sn film in

a SIS structure with a Nb3Sn bulk and a very thin insu-

lator, exposed to a field B0 that is 1 mT higher than the

film’s Bsh. In this case, P/A ≈ 9 W/cm2. For a single

cell TESLA cavity, even this very small excess over Bsh

generates approximately 4 kW of heat, far too much to be

feasible for SRF applications.

SHIELDING IN DC
As Eqn. 7 shows, the power dissipated by vortex pene-

tration is proportional to frequency. For low frequency AC

and DC applications, vortex penetration could be tolerated.

In this case, SIS structures may offer a distinct advantage.

As Eqn. 6 shows, the superfluid velocity, a measure of the

“stress” in a superconductor, is reduced in a large A field

by a gradient in the phase of the order parameter ∇φ. Even

though the A field at the film is tied to that of the bulk

(since the A field is continuous across the insulating gap),

the insulating gap does allow the opportunity to decouple

∇φ in the film from that in the bulk. This is accomplished

by passing vortex lines through the superconducting film,

which would incur large dissipation at high frequencies, but

is permissable at low frequencies. With several layers, and

an appropriate ∇φ maintained in each of them to compen-

sate for the A field, it should be possible to screen even

very large fields while maintaining a relatively small vs in

each of the layers, so that they remain in the Meissner state.

PERFORMANCE ABOVE BC1 IN BULK
FILMS

The primary motivation for trying to fabricate SIS struc-

tures was the promise of enhancing the Bc1 of low-ξ al-

ternative materials. It was suggested that above Bc1, dis-

sipation would occur due to vortex dissipation [1]. There

was some experimental data supporting this idea, as Nb3Sn

cavities coated by Wuppertal researchers showed increas-

ing surface resistance with field, an effect that onset near

the Bc1 of Nb Sn [24-25]. However, it was not clear if this3

performance degradation was fundamental and potentially

related to vortex dissipation or if it was related to some

other loss mechanism that could be ameliorated.

This year, a Nb3Sn cavity was coated and tested at Cor-

nell. Vertical test data and fits to material parameters show

that the cavity clearly exceeds Bc1 without a signficant in-

crease in surface resistance [26][27]. The Bc1 value calcu-

lated from the material parameters was confirmed by μ-SR

measurements on a witness sample [28]. Furthermore, a

niobium cavity was prepared and tested at Cornell after re-

ceiving a furnace treatment that gave it a very small mean

free path. As a result, the niobium had a very small ξ, sim-

ilar to that of the alternative materials under consideration.

It too had a performance with minimal increase in surface

resistance, reaching fields significantly higher than the Bc1

value determined from fits to material parameters [29][30].

DISCUSSION AND CONCLUSIONS
In this paper, we have shown that contrary to sugges-

tions that SIS structures enhance Bc1, in fact they reduce it

to zero. In addition, it was shown that the Bsh of an SIS

structure is only marginally larger than the bulk value and

only for a small parameter space, and that using a multi-

layer only decreases Bsh of the film. It was also shown

that SIS structures exhibit unmanageable levels of heating

above Bsh at high frequencies. Therefore, it seems that SIS

structures are not beneficial for SRF applications. How-

ever, they may be useful in DC and low frequency appli-

cations, where it should be possible to set up a gradient in

the phase of the order parameter in the thin films, allowing

them to screen very large fields.

Based on the results of this study, the authors of this pa-

per recommend that SRF researchers developing alterna-

tive materials concentrate their efforts on bulk films. Bulk

films are quite simple to fabricate compared to SIS films,

but they offer a similar ideal SRF performance. And al-

though we have shown that it is not possible to augment

Bc1 with SIS structures, there is still great promise for

alternative materials. Because of the recent experiments

showing that low-surface-resistance operation above Bc1 is

possible with cavities made from short coherence lengths

superconductors, we now know that the potential of bulk

films has not yet been realized.
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REVIEW OF MAGNETIC SHIELDING DESIGNS OF LOW-BETA 

CRYOMODULES  

R.E. Laxdal, TRIUMF, Vancouver, Canada 

 

Abstract 
It is well known that superconducting cavities can trap 

magnetic flux while cooling through transition. The 

trapped flux adds to the residual rf surface resistance. For 

this reason magnetic shielding is added to the 

cryomodules to shield the cavities from the environmental 

magnetic field. The low beta portion of many 

superconducting hadron linear accelerators, either in 

operation or in production, includes cryomodules 

containing one or more high field superconducting 

solenoids. The operation of a high field solenoid in close 

proximity to a cavity adds a level of complexity to the 

cryomodule design considerations. A workshop on 

magnetic shielding for cryomodules was hosted by MSU 

in March 2013. The paper will summarize the various 

techniques that can be employed to reduce the risk of 

magnetic pollution from internal solenoids and reflect on 

the workshop. 

INTRODUCTION 

There has been a renaissance in superconducting 

hadron linear accelerators (linacs) in the last decade. 

Upgrades have been completed (ISAC-II [1], IUAC [2]) or 

are in progress (ATLAS [3]) and several are under 

development (FRIB [4], IFMIF [5], Project-X [6], 

RAON [7]) or construction (SPIRAL-II [8]). In the low 

beta stages of these linacs the transverse momentum with 

respect to the longitudinal momentum is relatively high so 

that transverse focussing correction demands are high. 

Here there are two basic solutions that are considered. In 

one case room temperature quadrupole doublets are 

proposed with short cryomodules containing one or more 

cavities depending on the beam velocity. In the case of the 

former the magnetic shielding is relatively 

straightforward since only the external magnetic field 

need be considered. Existing facilities that opt for this 

approach are INFN-LNL where they use a combination of 

sputtered niobium on copper cavities and bulk niobium 

cavities. Planned projects using this approach are 

SPIRAL-II and RAON. In the other variant long 

cryomodules are used with the cavities placed in close 

proximity to high field superconducting solenoids. 

Existing facilities that have adopted this approach are 

ATLAS, ISAC-II, IUAC, SARAF [9] and ReA3 [10]. 

Planned facilities that will use this approach are IFMIF 

[see Fig. 1], FRIB, Project-X, C-ADS [11] and Beijing-

ISOL [12]. In the second variant the superconducting 

solenoids exist in close proximity to the cavities and a 

host of possible magnetic contaminations must be 

considered. 

In March 2013 FRIB hosted a workshop on Magnetic 

Shielding for Cryomodules. Participants from FNAL, 

TRIUMF, CEA, KEK, INFN-LNL as well as FRIB took 

part in the two day exchange. This paper in part is a 

summary of the highlights of the presentations and 

discussions. 

MAGNETIC FIELD POLLUTION 

When cooled below transition to a temperature T<Tc 

and with a background magnetic field H<Hc1(T) a 

theoretical Type II superconductor should reside in the 

Meissner state, the material should be perfectly 

diamagnetic and the magnetic field should be completely 

rejected from the SC volume. However surface defects 

weaken the Meissner state and become a source for 

pinning centers that trap flux during cooldown. It is found 

that `cavity quality’ bulk niobium in the presence of a low 

residual field will trap 100% of the flux[13]. The field 

enters the bulk as fluxoids surrounded by current vortices 

with normal cores. RF currents see these normal areas as 

loss sites that increase the rf surface resistance with an 

approximate value given by the normal surface resistance 

and the fraction of the surface that is normal [14] 

n

c

ext
m R

H

H
R

2

  with  







RRR
Rn

2

0  

where Rm is the contribution to the residual surface 

resistance due to trapped flux, Hext is the background field 

present during transition crossing and Rn is the normal 

surface resistance of the material at the operating 

temperature assuming the non-anomalous case.  This 

gives the sensitivity of surface resistance to trapped flux 

as  

RRR2

1 0

2 






cext

m

HH

R
. 

Note that the sensitivity of the surface resistance due to 

trapped flux is inversely dependent on Hc2 so that 

sputtered niobium films where Hc2~30000 are somewhat 

 

Figure 1: IFMIF cryomodule with 8 HWR and 8 

solenoids in an alternating lattice. 
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less sensitive than bulk niobium films. For bulk niobium 

with RRR=300, Hc2=4000, σ=6.6x10
-6

 the sensitivity is 

3.5 nΩ/µT at 1 GHz though this factor is dependent on the 

surface treatment [15]. For low beta cavities with 

frequencies near 0.1GHz the sensitivity is moderated to 

1.1 nΩ/µT. 

The specification for a given project is dependent on 

the operating parameters and the quality of the cavity 

fabrication and processing. The active cryogenic load is 

directly related to the surface resistance which is given by 

mBCSs RRRR  0 . 

Where RBCS is the BCS surface resistance and for 

RRR=300 niobium is approximated by 

  


















T

f

T
RBCS

7.17
exp

5.1

]GHz[1
102n

2

5  

and R0 is the residual resistance reflective of the cavity 

quality.  

To date low beta systems have operated at 4 K and high 

beta at 1.8 or 2 K with RBCS in the range of 5-10 nΩ and 

residual resistances for good cavities in the same range. 

Here a specification of Rm<~3 nΩ seems appropriate 

resulting in a tolerance of Hext < 1 - 3 µT for frequencies 

ranging from 1 GHz to 0.1 GHz respectively. A plot 

comparing RBCS and Rmag as a function of frequency 

assuming different background fields is shown in Fig. 2. 

A recent trend is to design large cw low – medium beta 

linear accelerators to operate at 2 K to reduce the Q-

slope [4]. In this case RBCS<1 nΩ for f<400 MHz and Q-

slope is markedly reduced so that an operating rf surface 

resistance in the 5 nΩ range is plausible. In this case it is 

worthwhile to further tighten the magnetic field 

specification to Rm<~1 nΩ resulting in a tolerance of Hext 

< 0.3 - 1 µT for frequencies ranging from 1 GHz to 0.1 

GHz respectively.     

Figure 2: BCS and magnetic contributions to the RF 

surface resistance as a function of rf frequency for 

different temperatures and background fields. 

SHIELDING THE EXTERNAL FIELD 

The earth’s magnetic field is typically 50 µT. Based on 

the field tolerance discussion a suppression of ~20-100 

would be required. Here there are two basic variants – the 

global shield and the local shield (see Fig. 3). In the 

global shield a high permeability Nickel alloy `mu-metal’ 

sheet is used usually just inside the vacuum chamber to 

shunt the external field and suppress the magnetic field in 

the internal cryomodule space. The positive feature of the 

approach is the simplicity. The mu-metal operates in a 

warm state and can be prepared in a straightforward way 

to match the openings in the vacuum wall. In general 

openings should be kept small and seams should be 

overlapped to maximize the performance. In the local 

shield variant a mu-metal that is annealed for cold service 

is fitted in close proximity to the cavity or cavities. The 

shield is more complex to design and fabricate since all 

the cavity ports and supports plus external shape have to 

be taken into account. The positive side is that the shield 

is much smaller, and therefore will intercept less flux and 

is less prone to saturate. Another potential advantage to 

the shield is that the fringe field from the solenoid can be 

shielded from the cavity while in the global shield only 

the external field is suppressed. 

 

Figure 3: Global vs local shield in a low beta cryomodule. 

POLLUTION FROM THE SOLENOID 

Imagine a high field (9 T) solenoid operating inside a 

superconducting rf cryomodule (Fig. 4). The solenoid can 

potentially affect the cavity performance in a few ways. 

When cold the cavity is in the Meissner state the external 

wall of the cavity will repel the field of the solenoid and 

the rf surface will be unaffected as long as the fringe field 

is much smaller than Hc1, ~160 mT. The fringe field from 

a strong solenoid however can pollute the environment 

inside the cryomodule. Components in the cryomodule, 

including mu-metal, that can be magnetized will be 

magnetized by the solenoid fringe field. As long as the 

cavity is in the Meissner state the cavity performance will 

be unaffected. However if the cavities warm above 

 

Figure 4: Schematic of fringe field from a solenoid. 

Proceedings of SRF2013, Paris, France WEIOD01

08 Ancillary systems

U. Magnetic Shielding

ISBN 978-3-95450-143-4

801 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



transition either by design or during a cryogenic event the 

excess residual field from the local magnetization will be 

trapped by the cavity and will increase the surface 

resistance. Further the solenoid can be the source of its 

own flux due to flux pinned in the conductor matrix so 

that even when the current is zeroed it is still a source of 

internal magnetic field. The solenoid fringe field can also 

pollute the cavity if the cavity experiences an rf quench. 

In this case the stored energy of the cavity dissipates in 

the quench location and warms up the cavity wall around 

the quench location. The heating causes a `normal hole’ to 

open (see Fig. 5) that allows the fringe field to enter the 

niobium. The wall will quickly cool after the rf is 

extinguished but the `normal hole’ will trap the ambient 

flux and increase the power dissipation in the normal zone 

and lower the Q by  

 qc

mqqqq
PP

Q
R

V
QRHAP




2
2

  and  
2

1
 

where Pq is the rf power absorbed in the quench hole after 

cooldown, Aq is the area of the normal hole, Hq is the rf 

field at the quench location, Rmq is the surface resistance 

due to the magnetic pollution at the quench zone. 

 

Figure 5: Schematic of a quench where the cavity wall 

warms above transition and the solenoid fringe field 

penetrates the niobium and is trapped on cooldown. 

Mitigation Strategies 

To avoid magnetization of the environment in an 

unshielded solenoid the materials used in close proximity 

to the solenoid and cavity should be chosen carefully 

from material that is not easily magnetized. Stainless steel 

316LN is a good choice although even this material can 

become susceptible to magnetization after welding or cold 

working. Attention should be paid to hardware including 

bolts and nuts, bearings and diagnostics. 

The cavity can be rendered somewhat insensitive to the 

internal environment if a local magnetic shield is used. In 

this case the remnant field from the solenoid is shunted 

around the cavity during solenoid operation and after 

warm-up. The concern here would be that the mu-metal 

itself would become magnetized and degrade the cavity 

performance on the subsequent cooldown. The shield is 

first modelled with a 3-D rendering code that fits the 

shield around the cavity and interface interferences. Once 

fabricated the formed shield is given a final anneal.  

The solenoid can be isolated from the environment by 

adding an iron return yoke to reduce the fringe field 

and/or containing the solenoid in an outer shield. The 

danger is that the solenoid shield will become magnetized 

to an extent that it cannot be perfectly degaussed. 

A final solution is the minimalist approach. In this case 

the cryomodule is initiated as an unpolluted environment 

by correct choice of material and with a good global 

shield and the solenoid is used to erase magnet memory 

by employing a degaussing cycle before every warm-up. 

MAGNETIC SHIELD WORKSHOP (FRIB) 

A magnetic shielding workshop was held at FRIB in 

March 2013. The workshop hosted 11 external attendees 

from TRIUMF, CEA, FNAL, INFN-LNL, KEK, 

Amuneal, plus FRIB participants. Topics included: 

• Degaussing studies 

• Global vs local shielding 

• Solenoid design issues 

• Q degradation during quench 

• Magnetic shielding materials characterization  

Degaussing Studies 

In ISAC-II the magnetic shielding approach adopts a   

minimalist strategy [15]. ISAC-II has adopted non-

magnetic materials where possible with no shielding 

between the cavity and solenoid. Instead procedures are 

used to provide adequate field suppression to support 

operation. 

In this case a degaussing of the solenoid is essential 

before any planned warm-up to erase magnet memory. 

For example during cryogenic events (1-2 per year) of 

more than a few hours the cavities with a relatively small 

thermal mass can warm above transition. In this case the 

solenoid is degaussed and then heated above transition to 

release frozen flux by an internal heater. The procedure 

takes 30 minutes to degauss and 30 minutes to warm to 

~25 K and a further 60 minutes to cool everything down. 

It should be noted that the cavities are insensitive to 

quench degradation since they have a reactor grade jacket 

which acts as an external Meissner shield. During the 

commissioning of the ISAC-II cryomodules data was 

taken comparing the remnant field in the cryostat with 

and without a degaussing cycle after energizing the 

solenoid [16]. The data, summarized in Fig. 6, records the 

remnant field in the cryomodule both before and after 

driving the solenoid to full current corresponding to 9 T. 

All data is take with the cryomodule warmed and vented. 

The remnant field is increased from ~2-3 µT to more than 

10 µT by magnetization from the solenoid. Later the 

remnant field is reduced through a degaussing cycle as 

indicated by the third survey. 

The TRIUMF degaussing recipe is to drive the solenoid 

in the opposite polarity to 1.3 times the operating level 

and then to continue driving the solenoid in opposite 

polarities with 75% of the previous field until the smallest 

step of the solenoid supply.  

In the case of the ANL cryomodule development a 

solenoid was placed in close proximity to an ANL tapered 

QWR for degaussing studies [17]. In this case the 

measured fields at the cavity flange (Fig. 7) were 

successfully reduced below 1 µT by employing a 

degaussing cycle after powering the solenoid to 6 T. 
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Figure 7: Fringe field as a function of distance from the 

solenoid after powering to 6 T and degaussing. 

In the case of FRIB a TDCM (technical demonstration 

cryomodule) was designed and assembled to test aspects 

of the FRIB cryomodule design. The device houses both a 

solenoid and superconducting cavities as well as various 

diagnostics. With regard to degaussing studies cavity 

performance first indicated that magnetic pollution did 

significantly degrade cavity performance and later a 

degaussing step did confirm that the remnant field could 

be erased to less than 1µT at the cavity (Fig. 8)[18]. In the 

case of FRIB the current is ramped in bipolar fashion, at 

±I,  ±0.8I, ±0.64I, to the smallest current increment. 

Global vs Local Shielding 

To date most of the superconducting heavy ion linacs 

(ISAC-II, ANL, LNL, SARAF) have chosen global 

magnetic shields of from 1 to 1.5 mm in thickness. An 

exception is the SPIRAL-II high beta cryomodules where 

cold mu-metal is chosen in close fit around each cavity. In 

the case of projects in the design stage recent studies have 

been done at FRIB, CEA and TRIUMF. At FRIB for the 

QWR cryomodule a specification of B<1.5 µT has been 

adopted. In this case simulation studies indicate that due 

to the length of the module a shielding thickness of 3mm 

is required. For comparison a cold local shield of 1 mm 

wall thickness is sufficient to meet the specification. Both 

single cavity and multiple cavity cold shields are 

employed (Fig. 9). 

The local shield also helps to reduce some of the 

requirements on cryomodule parts by partially shielding 

the internal magnetic pollution due to magnetization from 

the solenoid. FRIB’s conclusion is that local shielding can 

be cheaper, easier to handle/assemble, and relaxes 

requirements on screening magnetizable components 

before assembly. 

 

Figure 10: FNAL horizontal test cryostat shielding and 

field mapping data showing suppressions of >70. 

 

Figure 6: Internal magnetic residual field for vertical and 

horizontal scan before and after solenoid excitation to 9T 

and then after a degaussing cycle. 

 

Figure 8: Degaussing effect at a sensor near the cavity 

and in a sensor in a magnetized SS sample. 

 

Figure 9: FRIB low beta cryomodule showing local 

magnetic shield around cavities. 

 

After excitation

Before excitation

After degauss

After excitation

Before excitation

After degauss
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FNAL reported on their experience with their 

horizontal test cryostat where a 1.5 mm thick custom 

shield has been designed, fabricated, installed and tested. 

For the 1.2 m diameter vessel a shield of 1.5 mm thick 

mu-metal was chosen and achieved  a remnant field of < 1 

µT for a total  suppression >70 (see Fig. 10).  

Based on this experience FNAL has chosen a 1.5mm 

thick global shield for their 325 MHz SSR1 cryomodule 

for Project X with a specified B< 1 µT. 

CEA Saclay is working on a number of different 

cryomodule projects including ESS, XFEL, SPIRAL-II 

(low beta CM) and IFMIF. For the IFMIF demonstrator 

cryomodule with 8 HWR and 8 solenoids on-board they 

have chosen a 1mm global shield. For the SPIRAL-II low 

beta cryomodule they have chosen a 1mm thick global 

shield with a measured attenuation of >50. For ESS and 

XFEL a local cold shield is adopted with a thickness of 

1.5mm and 1mm respectively. In particular for XFEL 

magnetic measurements confirm that the iron vacuum 

vessel is responsible for an attenuation of a factor of 5 

while the cold mu-metal reduces the remnant field by a 

further factor of 25 for a total attenuation of >100 (Fig. 

11).  

 

Figure 11: Measured field for the XFEL vacuum vessel 

and local cavity shield for different configurations. 

For ARIEL the magnetic field suppression has been 

tested with an active background provided by a 

Helmholtz coil that can increase the ambient field from 

~30 µT to ±500 µT. The active field can also be used to 

cancel a uniform background field. Two layers of mu-

metal – a 1 mm global shield and a 1 mm local shield are 

employed in the ARIEL cryomodule [19]. The global 

shield shows signs of saturation as the background field 

increases above ambient. Suppression factors of 10 were 

achieved by the global shield, while the local shield 

provides suppression factors of a further 50-100 for a 

measured field of ~0.1 µT for no additional background 

field and 0.5 µT for a background field of 300 µT (Fig. 

12). 

Solenoid Design 

In ISAC-II focusing in the SC Linac is provided by 

superconducting solenoids (B9 T) with the end fringe 

fields controlled with active `bucking’ coils to a field 

level of Bcavity30 mT. A field map of the ISAC-II 

solenoid at zero current (Fig. 13) has been done for three 

 

Figure 12: Magnetic field survey of ARIEL injector 

module (bottom) for a background field of 300 µT (top) 

and ~30 µT (middle).  

 

Figure 13: A field map of the ISAC-II solenoid at zero 

current for three cases: 1) at 4 K with no degauss 2) at 4 K 

after degauss 3) at 20 K after degauss. 
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cases: 1) at 4 K with no degauss 2) at 4 K after degauss 3) 

at 20 K after degauss. The results [16] show that a 

degauss of the magnet is essential and to truly zero the 

field a warm-up the coil is required to zero the frozen 

flux. 

The IFMIF prototype cryomodule has 8 HWR and 8 

solenoids with each solenoid including a cold BPM and x-

y steerers. The specification for the fringe field is <20 mT 

at the cavity. Both iron shields and active compensation 

have been considered but iron shields were abandoned 

due to concerns about remnant field after solenoid 

excitation. The compensating coil is an external solenoid 

in series with the main coil (Fig. 14).  

FRIB has modeled the solenoid fringe field assuming a 

local shield around the cavity. The specification is to keep 

the field at the shield BShield< 65 mT to avoid saturation of 

the mu-metal shield. Three cases were looked at: (a) no 

compensation with BShield~100 mT (b) active 

compensation BShield < 8 mT and (c) passive 

compensation (iron yoke) with BShield < 15 mT. Based on 

this analysis they have chosen the iron yoke variant due to 

the reduced cost. Further tests are planned in a 

cryomodule environment. 

 

Figure 14: Conceptual design of the IFMIF demonstration 

cryomodule solenoid. 

Q Degradation During Quench 

Studies of Q degradation from cavity quenching in the 

presence of an external field have been done at FNAL and 

FRIB. In the studies at FNAL three separate cavity tests 

were completed - two with an elliptical cavity (1.3 GHz 

and 650 MHz) and one with a spoke cavity. We 

summarize here results from two of the tests [20-22] with 

the test configurations shown in Fig. 15. In the first study 

a 1.3GHz cavity with a known quench location was 

installed in a vertical test configuration with a solenoid 

installed in the bath near the quench location – the cavity 

was quenched at various solenoid field strengths and the 

cavity Q was measured after each case. In the spoke 

cavity tests a 325 MHz spoke cavity was placed near a 

solenoid and resistive heaters were placed at various 

locations to initiate quenches with a pulse of heat from 

the bath side – the Q of the cavity was measured as a 

function of the solenoid field and the position of the 

quench. A model was developed linking the reduction in 

Q and the fringe field from the magnet based on an 

estimation of the size of the `normal opening’ in the 

cavity wall during the quench. 

A procedure for `annealing’ the quench zone trapped 

flux was developed by repeated quenching of the zone in 

the presence of no field. Each quench opened the `normal 

zone’ and allowed the niobium to release the trapped flux. 

The results of one set of measurements with the 325 MHz 

SSR1 cavity are shown in Fig. 16. Here the cavity Q 

values are plotted after quenching the cavity with a 

solenoid field excited at various currents. Also shown is 

the Q value after a set of quenches with the solenoid off 

help to release the flux - `quench annealing’. FNAL 

developed a model that can fit the results and can be 

extended to other geometries. Using the trapped flux 

criterion FNAL decided not to use an iron yoke in the 

solenoid. 

 

 
Figure 15: FNAL geometries for the quench tests of the 

1.3 GHz elliptical cavity and the 325 MHz spoke cavity. 

Shown are the cavity and the position of the solenoid. 

 

In the case of the FRIB studies a solenoid is positioned 

in the high field region of a HWR cavity with a known 

quench location. The cavity is quenched in the presence 

of the solenoid field where the field at the cavity is 

estimated at B (G) ~ I(A)/2 where I is the current in the 

solenoid. The quality factor of the cavity is monitored as a 

function of solenoid current. Each time the cavity is also 

quenched with the solenoid off to release the trapped flux 

and restore the Q. In this experiment no degaussing step is 

used between cycles. Fig. 17 shows a particular case with 

Q curves measured before and after quenching and after a 

`quench annealing’ cycle. A summary of all cases with Q 

at the expected operating gradient for quenching in the 

presence of increasing solenoid strength is given in Fig. 

18. Quench annealed results are also shown. 

 

 
 

Figure 16: Cavity Qaqx10
-9 

(blue) as a function of 

excitation current for flux trapping experiments with the 

325 MHz SSR1 spoke resonator at FNAL. Also shown is 

Qan after quench `annealing’. 
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Figure 17: FRIB cavity test results before (blue) and after 

(black) quenching of a HWR in the presence of a solenoid 

excited to 1 A (~0.5 G). The pink curve is after a quench 

with the solenoid off. 

 

 

Figure 18: FRIB results with a HWR showing relative Q 

as a function of solenoid excitation for quenching with 

solenoid on and quenching with solenoid off. 

Shielding Materials 

Several laboratories are engaged in qualifying the 

performance of magnetic shielding material for both 

warm and cold application. In general the shielding 

material is a nickel alloy with a special anneal cycle to 

deliver a high permeability.  Studies reveal that in general 

the standard catalog temperature dependence of 

permeability for the special cryogenic application 

materials CRYOPERM and CRYOPHI are not consistent 

with the measurements. Specifically the thermal 

performance is not peaked towards low temperatures but 

is highest at room temperature and gradually declines to 

cold temperature with less slope than standard mu metal 

material.  Recent data from Amuneal comparing 

Cryoperm and A4K is presented in Fig. 19. Since the 

material is very sensitive to the final anneal it is also 

sensitive to handling. The results of an Amuneal study 

showing the sensitivity of the material to dropping is 

given in Fig. 20. In the study the height of the drop and 

the number of drop cycles are varied. Care should be 

taken not to shock the mu-metal after final anneal. 

 
Figure 19: DC permeability for different preparations. 

 
Figure 20: Amuneal data showing the sensitivity of the 

magnetic permeability of mu-metal to `drops’ as a 

function of height. 

KEK and CEA have opened collaboration on magnetic 

material characterization as part of the France Japan 

Particle Physics Laboratory Collaboration. The goals of 

the collaboration are to  (1) Measure permeability of 

many samples to estimate statistical fluctuations from the 

same lot at various temperatures, (2) Measure 

permeability of the same sample at CEA and KEK at 

room temperature and cryogenic temperature to evaluate 

possible systematic errors between the two groups, (3) 

further investigate possible causes for the performance 

degradation of the shielding material at the cryogenic 

temperature, (4) develop a quality control method, 

suitable for use in mass production. Data from the 

collaboration are shown in Fig. 21 for three different 

materials at three different temperatures. 

 

Figure 21: Magnetic permeability data at 300 K, 77 K and 

4 K for three different materials. 
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Permeability of two types of materials were measured 

at room temperature as a function of strain. The degree of 

strain is evaluated by parameter, , defined as =e/2R, 

where e and R are the thickness of the sample and the 

radius of the curvature of the forming die, respectively. A 

significant decrease in permeability due to deformation is 

measured as summarized in Fig. 22.  

FRIB has also set up a program to measure magnetic 

parameters of materials and mu-metal. Material 

investigations at room and cryogenic temperature are on- 

going including characterization of shielding 

effectiveness, shielding magnetization, and de-Gaussing  

procedures for mu-metal. In addition realistic shield 

designs will be tested for saturation point and attenuation. 
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Figure 22: Permeability as a function of applied field for 

two different materials at three levels of strain. 
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MAGNETIC SHIELDING: OUR EXPERIENCE WITH VARIOUS 

SHIELDING MATERIALS 

M. Masuzawa, K. Tsuchiya and A. Terashima, KEK, Tsukuba, Japan 

A. Dael, O. Napoly and J. Plouin, CEA, Saclay, France

Abstract 
Magnetic properties of various shielding materials for 

superconducting RF cavities were examined by 

measuring their permeability at room and at cryogenic 

temperatures, and comparing them against each other. It 

was found that the catalog performance of such materials 

was not always reproduced in the measurements. Some 

degradation was observed which depended on how the 

materials were handled. The results of investigation into 

possible causes for the performance degradation of the 

shielding materials at cryogenic temperature will be 

presented, along with permeability measurement results 

for various shielding materials at different temperatures.  

The dependence of shielding effectiveness on the 

permeability is calculated using the measured 

permeability applied to a simple cylindrical shell model.  

It was found that a single thickness of the higher 

permeability material provided better shielding than a 

double thickness of the lower permeability material. 

INTRODUCTION 

Magnetic shielding is a key technology for 

superconducting RF cavities. The tolerance of the 

ambient magnetic field depends on factors such as the 

operating RF frequency, acceleration gradient and 

operation mode (pulse or CW), but it can be as small as a 

few mG.  Some high-Ni-content alloys, such as Cryperm 

10 or Cryophy, which are claimed to maintain high 

permeability at cryogenic temperatures such as where 

superconducting RF cavities are operated, are 

commercially available at present and are used for 

magnetic shielding of superconducting cavities.  The 

permeability of various materials, their temperature 

dependences, and the effects of the heat-treatment and 

mechanical strain have been reported in the past [1,2] and 

a brief summary of relevant measurements are given in 

the following sections. 

PERMEABILITY AT ROOM AND LIQUID 

HELIUM TEMPERATURES 

Permeability was measured using ring samples.  Each 

ring sample was cut from a sheet of the material and heat 

treated prior to the measurements.  Two sets of coils were 

wound around the ring, a primary for magnetizing the 

material, and a secondary coil for picking up the signal, 

which is proportional to the magnetic field inside the 

material. The ring sample was degaussed before each 

measurement. The permeability at liquid helium (LHe) 

temperature was measured by soaking the ring sample in 

liquid helium in a dewar.  The results are shown in Fig. 1 

and Fig. 2 for the room temperature measurement and the 

LHe temperature measurement, respectively.  “Tokin R” 

Figure 2: Permeability measured at LHe temperature.  

Solid circles, open circles, solid squares, open squares 

and crosses indicate “Tokin R”, “Tokin R new”, 

Cryoperm 10, Cryophy and A4K, respectively. 

 

Figure 1: Permeability measured at room temperature.  

Solid circles, open circles, solid squares, open squares 

and crosses indicate “Tokin R”, “Tokin R new”, 

Cryoperm 10, Cryophy and A4K, respectively. 
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and “Tokin R new” were supplied by NEC/TOKIN 

(Japan).  Cryoperm 10 was given by TESLA, and cut and 

annealed by TOKIN.  Cryophy was provided after 

annealing by ArcelorMittal, France.  A4K was provided 

after annealing by Amuneal, U.S.A.  “Tokin R,” which is 

not available now, shows the highest permeability at LHe 

temperature, though “Tokin R new” does not.   It is not 

known why TOKIN can not produce material of the same 

quality.  Cryophy gives the second best permeability at 

LHe temperature.    

DEPENDENCE ON HEAT TREATMENT  

The permeability dependence on the heat treatment 

conditions i.e., the cooling rate and the maximum 

temperature, was examined.   

Cooling Rate 

Three patterns, with different cooling rates as shown in 

Fig.3, were tested first. The first heat treatment pattern is 

the standard pattern used by the manufacturer for 

annealing the standard permalloy products for 

commercial use.  The samples are cooled more rapidly, 

~30 % faster, in the second pattern.  In the third pattern, 

the supplier’s recommended rate is used.  The maximum 

oven temperature for all three heat treatment patterns is 

1100°C.  Fig. 4 shows the maximum permeability of the 

samples from the three groups, measured at room 

temperature and at liquid nitrogen temperature (77K). 

 

 

Figure 3: Three different heat treatment patterns tested. 

Maximum Temperature  

Permeability dependence on the maximum annealing 

temperature was examined for Cryophy samples annealed 

at two different temperatures, 1170°C and 1100°C. The 

maximum temperature of 1170°C is recommended by the 

supplier. This was carried out using a small oven 

dedicated to experimental use.  The 1100°C annealing 

was carried out in a large oven for commercial use at a 

manufacturer.  The maximum annealing temperature in a 

pure and dry hydrogen environment could not exceed 

1100°C due to safety restrictions at the manufacturer.   

The other parameters such as the hold time and the 

cooling rate were controlled to be the same for both 

annealing temperatures. At room temperature, the 

difference between the two groups is small, if any, while 

the difference is visible at LHe temperature as shown in 

Fig. 5. A difference of 70°C resulted in almost a factor of 

two in the maximum permeability. 
 

 

Figure 5: Permeability measured at room (circles) and 

LHe (squares) temperature.  The solid and open symbols 

correspond to the sample annealed at 1170°C and 

1100°C, respectively.   

EFFECT OF MECHANICAL STRAIN 

Next the effect of mechanical strain on the shielding 

performance was evaluated. The ring samples were 

deformed using a pressing machine, shown in Fig. 6. The 

degree of strain is characterized by the parameter , 

defined as: 

 

          (1) 

                                

where t and R are the thickness of the sample and the 

radius of the curvature of the template blocks. Two types 

of template blocks are made to obtain =  0.5 % and 3 % 

as given by Eq. (1).   When a sample of a thickness of 1 

mm is deformed by using a block template of R = 197.7 

mm, for example, = 0.5% is obtained. The permeability 

is measured for = 0% (no stress added), 0.5% and 3% 

Figure 4: Maximum permeability for the different heat 

treatment patterns #1, #2 and #3 at room temperature 

(solid red circles) and at liquid nitrogen temperature 

(solid blue circles).  
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for two types of materials, “P” and “R,” at room 

temperature. The results are summarized in Fig. 7. 

Significant degradation in permeability is observed in 

both samples “P” and “R” when they are deformed. 

With = 5%, the maximum permeability becomes an 

order of magnitude smaller compared to the case where 

no mechanical stress is added.  This should be taken into 

account when designing and assembling a magnetic 

shield.  

 

 

Figure 6: The setup for bending the ring samples is 

shown.   Template blocks with different R are used to 

achieve different deformations of the sample rings. 

 

 
Figure 7: Permeability for = 0% (solid circles), 0.3% 

(open circles) and 5% (crosses) for two samples “P” (red) 

and “R”(blue) measured at room temperature.   

SHIELDING EFFECTIVENESS 

Using the permeability data obtained at LHe 

temperature, simulation was carried out using a simple 

cylinder shell model with a radius of 110 mm and a length 

of 1000 mm.  The thickness was varied from 1 mm to 2.5 

mm.  The ambient magnetic field was set to 0.5 G, which 

is of the same order at that of the earth’s magnetic field, 

the direction being the axis of the cylinder.  The 

calculation results are summarized in Fig. 8 and Fig. 9 for 

various materials. The magnetic field at the center of the 

cylinder is plotted as a function of the thickness of the 

cylinder shell.   Figure 8 indicates that 1 mm-thick iron is 

almost transparent in this case.  The standard shielding 

material, Permally PC, blocks the magnetic field much 

better than iron, though about 3 times worse than the 

other materials for cryogenic use. It was found that a 

single thickness of Cryophy annealed at 1170°C provided 

much better shielding than a double thickness of the 

lower permeability material such as Permalloy PC. 

 

 

Figure 8:  Magnetic field at the center of the cylinder for 

various materials plotted against the thickness of the 

cylinder shell.  Crosses, blue circles, green circles, 

triangles and squares correspond to iron, Cryophy 

annealed at 1100 °C, Cryophy annealed at 1170 °C, 

Cryoperm 10 and Permalloy PC, respectively. 

 

 

Figure 9:  Magnetic field at the center of the cylinder for 

various materials for cryogenic use plotted against the 

thickness of the cylinder shell. Crosses, blue circles, 

green circles, triangles and squares correspond to iron, 

Cryophy annealed at 1100°C, Cryophy annealed at 

1170°C, Cryoperm 10 and Permalloy PC, respectively. 

THE CASE OF COMPACT ERL MAIN 

LINAC CAVITIES 

From the measurements described above, Cryophy was 

chosen for the magnetic shield for the cERL [3] main 

linac superconducting RF cavities.  The magnetic shield 

is a square shape. The square shape was chosen in order 

to simplify the alignment, and also to avoid unwanted 
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mechanical stress during the assembly.  Each part of the 

magnetic shield was cut out from a sheet of a thickness of 

1.5 mm. Each part was then annealed in an oven, with the 

maximum temperature being 1100°C due to safety 

restrictions at the manufacturer, as described earlier.  A 

simulation was carried out to confirm that the 1100°C 

annealing is sufficient as indicated in Fig. 10.  Figure 11 

shows the result of the high power test [4] carried out in 

December 2012. The Q0-value exceeded the design value 

of 10
10

, which indicates that the magnetic shield kept the 

ambient magnetic field to a level of 10 mG at cryogenic 

temperature.  This agrees well with the simulation results.  

 

 

Figure 10: Simulation results. Contour map of the 

magnetic field is shown along the beam direction.  The 

color scale on the left corresponds to the magnetic field 

inside the cavities, with 18 mG being the maximum. 

 

 

Figure 11: High power test of the cERL 9-cell cavity 

system.  The Q0-value exceeded the design value of 10
10

 

at low accelerating voltage. 

SUMMARY 

Permeabilities of various materials used for magnetic 

shielding were measured at room temperature and LHe 

temperature, and compared against each other.  Among 

the samples measured, Cryophy gave the highest 

permeability at LHe temperature.   

Attention should be paid not only to the material, but 

also to the annealing and assembling processes, as these 

can degrade the performance of the shield.  As for the 

cost of the material, Cryophy is more expensive than the 

other standard materials, such as Permalloy PC.   

Shielding effectiveness was calculated for increased 

thickness of the shield, to investigate the possibility of 

using less expensive material, but in greater quantity, to 

compensate for the lower permeability.  The results 

indicate that choosing a material with higher permeability 

is better than adding more lower-grade material.  These 

factors should be taken into account when choosing the 

material, with a clear understanding of the required 

tolerance on the ambient magnetic field. 
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INFRASTRUCTURE, METHODS AND TEST RESULTS FOR THE TESTING 
OF 800 SERIES CAVITIES FOR THE EUROPEAN XFEL* 

D. Reschke , DESY, Hamburg, Germany #

for all colleagues working on European XFEL series cavities

Abstract 
The main linac of the European XFEL will consist of 

100 accelerator modules, i.e. 800 superconducting 
accelerator cavities operated at a design gradient of 
23.6MV/m. The fabrication and surface preparation of the 
cavities in industry is in full swing. This talk describes the 
infrastructure and procedures of the vertical acceptance 
test in the "Accelerator Module Test Facility AMTF" at 
DESY. The present status of the test results is given. 

INTRODUCTION 
The 800 pre-series and series cavities for the European 

XFEL [1] as well as 24 so-called “HiGrade” cavities [2] 
get their vertical acceptance test at the AMTF [3] located 
at DESY. The production and the surface treatment take 
place in industry and their status is reported in [4]. As the 
completion of one module housing eight TESLA type 
cavities each per week is targeted, the vertical test rate has 
to be at least eight cavities per week in average. 

This paper reports the status of the vertical tests as of 
September 10, 2013. 

VERTICAL TEST INFRASTRUCTURE 
In the AMTF the vertical acceptance tests of individual 

cavities [5] as well as the module tests [6] take place. For 
the vertical tests two independent bath cryostats are 
available. For each cryostat an independent RF test stand 
is available allowing parallel measurements in both 
cryostats. In order to assure an efficient and fast testing of 
at least 8 cavities per week, each of the 6 inserts houses 4 
cavities (Figure 1 + 2). 

The vertical tests in AMTF started in February 2013 in 
a collaborative effort of IJF-PAN Krakow and DESY with 
the cryogenic, vacuum and RF commissioning of one 
insert and one cryostat. In the last months five inserts and 
both cryostats have been successfully commissioned. The 
last insert will be in operation end of September 2013.  

Figure 2: Vertical test stand and cryo installations. 

 EUROPEAN XFEL CAVITIES 
Both vendors prepare the cavities ready for testing. All 

cavities are fully equipped with their HOM antennas, 
Pick-up probe and a High Q input coupler antenna with 
fix coupling. The cavities arrive under UHV conditions. 
The transportation is done horizontally in a dedicated 
transport box (Figure 3). 

There are 800 pre-series and series equipped with a 
helium tank for the assembly to the modules. In addition 
each vendor produces 12 HiGrade cavities without helium 
tank. These cavities are used as a quality control tool as 
they allow the application of diagnostics like Second 
Sound Technique or Temperature Mapping for quench 
location. Subsequently these cavities will be used for high 
gradient ILC research [2]. 

  

Figure 1: Insert for vertical acceptance tests in AMTF. 

____________________________________________  

*The research leading to these results has received funding from the 
European Union Seventh Framework Programme (FP7/2007-2013) 
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Acceptance Criteria and Usable Gradient 
The acceptance criteria are defined such that a cavity 

with a maximum gradient > 26 MV/m with an unloaded 
Q0 ≥ 1010 and a radiation (X-ray) level < 10-2 mGy/min is 
accepted. The gradient of 26 MV/m gives a margin of 
10% compared to the required design operation gradient 
(23.6 MV/m at Q0 ≥ 1010) of the European XFEL. Of 
higher importance for the accelerator operation than the 
maximum gradient is the “Usable Gradient”. It is defined 
as the lowest value of: 

 Quench gradient 
 Eacc(Q0 ≤ 1010) 
 Eacc for radiation > 10-2 mGy/min. 

 
Obviously within the typical measurement errors there 

are cavities, which are with respect to one or more of the 
above listed criteria close to the acceptance criteria. In 
such a case the DESY / IFJ-PAN experts have to come to 
an agreement, if the cavity is accepted or not.  

If a cavity is accepted, it is prepared for string assembly 
(see below). If a cavity is not accepted with respect to its 
acceptance test performance, a re-treatment in the 
responsibility of DESY has to be decided. As there is no 
performance guarantee by the vendors, such cases are in 
the responsibility of DESY. 

VERTICAL TEST PROCEDURES 
Incoming Inspection 

After the arrival at DESY the cavities are visually 
checked for damages during transportation and obvious 
assembly errors. The pi-mode frequency and the 
fundamental mode spectrum [7] are measured and 
compared with the data sent by the respective vendor [8]. 
All antennas are checked for mechanical damages and 
shorts. If there is any distinctive feature, it is reported to 
the vendor for clarification. If the cavity does not fulfil its 
specification, it is not accepted and sent back. 

Preparation for Vertical Test 
If the incoming inspection is passed the cavities are 

assembled to the insert. In preparation of the RF test the 
fundamental mode rejection filters of the HOM couplers 
are tuned. All RF cables are connected and checked by a 
Time-Domain Reflectometer measurement. The vacuum 
system of the cavity is leak checked for < 1·10-10 mbarl/s 
and a residual gas analysis is done in order to rule out any 
hydro carbon contamination. 

Vertical Acceptance Test 
Cooling down to 2K is done by filling up the cryostat 

with the individual helium tank of each cavity open to the 
bath. The vertical acceptance tests follow a standardized 
procedure, which includes the measurement of Q0(Eacc) at 
2K and the frequencies of the fundamental modes. For 
each point of the Q0(Eacc)-curve the x-rays are measured 
on top and below of the cryostat (inside the concrete 
shielding). Though in one insert four cavities are cooled 

down at a time the RF measurement is done one by one 
cavity. The vertical test stand as well as the software with 
automated phase adjustment have been newly developed 
in-house and tested using the existing vertical test 
facilities at DESY. The data of the vertical test are stored 
as raw data and a selection is transferred to the XFEL 
Cavity Data Base [9]. 

Outgoing Inspection 
The outgoing inspection follows more or less the 

incoming inspection in a backward direction. If the cavity 
is accepted, it is sent in a transport box to CEA Saclay for 
string assembly.  

 

Figure 3: Series cavity in its transport box. 

VERTICAL TEST RESULTS 
For the presentation of the results no selection of 

cavities or any “cut” has been applied. 

As eceived (1. Pass of Treatment) 
Here the results of 79 cavities tested “as received” (1. 

pass of treatment) are reported. The 79 cavities are 
distributed in 23 cavities produced by Research 
Instruments GmbH (RI) and 56 cavities produced by 
Ettore Zanon Spa. (EZ) 50 cavities passed (15 cavities 
from RI; 35 cavities from EZ). With very few exceptions 
the acceptance criteria have been applied very strictly and 
some cavities have been decided to be re-treated though 
the acceptance criteria have been met formally. In total 29 
cavities have been decided to require a re-treatment (see 
below) followed by an additional vertical test. 

The yield and the number of cavities for the usable and 
maximum gradients as received are shown in Figure 4a + 
4b, respectively. Applying the standard deviation error the 
average gradients are shown in Table 1. 

It is remarkable that both the average gradients as well 
as their standard deviation are nearly identical for both 
vendors. Though the average gradients are above the 
required operational gradient a significant number of 
cavities are even well below 22 MV/m. For each cavity 
the cavity performance including the limitation and 
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important test information are immediately reported to the 
respective vendor as a feedback and for further 
improvement of the production and surface treatment 
procedures.  

Table 1: Maximum and Usable Gradient “As received” 

 Maximum Eacc 
[MV/m] 

Usable Eacc  
[MV/m] 

Total 28.1 ± 7.8 25.0 ± 7.7 

EZ 27.6 ± 7.7 24.5 ± 7.6 

RI 29.2 ± 8.2 26.1 ± 7.8 

 

 

Figure 4a + b: Yield and number of cavities for maximum 
gradient (top) and usable gradient (bottom) as received 
(1.pass of treatment). 

After e-treatment (2. Pass of Treatment) 
A re-treatment after the first vertical test is decided 

mainly because of field emission - indicated by radiation - 
and/or a low Q-value. For such cavities two options of re-
treatment are available at DESY: 

 High Pressure Ultrapure Water Rinsing (HPR) 
 A short (typically 10μm) BCP + HPR + 120°C bake 

As the series cavities are already assembled to their 
helium tank and no re-tuning is possible, more removal 
would shift the π-mode frequency out of the tolerable 
range. 

Up to now 13 cavities have been re-treated by HPR and 
re-tested with 11 cavities passed. A BCP treatment was 

applied to only one cavity limited by quench, which could 
not be improved. The remaining 15 of 29 cavities are still 
in the procedure of re-treatment and re-testing. 

It is important to note that the yield after re-treatment 
(2.pass of treatment) is calculated based on the 50 cavities 
passed as received plus the 14 cavities after re-treatment. 
Therefore the total number of cavities tested after 2.pass 
is 64 compared to 79 cavities tested as received. 

Table 2: Maximum and Usable Gradient after Re-
treatment 

 Maximum Eacc 
[MV/m] 

Usable Eacc  
[MV/m] 

Total 30.9 ± 4.4 29.0 ± 3.9 

EZ 30.4 ± 4.5 28.4 ± 4.0 

RI 32.3 ± 4.1 30.6 ± 3.1 

 

 

 

Figure 5a + b: Comparison of yield and number of 
cavities for maximum gradient (top) and usable gradient 
(bottom) as received and after re-treatment (2.pass of 
treatment). 

The average gradients are shown in Table 2 (with 
standard deviation). The average gradients increased and 
the spread decreased significantly.  As can be seen in 
Figure 5a + b the yield for both maximum and usable 
gradient is above 90% after re-treatment. Nearly all 
cavities with low gradients could be improved to 
gradients above the design operational design. For the few 
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remaining “failed” cavities there are the options of a 
second re-treatment or a possible usage with a gradient 
below the design gradient. 

Q-values 
For the vertical acceptance tests the cavities are 

equipped at the vendors with an input antenna with a fix 
coupling. The nominal Q-value of the coupling is set to 
8 ∙ 109. The measured coupling Q-values vary between 
5 ∙ 109 and 1 ∙ 1010. This results in an overcoupled 
measurement situation at low and medium gradients, but 
allows a processing – if necessary – at high gradients. The 
overcoupling causes a higher measurement error for the 
low gradient Q0-value than for the optimum matched 
coupling. A detailed analysis is in preparation. 

The average unloaded Q0-value at low gradient for the 
tested 79 cavities “as received” is (2.2 ± 0.4) ∙ 1010. After 
re-treatment the average unloaded Q0-value at low 
gradient for the tested 64 cavities is (2.4 ± 0.4) ∙ 1010. The 
error given is the standard deviation.  

Few cavities showed an extraordinary low Q0-value “as 
received”. In such cases an immediate feedback to the 
companies is given.  

SUMMARY AND OUTLOOK 
In the beginning of 2013 the commissioning and 

operation of the vertical test stands in the AMTF facility 
at DESY started successfully. Dedicated handling, 
inspection and testing procedures for the efficient testing 
of the European XFEL series cavities have been 
developed and are in application. The vertical acceptance 
tests of these cavities show satisfactory results for both 
vendors. Re-treatment mainly by HPR at DESY was 
applied very successfully to cavities, which did not fulfill 
the acceptance criteria “as received”. 44 cavities have 
been shipped to CEA Saclay for string and module 
assembly [10]. 

A task for the near future is the reliable ramp-up of the 
weekly test rate to > 8 cavities and a short term feedback 
of the test results to the vendors. The results for gradient 
and Q0-value will be followed up thoroughly. The 
obvious goal is the increase of the “as received” yield as 
close to 100 % as possible. 
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THE CHALLENGES TO ASSEMBLE 100 CRYOMODULES FOR E-XFEL 
C. Madec, S. Berry, P. Charon, J.-P. Charrier, C. Cloué, M. Fontaine, O. Napoly, C. Simon, T. 
Trublet, B. Visentin, Y. Gasser, G. Monnereau, J.-L. Perrin, D. Roudier, Y. Sauce, T. Vacher, 

CEA/Irfu, Gif-sur-Yvette, France 
 

Abstract 
As In-Kind contributor to the E-XFEL project, CEA is 

committed to the integration on the Saclay site of the 101 
cryomodules (CM) of the superconducting linac as well 
as to the procurement of the magnetic shieldings, 
superinsulation blankets and 31 cold beam position 
monitors (BPM) of the re-entrant type. The assembly 
infrastructure has been renovated from the previous 
Saturne Synchrotron Laboratory facility: it includes a 
200 m2 clean room complex with 112 m2 under ISO4, 
1325 m2 of assembly platforms and 400 m2 of storage 
area. In parallel, CEA has conducted industrial studies 
and three cryomodule assembly prototyping both aiming 
at preparing the industrial file, the quality management 
system and the commissioning of the assembly plant, 
tooling and control equipment. In 2012, the contract of 
the integration has been awarded to ALSYOM. The paper 
will summarize the outputs of the preparation and 
prototyping phases and the status of the start of the 
industrial phase. 

INTRODUCTION 
The 17.5 GeV superconducting RF linac of the E-

XFEL project [1] will comprise 101 cryomodules (see 
Fig.1) including the injector module. These twelve-meter 
long cryomodules, deriving from the FLASH technology, 
include a string of eight 1.3 GHz RF cavities with an 
average gradient of 24 MV/m, followed by a BPM and a 
superconducting quadrupole. 

 

 
Figure 1: XFEL Cryomodule 3D-model. 

 
This string is closed by two gate valves at both ends. 

Within the Accelerator Consortium (AC), CEA is 
committed to the assembly of 103 cryomodules over 2013 
to mid-2015 with the goal to deliver one cryomodule per 
week to DESY for RF acceptance. Strategic decisions, 
shared by the AC, were taken in 2008 first to host the 
assembly plant on CEA premises at Saclay, using the 
former Saturne Synchrotron Laboratory accelerator and 
experimental halls, second to subcontract the 103 
modules assembly work, including 3 pre-series modules, 
to an industrial company. The layout of the assembly 

plant (see Fig. 2), was optimized by breaking down the 
assembly work in seven successive blocks of one-week 
procedures, leading to one clean room complex for 
coupler and string assembly, and five cryostating 
workstations for the remaining module assembly work, 
including alignment and control operations. To allow for 
a fluid circulation of the cryomodules along the assembly 
chain even when a repair is needed at one workstation, 
each workstation, but the vacuum vessel cantilever (see 
Fig. 3), has been doubled to offer module parking 
possibilities.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: XFEL village layout (the village is delimited 
by dashed blue line). 

 

 
Figure 3: Cold mass on cantilever system. 

OUTPUTS FROM THE PREPARATION 
PHASE 

To ensure the integration of 103 CM at the rate of one 
cryomodule per week, CEA has set up a program to form 
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an expert team and to commission the facility. This 
program includes a training phase, a prototyping phase 
and the industrial phase. 

Training Phase 
In 2007, CEA and DESY have started the transfer of 

the knowledge by a period of observation by CEA 
personnel at DESY (M3 CM for FLASH) followed by a 
“hands-on” assembly period where CEA personnel 
participated in the assembly of the FLASH M8-PXFEL1 
CM with the DESY team. 

Pre-industrial Studies 
Meanwhile, CEA has conducted industrialization 

studies aiming at defining industrial equipment and 
methods for the cryomodule assembly. The first study has 
determined the workflow from the storage to the 
shipment, with  cavity reception, clean room assembly, 
roll-out, alignment, vessel roll-over and coupler assembly 
(see Figs.2-7). The areas have been dimensioned 
accordingly and matched to the infrastructure which was 
renovated from the previous Saturne Synchrotron 
Laboratory facility: the 200 m2 clean room complex with 
112 m2 under ISO4 allows assembling the couplers to the 
cavity and two cavity strings in parallel; the cryostating 
will be held on the 1325 m2 of assembly platforms and 
400 m2 are dedicated to storage. 

 

 
Figure 4: PXFEL2_2 in the ISO4 clean room facility. 
 
The first fabrication file included assembly procedures 

with task description, duration and definition of 
manpower skills. It included also the big tools drawing 
updates, task schedules and risk analysis. The cost of the 
103CM integration has been estimated. The outputs of 
this first study led CEA to launch the big tools 
fabrication, speed-up the infrastructure set-up, establish 
the quality insurance plan and start the prototyping phase 
when CEA team is training in house by assembling 3 CM 
using its infrastructure and tools.  

The second more detailed study finalized the tools such 
as the clean room tools specific to CEA infrastructure, the 
detailed assembly procedures with tools in use, duration 
of the tasks, incoming and outcoming parts; the parts flow 
has been consolidated, the stock needs have been 

evaluated. This study has defined the product breakdown 
structure, updated the risk analysis and detailed the 
schedule in tasks. The outputs of this study were used to 
place the call for tender for the 103 CM integration. 

Prototyping Phase 
The prototyping phase consisted of the assembly of 3 

CM (namely PXFEL2_1, PXFEL3_1 and PXFEL2_2) at 
Saclay by both CEA and DESY staff allowing 
commissioning the tools and the infrastructure. The 
infrastructure was equipped with the services and fluids 
for the CM assembly. Big tools such as girders and pillars 
(cf Fig 5) have been manufactured ahead of time and used 
during the prototyping phase.  

 
Figure 5: PXFEL2_2 cold mass hooked to the girder in 
the Roll-Out area. 

 
Small tools, especially those dedicated to clean room 

assembly (see Fig. 6), were manufactured and 
commissioned during the prototype phase. Ionized gun 
and particle counters for clean room assembly were 
ordered and used to insure the required low level of 
particles on the part to be assembled (less than 10 
particles per minute of 0.3 microns on the part to be 
assembled).  

 
Figure 6: coupler to cavity connection in the clean room 
with tools (elevator table and coupler holding). 

 
Vacuum groups, equipped with RGA and slow 

pumping-venting system, have been installed on the clean 
room wall and in the warm-coupler hall. Those groups, 
provided by DESY, are designed to reduce the particles 
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migration when pumping or venting a cavity or a coupler. 
CEA has designed specific vacuum groups with a 
turbomolecular pump and a gauge attached to the cavity 
in the clean room and the primary pumps outside the 
clean room. Those groups are dedicated to the leak 
detection and venting of the cavity during the string 
assembly. They have been received at the start of the 
XFEL CM assembly. The tests and controls have been 
detailed (RF, mechanical, vacuum, electrical), 
implemented and validated. To ease measurements and 
systematic recordings, software and automation have been 
developed for the RF, alignment and tuner test benches 
and for particle counters. They have been tested on the 
prototypes.  

 

 
Figure 7: PXFEL3_1 CM before shipping to DESY. 

 
The assembly procedures have been tested during a 

first assembly, then modified according to CEA’s 
infrastructure and tools and rechecked on a last assembly 
for repetitive tasks. The part workflow from the reception 
to the assembly halls has been validated. Improvements 
on a few workstations are under evaluation, aiming at 
saving assembly time.  

TESTS RESULTS  
The module PXFEL2_1 was undressed, rolled in the 

clean room with no string disassembly and then re-
dressed. Its RF test shows no degradation of its 
performance with respect to its previous test. 

 

 
Figure 8: PXFEL3_1 RF test results. 

 
Module PXFEL3_1 tests results (see Fig. 8) show some 

degradation of cavity performance: cavities 1 and 8 are 
under the XFEL specifications and the HOM coupler of 
cavity 7 was not tuned thus the RF power was limited. 
The HOM tuning procedure has been revised while its 

specifications have been finalized. Module PXFEL2_2 
average accelerating gradient is according to the 
specifications even though individual cavity performances 
were degraded, but for one cavity. All cavities but one 
have suffered from one (seldom two) non-conformity 
during the could coupler or string assembly. PXFEL3_1 
and PXFEL2_2 had shown also assembly deviation 
leading to possible misalignement of the string within the 
module. Increasing the checks has prevented those 
deviations for the following XFEL modules. 

QUALITY INSURANCE AND QUALITY 
CONTROLS 

During the prototype phase, CEA and DESY 
established the Manufacturing Bill Of Material (MBOM 
[2]) which is collecting, recording, and archiving the 
complete mandatory fabrication information. It is focused 
on the parts that are needed to integrate a CM at CEA. 
The MBOM also includes information about how the 
parts relate to each other, the inspection to be performed, 
the tests to be recorded, the assembly procedures, the 
documentation etc... The XFEL cryomodule MBOM 
contains roughly 500 lines i.e. 500 elements are 
assembled on a CM at CEA. A Bill of Material (BOM) is 
then created for each CM containing the physical parts 
integrated in the module as well as the assembly reports, 
control reports, and configuration. DESY Engineering 
Data Management system (EDMS) manages the MBOM 
and the BOM. 

An Acceptance Data Package (ADP) based on quality 
assurance and quality control by CEA and its industrial 
partner will support the first step of CM acceptance by 
CEA after assembly. It includes the certificate of 
conformity, the “as-built” configuration, the traveler, and 
the control and non-conformities reports. The second CM 
acceptance stage will be based on the cryogenic and RF 
tests in AMTF at DESY.  

PROCUREMENTS 
CEA is in charge of the procurement of the 800 cavity 

magnetic shields. The awarded company proposed some 
closing improvements as well as a new Cryophy™ 
material which was qualified on the CM prototypes. 
Precut and assembled multilayer blankets for the 2K and 
70K superinsulation have been ordered: they facilitate the 
assembly and reduce its duration. Cryogenic loss 
measurements on the prototype modules qualified them 
for the series. CEA is also in charge of 31 cold re-entrant 
BPM (cf. figure 9). These BPM have been studied and 
prototyped at CEA [3], and tested on FLASH. The 
integration with the cold quadrupole is done at DESY. 
The electronics developed by CEA in collaboration with 
PSI will be implemented in the modular BPM unit [4]. 

CEA is also in charge of providing clean studs, screws, 
nuts, washers for the coupler and string assembly. The 
orders have been placed for the material and a process 
developed in house to clean the hardware and transfer it 
to the work stations. 
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Figure 9: BPM installed in a cryomodule. 

INDUSTRIAL PRODUCTION 
The contract for 103 CM integration has been awarded 

to ALSYOM in July 2012. The 103 CM are named XM-3 
to XM-1 for 3 pre-series modules, these modules can be 
considered as spares and could go in the injector and the 
LINAC if they perform according to the specifications. 
The series cryomodules XM1 to XM100 will be installed 
on the LINAC. The industrial production slits into three 
phases.  

The first phase consists of the assembly by CEA of the 
first pre-series cryomodule (XM-3) and the observation 
by ALSYOM as well as the deployment of their industrial 
method based. XM-3 has been assembled with parts from 
the XFEL production lines, except the large grain cavities 
and the couplers (TTF3) provided by DESY. The quality 
of the parts issued from the different Work-Packages 
(WP) has been validated on this module. 43 Non-
Conformance Report (NCR) were issued to the WP in 
charge; about 13 NCR are under the responsibility of 
CEA. The NCR are the main reason for the 7-month 
assembly time (initially scheduled from Sept. 2012 to 
Dec. 2012). Nonetheless, the performance of the CM (see 
Fig. 10) reaches 32 MV/m in average for individual 
cavity  useable gradients and 29 MV/m when powered by 
pairs, higher than the 23.6 MV/m XFEL specification. 

 

 
Figure 10: XM-3 RF test results (blue bars). 

 

Seven cavities are reproducing or overcoming their 
individual test gradient while cavity 1 is degraded from 
31 MV/m down to 23 MV/m useable gradient. Three 
cavities reached gradients above 38 MV/m. This 
successful test is qualifying CEA team and procedures 
and partially CEA infrastructure and industrial feasibility. 
The partial qualification lays in the fact that cavities and 
couplers are pre-industrial and the clean room vacuum 
system was not complete. Weldings certification would 
have to be reworked in order to install this module in the 
injector for 2014. The first phase also includes the set-up 
of the storage area, the ERP (entreprise resource 
planning) parameterization and the consumable parts 
ordering.  

The second phase is the training of the company team 
attended by the CEA team on the assembly of the second 
and third pre-series modules (XM-2 and XM-1). XM-2 
has been assembled in 18 weeks, delivered to DESY on 
August 8th, 2013 and is being prepared for the tests in 
AMTF. It is the first module being assembled with XFEL 
production cavities. The clean room vacuum groups were 
operated for the first time and CEA and Alsyom team 
worked together. The test results will qualify 100% of the 
clean room tool.  

XM-1 assembly by Alsyom with the assistance of CEA 
(see Fig. 11) has started in July 2013: it is the first module 
being assembled with all XFEL production components.  

 

Figure 11: CEA and Alsyom team in front of XM-1 
string. 

 
The third phase covers the assembly of the 100 series 

CM from XM1 to XM100 by Alsyom. The assembly of 
XM1 (see Fig. 11) started on September 2, 2013 using the 
last batch of TTF3 couplers. A ramp-up period of four 
months is foreseen to reach the production rate of 1 CM 
per week by January 2014. Alsyom is fully in charge of 
the assembly whereas CEA is the expert team as well as 
the inspector team insuring the quality of the assembly.  

The challenge to start this phase is to have a continuous 
supply and flow of components to feed the integration 
chain and to achieve continuous assembly without 
interruption days.  
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CONCLUSIONS 
After tune-up and commissioning with prototype 

cryomodules, the XFEL village is ready for the industrial 
production phase and its hand-over to CEA industrial 
partner Alsyom. The pre-series XM-3 cryomodule 
successful RF test provides a solid basis for the assembly 
transfer. The industrial production ramp-up phase has 
started with the assembly of the first series cryomodule 
XM1. The complete industrial production should span the 
entire 2014-2015 years unless an accelerated production 
scheme can be set up. 
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CAVITY FABRICATION STUDY IN CFF AT KEK 

M. Yamanaka#, Y. Ajima, H. Ionue, Y. Watanabe, T. Saeki, T. Kubo, S. Yamaguchi 
KEK, Tsukuba, Japan 

 
Abstract 

The construction of new facility for the fabrication of 
superconducting RF cavity at KEK was completed in 
2011. It is equipped with the following machines; an 
electron-beam welding (EBW) machine, a servo press 
machine and a CNC vertical lathe. A chemical etching 
apparatus is also equipped. The study on the fabrication 
of 9-cell cavity for International Linear Collier (ILC) has 
been started from 2009 using this facility. The study is 
focusing on the cost reduction with keeping high 
performance of cavity, and the goal is the establishment 
of mass-production procedure for ILC. 

INTRODUCTION 
The International Linear Collider (ILC) is a future 

project that has been proposed by the world's high-energy 
physics community to realize high-energy electron-
positron collisions at center-of-mass energies above 500 
GeV. It consists of a pair of ~11-km-long electron and 
positron linacs, and contains approximately 16,000 L-
band superconducting RF (SCRF) cavities made of 
niobium. Each 1-m-long cavity contains nine cells, which 
operate at a mean beam-accelerating gradient of 31.5 
MV/m [1]. The Cavity Fabrication Facility (CFF) was 
established in KEK to develop manufacturing technology 
for SCRF cavities. The construction of CFF was started in 
2009 and completed in July 2011. The first cavity named 
KEK-0 was fabricated in CFF, and its acceleration 
gradient attained 29 MV/m. 

CONSTRUCTION OF CFF 
The R&D works on the SCRF cavities for the ILC was 

started at the Superconducting RF Test Facility (STF) in 
KEK. More than 20 cavities have been already produced 
in Japan and 90% of the recently-made 10 cavities met 
the ILC specifications. These cavities were fabricated by 
Mitsubishi Heavy Industries Co., Ltd and their surface 
treatment after the fabrication was carried out at STF. The 
careful R&D works on the electro-polishing, the sequence 
of rinsing, the high-resolution optical inspection device 
called Kyoto camera and the local grinding machine were 
very effective in improving the performance and 
production yield of those cavities. STF is located on the 
KEK site so that the scientists can test various new ideas 
immediately. However, at that time, KEK did not have 
enough facilities to fabricate 9-cell cavities so their 
fabrication depended on companies outside of KEK. 

In order to fabricate more than 16000 cavities within 3 
to 5 years, a mass production technology must be 
developed. Moreover, the cost of the cavities is one of the 

major issues of the project, and it must be reduced 
drastically. To solve these problems, it seems effective to 
establish a R&D center for production of cavities on the 
KEK site similar to STF. The R&D team is aiming to 
gain enough experiences in the production of SCRF 
cavities at reasonable cost and to instruct companies in 
concrete mass production technologies in the near future. 
Now, all processes of producing niobium SCRF cavities, 
from fabrication to evaluation, can be conducted on the 
KEK site. 

Figure 1 shows the exterior of CFF. It is a class 10000 
clean room located in KAIHATSU KYOYOTO building 
aiming to maintain a clean working environment. The 
clean room is equipped with the following machines; an 
electron-beam welding (EBW) machine (Fig. 2), a servo 
press machine (Fig. 3 (a-1), (a-2)) and a CNC vertical 
lathe (Fig. 3 (b)). The electron beam quality is the most 
important specification in the EBW procedure. The 
output power and accelerating voltage of electrons of the 
EBW machine are 15 kW and 60 150 kV, respectively. 
This EBW machine is called as a high-voltage type with a 
long working distance. The optimum EBW conditions are 
explored through basic tests using niobium plates and 
calculations. The temperature distribution on the cavity 
during the EBW process can be obtained by finite 
element analysis (FEA). In the case of welding between 
different kinds of materials, FEA is very effective in 
determining the EBW parameters. The press machine has 
a maximum applying force of 1500 kN and nine different 
press patterns for various workpieces. The vertical lathe is 
used for trimming of half cells after the press process. 
The clean room is also equipped with a chemical 
polishing apparatus for cleaning the materials’ surface, 
and all parts are chemically polished before the EBW 
process. 
 

 
Figure 1: Exterior of the clean room (Class 10000) 
Size :19 m×14 m×H5 m (partially H3.5 m). 

 
____________________________________________  

# masashi.yamanaka@kek.jp    
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Figure 2: The EBW machine installed in CFF.  

 
(a-1)                                   (a-2) 

    
 
                  (b) 

 
Figure 3: The servo press machine (a-1, a-2) and the CNC 
vertical lathe (b). 

Figure 4 shows the first 9-cell cavity fabricated in the 
CFF and, which was named KEK-0. The shape of cavity 
is TESLA-like. It does not have a high order mode 
(HOM) coupler. Part of the EBW processing of cells was 
done by KEK technicians at a job shop outside of KEK. 
The performance test was carried out at a vertical test 
(VT) stand in the STF. Its acceleration gradient attained 
29 MV/m as shown in Fig. 5.  

 

 
Figure 4: The first superconducting cavity (KEK-0) 
produced at CFF. 

 

 
Figure 5: Q-E curve of the vertical test for KEK-0. 

FABRICATION OF KEK-1 CABITY
Now, the second 9-cell cavity with HOM coupler 

named KEK-1 is under fabrication. Some designs in 
detail were modified from the viewpoint of 
manufacturing. The EBW is so important process in the 
cavity fabrication that some improvements are tried 
aiming a mass-production. In the fabrication of KEK-0 
cavity, the electron gun of EBW machine was set on the 
ceiling of EBW machine and then the direction of 
electron beam was vertical with the horizontal posture of 
cavity. On the other hand, in the fabrication of KEK-1 
cavity, the electron gun is set on the sidewall of EBW 
machine with the upright posture of cavity. Stacking 
dumbbells before EBW process is simpler in the vertical 
direction as shown in Fig. 6. It might be available for 
multiple welding during one vacuum. 

Before changing the direction of EBW, rigorous 
parameter studies were done with niobium plates. One 
example of result is shown in Fig. 7 in which the good 
and bad welding conditions are plotted in the 2-
dimensional parameter-space of the focus-lens current 
(focus-intensity of welding electron-beam) and the 
welding electron-beam current for the welding the 
niobium plates (2 mm in thickness) in the side-gun 
configuration. In this plot, the green circles denote the 
good conditions, and the red and yellow triangles denote 
bad conditions.  Such parameter search was done by 
changing the welding beam voltage, focus-lens current, 
beam current, working distance from gun, workpiece 
moving speed, and thickness of niobium plate [2]. 
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Figure 6: The direction of beam is changed to horizontal 
in KEK-1.

 
Figure 7: Example of basic welding test.

In addition, one must consider about the 3-dimensional 
shape of working-pieces because it affects the heat 
capacity and then the welding results. In order to optimize 
the welding parameter at the iris of dumbbell, welding 
parameter search was done using a niobium pipe, which 
has the same diameter as the iris. The same method was 
taken for searching the welding parameter at the equator 
of cell. 

The HOM coupler is mounted on the beam pipe at the 
both ends of cavity. Its main parts are an outer conductor 
and an antenna. The conventional manufacturing method 
for the outer conductor is multi-step press firming. The 
niobium is ductile material and hard to draw deeply in 
general. To manufacture the outer conductor form a 
niobium sheet, more than 70 mm drawing is required. 
Therefore, drawing and annealing were repeated several 
times to form to the final shape. This time, the new 
manufacturing method was applied to them. Shinohara 
Press Service, Japan developed the special deep-drawing 

technique for a niobium and succeeded to form more than 
70 mm in depth with one step as shown in Fig. 8 (a). All 
fillets of the antenna are rounded. They are machined by 
milling conventionally. The press forming was also 
applied to fabricate the fillet shape (Fig. 8 (b)). These 
processes are very effective for the cost reduction and the 
mass production. The performance of newly fabricated 
HOM coupler (Fig. 8 (c)) in a low power test at room 
temperature is confirmed to be comparable to that of 
conventionally fabricated one. 

 
   (a)                               (b) 

      
 
                   (c) 

 
Figure 8: New manufacturing  method for HOM coupler, 
deep drawn niobium cup (φ48x64) (a), antenna (left; 
before press forming, right; after press forming) (b) and 
assembled HOM coupler (c). 

STUDY OF SEAMLESS CABITY 
A seamless cavity is fabricated by necking and 

hydroforming. The advantage of seamless cavity are 
eliminating the EBW and reducing a cost. Many 
laboratories have successfully developed seamless 
cavities [3]. KEK started the R&D of niobium/copper 
clad seamless cavities in 1994 [4]. A thin niobium 
material (0.5 to 1 mm) was bonded on a copper material 
(2 to 5 mm) as the clad material. The necking and the 
hydroforming machines were developed by the 
mechanical engineering center of KEK. The excellent 
potential of clad cavities was confirmed [5]. 

Recently, we moved to bulk niobium cavities, and 
started the development of seamless niobium tubes with a 
collaboration of Japanese company. The improvement of 
manufacturing technique including heat treatment is 
continued. Figure 9 shows the 1-cell bulk niobium cavity 
(just after hydroforming) of the TESLA-like shape, 
successfully hydroformed at KEK. The niobium tube is 
130 mm in outer diameter and thickens is 3.5 mm. It was 
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manufactured by ATI Wah Chang, USA and provided by 
FNAL. The iris area (ID = 70 mm) was necked as shown 
in Fig. 10 (a) and the equator area ( ID = 203 mm) was 
expanded by hydroforming with the control of internal 
pressure and axial displacement as shown in Fig. 10 (b). 
We will evaluate the performance of cavity soon.  

 

 
Figure 9: Hydroformed bulk niobium cavity.

 
(a) 

 
 

(b) 

 
Figure 10: Necking (a) and hydroforming (b) processes. 

SUMMARY 
Currently some R&D works are in progress in CFF to 

improve the EBW techniques, to modify the shape of the 
cavities for cost reduction and to develop equipment for 
mass production. They contribute to the R&D effort for 
the ILC. In near future the CFF, facilities and experiences, 
will become available for uses by companies and 
researchers from outside of KEK, who would contribute 
to the SCRF cavity production. Moreover, R&D of 
seamless cavity is continued for another option of 
fabrication method of cavities. 

ACKNOWLEDGMENT 
The authors would like to express gratitude to 

Shinohara Press Service Co. Ltd., Japan for the 
contribution of the development of fabrication method 
applying deep drawing for HOM coupler. The tight 
collaboration with J. A. Hocker, FNAL and T. Tajima, 
LANL continues for the development of the seamless 
cavity.  

REFERENCES 
[1] ILC Global Design Effort, “ILC Technical Design 

Report,” June 2013 (2004)  
https://www.linearcollider.org/ILC/Publications/Tech
nical-Design-Report/ 

[2] T. Kubo et al., “Study on optimum EBW condition 
for Nb cavities,” TUIOC06, these proceedings.  

[3] W. Singer, “Seamless/bonded niobium cavities,” 
Physica C 441 (2006) 89. 

[4] K. Saito et al., “Feasibility study of Nb/Cu clad 
superconducting RF cavities,” IEE Tran. App. 
Superconductivity 9 877. 

 [5] K. Saito et al., “R&D of Nb/Cu clad seamless 
cavities at KEK,” SRF2001, Tsukuba, September 
2001, p. 52123 (2001); http://www.JACow.org 

.

THIOA03 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

824C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

09 Cavity preparation and production

K. Technical R&D - Large scale fabrication



LOW-BETA CRYOMODULE DESIGN OPTIMIZED FOR LARGE-SCALE 
LINAC INSTALLATIONS* 

S. Miller#, N. Bultman, A. Fox, M. Johnson, M. Leitner, T. Nellis, X. Rao, M. Shuptar, K. Witgen, 
Y. Xu, B. Bird, F. Casagrande, J. Ozelis, R. Rose, Facility For Rare Isotope Beams (FRIB), 

Michigan State University, MI  48824, USA 

Abstract 
This paper will present most recent design developments at 
FRIB to optimize low-beta cryomodules for large-scale 
linac installations. FRIB, which requires the fabrication of 
53 cryomodules, has to emphasize ease of assembly and 
alignment plus low cost. This paper will present 
experimental results of a novel kinematic rail support 
system which significantly eases cryomodule assembly. 
Design choices for mass-production are presented. Results 
of vibration calculations and measurements on a FRIB 
prototype cryomodule will be reported.  

INTRODUCTION 
FRIB is a US $730 million nuclear physics project to be 

built at Michigan State University under a cooperative 
agreement with the US Department of Energy (DOE) with 
a 7-year timetable [1]. According to the current FRIB 
baseline schedule fabrication and procurement of linac 
components will start mid-2014. Actual linac installation 
will begin at the end of 2016 after completion of 
conventional facilities and cryoplant construction [2].  

Due to the heavy mass and correspondingly low velocity 
of the accelerated ions, the FRIB driver linac [1] utilizes 
four different low-beta SRF resonator designs in 
cryomodules as shown in Fig. 1 and described in Table 1. 
The status of SRF system designs and overall acquisition 
strategies have been summarized in [2]. For high-beta 
applications superconducting RF has become an 
established technology with a history of industrial 
optimization efforts; however, for low-beta structures, 
FRIB will most likely be the first facility requiring 
industrially produced components on a larger scale [2]. 

 

CRYOMODULE DESIGN 
The FRIB cryomodules are based on a modular bottom-

supported design which is optimized for mass-production 
and efficient precision-assembly as shown in Fig. 2. Four 
types of superconducting resonators and two solenoid 
lengths are used in multiple configurations for the FRIB 
linac driver as described in Table 1. In order to achieve 
alignment tolerance a precision machined and bolted cold 
mass rail system is utilized. A novel kinematic cold mass 
mounting system allows for thermal contraction while 
maintaining the alignment of the system. In order to 
achieve thermal isolation, the cold mass is supported by 

Table 1: Required Cryomodule Configurations for FRIB. 
Quantities are shown in ( ) brackets.  

Configuration 
(Qty/FRIB) 

Resonator 
Type 

Solenoid Leff 
[m]  BPM 

(3) QWR 
β = 0.041 (4) 

0.2 (2) (2) 

(11) QWR 
β = 0.085 (8) 

0.5 (3) (3) 

(12) HWR  
β= 0.29 (6) 

0.5 (1) n/a 

(18) HWR  
β = 0.53 (8) 

0.5 (1) n/a 

(2) HWR  
β = 0.29 (2) 

n/a n/a 

(2) QWR  
β = 0.085 (3) 

n/a n/a 

(1) QWR  
β = 0.53 (4) 

n/a n/a 

 
Figure 1: A schematic layout of the FRIB driver linac. 

 ____________________________________________  

*This material is based upon work supported by the U.S. Department of 
Energy Office of Science under Cooperative Agreement DE-SC0000661. 
Michigan State University designs and establishes FRIB as a DOE Office 
of Science National User Facility in support of the mission of the Office 
of Nuclear Physics. 
#millers@frib.msu.edu 
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composite posts. The cold mass also contains a wire 
position monitor (WPM) to verify alignment.  Alignment 
verification will take place on pre-production cryomodules 
for FRIB [3].  

 
Figure 2: FRIB modular bottom-up cryomodule design. 
This cryomodule incorporates 8 β=0.085 QWRs, 3 
solenoids, and 3 cold beam position monitors. 

 
Figure 3: Sub-System of FRIB cryomodule design. 
Supported off the bottom plate is the cold mass system, 
where the resonators are protected by local magnetic 
shielding (right). The cryogenic system attaches to the cold 
mass.  All assemblies are encapsulated by the thermal 
shield and vacuum vessel (left). 

Figure 3 displays the subsystem break down of the 
cryomodule. To attenuate the magnetic field of earth and 
the surrounding environment a localized A4K metal shield 
is used around the resonators. The cryogenic systems 
allows for individual 2 K and 4.5 K liquid helium lines to 
the resonators and solenoids respectively. The thermal 
radiation shield is constructed of 6063-T5 Aluminium 
(UNS A96063). The cold mass is supported by the vacuum 
vessel bottom plate which is machined flat from low 
carbon steel (UNS G10200).  Also attaching to the bottom 
plate is the vacuum vessel lid which is constructed of the 
same material. 

An overall attempt was made to incorporate design for 
assembly and manufacture methods to reduce the number 
of parts, optimizing assembly time and material usage.  
Where practically possible the design has been optimized 
for minimal parts and designed for multiple functions [3].  

Cold Mass  
The cold mass contains the superconducting resonators 

and solenoids as shown Fig. 4.  The solenoids are 
integrated with vertical and horizontal beam corrective 
steering dipoles magnets.  The cold mass system also 
contains the commercially procured leads for the solenoid. 
For the quarter wave resonator cryomodules, cold beam 
position monitors are utilized.     

 
Figure 4: Cryomodule cold mass. Alignment rails support 
superconducting resonators and solenoid(s). Wire position 
monitor is used to verify alignment. 

The resonators are housed in a commercially pure grade 
2 titanium helium vessel.  The quarter wave resonators are 
maintained on operating frequency via a linear actuating 
tuner with an external stepper motor and piezoelectric 
actuator. The half wave resonator makes use of a 
pneumatic tuner similar to that used by Argonne [4]. RF 
power is delivered to all resonators by fundamental power 
couplers via coaxial RF lines. Seen below in Fig. 5, are the 
fundamental power coupler and tuner drive system for the 
β=0.085 quarter wave cryomodule. 

 
Figure 5:  Quarter wave power coupler and warm transition 
by ANL (left).   Tuner drive by FRIB (right). 
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 The resonators and solenoids are assembled to a support 
structure, shown in Fig. 6, made from 316L stainless steel 
(UNS S31603) that is divided longitudinally into 3 pieces 
to minimize static deflections.  This support structure holds 
the resonator and solenoid components during room 
temperature assembly and cryogenic operation [3].   

 
Figure 6: Alignment rail system for cold mass. Rails are 
fabricated of 316L stainless steel, and are annealed to 
relieve residual stress and restore magnetic permeability 
properties. 

The interface between the cryogenic support structure 
and the room temperature bottom plate structure is 
composed of g-10 posts as shown in Fig. 7.  The room 
temperature end of the composite posts rests on precision 
linear bearings which are pointed to a fixed location of 
thermal contraction.  This design allows a low friction, 
high precision assembly using interchangeable parts that 
are machined to standard geometric tolerances. The 
reinforced bottom plate functions as a support platform for 
the resonator string, cryogenic sub-system, and is also an 
integral vacuum vessel component [3].   

 
Figure 7: G-10 alignment post for cold mass. The 
alignment post provides thermal isolation from the bottom 
plate of the cryomodule vacuum vessel. 

The transverse alignment specification for the solenoids 
and resonators is ±2σ = ±1 mm.  This specification is 
achieved by utilizing a machine tolerance approach similar 
to that of Cornell [5]. Component drawings use standard 
geometric dimensions and tolerancing that results in 
tolerance stack up that is within the alignment 
specification.  The WPM, shown on the cold mass in Fig. 
4, will be used to track the alignment of the cold mass 
during cool down.  The WPM can accurately measure 
displacements to ±0.05 mm, and will be able to provide 
transient data during cryomodule cool down.  Each 
resonator contains one WPM sensor while each solenoid 
contains two.   

On each end of the cold mass are the cold mass hoods as 
shown in Fig. 8. The hoods temporarily attach to the end 
alignment rail and has a beam line vacuum connection to 
the resonators on the end to the cold mass string. This 
connection is intercepted both at 4.5 K and 38 K.  The hood 
allows for easy installation of gate valves, cold cathodes, 
and burst discs all by conflat flange connections. When the 
cold mass is assembled with the vacuum vessel bottom 
plate, the hood is simply bolted and pinned into position 
and released from the of the end rail. When the vacuum 
vessel top is installed, it makes an O-ring seal to the cold 
mass hoods to complete the seal for insulating vacuum. 

 
Figure 8: Cold mass hoods allow beam line vacuum to be 
maintained during cleanroom assembly and interface to the 
vacuum vessel for the insulating seal. The hoods also allow 
mounting for thermal intercepts, gate valves, burst discs, 
and cold cathodes. 

The cold mass sub-system is assembled in a class 100 
clean room similar to the SNS cold mass assembly process 
to minimize particulate contamination [6].  The required 
assembly and transport from the class 100 clean room 
utilizes the alignment rail system minimizing components 
that are needed. 

Magnetic Shield  
The magnetic field of earth and the surrounding 

environment is attenuated to meet the required 15 mG at 
the resonator surface by using a 1 mm thick A4K local 
shield as seen in Fig. 9. By using localized shielding, cost 
improvements were realized while improving attenuation. 
The A4K shields requires active cooling at 4.5 K to achieve 
their maximum effectiveness, prior to cooling the resonator 
below its superconducting temperature.  The shields at the 
ends of the cold mass encompass a single resonator, while 
the shields for the center resonators encompass three 
resonators which provides improved magnetic shielding. 
The vacuum vessel sub-system is primarily composed of 
steel and further attenuates the surrounding magnetic field. 
Figure 10 displays the simulations results of magnetic 
shielding the presence of earth magnetic field. To prevent 
the potential of a magnetic component producing a 
remnant field after the solenoid is off, stringent degaussing 
procedures have been developed. 

1 m 

End Rails 

Center Rail 

10 cm 

End Caps 

Thermal 
Intercept  

MLI 
Blanket 

350 cm 

Beam 
Line 
Intercept

Gate 
Valve 
Port 
Beam 
Line 
Vacuum 
Ports 

Proceedings of SRF2013, Paris, France THIOA04

01 Progress reports and Ongoing Projects

K. Technical R&D - Large scale fabrication

ISBN 978-3-95450-143-4

827 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 9: Localized magnetic shields for quarter wave 
resonators.  The shields are constructed out of A4K and 
attenuate the magnetic field seen by the resonator to 15 
mG. 

 
Figure 10: Magnetic shield simulation for the β=0.085 
cryomodule. In the presence of 0.5 G earth magnetic field 
the resonator experience 12.5 mG, which is within 
specification. 

Cryogenic System 
The cryogenic system will have an independent helium 

circuit for the superconducting resonator (2 K) and 
solenoids (4.5 K).  This allows for magnetic degaussing 
cycles to take place using the superconducting solenoid to 
remove any residual magnetic fields while the resonators 
are raised above niobium’s superconducting temperature 
by heaters. 

An additional helium circuit is utilized for efficient 
cryogenic operation by intercepting the heat conduction 
and radiation paths. This circuit supplies gaseous helium at 
38 K to the minimize cryoplant plug in heat load [3]. 

Cryogenic design choices for the cryomodule were made 
at a project wide level and approaching it as an all-
encompassing system composed of the cryogenic plant, 
distribution system, and cryomodules. Collaboration with 
JLAB on 2 K process improvements have yielded 
efficiency gains in the FRIB cryomodule. For safety, the 
helium vessels and cryogenic system are designed 
according to the ASME BPV and ASME 31.1 piping code. 

To allow for efficient and repeatable cryomodule 
installation, a cryogenic bayonet box is employed as seen 
in Fig. 11. The bayonet box is welded directly to the bottom 
plate of the vacuum vessel and connects to the internal 
cryogenic plumbing of the cryomodule. This allows for the 
bayonet box to fabricated separate from the vacuum vessel, 
by vendors who deal with cryogenic construction. The 
interface between the cryogenic distribution line and the 
cryomodule is a set of five U-tube bayonet connections. 

 

 
Figure 11: Cryomodule cryogenic bayonet box. The 
bayonet box connects to the distribution line by U-tube 
bayonets. 

Thermal Radiation Shield 
 The thermal radiation shield is a segmented 

construction which simplifies assembly and allows for 
differential contraction between the three alignments rails 
as shown in Fig. 12. The thermal shield is constructed from 
6063-T5 Aluminium (UNS A96063) and cooled via a 
custom extrusion to distribute 38 K helium. A parallel 
helium line is also included which is dedicated for 
intercepting heat conduction from tuners, FPC, warm beam 
line transitions, pressure reliefs, and composite support 
posts.  The thermal shield is supported from the g-10 posts 
which attach to the vacuum vessel bottom plate. Cost 
analysis appraising material and assembly showed a 
benefit using aluminium vs. OFE copper (UNS C10100) 
for the production quantities [3]. 

 
Figure 12: Thermal shield for β=0.085 cryomodule. 
Segmented construction allows for simplified assembly 
and allows for thermal contraction of the alignment rails. 

Vacuum Vessel 
The vacuum vessel is constructed primarily from low 

carbon steel (UNS G10200), seen in Fig. 13. The primary 
components are the bottom plate, the vacuum vessel lid, 
and the interfaces to the hermetically sealed beam line.  
This requires an ethylene propylene rubber, also known 
EPDM (ASTM D1418) O-ring that has been developed 
with industry to allow a 3-way seal.  The vacuum load 
deflections were limited to 0.75 mm at the interfaces to 
limit force transmitting to the internal cryogenic sub-
system.  Side wall gusseting has been added after study to 
reduce and optimize material consumption [3]. For safety, 
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the vacuum vessel reliefs were sized to limit the internal 
pressure to be less than 2 atm (1 atm gauge). 

 
Figure 13: Vacuum vessel components. Vacuum vessel lid 
(left) is lowered onto bottom plate (right) and sealed by an 
EPDM O-ring. The three way seal is created around the 
cold mass hoods. 

RESULTS 
Engineer Test Cryomodule (ETCM) 

The ETCM has been assembled at MSU.  The ETCM is 
a 1/3 length model assembly of a β=0.53 cryomodule and 
it contains a vacuum vessel and an alignment rail segment.  
Two simulated resonators and a solenoid make up the 
simulated cold mass which were placed on the alignment 
rail system.  The purpose of the ETCM was to verify the 
kinematic cold mass mounting system, evaluate the FRIB 
O-ring sealing concept, and gain experience with the wire 
position monitor system.   

The ETCM was cooled several times to 80 K using liquid 
nitrogen to measure the alignment of the kinematic 
alignment system. Optical measurements were taken 
during the cool down and warming up process. The 
simulated cold mass components contained optical targets 
for tracking during thermal transients. Figure 14 displays 
the optical setup used during the ETCM testing. Similarly, 
the WPM was collecting data on the alignment during the 
processes as well.   

 
Figure 14: Optical target measuring setup of the ETCM 
(above). Each simulated cold mass components contains 
targets. Measurements were confirmed with the WPM 
system. Schematic of kinematic support system (below). 

The results show the rail alignment behavior is 
repeatable during cool down and warm up.  Alignment of 
the resonators and solenoid remained within the alignment 
specifications.  The optical results demonstrated that the 
resonators stay within ± .08 mm horizontally, and the 
within ± .05 mm vertically, the WPM displayed within ± 
.08 mm horizontally, and within ± .03 mm vertically.  The 
optical results demonstrated that the solenoid stays within 
± .15 mm horizontally, and the within ± .03 mm vertically, 
the WPM displayed within ± .18 mm horizontally, and 
within ± .03 mm vertically.  The solenoid tolerance was 

slightly higher than that of the resonator; therefore, a plan 
to analyze the solenoid contraction further to optimize the 
design to equalize with the resonator contraction will be 
executed. 

The ETCM was pumped down during the cooling cycles 
to evaluate the effectiveness of the O-ring seal.  The O-ring 
has been able to keep to pressure inside the ETCM at 6.0 x 
10 -7 torr.  A helium leak check was completed to verify 
the seal, with no leaks found. 

Vibration Studies 
Mechanical vibration simulations have been performed 

on the modular bottom up cryomodule configuration. The 
primary purpose of the simulations was to quantify that the 
amplification to the resonator. Focusing on the β=0.085 
cryomodule, several simulations have been conducted to 
characterize the resonator response. The resonator’s first 
modal response occurs between 40 and 50 Hz; from Fig. 
15, it is shown that the modular bottom up design and 
kinematic cold mass support system adds little 
amplification and lower ordered modes. 

 
Figure 15: Response of the resonator on a center alignment 
rail segment of a β=0.085 cryomodule. 
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OPTIMIZATION OF SRF LINACS* 

Tom Powers, JLAB, Newport News, VA, 23606 USA 

 

Abstract 

This work describes preliminary results of a new 

software tool that allows one to vary parameters and 

understand the effects on the optimized costs of 

construction plus 10 year operations of an SRF linac, the 

associated cryogenic facility, and controls, where 

operations includes the cost of the electrical utilities but 

not the labor or other costs. It derives from collaborative 

work done with staff from Accelerator Science and 

Technology Centre, Daresbury, UK several years ago 

while they were in the process of developing a conceptual 

design for the New Light Source project [1]. The initial 

goal was to convert a spreadsheet format to a graphical 

interface to allow the ability to sweep different parameter 

sets. The tools also allow one to compare the cost of the 

different facets of the machine design and operations so 

as to better understand the tradeoffs. The work was first 

published in an ICFA Beam Dynamics Newsletter [2]. 

More recent additions to the software include the ability 

to save and restore input parameters as well as to adjust 

the Q0 versus E parameters in order to explore the 

potential costs savings associated with doing so. 

Additionally, program changes now allow one to model 

the costs associated with a linac that makes use of energy 

recovery mode of operation. 

INTRODUCTION 

Every well-designed machine goes through the process 

of cost optimization several times during its design, 

production and operation. The initial optimizations are 

done during the early proposal stage of the project when 

none of the systems have been engineered. When a 

superconducting radio frequency (SRF) linac is 

implemented as part of the design, it is often a difficult 

decision as to the frequency and gradient that will be 

used. Frequently, such choices are made based on existing 

designs, which invariably necessitate moderate to 

substantial modifications so that they can be used in the 

new accelerator. Thus the problem with using existing 

designs is that they will frequently provide a higher cost 

machine or a machine with sub-optimal beam physics 

parameters.  

SOFTWARE DESCRIPTION 

The software is written in LabView programming 

language, which is a graphical user interface language 

typically used for instrumentation and control. It is 

structured as state machine which allows one to add and 

remove functionality as necessary. The language is also 

suited for developing straightforward user interface.  

Input – Output Parameters 

A detailed list of the input parameters is given in Table 

1. There are two general terms for cryogenic losses. The 

first is static losses associated with each of the SRF 

cryomodules, transfer lines, etc. and RF driven, or 

dynamic, losses which is determined on a cavity by cavity 

basis. The static heat losses include the losses in the 

cryomodule, its associated valve box, and per kilometer 

transfer line losses. These are user inputs to the program. 

Q0 losses are determined based on the cavity geometry, 

operating temperature, material type and processing 

techniques which are all input variables to the program. 

Figure 1 shows the user interface for the input variables. 

Table 1: Input Parameters List 

SRF Parameters Baseline Costs 

Final Linac Energy (GeV) Cryomodule Cost ($M/unit) 

Gradient (V/m) RF Power ($/W) 

Frequency (Hz) RF Control, etc. ($k/Cavity) 

Cavities Per Cryomodule Inter CM Girder ($k/unit)3 

Active Length Per Cavity (m) Tunnel Civil ($k/m) 

Packing Factor Tot L/Active L AC Power ($/MW-Hour) 

Normalized Shunt Imp. (Ω/m) 5kW @ 2K Plant ($M) 

BPEAK/EACC (mT/(MV/m)) 5kW Plant Civil ($M) 

Geometry Factor (Ω) Transfer Line ($k/m) 

Beam Current (A) 2K Plant Margin 

Beam Phase (deg) % Inc. Plant Cost @1.8K 

Detune Freq. Budget (Hz) Linac R&D Cost ($M) 

RF Power Margin RF Wall Plug Eff. 

Operating Temperature (K) Cntrl. AC Pwr/Girder (kW) 

Maximum Loaded-Q Operations Week 

Loaded-Q Uncertainty Power Overhead4 

Material and Treatment1 Static Heat Load/CM (W)5 

Beam Transient Handling2 Transfer Line Heat (W/km) 

Q0 Improvement  

Q0 Slope Adjust  

ERL Effective Beam Current  

ERL Effective Beam Phase  

ERL Tune Beam  

 

Notes from Table 1: 

1. A combination of materials and treatments were 

modeled in the Q0 calculations. These were 

permutations of fine grain niobium and large grain 

niobium and vacuum baked at 120°C or not. 

_______________________________________________________________________________________________ 

* Authored by Jefferson Science Associates, LLC under U.S. DOE 
Contract No. DE-AC05-06OR23177. The U.S. Government retains a 

non-exclusive, paid-up, irrevocable, world-wide license to publish or 

reproduce this manuscript for U.S. Government purposes. 
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2. The phase of the beam current can have a substantial 

impact on optimizing the loaded-Q and RF power 

requirements in an SRF cavity [3]. Under certain 

circumstances the RF power requirements are 

substantially higher for short periods of time. There 

are techniques which can be used to compensate for 

said transients, such as slowly ramping up the beam 

current while the cavity tuners operate. 

3. The inner cryomodule girder is the vacuum hardware, 

beam diagnostics hardware, and magnets that make 

up the common beam line hardware set between 

cryomodules. Also included in this item are the 

controls electronics and magnet power supplies. 

4. The power overhead in the baseline costs column 

includes items such as lighting, HVAC, and cooling 

tower power. An increase of 25% over the calculated 

electrical demand was used for this parameter. 

5. The static heat load per cryomodule included the 

losses in the cryomodule as well as the associated 

valve boxes. 

 

Figure 1: User input screen for the majority of the input 

variables. 

The output parameters include items such as the total 

construction costs, operating costs, SRF parameters. They 

are calculated for each value of the swept input variable. 

They are available in the form of graphs as well as in a 

text file. Table 2 contains a listing of the output variables 

that are currently in the program. Figure 2 shows a typical 

graphical interface with pull down menu shown for one of 

the graphs. 

Calculating Q0 

Q0 is calculated for each data point, and is based on a 

compilation of historic data. This historical data is a 

compilation from measurements taken in the vertical test 

area at Jefferson Lab, where, over the past 20 years staff 

have performed more than 4200 tests on superconducting 

cavities of various configurations and frequencies. A 

series of curve fits were done on a subset of these data in 

order to determine a Q0 value as a function of gradient, 

frequency and operating temperature [4]. The analysis 

was limited in a number of areas due to a lack of 

completed data sets. The analysis did take into account 

low to mid-field Q-slope as well as the basic material 

parameters, cavity shapes, etc. It does not take into 

Table 2: Output Parameter List 

Outputs 

Total Construction Plus Operating Costs ($M) 

Construction Costs ($M) 

Cryogenic Plant Costs ($M) 

Cryomodules Costs ($M) 

Inner Cryomodule Girder Costs ($M) 

Accelerator Tunnel, and Service Building Civil 

Construction Costs ($M) 

10 Year Power Costs ($M) 

Linac Total Length (m) 

Number of Cryomodules 

Number of Cavities 

Number of Inner Cryomodule Girders 

Individual Cryomodule Dynamic Heat (W) 

Linac 2K Heat Load (W) 

2K Heat Load With Margin  

Q0 

Matched Loaded-Q 

RF Power Per Cavity (kW) 

Cryo AC Power (MW) 

Non-Cryo AC Power (MW) 

 

 

Figure 2: Typical output plots and selector control for 

plots. 
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account high field slope which is an area that is currently 

undergoing revision. Another area that is under review is 

Q0 degradation between vertical test and cryomodule 

installation in the accelerator, as well as long term 

degradation of the Q0 in operational conditions. Figure 3, 

shows the value of Q0 as a function of frequency at 16 

MV/m at three different temperatures. For this data the 

cavity models used had the same geometry factor, and 

ratio of peak magnetic field to average electric field as the 

CEBAF low loss cavities used in the 12 GeV upgrade. 

Provisions have been added to the program to scale Q0 

in two ways. The first is to simply multiply Q0 by the “Q0 

improvement factor.” The second is to adjust the slope of 

the Q0 as a function of accelerating gradient. While the 

former is straightforward the latter is matter of adjustment 

by trial and error.  

 
Figure 3: Q0 as a function of frequency and temperature at 

16 MV/m. All frequencies scaled from CEBAF C100 

upgrade cavity. 

Calculating Loaded-Q and RF Power 

The matched loaded-Q is the loaded-Q such that the 

installed RF power is minimized. As discussed in the 

Input/Output Parameters section, the selected loaded-Q 

values depend on the whether the RF power can maintain 

gradient regulation under all transient beam loading 

conditions or only in a steady-state condition. Equation 

(1) provides the matched loaded-Q value under all 

transient conditions, while Equation (2) gives the matched 

loaded-Q value under steady state conditions. 
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Here, E is the gradient in V/m, I0 is the effective beam 

current in amperes, (r/Q) is the normalized shunt 

impedance in Ohms/m, ψB is the phase of the beam 

current relative to the cavity gradient, δf is the difference 

between the RF frequency and f0 which is the resonant 

frequency of the cavity [5]. 

Once the matched loaded-Q is determined, it is used 

along with the detune frequency budget, the uncertainly in 

the loaded-Q and the remainder of the cavity parameters 

to calculate the permutations on the forward power 

necessary for operation at each point. The maximum 

value of this data set is used as the minimum RF power 

required. This is multiplied by the RF power margin to 

determine the RF power per cavity. There is no margin in 

the RF power for cavities operated above the design 

value, which is an area for future modifications to the 

program. 

Cryogenic System Costs 

The baseline plant and infrastructure costs that were 

used were that of the 5 kW at 2 K plant that was built as 

part of the CEBAF 12 GeV upgrade [6]. One major 

assumption is that the ratio of 50 K shield power to 2 K 

power is similar to that in CEBAF. Another critical aspect 

of the actual costs is that the plant was designed by, major 

components procured by, and the system integrated by 

Jefferson Lab staff. Were the plant to be procured as a 

turn-key plant the costs would likely be significantly 

higher. The procurement, installation and commissioning 

costs scaling is given in Equation (3) 

                             (
          

     
)
   

         (3) 

Where CostPower is the overall cost of a 2.05 K plant at 

Power2.05K, and cost2.05K is sum of the two input cost 

parameters of 5kW at 2K Plant costs and 5kW Plant Civil 

costs. 

The wall plug efficiency, being the ratio of the total 

AC power divided by the 2.05 K power, was determined 

by plotting the efficiency achieved by several existing 

plants used at accelerators [7] and generating a third order 

fit between 800 W and 5 kW at 2 K. It includes all AC 

power including warm compressors. Cooling towers, 

HVAC, lighting, etc. are included as part of a separate 

line item based on the overall power budget. The plant 

cost was increased linearly by 30% between 2.05 K and 

1.8 K [5]. It should be noted that these are just estimates 

and it is critical that any final design of the cryogenic 

plant be closely coordinated with the design of the 

cryomodules in order to optimize the overall cost. [8, 9]. 

There are two factors to consider when adjusting the 

wall plug efficiency between 2.05 K and 1.8 K. The first 

is the temperature effect on the Carnot work. This goes as 

the ratio of the two temperatures and increases the wall 

plug power by 14% when the temperature is reduced from 

2.05 K to 1.8 K. The second is the change in the Carnot 

efficiency which goes from approximately 20% at 2.05 K 

to 19% at 1.8k. The product of these two factors provides 

an increase in wall plug power of 20% between 2.05 K 

and 1.8 K [10]. For the program the temperature effect on 

the Carnot work was calculated as the ratio of the 

temperatures. For the Carnot efficiency a linear equation 

was calculated based on the values at 2.05 K and 1.8 K.  

THIOA05 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

832C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

02 Future projects

C. Future Project



Figure 4 shows the cost and efficiency estimates used 

for the cryogenic plant as a function of “2 K” power. The 

steps at 5 kW and 3.8 kW for the 2 K and 1.8 K systems 

were based on the practical aspect of building and 

shipping the components [5]. The primary issue is 

shipping of an assembled cold box by truck. Above these 

power break points the plant must be split into two 

sections. While one might consider using plants of 

different power ratings in order to reduce the cost, such 

plants might be less than ideal when considering standby 

(half power) operations, spare parts, engineering design 

costs, and overall maintenance costs. Based on this the 

model simply divides the plant into two equal sized 

plants. The efficiency steps up to match that of the 

smaller plant. 

 
Figure 4: The wall plug efficiency and facility plant 

procurement costs for a helium refrigerator operated at 

2.0 K and 1.8 K respectively.  

User Interface and Controls 

In addition to the values entered into the input 

parameters, baseline cost controls, cryogenic heat loads, 

etc., there are four buttons on the lower right hand corner 

of the user screen that allow one to write the data from a 

particular simulation into a tab delimited text file; pause 

the program; write the input parameter set to a file; and 

load a set of previously saved input parameters from a 

file. The pause button is of particular use in that there are 

portions of the code that overwrite the input parameters 

array, which (depending on the timing) can make it 

difficult to change said inputs. It is also useful to click 

pause, change parameters, display the data graphs then 

click resume to see the changes to the output parameters. 

The different screens are accessed by clicking on the tabs 

at located near the top of the screen. Selecting the ERL 

button, which is located in the SRF Parameters In cluster, 

will cause a cluster of ERL parameters to become visible.  

RESULTS 

There are three sub-programs that process the data 

similarly. The first two use frequency scaling of cavity 

parameters such as shunt impedance, provide cost at a 

given operating gradient, accelerator energy and beam 

current as a function of frequency. The third was designed 

to look at either existing or proposed cryomodule designs 

including specific cavity shape parameters.  

Cost as a Function of Frequency 

One approach to the analysis of cost as a function of 

frequency is to maintain a constant active length of the 

linac. Figure 5 shows such an analysis where a 2 GeV 

linac was modeled with 21 cryomodules and a linac total 

active length of 118 m. In this model, as is often done 

when performing this type of optimization, cavities are 

not causal as it relies on a fractional number of cavities 

per cryomodule. Alternately one could consider using an 

integer number of cavities per cryomodule, which would 

limit the model to approximately 10 points for the same 

parameter sweep. 

 
Figure 5: Relative cost of a 118 m active length, 21 

cryomodule, 2 GeV linac plus 10 years of electrical 

power as a function of frequency and temperature. 
 

Alternately, one can use practical cryomodules. For 

the results shown in Figure 6, the cryomodules were 

limited to 8 m of active length, resulting in 10 m to 12 m 

cryomodule lengths. The number of cells per cavity was 

varied from 4 cells at 500 MHz up to 11 cells above 

1800 MHz resulting in cavities that are less than 1.2 m 

active length for any given cavity. This results in 

 
Figure 6: Relative cost of a 2 GeV linac plus 10 years of 

electrical power as a function of frequency and 

temperature for 10 – 12 m cryomodules each with a 

maximum of 6 m of active length and an integer number 

of cavities. 
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quantized steps in the relative costs plots. In these results, 

the steps are changes in the number of cryomodules. Also 

as one changes the frequency for a given cryomodule 

configuration the gradient must be reduced slightly (up to 

10%) so as to provide the target machine energy. At lower 

frequencies the model for Q0 currently employed does not 

have gradient dependence and thus there is a downward 

slope in the overall costs (lower cryogenic needs at lower 

gradients). At higher frequencies the Q0 slope more than 

makes up for the reduction in gradient and the Q0 losses 

increase as a function of frequency. 

Cost as a Function of Gradient 

For this model the program was set up with fixed 

cryomodule and cavity parameters and by sweeping the 

gradient, one is able to better understand the cost drivers 

and implications. In actuality the program is sweeping 

through the number of cryomodules and calculating the 

average gradient such that the desired energy is achieved.  

Note that if the machine is run off-crest, for a given 

number of cryomodules the gradient will have to be 

increased by a factor of 1/cos(ψB) in order to provide the 

design beam energy gain. Figure 7 shows the relative cost 

of the C100 cryomodule design which was used in the 12 

GeV upgrade [11]. The C100 cryomodule contains 8 

cavities, each with seven cells operated at 1497 MHz, 

where each of the cavities has a normalized shunt 

impedance of 1288 Ω/m and a geometry factor of 280 Ω. 

This was compared to a cryomodule that could be built 

out of 6 cavities, of 5 cells each operated at 748.5 MHz. 

For this model the cavities had a normalized shunt 

impedance of 644 Ω/m and a geometry factor of 280 Ω. 

 
Figure 7: Relative cost of a 2 GeV linac plus 10 years of 

electrical power as a function of gradient and temperature. 

 

Figure 8 shows the relative cost breakdown for the 

same C100 cryomodule configuration. One can see that 

the cost driver at the lower gradients is the cryomodule 

and accelerator civil construction costs. At higher 

gradients there is a step increase in cryogenic costs as the 

system exceeds a 5 kW or 3.8 kW cryogenic plant rating 

for 2.0 K and 1.8 K operating points respectively. After 

that point the cost of the cryogenic facility and the 10 year 

electrical power costs become a significant fraction of the 

cost. 

 
Figure 8: Relative cost breakdown for the components 

used in determining the cost for the C100 cryomodule 

based linac operated at 2.0 K.  

MODEL DEFICIENCIES AND FUTURE 

IMPROVEMENTS 

The model used for the results in this paper has a 

number of issues which still need to be addressed. Also 

since the current model uses a fixed number for the 

cryomodule unit cost, it is important to note that 

cryomodules with different numbers of cavities, couplers, 

cryogenic distribution systems, and cavity types have 

different costs. In addition to issues like coupler selection, 

the program does not take into account the material costs 

increases that occur when building cryomodules at lower 

frequencies. This can easily be addressed by using the 

sweep gradient version of the software and adjusting the 

cryomodule costs when selecting each of the different 

types or entering your own variant of a cryomodule. 

The Q0 data used for the analysis was taken from 

vertical tests. Thus there is no accounting for degradations 

and additional RF losses due to phenomena such as 

imperfect magnetic shielding, fundamental power coupler 

losses, and long term degradation due to new field 

emitters all of which occur when the cavities are installed 

and operated in a cryomodule. The model does not 

include high field Q-slope or any distribution function for 

field emission losses. While the data for the CEBAF 

C100 production run of 80 cavities, installed in 10 

cryomodules, was compared to the model. Further 

analysis of state of art production data as well as data 

from past production runs and data from operational 

machines should allow us to further refine the Q0 models 

used. Reviewing actual costs for specific systems, 

hardware and constructions, as well as those included in 

proposals for new machines should provide us with 

results that are more in line with reality. In addition to 

addressing these issues we would like to also include 

more accurate distributions of gradients into the model 

which will affect the cryogenic losses. 
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CONCLUSIONS 

These tools allow one to better understand the tradeoffs 

relating to the top level design parameters of an SRF 

linac. They allow one to make adjustments to the baseline 

costs, cavity parameters, machine packing factors, etc. on 

the fly and to get a quick feedback as to the impact. The 

cost estimates for the individual items within the program 

will need completed on a machine by machine, and 

location by location basis. Since this describes initial 

applications of a new program, any use of the results of 

the simulation in its current state should be done with 

care. For example, simple things such as inclusion of field 

emission onset, or Q-slope changes at lower frequencies, 

can dramatically change the optimum operations 

frequency, as both would tend to degrade high field 

operations. Inclusion of high field Q-slope will lead to 

increases in costs at the higher field levels and may lead 

to lower optimized field. Additionally, although the 

baseline cost information is felt to be reasonable, different 

locations will have different construction and electric 

power costs. Although we have made good progress in 

developing the tools for understanding machine cost 

tradeoffs more work is necessary in order to understand 

all of the impacts of the different parameters. 
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Abstract 
The Thomas Jefferson National Accelerator Facility is 

currently engaged in the 12 GeV Upgrade Project.  The 
goal of the 12 GeV Upgrade is a doubling of the available 
beam energy of the Continuous Electron Beam 
Accelerator Facility (CEBAF) from 6 GeV to 12 GeV.  
The increase in beam energy will largely be due to the 
addition of ten C100 cryomodules and the associated RF 
in the CEBAF linacs.  These cryomodules are designed to 
deliver 100 MeV per cryomodule.  Each C100 
cryomodule contains a string of eight seven-cell, electro-
polished, superconducting RF (SRF) cavities.  While an 
average performance of 100 MV is needed to achieve the 
overall 12 GeV beam energy goal, the actual performance 
goal for the cryomodules is an average energy gain of 
108 MV to provide operational headroom.  All ten of the 
C100 cryomodules are installed in the linac tunnels and 
nine have been commissioned as of September 2013.  
Commissioned performance has ranged from 104 MV to 
118 MV.  In May, 2012, a test of an early C100 achieved 
108 MV with full beam loading.  This paper will discuss 
the performance of the C100 cryomodules along with 
operational challenges and lessons learned for future 
designs. 

INTRODUCTION 
The 12 GeV upgrade to the CEBAF accelerator, 

currently operating at 6 GeV, is a large scale project that 
requires the installation of several key components to 
allow for the machine to operate at the increased energy 
[1].  These components include added acceleration, an 
additional recirculation arc, stronger magnets, new beam 
line, a new experimental hall, Hall D and the doubling of 
the cryogenic capacity of the central helium liquefier 
(CHL).  The added acceleration comes in the form of 10 
new cryomodules and the associated RF infrastructure.  
The new cryomodules are installed at the ends of the 
existing linacs, five in each linac. 

The C100 cryomodule was designed to provide, on 
average, 108 MV from a string of eight 7-cell low-loss 
shaped SRF cavities within a heat budget of 300 Watts for 
the primary 2K helium circuit [2]. 

All ten of the C100 cryomodules have been assembled 
and have undergone successful Acceptance tests in the 
Cryomodule Test Facility (CMTF).  After installation in 
the linacs and cool down to 2K, all but one of the 
cryomodules (C100-8) have been commissioned.  
Commissioning tests, so far, have demonstrated that these 

cryomodules are capable of delivering an average 
110 MV per cryomodule.   

The first two of the installed cryomodules have been 
operated with beam over a six month period during 
CEBAF’s final 6 GeV experimental run which ended in 
May 2012. 

C100 CRYOMODULE 
The Cavity 

A C100 cavity is shown in Figure 1. 
 

 
Figure 1: C100 Cavity. 

The C100 cavities undergo a processing regime that 
includes buffered chemical processing, electropolishing, 
heat treating, and multiple high pressure rinses. 

The first key items that make this processing cycle 
unique, as well as very efficient, is the use of a bulk, 
150 μm, buffered chemical polishing (BCP) of the interior 
of the cavity combined with a light, 30 μm, 
electropolishing (EP), prior to vertical RF testing in the 
vertical testing area or VTA [3].  The EP process helps 
provide a more uniform, smoother RF surface while also 
reducing the amount of Q slope exhibited during cavity 
testing [4]. 

The heat treating consists of a10 hour, 600 C bake and 
is designed to remove hydrogen gas from the cavity 
structure.  After individual helium vessels are installed on 
each cavity, the cavities undergo a low temperature bake 
at 120 C for 24 hours prior to VTA testing.  Several 
iterations of high pressure rinsing are applied during final 
assembly and after qualification in the VTA. 

Qualification of the cavity in the VTA includes a 
determination of maximum gradient, Q0 vs. Eacc and 
field emission measurements.  Cavities also undergo a 
higher order mode (HOM) survey.  The C100 cavities are 
expected to reach an average gradient of 19.2 MV/m with 
a Q0 of 7.2E9. 

 ___________________________________________  

* Authored by Jefferson Science Associates, LLC under U.S. DOE 
Contract No. DE-AC05-06OR23177.  
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Overall there were 3 cavities that were not qualified to 
be installed into a cryomodule, one due to a defect on an 
equator weld, (cat eye defect), one that did not meet the 
HOM specification and one that was too far outside of our 
field flatness specification to be used.  Otherwise, 96% of 
the cavities met the requirements for use in a C100 
cryomodule, a testament to the quality of the design and 
fabrication, the robustness of the processing cycle as well 
as the skill of the technicians who carried out the work 
[5].   

A cavity was considered to require reprocessing if it did 
not meet the Q vs E specification described above, or if it 
was producing more than ~ 10 mSv/hr of radiation at 
19.2 MV/m.  Figure 2 depicts the amount of reprocessing 
that was required to qualify a C100 cavity. 

 
Figure 2: Cavity Reprocessing Cycles.

  This paper will examine some of the results of VTA 
testing in relation to similar tests made of cavities 
installed in the cryomodules. 

 
The Cryomodule 

After VTA qualification, cavities undergo a final high 
pressure rinse and are staged in a Class 10 clean room for 
assembly into a string.  Figure 3 shows a C100 string 
assembly in progress. 

 

 
Figure 3: Cavity String Assembly.

After the string assembly is completed, the string is 
delivered to the Cryomodule Assembly Area. 
A cavity string that is installed in a cryomodule is 
magnetically shielded by an inner cold layer of 
Cryoperm® and a concentric, warm outer layer of mu-
metal.  Figure 4 shows a C100 cryomodule during 
installation in the linac tunnel. 

 

 
Figure 4: C100 cryomodule in the Tunnel.

The thermal design of the cryomodule consists of two 
cooling circuits, a 2 K primary circuit and a 50 K shield 
circuit via the two L shaped cryogenic end-cans and is 
thermally insulated with Multi-Layer Insulation (MLI) 
and an insulating vacuum space [6]

RF power is supplied through a waveguide power 
coupler assembly.  The cavity vacuum is protected by a 
guard vacuum space between two warm ceramic RF 
windows. 

The cryomodule was designed so that it would have no 
helium to cavity vacuum joints.  This was done to avoid 
the risk of superfluid leaks into the cavity vacuum space. 

The cavity tuning system consists of a cold scissor-jack 
mechanism driven by a warm stepper motor that keeps 
each cavity correctly tuned on frequency.  The tuner 
assembly includes the provision for a piezo electric drive 
if needed for fine or fast control. 

The eight-cavity string is supported and aligned by 
nitronic rod supports and a space frame assembly that is 
inserted into the vacuum tank. 

CRYOMODULE TESTING 
Each cryomodule goes through two testing cycles, 

Acceptance Testing prior to installation in the linac and a 
final commissioning in the linac. 

Acceptance testing takes place in the CMTF and is a 
more comprehensive set of tests than the final 
commissioning and is meant to uncover any major 
problems before delivery to the linac.  An example of 
such a problem would be the failure of an instrumentation 
feed-thru during cool down that leads to the loss of 
insulating vacuum.  Such problems are more easily 
addressed while the cryomodule is in the CMTF which is 
adjacent to the Cryomodule Assembly Area. 

. 
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Once the cryomodule has been installed in a linac, it is 
commissioned.  Commissioning consists of a subset of the 
Acceptance tests and is focused on determining stable 
operating gradients, measuring field emission, Q0 and 
microphonics.  Commissioning also offers an opportunity 
to operate all eight cavities at the same time.  During 
commissioning, the cavities are powered by individual 
13 kW klystrons and are controlled with the new digital 
LLRF controls running in a “self-excited loop” mode 
(SEL). Control and data acquisition is enabled through a 
combination of Labview and epics software. 

This paper will focus mainly on commissioning results 
and will offer some comparisons to the results of VTA 
testing.  

CAVITY PERFORMANCE 
Maximum Gradient Determination 

The C100 cavities are required to have an average 
usable gradient of at least 19.2 MV/m in order to meet the 
design goal of 108  MeV per cryomodule.  The maximum 
gradient (Emax) of each cavity in the cryomodule is 
determined first in the CMTF and again after installation 
in the linacs. 

The process of determining Emax is fairly simple.  RF 
power levels are first calibrated using known RF cable 
losses.  The gradient is calculated using emitted power.  
This gradient measure is used as a reference in order to 
calibrate the gradient based on RF power as measured at 
the cavity field probe. 

The gradient is then stepped up slowly and in small 
increments using pulsed RF.  In most cases, the cavity 
will go through a series of quenches at increasing 
gradients until further increases are limited by RF faults 
or the administrative limit of 25 MV/m.  The 
administrative limit is set by the expected availability of 
RF power.  The limit is then tested with CW RF. 

In theory, there are a number of conditions that may 
limit the maximum gradient.  These include, arcing in the 
waveguide vacuum space, vacuum degradation, RF 
window temperature, quenching, high dynamic (RF) heat 
load and an administrative limit of 25 MV/m.  In practice, 
the cavities are limited by quenching, high RF heat loads 
or the administrative limit [7].  Figure 5 shows the Emax 
distribution for the C100 cavities from both VTA and 
commissioning tests.  

The average maximum gradient for cavities installed in 
cryomodules is 22.2 MV/m and is about 5 MV/m lower 
than the VTA average of 27.4 MV/m.  Some of this 
reduction can be attributed to a lower administrative limit 
for commissioning. 

 

 
Figure 5: Emax Distribution for VTA and 
Commissioning . 

Another cause of the reduction in gradient is the 
cryomodule itself.  The cryomodule’s primary circuit is 
designed to handle a heat load of up to 300 W.  That heat 
budget includes the RF heat load of 29 W per cavity and 
also includes contributions from the power couplers and 
an average static heat load of 18.2 W.  If that heat budget 
is exceeded, we begin to see instabilities in the liquid 
helium bath that manifest as rapid oscillations in the 
liquid level and increasing helium pressure.  
Alternatively, the riser pipes between the individual 
helium vessels and the two phase return pipe are only 
capable of passing 40-50 W before the helium 
temperature rises above lambda.  In other words, the 
operation of an individual cavity can have the same 
destabilizing effect on the helium bath as the operation of 
the entire string at a heat load above 300 W. 

In the nine cryomodules commissioned so far, about 
21% of the cavities have gradient reductions that can be 
attributed to limitation by heat load.  Another 15% of the 
cavities have gradient reductions that can be attributed to 
the more conservative administrative limit.  If the 
administrative limit for VTA testing had been set at 
25 MV/m, the VTA average would be 24.9 MV/m or less 
than 2 MV/m higher than the commissioning average.  
About 5% of the cavities have suffered performance 
reductions due to events such as vacuum contamination 
during the assembly process or the creation of a new field 
emitter after a quench while testing. 

Most of the Emax determination process is performed 
with pulsed RF as a means to mitigate the risks of 
quenching the cavity at high gradient by lowering the 
average RF power. 

After the maximum gradient has been determined, the 
cavity is operated for an extended period (at least one 
hour) to determine a maximum stable operating gradient, 
Emaxop.  Emaxop will in most cases be lower than Emax.  
The average for Emaxop, for cavities commissioned so 
far, is 21.2 MV/m. 
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Figure 6: Emax Determination.

Figure 6 shows the gradient and helium liquid level 
during the Emax determination for cavity C100-7-7.  This 
figure shows the cavity processing through a series of 
quenches at increasing gradients using pulsed RF until a 
hard quench limit is reached.  It also shows the response 
of the helium bath to high RF heat load when the RF is 
switched to CW.  At the far right side of this figure, after 
some lowering of gradient, the helium bath has stabilized 
and the one hour run can proceed. 

Field Emission 
After the Emaxop extended run is completed, a 

measurement of x-rays produced by field emission as a 
function of gradient is made.  A set of 10 Geiger–Mueller 
(GM) tubes is placed on the cryomodule at several 
locations, including the beamline at either end of the 
cryomodule, and at the Fundamental Power Couplers 
(FPC’s).  Figure 7 shows a set of measurements for a 
typical cavity. 

 
Figure 7: Plot of X - Ray Production for a Typical 
Cavity. 

It should be noted that the GM tubes used for this 
measurement tend to saturate at approximately 7 R/hr.  
Figure 8 shows the distribution of maximum gradients 
that can be reached with no field emission.  The average 
of these gradients for commissioning is 13.0 MV/m and 
for the VTA, 18.1 MV/m. 

 
Figure 8: Distribution of Field Emission Onset.

Some of the difference might be attributable to 
differences inherent in measuring a cavity in a dewar as 
opposed to a cryomodule.  Certainly that does not account 
for all of the change.  In general, field emission onsets 
were lower for cavities in installed cryomodules than for 
cavities tested in the VTA. 

Neutron production was also measured on the first two 
cryomodules that were installed.  This, however, has not 
been a routine measurement on the full C100 set.   

 
Figure 9: Neutron Production vs. Gradient.

Figure 9 shows neutron production vs. gradient as 
measured for a cavity in the second C100 cryomodule. 

 
Q0 and Heat Load 

Once the maximum gradients have been established, 
Q0’s are measured for each cavity.  Q0’s are calculated 
from a calorimetric measurement of the power dissipated 
by the cavity into the helium bath.  This is accomplished 
by isolating the cryomodule from the helium transfer lines 
and measuring the rate of rise of helium pressure with RF 
off, known heater power, and finally with RF on.  This 
method can resolve power dissipation as low as 1 Watt. 
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Figure 10: Distribution Q0's at 19.2 MV/m.  

The design of this cryomodule calls for a cavity with a 
Q0 of 7.2E9 at 19.2 MV/m.  Figure 10 illustrates the 
distribution of Q0’s for both VTA tests and for 
Commissioning. 

The average value for Q0 at 19.2 MV/m is 8.1E9.  The 
percentage difference in the average Q0 values measured 
in the VTA (1.1E10) and commissioning measurements at 
19.2 MV/m is about 26% and represents about 7 W of 
dissipated power. 

It should be noted that while the VTA is able to 
measure the Q0 of the individual cavity, measurements 
made during commissioning are actually measuring the 
Q0 of a system that includes the cavity and other 
components such as the waveguide coupler. 

The waveguides were designed for a heat load 
contribution of less than 3 W (2 W dynamic and 1 W 
static).  A coupler heat load contribution of 1 W would 
lower the Q0 of 1.1E10 by about 5%.  A contribution of 
2 W would lower that value by 10% to 9.95E9.  So 
waveguide heating accounts for only a small reduction in 
Q0. 

Figure 11 depicts the Q0 curve for a typical cavity as 
measured during commissioning and compares those 
measurements with VTA data.  This figure shows good 
agreement between the two data sets at lower gradients 
(below 12 MV/m). 

 

 
Figure 11: Typical Q0 Curve VTA and 
Commissioning.  

At 19.2 MV/m, the difference between the two datasets is 
similar to that of the averaged values.  In this case, field 
emission is clearly responsible for most of the reduction 
in Q0.  It should be noted that even with the added heating 
terms and higher field emission, this cavity and on 
average, all of the cavities still exceed the specification 
for Q0 and gradient.  Finally, Figure 12 shows the 
distribution of Qo’s at 7 MV/m.  This figure shows much 
closer agreement between VTA and commissioning data.  
Field emission is mostly non-existent at this gradient. 

 
Figure 12: Qo Distribution at 7 MV/m .  

Q0 measurements allow us to determine operating 
gradients based on a dynamic heat load that does not 
exceed 29 W per cavity or a combined total of 232 W for 
the full string.  These are the maximum gradients for full 
eight cavity operation.  The average “eight cavity 
Emaxop” gradient for the nine cryomodules tested so far 
is 19.6 MV/m. 
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Table 1: C100 Energy Gains by Cryomodule  (MV) 

 Commission Ops 
C100-1 104.3 94.5* 
C100-2 109.6 108 
C100-3 118.4  
C100-4 105.8  
C100-5 109.9  
C100-6 108.2  
C100-7 108.4  
C100-8   
C100-9 113.7  
C100-10 109.8  

Using these gradients, the cryomodules are able to 
deliver voltages as shown in Table 1.  The average energy 
gain for the C100 cryomodules so far is 110 MV which 
exceeds the design goal of 108 MV. 

Two of the cryomodules have been operated with beam 
as shown in the table.  During the final 6 GeV run, the 
focus was on learning how to optimize the controls and 
procedures necessary to control a C100 cavity string at 
maximum gradients.  A decision was made to focus on 
C100-2. C100-1 was not optimized and  was not operated 
at its full potential.  It is expected that C100-1 will soon 
be operating at the gradients specified during the 
commissioning process. 
 

Microphonics and Tuning Sensitivity 
The 12 GeV project “budgeted” for 25 Hz peak total 

detuning (4 Hz static plus 21 Hz dynamic) based on the 
available klystron power (13 kW), the design Qext  (3.2E7) 
for the fundamental power couplers, and maximum beam 
load (465 μA) [8]. 

The measurement of cavity detuning due to external 
vibration sources and the vibrational modes of the 
cavity/cryomodule structure is conducted in both the 
CMTF and in the tunnel.  

Microphonics testing of the first unit (C100-1) met 
design goals marginally, but results were higher than 
expected based on prototype testing.  This unexpected 
result was due at least in part to the the low loss cell shape 
used for the C100 cavities.  The cell walls are more 
vertical as they approach the iris making them more 
susceptible to deflection than the original CEBAF cell 
shape.  Even though the detuning due to microphonics 
was within the 12 GeV specification, a detailed vibration 
study was initiated and conducted on the first few 
cryomodules.  This led to a simple modification of the 
pivot plate in the tuner assembly that reduced the amount 
of detuning in later cryomodules by an average of 42%. 

Figure 13 depicts the frequency shifts due to 
microphonics over a 90 second period in cavities with and 
without the modified tuner and shows how the pivot plate 
was modified.  The cavity with the modified tuner shows 
almost a 50% reduction in detuning. 

 
Figure 13: Time Domain Microphonics data Before 
and After Modification.

Modifying the tuner assembly also led to an average 
reduction of 35% in the cavity pressure sensitivity 
(detuning due to pressure changes).  An average reduction 
of 25% in the static Lorentz detuning was measured as 
well. 

OPERATIONAL CHALLENGES 
The first two cryomodules were operated continuously 

from January through the end of the final 6 GeV run, on 
May 18.  Cryomodule voltage ranged from 50 MV to over 
100 MV depending on the requirements of the 
experiments [9]. 

This run offered an opportunity to develop an 
understanding of the operational characteristics of the 
cavity string and tuners as well as LLRF optimisation. 

At the end of the run, one of the two cryomodules, 
C100-2, was operated at 108 MV with full beam loading 
of 465 uA for more than one hour. 

The RF system is completely new for these 
cryomodules.  Each cavity is powered and controlled by 
one klystron and a LLRF system.  The klystrons produce 
12 kW of linear power and 13 kW saturated. 

The LLRF system consists of the field control chassis 
(FCC), stepper motor chassis, cavity interlocks, and piezo 
amplifier [10].  

Much of the challenge in operating these cryomodules 
at high gradients results from the high (3.2E7) Qext’s of 
the Fundamental Power Couplers and the sensitivity of 
the C100 cavities to detuning.  For a cavity with an 
unmodified tuner, the detuning from the RF off state to 
19.2 MV/m would be about 770 Hz while the cavity 
bandwidth is about 47 Hz. 

The first two cryomodules did not have the benefit of 
tuner modifications, so the peak detuning due to 
microphonics could run as high as 21 Hz.  The 
unmodified cavities also have an average pressure 
sensitivity of 350 Hz / torr and an average Static Lorentz 
detuning in excess of 2 Hz/(MV/m)

2
. 

The piezo tuner has proven to be very useful in 
compensating for the slow detuning that might be caused 
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by helium pressure drift or slow microphonics.  Used in 
concert with the mechanical tuner, the effect on detuning 
is dramatic.  See Figure 14 for a demonstration of that 
compensation.  Note that the vertical scale for this figure 
is ± 8 Hz. 

Lorentz detuning is responsible for what was referred 
to as “cavity fratricide”.  This would occur when a single 
cavity faults due to a quench or other cause.  A C100 
cavity faulting at 20 MV/m could experience 
approximately 800 Hz of detuning.  The mechanical 
coupling between cavities has been measured to be about 
10% and insures that adjacent cavities will also detune by 
some amount.  If there is not enough RF power overhead 
available to compensate for the detuning, adjacent 
cavities will also fault and cause a “domino” effect which 
could shut down the entire cavity string.  

 
Figure 14: Piezo Compensation. 

One way to mitigate the risk of such events is to have 
the LLRF controls for adjacent cavities switch from the 
Generator Driven Resonator (GDR) mode to a Self-
Excited Loop mode until the faulted cavity is recovered. 

The learning process undergone by Jefferson Lab staff 
led finally to the event pictured in Figure 15.  An 
extended run of a C100 cryomodule at 108 MeV at the 
full beam loading required for the 12 GeV project, 
465 μA.  

 
Figure 15: Extended Run at 108 MV and 465 uA. 

This goal was reached without the benefit of the improved 
tuner design. 

LESSONS LEARNED 
As we near the end of the production phase of the C100 

cryomodule project and prepare to move into the 
operational phase, there are some important points worth 
noting for future cryomodule projects. 

Cavity performance is critical to a successful design.  
However, the performance of the cavity should not be 
considered in isolation.  The effect on performance of the 
system (the cryomodule) in which the cavity will be 
installed must be considered. 

It is also important when designing a specification for 
cavity performance, to take into account potential 
reductions in  performance as the cavity moves through 
the production process.  As an example, the field emission 
onset gradients are lower for installed cavities than for 
cavities tested in the VTA.  This occurred despite a 
rigorous quality control program throughout the 
cryomodule production process.  Even with performance 
reductions, the C100 cryomodules have exceeded their 
design goals in all respects thanks to performance margins 
built in to the original design. 

While the response of the C100 cavities to 
microphonics was below the value specified by the 12 
GeV project, the 12 GeV project made the decision to 
invest the  time and effort to investigate possible 
improvements.  This investment resulted in large 
improvements with a simple design change and will result 
in more robust operations for a cryomodule design that 
has already proven capable of meeting the design goals. 

CONCLUSION 
Nine of ten C100 cryomodules have been 

commissioned in the CEBAF linacs.  Commissioning 
results show that these cryomodules will deliver an 
average energy gain of 110 MeV which exceeds the 
design goal of 108 MV.  The C100 cavities are able to 
operate at an average maximum operating gradient of 
19.6 MV/m.  This exceeds the design gradient for the 
C100 cavity.  Two of the cryomodules have been operated 
with beam with one operating at the design energy and the 
full beam loading specified for the 12 GeV project.  This 
goal was reached with a cryomodule that had not been 
modified for improved microphonics response. 

In November, 2013, normal operation of the CEBAF 
accelerator will resume and it is expected that all of the 
C100 cryomodules will perform as has been predicted by 
commissioning tests. 
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Abstract 
While SRF research for linear colliders was focused on 

achieving high gradients, Cornell’s proposal for an energy 

recovery linac (ERL) demanded for low cw losses. 

Starting several years ago, a high-Q R&D phase was 

launched that led to remarkable results recently: A fully 

dressed cavity (7 cells, 1.3 GHz) with side-mounted input 

coupler and beamline HOM absorbers achieved a Q of 

6*10
10

 ((16 MV/m, 1.8 K). This talk will review the 

staged approach we have chosen in testing a single cavity 

in a horizontal short cryomodule (HTC) report results on 

each step and conclude on our findings about preserving 

high Q from vertical testing. We also discuss the 

production of six additional cavities as we progress 

toward constructing a full 6-cavity cryomodule as a 

prototype for Cornell’s main linac module. 

 INTRODUCTION 

Energy-Recovery Linacs (ERLs) are proposed as 

drivers for hard x-ray sources because of their ability to 

produce electron bunches with small, flexible cross 

sections and short lengths at high repetition rates. Cornell 

University has pioneered the design and hardware for 

such an ERL light-sources [1].  

 But before a large-scale light source could be built, 

several important milestones needed to be achieved. The 

National Science Foundation therefore has been funding 

Cornell University since 2005 to verify that the required 

beam. On all these fronts, major milestones have been 

achieved: 75 mA beam currents [2] have surpassed the 

previous world record by a factor of two; the 90% x/y- 

emittance has become so small that an acceleration to5 

GeV would lead to 51/29 pm for 77 pC bunches and 

23/14 pm for 19 pC [3]. With 1.3 GHz bunch repetition, 

this 5 GeV beam could drive a hard-x-ray source with a 

brightness that is about 20 times larger than the brightest 

beam today (at PETRA-III). A potential layout of such an 

ERL at Cornell is shown in Fig. 1.  

Furthermore, it was important to show that the 

proposed operations cost of an ERL can be achieved, 

much of which is for cooling the SRF cryo-system. This 

paper will focus on this topic as it describes our effort to 

achieve high quality factors of the superconducting 

cavities reliably. 

THE HIGH Q PROGRAM 

The SRF properties of a 7-cell main Linac cavity were 

characterized at several stages before completing the 

assembly of a fully equipped horizontal test cryomodule 

(HTC). The purpose of measuring the cavity properties at 

intermediate stages was to both qualify the assembly pro- 

 

Figure 1: The proposed Cornell ERL, transforming the existing CESR storage ring into a high brightness coherent  X-

ray source. 

  ___________________________________________   

#r.eichhorn@cornell.edu                
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cess as well as understand the contribution of each stage 

to the overall quality factor Q and higher-order mode 

properties. Qualification proceeded in four stages: 

1) Vertical testing of the cavity;  

2) horizontal test with axial RF input coupler 

(HTC-1);  

3) horizontal test with side mounted high power RF 

input coupler (HTC-2); and  

4) test with high power RF input coupler and beam 

line HOM loads (HTC-3).  

More details about these tests are available in other papers 

[4, 5], with the results quoted here. The cavity Q was 

measured by standard RF methods in a vertical dewar at 

1.6, 1.8 and 2.0 K. The cavity reached 26 MV/m (limited 

by available RF power), and met the Q specification of 

2*10
10

 (16 MV/m, 1.8 K).  

Following the successful vertical test, while 

maintaining a clean RF surface, the cavity was outfitted 

with a helium jacket, and installed in a horizontal test 

cryomodule in the HTC-1 experiment. For this run, the 

same axial RF coupler used in the vertical test was left on 

the cavity, and used to measure the Q of the cavity via RF 

methods. Additionally, the Q was measured via cryogenic 

methods. After thermal cycling, gradient and quality 

factor measurements exceeded design specifications, 

reaching 3.0*10
10 

at 1.8 K, and a record 6*10
10

 at 1.6 K 

and 5.0 MV/m. 

HTC-2 incorporated the side mounted high power RF 

input coupler to the HTC-1 assembly. The Q at design 

gradient and temperature were met the 2*10
10

 but strong 

field emission and high radiation levels were observed.  

For the HTC-3 run, the cavity was reprocessed (light 

BCP) before reinstallation into the  module and beamline 

higher order mode absorbers. 

Initial measurements show quality factors consistent 

with the pre-thermal cycled values from the previous 

HTC experiments, and suggest successful broadband 

  

 
Figure 2: Q versus E of the first ERL cavity, mounted 

inside the HTC cryomodule, fully equipped with power 

coupler and HOM absorber. 

 
Figure 3: Q versus E for the same cavity after going 

through a 10 K thermal cycle. A significant Q increase 

could be measured. 

 

damping of higher order modes [6]. The measured Q 

versus E curve is shown in Fig 2. 

After a 10 K thermal cycle which warmed up the cavity 

slightly above the critical temperature and cooling it 

down slowly again, we saw a significant increase in the Q 

(see Fig. 3). Remarkably, this leads to a Q of 6*10
10

 at 

our design operation parameters being three times higher 

than targeted. 

Achieving such a high Q horizontally for a fully 

dressed cavity certainly triggers a necessary discussion: 

 can this high Q be reached reliably for many 

cavities 

 what Q should be base-lined for future CW 

accelerator projects  

 

The effect of seen increased quality factors is consistent 

with what we have seen in prior HTC testing’s and relates 

to the findings at HZB [7]. The reason for this finding is 

still under investigation. 

 
Figure 4: Magnetic field measurement during initial 

cooldown of the HTC-3. The flux gate sensor was 

mounted outside the helium tank but inside the second 

layer of magnetic shielding. 
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Figure 5: CAD model of the cryomodule prototype (MLC). It will house 6 ERL type cavities. More details are given in 

the text. 

 

Recent measurements however, suggest that it might be 

related to magnetic fields: We mounted a flux gate 

magnetic probe between the helium vessel and the inner 

magnetic shielding of the cavity and saw during the initial 

cool-down a drastic change in the residual magnetic field- 

leading even to a reversal of the flux direction. The 

measured curves are given in Fig. 4. In contrast to the 

findings in Berlin, these curves suggest a dependency 

from the absolute temperature and not the gradient. 

BUILDING THE MAIN LINAC 

CRYOMODULE 

In preparation for constructing the ERL, a full 

prototype linac module (MLC) is currently under 

fabrication [8]. 

Module Design  

The general layout of the cryomodule prototype is 

shown in Fig. 5. In principle, it is based on the ILC design 

but incorporates the necessary changes to allow for CW 

operation plus improving the design by simplification 

(which for example lead to changes in the alignment 

concept of our module).  

The almost 10 m long module houses 6 

superconducting cavities, operated in CW mode at 1.8 K. 

These 7-cells, 1.3 GHz cavities with an envisaged Q of 

2x10
10

 will provide an energy gain of 16 MV/m. Each 

cavity is fed by a 5 kW RF power input coupler described 

below.  

Due to the high beam current combined with the short 

bunch operation a careful control and efficient damping 

of the HOMs is essential, leading to the installation of 

dampers next to each cavity [6]. The series linac module 

will have a quadrupole/ steerer superconducting magnet 

section behind the 6 cavity string, making the transition to 

the adjacent module. This magnet section will be omitted 

in the prototype as it, in contrast to the other components, 

technically does not represent a challenge. 

The design was guided by several principles: 

 Achieving good alignment of all components 

 Providing excellent magnetic shielding to get 

highest Qs of the cavity 

 Careful control of all natural frequencies to 

achieve low microphonics   

 Ensure CW operation of all cavities even if the 

Q is lower than designed 

 Allow clean installation and minimize 

contamination risks 

Currently, all components are procured or under 

fabrication and completion is planned in 2014. More 

details on the MLC are described in [9]. 

Cavity Fabrication 

All cavities for the MLC are or will be produced in-

house. The process begins with half cells formed by a 

deep drawing process in which sheet metal of 3 mm RRR 

niobium is radially drawn into a forming die by a first 

press at 3 tons, then a second forming press (100 tons). 

The dies for the centre cells were carefully designed to 

deal with the spring back effect. 

The equators of each cup have an additional straight 

length on them (approx. 1.5 mm). The purpose of this 

extra length is to allow for trimming later on to meet the 

target frequency and length. We will focus on that below 

when we discuss the dumbbell trimming. Those 

dumbbells are built in an intermediate step by welding 

two cups together on their irises. 

 Ultimately six dumbbells will be welded together by 

electron beam welding to form the centre-cells of the 

seven cell cavity and end-cells with end-groups are added. 

 
Figure 6: Three ERL cavities built at Cornell to be 

installed into the prototype Main Linac Cryomodule 

(MLC). 

After welding, the assemblies are cleaned by both 

chemical etching and a high purity water rinse to rid them 

of any surface impurities that may have accumulated 

during the production process. 
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For the MLC, we decided to build 3 unstiffened cavities 

as show in Fig. 6 as well as 3 cavities with stiffening 

rings. The reason for doing so as well as the optimization 

of the stiffening ring position is described in [10]. 

Cavity Preparation 

For the preparation of the cavity, a simple recipe – 

being modified with experience- based on BCP has been 

chosen. Starting after fabrication, the damage layer is 

removed by bulk buffered chemical polishing (BCP, 140 

m). While we started to measure the removal rate with a 

witness sample first we learned that an on-line ultrasonic 

head measurement is more appropriate. The hydrogen 

degassing is done at 650 °C for 4 days while we monitor 

the hydrogen residual gas inside the furnace. Studies 

showed that a higher temperature (800 °C) seams to 

remove more hydrogen but would slightly soften the 

cavity which would still be acceptable. However, as the 

Qs are above our specifications we limited our self and 

did not yet risk softening the material. 

The degasing is followed by a frequency and flatness 

tuning and an optical inspection. As final preparation 

steps we do a light BCP (10 m), a low temperature 

baking (120 °C, 48hrs), and more recently an HF rinse. 

Each chemistry step is followed by ultra-sonic cleaning 

and high pressure rinsing. Table 1 gives an overview of 

the slightly different procedures applied to the so-far 

build 4 cavities. 

After final assembly, cavity is slowly pumped down 

with mass flow control system, confirmed leak tightness, 

and then installed on vertical test insert and the Q is 

measured. Figure 7 shows a recent result on the 4
th

 ERL 

cavity. 

 

 

 

Table 1: Parameters of the Cavity Preparation and its Slight Changed During our Learning Experience. 

 ERL7-1 (HTC) ERL7-2 ERL7-3 ERL7-4 

Bulk BCP 
140um  

(witness sample) 

135±10 um 

(cavity equator) 

138±5 um 

(cavity equator) 

132±7 um 

(cavity equator) 

Degassing 
Jlab,  

650C*10hrs 

TM-furnace 

650C*4days 

TM-furnace  

650C*4days 

TM-furnace 

650C*4days 

tuning 88% 94% 91% 92% 

Final BCP 10 um   10 um 10 um 10 um 

120C bake On insert TM-furnace On insert TM-furnace 

HF rinse No Yes  Yes  Yes  

VT 1
st
 (1.8K) 

17MV/m, 1.6e10 

(No T-map , old insert) 

17MV/m, 1.53e10 

w/ T-map 

Limited by FE  

w/ T-map 

17.4MV/m, 2.4e10 

w/ T-map 

Re-process 

- BCP (10m) 

- 120 C bake(in clean 

room, old set-up) 

- HF rinse 

 

 

- BCP (10m) 

- 120 C bake(TM-

furnace) 

- HF rinse 

 

  

 

Figure 7: Q-curves for the latest produced ERL cavity 

(ERL7-4), achieving 2.5*10
10

 at 16 MV/m and 1.8 K. 
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Cavity Testing 

As mentioned in Tab. 1, every ERL 7-cell cavity was 

tested with the full temperature-mapping system. This T-

map consists of 1848 Allen-Bradley resistors and is able 

to offer 1mK temperature resolution. Figure 8 shows the 

T-map result of ERL 7-4 cavity at 17MV/m in 2 K helium 

bath. Each blue square represents the resistor array 

covered on one cell. The sequence of the T-map is 

identical to the cavity orientation during the vertical test, 

and the main coupler port is on the bottom. The tiny hot-

spots were detected on each cell, and the maximum 

temperature increase which is about 20 mK was found in 

the cell 3.  

 
Figure 8: The Cornell T-map system as it is installed 

around an ERL cavity (left) and the heating map we got 

on ERL7-4 (17 MV/m, 2K). 

 

Over the course of the testing we found this system 

being an essential tool in understand our Q findings and 

analysing the sources. Some cavities, even meeting the 

specifications were reprocessed as we saw very located 

hot spots. Needless to say that by this reprocessing the Q 

became even higher. 

Figure 9: Q curves for the 4 ERL cavities tested so far. 

All data were taken at 1.8 K. 

 

The results we got for the 4 cavity we have produced so 

far are summarized in Fig. 9. All measurements were 

done at 1.8 K. While ERL7-1 and 7-2 were slightly below 

the targeted value of 2*10
10 

, the later cavities 7-3 and 7-4 

exceeded that goal by almost 50 %. It should be noted 

that the cavity ERL 7-1 became the cavity to be tested in 

the various HTC assemblies, now having a Q of 6*10
10

! 

This results in the statement that we currently achieve 

higher Qs in horizontal measurements with fully dressed 

cavities than in vertical test which seems to contradict 

discussions a decade ago. 

RF Input Coupler and Source 

The ERL main linac input couplers must deliver up to 5 

kW CW RF power to the cavities. At this CW power 

level, active cooling of the inner conductor is required. 

The design of the ERL main linac coupler is based on the 

TTF-III and Cornell ERL injector couplers (see Fig. 10). 

To simplify the input coupler, it has fixed coupling with a 

nominal external Q of 6.5*10
7
. Coupling adjustability can 

be achieved using three-stub tuners in the feed-

transmission line to have a coupling range of 2*10
7
 to 

1*10
8
. Two sets of bellows are placed on the warm 

portion of the coupler, on both the inner and outer 

conductor, to allow for significant lateral motion of the 

cavities during cool down while keeping the cold antenna 

fixed relative to the cavity coupler port.  

All couplers have been ordered at CPI and meanwhile 

delivered. So far, we have tested 4 up to 5 kW CW RF 

power under full reflection without seeing any vacuum 

action [11]. Essentially, no conditioning was required to 

reach this power level leading to our believe that this 

coupler could operate reliably even at a doubled power 

level. 

 
Figure10: RF Power coupler. The coaxial transmission 

line has two bellows which allow for lateral movement 

during cool-down. 

SUMARY AND OUTLOOK 

Cornell University has achieved important milestones 

for the construction of ERL light sources: world-record 

currents from a photoinjector; ultra-small emittances; 

long-lived photocathodes and SRF cavities with 

extremely high Quality factors which had been the focus 

of this article. The design goal of 2*10
10

 at 16 MV/m and 

1.8 K, set a decade ago seems unrealistic at that time but 

is being achieved and outperformed regularly, today. 
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We have measured a Q as high as 6*10
10

 for a cavity 

being fully dressed with a power coupler and two adjacent 

HOM absorbers in our Horizontal Test Cryostat (HTC). 

As we progress along building a full linac cryomodule we 

fabricated 6 additional cavities, four of which are finished 

and tested so far. All of them outperformed our 

expectations. 

Cornell is currently building a prototype for the full 

linac cryomodule. String assembly inside the clean room 

will start by the end of 2013, the whole module is 

expected to be finished in late 2014. In preparation for 

ERL construction, this allows us to verify the cost model 

of this cost-driving part of the full ERL. It allows high Q 

performance studies with significant statistics (6 cavities) 

as well as quantifying microphonics impacting operation. 

Using this module, the study of HOMs in a multi-cavity 

structure with imperfect cavities can be performed, which 

is the basis for the proposed small loop demonstrator. The 

fabrication is seen as a preparation step for future industry 

collaboration, defining key procedures and quality 

standards. We believe that these technologies have 

sufficiently progressed years to allow the construction of 

an ERL-based lightsource. 
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Figure 1: Final clean string assembly just before removal 
from the clean room. 

 
Figure 2: Cavity cold mass suspended from the 
cryomodule lid.

LOW BETA CAVITY DEVELOPMENT FOR AN ATLAS INTENSITY 
UPGRADE 

M. P. Kelly, Z. A. Conway, S. M. Gerbick, M. Kedzie, T. C. Reid, R. C. Murphy, B. Mustapha, S.H. 
Kim, P. N. Ostroumov,  Argonne National Laboratory, Argonne, IL 60439, U.S.A.

Abstract 
   Seven new 72 MHz superconducting quarter-wave 
(QWR) cavities have been completed and are being 
installed in the ATLAS heavy-ion accelerator at Argonne. 
The aim is to provide at least 17.5 MV accelerating 
potential with large acceptance and minimal beam losses 
for high intensity ion beams. Cavities are being installed 
into ATLAS in 2013 as part of a larger beam intensity 
upgrade. The cavity electromagnetic design uses 
optimizations not used before with quarter-wave cavities, 
including a taper on both the inner and outer conductors 
in order to reduce surface fields, while at the same time, 
spanning no more space along the beam line axis.  
Electropolishing (EP) on all cavities with integral helium 
jacket and no demountable rf joints is unique for low beta 
cavities. The new EP system is an extension of the 
Argonne system for ILC work. Single cavity cold tests 
show quench fields between 98-165 mT. Cavity residual 
resistances at the proposed operating point of ~70 mT are 
2-3 n Significant technical details including the use of 
wire EDM and relatively low heat ‘keyhole’ welds for 
niobium fabrication are presented. 

INTRODUCTION 
The ATLAS Efficiency and Intensity Upgrade [1] 

includes a fully operational CW radio frequency 
quadrupole injector and a new cryomodule of 7 SC 
cavities for =0.077.  The cryomodule is replacing three 
cryomodules of split-ring resonators in the middle portion 
of the ATLAS SC ion linac. In fact, the three split-ring 
cryomodules are the first section of superconducting linac 
used for ion acceleration and the second superconducting 
linac anywhere.  This follows work on the 2009 ATLAS 
Energy Upgrade cryomodule. The 2009 cryomodule has 

been available for full time operations, providing 
VACC=14.5 MV over 4.6 meters, the highest gradient for 
any SC linac for this range of beta. The new 5-meter 
cryomodule will provide at least 20% more voltage, 17.5 
MV, even though cavities have half the beta, G=0.077. A 
number of technical improvements are implemented 
compared to the previous designs in order to achieve this 
performance. The improved rf design [2] and the unique 
capability to electropolish complete quarter-wave cavities 
[3], the near elimination of resonant micophonics and the 
relatively uncommon use of wire electron discharge 
machining (EDM) and lower heat ‘keyhole’ welds are 
described here. 

CAVITY PERFORMANCE 
   Cold tests at 2 K and 4 K for five out of eight new 72 
MHz cavities have been performed in the large Argonne 
single cavity test cryostat. Seven of these cavities, shown 
in Figures 1 and 2, have been installed into the new 
ATLAS cryomodule as part of the intensity upgrade.  The 
eighth was intended for R&D to advance the performance 
for this class of cavity [4]. Three cavities were not tested 
individually, but instead installed directly into the 
cryomodule. During a two week commissioning  test, all 
cavities, including the three previously untested cavities, 
reached at least EACC=10 MV/m with minimal rf 
conditioning, and exceeding the nominal design goal of 
EACC=8 MV/m (llEFF= m Curves for quality 
factor versus accelerating gradient curves will be 
measured during the next cold test. For commissioning 
purposes, accelerating gradients were extracted from the 
previously measured CW Lorentz force detuning 
coefficient of 1.7±0.2 Hz/(MV/m)2 and checked for two 
cases using x-ray end point energies, the product of 
bremsstrahlung from field emitted electrons. 

THIOC01 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

850C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

01 Progress reports and Ongoing Projects

B. Project under construction



 
Figure 3: Surface fields (absolute value on a linear scale) 
for the ANL quarter-wave with the conical outer housing.  

DESIGN AND FABRICATION 
Electromagnetic Design 

The 72.75 MHz cavity electromagnetic (EM) design 
incorporates two features which are unique to date. One 
directly improves cavity RF field performance and the 
second permits loss free transport of high current (≥100 
e A) ion beams. The modifications in the shape of the 
cavity, primarily in the high magnetic field region and 
analogous to the adaptation of the standard TESLA 1.3 
GHz cell shape to the high gradient shape, are discussed 
first. 

The conical shaped inner and outer conductors, shown 
in Figure 3, have not yet been used on any coaxial TEM 
cavity. The peak electric and peak magnetic surface fields 
are calculated in CST MWS. Color coding is on a linear 
scale. In general terms, the larger volume in the magnetic 
field region, due to conical shape, results in a lower 
surface current over the entire center conductor. The 
reduction of BPEAK is 25% as compared to a cavity at the 
same frequency and beta that is constructed only from 
right cylinders.  

The other EM parameters, including the R/Q and 
geometry factor are also improved as indicated in Table 1. 
The increase in the R/Q is expected due to the reduction 
in the average magnetic field (squared) over most of the 
central conductor for a given value of accelerating field. 
The geometry factor, proportional to the stored energy 
divided by an integral of surface magnetic field squared, 
also tends to increase as the shape becomes more 
‘spherical’. Finally, even though the shape in the beam 
aperture region is unchanged, the normalized EPEAK is 
reduced by 10% due to the more efficient geometry.  

The improvement in EM parameters is achieved at the 
cost of an increase in fabrication complexity. Specifically, 
rather than rolled and seam welded niobium cylinders for 

the outer housing, the outer conductors were formed from 
three 120o sections of a cone. However, this was judged 
to be a reasonable trade off due to the BPEAK reduction 
and the observation that performance for ANL cavities 
has been limited by magnetic field (quench or Q-slope). 
The improved EM parameters could, in principle, provide 
an additional accelerating voltage equivalent of two 
additional cavities for a seven cavity cryomodule. 
   An EM design technique, introduced more than a 
decade ago, but used in practice only once previously, is 
the correction of the intrinsic steering in the quarter-wave 
cavity by means of an electric field intentionally 
introduced in the direction transverse to the beam axis. 
The unwanted steering is caused by a non-zero magnetic 
field on the beam axis due to the ‘top-to-bottom’ 
asymmetry in the quarter-wave geometry and the 
correcting electric field comes from an intentional tilt 
built into the surfaces of the beam aperture region. For 
this case (f0=72.75 MHz and G=0.077), the tilted angle 
of the cavity faces is 2.2o

.and the resultant reduction in the 
beam steering angle is a factor of 10 or more over the full 
useful velocity range (0.07< <0.2).  The absolute value of 
the steering angle is less than 0.1 mrad with the 
correction. It is noted that this method of correction has a 
weaker beta dependence than a correction performed by 
vertically offsetting the cavity. In the former there is also 
no sacrifice of beam aperture. Finally, here there is no 
additional fabrication cost since the angle is built into the 
NC machined dies used for niobium forming 

Fabrication Details 
Assembly of the cavity parts from RRR 250 niobium 

sheet metal formed is performed by electron beam 
welding in a high vacuum chamber. The geometry 
requires roughly seven linear meters of electron beam 
welding, with almost one third of the distance in regions 
where the magnetic field, B ≥ 0.8 BPEAK. 

For the present set of quarter-waves, all welds in the 
high magnetic field regions are of a so called ‘keyhole’ 
type, where the beam necessarily strikes the niobium from 
the direction of the rf surface. This type of welding is 
qualitatively different from the standard through weld, but 
is little known in the SRF cavity community since most 
elliptical cell geometries can only be assembled using 
through welds in the high B-field region. In this case the 
electron beam impinges the surface from the liquid 
helium side. However, for TEM structures there is direct 

Table 1: Calculated 72 MHz Cavity EM Parameters 

Parameter 
Right 
Cylinder 

Conical 
Shapes 

Units 

EPEAK
* 5.9 5.1 MV/m 

BPEAK
* 10.2 7.6 mT/(MV/m) 

Geometry Factor 16.8 26.4 
RSH/Q 515 575 

*normalized to EACC=1 MV/m, leff=  
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Figure 4: Two weld types used to assemble quarter-wave 
cavities.  

 
Figure 5: Q versus EACC , VACC , BPEAK and EPEAK for 5 of 
quarter-wave cavities.  

line-of-sight to the high B-field portion of the rf surface 
until the later stages of assembly, so that the keyhole 
technique is possible. Examples of the visual appearance 
for a good quality standard through weld and a keyhole 
weld are shown in Figure 4. 

Differences in the main beam parameters include a 
higher travel speed, a tighter focus and a four times lower 
total deposited power for the keyhole approach. The weld 
bead structures are very different. Whereas the 3 mm 
though weld (Figure 3 left) produces a large grained, 1 cm 
wide bead through the bulk, and large grain steps on the rf 
surface, the keyhole weld (right) produces a smooth 
narrow bead with small grain steps. The smoothness is 
produced during a final low (~40% of full) power welding 
step referred to as the ‘cosmetic pass’. This final step is 
not possible for through welds. These cavities don’t 
provide a chance to isolate the impact of this technique 
alone on rf performance; however, they do provide proof 
of principle that the keyhole technique is compatible with 
high (~165 mT) surface fields. 

It is noted that wire electric discharge machining 
(EDM) was used to perform essentially all cutting on 
niobium subcomponents. The technique should, in 
principle, give similar results as for traditional mill 
machining, however, in practice it requires much less 
fixturing and technical skill with niobium and reduces the 
likelihood for embedding inclusions. Hydrogen 
contamination from EDM is not a major drawback since 
cavities require degassing anyway to achieve optimal 
performance at either 2 K or 4 K. 

Electropolishing 
The ANL low-beta cavity electropolishing system 

provides a unique and practical capability to perform 
electropolishing on the complete niobium cavity with 
helium jacket. This is possible because TEM-mode 
cavities do not require field flatness tuning or access to 
the niobium surface after polishing. The system and 
associated polishing parameters are similar to those for 
horizontal systems used with 1.3 GHz cavities for the 
global international linear collider effort. There is one 
major improvement, however. For co-axial TEM cavities, 
the helium jacket has been used to directly cool the 
niobium surface with chilled (22+/-0.5oC) water and the 
niobium temperature has been measured to be stable and 
uniform to within ≤ 5 oC over the cavity surface.  As with 
elliptical cells, the cavities are rotated during the 

procedure at a speed of 1 rpm, however unlike with most 
e-cells, the maximum temperature on the niobium surface 
never rises above 32oC at any time during the rotation 
period.

The total removal for all cavities was close to 150 m. 
Two separate rounds of polishing were performed. First, 
after fabrication, the cavities were electropolished on 
consecutive days, removing 65 m of niobium each day.  
Total polishing time was about 12 hours. The cavities 
were then baked under vacuum at Fermilab for 14 hours 
at 625oC in order to degas hydrogen. Last, the cavities 
were returned to Argonne for a final light 20 m 
electropolish. Possible contamination from the Fermilab 
furnace, a known issue for some bare niobium elliptical 
cavities, appears to have had no negative impact here, 
possibly because of the relatively small 50 mm cavity 
access ports which make an effective baffle to the rf 
surface. 

PERFORMANCE 
Four out of seven new 72 MHz cavities and one R&D 

cavity were tested at both 2.0 and 4.5 Kelvin and results 
are shown in Figure 5. In ATLAS, cavities will be 
operated at 4.5 K with a nominal accelerating gradient of 
7.9 MV/m (leff= 31.75 cm) or 2.5 MV/cavity. The 
assumed quality factor was Q=1x109 with a 
corresponding surface resistance of 26 n . In practice, as 
much as 15-20 Watts of cryogenic cooling per cavity 
should be available, allowing cavities to operate at or 
above EACC~10 MV/m. 

The five tested cavities achieved CW accelerating 
gradients at 4.5 K ranging between EACC=12.4-16.2 
MV/m, or up to double the originally planned values. 
Most cavities had approximately 3 hours of low-level 
(EACC=0-1.5 MV/m) multipacting conditioning and one 
half to 1 hour of short pulse conditioning with 4 kW peak 
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Figure 6 : Averaged surface resistance extracted from the 
cavity geometry factor and the measured Qo at 2 K. 
(RBCS~0).  

power in order to achieve the measured performance 
shown in Figure 2. High-field multipacting (EACC>2 
MV/m), observed briefly in most cavities, was easily 
conditioned in minutes by adjusting the coupler for the 
matched condition and transmitting a few 10’s of Watts 
into the multipactor barrier. 

Only the prototype cavity received an ‘in-situ’ 120 oC 
bake.  For this case, cold testing before and after showed 
no measureable difference from baking. This is not 
considered to be a definitive test of the technique since 
unwanted temperature variations of ±10oC both in time 
and over the cavity surface were observed. 

2 Kelvin Performance 
ANL is also pursuing R&D needed in to demonstrate 

practical 2 K operation, the likely operating mode for 
future large SRF linacs. The high practical cavity field 
gradients possible at 2 K, combined with the compact 
lattice of the Argonne cryomodule design, can provide 
‘real-estate’ gradients of 7 MV/m (at BPEAK=120 mT), or 
about 2-3 times higher than for today’s state-of-the-art at 
4 K. This would make feasible the construction of a 
compact ion linac that might be attractive for the next 
generation of high-power accelerators. 

The five cavities tested individually already move close 
to this goal, reaching magnetic surface fields in the range 
BPEAK=98-165 mT. In two of five cases, the thermal-
magnetic breakdown was extracted from pulsed, 5% duty 
cycle, measurements in order to limit x-ray production at 
very high fields. These points are not included on Figure 
6. The lowest quench at 98 mT for the first prototype is 
due to breakdown on the central conductor as determined 
from second sound measurements. The location 
corresponds to that of a known welding defect, where 
contamination on the center conductor weld preparation is 
known to have occurred.  

At the other extreme of performance, the R&D quarter-
wave cavity was never driven to quench (maximum 
BPEAK=165 mT), but was finally administratively limited 

due to copious x-ray emission at EPEAK=115 MV/m, 
producing x-rays for which the existing shielding was 
never designed. In addition to the high quench field, the 
R&D cavity also has a slightly higher surface resistance 
than for the other four cavities. It is unknown whether this 
is related to the longer 625 oC hydrogen degassing time, 
the different niobium supplier, or some other effect.  

Four of the cavities have a 2 K residual resistance, 
ranging from 1-2 n  at low fields, a value that has been 
very difficult to achieve in higher frequency elliptical cell 
cavities. The curves in Figure 5 show a measure of 
residual resistivity as a function of magnetic field. We 
note that with the 7 cm variable coupler used for these 
tests, Qo comes directly from low field weekly coupled 
decay time measurements. Errors on both Qo and ‘RRES’ 
are, therefore, much smaller than is common with fixed 
couplers. The estimated Qo error is ±2.5% coming mostly 
from extraction of the weakly coupled energy decay time 
from the voltage decay curve as measured on a digital 
oscilloscope. 

MICROPHONICS 
Design features and fabrication techniques for new 

quarter-wave cavities nearly eliminate microphonics. 
These include; (1) reduction of pressure sensitivity by 
mechanical and EM design, mechanical centering of 
the central conductor during fabrication, and (3) a passive 
mechanical damper to reduce the intrinsic mechanical Q 
of cavity vibrations.  

Centering is done by inserting a long stainless bar into 
the center conductor through a 50 mm port in the top of 
the helium jacket and then inelastically bending the center 
conductor while monitoring the frequency on a network 
analyzer. The total bending was approximately 1 mm with 
a final accuracy of about +/- 100 microns, however, we 
note it is unnecessary to make dimensional measurements 
in order to perform the centering. Only frequency is 
required. The benefit is large, with a reduction in the 
peak-to-peak amplitude for resonant ‘pendulum’ mode 
microphonics by an order of magnitude, even before 
mechanical damper installation. Peak-to-peak 
microphonics amplitude for all cavities installed inside 
the cryomodule was measured to by ±2 Hz over periods 
of minutes to days during the commissioning cool down, 
or only about 5% the maximum planned fast tuning 
window. 

CONCLUSION 
The fabrication and assembly of a seven cavity ATLAS 

cryomodule of quarter-wave cavities and one R&D cavity 
for =0.077 and f0=72.75 MHz is complete. Horizontal 
electropolishing on the completed cavities was performed 
for the first time. Initial results at both 2 K and 4 K show 
performance ranging from BPEAK=98-165 mT, EPEAK=70-
120 MV/m, and practical acceleration at VACC>3 
MV/cavity at 4.5 K and VACC>5 MV/cavity at 2 K. In the 
commissioning cool down of the cryomodule all cavities 
where operated with EACC≥10 MV/m. Levels for fast 
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microphonics were measured to be ±2 Hz peak-to-peak 
demonstrating the effectiveness of EM and mechanical 
techniques presented here. 
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Abstract 
A main linac cryomodule have been constructed for 

Compact ERL project. It contains two 9-cell cavities, 

mounted with HOM absorbers and input couplers. After 

cavity string assembly, they were installed into the 

vacuum vessel of the cryomodule. It was placed inside 

radiation shield of cERL and connected to a refrigerator 

system. The cryomodule was successfully cooled down to 

2 K and low power and high power measurements were 

carried out. 

COMPACT ERL PROJECT 

Compact ERL (cERL)[1, 2] is a test facility, which is 

now being constructed on the ERL Test Facility in KEK. 

Its aim is to demonstrate technologies needed for future 

multi GeV class ERL. One of critical issues for ERL is 

development of the superconducting cavities.  

 

Figure 1: Conceptual layout of the cERL project. 

 

Table 1: Main Parameters for cERL Project 

Beam energy 35 – 245 MeV 

Beam current 10 – 100 mA 

Normalized emittance 0.1 – 1 mm mrad 

Bunch length 1 – 3 ps (usual) 

100 fs (bunch compression) 

Conceptual layout of the cERL is shown in Figure 1 

and its main parameters are shown in Table 1. At the first 

stage of cERL, minimum version of ERL will be 

constructed and electron beams of 10 mA will be 

accelerated up to 35 MeV. One main linac cryomodule 

with two 9-cell cavities have been constructed. 

MAIN LINAC CRYOMODULE 

Figure 2 shows a schematic view of the main linac 

cryomodule [3], which contains two 9-cell KEK ERL 

model-2 cavities [4] mounted with He jackets. Beampipe-

type ferrite HOM absorbers [5] are connected at both 

sides of cavities, to strongly damp HOMs. The HOM 

absorbers are placed on 80K region. Coaxial input 

couplers [6] with double ceramic windows feed RF power 

to the cavities. Frequency tuners [7] control cavity 

resonant frequencies. Cooling pipes of 80K, 5 K and 2 K  

are extended throughout the cryomodule. The 80 K line 

was cooled by Nitrogen, and 5 K and 2 K lines were 

cooled by Helium. After filling with 4 K liquid He, 

insides of the He jackets were pumped down and the 

cavities were cooled down to 2 K. To keep the precise 

alignment, two cavities were supported by Ti frame with 

5 K He line. And this 5 K frame was supported by the 

large girder  (backbone) set at 300K. The magnetic shield 

was equipped to this 5K frame.   

 

Figure 2: Schematic view of ERL main linac cryomodule. 

Prior to the cryomodule assembly work, we have done 

the vertical tests of two cERL 9-cell cavities. The left 

figure of the Figure 3 shows the results of the vertical 

tests of two cERL 9cell KEK-ERL model-2 cavities [8]. 

These two cavities reached the 25 MV/m gradient and 

satisfied our requirements of cERL of Q0 = 1x10
10

 at 15 

MV/m.  High power test of input coupler was also applied 

under liquid Nitrogen cooling before the cryomodule test. 

The right figure of Figure 3 shows the result of high 

power test of input coupler for cERL main linac. Power 

reached the 25 kW and kept 20 kW with standing wave 

condition for 16 hours [6]. Cooling test and thermal cycle 

test of HOM absorber were done by using liquid Nitrogen 

[5]. After checking the performance of these important 

components like cavities, input coupler, HOM absorber 

and tuners, we started the assembly work of cERL 

cryomodule. 

  

Figure 3: (Left) Results of vertical tests of two cERL 9-

cell cavities. (Right) Result of high power test of input 

coupler for cERL.  

 ___________________________________________  
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CRYOMODULE ASSEMBLY 

Cavity string assembly was done at class-10 clean room, 

which was built on ERL development building of KEK. 

The left of Figure 4 shows the connection of the HOM 

absorber to the cavity. After this, the cold ceramic 

windows of input couplers were also mounted. These 

works were done as carefully as possible, to avoid dust 

contamination to the cavities. Figure 5 shows the cavity 

string after completion of string assembly works. 

  

Figure 4: Connection of HOM absorber (left) and gate 

valve (right). 

The next step, the cavity string went out of the clean 

room and was mounted on a cryomodule central tower. 

Frequency tuners of coarse mechanical tuners and fine 

piezo tuners were assembled on one side of the He jackets. 

After setting the cooling pipes, temperature sensors, 

magnetic shields, alignment targets and so on, they were 

covered with the vacuum vessel. 

The warm ceramic windows of input couplers were 

jointed to the cold windows, and gate valves were 

connected to the both end of the beampipes, which is 

shown in the right of Figure 4. These works were 

performed inside a clean booth to avoid unwanted dust 

contaminations to the cavities. 

 

Figure 5: After completion of cavity string assembly. 

The assembled main linac cryomodule was moved into 

radiation shield of cERL accelerator, placed on beamline 

and connected to a refrigerator system, as shown in 

Figure 6. 

The cavities located on upstream and downstream are 

called as #4 and #3cavities, respectively, according to the 

manufacturing number. 

 

Figure 6: Main linac cryomodule placed inside radiation 

shield of cERL. 

COOLING DOWN OF CRYOMODULE 

Figure 7 shows cooling history of the main linac 

cryomodule, during first low power and high power 

measurements. Red and blue lines show cavity He jacket 

temperature, and green, black and purple lines show 

HOM absorber temperatures. 

 

Figure 7: Cooling history of the cryomodule.  

Following cooling strategy was required; (1) the HOM 

absorbers should be cooled down slowly, to avoid 

cracking on ferrite absorbers. Slope of 3 K/hour was 

required. This rate was used for cooling test of the HOM 

absorbers. (2) Large temperature difference was avoided 

among each cooling lines. Typically it was required to be 

less than 50K. 

As shown in Figure 7, the cryomodule was successfully 

cooled down and the cavity temperatures reached to 2 K. 

During measurements, 80 K line was continuously 

operated, while 5 K and 2 K lines were not operated 

during midnight and weekend. 

   

Figure 8: (Left) Horizontal displacements of alignment 

targets set in cryomodule. (Right) Vertical displacements 

of alignment targets set in cryomodule.  
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During cooling down procedure, cavity displacements 

were monitored using the optical and laser targets, set 

inside the cryomodule. Figure 8 shows the measurements 

results of displacements of alignment targets set on 5 K 

frame. The left (right) figure of figure 8 shows the 

displacements of target from #1 to #4 set on the top (side) 

of 5 K frame near the both ends of two cavities. These 

displacements were measured by alignment telescope via 

the view ports during the cool down. From these 

measurements, the displacements of cavity center, from 

room temperature to 2 K, were estimated to be less than 

0.4 mm. These measurements agree well with the position 

monitor by using white light interferometer [9]. And this 

value is within our alignment tolerance. 

LOW POWER MEASUREMENTS 

After cooling down to 2 K, performances of each 

component were firstly checked. Components such as the 

frequency tuner, HOM absorber and input coupler are 

shown in Figure 9. 

 

  

Figure 9: (left) Frequency tuner, (center) HOM absorber 

and (right) input coupler. 

Figure 10 shows performances of frequency tuners; 

(left) coarse mechanical tuners and (right) fine piezo 

tuners. Movements of mechanical tuners were smooth 

enough and their strokes were as expected. The left of 

Figure 8 shows that the cavities can be successfully tuned 

to 1.3 GHz by mechanical tuners. Performances of piezo 

tuners were also fine. Their movements were smooth and 

precise enough. Reproducibility did not show any 

problems. 

  

Figure 10: Performances of the mechanical tuners (left) 

and piezo tuners (right). 

For the HOM measurements, one fundamental pickup 

antenna and three HOM antennas were used for each 

cavity. The HOM ports were located just side of the HOM 

absorbers. 

Figure 11 shows measured HOM frequencies and their 

loaded Q-values of #3 cavity. Generally speaking, 

measured HOM characteristics agree with calculated ones, 

while detailed analysis are on-going. The ferrite of the 

HOM absorber seems to work well at 80K. 
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Figure 11: Measured HOM characteristics for #3 cavity, 

compared with calculated ones. PU means fundamental 

pickup antenna and HOM1, HOM2 and HOM3 mean 

HOM probes. 

The input couplers were designed to adjust coupling by 

changing length of inner conductor, in a range of Qext = (1 

– 4) x 10
7
. Their movements were checked and found that 

Qext = 8.7 x 10
6
 – 3.3 x 10

7
 for downstream coupler and 

Qext = (1.5 -5.3) x 10
7
 for upstream coupler. Before the 

high power test of cryomodule, we fed the power to input 

coupler up to 25 kW to processing the coupler. 

Performances of all components for the main linac 

cryomodule were confirmed to be fine. 

HIGH POWER MEASUREMENTS 

The left figure of Figure 12 shows the setup of the high 

power test of cERL main-linac cryomodule. High power 

measurements were performed using a 30 kW IOT. 

Cavity frequencies were tuned to close to 1.3 GHz. For 

these tests, cavity resonant frequencies were followed by 

changing the frequency of a signal generator. To 

investigate field emissions, radiation monitors were 

placed on both sides of the cryomodule near the axis of 

the cavities. 

 

Figure 12: (Left) setup of the high power test of cERL 

main-linac cryomodule. (Right) Measured accelerating 

voltage (Vc) and radiation doses for both cavities. 

The right figure of Figure 12 shows the results from 

high power measurements. Accelerating voltage, Vc, 

reached to 16 MV for both cavities. They, however, 

suffered from heavy field emissions. Unfortunately, field 

emissions were observed from around 8 MV for both 
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cavities. Relation between Vc and Eacc is indicated as Vc 

[MV] = 1.038 x Eacc [MV/m]. 

  

Figure 13: Measured Qo values for #3 cavity (left) and #4 

cavity (right). 

Figure 13 shows measured cavity unloaded Q-values 

(Qo) for both cavities. The Q values were estimated from 

amount of liquid He consumption. For these 

measurements, static losses were estimated to be around 

11 W and subtracted from total losses to lead dynamic 

losses. Degraded Q-values at higher voltage, Vc > 10 MV, 

were caused by field emissions. We note that Q-value is 

higher than 1x10
10

 at 15 MV before the unexpected burst 

event in #4 cavity. But after burst the Q-value decreased 

and radiation drastically increased.  

 
 

Figure 14: (Left) Setup of the 16 Si PIN diode profile 

monitor. (Right) the measurement results of 16 Si PIN 

diode profile monitor set downstream of cryomodule 

before and after burst events during #4 cavity high 

power test. Red dot line shows the radiation pattern 

shown in vertical test. 

To investigate the field emission change in detail, we 

set the 16 Si PIN diodes profile monitor around beam axis 

at the end of cryomodule as shown in the left figure of 

Figure 14 because the electron produced by field emission 

will be accelerated along the axis [10,11]. The right 

figures of Figure 14 shows the measurement results of the 

profile monitor set downstream of cryomodule while 

keeping the 14.5 MV of #4 cavity. We note that the 

profile was drastically changed before and after burst 

events and the gradient decreased. Unknown field 

emission source would be created at the burst events. 

We note that both cavities had shown good 

performances at vertical tests as mentioned above [8]. 

Field emission on-sets had been 14 MV/m and 22 MV/m, 

and unloaded Q-values had been also fine, Qo > 1 x 10
10

 

at 20 MV/m at vertical tests. From these facts, field 

emissions observed at cryomodule high power tests were 

most likely induced during module assembly works. 

Finally we could keep the field level 13.5 MV at #3 

cavity and 14.2 MV at #4 cavity for more than one hour. 

 

Figure 15: Measurement results of microphinics of #3. 

During the high power test, we measured the 

microphonics under QL(=1.5x10
7
) of #3 cavity. Figure 15 

show the measurements results of michrophonics by 

detecting the phase () between input power of cavity 

and output power from cavity via pick up port without 

feedback loop.  Measured amplitude of f (pk-pk) is 7 Hz, 

which is much smaller than the expected michrophinics of 

50 Hz. This means that tuner feedback is sufficiently 

applicable.  

SUMMARY AND FUTURE PLAN 

The main linac cryomodule have been constructed for 

cERL project. Cavity string assembly was carefully done 

in the clean room. It was installed into vacuum vessel of 

the cryomodule, placed on the beamline of cERL and 

connected to the refrigerator system. The cryomodule was 

successfully cooled down to 2 K. Performances of 

components, such as the input couplers, frequency tuners 

and HOM absorbers, were confirmed. High power 

measurements were also carried out. Accelerating voltage 

of 16 MV was achieved for both cavities. Suppression of 

field emissions is one of challenging issues near future. 

In 2013, injector beam line was constructed and beam 

commissioning of injector parts was started [2]. Other 

beam lines of cERL like round loop will be constructed of 

this summer and autumn in 2013. After that, first energy 

recovery beam is expected to pass though the cavities. 
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Abstract 
We report the results of recent design and testing of 

several 2.1 GHz superconducting radio-frequency (SRF) 
photonic band gap (PBG) resonators. PBG cells have 
great potential for outcoupling long-range wakefields in 
SRF accelerator structures without affecting the 
fundamental accelerating mode. Here we describe the 
results of our efforts to fabricate 2.1 GHz PBG cells with 
round and elliptical rods and to test them with high power 
at liquid helium temperatures. Two PBG cells with round 
rods were tested in spring of 2012 and achieved 
accelerating gradients of 15 MV/m at 2 Kelvin. Two PBG 
cells with elliptical rods were tested in summer of 2013 
and achieved higher accelerating gradients of 18.3 MV/m 
at 2 Kelvin.  

INTRODUCTION 
Superconducting radio frequency (SRF) cavities are the 

natural choice for the future generation of high-duty-
factor accelerators for the high power free-electron lasers 
(FELs) where the heat produced in the accelerating 
structure cannot be effectively extracted [1]. Going to 
higher frequencies in SRF accelerators will save on RF 
and cooling power as well as provide a more compact and 
lower cost accelerating structure. Operating at high 
frequency and low bunch charge reduces the risks of 
brightness degradation in electron beam transport. 
However, extremely low RF losses in SRF cavities 
become a disadvantage with respect to excitation of 
higher order mode (HOM) wakefields in the linac which 
oscillate almost indefinitely and interact with the 
accelerated beam causing instabilities, energy spread and 
additional cryogenic losses. 

 Photonic Band Gap [2] (PBG) cavities have the unique 
potential to filter out all HOM power and reduce the 
wakefields. A PBG structure or simply, photonic crystal, 
represents a periodic lattice of macroscopic components 
(e.g., rods), metallic, dielectric or both. For accelerator 
applications, two-dimensional PBG resonators made as an 
array of metal rods are frequently employed. For certain 
dimensions of the array, a defect in the structure (a 
missing rod) forms a mode-selective PBG resonator 
cavity [3]. This resonator is capable of supporting the 
accelerating mode and not supporting any higher order 
modes which then propagate towards the peripheries of 
the cavity and get filtered out with waveguides. 

The first ever demonstration of acceleration in a PBG 
resonator was conducted at Massachusetts Institute of 
Technology (MIT) in 2005 [4]. Since then, the 
importance of PBG structures for accelerators has been 

recognized by many research institutions worldwide. In 
the experiment reported in [4], the 6-cell open copper 
PBG structure was employed to construct a room-
temperature travelling-wave accelerator at 17.137 GHz 
with inherit ability to filter out wakefields. 

The idea that PBG cells will greatly benefit higher-
frequency superconducting electron accelerators by 
greatly reducing the wakefields was first expressed by the 
authors of [5], who fabricated and cold-tested the first 
ever superconducting PBG cell at 11 GHz. We are also 
aware of another successful attempt to fabricate 
superconducting PBG resonators at 6 GHz and 16 GHz 
[6]. However, the authors of [5,6] have only completed 
the low power tests, and therefore never proved that their 
designs and fabrication procedures were able to withstand 
high power. In addition, those first superconducting PBG 
resonators still represented open structures with removed 
outer wall and liquid helium flowing through the pipes 
connected to hollow rods of the PBG structure. The 
number of PBG hollow rods was limited to 3 rows of rods 
in [5] and four rows of rods in [6]. As a result, the 
unloaded Q-values of the cavities were dominated by 
diffraction losses and ohmic losses could not be measured 
accurately. 

  

  
Figure 1: Conceptual drawing of an SRF accelerator 
section incorporating a PBG cell with HOM couplers. 
 ___________________________________________  
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 We realized that SRF PBG resonators should not be 
employed as open single-mode accelerating structures but 
rather serve as an effective way to incorporate HOM 
couplers, and also, the fundamental mode coupler as a 
part of the accelerating structure [7] (Figure 1). One PBG 
resonator with waveguide couplers attached to its outside 
wall may replace one of the regular elliptical accelerating 
cells in an accelerating module. Since substantial 
accelerating gradients could be maintained inside of a 
PBG resonator incorporating HOM waveguides, placing 
HOM waveguides in a PBG cell may greatly increase the 
overall real estate gradient as compared to the real estate 
gradient in a module with HOM couplers located in the 
beam pipes. 

We have initiated a project at Los Alamos National 
Laboratory (LANL) to evaluate the high gradient 
performance of the SRF PBG resonators and demonstrate 
the applicability of the PBG resonator technology to SRF 
accelerators. 

2.1 GHz SRF PBG RESONATORS: DESIGN 
AND FABRICATION 

Several 2.1 GHz SRF PBG resonators were designed at 
LANL. The structures were designed with the 18 straight 
niobium rods sandwiched in between two niobium plates 
and enclosed by a niobium outside wall. The beam pipe 
had the inner diameter of 1.25 inches and blended edges. 
The design was performed with the CST Microwave 
Studio [8] and later verified with the HFSS [9]. First two 
cells were designed with 18 round cylindrical rods. The 
dimensions of those cells are listed in Table 1. The table 
also lists other characteristics of the designed cell. It can 
be seen from the table that the breakdown due to high 
maximum magnetic fields is going to be the most critical 
limit to the high gradient performance of the designed 
cell. The maximum surface electric field in the PBG cell 
is reached on the blended edge of the beam pipe, as 

expected. However, the maximum surface magnetic field 
does not occur on the side wall of the cavity as in the case 
of a simple elliptical cavity. Instead, the maximum is 
reached on the rods of the PBG structure [7].  

We then tried to improve the performance of the 
resonator with regular cylindrical rods and push its 
gradient limitations by investigating different strategies 
for reducing the peak surface magnetic field. The initial 
idea was to bend the inner rods of the PBG resonator in a 
manner mimicking an elliptical SRF cavity, where the 
high magnetic field is pushed away from the surface. 
However, bending the rods of the PBG structure did not 
produce the same effect. Next, we followed the idea of 
[10] and changed the shapes of the 6 inner rods of the 
PBG resonator from cylindrical to elliptical (Figure 2). 
This produced the desirable effect reducing the surface 
fields up to 40 per cent depending on the major radius of 
the elliptical rods (Figure 3). We varied the dimension for 
the minor radii of elliptical rods until the peak magnetic 
fields were minimized for each major radius. 

 

 
Figure 2: In order to reduce the surface magnetic field the 
shape of the inner row of rods in the PBG structure was 
changed from the round cylinders to elliptical cylinders. 

 
Figure 3: Peak magnetic fields on the surface of the 2.1 
GHz PBG resonator as a function of the major half-axis 
of the elliptical rods. 

 
Using the time domain solver we analyzed the 

confinement of HOMs and the fundamental mode in a 
PBG resonator with elliptical rods. We discovered that if 
the periodicity of the PBG structure is broken and the 
elliptical rods are moved slightly toward the center of the 
resonator, then the fundamental mode in this structure 
becomes better confined than in the structure with round 
rods. At the same time HOMs in this structure are 
confined worse and can be extracted more efficiently 
than in the structure with round rods [11]. The 

Table 1: Dimensions and Accelerator Characteristics of the 
2.1 GHz SRF PBG Accelerator Cell with Round Rods 

Spacing between the rods, p 56.56 mm 

OD of the rods, d 17.04 mm = 0.3*p 

ID of the equator, D0 300 mm 

Length of the cell, L 71.43 mm (λ/2) 

Beam pipe ID, Rb 1.25 inches = 31.75 mm 

Radius of the beam pipe 
blend, rb 

1 inch = 25.4 mm 

Q0 (4K) 1.5*108 

Q0 (2K) 5.8*109 

R/Q 145.77 Ohm 

Epeak/Eacc 2.22 

Bpeak/Eacc 8.55 mT/(MV/m) 
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dimensions and the accelerator characteristics of the 
structure with the shifted elliptical rods are summarized in 
Table 2. 

 
Table 2: Dimensions and Accelerator Characteristics of the 
2.1 GHz SRF PBG Accelerator Cell with Elliptical Rods 

Spacing between the rods, p 56.57 mm 

OD of the rods, d 17.04 mm = 0.3*p 

Shift of elliptical rods, ∆p 0.89 mm 

Major OD of the elliptical rod, a 24.94 mm = 0.5*p 

Minor OD of the elliptical rod, b 9.80 mm  

ID of the equator, D0 300 mm 

Length of the cell, L 71.43 mm (λ/2) 

Beam pipe ID, Rb 1.25 inches = 31.75 mm 

Radius of the beam pipe blend, 
rb 

1 inch = 25.4 mm 

Q0 (4K) 1.8*108 

Q0 (2K) 6.2*109 

R/Q 150.7 Ohm 

Epeak/Eacc 2.37 

Bpeak/Eacc 5.66 mT/(MV/m) 

 

 
Figure 4: Photograph of the 2.1 GHz PBG cell with round 
rods during manufacturing stage. 

The resonators with round rods and with elliptical rods 
were fabricated by Niowave, Inc from a combination of 
stamped sheet metal niobium with the residual resistance 
ratio RRR>250 and machined ingot niobium components 
with RRR>220. After the electron beam welding, a 
buffered chemical polish etch was performed to prepare 
the RF surface for testing. The temperature of the acid 
was carefully monitored during the etching. A photograph 
of a resonator with round rods during the fabrication stage 
is shown in Figure 4. The photograph of resonators with 
elliptical rods right after fabrication is shown in Figure 5. 

 

HIGH GRADIENT TESTING OF THE 2.1 
GHz SRF PBG RESONATORS 

 

 
Figure 5: Photograph of the 2.1 GHz PBG cavities with 
elliptical rods ready to be tested. 

 

 
Figure 6: The 2.1 GHz PBG cell with round rods 
assembled with the couplers in the clean room (top) and 
installed on the vertical test stand before lowering into the 
cryostat (bottom). 

The resonators underwent high gradient testing at 
LANL. Resonators with round rods were tested in Spring 
of 2012, and resonators with elliptical rods were tested in 
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Summer of 2013. Each cavity delivered from Niowave 
was opened in a class 100 clean room and a pickup 
coupler flange and a movable bellow with a matched 
input power coupler were attached at the ends of the beam 
pipes. The cavity was then sealed and taken out of the 
clean room, set on the vertical cryostat insert, pumped 
down and leak checked (Figure 6). 

The cavity was then moved into a vertical cryostat of 
965 mm in diameter and 3048 mm in depth. The cavity 
was actively pumped down all the time with a 30 L/s ion 
pump attached on the cryostat lid.  The atmospheric 
pressure at Los Alamos is about 600 Torr which 
corresponds to ~4 K LHe boiling temperature.  A 4 K 
measurement was carried out on the first day. On the 
second day more liquid helium was added and the 
cryostat was pumped down for a 2 K measurement. 

At the start of each test we adjusted the moveable 
coupler to a slightly over-coupled position, the decay time 
of the reflected power was measured in a pulsed mode at 
a low field.  The unloaded Q (Q0) and coupling Q’s of 
input and pickup couplers were calculated from this 
pulsed-mode measurements.  Next, the Q0 – Eacc sweep 
data was obtained in a CW regime for different drive 
powers and the gradient and the external Q-factors were 
computed from measured drive, reflected and transmitted 
powers. 

 
Figure 7: Unloaded Q (Q0) as a function of accelerating 
gradient (Eacc) of the 2.1 GHz SRF PBG cavities with 
round rods: (a) cavity #1 tested in March of 2012, and (b) 
cavity #2 tested in April of 2012.  

Table 3: Measured Performance of two 2.1 GHz SRF 
PBG Resonators with Round Rods and Comparison to 
Theory. 

 Theory Cavity #1 Cavity #2 

Frequency 2.100 GHz 2.10669 
GHz 

2.09984 GHz 

Q0 (4K) 1.5*108 8.2*107 1.2*108 

Q0 (2K) 5.8*109 1.1*109 3.9*109 

Maximum 
Eacc (4K) 

 9.5 MV/m 10.6 MV/m 

Maximum 
Eacc (2K) 

 9.1 MV/m 15.0 MV/m 

Bpeak (4K)  81 mT 91 mT 

Bpeak (2K)  78 mT 129 mT 

 
Figure 7 shows the Q0 – Eacc curves at 4 K and 2 K for 

the two cavities with round rods. Table 3 summarizes the 
test results including frequencies, Q-factors, and 
maximum achieved gradients. Cavity #1 was the first one 
to be tested and was opened up in the clean room a few 
times during the preparation stages. It may explain its 
slightly worse performance at 4K. Also, during the 2K 
testing, cavity #1 developed a super-leak, which resulted 
in a quite poor performance. Measured characteristics of 
the Cavity #2 were very close to theoretical predictions. 
The achieved accelerating gradients were as high as 15 
MV/m, limited by the magnetic quench.  

Figure 8 shows the Q0 – Eacc curves at 4 K and 2 K for 
the two cavities with elliptical rods. Table 4 summarizes 
the test results. The cavities had somewhat longer beam 
pipes than the cavities with round rods, and therefore 
Cavity #3 turned out to be undercoupled at 4 K even 
when the co-axial coupler was moved fully inwards. As a 
result, the 4 K measurements of this cavity were quite 
inaccurate. In addition, the magnetic field compensating 
coil was not turned on before the cool down, which 
explains the lower Q-values measured during the 2 K test. 
The cavity, however, performed excellent at 2 K and 
withstood a high 18.3 MV/m accelerating gradient. Cavity 
#4 was tested with a longer co-axial coupler probe. It 
performed excellent at 4 Kelvin and went up to 18.2 
MV/m accelerating gradient and demonstrated high 
unloaded Qs. However, we observed a significant 
frequency shift in this cavity (300 kHz up vs. 30 kHz up 
in other three PBG cavities) when going from 4 Kelvin 
down to 2 Kelvin. Then during the testing at 2 K we 
observed a very strong Q-slope which was possibly due to 
field emission from a defect. The cavity quenched at 15.3 
MV/m at 2 K.  

Overall, the measurements totally confirmed the 
predicted improvement in the gradient performance of the 
cavities with elliptical rods as compared to the cavities 
with round rods. 
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Figure 8: Unloaded Q (Q0) as a function of accelerating 
gradient (Eacc) of the 2.1 GHz SRF PBG cavities with 
elliptical rods: (a) cavity #3 tested in July of 2013, and (b) 
cavity #4 tested in August of 2013.  

 
Table 4: Measured performance of two 2.1 GHz SRF 
PBG resonators with elliptical rods and comparison to 
theory. 

 Theory Cavity #3 Cavity #4 

Frequency 2.100 GHz 2.11524 GHz 2.11292 GHz 

Q0 (4K) 1.8*108 1.6*108 1.6*108 

Q0 (2K) 6.2*109 2.2*109 3.9*109 

Maximum 
Eacc (4K) 

 10.0 MV/m 18.2 MV/m 

Maximum 
Eacc (2K) 

 18.3 MV/m 15.3 MV/m 

Bpeak (4K)  57 mT 103 mT 

Bpeak (2K)  104 mT 87 mT 

CONCLUSION AND FUTURE PLANS 
We have demonstrated the proof-of-principle 

fabrication and high gradient operation of 
superconducting photonic band gap cavities at 2.1 GHz. 
Four cavities were tested at both 4 K and 2 K and 
performed quite well, demonstrating accelerating 

gradients as high as 18.3 MV/m. The two cavities with 
elliptical rods on average have performed 30 per cent 
better than the cavities with round rods. This is in perfect 
agreement with theoretical predictions. 

 To continue research on applications of PBG cavities 
for reducing wakefields in SRF accelerators, we designed 
a five-cell PBG accelerator section which includes a PBG 
cell with a fundamental and higher order mode couplers 
attached to its outside wall [12]. The copper prototype 
will be fabricated and tested in the near future. We expect 
the Q-factors of all major HOMs not to exceed 103 in a 
five-cell structure with three waveguide couplers attached 
to the PBG cell. 

We believe that the PBG technology will provide 
means for SRF accelerators to move to higher 
frequencies, significantly reduce the size of SRF 
accelerators and allow increasing the brightness of the 
electron beam transport.  

REFERENCES 
[1] S. Belomestnykh, Reviews of Accelerator Science and 
Technology 5, p. 147 (2012). 
[2] E. Yablonovitch. Phys. Rev. Lett., 258, p.2059, 
(1987). 
[3] E.I. Smirnova, I. Mastovsky, M.A. Shapiro, R.J. 
Temkin, L.M. Earley, and R.L. Edwards, Phys. Rev. ST-
AB, 8(9) p. 091302, (2005). 
[4] E.I. Smirnova, A.S. Kesar, I. Mastovsky, M.A. 
Shapiro, and R.J. Temkin, Phys. Rev. Lett. 95(7), p. 
074801 (2005). 
[5] D.R. Smith, D. Li, D.C. Vier, N. Kroll, and S. Schultz. 
AIP Conference Proceedings, 398, p. 518, (1997). 
[6] M. R. Masullo, M. Panniello, V. G. Vaccaro, A. 
Andreone, E. Di Gennaro, F. Francomacaro, G. 
Lamura,V. Palmieri, D. Tonini, Proceedings of EPAC 
2006, p. MOPCH167, (2006). 
[7] E.I. Simakov, W.B. Haynes, M.A. Madrid, F.P. Romero, T. 
Tajima, W.M. Tuzel, C.H. Boulware, and T.L. 
Grimm, Phys. Rev. Lett., 109, p.164801 (2012). 
[8] CST Microwave Studio, Computer Simulation 
Technology, www.cst.com. 
[9] Ansys HFSS, Ansys Inc., www.ansys.com. 
[10] B.J. Munroe, A.M. Cook, M.A. Shapiro, R.J. 
Temkin, V.A. Dolgashev, L.L. Laurent, J.R. 
Lewandowski, A.D. Yeremian, S.G. Tantawi, and R.A. 
Marsh, Phys. Rev. ST-AB 16, p. 012005 (2013). 
[11] Evgenya I. Simakov, W. Brian Haynes, Sergey S. 
Kurennoy, James F. O’Hara, Eric F. Olivas, Dmitry Yu. 
Shchegolkov, Proceedings of the IPAC 2012, p. 
WEPPP035, (2012). 
[12] Sergey Arsenyev and Evgenya I. Simakov, to appear 
in Proceedings of the NA PAC 2013, p. WEPAC34, 
(2013). 
 
 

THIOC03 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

864C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Cavity design

O. Cavity Design - Accelerating cavities



DEMONSTRATION OF RF STABILITIES IN STF 9-CELL CAVITIES
AIMING FOR THE NEAR QUENCH LIMIT OPERATION

M. Omet , SOKENDAI, Hayama, Japan∗

T. Matsumoto, S. Michizono, T. Miura, KEK/SOKENDAI, Tsukuba, Japan

Abstract
The achieved long-time vector sum (VS) stabilities of

two superconducting cavities controlled by digital Low

Level Radio Frequency (LLRF) techniques under nomi-

nal operation in the scope of the quantum beam project

[1] with an about 6 mA beam were ΔA/A = 0.009% rms

and Δφ=0.009◦ rms. Since in the International Linear Col-

lider (ILC) [2] the cavity gradient spread will be large (31.5

MV/m ± 20%) the required range of loaded Q values will

be 3E6 to 1E7. A high loaded Q operation at 2E7 with beam

was demonstrated at STF. The beam transient VS stabilities

were ΔA/A = 0.011% rms and Δφ=0.015◦ rms. Further-

more in preparation of ILC an operation at different gra-

dients (VCav1=16 MV/m, VCav2=24 MV/m) with flat flat-

tops and beam was demonstrated, which is only possible

by PkQL control (individual settings of driving power and

loaded Q per cavity) [3, 4]. The beam transient VS stabili-

ties were ΔA/A=0.009% rms and Δφ=0.009◦ rms.

INTRODUCTION
In preparation of ILC, the Superconducting RF Test Fa-

cility (STF) is operated at the High Energy Accelerator

Research Organization (KEK). In the configuration for the

quantum beam project, the linear electron accelerator con-

sists beside others of two superconducting 9-cell TESLA

type L band cavities driven by a single klystron in the Dis-

tributed RF Scheme (DRFS) [5] and operated using LLRF

control techniques [6, 7] in a 5 Hz pulsed mode. A simpli-

fied schematic of the feedback loop is shown in Figure 1.

Lorentz force detuning in the cavities is dynamically com-

pensated by piezo tuners driven by a sine function.

Figure 1: Schematic of the digital LLRF feedback loop controlling two superconducting cavities at STF.

∗momet@post.kek.jp

LONG-TIME NOMINAL OPERATION
In scope of the quantum beam project the nominal op-

eration parameters were VCav1 = 16 MV/m and VCav2 =

24 MV/m, with QL,Cav1 = QL,Cav2 = 3E6 and a filling

time of 540 μs. The beam compensation was automatically

matched to the beam pulse profile [4]. The vector sum sta-

bilities during beam transient achieved in a long-time run

with and without a 6.6 mA beam with a pulse length of

615 μs are listed in Table 1. A snapshot of the vector sum

gradient is shown in Figure 2.

Table 1: Vector sum amplitude and phase stabilities under

long-time nominal operation (rms values)

Beam 6.6 mA (60 mins) Off (20 mins)

ΔA/A Vector sum 0.009% 0.008%

Δφ Vector sum 0.009◦ 0.008◦

HIGH QL OPERATION
The operational cavity gradients at ILC will be (31.5 ±

20%) MV/m due to quench limits different from cavity to

cavity. This leads to the requirement of a QL range from

3E6 to 10E6. Since ω1/2 = ω0/2QL the cavity bandwidth

becomes narrow at high QL values (e.g. ω1/2 = 32 Hz at QL

= 2e7 and f0 = 1.3 GHz). Due to this cavity detune induced

e.g. by microphonics is expected to become severe.

At KEK STF the range of QL values of both supercon-

ducting cavities is 2e6 to 5e7. For the demonstration of

high QL operation the QL values were set to 2e7. Due to

this the filling time was extended to 800 μs. Both cavity
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Figure 2: Vector sum gradient [MV/m] versus time [s] dur-

ing nominal operation.

gradients were set to 20 MV/m. In an 1 hour long-time

run with a 6.1 mA beam with a pulse length of 615 μs as

well as beam compensation and feedback (FB) turned on

the amplitude and phase stabilities as listed in Table 2 were

achieved. Figure 3 shows a snapshot of the vector sum gra-

dient. Beside this a run of 20 minutes without beam at the

same condition was performed. The corresponding stabili-

ties are also listed in Table 2.

Table 2: Vector sum amplitude and phase stabilities under

high Q operation (rms values)L

Beam 6.1 mA (60 mins) Off (20 mins)

ΔA/A Cavity 1 0.12% 0.03%

ΔA/A Cavity 2 0.16% 0.03%

ΔA/A Vector sum 0.011% 0.008%

Δφ Cavity 1 0.03◦ 0.03◦

Δφ Cavity 2 0.03◦ 0.03◦

Δφ Vector sum 0.015◦ 0.014◦

The measured QL values of both cavities during beam

operation, which were determined by the evaluation of the

cavity gradient decays, were in average QL,Cav1= 21E6 rms

and QL,Cav2 = 22E6 rms. Figure 4 a) shows the detune for

both cavities versus the 1 hour time span. The correspond-

ing histograms are shown in Figure 4 b). The standard de-

viations are σΔf,Cav1 = 10.1 Hz and σΔf,Cav2 = 4.7 Hz.

An average detuning of both cavities lower than the cavi-

ties bandwidths allowed the demonstration of a very stable

high QL operation with stabilities comparable to nominal

operation.

PKQL OPERATION
It is essential to operate multiple cavities driven by a

single klystron near their respective quench limits over the

whole pulse length. This is only possible by adjusting the

driving power Pk and the QL values individually. At KEK

STF an automated procedure to engage in PkQL opera-

tion as well as a subsequently long-time PkQL operation

Figure 3: Vector sum gradient [MV/m] versus time [s] dur-

ing high QL operation.

Figure 4: a) Detune [Hz] of both cavities versus time [s]

and b) detune histogram for both cavities during high QL

operation.

have been successfully demonstrated [4]. The final opera-

tion parameters were VCav1=16 MV/m, VCav2=24 MV/m,

QL,Cav1 = 9E6, QL,Cav2 = 3E6, a filling time of 410 μs, an

average beam current of 6.4 mA, and a beam pulse length

of 615 μs. Virtual quench limits were defined to be 16.8

MV/m and 25.2 MV/m and were never exceeded. A snap-

shot of the cavity 1, cavity 2, and vector sum gradients is

shown in Figure 5. The procedure to engage in PkQL oper-

ation covers the following steps:

• Setting QL values using waveguide reflectors (auto-

mated)

• Detune compensation using piezo tuners (automated)

• Setting of cavity gradients by adjustment of the ratio

of the variable hybrid and the feedforward amplitude

(automated)

• Phase compensation using waveguide phase shifters

(automated)

• Turning on feedback (manually)

• Turning on beam (manually)

• Turning on beam compensation (manually)

• Simultaneous extension of beam pulse and cavity gra-

dient flattop lengths (automated)
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Figure 5: Cavity 1, cavity 2, and vector sum gradients

[MV/m] versus time [s] during PkQL operation. The

dashed lines indicate virtual quench limits of 16.8 MV/m

and 25.2 MV/m.

The manual steps were not automated due to machine

protection reasons. Figure 6 shows the gradient stabilities

for both cavities versus time for a 800 second sample

time span of the subsequently performed 1 hour long-time

operation with beam. The mean vector sum stabilities were

ΔA/ACav1,mean=0.211% and ΔA/ACav2,mean=0.132%

and the best ΔA/ACav1,best=0.041% and ΔA/ACav2,best=

0.031%.

Figure 6: Cavity 1 (left) and cavity 2 (right) gradient sta-

bilities during beam transient versus time [s] in PkQL op-

eration.

Figure 7 shows the vector sum gradient and phase stabil-

ities during the beam transient versus time for the same 800

second sample time span. The performances of the vector

sum stabilities are listed in Table 3. These are comparable

to the stabilities during nominal operation and allow with

this a very stable first actual PkQL operation.

Figure 7: Vector sum gradient and phase stabilities during

beam transient versus time [s].

Table 3: Vector sum amplitude and phase stabilities under

P Q operation (rms values).k L

Beam 6.1 mA (60 mins)

Best vector sum ΔA/A 0.009%

Mean vector sum ΔA/A 0.016%

Best vector sum Δφ 0.009◦

Mean vector sum Δφ 0.019◦

The dominant source for the cavity as well as vector sum

stability fluctuations has been a beam current fluctuation of

about 20%. Even under this condition average vector sum

stabilities indicated as mean in Table 3 were maintained.

If the beam current could be controlled precisely and the

matched condition could be kept up the vector sum stabil-

ities would be as good as indicated as best in Table 3 over

the whole time.

SUMMARY
At KEK STF demonstrations of RF stabilities using

two superconducting 9-cell cavities driven by a single

klystron aiming for the near quench limit operation were

performed successfully. Those cover a high QL oper-

ation (QL,Cav1=QL,Cav2=2E7, VCav1= VCav2=20 MV/m)

with beam (6.1 mA) with resulting vector sum stabilities

of ΔA/A = 0.011% rms and Δφ = 0.015◦ rms as well

as a PkQL operation (VCav1 = 16 MV/m, VCav2 = 24

MV/m (both 5% below their respective virtual quench lim-

its), QL,Cav1 = 9E6, QL,Cav2 = 3E6) with beam (6.4 mA)

with resulting vector sum stabilities of ΔA/A = 0.009%

rms and Δφ = 0.009◦ rms. These stabilities are comparable

to those under nominal long-time beam operation (VCav1 =

16 MV/m, VCav2 = 24 MV/m, QL,Cav1 = QL,Cav2 = 3E6,

I =6.6 mA) of0 ΔA/A = 0.009% rms and Δφ = 0.009 rms.◦
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Abstract 
 The project of the Chinese Accelerator Driven 

transmutation System started in 2011. The driven 

accelerator of C-ADS is a superconducting linac. The 

construction of two 10-MeV superconducting injectors 

and the prototypes of superconducting RF cavities for 

main linac are developing at the Institute of High Energy 

Physics (IHEP) and the Institute of Modern Physics 

(IMP). Seven types of SRF cavities including half wave 

resonator, spoke, and elliptical are developed in parallel. 

At present, the Spoke012 has finished the horizontal 

testing and the Q0 is 2E8 at Epeak = 30 MeV/m; the 

HWR010 has finished the vertical testing and the Q0 is 

4E8 at Epeak = 45 MV/m. The spoke021 and ellip082 are 

ready for the vertical testing. The HWR015, spoke040, 

and ellip063 are designed and in fabrication. The design, 

fabrication, processing, testing, and specifications of the 

SRF cavities are described in the paper. 

INTRODUCTION 

Chinese ADS project was proposed by Chinese 

Academy of Sciences in “Strategic Priority Research 

Program” in 2011. The project is named as “Accelerator 

Driven Transmutation System” for green nuclear power. 

The roadmap of China ADS project is shown in figure 1 

[1]. It is a long-term plan with three stages up to 2040. 

The first stage is including a 250 MeV superconducting 

accelerator and will be finished in 2023. In the first 5 

years, the R&D of the key technologies of accelerator will 

be done. It will commission two 10-MeV injectors and 

finish the prototypes of SRF cavities employed in main 

linac. 

Conceptual Design of the Driven Accelerator [2] 
The driven accelerator is a superconducting linac in 

continue-wave mode for China ADS. The RFQ is the only 

room-temperature acceleration module. The general 

layout of the linac is shown in figure 2. The accelerator 

will include two identical injectors with the energy of 

around 10 MeV for hot spare. Due to the technic risks of 

the low energy segment, two baselines are pushed 

forward in parallel in the project. One, the injector I, 

bases on the frequency of 325 MHz and superconducting 

spoke cavity, the other one, the injector II, bases on the 

frequency of 162.5 MHz and superconducting half wave 

resonator (HWR). The energy of superconducting 

segment is from 3.2 MeV to 10 MeV for injector I, and 

from 2.1 MeV to 10 MeV for injector II. The 

downselection of baseline will be done in 2015. The main 

linac is designed for matching the two injectors. The final 

energy of main linac is 1.5 GeV and two types of SRF c 

avities, the spoke with freqency of 325 MHz and the 

elliptical with frequecy of 650 MHz, are employed.  

 

 
Figure 2: Conceptual design of accelerator for China ADS 

project.  

 

 
Figure 1: Roadmap of China ADS project. 

 

 

 

 

Stage 3: Demo facility 

(~1000 MW
t
, ~2040) 

Stage 2: Exp. facility 

(~100 MW
t
, ~2030) 

Stage 1: research facility 

(~10 MWt, ~2023) 

key technology R&D 

 ___________________________________________  
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 Table 1: General Specifications of SRF Cavities for China ADS Project 

 

 Spoke012 HWR010 HWR015 Spoke021 Spoke040 Ellip063 Ellip082 Unit 

Freq.  325 162.5 162.5 325 325 650 650 MHz 

βg 0.12 0.09 0.14 0.21 0.40 0.63 0.82 - 

Aperture 35 40 40 50 50 100 100 mm 

Uacc Max 0.82 0.78 1.82 1.64 2.86 10.26 15.63 MV 

Epeak 32.5 25 32 24/31 25/32 29/38 28/36 MV/m 

Bpeak 46 50 40 50/65 50/65 50/65 50/65 mT 

Temp. 4.5 4.5 4.5 4.5 2 2 2 K 

Ploss 10 10 15.5 16.8 6.5 21 39 W 

 

General Requirements on SRF Cavities 

Taking requirements of reliability of ADS into account, 

the moderate specifications, in Table 1, at operation for 

SRF cavities are employed in physics design. The criteria 

of Bpeak and Epeak are set to 50 mT and 32 MV/m 

separately at the segment of injectors. 65 mT and 32 

MV/m are criteria for the spoke cavities at the segments 

of main linac. 65 mT and 40 MV/m are criteria for the 

elliptical cavities. A cavity failure at main linac during 

operation will be compensated by the cavities nearby by 

increasing power. So, 30% ability of the cavities is 

reserved for failure compansation.  The Bpeak for a 

normal operation cavity is 50 mT. 

SRF CAVITY FOR INJECTOR I [3] 

The basic frequency of injector I is 325 MHz. The 

layout is shown in figure 3. The spoke012 is employed 

for the superconducting segment of injector I. The 12 

cavities in one cryomodule accelerate proton beam from 

3.2 MeV to 10 MeV. 

 

Figure 3: Layout of injector I. 

Design and Specifications of Spoke012 

Collaborated with Peking University and Harbin 

Institute of Technology, IHEP has designed, fabricated the 

spoke012 prototype cavity successfully. Two cavities 

(figure 4) have been fabricated in Nov. 2012. 

 
Figure 4: Prototypes of spoke021. 

Table 2: Specifications of Spoke012 for Injector I 

 Spoke012 Unit 

Freq. 325 MHz 

Epeak/Eacc 4.5 - 

Bpeak/Eacc 6.4  mT/(MV/m) 

βopt 0.14 - 

R/Q 142  Ω 

G 0.12 Ω 

Leff (=βλ) 110 mm 

Vertical Testing 

The surface processing of the prototype of Spoke012-2 

was finished in December 2012, including ultrasonic 

cleaning, BCP and HPR. More details can be found in 

reference [3]. The vertical testing of the first cavity was 

finished on Dec. 23
rd

, 2012. Q0 vs Eacc is shown in 

figure 5. The residual surface resistance (Rs) is 50 nΩ. 

Here, Eacc is defined as the total accelerating voltage 

divided byβλ (110 mm). The X-ray appeared at 5 MV/m, 

and the maximum surface field was limited to 36 MV/m. 

The Q0 is 3.4E8 at Eacc = 7 MV/m. Testing ended due to 

strong mutipacting.  

 
Figure 5: Results of vertical testing of spoke012-2. 
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Horizontal Testing 

The horizontal testing of the first cavity was done on 

Sept. 11
th

, 2013. The Q0 vs Eacc is shown in figure 6. 

During the test, a heavy Multipacting effect played a 

critical role in the limitation of increasing the accelerating 

gradient. The performance improved much after sufficient 

RF aging, while the radiation reduced obviously. As 

shown in Figure 6, the maximum accelerating gradient for 

CW mode reached 6.5 MV/m, with Q0 is 2.2×10
8
. 

 
Figure 6: Results of horizontal testing of spoke012-2. 

High Power Coupler for Spoke012 Cavity [4] 

The couplers for Spoke-012 cavities were developed 

and conditioned in IHEP. Main parameters were showed 

in table 3. Figure 7 gives the cross-section view of the 

coupler. This coupler has passed through high power test 

with an RF power of 10 kW in continuous travelling 

wave mode as well as standing wave mode.   

 

Table 3: Specifications of  the Coupler for Spoke012 

Freqency 325 MHz 

Type  Coaxial, antenna e-coupling 

Window Single, warm, coaxial disk 

Coupling fixed 

Qext 7.1E5 

Input power 16 kW 

Impedence 50Ω 

 
Figure 7: Cross-section view of coupler. 

SRF CAVITY FOR INJECTOR II [5][6] 

Thinking of the thermal problem of the RFQ, 162.5 

MHz is used as the basic frequency. It is the half of the 

main linac. The layout of the injector II is shown in figure 

8. Two types of HWRs are employed for the 

superconducting segment of the injector II.  The first one 

is squeezed cavity, shown in figure 10 (a), and the βopt is 

0.10. The six squeezed cavities in a cryomodule 

accelerate proton beam from 2.1 MeV to 5 MeV. The 

second one is taper cavity, shown in figure 10 (b) and the 

βopt is 0.15. The six taper cavities in a cryomodule 

accelerate proton beam from 5 MeV to 10 MeV. 

 

Figure 8: Layout of injector II. 

Design and Specifications of HWRs 

The HWR010 is a cylinder type cavity, and it is 

squeezed for a lower beta at the waist.  The Bpeak/Eacc is 

quite high and limits the performance of the cavity. The 

HWR015 is a taper type cavity as the design of ANL. A 

low Bpeak/Eacc is the main consideration during RF 

optimization. The specifications of the two cavities are 

listed in table 4. The HWR010 was designed by IMP and 

fabricated at the Harbin Institute of Technology. The first 

batch of two HWR010s is finished in Oct. 2012. And the 

second batch of three was finished in March 2013. Except 

the first cavity, which was made a hole by electron beam, 

the others were tested vertically. The HWR015 is 

designed and ready for a review. 

Table 4: Specifications of HWRs for Injector II 

 HWR010 HWR015 Unit 

Freq. 162.5 162.5 MHz 

Epeak/Eacc 5.9 4.9 - 

Bpeak/Eacc 12.1 6.1 mT/(MV/m) 

βopt 0.101 0.151 - 

R/Q 148 292 Ω 

G 28.5 51.7 Ω 

df/dp 18 2.1 Hz/mbar 

 

 
                  (a)                                             (b) 

Figure 9: Structures of HWR010 (a) and HWR015 (b). 
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Vertical Testing of HWR010 

The first tested cavity is #2. It was tested at SINAP on 

Dec. 1
st
 2012 and re-tested at IMP on Jan. 27

th
 2013 

independently. Only light BCP and HPR have been done 

between the two testing. Considering the altitude 

deference, 1.5 km between Lanzhou and Shanghai, the 

two testing results are almost same. 

 
Figure 10: Vertical testing results of HWR010-02~05. 

The HWR010-02 ~ 05 were tested at Lanzhou. All 

results are shown in figure 10. The helium temperature is 

4.0 K at 630 mbar, local atmosphere pressure. All testing 

ended due to quench. The highest Epeak is around 45 

MV/m while Bpeak is larger than 90 mT and Q0 is higher 

than 2E8.  The highest line in the figure 9 is #3 cavity. 

The Q0 at very low field is around 3E9. The performance 

of the four cavities varied in a large range due to slightly 

change of surface treatment.  

High Power Coupler for HWR010 [4] 

Couplers for Half Wave Resonators were designed to 

transfer 20 kW at the frequency of 162.5 MHz. The outer 

conductor was designed to be cooled by helium gas 

through the spiral grooves around the outer surface while 

the inner conductor was cooled by water as figure 11 

shown below. The coupler has passed an RF power of 20 

kW in continuous travelling wave mode limited by the RF 

source available. 

 
Figure11: General layout of coupler for HWR. 

SRF CAVITIES FOR MAIN LINAC 

Design and Specifications of Spoke021  

Refer to the existed structure of spoke cavities which 

have been developed at other lab, such as LANL, 

Fermilab etc., spoke021 has been designed. Compare 

with the SSR021 of Fermi's, the spoke021 for China ADS 

is more compact, no enhanced wings around beam tube, 

the tuner will be enforced on side stiffen ring, not to beam 

tube flange, to keep cavity on tune. 

According to the optimized structure, a set of 

electromagnetic parameters calculated by CST, are shown 

in Table 5.  

Table 5：Main Parameters of the Spoke021 

 Spoke021  Unit 

Freq. 3.8  MHz 

Epeak/Eacc 3.8  - 

Bpeak/Eacc 8.1  mT/ (MV/m) 

R/Q 191  Ω 

G 71  Ω 

βopt 0.246  - 

df/dL 632  kHz/mm 

Design and Specifications of Ellip082 

The ellip082 is used to accelerate proton beam from 

367 MeV to 1500 MeV. For a 10 mA, continue wave 

beam, the principles listed below should be followed in 

the cavity design: 

 Proper cell numbers, to balance the efficiency and 

accelerating length. 

 Epeak/Eacc and Bpeak/Eacc should be low. 

 No hard multipacting barrier caused by shape. 

 Proper beam aperture to damp high order modes. 

The specifications of ellip082 are shown in table 6. 

The multipacting simulation has been done with Eacc 

ranges from 1 MV/m to 20 MV/m with an interval of 

1MV/m using a ten degrees slice of the cavity. The 

simulation results show that there is no hard multipacting 

barrier in the cavity. 

Table 6: Specifications of Ellip082 

 Ellip082 unit 

Freq. 650 MHz 

No. of cells 5 - 

Cavity length  1281.7 mm 

R/Q  514.6 Ω 

G 235.5 Ω 

Epeak/Eacc 2.12 - 

Bpeak/Eacc 4.05 mT/(MV/m) 

Field flatness >98 % 

 The Lorentz factor is calculated by ANSYS. The 

cavity wall thickness of 3.7 mm is selected to keep a 

stable structure, which also saves the stiffness rings. 

The Lorentz factor is -1.04 Hz/(MV/m)
2
 without 

stiffening ring.  
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CONCLUSION 

The SRF cavities, HWR, Spoke, and elliptical, are all 

employed by the superconducting linac of ADS project in 

China. The cavities and high power couplers of HWR010 

and Spoke012 for two injectors have been qualified and 

will be in mass production.  
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Abstract 
The 80.5 MHz, beta=0.085 QWR production cavities 

for the ReA3 project at MSU have initially shown 

puzzling behaviour and unexpected lack of performance. 

This was due to a combination of design problems and 

subtle mechanical effects, which have been pointed out 

during a brief but intense testing campaign made by the 

FRIB SRF group. The same cavities could be eventually 

refurbished and brought to performance well above 

original specifications. This work will be presented with 

emphasis to the technical problems encountered, their 

diagnosis and the adopted solutions. 

INTRODUCTION 

The ReA [1] and FRIB [2] superconducting linac 

projects at MSU share the same SRF resonators 

technology [3]. ReA is an operating low-β linac, used for 

nuclear physics experiments, which is designed to 

accelerate up to several MeV/u low-current ion beams, 

both stable and radioactive ones produced by means of 

the NSCL cyclotron. The FRIB linac will be the driver of 

the large radioactive beam facility under construction at 

MSU (in which ReA is the post-accelerator) and will 

accelerate ion beams with mass up to Uranium to an 

energy of 200 MeV/u, for a total power of 400 kW on 

target. Both linacs require quarter-wave resonators 

(QWRs) with β=0.041 and β=0.085, working at 80.5 

MHz. Since the ReA construction started first, its QWRs 

became prototypes for the FRIB ones and for the 

development of SRF technology at MSU. ReA is now 

operating with 7, β=0.041 QWRs (6 plus one buncher). A 

new cryomodule containing 8, β=0.085 QWRs is now 

being installed and will bring the beam energy above 3 

MeV/u (ReA-3 stage). A new cryomodule, containing 8 

FRIB type β=0.085 QWRs, is presently under 

construction and will bring the beam above 6 MeV/u 

(ReA-6 stage) by 2014, thus making possible at MSU 

experiments with re-accelerated radioactive beams above 

the Coulomb barrier. Future upgrades (e.g. ReA-12, for 

12 MV/u) are foreseen, especially once FRIB will be 

completed.  

All ReA3 resonators have been designed and produced 

before 2011. While the seven lower beta cavities could be 

installed and operated according to the design 

specifications since 2011, ten following β=0.085 ones 

based on the same design (except for a larger diameter to 

accommodate the larger beam velocity) showed a 

puzzling behaviour with very good results for the naked 

(i.e. without helium vessel) prototype, and rather bad and 

unpredictable ones for the same resonators after dressing 

them with helium vessel. This worrisome and unexpected 

situation triggered an intense effort of simulation, testing 

and cavities prototyping in order to be overcome [4].  

THE EARLY ReA3 QWR DESIGN 

The ReA3 QWRs are 80.5 MHz cylindrical coaxial 

structures, with 30 mm aperture beam ports and 

cylindrical inner conductors (IC), partially flattened in the 

beam tube region (Fig. 1). This simple design gives RF 

parameters Rsh, Ep/Ea and Bp/Ea well adequate to the ReA 

scope.  

 

Figure 1: The original ReA QWR design. 

The main advantage, however, is mechanical simplicity 

and compact size which allows reducing the resonator 

 ___________________________________________  
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cost and risk significantly. The resonators are mostly 

made of 2 mm, RRR>200 Nb sheets, rolled or deep 

drawn; the Helium vessel is made of Titanium, which 

shares with Nb very similar thermal contraction 

coefficients. In the early design [5] all flanges were made 

of NbTi which can be welded both to Nb and to Ti. 

In the β=0.041 ReA3 cavities the only apertures are the 

two beam ports and the bottom flange, made of NbTi and 

in contact with liquid Helium. The RF coupler and pickup 

are mounted on RF ports located in the 1.2 mm thick Nb 

tuning plate, which is provided with radial slots in its 

centre part to facilitate elastic deformation (Fig. 2). The 

plate edge overlaps, for a few millimetres, the NbTi 

bottom flange of the cavity which provides cooling and 

RF contact. The pressure on the contact – and the vacuum 

inside the cavity - is kept by a thick, stainless steel (SS) 

backing plate bolted to the NbTi bottom flange (to its 

rotatable SS ring). Between the backing plate and the 

NbTi bottom flange, outside the tuning plate diameter, an 

Indium wire provides vacuum sealing. This design was 

validated first in test cryostats with naked cavities and 

then, after installation of helium vessels, in the ReA linac, 

where seven such cavities are operating successfully. 

 

Figure 2: Mechanical details of the original tuning plate. 

PUZZLING RESULTS 

The same mechanical solutions were used also for the 

β=0.085 resonators, which differed from the previous 

ones essentially in their outer conductor (OC) diameter 

(24 cm instead of 18 cm). After successful prototyping of 

one naked cavity [6], which confirmed the good RF 

results of the β=0.041 ReA3 ones, 10 more cavities with 

Helium vessel were produced for the next β=0.085 

cryomodule. Unexpectedly, all tests at 4.2 K gave very 

disappointing, non-reproducible results, with low Q0, 

strong Q-slope and early cavity quench. Even the good 

performing prototype started failing after He vessel 

installation. Several causes have been suspected: Q-

disease, unwanted changes in the surface treatment and 

cavity preparation, construction and welding defects, 

tuning plate overheating from the RF coupler and normal 

conducting transition, high residual magnetic field from 

new components, bad RF contact at the tuning plate.  

Q-disease was soon pointed out by 4 K testing at 

different cooling speed with naked cavities. However, 

even fast cooling could not solve the problem in dressed 

resonators, and Q-disease was ruled out as the major 

responsible for low Q. Construction and welding defects 

were excluded because not compatible with the good but 

irreproducible results of the naked prototype. Surface 

treatments, based on Chemical Polishing (CP) and High 

Pressure Rinsing (HPR), were thoroughly checked and all 

chemicals and procedure steps were analyzed and 

controlled. They were finally ruled out because they were 

anyhow giving good results with the FRIB half-wave 

resonators (HWR). 

The possibility of tuning plate overheating by the RF 

power coupler was confirmed by computer simulations. 

The different behaviour of the β=0.085 cavity from the 

β=0.041 one could be partially explained by its larger 

plate diameter and larger RF power requirements. 

However, even in naked test where the SS backing plate 

is directly cooled with liquid helium, improving the 

tuning plate and the RF ports cooling, the results were 

unsatisfactory. Moreover, overheating and partial 

transition to normal conducting state should have 

appeared only at sufficiently high RF power, while low Q 

was observed even at the lowest gradient. 

Residual magnetic field was ruled out by measurements 

and because the only material added to the dressed 

prototype, compared to the naked one, was the Titanium 

vessel with no possibility of magnetization. 

The RF contact between tuning plate and outer 

conductor was checked by mounting the tuning plate 

assembly with pressure films on the contact surface, and 

analysing them after plate dismounting. This test showed 

that the pressure on the RF contact was rather uncertain 

and not reproducible, even at room temperature. Several 

types of rings (spring type, Indium, blunt edge ...) have 

been tried to improve the contact, giving however 

unpredictable and unsatisfactory SRF results. After this 

first testing campaign, the knowledge of the design 

problems was significantly improved, but the RF results 

were still disappointing and the real culprit was still 

unknown. 

TESTING CAMPAIGN WITH CAVITY 

MODIFICATIONS 

The main questions for us were: why a cavity design, 

which works well in =0.041 cavities, fails when used in 

=0.085 ones? Which fundamental role is played by the 

different diameter, which is apparently the only 

difference? Can we still recover these 11 resonators? To 

find it out, we decided to re-analyse all available old 

measurements data and to perform new measurements in 

a more systematic way. This campaign required the small 

team in place to perform about three months of 

continuous testing, with one to two cryogenic tests per 

week, with all related cavity surface treatments and 

preparation and, in parallel, mechanical modifications of 

prototypes including EB welding [4].  

Role of Tuning Plate-inner Conductor Distance 

Analysing old data of the tuner test with the naked 

prototype (thus completely immersed in liquid Helium) 

we observed that the high gradient Q was degraded when 
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tuning to low frequency, thus moving the tuning plate 

closer to the inner conductor (IC) tip (Fig. 3). This action 

increases the RF current both on the plate and through the 

RF joint. Field emission could not be the cause of this 

effect since no increase in X-rays was observed. 

 

Figure 3: Q reduction after decreasing the tuning plate-

inner conductor distance. 

We interpreted this behaviour as overheating of the 

plate and generation of normal conducting spots, 

presumably near the RF contact. This was not sufficient 

to explain bad results at low field, but only the loss of 

performance at high field. Simulations demonstrated that 

the magnetic field at the RF joint was about 2 mT at the 

design gradient. To reduce the magnetic field at the RF 

joint below 1 mT (in our experience a “safe” value at 

4.2 K) we decided to elongate the outer conductor (OC) in 

one cavity. In the following RF test we immediately 

obtained an order of magnitude higher Q and a factor of 2 

higher gradient before quench, demonstrating the critical 

role of the RF joint. However, the performance was still 

below specifications and the reason was not yet clear. 

Q-disease 

To verify the importance of Q-disease in our results, we 

did various “12 hours, 100 K soaking” tests. Q-disease 

was clearly present, and could be eliminated by applying 

high vacuum thermal treatment at 600 °C, performed at J-

Lab. The following cryogenic test with 100 K soaking 

showed that Q-disease was removed and the maximum Ea 

before quenching had further increased above 

specifications. However, Q0 did not improve yet.  

RF Joint Modification 

We were aware that the RF contact between NbTi 

flange and Nb plate could be responsible of the dominant 

RF losses. In case of bad contact, some current might 

flow beyond the Nb plate over the SS flange, up to the In 

seal for vacuum. Even a small current on stainless steel 

would cause large RF losses. We then decided to modify 

the RF contact by adding a second, inner In seal between 

Nb plate and NbTi flange. To verify its effectiveness, we 

measured the change of Q between operation at 4.2 K and 

2 K and the expected Q jump at 3.4 K (the 

superconductive transition temperature of Indium). 

Surprisingly, this Q-jump did not appear at all, showing 

that the RF contact was not really where it was expected. 

We explained it as a result of differential thermal 

contraction: the SS end plate contracts 0.5 mm more than 

the NbTi bottom flange strictly bolted to it, creating in the 

flange a conical deformation (similarly to a bow bent by 

its string, see Fig. 4) which opens a gap in the RF contact 

but not at the In vacuum seal, which is close to the bolts 

line. (The rotatable SS ring was split in two and did not 

exert valuable forces). If it was true, removing the SS 

parts would have eliminated this problem.  

 

Figure 4: Schematic representation of the forces causing 

conical deformation of the old NbTi bottom flange. 

Test with Thick Nb Tuning Plate 

To confirm our hypotheses, we replaced the 1.2 mm 

standard tuning plate by a 14 mm thick, high RRR Nb end 

plate, strong enough to hold the He bath pressure. RF 

coupler and pickup were installed at the beam ports. We 

could then eliminate the SS end plate and thus any 

differential thermal contraction issues and conical 

deformation. This configuration significantly improved 

the tuning plate cooling, removing any thermal load from 

RF coupler. Then we used only one In ring to provide 

both vacuum sealing and RF joint: good vacuum would 

have guaranteed the presence of a good RF contact.  

The test results were at last fully satisfactory, with high 

Q and high Ea, showing that the problem was finally 

understood and that the solution was close at hand.  

We repeated the single In seal test with thick Nb plate 

on the “good” prototype, not yet elongated, which still 

had the standard, rotatable NbTi flange. The SS ring was 

replaced by a Ti one to eliminate any risk of differential 

thermal contraction. The results at low field were very 

good as well, showing again good RF contact. The Q 

slope, however, started at a much lower field than in the 

elongated cavity, confirming that a short distance between 

inner conductor and tuning plate decreased cavity 

performance.  

Test with Realistic Tuning Plate 

The thick plate could not represent the final, 1.2 mm 

thick one required for resonator tuning. So a new, thin Nb 

tuning plate as wide in diameter as the bottom flange, and 

a new end plate made of Ti, were built and used for a new 

test. Again, a single In wire was used for both RF and 

vacuum sealing on the RF side of the Nb plate (another In 

vacuum seal was placed between the Nb plate and the Ti 

backing plate). The results were very good both in Q and 

Ea, almost reproducing the ones obtained with a thick 

Proceedings of SRF2013, Paris, France THIOD02

01 Progress reports and Ongoing Projects

B. Project under construction

ISBN 978-3-95450-143-4

875 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



plate. The slightly lower Q and Ea suggested however that 

cooling issues were still present even with the cavity fully 

immersed in liquid He and could become critical in the 

normal operation with He vessel where the plate is cooled 

only through the bottom flange (Fig. 5). This concern was 

confirmed by a measurement of the cooling time of the 

plate in a dressed cavity with a NbTi flange. 

 

Figure 5: Top: Test setup with the thin Nb plate. Bottom: 

Evolution of the cavity performance at 4.2 K after 

subsequent modifications. Green: Initial result; Light 

blue: after outer conductor elongation; Orange: after H 

degassing; Light green: with thick Nb plate and single In 

wire; Grey: with thin Nb plate and Ti backing plate.  

Final Diagnosis 

The conclusions of this demanding, but fruitful 

campaign were the following: 

1. The bad results of the first lot of =0.085 QWRs 

were caused by a subtle mechanical effect related 

to differential thermal contraction of Nb, NbTi and 

SS parts, which caused opening of the RF joint at 

cryogenic temperature. This effect was not visible 

in the =0.041 cavities because of their smaller 

diameter and their smaller differential contraction, 

and because of their lower RF current at the RF 

joint. 

2. The thermal conductivity of NbTi, the material the 

standard bottom flange is made of, is too low to 

guarantee reliable cooling of the Nb tuning plate 

by contact. High RRR Nb, with 1001000 times 

higher thermal conductivity at cryogenic 

temperatures, is needed. 

3. The RF coupler mounted on the tuning plate 

delivers a thermal load that is difficult to remove 

through the thin Nb sheet in the =0.085 cavity. 

4. The small distance between the IC tip and the 

tuning plate caused RF performance reduction. 

This distance had to be increased. 

5. A single In wire between the bottom flange and the 

tuning plate could successfully provide at the same 

time vacuum sealing, thermal contact and RF 

contact. 

6. The existing, low performing cavities built for 

ReA3 could be brought to full performance by a 

modification of their end part. This action would 

have been relatively inexpensive compared to the 

construction of new cavities. 

These findings gave us a clear roadmap for 

refurbishment of the 10 ReA resonators, and for the 

design of the FRIB QWRs. 

 

Figure 6: Comparison between the original and the 

refurbished ReA QWR design. 

ReA CAVITIES REFURBISHMENT 

The ReA3 resonators design was modified as follows 

(see Fig. 6): 

1. The cavities outer conductor was elongated to 

match both low magnetic field at the RF joint (0.5 

mT) and sufficient sensitivity from the tuning plate 

(>2 kHz/mm); 

2. The NbTi/SS rotatable bottom flange was replaced 

with a fixed, high RRR Nb one; 

3. The old tuning plate with RF ports was replaced by 

a new one, without RF ports and with longer slots 

and larger deformation capabilities (10 mm) to 

reach 20 KHz tuning range; 

4. The SS end flange with RF and tuner ports was 

replaced by a Ti one with only the tuner port; 

5. The RF ports have been moved to the side of the 

resonator, in a position which was optimized for 

minimum RF losses in the coupler. 

We then tested the refurbished cavity design by 

modifying our old “good” prototype. The RF tests, first 

with the naked cavity and then after He vessel 

installation, gave excellent results. Hydrogen degassing at 

600 °C after 150 µm CP have been added to the 

production cavity preparation recipe, eliminating Q-

disease completely. Further “light” etch of 30 µm is 

applied to eliminate possible contamination during 

furnace treatment, with no Q-disease reappearance. Final 

baking at 120 °C after HPR have shown to improve high 

field Q considerably at 4.2 K also in our ReA QWRs, and 

was included in the standard procedure. 

The remaining 9 underperforming resonators, built for the 

ReA3 cryomodule, have been refurbished accordingly and 

then tested at 4.2 and 2 K, all showing results largely 

above specifications (Fig. 7). To reduce the risk of 
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damaging them with uncontrolled sparks before 

installation, these cavities were finally tested only up to 

the administrative limit of Ep=42 MV/m (maximum 

operation specification: Ep=35 MV/m), although showing 

no limitation to higher performance.  

 

Figure 7: Refurbished QWR performance (tested up to the 

administrative limit E p=42 MV/m at 4.2 K), before 

installation. In addition to the one calculated with our 

standard accelerating length definition Leff=, Ea is 

shown also for the widely used definition Leff =D, where 

D is real cavity OC diameter (red marks).  

FRIB CAVITIES OPTIMIZATION 

Once detected the problems and demonstrated the good 

quality of the solution, we looked for cost reduction, 

which is critical in a large machine like FRIB. 

The design of the FRIB QWRs was kept very similar to 

the refurbished ReA3 one. The only modification was in 

the outer conductor diameter of the β=0.085 cavity, 

increased from 240 to 270 mm (while keeping the same 

flange to flange distance along the beam line) in order to 

increase Rsh and reduce Ep/Ea. This allowed us to increase 

the FRIB operation gradient by 10% in the β=0.085 QWR 

section and remove one cryostat from the original linac 

design. In the β=0.041 cavities no change was made in the 

OC diameter, but the refurbished design with side RF 

ports and cavity elongation was adopted anyhow. 

Significant cost reduction was obtained by replacing the 

well performing, but rather expensive, high RRR Nb 

bottom flange with a new, low cost one with the same 

shape but made mostly of Ti. Only a small, 3 mm thick 

Nb ring was left in the area of the In seal. This ring is 

electron beam welded to the resonator outer conductor on 

one side, and on the other side to the new Ti flange, 

which is provided with channels for liquid helium to 

allow it to flow directly over the Nb ring. This results in 

excellent cooling of the Indium and, through it, of the 

tuning plate. This low cost flange design was tested with 

remarkable results both in a β=0.085 (Fig. 8) and in a 

β=0.041 ReA3 cavities, and was finally adopted for all 

FRIB QWRs. The In seal have shown excellent heath 

transmission and low RF losses both at 4.2 and 2 K, 

allowing to reach with refurbished QWRs a residual 

resistance as low as 12 n at 2 K.  

Studies for further cost reduction by means of new 

materials and alternate gasket design are ongoing. 

 
Figure 8: Performance of the refurbished QWR prototype 

with low-cost bottom flange (see schematic in the box). 

CONCLUSIONS 

Subtle phenomena can cause sometimes big trouble and 

large delays. A similar problem appeared in the ReA 

QWRs after apparently insignificant modifications of a 

working design, which were expected to preserve 

performance without drawbacks and without need of 

systematic testing. Eleven underperforming QWRs of the 

first ReA3 production lot could be fully recovered by 

detecting and fixing with hardware modifications the 

causes of a puzzling behaviour. This work, in addition to 

bringing resonators to full performance, gave us precious 

information for the design of the FRIB resonators and for 

the assessment of their optimum cavity treatment.  
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CAVITY DEVELOPMENT FOR THE LINEAR IFMIF PROTOTYPE 
ACCELERATOR 

N. Bazin#, G. Devanz, F. Orsini, D. Roudier, P. Carbonnier, N. Grouas, P. Hardy, G. Disset, 
J. Neyret, CEA, F-91191, Gif-sur-Yvette, France

Abstract 
The Linear IFMIF Prototype Accelerator (LIPAc), 

which is presently under design and realization, aims to 
accelerate a 125 mA deuteron beam up to 9 MeV. 
Therefore, a low-beta 175 MHz Half-Wave Resonator 
(HWR) was initially designed and manufactured with a 
tuning system based on a capacitive plunger located in the 
electric field region. Following the results of the vertical 
tests at 4.2K, this tuning system was abandoned and 
replaced by a conservative solution based on the HWR 
wall deformation using an external mechanical tuner. This 
paper will focus on the manufacturing of the prototype 
cavity, the studies realized to explain the first test results 
and the solutions taken to overcome the difficulties, 
leading to the validation of the prototype. Then, we will 
present the new cavity design. 

INTRODUCTION 
In the framework of the International Fusion Materials 

Irradiation Facility (IFMIF), which consists of two high 
power accelerator drivers, each delivering a 125 mA 
deuteron beams at 40 MeV in CW, a Linear IFMIF 
Prototype Accelerator (LIPAc), is presently under design 
and realization for the first phase of the project [1,2]. The 
main purpose of the LIPAc is to validate the technical 
options for the construction of the accelerator prototype, 
with a full scale of one of the future IFMIF accelerator, 
from the injector to the first of the four cryomodules of 
the SRF Linac. 

Due to the short lattice defined by beam dynamics 
constraints [3], the LIPAc cryomodule is compact. Eight 
low-beta half-wave resonators with their frequency tuning 
system, eight RF power couplers and eight solenoid 
packages are housed in a 6-meter long, 2-meter wide 
and 3-meter height vacuum can. This one is equipped 
with cryogenics circuits and a magnetic shield for the 
good working of the components (the operating 
temperature for the cavities is 4.4 K). The cryomodule is 
illustrated in Figure 1 and the latest development can be 
found in [4]. 

HWR RF DESIGN AND TESTS OF THE 
PROTOTYPES 

The RF and mechanical design of the low-  HWR has 
already been presented in [5,6]. The cavity is made of 
pure niobium, fixed in a titanium vessel, with niobium-
titanium flanges. Two tubes with NbTi flanges are welded 

on each torus to allow a proper cleaning of the HWR 
inner walls with high pressure rinsing (HPR) (Figure 2). 

 
Figure 1: general layout of the LIPAc cryomodule 

 
Figure 2: design of the HWR prototype 

The main RF parameters are summarized in Table 1. 
The electric peak surface field Epeak is located on the 
central drift tube area. Its value is 21.6 MV/m at the 
nominal gradient (4.5 MV/m). The peak magnetic field 
Hpeak is located on the junction of the HPR ports to the 
torus which is smoothed using a fillet. Its value is 49.5 
mT at the nominal gradient. 

Table 1: RF Parameters of the IFMIF HWR 

Parameter Value Unit 
Frequency 175.366 MHz 
Maximum r/Q 150 Ohm 
Optimum beta 0.11  
Design beta 0.094  
r/Q @ design beta 140 Ohm 
Epk/Eacc 4.8  
Bpk/Eacc 11 mT/(MV/m) 

 
The tuning system is based on a capacitive plunger 

located in the electric field region of the HWR, 
perpendicular to the beam axis. This plunger, filled with 
liquid helium, is connected to a thin membrane – 1.7 mm 
thick – via a 5 mm stem where the tuning force is applied. 
In order to clean the cavity, the whole tuning system is 

____________________________________________  
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dismountable from the cavity body and a Garlock 
Helicoflex joint is used for the vacuum tightness. 

For mechanical reasons, the membrane was made of 
niobium-titanium alloy, whereas the stem and the plunger 
are made of pure niobium. The membrane can be 
deformed in the range of ±1 mm which allows a tuning 
range of ±50 kHz. 

Two prototypes were manufactured with success by 
two different companies. For the tuning system, several 
problems occurred: during the metallurgical process, the 
thin sheet of niobium-titanium broke when being rolled. 
During the manufacturing, the weld between the plunger 
and the membrane was leaky and had to be repaired. By 
consequence the thin membrane was slightly deformed 
and no more flat. Nevertheless, when the tuner was 
installed on the cavity and clamped with a counter flange, 
the membrane retrieved its flatness. A visual inspection of 
the plunger performed through a beam tube revealed that 
it perfectly fits inside the cavity.  

Vertical Test with the Plunger 
After a proper preparation at IPN Orsay (BCP 

treatment, high pressure rinsing and assembly in an ISO 4 
clean room), the prototype 1 equipped with the niobium-
titanium plunger was tested in a vertical cryostat at 4K. 
Quench events at Eacc = 1 MV/m were observed on the 
NbTi membrane and Q0 = 1.7x108 at low field [7]. 

RF simulations were performed and individual 
contributions to RF losses of the surfaces of the cavity 
were calculated. The observed low Q0 could not be 
explained by any high surface resistance for the 
superconducting materials. Only losses on the normal 
conducting plunger gasket (1W) could explain the Q0 
value. In theory, the gasket placed in a groove on the 
niobium-titanium flange of the cavity does not produce 
RF dissipation. But simulations show that whatever the 
size of the gap, 90% of the field on the rim penetrates on 
the gasket. The value of the losses is extremely difficult to 
predict as they depend on the seal surface seen by the RF. 
In the worst case (i.e. half of the surface of the seal 
affected by the field) up to 25 W are dissipated at the 
nominal accelerating field. 

A thermal model has been developed taking into 
account all the non-linear properties of the materials and 
the effect of the RF field [8]. For Eacc = 1 MV/m, the 
critical temperature of the niobium-titanium (9.2 K) is 
reached on the membrane when 1 W is dissipated in the 
seal. This result is consistent with the test results. 

The RF and thermal simulations show that the test 
results are well understood: the combination of the 
dissipated power in the seal and the poor thermal 
conductivity of the niobium-titanium lead to a thermal 
quench of the membrane. 

Proof-of-Principle Niobium Plunger 
To validate the concept of the frequency tuning and the 

RF design of the cavity, a simple fixed position plunger 
was manufactured. Its design was modified compared to 
the original one to take into account the defaults revealed 

by the previous test: the stem was removed to simplify the 
manufacturing process. This modification doesn’t change 
the field value on the rim due to the coaxial shape still 
existing between the plunger and the tuning port of the 
cavity (Figure 3). To minimize the RF dissipation in the 
gasket, an indium seal was used instead of the Helicoflex 
seal. After the vertical test, the thickness of the indium 
seal has been measured at 0.5 mm. Therefore the RF 
losses of the sealed are divided by a factor of 11. Finally 
the plunger was made of high RRR niobium only. 

 
Figure 3: geometry of the proof-of-principle niobium 
plunger (right) compared to the original geometry (left). 

The two prototypes were tested with the niobium 
plunger in a vertical cryostat. Multipactor barriers were 
observed at very low field from ~10 kV/m up to 200 
kV/m, but were easily overpassed, like a barrier around 
1.5 MV/m for the prototype 1. The results at 4 K were the 
followings: 

 Prototype 1 quenched for Eacc = 2.6 MV/m. 
The Q0 was measured at 2.5x108 at Eacc = 1 
MV/m. 

 Prototype 2 quenched for Eacc = 1.23 MV/m. 
The Q0 was measured around 4x108 at low 
field. 

During the tests, several thermal sensors were placed 
on the plunger close to the indium seal. For prototype 1, 
the increasing of the temperature was around 40 mK 
when increasing the acceleration field to 2.6 MV/m. 
These values are consistent with the ones obtained with 
the previously mentioned thermal model, excluding the 
plunger as the origin of the quench. 

Based on the previously described RF model, the 
contributions to breakdown were calculated: the Q0 is 
around 8x108 for Eacc = 2.58 MV/m, the total power 
dissipated in the cavity being 1.5 W (0.6 W dissipated by 
the indium seal). These values are not coherent with the 
ones measured for the prototype 1: 4.5 W were dissipated 
for Eacc = 2.58 MV/m. 3 W are dissipating somewhere in 
the cavity and could not be explained by the analysis. For 
prototype 2, the difference between the calculated watts 
dissipated in the cavity system and the measured watts is 
560 mW. 

Changing the plunger membrane material from NbTi to 
Nb prevents heat built-up or low field quench on this one. 
But it does not improve the Q0. Changing the seal 
material lowers the dissipated power in the gasket area. 
But the origin of the new quench is unknown. 
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Prototype 1: Inverted Plunger Test 
To determine if the cavity limitation comes from the 

main cavity body or from the tuner flange a test without 
the plunger in the electric field area was performed. 
Instead of using a niobium sheet to close the plunger 
tuner port, the proof-of-principle niobium tuner used in 
the previous tests was mounted upside down on the flange 
(Figure 4). For this setup, the H-field is reduced by a 
factor of 25 on the NbTi tuner flange with respect to the 
previous setup. 

 

 
Figure 4: the inverted plunger setup: H-field is reduced by 
a factor of 25 on the NbTi tuner flange with respect to the 
original setup with the plunger. 

The helium tank was removed to give access to the 
cavity body. Thereby temperature sensors were fixed on 
critical areas of the cavity external envelope: tuner and 
coupler ports next to NbTi flange connection, welds of the 
inner conductor, bases of the HPR ports and torus. Even if 
the cavity is bathed in liquid helium, the high sensitivity 
of the Cernox sensors at 4 K should detect an eventual 
heating. 

The results of the vertical test are presented on Figure 
5. The Q0 is now satisfactory, 1.6x109 for Eacc = 1 MV/m. 
But the cavity quenches at 4 MV/m whereas the 
acceptance criteria is 4.5 MV/m. Thanks to the 
temperature sensors placed on several critical areas, the 
origin of the quench was localized at the base on one HPR 
port where the magnetic field is maximum. 

 
Figure 5: prototype 1 with inverted plunger: Q0 Vs Eacc. 

The NbTi – Nb Weld Connection as a Possible 
Source of Extra Heat Dissipation 

The RF calculations performed to explain the test 
results pointed out that some watts are dissipating in an 
unknown area. The test of the prototype 1 with the 
inverted plunger indicates that the main body of the 
niobium cavity is not the cause of the early quench but the 
niobium-titanium tuner port. As explained earlier, this 
flange is exposed to the RF field, especially the weld 
between the NbTi flange and the Nb cavity body. 

The thermal model was used to perform some 
simulations with the missing watts dissipated in the NbTi 
/ Nb weld (Figure 6). 

 Prototype 1: 3 W are dissipated in the weld. 
The critical temperature of NbTi is overpassed 
in a 2.5 mm wide strip. 

 Prototype 2: 560 mW are dissipated in the 
weld. This weld is heating up to 6 K. 

 

 
Figure 6: simulation on the NbTi flange with RF 
dissipation in the NbTi / Nb weld. Bottom: results for 
prototype 1. Top: the simulated geometry (white: the 
niobium plunger and part of the cavity body – green: the 
NbTi tuner flange). 

For the prototype 1, a dissipation of 3 watts in the weld 
can explain the quench of the cavity. For the prototype 2, 
the heating of the weld is below the critical temperature 
of the used niobium-titanium. Unless the weld is not 
homogeneous: during the welding process there might be 
some migrations of niobium atoms and titanium atoms 
and some areas of the weld could possess less niobium 
than expected. The critical temperature of a niobium-titanium alloy depends on the concentration of each 
element: the more titanium the alloy has, the lower the 
critical temperature is [9]. The critical temperature for the 
Nb53Ti47 alloy used for the tuner flange of prototype 1 is 
9.2 K. For 30 % niobium the critical temperature is 
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around 8.7 K. This one falls to 7.2 K for 20% niobium 
and 0.4 K for titanium alone. Therefore 560 mW could be 
sufficient to heat a surface with a low concentration of 
niobium above the critical temperature. 

The NbTi / Nb weld could be the guilty part of the early 
quench when the plunger is mounted on the cavity. This 
theory is under investigation, preliminary material 
analysis results are presented in [10]. 

Prototype 2: Qualification Test 
The original plunger tuner port of the prototype 2 was 

cut as flush as possible and closed with a 5 mm thick high 
purity niobium disk as shown on Figure 7. The helium 
vessel had previously been removed in order to enable 
this modification. 

 
Figure 7: prototype 2 after the plunger port removal. The 
red arrow points on the welded niobium closing disc. 

The results of the vertical test are presented on Figure 
8. Like for the cavity setup with the plunger, multipactor 
barriers around 10 kV/m and 1.2 MV/m were observed. 
Therefore these barriers are due to the RF design of the 
HWR main body and not to the plunger tuner. 
Nevertheless, these barriers were easily overpassed. Q0 at 
4 K was above specifications and measured at 2x109 at 
the accelerating field of 1 MV/m. Quench appeared at 8 
MV/m, well above the nominal accelerating field of 4.5 
MV/m. The dissipated RF power in the cavity is 4 W at 
4.5 MV/m. Field emission appeared at 5.4 MV/m during 
this test. 

 

 
Figure 8:qualification test of the prototype 2: Q0 Vs Eacc. 

Q0 Vs Eacc measurements were also realised at 1.5 K by 
pumping on the helium bath. The multipactor barrier at 
1.2 MV/m is still observed, as the Q0 decreasing from 5.4 

MV/m due to field emission and the cavity quench at 8 
MV/m. The non-optimal replacement of a feedthrough 
during the HWR preparation in clean room could explain 
the field emission. From these measurements at 1.5 K, the 
estimated residual resistance of niobium is 3.6 n . 

NEW CAVITY DESIGN 
Following the cold test results on the prototype 

equipped with the original design of the capacitive 
plunger and due to the tight time schedule of the LIPAc, 
the project decided to change the tuning system by a more 
conservative solution based on the wall deformation of 
the half-wave resonator. 

The tuning of the cavity is done by applying a force on 
its beam flanges (Figure 9). To respect the frequency tuning 
requirement of 60 kHz, a displacement of 0.3 mm of each 
beam port is needed, corresponding of a force of 8000N 
on each beam flange for a 3 mm thick cavity. 

 
Figure 9: the new cavity design. The red arrow represents 
the force applied by the tuning system on the beam ports. 

Mechanical Design 
As the cavities will finally be installed in Japan, they 

are submitted to the Japanese High Pressure Gas Safety 
Regulation (HPGSR) for pressurized vessels containing 
cryogenics fluids. A complete analysis has therefore been 
performed. Two calculations cases have to be considered: 

 ‘Standard’ case: the cavity is submitted to a 
pressure of 0.15 MPa at room temperature. 
This pressure is the absolute maximum one in 
case of a problem in the cryogenic circuits 
(pressure in normal operation is 0.12 MPa and 
is controlled by rupture disks). 

 ‘Operation’ case: the cavity is submitted to a 
pressure of 0.15 MPa and an 8000N tuning 
force is applied on each beam flange only at 
cold temperature. 

The allowable stress has been calculated using the 
following formula: 

 

where Sy is the material yield strength and Su the 
material ultimate strength. For niobium, the allowable 
stress is 23.75 MPa at room temperature and 150 MPa at 
liquid helium temperature. 
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The stress distribution resulting from a finite element 
analysis for the two cases is given on Figure 10 for a 3 
mm thick cavity. The Von Mises stresses are well below 
the allowable stresses: below 23 MPa for the ‘standard’ 
case, below 132 MPa for the ‘operation’ case, the most 
critical areas concerning the beam opening and the 
coupler port. 

 

 
Figure 10: Von Mises stresses given by the finite element 
analysis. Top: ‘standart’ case – room temperature. 
Bottom: ‘operation’ case – liquid helium temperature. 

Frequency Tuning System 
To have the minimum impact on the length of the beam 

lattice of the cryomodule, the cavity interface with the 
tuning system has been optimized to be as small as 
possible. The full range of tuning can only be obtained by 
compressing the cavity. 

The tuning system – presented on Figure 11- is based 
on the ones already developed at Saclay with lever arms 
and eccentric rotating shaft [11-13]. As the motor is 
activating the screw, it shifts the arm extremities, which 
make the eccentric shafts rotating and apply a force at the 
lever tops. This force deforms elastically the lever flexible 
area and makes the lever pressing on the cavity beam 
flanges. 

 
Figure 11:tuning system design. 

Due to the high level of stress in the flexible area, the 
lever arms are made of titanium alloy. The calculated 
maximum Von Mises stress is about 240 MPa, well below 
the allowable stress (445 MPa) for the chosen alloy. 

The tuning system has been designed to be disengaged 
during the cryomodule cooling down and warming up. As 
niobium has very low yield stress at room temperature, 
any applied load could damage the cavity when this one is 
not completely cold. The release system is based on a 
simple concept with an axis in a racetrack hole (Figure 
12). The first steps of the motor are used to put in contact 
the axis with the tuning arm before transmitting the force 
on the system. 

 
Figure 12: principle of the disengagement system. 

SUMMARY AND FUTURE PLANS 
The original tuner design, a niobium plunger welded on 

a thin niobium-titanium membrane, coupled to a niobium-
titanium flange on the cavity, caused early quenches. RF 
and thermal models were developed to understand the 
phenomena happening in the tuner area of the cavity. 
Nevertheless complementary material analysis should be 
performed to confirm the theory of the dissipation of the 
weld between the niobium-titanium flange and the 
niobium cavity body. Taking into account the problem of 
niobium-titanium exposed to RF field, a conceptual 
design was realised with a niobium plunger and a bi-
material flange on the cavity: the part of the flange 
exposed to the RF field is made of niobium. The part with 
threated holes needed to connect the tuner to the cavity is 
made of niobium-titanium for mechanical reasons. The 
weld between the two parts is also not exposed to the RF 
field. 

Due to the tight time schedule of the LIPAc, the project 
decided to change the tuning system by a more 
conservative solution based on the wall deformation of 
the half-wave resonator. To validate the RF design of the 
main cavity body, the prototype 2 was modified and 
successfully tested.  

A new cavity compliant to the Japanese High Pressure 
Gas Safety Regulation has been design with a Saclay-type 
tuner. Due to the constraints imposed by the beam 
dynamics group, the tuner will be used only in 
compression mode to have the minimum impact on the 
beam lattice. A disengagement system was design in order 
to avoid damage on the cavity during the cooling down 
and warming up of the cryomodule. The production of 
these components for the series should be launched in the 
next few weeks. 
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A COLD TUNER SYSTEM WITH MOBILE PLUNGER 
D. Longuevergne, S. Blivet, S. Bousson, N. Gandolfo, G. Martinet, G. Olry, H. Saugnac 

 

Abstract 
Tuner systems for accelerating cavities are required to 

compensate static and dynamic frequency perturbations 
during beam operation. In the case of superconducting 
cavities, these are commonly tuned by deforming the 
cavity wall in specific places of the geometry. 
Nevertheless, considering the mechanical properties and 
frequency versus displacement sensitivity of some 
structures, tuning by deformation doesn’t allow meeting 
the requirements.  

In these specific cases, inspired from the “room 
temperature technology”, an alternative tuning technique 
by insertion of a helium-cooled superconducting plunger 
can be considered and has been studied for several 
projects (IFMIF, ESS-BILBAO). Advantages and 
drawbacks of such solution will be discussed and the 
successful results on SPIRAL2 cryomodule developed at 
IPNO will be presented. 

INTRODUCTION 
Adjusting the cavity resonance frequency to the 

accelerator frequency during beam operation is 
primordial. This point is even critical in the particular 
case of superconducting structures where the bandwidth 
of the loaded cavity can be as low as few Hertz. The 
Frequency Tuning System (FTS) has to compensate firstly 
static detuning coming from fabrication and surface 
conditioning uncertainties (frequency swing after an 
etching is difficult to predict exactly). Secondly, dynamic 
detuning, caused by cavity environment (microphonics, 
pressure fluctuations of helium bath, Lorentz forces, 
etc...) has to be overcome. Depending on their amplitude 
relatively to cavity loaded bandwidth and the frequency 
of these perturbations, a fast tuning system can be 
required. This one is usually coupled to the slow tuner 
(motor) and consists of a piezoelectric or magneto 
restrictive actuator. 

We can classify FTS in 2 families whether the 
frequency shift is obtained by deformation or insertion 
(See figure 1). VCX (Variable reactance) and ferrite 
tuners won’t be discussed here but additional details can 
be found in [1]. The most common solution adopted is by 
deformation. A massive mechanical system deforms the 
cavity volume within the elastic limit of the material to 
achieve the desired frequency shift. This system has 
shown by experience a very good reliability. A review talk 
describes the different type of tuner systems in operation 
[1]. 

The other tuning solution, by insertion, is very less 
envisaged as the system interacts directly in cavity 
volume adding some additional complexities. A non 

exhaustive pros and cons of both solutions are inventoried 
in Table1.  

 

Figure 1: (left) Example of an FTS by deformation used 
on low-beta Spiral2 Quarter-Wave Resonator (QWR) and 
developed at CEA Saclay (right) FTS by insertion used on 
high-beta Spiral2 QWR and developed at IPN Orsay. 

Table 1: Pros and Cons of Tuning Solutions 

 By deformation  By insertion 

Pros - Reliable 
- A lot of experience 
- No direct 
interactions in cavity 
RF space 
- Easy maintenance 

 

- Low force needed  
- No risks of plastic 
deformation 
- Tuning range not 
limited by Niobium 
elastic limit 
- Several tuners in 
parallel. 
- More compact 

Cons - Possible irreversible 
damages (plastic 
deformation) 
- Massive (difficult to 
cool down) 
- High forces involved 
- Tuning range limited 
by limit of elasticity 
of Niobium 
- Only one tuner per 
cavity 

- Lack of experience 
- Inserted in cavity 
volume (problems of 
cleanliness, possible RF 
limitations) 
- Has to be integrated in 
LHe loop  
- Complexity of cleaning 
procedure and 
maintenance  
- Quench problems 

 
The requirements and specificities of some projects, 

like Spiral2, have forced people to consider seriously this 
solution as the stiffness and frequency sensitivity of the 
cavity wouldn’t allow reaching easily an acceptable 
tuning range. Other projects accepted the challenge to 
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study this solution despite the lack of experience of this 
system. This paper will give an update of 3 different tuner 
systems using a moving plunger namely ESS-Bilbao, 
IFMIF and SPIRAL2. 

ESS-BILBAO 
ESS-Bilbao will be a light ion linear accelerator 

composed of two ion sources, a normal conducting 
section with an RFQ and DTL followed by several 
superconducting cryomodules hosting double and triple 
Spoke resonators [2]. The RF design of cavities will be 
equivalent to ESS-Lund but alternative approaches for 
frequency tuning and mechanical stiffening are under 
study. An aluminium β=0.39 double Spoke prototype has 
been fabricated for training and RF simulation checking 
[3].  

Many different scenarios have been simulated. The 
most favourable option [4] is to install the plunger 
perpendicular and aligned to a spoke bar (See figure 2, 
position A).  

 

Figure 2: Frequency variation versus plunger penetration 
at different positions. Plunger diameter is 35 mm [4]. 

Some measurements on the aluminium prototype have 
been done to confirm RF simulations. Figure 3 depicts the 
results showing a very good agreement in frequency shift. 

 

Figure 3: Simulated and measured frequency shift versus 
plunger penetration. Plunger diameter is 35 mm [4]. 

 
Another interesting option studied, offering this time a 

positive frequency shift, is to insert the plunger through 
the end cover of the Spoke cavity (See Figure 4). 

 

Figure 4: Frequency variation versus plunger penetration 
at one, two and four plungers [4]. 

Further studies are carried out to characterize whether 
any perturbation of the electric field on beam axis is 
induced by the presence of the tuner. Mechanical and 
cooling concepts are also being studied. 

IFMIF 
IFMIF (International Fusion Materials Irradiation 

Facility) will consist of two high power superconducting 
linacs delivering CW 125 mA deuteron beam at an energy 
of 40 MeV [5]. The superconducting Half-Wave 
Resonators (HWR) will be operated at 175 MHz at an 
accelerating gradient of 4.5 MV/m. These were originally 
supposed to be tuned by a moving plunger installed 
perpendicular to the beam tube in the high electric field 
area (See figure 5).  

 

Figure 5: Drawing of the IFMIF HWR. The hollow 
plunger (circled) is cooled by liquid helium [6]. 

The plunger, made of bulk Niobium, has a diameter of 
100 mm. A 1.5 mm thick NbTi membrane isolates the 
cavity vacuum allowing a tuning range of ± 1mm. In 
these conditions, the mechanical stress is kept under 125 
MPa [6]. The penetration in the cavity volume is limited 
to 4 mm to avoid any rise of the peak electric field and 
multipacting problems. The tuning sensitivity has been 
simulated and is above 50 kHz/mm as depicted in figure 
6. 
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Figure 6: Frequency sensitivity of the plunger [6]. 

During first prototype tests, the maximum accelerating 
field achieved was of the order of 1 MV/m with a 
degraded Qo [7]. The problem was located on the plunger 
neck and membrane. As visible on Figure 7, a significant 
residual magnetic field of about 20 mT (at operating 
gradient) heats up the NbTi membrane due to its limited 
thermal conductivity. A simplified design replacing the 
NbTi membrane by a Nb plate confirmed partially this 
limitation as the field was brought up to 2.5 MV/m but 
still with a degraded Qo [7]. The residual magnetic field 
at the level of the RF gasket is still of the order of 2 mT at 
the operating gradient. Additional tests were performed 
where the plunger was inverted dividing the residual 
magnetic field on the RF gasket by 25. Consequently, the 
accelerating gradient was brought up to 4 MV/m (not 
limited by the plunger) with an acceptable Qo [7].  

 

Figure 7: Magnetic field distribution on plunger [7]. 

Unfortunately, this solution has been abandoned due to 
technical difficulties and the tight time schedule of the 
project. A new tuner by deformation has been designed 
[8]. 

SPIRAL2 
Spiral2 accelerator is a multi-beam CW 

superconducting linac capable of delivering 5 mA 
deuteron beam at an energy up to 40 MeV. This driver, 
under construction at Ganil in Caen in France [9], is 
composed of two sections, a low beta and a high beta 

section respectively in charge of CEA Saclay and IPN 
Orsay. Among the different specificities of this linac, the 
QWR from the high beta section are tuned by a moving 
plunger with a diameter of 30 mm, an average penetration 
of 50 mm and a tuning range of ± 4 mm (See Figure 8).  

  

Figure 8: Overview of the Spiral2 tuning system. 

RF Simulations and Results 
Many RF simulations were done before prototyping to 

make sure the cavity performances wouldn’t be impaired 
at the operating gradient of 6.5 MV/m. Table 2 
summarizes the different results [10, 11]. 

Table 2: Summary of RF Simulations with a 
Plunger Diameter of 30mm. 

Criteria  Results 
Peak magnetic field on the 

plunger is not greater than the 
peak field on cavity wall 

~ 100%*  

Frequency sensitivity is constant 
on tuning range ~ 950 Hz/mm 

Additional dissipations do not 
exceed 1W ~ 1W @ 6.5 MV/m 

Residual magnetic field above the 
cavity port stays below 1mT ~ 0.25 mT @ 6.5 MV/m 

* Percentage of the peak magnetic field on cavity wall 
without plunger. 

 
Many RF tests have been done up to now confirming 

the RF simulations. In the case of Spiral2, all cavities 
have been validated in vertical cryostat with their plunger 
showing no visible degradations of cavity performances 
only if the plunger surface is prepared with the same 
standards as the cavity (See figure 9). 
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Figure 9: Influence of plunger on a Qo curve. In-between 
both tests, the cavity has just been warmed up and vented 
for plunger installation in a clean room. No additional 
etching or HPR. 

Quench Problematic 
Nevertheless, an important observation has been done 

during cryomodule RF tests while cavities were tested up 
to their quench limit. In the case of strong coupling, when 
the cavity quenches, the Qo drops very quickly and 
equalize at one point the external coupling. During a short 
period of time, the cavity is then very close to the critical 
coupling and the whole RF power is transmitted to the 
cavity (meaning about 3 kW when the cavity is operated at 
6.5 MV/m without beam loading). The overall energy 
stays limited if the quench is localized on the cavity. As 
this one is propagating over all the geometry, the Qo drop 
is significant enough so the final Qo stays well below the 
external coupling. But if we now consider that the quench 
is localized on the plunger, it only propagates over the 
plunger surface. As this one is isolated from cavity 
surface with stainless steel below, the Qo drop is limited 
and the Qo stays relatively close to the external coupling. 
If the Rf power is maintained, in the case of Spiral2 
cryomodules, about 500 W is still transmitted into the 
cavity after 50 seconds (See figure 10). 

 

Figure 10: Screenshot of the evolution of the pick-up 
signal (green) and reflected power (yellow) during a 
cavity quench when the RF power is maintained at 
1050 W. The vertical scale is for reflected power. The 
horizontal scale is 5 s/div [11]. 

As the consequence, the helium flow at the exhaust 
stays abnormally high for several minutes and the 
temperature probe installed in the plunger was totally 
burnt. A quench detection system has to be set up in order 
to stop the RF power within one second to ensure a fast 
recovery of the operating conditions. 

Mechanical Hysteresis Problematic 
After prototyping period, some mechanical 

modifications of the tuner mechanism have been 
performed to increase tuner reliability and decrease the 
hysteresis. Very first tests after this upgrade showed very 
bad results. The mechanical hysteresis was not only 
increased, but a significant overshoot was also visible. As 
an example, when the plunger is pushed down, the 
frequency increases. If the plunger is then pulled up, the 
frequency would first keep on increasing and then 
eventually start decreasing (see Figure 11). 

 

Figure 11: Example of frequency overshoot when 
direction of motion is inverted. The overshoot is of the 
order of 100 Hz. 

Frequency regulation was first impossible as the 
overshoot was of the order of the loaded cavity 
bandwidth. This overshoot was coming from a plunger 
swing motion as illustrated in Figure 12. Because of 
mechanical plays, the plunger is slightly tilted one way or 
the other depending on the direction of the motion.  

This problem has been solved firstly by improving the 
mechanical system (reduction of plays and hyperstatism) 
and also by forcing this swing motion perpendicular to the 
magnetic field gradient. As showed on Figure 12 (blue 
arrows), the swing motion was originally happening in the 
picture plane, toward strong fields.  

Two cryomodules have been tested so far since these 
improvements, the hysteresis have been reduced to about 
20 Hz and the overshoot, rarely visible, is limited to few 
Hertz. During these validation tests, plungers have also 
been cycled during several hours to check if any 
degradation was visible over time. No freezes or increase 
of hysteresis have been observed. 

 

Proceedings of SRF2013, Paris, France THIOD04

08 Ancillary systems

W. Tuners

ISBN 978-3-95450-143-4

887 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

Figure 12: Illustration of the plunger swing motion. 

CONCLUSION 
Tuning a superconducting cavity by insertion with a 

moving plunger becomes an alternative solution. As a 
consequence of new accelerating structures being more 
and more considered for high power linacs (Spoke 
cavities, QWR, HWR), tuning by insertion appears to be a 
complementary solution when the mechanical properties 
of the cavity are too restrictive.  

ESS-BILBAO project are considering this solution. 
Several tuner positions are studied offering the 
possibilities to either increase or decrease the frequency 
of the cavity. RF simulations and direct measurements on 
an aluminium prototype show that an adequate tuning 
range can be achieved easily. Additional RF simulations 
to evaluate surface fields and residual fields on cavity 
flanges are now required and all the mechanical design 
has to be done. 

IFMIF project have also considered this promising 
solution but had to be abandoned because of the very tight 
schedule. With more time, additional studies could have 
been done to tackle the problem of the high residual 
magnetic field on the RF joints and NbTi membrane. 

SPIRAL2 accelerator will be the very first 
superconducting linac to operate with such tuners. Even 
though several difficulties have been encountered as 
described in this paper, the Spiral2 plunger has been 
validated on two cryomodules. Nevertheless, the lack of 
experience of such a tuner makes the evaluation of the 
long term behaviour difficult.  
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Abstract 

Nanjing University has initiated the new technology 
development in the field of high-energy, charged-particle 
beam application and fundamental sciences. A high-
current proton accelerator used for the new energy, new 
technology and fundamental science applications platform 
will be the near term goal at Nanjing University. For 
developing the superconducting RF linac for the proton 
beam utilization at Nanjing University, the first 6-cell, 
medium-beta prototype superconducting RF cavity has 
been fabricated and demonstrated using Chinese vendors 
only. The low-power test has been completed. The 
vertical test will be carried out soon. 

INTRODUCTION 
Nanjing University (NJU), one of the key 

comprehensive universities in China, has initiated the new 
technology development in the field of high-energy, 
charged-particle beam application and fundamental 
sciences.  A high-current proton accelerator used for the 
new energy, new technology and fundamental science 
applications platform will be the near term goal at 
Nanjing University. The beam application platform will 
provide the proton beam with the different energy for 
different R&D users, such as in the fundamental sciences, 
medicine, space irradiation, nuclear analysis, spallation 
neutron source, radio Isotopes, semiconductor injection 
etc. that is similar to the PEFP’s (Proton Engineering 
Frontier Project) beam utilization platform [1-6]. In order 
to complete this goal, the Proton Linear Accelerator 
Institute (PLAI) of the Nanjing University was 
established in October of 2011.   

The proton linear accelerator will be employed at the 
beam utilization facility at Nanjing University. A basic 
frequency choice is 403 MHz for low-beta accelerating 
part and 806 MHz for medium- and high-beta 
accelerating part. The superconducting RF (SRF) 
accelerator will be the first choice to build the proton 
accelerator at Nanjing University. In order to develop the 
SRF technology, a prototype of a medium-beta SRF 
cavity has been developed. The NJU medium-beta cavity 
design is based on the SNS elliptical SRF cavity, because 
the operation experiences show that the SNS medium-
beta cavities have good quality to proton beam [7-9]. The 
cavity’s beta value is 0.61, and the number of the cells is 
6. At present, the niobium cavity with 6-cell has been 

fabricated, and the basic low-power test has been 
completed at Nanjing University. The vertical test is 
going to be carried out at JLab next year, since the 
vertical system is not ready at Nanjing University. In this 
paper, the NJU SRF cavity’s development is introduced. 

MEDIUM-BETA ELLIPTICAL CAVITY 
DESIGN 

Considering using the industrialized parts for building 
the NJU cryomodules, the beam pipe’s diameter and its 
flange’s dimension were chosen the same as that of the 
SNS SRF cavities’. First, the CavityBuilder was used to 
design the cavity, then the LabView program (developed 
by Sun An and Genfa Wu at JLab) and SUPERFISH were 
used to tune the cavity field flatness, finally the method to 
combine the ANSYS and SUPERFISH (developed by Sun 
An and Haipeng Wang at JLab) [10] was used to analyse 
the cavity mechanical properties, such as Lorentz force 
factor K, cavity deformation under the vacuum pump-
down, and field flatness sensitivity under the tuner’s 
driving, etc. as shown in Fig.1. The cavity parameters are 
listed in Table 1.  
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Figure 1: Simulation cavity’s on-axis electric field 
amplitude relative changes in three states. 1.0 mm 
compressed, 0 mm free, and –1.0 mm stretched. Here E0 
is the normalized electric field set in all SUPERFISH 
runs. The left side is the FPC end, and the right side is the 
Field Probe end. 
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Table 1: NJU Medium-beta Cavity’s Parameters 

Parameter Value 
Operation Mode TM010 π 
Frequency (MHz) 806 
Geometrical β (βg) 0.61 
Number of  cell 6 
Cell-to-cell coupling factor (%) 1.61 
Epk/Eacc 2.72 
Bpk/Eacc [mT/(MV/m)] 5.79 
R/Q (Ohm) 278.55 
G (Ohm) 176.55 
Cavity length (cm) 106.5 

 

HOM COUPLER DESIGN 
The accelerating mode of a SRF accelerator built with 

an elliptical cavity is the TM010 π mode. Except for the 
TM010 π mode, there are a lot of other eigenmodes in a 
SRF cavity, which are called higher-order modes (HOM) 
and could be excited when a particle beam travels through 
the cavity. The main HOM related issues of a 
superconducting RF linac are the beam instabilities and 
the HOM-induced power, which increases the cryogenic 
heat load and may cause a SRF cavity quenching [11]. 
The HOM couplers are used to dampen the higher-order 
modes to prevent a resonant build-up of beam-induced 
fields by extracting the HOM-induced power from a 
cavity into the room temperature loads.  

There are three main kinds of HOM couplers to remove 
a HOM induced power from a SRF cavity: waveguide 
HOM coupler with dissipative loads for the CEBAF 
(Continuous Electron Beam Accelerator Facility) cavity 
of Thomas Jefferson National Accelerator Facility (JLab), 
fluted beam tube leading to ferrite dissipative loads for a 
CESR (Cornell Electron-positron Storage Ring) cavity 
and a coaxial loop-type HOM coupler using a notch filter 
to reject a fundamental mode. Because of its smaller size, 
simpler structure, lower heat load for a cryogenic system 
and easy tuning of the notch frequency compared with the 
waveguide HOM coupler, the coaxial HOM coupler was 
used in many multi-cell cavities, such as TESLA cavities, 
SNS (Spallation Neutron Source) cavities, Low Loss 
cavities for ILC (International Linear Collider), High 
Gradient cavities for ILC, CEBAF upgrade cavities, etc.. 
Based on the TTF HOM coupler, a new coaxial HOM 
coupler with one hook and two rods has been designed for 
the PEFP SRF cavities [12]. Here we choose the PEFP 
type HOM coupler for the NJU medium-beta cavities. 

The structure of the NJU-PEFP type HOM coupler is 
shown in Fig. 2. The CST Studio is used to simulate the 
notch frequency and field distribution. Figure 3 shows the 
Out-coupled power and notch distribution of the NJU 
HOM coupler. The simulation results show that the notch 
depth at 806 MHz is around -110.85 dB; that means the 
NJU HOM coupler can reject the TM 010 π. And the 

HOM coupler can transfer the HOM power without any 
rejection; that means the coupler can dampen the HOM 
excited power fully. 

Nut-type notch
frequency tuner

Inner conductor

Feed-through

Hook of inner conductor

Rod head of inner
conductor

Outer conductor
nipple

 
Figure 2: A cutaway of a 3-D NJU-PEFP type HOM 
coupler. 

 
Figure 3: Out-coupled power and notch position of the 
NJU HOM coupler. 

FABRICATION OF THE CAVITY 
Normally, the fabrication procedure of an elliptical 

cavity is: 
1. Produce the mechanical (or engineering) drawings. 
2. Design the dies and jigs. 
3. Deep-draw the half cells, beam-pipe transition, 

nipples for the FPC, FP and HOM couplers; 
fabricate the flanges etc. 

4. Trim the edges. 
5. Polish the cavity parts using the BCP. 
6. Weld the cavity in the electron beam welder (EBW). 
Based on the simulation results, the NJU cavity and its 

deep-drawing dies, trimming fixtures and the jigs for the 
electron beam welding have been designed. The niobium 
materials from Ningxia Orient Tantalum Industry Co., 
Ltd. were used to fabricate the NJU cavities. The 400 ton 
hydraulic machine was used to deep-draw the half-cell, 
beam-pipe transition, nipples for the FPC, FP and HOM 
couplers. After trimming the edges, all the parts have been 
cleaned by supersonic wave washer with DI water and 
polished about 10 μm by using BCP. After the part surface 
processing, the dumbbell cavities and end parts were 
welded in an electron-beam welder. Here we welt the 
dumbbell cavity from both sides at the iris position. For 
the EB welt parts, we need to take a cleaning and BCP 
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polishing again before welding a full cavity. Figure 4 
shows a prototype NJU cavity. 

 
Figure 4: Prototype of the NJU medium-beta SRF cavity. 

CAVITY TEST 
The cavity test includes the vacuum leak-check, field-

flatness tuning, low-power test and vertical test at low 
temperature. The vacuum test result showed that the 
welding quality can meet the requirements (see Fig. 5). In 
order to seal the cavity, the AlMg alloy gaskets have been 
fabricated. The field flatness tuning and low-power test 
has been described in many papers, here we don’t 
describe. The vertical test for the prototype cavity will be 
carried out soon. 

 
Figure 5: Vacuum test for the NJU medium-beta SRF 
cavity. 

CONCLUSIONS 
Nanjing University is going to develop the beam 

utilization platform for the fundamental sciences, 
medicine, space irradiation, nuclear analysis, spallation 
neutron source, radio Isotopes, semiconductor injection 
etc. A SRF accelerator will be used for the platform. In 
order to develop the SRF accelerator technology, a 6-cell 
medium SRF cavity prototype has been fabricated. The 
vacuum leak-check and low-power test have been done. 
The vertical test of the prototype cavity will be carried out 
soon. 
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DESIGN OF A 3-CELL TRAVELLING WAVE CAVITY FOR HIGH 
GRADIENT TEST* 

P. Avrakhov , A. Kanareykin, R. Kostin, Y. Xie, Euclid Techlabs, LLC, Solon, Ohio, USA,#

S. Kazakov, N. Solyak, V.P. Yakolev, Fermilab, Batavia, IL 60510, USA.

Abstract 
Utilization of a superconducting traveling wave 

accelerating (STWA) structure with small phase advance 
per cell for future high energy linear colliders may 
provide an accelerating gradient 1.2-1.4 times larger [1] 
than a standing wave structure. However, STWA 
structure requires a feedback waveguide [1]. Recent tests 
of a 1.3 GHz model of a single-cell cavity with 
waveguide feedback demonstrated an accelerating 
gradient comparable to the gradient in a single-cell ILC-
type cavity from the same manufacturer [2]. In the present 
paper, a design for a STWA resonator with a 3-cell 
accelerating cavity for high gradient tests is considered. 
Methods to create and support the traveling wave in this 
structure are discussed. The results of detailed studies of 
the mechanical and tuning properties of the 
superconducting resonator with 3-cell traveling wave 
accelerating structure are also presented. 

 

INTRODUCTION 
The main goal of this project is the development and 

experimental demonstration of a STWA structure. These 
structures have huge advantages compared to the standing 
wave (SW) structures such as the 9-cell TESLA cavity [3] 
and the Re-Entrant [4], which can increase an accelerating 
gradient by a factor of 1.2-1.4. First of all, TW allows the 
employment of a smaller phase advance per cell 
compared to SW.  We improved the effective accelerating 
gradients by a factor of 1.2, for a phase advance equal to 
105° for TW in our calculations, because of the increasing 
transit time factor in the cavity. In the second place, 
improvement of the accelerating gradient comes from the 
field flatness. Present SW accelerating cavities have an 
average 1 m length, because it would be more difficult to 
obtain the required field flatness for longer cavities. 
STWA does not have such sensitivity to cavity 
inhomogeneity. Our calculations [5] show that STWA 
could be up to 16 m long and it would have better field 
flatness than the 9 cell TESLA cavity. This means that 
STWA is limited only by cryomodule length, and this fact 
could increase the effective accelerating gradient by an 
additional 20%, excluding the gaps between the short 9 
cell cavities. 

The first approach to STWA cavities was, as usual, a 
single cell cavity, which was recently manufactured at 
Advanced Energy System, Inc (AES) and processed at 

Argonne and Fermi National Labs (IL, USA). This cavity 
provided understanding of the manufacturing problems 
and surface processing issues. There were problems with 
the waveguide (WG) processing such as high pressure 
rinsing. These problems did not lead to quenching in the 
WG because the surface electric and magnetic field 
amplitudes in the WG were 2 and 3 times less than in the 
cavity respectively. 16 temperature sensors were attached 
around the equator of the cavity and 8 sensors were 
attached to the high magnetic field regions on the WG. 
High gradient test results showed the maximum 
temperature rise of those sensors on equator was no more 
than 0.1 °K and no significant temperature rise was 
recorded on the WG in accelerating mode. This suggested 
the quench was not near equator in the cavity cell, nor in 
the WG. Another high magnetic field region is the iris 
between the WG and the cell. Unfortunately, the area is 
not accessible by thermometers. 

In spite of the reduced processing (without 
electropolishing), we were able to obtain rather good 
results for this cavity, taking into account that it was 
tested only in the standing wave regime [6]. This cavity is 
depicted in Figure 1. 

 

 
Figure 1: The single-cell travelling wave cavity 
assembled for evacuation. 
 
The surface electric field reached the same levels as in the 
TESLA-shaped cavity with a 31 MV/m accelerating 
gradient.  

These results open the way to take the next step of 
STWA cavity development: to build and test a travelling 
wave three-cell cavity with a feedback WG. 

 ____________________________________________  

*Work supported by US Department of Energy 
#p.avrakhov@euclidtechlabs.com 
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3-CELL TRAVELLING WAVE DESIGN 
A STWA 3-cell cavity was designed containing only 

one regular cell in the middle of the cavity. In spite of the 
fact that the 3-cell has only one regular 105° cell, there is 
the same field distribution in this regular cell as in a 1 
meter 15-cell pattern.  

The superconducting TW structure involves utilizing 
the RF power passing through the cavity, redirecting it 
back to the input of the accelerating structure. This 
scheme of RF wave circulation in the traveling wave 
cavity requires a feedback loop. The energy from the RF 
source goes into the ring TW resonator (or feedback loop) 
through the directional coupler to set, by the phase and 
amplitude relations, the correct direction of the RF 
propagation in the accelerating structure. The TW in the 
ring is exited by two couplers spaced by a quarter 
waveguide wavelength. One can see the 3-cell STWA 
cavity assembly in Figure 2. 

 
Figure 2: The 3-cell STWA cavity assembly. 

 
This assembly consists of a 3-cell TW cavity with a WG, 
2 feeding couplers (which will be mounted to the bottom 
flanges), 3 pick-up antennas (which will be mounted to 
the side flanges) and a fine tuning element “matcher” (the 
blue part in the Figure 2). The couplers are not shown in 
this Figure in order to leave a clear view.  

The finished cavity will be tested at the Fermilab 
Vertical Test Stand (VTS), where the amplitude variation 
and the mean value of liquid helium pressure are about 10 
Pa and 2 kPa, respectively. The available power is 300 W 
for cavity feeding at the VTS. This means that QLoad will 
be around 108. This fact makes the cavity bandwidth very 
narrow and sensitive to microphonics. It is important to 
emphasize the fact that the narrow cavity bandwidth will 
be only at the VTS. For usual cavity application, STWA 
cavity typical QLoad value is around 106, which relaxes all 
tolerances, described below. The non-reinforced cavity 
was extremely sensitive to microphonics and Lorentz 
Force Detuning (LFD). The pressure variation could 
completely break down the TW regime. One can see our 
simulations of the TW regime vs. a 10 Pa pressure 
variation in Figure 3. The first graph (Figure 3-a) 

represents a strong microphonics detuning for the non-
reinforced cavity – there is no TW regime and the average 
resonant frequency shift is about -128 Hz. The second 
graph (Figure 3-b) represents the detuning of the most 
reinforced model with stiffening ribs on the waveguide 
and cavity parts. Apparently, this is rather acceptable 
design for the VTS application. The cavity was adjusted 
after applying the pressure variation by changing the 
phase difference between the input RF signals from 90° to 
96.3° and the input amplitude ratio from 1/1 to 1.23/0.69. 
As a result (see the blue curves in Fig. 3-b), the backward 
wave amplitude was completely suppressed, but the 
forward wave amplitude was kept almost the same 
(~94%). A 12% power overhead is required to obtain the 
initial value of the forward wave amplitude. 
 

 
a) 
 

 
b) 
 

Figure 3: Microphonics detuning at a 10 Pa external 
pressure variation: a) in the non-reinforced TW resonator; 
b) in the TW resonator with stiffening ribs on the 
waveguide and cavity parts. 

 
STWA cavity shown in Figure 2 is reinforced by 

stiffening ribs on the WG and stiffening rings between the 
cavity cells to withstand microphonics and LFD. There 
are four stiffening rings between the cells and in the space 
between the cells and the WG. Their position was 

200 150 100 50 0 50 100 150
0

100

200

300

400

500

600

700

800

900

1000

1100

1200
 - FW at P = 2000 Pa
 - BW at P = 2000 Pa
 - FW at P = 2010 Pa
 - BW at P = 2010 Pa

3-cell STWR Forward & Backward Waves vs. Ext. Pressure

Frequency shift (Hz)

A
m

pl
itu

de
 (a

.u
.)

50 40 30 20 10 0 10 20 30 40 50
0

100

200

300

400

500

600

700

800

900

1000

1100

1200
 - FW at P = 2000 Pa
 - BW at P = 2000 Pa
 - FW at P = 2010 Pa
 - BW at P = 2010 Pa

3-cell STWR Forward & Backward Waves vs. Ext. Pressure

Frequency shift (Hz)

A
m

pl
itu

de
 (a

.u
.)

Proceedings of SRF2013, Paris, France THP002

07 Cavity design

O. Cavity Design - Accelerating cavities

ISBN 978-3-95450-143-4

893 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



optimized according to the minimum of S11 amplitude and 
phase changes.   

This cavity is fed by two couplers spaced by a quarter 
waveguide wavelength which will be mounted to the 
bottom conflat flanges. This feeding scheme allows us to 
change the amplitude and phase of the input power in 
each port to obtain and adjust the travelling wave regime. 
We will have 300 W of CW RF power which will be split 
between two feeding couplers. As was mentioned above, 
it might be necessary to redirect power up to 70/30 from 
one coupler to another for adjusting the TW regime. That 
means that the coupler should withstand up to 200 W of 
CW power. We are going to test a standard N-type 
feedthrough from Kyocera for this power level at 2 °K. 

 There are three pick-up antennas on the WG bend 
narrow wall that will be used to obtain information about 
the wave regime in the cavity. They have 1/8 of the WG 
wavelength (λWG) between each other. It is enough to 
have only two couplers for directivity measurements, but 
the third one will be needed to calibrate the others. Pick-
up antennas will have a loop type end which is easy to 
calibrate by changing the coupling.  

The last part of the assembly is the so called “matcher.” 
It has a one lever construction with a mechanical 
advantage close to 2, two stepper motors, and a movable 
pushing element. The first stepper motor is for pulling the 
lever, which in its turn will push the pushing element. The 
second stepper motor is for moving the pushing element, 
which can be moved along the WG in a specially 
designed cage. This cage is mounted to the lever. The first 
stepper motor is reinforced and can withstand up to 1.3 
kN of pulling force. These stepper motors can provide up 
to a 10 nm displacement because of their gear ratios of up 
to 105 and the 1 mm shaft thread. We simulated cavity 
adjustments and obtained the matcher requirements. One 
can see them in Table 1. 

 
Table 1: The Matcher Requirements 

Cavity reflection, dB -60 -30 

WG deformation range, 
mkm 2 90 

WG deformation step, nm 20 20 

Longitudinal position range, 
mm ±2 ±4 

Longitudinal position step, 
mkm 20 0.5 

 
The main goal of this device is to push the WG wall with 
great accuracy in a defined point to adjust the TW regime. 
It is like a tuner for a SW cavity which adjusts a cavity’s 
resonant frequency. In our case, we do not care much 
about the resonant frequency of the cavity. It is more 
important to match the S parameters of all the ring 
components [7]. All parts of the TW resonator were 
optimized for minimum reflection at operation frequency. 
We succeeded in obtaining about -60 dB of each part, but 

with realistic manufacturer errors, the maximum expected 
reflection will not be worse than -30 dB.  

For obtaining the TW regime in the ring, the reflections 
of each part in it should be compensated. According to 
calculations, they can be compensated in several 
particular places. These places are indicated in Figure 4. 
They are separated by λWG/4. The places separated by 
λWG/4 need opposite sign reflection. In one of these places 
we mounted the matcher. But the matcher is a precise but 
not very strong device, so we plan to perform a pretuning 
at RT in another adjusting place. Pretuning is a plastic 
deformation of the WG at RT while matching is an elastic 
deformation at a cryogenic temperature to obtain the 
required amplitude and phase reflection at the certain 
position.  

 
Figure 4: The 3-cell travelling wave cavity with indicated 
places for matching. 

 
For pretuning, we plan to have a pulling/pushing device 
which will deform the WG. Plastic deformations of the 
WG and the reflection from it were calculated. One can 
see the corresponding plot in Figure 5.  

 

 
Figure 5: Residual deformations and reflection amplitude 
of the waveguide. 
 
1 mm of residual deformation is enough to cause a -30 dB 
reflection which is enough for the worst case scenario. 
The required force for these deformations is 10 kN. We 

0

2

4

6

8

10

12

14-140

-120

-100

-80

-60

-40

-20

0

0 500 1000

Ap
pl

ie
d 

Fo
rc

e,
 k

N
 

S1
1,

 d
B 

Resudial deformations, mkm 

S11 Force

THP002 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

894C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Cavity design

O. Cavity Design - Accelerating cavities



used the experimental stress & strain curve of niobium 
RRR 300 at RT [8] which is depicted in Figure 6. 
 

 
Figure 6: The experimental stress & strain curve of 
Niobium RRR 300 at room temperature. 
 

The cavity will be loaded into the VTS with liquid 
helium after adjusting it at RT. We will have an 
opportunity to control the matcher because it includes two 
Phytron [9] stepper motors which will be employed in 
liquid helium.  

CONCLUSION 
The successful test of the single-cell model of STWA 

structure opens the way to take the next step in travelling 
wave SC cavity development: to build and test the 
travelling wave three cell cavity with the feedback 
waveguide. Methods to create and support the traveling 
wave in this structure were discussed. The results of 
detailed studies of the mechanical and tuning properties 
of the superconducting resonator with 3-cell traveling 
wave accelerating structure were also presented. 
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COLD MEASUREMENTS ON THE 325 MHz CH-CAVITY∗

M. Busch† , F. Dziuba, H. Podlech, U. Ratzinger
IAP Frankfurt University, 60438 Frankfurt am Main, Germany

M. Amberg, Helmholtz-Institut Mainz (HIM), 55099 Mainz, Germany

Abstract
At the Institute for Applied Physics (IAP), Frankfurt

University, a superconducting 325 MHz CH-Cavity has
been designed, built and first tests were performed. The
cavity is determined for a 11.4 AMeV, 10 mA ion beam
at the GSI UNILAC. Consisting of 7 gaps this resonator is
envisaged to deliver a gradient of up to 5 MV/m. Novel fea-
tures of this structure are a compact design, low peak fields,
improved surface processing and power coupling. Further-
more bellow tuners attached inside the resonator will con-
trol the frequency during operation. In this contribution
first measurements executed at 4 K at the cryo lab in Frank-
furt will be presented.

CAVITY KEY DATA
For several years there has been an ongoing process of

CH-Cavity development at IAP in Frankfurt. After suc-
cessful tests of the 360 MHz prototype a new 325 MHz cav-
ity has been designed at IAP and has been built at Research
Instruments (RI) [1]. CH-Cavities only need a small num-
ber of drift spaces between adjoining cavities compared to
conventional low-β ion linacs [2] and by applying KONUS
beam dynamics, which decreases the transverse rf defocus-
ing and allows the usage of long lens free sections, this
results in high real estate gradients with moderate electric
and magnetic peak fields. The new cavity is operating at
325.224 MHz, consisting of 7 cells, β = 0.16 and has an ef-
fective length of 505 mm (see table 1). The main changes
in geometry comprise (see fig. 1):

• inclined end stems

• additional flanges at the end caps for cleaning proce-
dures

• two bellow tuners inside the cavity

• two ports for large power couplers through the girders

FIRST COLD TESTS AT 4 K
After successful preliminary tests at room temperature

and at LN2 temperature, defining the bellow tuner range,
pressure sensitivity and shrinking behaviour [4], the cav-
ity was delivered to the cryo lab in Frankfurt for further
tests. At the time of delivery the quality of the surface was

∗Work supported by GSI, BMBF Contr. No. 06FY7102
† busch@iap.uni-frankfurt.de

Figure 1: Layout of the superconducting 7-cell CH-Cavity
(325.224 MHz, β = 0.16)[3].

Table 1: Specifications of the 325 MHz CH-Cavity.

β 0.16
frequency [MHz] 325.224
no. of cells 7
length (βλ-def.) [mm] 505
diameter [mm] 352
Ea [MV/m] 5
Ep/Ea 5
Bp/Ea [mT/(MV/m)] 13
G [Ω] 64
Ra/Q0 1248
RaRs [kΩ2] 80

not optimal. It has only been chemically processed and ul-
tra sonic cleaned because the HPR installation was not yet
ready for use.

Nevertheless the cavity was equipped with ten tempera-
ture probes alongside the fixing rod and on the tank shell
(see fig. 2). Subsequently the cavity was cooled down to
liquid nitrogen temperature at first and in a second step to
4 K. The frequency shift for the whole temperature range
was 430 kHz while the simulated value is 465 kHz (see
fig. 3).

At LN2 temperature the cryostat has been evacuated with
a rotary vane pump. The pressure difference could be mea-
sured roughly down to 500 mbar yielding to an accord-
ing pressure sensitivity of 89 Hz/mbar (see fig. 4), which
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Figure 2: Preparation for the cold test.

Figure 3: Frequency shift due to cavity shrinkage.

matches the previous measurements at room temperature
of 80 Hz/mbar and 90 Hz/mbar, respectively.

POWER TESTS
Due to the surface quality many levels of multipacting

were experienced (see fig. 5 top). All thresholds could
be conditioned after several hours, in some cases after a
few days (see fig. 5 bottom). The coupling factor at low

Figure 4: Frequency shift due to cryostat evacuation.

fields was 0.8. For tests at high electric fields the X-Ray
spectrum was recorded with three probes. In figure 6 the
measured curve and the noise curve are put on top of each
other. The maximum electron energy gained by field emis-
sion was ≈230 keV hence yielding a total effectivce volt-
age of 1.06 MV. Increasing the power up to the Q-drop the
final achieved field gradient was 2.1 MV/m (see fig. 7).

FABRICATION PROGRESS
For each fabrication step the frequency has been mea-

sured. Since the cavity will be tested with beam it is of
high importance to hit the frequency after the final process-
ing step. Initially the frequency was designed higher than
the operating frequency (see fig. 8). By changing the ge-
ometry (reducing the end cap length) or inserting tuners the
frequency is lowered. Chemical processing, however, leads
to an increase of the freqency. Thus BCP can be utilized to
tune the cavity after all mechanical actions are depleted.
Finally the frequency has to be in the range of the dynamic
bellow tuners of ±300 kHz.
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Figure 5: Top: Multipacting thresholds at ≈80 W for-
warded power. Bottom: Scope signals after conditioning.
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Figure 6: X-Ray spectrum for E≤2.1 MV/m.

Figure 7: Q versus E curve.

Figure 8: Top: Frequency shift due to evacuation. Bot-
tom: Deformation of the cavity quarter shell versus resid-
ual pressure.
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DESIGN PROGRESS OF SSR1 SINGLE SPOKE RESONATOR FOR RAON 
H. J. Cha#, G. T. Park, H. C. Jung, H. J. Kim, D.-O Jeon, IBS/RISP, Daejeon, South Korea 

Z. Y. Yao, V. Zvyagintsev, R. E. Laxdal, TRIUMF, Vancouver, BC, Canada

Abstract 
The progress towards the design of a high efficient 

SSR1 superconducting cavity (β=0.3 and f=325 MHz) is 
reported. Especially, we propose a cavity structure with 
rounded end walls for improving mechanical properties 
and minimizing multipacting. Several issues related with 
fabricating the SSR1 cavity are added. 

INTRODUCTION 
An advanced heavy ion accelerator for basic sciences 

and multiple applications, called “RAON”, is under 
construction in Daejeon, South Korea. The fabrication of 
prototypes for four different types of superconducting 
cavities, QWR, HWR, SSR1 and SSR2, is scheduled 
based on the on-going technical designs. The SSR1 
cavity, which will be operating in the SCL2 of the 
RAON, is for reaccelerating the stable isotope heavy ion 
beams from HWR cavities in the SCL1 (β=0.12) to higher 
energy (β=0.3) at 325 MHz. We introduce the early-stage 
RF design of the SSR1 cavity having traditional flat end 
walls and its several mechanical performances. The 
variant of the SSR1 cavity by modifying the end wall 
structure has been considered for better RF and 
mechanical characteristics as well as multipacting 
suppression. The cavity imperfection due to the possible 
errors when fabricating the cavity and the transverse field 
asymmetry at the spoke is also discussed. 
 

INITIAL DESIGN OF SSR1 CAVITY 
In order to design a high efficient superconducting 

cavity, RF parameters related with the cavity performance 
should be optimized. For example, for particle beams 
passing through a cavity to get maximum energy gain, the 
acceleration gradient should be maximized by decreasing 
the peak electromagnetic (EM) fields. We have performed 
EM simulations with changing the design parameters of a 
SSR1 superconducting cavity using CST MWS code. 
Figure 1 shows the structure and EM field distribution of 
the SSR1 cavity having traditional flat end walls. Its RF 
characteristics are listed in Table 1. 

Mechanical analyses of the SSR1 cavity were 
performed using CST MPhysics code. First, simulations 
on structural deformation under atmospheric pressure 
were done. It was assumed that the pressure was 
uniformly distributed at inside and outside of the cavity 
and both beam pipes were rigidly fixed. The deformation 
at end walls near the beam pipes is expected to be the 
maximum displacement of 686 μm and the 1st principal  

 
 

Figure 1: SSR1 cavity having flat end walls and its field 
distribution. 
 
 
 
 
Table 1:  RF Characteristics of SSR1 Cavity Having Flat

 End
 

Walls 
RF 

parameter 
Value 

Q (x 109) 9.2 

QRS (Ω) 97.6 

Rsh/Q (Ω) 247 

Vacc (MV) 2.3 

Eacc 
(MV/m) 

8.3 

Epeak 
(MV/m) 

35 

Bpeak (mT) 52 

Epeak/Eacc 4.2 

Bpeak/Eacc 
(mT/MV/m) 

6.2 

Stored 
energy (J) 

10.6 

Dissipated 
power (W) 

2.4 

 
 ____________________________________________ 
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(or Von Mises) stress of 351 MPa. With the resonant 
frequency calculated from EM analysis for the deformed 
cavity, the frequency shift per unit pressure df/dP for the 
bare cavity is estimated to be approximately 135 Hz/Torr. 

Second, if the beam ports of the SSR1 cavity are forced 
using a mechanical tuner, the resonant frequency shift 
must be caused by elastic deformation of the cavity. 
When the same pressure is applied to both beam ports of 
the cavity in opposite directions, one can estimate the 
maximum displacement deformed in the beam 
propagation direction. Thus, the stiffness k could be 
calculated to be 0.91 kN/mm. With changing the 
displacements at both beam ports, the frequency shifts 
were also calculated from EM analyses. The estimated 
sensitivity s is –879 kHz/mm. 

Third, in case of pulse operation for a superconducting 
cavity, the Lorentz force detuning (LFD) is generated by 
EM fields formed by RF in the cavity wall. The cavity is 
deformed by the Lorentz pressure, which results in the 
resonant frequency shift proportional to the square of the 
acceleration gradient. According to mechanical analyses, 
the maximum displacement is 260 nm and the 1st 
principal stress is 168.8 kPa. With the calculated 
frequency shift of -262 Hz and the acceleration gradient 
of 8.3 MV/m, the LFD coefficient KL is expected to be 
approximately –3.8 Hz/(MV/m)2. Table 2 shows the 
summary of the mechanical properties mentioned above. 
 
Table 2: Mechanical Characteristics of the Bare SSR1  
Cavity Having Flat End Walls 

Mechanical 
parameter 

Value 

df/dP 
(Hz/Torr) 

135 

Stiffness, k 
(kN/mm) 

0.9 

Sensitivity, s 
(kHz/mm) 

-879 

LFD coeff., 
KL 

(Hz/(MV/m)2) 

-3.8 

 

SSR1 CAVITY HAVING ROUNDED END 
WALLS 

The resonant frequency shift due to the fluctuation of 
liquid helium pressure is critical issue to resolve for stable 
operation of a superconducting cavity in a cryomodule. In 
case of a traditional single spoke cavity having flat end 
walls, the frequency shift is severe such that in our case, 
the df/dP for the bare SSR1 cavity is ~135 Hz/Torr as 
shown in Table 2. Even though the utilization of stiffeners 
and rigid connection of the cavity with a helium jacket 
can reduce the frequency sensitivity, partial cavity 
modification is required for simplicity with minimal 

stiffeners and cost effectiveness. For this purpose, several 
research groups proposed the spoke cavity variants [1-3]. 
We consider the SSR1 cavity having rounded end 
walls as shown in Fig. 2. The ease of fabrication was also 
considered. EM simulations for the modified SSR1 cavity 
were performed and the optimized RF parameters are 
listed in Table 3. Even though Rsh/Q is a little bit lower 
than that of the cavity having flat end walls and Bpeak 
increases a little bit, both Vacc and Eacc increased with 
reducing Epeak/Eacc and Bpeak/Eacc. Coupled analyses will 
be followed for mechanical and EM characterization of 
the modified cavity. In addition, it is expected that the 
SSR1 cavity having rounded end walls can minimize the 

 
 

 
 

Figure 2: SSR1 cavity having rounded end walls. 
 
 

Table 3: RF Characteristics of the SSR1 Cavity Having  
Rounded End Walls 

RF 
parameter 

Value 

Q (x 109) 8.9 

QRS (Ω) 94.2 

Rsh/Q (Ω) 230 

Vacc (MV) 2.6 

Eacc 
(MV/m) 

9.2 

Epeak 
(MV/m) 

35 

Bpeak (mT) 60 

Epeak/Eacc 3.8 

Bpeak/Eacc 
(mT/MV/m) 

6.5 

Stored 
energy (J) 

13.9 

Dissipated 
power (W) 

3.2 
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higher-order multipacting due to the smoothness of the 
cavity inner shape. Multipacting simulations for both 
cavities with flat and rounded end walls are in progress 
using CST PS code. 
 

FABRICATION ERROR AND 
MISALIGNMENT 

For example, suppose that the iris-to-iris distance in the 
SSR1 cavity is changed by ±2.5 mm as a fabrication 
error, the electric field in the longitudinal direction Ez will 
decrease (+) or increase (-) by small amount of 1%. 
However, severe resonant frequency shifts are predicted 
as shown in Fig. 3. The effects due to misalignment like 
angle variation of the cavity components when 
assembling them are also being studied. 

 
 

 
 

Figure 3: Variations of resonant frequency and 
longitudinal electric field with respect to iris-to-iris 
distance in the SSR1 cavity. 

 

TRANSVERSE FIELD ASYMMETRY 
The field asymmetry in transverse direction due to the 

absence of axial symmetry in HWR and SSR structures 
can result in the distortion of particle beams. One of the 
solutions for compensation for the asymmetry is the use 
of an elliptical beam tunnel instead of a circular one at the 
center conductor [4]. The beam tunnel radius at the spoke 
of the SSR1 cavity was designed to be 25 mm. Elliptical 
beam tunnels with combination of long and short axes 
ranged from 22 mm to 28 mm were used for EM 
simulations. Figure 4 shows the results predicted at 
positions of 10 mm in horizontal and vertical directions, 
respectively. The difference between transverse electric 
fields is approximately 200 kV/m. More studies for 
enhancing the beam focusing at the spoke are planned. 

 
 

 
 

Figure 4: Variations of transverse electric fields along 
longitudinal axis with different elliptical beam tunnels at 
the spoke. 

CONCLUSION 
EM and mechanical analyses for the traditional SSR1 

cavity having flat end walls were completed. The 
upgraded SSR1 cavity having rounded end walls is 
expected to exhibit the enhanced performances such as 
insensitiveness to liquid helium pressure fluctuation and 
multipacting suppression. The analyses on fabrication 
error and misalignment and transverse field asymmetry of 
the modified cavity are in progress. All possible case-
studies should be done for realizing the RAON. 
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Abstract

A 500 MHz, velocity-of-light, two-spoke cavity has been
designed and optimized for possible use in a compact light
source [1]. Here we present the mechanical analysis and
steps taken in fabrication of this cavity at Jefferson Lab.

INTRODUCTION

The use of 4 two-spoke, velocity-of-light cavities, op-
erating at 500 MHz is being proposed to accelerate elec-
trons to 25 MeV to be used in a compact light source.
The electromagnetic design has been completed using C-
ST MWS c⃝. The optimized cavity is shown in Fig. 1 and
the rf properties are presented in Tab. 1. The optimization
of the cavity followed the method described in [2].

Any mechanical study must take into account the intend-
ed operating conditions specific to the particular cavity. In
this case, the cavity must withstand 1 atm external pres-
sure at room temperature during the leak check and 1.4 atm
during the vertical dewar testing. Additionally, the cavity
must not yield or rupture under 2.2 atm external pressure
during cool-down in a cryo-module. Simulation boundary
conditions will be similar to those that would be realized
in the case that the cavity is loaded into a machine-type
cryo-module.

Table 1: 500 MHz, β0 = 1 Cavity, RF Properties

Parameter Value Units

Energy Gain at β0* 900 kV
R/Q 675 Ω
QRs 174 Ω
(R/Q) ·QRs 1.2 × 105 Ω2

Ep/Eacc 3.7 -
Bp/Eacc 7.6 mT

(MV/m)

Bp/Ep 2.05 mT
(MV/m)

Energy content* 0.38 J
Power Dissipation†* 0.87 W

*At Eacc = 1 MV/m and reference length 3/2β0λ
†Rs = 125 nΩ

∗Work supported by U.S. DOE Award No. DE-SC0004094
† chopp002@odu.edu, chrsthop@jlbab.org

Figure 1: 500 MHz, β0 = 1 double-spoke cavity concept.

PRESSURE SENSITIVITY
When the cavity is under vacuum, the walls will expe-

rience external pressure, from either atmospheric pressure
or liquid helium, which will change the internal volume
and cause stress on the cavity surface. The change in in-
ternal volume results in a frequency shift and should be ac-
counted for in order to achieve the target frequency during
cryogenic testing and operation. The stresses on the cavity
surface must be analyzed to determine if the material yield
strength may be exceeded, and thus compensated for.

The criteria that this analysis is intended to meet are:

• retain the design shape by identifying and strength-
ening the areas of the cavity which may experience
plastic deformation, and

• identify what combinations of stiffening techniques
can be used to minimize the change in frequency un-
der operating conditions

The deformation and associated von-Mises stress on the
cavity due to the atmospheric pressure are found using
ANSYS. The cavity is intended to be mounted in a he-
lium jacket and cryo-module, which gives us an idea of
the boundary conditions we will use throughout the sim-
ulation. The bare, 3 mm thick quarter-cavity with 4 mm
thick spokes, is fixed at the beam pipes. Any further analy-
sis will be done on a cavity that has been sufficiently stiff-
ened/supported to withstand the maximum 2.2 atm at room
temperature. The pressure sensitivity, Lorentz force detun-
ing, and modal analysis studies will then be done on those
cavities at 4 K operating conditions.

The material properties used are [3]

• Nb density = 8580 kg/m3

CHARACTERIZATION AND FABRICATION OF SPOKE CAVITIES
FOR HIGH-VELOCITY APPLICATIONS
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Figure 2: von-Mises stress under 2.2 atm, on the bare, 3
mm thick cavity, 4 mm spokes, with the beam pipes fixed.

• Young’s modulus at room temperature: 82700 MPa

• Young’s modulus at 4 K: 123000 MPa

• Poisson ration = 0.38

The areas that experience the greatest stress (shown in
Fig. 2), for the bare cavity, are where the beam pipes meet
the reentrant end caps and the spoke body. Because of this,
a stiffening mechanism(s) must be imposed in those areas.

We have explored previously proposed stiffening mech-
anisms such as ribs [4, 5] and rings [4, 6]. At 2.2 atm, both
the end caps and spokes need to be either stiffened or thick-
ened. We have found that 4 mm thick spokes allow them to
withstand this pressure, so this is the solution chosen here. A

In order to meet the criteria previously mentioned, it is
important to first understand what effect deformations of
different parts of the cavity have on the frequency. To do
this, the approach taken here has been to divide the cavi-
ty into the outer conductor, the end caps, and the spokes.
1 atm external pressure was then applied to each of those
surfaces, individually, while leaving all other surfaces free
from pressure and free to move. Because the frequency is
inversely proportional to the diameter of the cavity, exter-
nal pressure on the outer conductor is expected to increase
the frequency. We also know that decreasing the end gap
lengths decreases the frequency, so pressure applied to the
end caps would be expected to decrease the frequency as
well. The effect from deformation of the spokes is not as
straightforward to predict, and turns out to be relatively s-
mall. Table 2 summarizes the results of this analysis.

The data given is Tab. 2 provides a starting point, but
does not account for how individual areas affect each other
when taken as a whole. Given that any stiffening solution
must meet the first criteria above, it allows us to understand
the degree of stiffening these areas should receive in order
to minimize the 4 K, 1 atm vacuum load frequency shift.
As Fig. 4 illustrates, varying the stiffness of the end caps,
by changing the number of stiffening ribs, one can great-
ly reduce the frequency shift at 4 K. In Tab. 3, we show
how changing the number of end cap ribs can change the

Table 2: Pressure Sensitivity by Area. A 1 atm vacuum
load was applied only to each of the three areas, individu-
ally, and the frequency shift was calculated.

Area
∆f
(kHz) ∆f/∆P (Hz/Torr)

14 18

-88 -120

-0.91 -1.2

Figure 3: 3 mm cavity with 4 mm thick spokes and end cap
stiffening ribs.

Figure 4: Change in frequency (from 500 MHz) for varying
numbers of end cap stiffening ribs. Here, 1 atm external
pressure was applied equally to the entire cavity.

frequency shift due to only the end caps, under 4 K condi-
tions.

conceptual design of the cavity is shown in Fig. 3.
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Table 3: Pressure Sensitivity by Number of End Cap Ribs.

Number of ribs ∆f (kHz) ∆f/∆P (Hz/Torr)

8 -3.04 -4.00

6 -5.63 -7.41

5 -8.09 -10.6
4 -11.9 -15.7

What we have attempted to show here is that stiffening a
spoke cavity such that it is able to withstand 2.2 atm exter-
nal pressure, is straightforward. Balancing the frequency
shifts incurred by deformations from various parts of the
cavity requires a judicious placement of stiffening struc-
tures, after the stress limits have been achieved. Another
consideration, however, is that decreasing the number of
end cap stiffening ribs does lessen the area for which the
stress is distributed. So while 5 stiffening ribs on each end
cap may provide a minimal frequency shift (Fig. 4, it does
increase the stress on each rib.

LORENTZ FORCE DETUNING (LFD)
While these cavities are intended to operate in continu-

ous wave (cw), we have looked at the sensitivity to LFD for
other possible applications. LFD is a mechanical deforma-
tion of the cavity due to radiation pressure which results in
a change in the rf eigenfrequency, and is described by

P =
1

4
(µ0H

2 − ϵ0E
2) , (1)

while the resultant change in frequency will be

∆f = −kLE
2
acc , (2)

where kL is Lorentz force detuning coefficient.

Figure 5: Cavity deformation due to LFD enhanced by a
factor of 4.1 ×106.

In cw operation, LFD will only result in a static detuning
which can easily be compensated for. Figure 5 shows the
cavity experiencing Lorentz pressure and it is clear where
the surface magnetic and electric fields are acting. We
find that, at an accelerating field of 1 MV/m and reference
length (3/2)β0λ, kL = -2.6 Hz/(MV/m)2.

MECHANICAL MODES
Mechanical vibrations from the environment can couple

to the cavity, causing it to resonate. This resonant motion
can cause a frequency variation of the accelerating mode,
which can lead to amplitude and phase modulation of the
electromagnetic field.

Figure 6: Cavity deformation due to the first six mechanical
modes.

Figure 6 shows the deformations a cavity with 4 mm
spokes and 5 end cap ribs experiences due to the first six
mechanical modes. The mode spectrum will be greatly in-
fluenced by the support, stiffening, and tuning system em-
ployed. The lowest frequency mode, at 86 Hz, is a longi-
tudinal mode where the entire cavity oscillates between the
beam pipe supports. The volume (i.e. the frequency) does
not change dramatically with such motion, but the frequen-
cy of this mode can be increased by additional stiffening
of the end caps. For example, the mode frequency with 4

A 1 atm vacuum load was applied only to both end caps,
and the frequency shift was calculated.
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stiffening ribs on each end cap is 84 Hz, while for 8 ribs it
is 94 Hz.

Modes 4 and 5 are high-frequency vibrations of the
spokes, which we have seen in Tab. 2, do not dramatical-
ly impact the fundamental mode frequency of the cavity.
Modes 2, 3, and 6 are high-frequency transverse oscilla-
tions of the outer conductor, and therefore could be reduced
by using stiffening ribs.

FABRICATION
Presently, the fabrication process is beginning at Jeffer-

son Lab. The parts that need to be fabricated are shown
in Fig. 7. The outer conductor will be made of 4 rolled
quarters, each welded together forming half of the outer
cylinder. Each spoke will be formed by welding together
two halves, each pressed in the same die. The spoke will
then be welded into their respective cylinder halves, which
will then be welded together radially in the cavity center.

Figure 8 shows a half-scale die along with a successfully
formed spoke (made from AL1100).

Figure 7: 500 MHz, β0 = 1 double spoke cavity fabrication
planned parts.

Figure 8: Half-scale spoke die (left) and aluminum spoke
halves pressed with the die.

Currently, the full-scale spoke and end cap dies are be-
ing procured. The support structure for the post-fabrication
processes, i.e. chemical processing, cleaning, and testing,
has been built and beam pipe/coupler/cleaning ports are be-
ing fabricated.

CONCLUSION
The 500 MHz, β0 = 1 double-spoke cavity fabrication

is beginning at Jefferson Lab. With the mechanical anal-
ysis complete, we have identified the stiffening needs and
compiled multiple options. The tuning requirements are
now being evaluated, and once complete, a decision will be
made on what combination of stiffening options will best
meet our needs.
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Abstract
For a competitive production of new Super Heavy El-

ements (SHE) in the future a 7.3 AMeV superconducting

(sc) continuous wave (cw) LINAC is planned at GSI. Cur-

rently, a cw demonstrator is going to be built up. The

demonstrator consists of a sc 217 MHz Crossbar-H-mode

(CH) [1] cavity and two sc 9.5 T solenoids mounted in a

horizontal cryostat. One major goal of the demonstrator

project is to show the operation ability of sc CH cavity tech-

nology under a realistic accelerator environment. After first

rf and cold tests the demonstrator will be tested with beam

delivered by the GSI High Charge State Injector (HLI) in

2014.

THE CW DEMONSTRATOR

Figure 1: Future test set-up at GSI. The existing HLI will

be used as an injector for the cw demonstrator.

Since in the future the existing UNILAC (Universal Lin-

ear Accelerator) at GSI will be used as an injector for

FAIR (Facility for Antiproton and Ion Research), beam

time availability for nuclear chemistry and especially for

SHE production will be very limited. Therefore, a new sc

cw 7.3 AMeV LINAC at GSI is desired by a broad com-

munity of users. For this reason a cw demonstrator, con-

sisting of two sc 9.5 T solenoids and a sc 217 MHz CH

cavity mounted in a horizontal cryomodule, is going to be

built up. Successful beam tests of the demonstrator will be

a milestone on the way to the new LINAC at GSI to keep

∗Work supported by HIM, GSI, BMBF Contr. No. 05P12RFRBL
† dziuba@iap.uni-frankfurt.de

the SHE program competitive on a high level [2]. For first

beam tests the 1.4 AMeV GSI HLI will be used. The whole

test set-up at GSI is schematically shown in figure 1.

FABRICATION STATUS OF THE SC
217 MHZ CH CAVITY

The fabrication of the sc 217 MHz CH cavity for the

cw LINAC demonstrator [3] (see fig. 2) has started in June

2012 at Research Instruments (RI) GmbH, Bergisch Glad-

bach, Germany. It is scheduled to be delivered to the IAP in

the beginning of 2014 for first cold tests with full rf power.

Nevertheless, 15 accelerating cells will provide a maxi-

mum gradient of 5.1 MV/m at an inner length of 690 mm.

The cavity has a design beta of 0.059 which leads to an

effective cell length of 40.8 mm. Regarding the beam dy-

namics design of the cavity the special EQUUS (EQUidis-

tant mUlti-gap Structure) code was used [4].

Figure 2: The sc 217 MHz CH cavity.

Table 1 summarizes the main parameters of the cavity.

The cavity will be equipped with all necessary auxiliaries:

A 10 kW cw coupler with cooled inner conductor to feed

the cavity with power, a helium vessel made from titanium,

several flanges for surface preparation and a dynamic fre-

quency tuning system with a new tuner drive. In figure 3

the current fabrication status of the cavity is shown.
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Figure 3: Fabrication status of the cavity: Assembly of the

cavity components (top) and end caps after hydro forming

(bottom).

Table 1: Main Parameters of the 217 MHz CH Cavity

β 0.059

Frequency MHz 216.816

Accelerating cells 15

Inner length mm 690

Inner diameter mm 410

Cell length mm 40.8

Aperture mm 20 / 18

Accelerating gradient MV/m 5.1

Energy gain MeV 2.97

Static tuner 9

Dynamic bellow tuner 3

Ua (βλ definition) MV 3.12

Ep/Ea 7.0

Bp/Ea mT/(MV/m) 5.2

Ra/Q0 Ω 3320

DYNAMIC TUNER DRIVE
A prototype of the new tuner drive was built at the work-

shop of the IAP (see fig. 4). This tuner drive system

provides slow and fast tuning of sc CH cavities by push-

ing / pulling a dynamic bellow tuner which acts capaci-

tively. The tuners are welded on the girders between the

stems of the cavity. For a coarse match of the frequency at

4 K a stepping motor moves the dynamic bellow tuner with

a lever arm around ±1 mm. Furthermore, a fast reacting

piezo element will be driven by a signal bandwidth of up to

several hundred Hz to compensate limitations like micro-

phonics and Lorentz-Force-Detuning. The piezo moves the

tuner around ±6μm. Currently, the system is tested under

room temperature conditions. Further tests inside the clean

room of the IAP and at 4 K are foreseen during the next

months.

Figure 4: Tuner drive mounted to the helium vessel of a

sc CH cavity and frequency tuning system including dy-

namic bellow tuner (top), exploded view drawing of all sin-

gle components of the tuner drive (bottom).

HORIZONTAL CRYOMODULE
A new horizontal cryomodule, which houses the two sc

solenoids and the sc CH cavity, for the foreseen beam tests

at the GSI HLI is required. Regarding this, a layout for the

cryostat and the solenoids was worked out together with
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Figure 5: Final layout of the horizontal cryomodule and of

the sc 9.6 T solenoid for the cw demonstrator at GSI.

GSI [5]. The design phase is completed. Figure 5 shows

the final layout of the horizontal cryomodule and of the sc

9.5 T solenoid for the cw demonstrator. The fabrication of

the vacuum vessel as well as of the solenoids has started

already at Cryogenic Limited, London, United Kingdom.

It is scheduled to be delivered in the middle of 2014. The

main design criteria for the new cryostat are [6]:

• modular design, universally usable.

• three part cryostat for easy assembling.

• various flanges for assembling options.

• dome for electrical supplies with a reservoir for cryo-

genic liquids.

• position measuring system with fiducials.

• support frame adjustable from outside.

• nuclotron suspension with tie rods to all components

• dry cooled solenoids with copper bands.

Table 2 shows the main design parameters of the hori-

zontal cryomodule. Furthermore, the flow rate of the LHe

reservoir will be 100 l/h while the estimated losses of the

cryostat are about 2 l/h.

SUMMARY & OUTLOOK
First preparations were done during 2012 to set up the

cw demonstrator at the GSI HLI. Within this framework a

3000 l LHe-tank as well as a helium recovery system have

been delivered to GSI. In addition to this, the 217 MHz

solid state 5 kW rf amplifier for the cavity was delivered to

the IAP and successfully tested.

Table 2: Design arameters of the ryostat

Inner length mm 2200

Inner diameter mm 1180

Material tank aluminum

Insulating vacuum mbar < 1 · 10−5

Leaking rate mbar l/s 1 · 10−9

Max. system pressure bar < 0.5
Operation temperature K 4.4

Temperature thermal shield K 77

Trans. / longit. tolerance mm ±0.2 / ±2
Max. static losses (stand by) W < 10

The fabrication of the sc 217 MHz CH cavity has started

in June 2012 at Research Instruments. At present, the cav-

ity is scheduled to be delivered to the IAP in the beginning

of 2014 for first cold tests with full rf power.

Furthermore, the production of the cryostat and of the sc

solenoids has started in August 2013 at Cryogenic Limited.

The delivery of all main components is expected for

2014. In a first step the cold masses will be assembled

under clean room conditions and tested at 4 K with full rf

power at the IAP. Afterward, a full performance test with

beam at the HLI is foreseen in 2014/15. Nevertheless, a

successful beam test of the demonstrator will be a big mile-

stone on the way to the proposed sc cw LINAC and conse-

quently to the SHE program at GSI.
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CORNELL'S ERL CAVITY PRODUCTION 

G.R. Eichhorn , B. Bullock, B. Clasby, B. Elmore, F. Furuta, G. Hoffstaetter,  #

J. Kaufman, B. Kilpatrick J. Sears, V. Shemelin  
Cornell Laboratory for Accelerator-Based Sciences and Education, Cornell University 

Ithaca, NY 14853-5001, USA  
T. Kuerzeder, TU Darmstadt, Institut fuer Kernphysik, D-64291 Darmstadt, Germany 

  
Abstract 

The phase 1 R&D  program launched in preparation to 
building a 5 GeV Energy Recovery Linac (ERL) at 
Cornell, a full main linac cryomodule is currently built, 
housing six 7-cell cavities. In order to control the beam 
break-up limit, the shape of the cavity was highly 
optimized and stringent tolerances on the cavity 
production were targeted. We will report on the details of 
the cavity production, the accuracy of the cups forming 
the individual cells, the trimming procedure for the 
dumbbells, the cavity tuning and final accuracy of the 
cavity concerning field flatness, resonant frequency and 
overall length within this small series production.  

INTRODUCTION 
The design of superconducting radiofrequency 

accelerating cavities for the Cornell ERL calls for strict 
tolerances in the shape of the cavity in order to control the 
higher order mode spectrum [1].  

In preparation for constructing the ERL, a full 
prototype linac module (MLC) is currently under 
fabrication [2]. It houses 6 ERL type cavities (7-cells, 1.3 
GHz, shown in Fig. 1). This paper will focus on the cavity 
production, describes the findings and the improvements 
made to better meet the requirements. 

  

 
Figure 1: Three ERL cavities built at Cornell to be 
installed into the prototype Main Linac Cryomodule 
(MLC) 

CAVITY PRODUCTION STEPS 
The production process itself has multiple steps where 

the cavity shape is altered and follows in principle the 

established pathway of other labs. The process begins 
with half cells formed by a deep drawing process in 
which sheet metal of 3 mm RRR niobium is radially 
drawn into a forming die by a first press at 3 tons, then a 
second forming press (100 tons). The dies for the centre 
cells were carefully designed to deal with the spring back 
effect. 

The equators of each cup have an additional straight 
length on them (approx. 1.5 mm). The purpose of this 
extra length is to allow for trimming later on to meet the 
target frequency and length. We will focus on that below 
when we discuss the dumbbell trimming. Those 
dumbbells are built in an intermediate step by welding 
two cups together on their irises. 

 Ultimately six dumbbells will be welded together by 
electron beam welding to form the centre-cells of the 
seven cell cavity and end-cells with end-groups are added. 
After welding, the assemblies are cleaned by both 
chemical etching and a high purity water rinse to rid them 
of any surface impurities that may have accumulated 
during the production process. 

ACCURACY CONTROL 
Half Cells 

As described earlier the shape (shown in Fig. 2) of the 
Cornell ERL cavities has been optimized to raise the 
beam break-up limit above 400 mA. After defining the 
shape, Monte Carlo simulations have been performed to 
investigate the tolerances and their impact. It has been 
found that the shape has to be met within 0.5 mm [3]. 

In order to guarantee the shape accuracy, all half cells 
are measured with a coordinate measurement machine 
(CMM). A rather untypical finding is show in Fig. 3, 
indicating a maximum deviation of 0.25 mm which is still 
within the margin. More typically, the achieved accuracy 
for the shape is better than 25 µm.  
 

 
Figure 2: Shape of a centre half-cell for the Cornell ERL 
cavity giving dimensions. 

 

 ___________________________________________   
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Figure 3: CMM data taken for an untypical “bad” half -
cell indicating a maximum deviation from the ideal shape 
of 0.25 mm (0.01 inch as shown).  

 
Dumbbells 

Once two half cells are iris-welded together, dumbbells 
are formed. Usually, frequency measurements and precise 
machining were implemented after this second stage. 
Figure 4 shows the dumbbell frequency measurement set-
up that has been redesigned in order to minimize 
measurement errors- as we found that the old set-up was 
deforming the dumbbells while applying the necessary 
pressure on the RF contacts (see below for details). 

 The principle of the measurement and the data 
extraction has been reported before [4]. Based on the 
measured frequencies of the dumbbells the excessive 
length of the equator region is trimmed. It is important to 
understand how the frequency of the dumbbell changes as 
they are trimmed so that the target frequency is met and 
accurate predictions for the cavity length can be made. In 
the past, we focussed only on getting the frequency right. 

The results of the production can be seen in Tab. 2. 
Each cavity was long, as well as low in frequency. 
Adjusting the frequency through the use of tuning served 
only to lengthen the cavities even further. This does not 
necessarily have an impact on the higher order mode 
 

 

 
Figure 4: Improved dumbbell apparatus. This set-up 
allows measuring the frequencies of the dumbbell with 
deforming the cells meanwhile ensuring a good RF 
contact. 

 
 Table 1: Length and Frequency of the First 3 ERL Cavities  

 
properties and the BBU limit. However, the finished 
cavity must fit inside the cryomodule which adds another 
specification to the cavity production: the seven cell 
cavity has to be within ±1 mm of its nominal length 
(1160.0 mm) after final field flatness tuning (better than 
95% with the pi-mode frequency of 1298.985 kHz). 

In an effort to avoid a situation such as this in the 
second production series of the three stiffened cavities, 
the previous production steps were analysed and a new 
strategy was formed. 

 
Root Cause of Frequency and Length Discrepancy  

 
Before attempting to develop a protocol for frequency 

and length control during production, an effort to find the 
root cause of the discrepancy between the target cavity 
frequency and the manufactured cavity frequency was 
made. After many tests, it was determined that the fixture 
used to measure the resonant frequency of dumbbells 
reported an incorrect result. The original fixture, based on 
the JLab design [5], ensures adequate RF contact by 
pressing the dumbbell between two copper plates using a 
power screw. The middle of the dumbbell is unsupported. 
This can lead to a deformation of the dumbbell and 
subsequent shift in resonant frequency. To combat this 
problem, a new fixture was designed and constructed. 

Figure 5: Cross-section of new dumbbell apparatus. 
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The revamped RF measurement fixture design was 
based on the DESY design used for tesla cavities [6].  
Figure 5 shows the concept of the new apparatus as built. 
Two aluminium plates are placed on the ends of the 
dumbbell. Inside these plates are copper RF contact 
plates. Aluminium plates are placed on the outer contour 
of the half-cells of each dumbbell. These plates are bolted 
to the equator plates for a good RF contact. 

The middle plates in this fixture serve to brace the half-
cells of the dumbbell so that adequate force may be 
applied to obtain a sufficient quality factor for 
measurement, while avoiding deformation of the half-
cells. 

 
Frequency Changes During Production 

 
The half-cell contour was designed using FEM to 

calculate the correct resonant frequency at 1.8 K under 
vacuum. The room temperature frequency at STP is then 
extrapolated from this calculation. 

 The half-cell contour, when combined with the end-
groups, drives the overall cavity length. However, several 
manufacturing and processing steps can have an effect on 
either length, frequency, or both. For example, etching the 
cavity will drive the frequency of the cavity down, but has 
no consequence on the overall length. However, field 
flatness tuning can be used to adjust the frequency of the 
cavity while simultaneously changing the overall length 
of the cavity.  

 
Table 2: Various Manufacturing Gradients 

µ
µ

 
It is important to know how each process will affect 

both the frequency and length of a cavity. To do so, each 
process’ “gradient” must be known. For example, the 
tuning gradient is 430 kHz/mm. This means tuning the 
cavity will change its frequency by 430 kHz for every on 
millimetre. Other gradients are shown in Tab. 2.The 
dumbbell trimming gradient is, perhaps, the most salient 
variable during production. This gradient was calculated  

Figure 6: Calculated trimming gradient using the SLANS 
Code.  

Figure 7: Measured trimming gradient using the newly 
designed dumbbell apparatus. 
 
using SLANS and was found to be very linear (Fig. 6). 

Experimental trims of various dumbbells at various 
lengths confirmed this value (fig. 7). The experimental 
trimming gradient is approximately 5.2 kHz/µm. This is 
within 1.5% of the theoretical value, giving good 
agreement between theory and experiment. The good 
agreement is partially due to the improved design for the 
RF measurement of the dumbbells which now ensures 
 
Frequency and Length Control for the 2  Batch nd

of 3 Cavities 
 
During the second series of stiffened cavity production, 

the following quality control steps were applied: 
 

• Coordinate measurement (CMM) of all half-cells in 
both untrimmed and trimmed states. 

• CMM of untrimmed welded dumbbells. 
• Frequency measurement of all dumbbells in the 

untrimmed state. 
• CMM and RF measurement of all dumbbells after 

trimming. 
 
Steps 1 & 2 were performed to verify all half-cell 
contours were within acceptable limits. Steps 3 & 4 were 
used to derive the cavities length and frequency. 

To insure the cavity being produced would fall within 
both the frequency and length tolerances, the following 
algorithm was used (which represents the change in 
strategy since the first batch): 

 
 

 
 

 
Where, dTrim and dTune are the change in length due to 
trimming the dumbbells and tune the cavity, respectively. 

 and  are the trimming gradient and tuning 
gradient, respectively. Using these two equations, it is 
possible to find a solution that will yield the correct cavity 
length after frequency and length after trimming and 
tuning. 
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Table 3: Dumbbell Length and Frequency (untrimmed, upper table and trimmed, lower table) 

 
SECOND SERIES PRODUCTION OF 

STIFFENED CAVITIES 
Six dumbbells were selected for a prototype fabrication 

in the second series of cavity production (ERL7-005). 
These dumbbells are listed, along with their pre- and post-
trimmed lengths in Tab. 3. (Note that the weld shrinkage 
has been accounted for in the overall length calculation.) 
At the target frequency of 1298.985 MHz, each these 
dumbbells would be shorter than the target dumbbells 
length, adding up to a cavity that was too short, but at the 
right frequency. Figure 8 shows the variance in both 
frequency and length of the six selected dumbbells before 
and after trimming. The pre-trim dumbbells have some 
variance in both length and frequency, but this is to be 
expected, as no frequency control protocols have been 
applied yet. The post-trim dumbbells, however, are very 
close in frequency relative to one another, while varying 
in length by approximately 0.5 mm. The dumbbells’ 
target frequency was changed to 1298.635 MHz in an 

 
Figure 8: Variance of dumbbell frequency before and 
after trimming. 

effort to correct the lack of length at the correct 
frequency. By leaving an extra 0.7 mm per half-cell on 
each dumbbell after trimming, the resonant frequency of 
the cavity would be too low by 350 kHz, but the length 
would only be +1.1 mm. It is assumed that, tuning the 
cavity by 350 kHz to the correct pi-mode frequency 
would lengthen the cavity by approximately 0.8mm, bring 
the finished cavity to the tolerable length, and correct 
frequency. (Note: The target length has been changed 
from 1160 mm to 1159 mm for this production series) 

The dumbbells also have a pre-determined extra length 
left on them prior to welding to account for weld 
shrinkage. Each equator is grooved as a preparation for 
the weld to allow material to fill the groove and leave a 
relatively smooth surface. 

After the final welding and the bulk BCP, where 
140 µm of inner surface is removed, every cavity is tuned 
for field flatness. By means of a bead-pull, the field 
distribution is measured. The profile can be adjusted by 
stretching or compressing individual cells. Figure 9 shows  
 

 
Figure 9: Bead-pull measurement and field flatness tuning 
set-up. 
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Figure 10: Bead-pull measurement of the cavity field 
distribution as fabricated and after final tuning. 
 
the set-up, in Fig. 10 we plot the measured field flatness 
directly after fabrication and the final profile after the 
field tuning. During this tuning, the pi-mode frequency 
will be adjusted as well to match the target frequency. 
 

CONCLUSION 
Cavity ERL7-005 has just recently come off of the 

production line. ERL7-005’s length is 1157.1mm and its’ 
pi-mode frequency is 1298.259 MHz with 79% field 
flatness. This results differs from the predicted above. 
ERL7-005 is approximately 1.1mm too short in length 
(1157.1 mm overall) and 400 kHz (1298.259 MHz) too 
low in frequency. The cause of this is still under 
investigation. 
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IMPROVING GRADIENT OF 9-CELL SRF CAVITIES AT PEKING 
UNIVERSITY*

J. Hao, J.E. Chen, L. Lin, K.X. Liu, X.Y. Lu, S.W. Quan, F. Wang, H.M. Xie, 

Institute of Heavy Ion Physics & State Key Laboratory of Nuclear Physics and Technology, Peking 
University, Beijing 100871, China

Abstract
Four 9-cell TESLA superconducting cavities have been 

fabricated with Ningxia OTIC niobium material, 
including two fine grain and two large grain niobium 
cavities. The cavities have been tested after post 
treatments. At the early stage (PKU1 and PKU2), the 
gradient was about 23 MV/m. The gradient of PKU3 
reached 28.6 MV/m, but the Q is low. The newest large 
grain 1.3 GHz 9-cell TESLA type SRF cavity (PKU4) has 
been made with careful control of machining, improved 
surface treatment and electron beam welding. The 
maximum of gradient is 32.4 MV/m and the intrinsic 
quality factor (Q0) is 1.3 1010, which meet the 
requirement for ILC both in accelerating gradient and 
quality factor. 

INTRODUCTION
SRF technology has been developed at Peking 

University (PKU) since 1990’s. In the early stage, single 
cell cavities were fabricated and tested. The gradient of a 
single cell cavity made of large grain niobium reached 
43.5 MV/m and quality factor was higher than 1 1010 [1]. 
In recent years, a SRF Energy Recovery Linac test facility 
(PKU-SETF) was initiated by the PKU SRF group to 
provide coherent radiations as a mid-term goal [2]. The 
PKU-SETF consists of mainly a 5 MeV DC-SRF injector 
and a cryomodule of 9-cell TESLA cavity working at 2 K 
for accelerating electrons to 15-20 MeV. 9-cell 1.3 GHz 
SRF cavities have been studied for PKU-SETF based on 
the obtained experiences of SRF technology. We choose 
TESLA type cavity for R&D on multi-cell cavities 
because TESLA cavities have been widely used in 
superconducting accelerators, for example, free electron 
laser facility FLASH [3] and the European XFEL facility 
[4], ELBE [5], etc. The first 9-cell cavity (PKU1) without 
end groups was finished in 2008 [6], which verified the 
material and the fabrication technology. Two 9-cell 
cavities (PKU2 and PKU3) with end groups were 
fabricated and the accelerating gradients were between 20 
to 30 MV/m [7]. A new 1.3 GHz 9-cell TESLA type 
superconducting cavity (PKU4) has been fabricated with 
careful control of machining, better field flatness tuning, 
improved surface treatment and electron beam welding 
(EBW). The accelerating gradient and intrinsic quality 
factor reached the requirements for ILC. 

9-CELL SUPERCONDUCTING CAVITIES 
AT PKU 

Researches on 9-cell cavities have been carried out at 
PKU since 2006 with pure niobium material made by 
Ningxia Orient Tantalum Industry Co. Ltd (OTIC). The 
electron-beam welding was cooperated with Harbin 
Institute of Technology (HIT). After a series successful 
fabrication of single cell, 2-cell, 3.5-cell and 5-cell 
cavities, the first 9-cell cavity (PKU1) without end groups 
was finished and the maximum gradient is 23 MV/m and 
the Q0 is 6×109, limited by RF power [6]. This cavity 
verified the fabrication techniques such as deep drawing, 
machining, RF measurement, surface treatment, field 
flatness tuning, electron beam welding, etc.  

At the same time, researches had been started on end 
groups for a complete 9-cell cavity. Two 9-cell cavities 
(PKU2 and PKU3) with end groups were fabricated in 
2009. PKU2 was fabricated with large grain niobium 
material. After pre-treatments, the cavity was sent to Jlab 
for vertical test. The first vertical test result showed the 
Eacc was 19.5 MV/m at 2.0 K with the Q0 9×109. The 
cavity was treated at 800 C for 2 hours and followed with 
30 m EP and 120 C baking for 48 hours to improve the 
performance. The maximum gradient reached 22.4 MV/m 
finally at both 2.0 K and 1.8 K. The Q0 is about 2×1010 at 
the highest gradient. 

PKU3 was fabricated with fine grain niobium sheets. 
The performance evaluation of PKU3 was done with 
collaboration between Jlab and PKU. After 
electropolishing, 800 C heat treatments, HPR and 120 C
baking, the maximum accelerating gradient reached 
28.6 MV/m at Q0 of 4×109. PKU3 is the first nine-cell 
cavity with end group components in China reaching a 
gradient usable for the ILC. The quality factor is low. The 
observed decrease of quality factor versus the gradient 
was due to the field emission by the sharp edges in the iris 
electron-beam welding regions. 

EFFORTS TO HIGH GRADIENT 
Since the high Q0 of large grain superconducting 

cavities fabricated at PKU, we continue researches on 
large grain 9-cell cavities. Based on the accumulated 
experiences on 9-cell cavities, we tried to improve the 
fabrication techniques. To keep the homogeneity of each 
cell, the dumbbells were tuned carefully by pushing or 
pulling at the flatness tuning machine according to the RF 
measurements before equator trimming. More sample 
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welding experiments were done with double cups before 
equator welding. Parameters were optimized according to 
sample welding. There were some deformations at the 
equators of dumbbells because there were only several 
grain boundaries for large grain niobium sheet and the 
stress is not uniform after deep drawing. Before the 
equator welding, the equator of the adjacent two 
dumbbells was placed at available position by rotating the 
dumbbells to make the two equators fit together. After all 
the efforts, the new large grain 9-cell cavity PKU4 was 
completed in mid-2012, see Fig. 1. 

 
Figure 1: large grain 9-cell superconducting cavity (PKU4). 

Optical inspection, RF measurement, field flatness 
measurement and pre-BCP were done on PKU4 after 
fabrication. Optical inspection showed some welding 
defects near equator area. Field flatness tuning was not 
done due to the planned transportation. After pre-
treatments, PKU4 was sent to KEK for treatments and 
vertical test under the collaboration between KEK and 
PKU. 

 Field Flatness Tuning 
The initial field flatness of PKU4 was 55% after the 

fabrication and the fine field flatness tuning was needed. 
Because the stress of large grain material is not uniform at 
different area of the cavity, five cycles of field flatness 
tuning were performed totally. The final field flatness was 
94%. No more tuning was applied to avoid the possible 
break of the cavity. Fig. 2 showed the field flatness before 
and after the tuning. 

   
(a)       

 
 (b) 

Figure 2: field flatness of PKU4. (a) before flatness tuning
 (b)

 

after flatness tuning. 

Surface Treatment and  
The main treatments for PKU4 are as following: 

ultrasonic cleaning, buffered chemical polishing, 
electropolishing, high temperature annealing, high 
pressure rinsing, and baking. 

The surface of PKU4 was removed about 20 m by 
BCP after fabrication and field flatness measurement. 
Then the cavity was degreased by ultrasonic cleaning 
with pure water and detergent for 3.5 hours. The first EP 
process was performed to the cavity, which made a 
surface removal of 120 m.  Some small defects were 
removed by EP. After the first EP, the cavity was treated 
at 750 C for 3 hours and annealed to room temperature 
during 3 days. Then the cavity was assembled to the 
supporting frame, followed by degreasing process. A final 
EP of 5 m was applied. After degreasing for 1 hour, the 
cavity was high pressure rinsed for 6 hours. The last 
treatment before vertical test was baking at 140 C for 48 
hours. 

After all the treatments, PKU4 was assembled to the 
vertical test stand for cold test. The first vertical test result 
showed that the accelerating gradient Eacc of the cavity 
reached 23.8 MV/m and the Q0 was 6.9 109 at highest 
gradient, see Fig. 3. No field emission was found during 
the test. The Q0 was somewhat affected by the pickup 
antenna because the transmitted quality factor Qt of the 
antenna was lower than usual, which led to more loss on 
the pickup antenna. Temperature mapping (T-mapping) 
was used to measure the temperature distribution on the 
surface of the cavity during vertical test. T-mapping 
showed that the quench location was at the 3rd cell from 
the fundamental power coupler side. Optical inspections 
were applied both after the first EP and after the vertical 
test. Some defects were found in the inner surface near 
equator area and the defects locations were identical with 
the quench location determined by T-mapping. 

 
Figure 3: the first vertical test result of PKU4. 

To improve the performance, local grinding technique 
was used to remove the defects around the quench 
location of PKU4. After local grinding, another 20 m EP 
was done to the cavity followed by 7 hours HPR and 
baking at 140 C for 44 hours. After the above processes, 
the second vertical test was carried out. At this time, the 
pickup antenna was shortened to make the Qt close to 1011. 
The test result (see Fig. 4 ) showed that the maximum Eacc 
of PKU reached 32.4 MV/m and the Q0 at Eacc,max was 
1.3 1010 at 1.5 K. At 1.8 K, the Eacc was 32.6 MV/m and 

Vertical Test 
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the Q0 was still above 1.0 1010. PKU4 has reached the 
requirement for ILC both in gradient and intrinsic quality 
factor. 

  
Figure 4: the second vertical test result of PKU4. 

CONCLUSIONS 
Based on many years technical accumulation, 

progresses on SRF cavity with high accelerating gradient 
have been made at Peking University. 4 9-cell TESLA 
cavities have been fabricated and tested. All the gradients 
are above 22 MV/m. The Q values for large grain cavities 
are higher than 1.0 1010. The maximum gradient reached 
to 32.4 MV/m and Q0 is above 1 1010 for the newest large 
grain 9-cell cavity PKU4. It is the first cavity which has 
reached the requirement for ILC both in accelerating 
gradient and intrinsic quality factor in China. More 
researches for high gradient and Q value will be carried 
out in the near future. 
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REBUILD OF CAPTURE CAVITY 1 AT FERMILAB* 

E. Harms#, T. Arkan, E. Borissov, N. Dhanaraj, A. Hocker, Y. Orlov, T. Peterson, K. Premo, 
Fermilab, Batavia, IL 60510, USA

Abstract 
The front end of the proposed Advanced 

Superconducting Test Accelerator at Fermilab employs 
two single cavity cryomodules, known as ‘Capture Cavity 
1’ and ‘Capture Cavity 2’, for the first stage of 
acceleration. Capture Cavity 1 was previously used as the 
accelerating structure for the A0 Photoinjector to a peak 
energy of ~14 MeV. In its new location a gradient of ~25 
MV/m is required. This has necessitated a major rebuild 
of the cryomodule including replacement of the cavity 
with a higher gradient one. Retrofitting the cavity and 
making upgrades to the module required significant re-
design. The design choices and their rationale, summary 
of the rebuild, and early test results are presented. 

 
Figure 1: CC-1 Upgrade. 

INTRODUCTION 
Capture Cavity 1 (CC-1, Fig. 1) was the primary 

accelerating component of Fermilab’s A0 Photoinjector 
for many years. In late 2011 the Photoinjector was tuned 
off and decommissioning begun. The advanced 
accelerator R&D work carried out there is expected to 
continue at Fermilab’s Advanced Superconducting Test 
Accelerator (ASTA). CC-1 will serve as the first of two 
booster cavities immediately following the Photoinjector 
gun. Figure 2 shows the layout of the 50 MeV section of 
ASTA. 

Construction of ASTA is well underway with the 
electron gun, CC-2, and accelerating cryomodule installed 
and commissioning begun. Exclusive of beam line and 
magnets, CC-1 is the final major component yet to be put 
into place.  

While it provided many years of reliable service at A0, 
CC-1 had operational drawbacks that were deemed 
necessary to correct or improve prior to being put into use 
in its new location. Primary were a peak gradient 
limitation of 14 MV/m and inability to adjust its resonant 
frequency due to a non-functioning tuner motor. In 
addition it was determined that future R&D at ASTA 
could be enhanced if the cavity were to be able to be 
tuned via a blade tuner with ‘fast’ piezo actuators rather 
than the existing end lever style tuner. 

UPGRADE CONSIDERATIONS 
Since the CC-1 design dates to the mid 1990’s and 

fifteen years have passed since CC-1 was first brought 
into operation at Fermilab it was determined that in 
addition to replacing the cavity itself with a better 
performing one, updates in technology and applying 
operational lessons learned would be part of the upgrade.  

Functional Requirements 
Requirements were laid out for the upgrade including: 
 The refurbished cryomodule must interface 

seamlessly to the existing cryogenics and vacuum 
systems as well as be compatible with SRF 
components already installed in ASTA, 

 For uniformity sake – ease of installation and repair, 
the input coupler, thermometry and other 
instrumentation/diagnostic signals should be 
identical to that found in the other SRF devices to the 
extent possible, 

 In light of advances in design since CC-1 was 
fabricated, modern cryomodule design techniques 
and sub-assemblies will be pursued while reusing as 
many of the existing parts as possible.  

Original Design of CC-1 
After delivery to Fermilab from DESY, CC-1 began 

operation in late 1998. It was originally built in France 
and placed into operation at DESY prior to its service at 
Fermilab. Its features are described previously [1]. The 
radial suspension system utilizing split suspension rings 
and epoxy-fiberglass radial supports has proven to be a 
well-designed, efficient alternative for single-cavity 
cryomodules assuring minimal heat loss and good 
mechanical stability. CC-1 as built is a legacy “Type 2” 
cryomodule cross-section with the 2-phase pipe directly 
above the cavity. Tuning was accomplished by an end 
lever tuner with no piezo (fine or fast) tuner mechanism. 
The cavity was encased in both an 80 Kelvin (K) and 
made to fit 5 K thermal shields. Internal gate valves were 
oriented vertically making access to them difficult. 

*Operated by Fermi Research Alliance, LLC under Contract No. 
DE-AC02-07CH11359 with the United States Department of 
Energy. 
#harms@fnal.gov 
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NEW CAVITY 
The cavity selected for placement in CC-1 is identified 

in Fermilab nomenclature as TB9RI029 or simply RI-029 
(Fig. 4). It was given bulk electro-polishing by the 
manufacturer prior to shipment to Fermilab. Following 
both 800 °C and 120 °C bakes it achieved a peak gradient 
of 34.6 MV/m during vertical testing. Performance was 
limited by quench with no field emission detected. Its 
final test at Fermilab’s Horizontal Test Stand as a dressed 
cavity resulted in a peak gradient of order 29 MV/m, 
consistent with a previous test done at HTS nearly three 
years earlier. Between tests the cold end of the coupler 
was replaced hoping to bring the peak gradient closer to 
the vertical test result. Quenching limited the peak 
gradient. Dynamic heat load measurements resulted in: 

Q0 = 1.1 ± 0.3 x 1010 at 26 MV/m and 
Q0 = 0.78 ± 0.13 x 1010 at 28 MV/m. 

 The final horizontal test also served as a helpful data 
point that cavity performance is retained for years if a 
cavity is stored under proper conditions. 

 

Figure 4: CC-1 internal view with new cavity inserted. 

UPGRADE STATUS 
As of this writing mechanical work on CC-1 is largely 

complete. The cavity has been installed into the vacuum 
vessel, most piping installed and leak checked, and initial 
alignment completed. Necessary pressure tests have been 
successfully carried out as well. Relief venting, following 
the scheme used for CC-2 and the accelerating 
cryomodules at ASTA, requires some additional internal 
piping rework. In its previous incarnation at A0, the 
helium circuit for CC-1 had its relief venting through the 
cryogenic feed ‘top hat’. The typical scheme now is to 
directly relieve the circuit at the 2-phase line using a 
dedicated line through the cryomodule. Design is 
completed and procurement is in progress (Fig. 5). This 
work is expected to be complete soon. Following this 

final assembly including alignment of the cavity and 
instrumentation installation and checkout will follow. To 
the extent possible, all thermal sensors, tuner motor, etc. 
are verified functional prior to final close-up. 

SUMMARY 
Although the individual upgrades for CC-1 individually 

employ proven techniques or designs, the overall effort, 
has proven to be a more ambitious exercise than 
originally envisioned. In part this was due to not knowing 
what exactly would be found once the module was 
opened and disassembly begun. Unexpected occurrences, 
such as leaks of the braze joints on the 80 K shield 
introduced unplanned delay. This project has proven to be 
a useful exercise that called upon quite a variety of design 
and assembly skills. 

Two reviews were conducted of the program – when 
the original design work was completed and once more 
immediately prior to procurement and fabrication. Both 
exercises were helpful in identifying potential design 
snags, means to simplify assembly, not to mention 
verification of design paths [3]. 
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Figure 5: Cutaway view of completed CC-1 Upgrade (end 
domes removed). 
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A NEW CAVITY DESIGN FOR MEDIUM BETA ACCELERATION * 

F. He
1, 2
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1
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1 

1
Jefferson Lab, Newport News, VA23606, USA 

2
Peking University, Beijing, 100080, China

Abstract 
Heavy duty or CW, superconducting proton and heavy 

ion accelerators are being proposed and constructed 

worldwide. The total length of the machine is one of the 

main drivers in terms of cost. Thus HWR and spoke 

cavities at medium beta are usually optimized to achieve 

low surface field and high gradient. Typically, a 

reasonable project nowadays will limit the Ep and Bp to 

<35 MV/m and <80 mT, respectively; Also it is reasonable 

to keep dynamic heat load per cavity lower than 10W 

assuming it is running at 2 K. A novel accelerating 

structure at beta=0.5 evolved from spoke cavity is 

proposed with lower surface fields but slightly higher heat 

load. It would be an interesting option for pulsed and CW 

accelerators with beam energy > 200 MeV/u (β>0.57). 

THE IDEA OF THE DESIGN 

To reduce the maximum surface magnetic field, it is 

essential to reduce the surface current density, by making 

current evenly distributed on larger surface, or by 

reducing the surface current. The half-wave cavity could 

be described as a L-C resonance circuit as shown in 

Figure 1, and the current could be reduced by introducing 

more shunted impedance to the loop, which is, to add 

more “bars” to the structure: by doing that, the total 

inductance of each loop will be reduced, and the 

capacitance will be increased slower due to the increased 

area; to get the frequency 1/ shuntL C  same as 

before, the cavity radius has to be larger to increase the 

inductance L; thus the current /accI V j L is reduced, 

and the peak magnetic field is reduced accordingly. 

Though, one predicted drawback is lower shunt 

impedance: since / /shuntR Q L C , it is reduced with 

smaller shunt inductance and larger capacitance. As long 

as the the power loss at the target gradient is still 

reasonable, it is a second order effect compared to the 

benefit earned by reducing the number of cryomodules 

and the length of the whole machine. 

 

 

 

 

 

 
Figure 1: Reducing the shunt inductance by introducing more bars to the half-wave structure. 
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AN EXAMPLE DESIGN FOR ESS 

REQUIREMENT 

ESS plans to accelerate proton from 79 MeV to 

201 MeV (β=0.387~0.567) with 352 MHz double spoke 

cavity of β=0.5 at 2 K [1]. The spoke cavities are 

optimized to reduce surface field and linac length. The 

design goal is to keep Ep<35 MV/m and Bp<70 mT at 

Eacc of 8 MV/m. 

By increasing the achievable gradient, not only the 

spoke section will get shorter, the medium-beta elliptical 

cavity section will also be shorter, since the first several 

cavities could run at a higher gradient while keeping 

longitudinal phase advance transition smooth [2].  

The 352 MHz double spoke cavity, 3-bar cavity, and 4-

bar cavity were optimized with the same beam aperture of 

50mm and optimum beta of 0.5 as the ESS. The elliptical 

base shape of the spokes or bars are adopted, while the 

central part of the spokes or bars were chosen as either 

elliptical or race-track shape. The models were fully 

parameterized, and the optimization scheme was similar 

as described in [3].  

The CST2011 Microwave Studio was used for the 

optimization. The Eigen-mode solver with 2nd order 

curved tetrahedral meshing was used. Our benchmarking 

results on a spherical cavity and a half wave coaxial 

cavity showed that a better than 98% accuracy of the 

surface EM fields could be expected. The parameter 

sweep framework in the CST was used, and a self-written 

macro for automatically calculating the transient time 

factor (TTF) curve [4], picking up the optimum beta, and 

tuning the frequency to the target value by changing the 

cavity diameter for each set of parameters was developed. 

We also constrained the field flatness better than 90% in 

the optimization process, and tuned it back manually by 

changing the depth of the re-entrant part at end gap if it is 

needed. The EM field density on surface is smaller in the 

end gap than in the middle gap, so a little bit stronger 

field in the end gap finally gives the minimum surface 

field. 

As shown in Table 1, more than 3 cryomodules could 

be saved by using the new cavity design, comparing to 

that in the ESS TDR. The multipacting barriers of the 3-

bar structure are also similar to double spoke as shown in 

Figure 2, which does not introduce additional difficulties 

to the cavity processing. Note total RF power is the same 

with higher gradient, so the cost saved from less number 

of cryomodules could be fully recovered. 

 

Table 1: Parameters of the Optimized Cavities 

 

 
ESS 

TDR  

JLab 

spoke

 

 
3-bar 4-bar

 

 

Cavity end-to-end 

length [mm] 
787  771  657  567  

Cavity inner 

diameter [mm]  
480  459.8  556.6  636  

Aperture 

diameter[mm]  
50  50  50  50  

Ep/Ea  4.54 3.51  3.21  2.73  

Bp/Ea 

[mT/(MV/m)]  
7.27 7.29 6.51 6.48 

G=Q0/Rs [Ω]  133*  112 122 120 

Ra/Q [Ω]  427*  457  377  298  

Ra*Rs [Ω
2
]  5.6e4 5.13e4 4.59e4

 
3.59e4 

Eacc [MV/m]  7.7  9.3  10.7  11.3  

Dynamic load [W] 4.3  8.0  10.2  14.5  

No. of cavities 

saved (spoke / 

elliptical)

 

 
0 / 0  4 / 1  7 / 2  8 / 2  

Total length 

reduction of linac 

[m] 
0  >6  >9  >12  

Note: effective length of 3βλ/2=0.6384m is used for 

gradient calculation; keeping Ep<35MV/m and Bp<70mT 

for operation, and assume Rs=10n Ω 

*  Values are not found in ESS TDR; use those in [5] 

 

 

  
Figure 2: Accelerating field profile and the multipacting behaviour of the 3-bar structure. 
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CONCLUSION 

Novel cavity shapes were developed to reduce the peak 

surface field. Example designs were compared with the 

ESS TDR to demonstrate the effectiveness of saving cost 

on projects. They are thus interesting options for pulsed 

and CW low beta accelerators up to β=0.5.  
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DEVELOPMENT OF THE SUPERCONDUCTING HALF WAVE 

RESONATOR FOR INJECTOR II IN C-ADS * 
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Abstract 
The Development of the Half Wave Resonator 

(HWR010) is based on the China ADS. The HWR010 

operates at 162.5 MHz and can provide more than 0.78 

MV of accelerating voltage per cavity for proton with 

βopt=0.10. We have designed the HWR010 in 2011. A 

copper model has been fabricated to test the HWR 

fabrication procedure. Five HWR010s have been 

fabricated in 2012. The HWR010s has finished the 

vertical testing and the Q0 is 4E8 at Epeak = 45 MeV/m, 

and one of the HWR010s has been vertical tested with 

helium vessel. The slow tuner and high power coupler for 

this HWR have been developed and tested. 

INTRODUCTION 

Nuclear energy as a kind of clean energy will be widely 

used in Chinese energy program in the future. But one of 

the serious problems is how to handle radioactive waste 

produced by nuclear plants. The accelerator and nuclear 

scientists obtained a reasonable way to apply nuclear 

energy and dispose the nuclear wastes, this is an 

accelerator-driven system (ADS). IMP and IHEP are 

developing a high-intensity CW H- ion linac for China 

ADS (Accelerator Driven Sub-critical System). Two 

injectors are being constructed by IMP and IHEP to 

demonstrate the most critical R＆D issue related to the 

front-end of a CW high-power and proton linac. Injector I 

chose Superconducting spoke cavity to accelerate H- from 

3.2 MeV to 10 MeV，which is being constructed by 

IHEP. Inject II chose Superconducting Half-wave 

Resonator to accelerate H- from 2.1 MeV to 10 MeV, 

which is being constructed by IMP. The main design 

parameters of Injector II are listed in Table1 [1]. HWR is 

a well built superconducting cavity international, there are 

many labs in the word have designed and constructed 

HWR cavities. 

Table 1: The Basic Parameters of Injector II 

Parameters Value 

Particle type Proton 

Operation frequency(MHz) 162.5 

Operation mode CW 

Input beam energy(MeV) 0.035 

Output beam energy(MeV) 10 

Beam current(mA) 10 

In this paper, we present the electromagnetic design, 

Mechanical analysis, fabrication arts and test results of 

HWR010. 

ELECTROMAGNETIC DESIGN 

The goal of the RF properties is to get a lower heat load 

and a higher accelerating gradient, which are determined 

by a higher R/Q0 (R is the shunt impedance and Q0 is the 

quality factor), a higher G factor, and lower peak surface 

fields (Bpk/Eacc and Epk/Eacc). There are four electron 

beams welding in the cavity high magnetic region when 

welding our HWR, and we can’t grinding this region, so 

the performance limitation in the HWR is the thermal-

magnetic quench, which leads us to put more care to 

minimize Bpk/Eacc. The cavity design was described in 

ref [2]. Parameters of the cavity geometry used in the RF 

optimization are shown in figure 1. The final geometry 

parameters and RF parameters are shown in table 2 and 

table 3. 

 

 

Figure 1: Parameters of the cavity geometry used in the 

RF optimization. 

Table 2: Final Geometry Parameters of the IMP HWR010. 

Parameters Value Unit 

Rbeam 20 mm 

H 900 mm 

Φout 184 mm 

Φin 80 mm 

Liris 110 mm 

T 45 mm 

W 90 mm 

D1 100 mm 

D2 300 mm 

 ___________________________________________  

*Work supported by the “strategic Priority Research Program” of the 

Chinese Academy of Sciences, Grant No. XDA03020000 

# yueweiming@impcas.ac.cn 
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Table 3: Final RF Parameters of the IMP HWR010. 

Parameters Value Unit 

Frequency 162.5 MHz 

βopt 0.10  

Uacc 0.78 MV 

Epeak 25 MV/m 

Bpeak 50 mT 

R/Q0 148 Ω 

G=Rs*Q0 28.5 Ω 

MECHANICAL ANALYSIS 

The HWR010 mechanical analysis was described in ref 

[3]. During mechanical analysis of HWR cavity, the 

variation of RF Eigen frequency was calculated and tested, 

including pressure sensitivity, Lorentz force detuning, 

tuning sensitivity and resonant vibration and etc. A 

sequential coupled field analysis RF-Structural-RF is used 

to predict the frequency shift due to cavity deformations 

under external pressure using codes ANSYS. AS the 

cavity stiffening environment is hard to determine, it is 

necessary to provide this research under two cavity beam 

port boundary conditions: fully fixed and completely free. 

Structure analyses result of HWR010 with beam pipes 

fixed is shown in figure 2. The simulation results of 

HWR010 pressure sensitivity under 1 Atm are shown in 

Table 4.  

 

Figure 2: Structure analyses result of HWR010 with beam 

pipes fixed (cavity deformation). 

Table 4: Pressure Sensitivity under 1 Atm. 

Boundary fix free Unit 

Displaceme

nt 

0.0695  0.252 mm 

Stress 5.786  19.066 ksi 

△f 17.892  110.773 kHz 

df/dp 23.54 145.6 Hz/torr 

KL 4.657 - Hz/(M

V/m)2 

From the above result we can see that the main 

frequency shift is caused by the beam port displacements. 

Whatever the different boundary condition, the cavity is 

too soft so we need add some ribs on it for strength the 

cavity. The structure of the HWR010 ribs are shown in 

figure 3. The pressure sensitivity of HWR010 with ribs is 

about  5 Hz/mbar. 

 

 

Figure 3: The structure of the HWR010 ribs. 

CAVITY FABRICATION 

Copper Model 

A HWR copper model was built at IMP before fabricate 

the niobium cavity to test the HWR fabrication procedure. 

Figure 4 is the HWR copper model. The RF measurement 

and CST-MWS simulation result are shown in table 5. 

The frequency simulation result is a little smaller than the 

measurement result. The Q0 simulation result is about 

20% higher than the RF measurement result.  

 

Figure 4: HWR copper model. 

Table 5: Copper Model RF Measurement and CST-MWS 

Simulation Result. 

Parameters Measurement Simulation 

Frequency 162.6MHz 162.18MHz 

Q0 7040 8561 

Niobium Cavity 

The HWR010 mainly consists of three parts, inner 

conductor, outer conductor and top/bottom covers. The 

inner conductor and outer conductor were fabricated from 

niobium sheets of 3 mm thickness by deep drawing and 

electron-beam welding. The top/bottom covers were 

fabricated from niobium sheets of 3 mm thickness by 

deep drawing. The beam pipes, coupler pipes and process 

ports pipes were fabricated form niobium rods by 

machining.  

Before welding, all parts were degreased by ultrasonic 

water rinsing, and a layer of 10 µm was removed at 15-

20℃. All parts were drying in class 100 clean room after 

light BCP, as shown in figure 5. Particularly critical are 
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the four electron- beam welds between inner conductor, 

outer conductor and top/bottom covers, which are made 

from the outside, and a reliable method for obtaining a 

smooth weld seam at the inner cavity surface was 

required. We assembled the three parts and measure the 

Eigen frequency of HWR010 before final welding, as 

shown in figure 6. We cut the inner conductor and outer 

conductor to final length after frequency measurement. 

The fabricated HWR010 are shown in figure 7. 

 

Figure 5: Parts of HWR010 in Class 100 clean room. 

 

Figure 6: Eigen frequency measurement before final 

welding.  

 
Figure 7: The fabricated HWR010. 

VERTICAL TEST  

A layer of 100-200 µm is typically removed in several 

steps from the inner cavity surface to obtain good RF 

performance in the superconducting state. The standard 

method applied for niobium cavities is buffered chemical 

polish (BCP). The Preparation process includes: 

 Ultrasonic water rinsing. 

 Heavy BCP etch of approximately 150 microns. 

 600 ℃  10 hours or 850 ℃ hours 3 Hours High 

temperature vacuum baking to remove hydrogen. 

 Light BCP etch 25µm. 

 High pressure rinse, seal in class 100 clean room. 

 48 hours 120 ℃ baking. 

 Vertical test. 

Four HWR010s have been vertical tested. All the 

HWR010s vertical test results better than the RF design 

values, as shown in figure 8. 

 

 
Figure 8: Vertical test results of HWR010. 

CONCLUSION 

The HWR010s has finished the vertical testing and the 

Q0 is 4E8 at Epeak = 45 MeV/m, and one of the 

HWR010s has been vertical tested with helium vessel. 

The slow tuner and high power coupler for this HWR 

have been developed and tested. We expect to horizontal 

test a HWR010 by the end of this year. 
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MECHANICAL STUDY ON THE CAVITY PACKAGE OF 1.3 GHz 
SUPERCONDUCTING ACCELERATING UNIT AT IHEP 

S. Jin , J. Gao, Z. C. Liu, J.Y Zhai, H. J. Zheng, IHEP, 19B Yuquan Road, Shijingshan #

District,  Beijing 100049, China

Abstract 
     In this paper, mechanical study on the cavity 

package of 1.3 GHz superconducting accelerating unit is 
reported. Several cases have been analysed via ANSYS 
Workbench for safety consideration such as self-gravity 
effects, the tuning distance and the support structure for 
the thin-wall bellow. The safety requirement for tuning 
distance at room temperature is suggested in the paper. 

INTRODUCTION 
The program of 1.3 GHz Superconducting Accelerating 

Unit is under study at IHEP.  A scheme of the unit 
structure is shown as fig. 1. In the unit, a 9-cell SRF 
cavity, tuner and a liquid helium (LHe) vessel including a 
section of 50 mm long, 0.3 mm thick bellows will be 
welded and assembled together to form a relatively 
independent component called cavity package. In the 
study, mechanical analyses are carried out focusing on the 
package to assure its safety in the fabrications or other 
room temperature measurements. A commercial program 
of ANSYS Workbench [1] is used.  

Since the yield strength of the two materials of Nb and 
Ti at room temperature less than that at low temperature, 
if the design is safe at room temperature, it can also meet 
the requirement at low temperature. Thus our simulation 
is mainly carried out for the package at room temperature. 
The properties of the material are shown as in table 1 [2, 
3]. 

 

Figure 1: Schematic view of the cryomodule cross-section 
at IHEP (left) and the cavity package for simulation 
(right). 

Table 1: Properties of Nb and Ti at room temperature used 
in simulation 2, 3] [ . 

Material Density 
[kg/m3] 

Modulus 
[kg/m3] 

Poisson’s 
ratio 

Yield 
[MPa] 

Nb 8570 105 0.38 38 

Ti 4510 106 0.34 275 
 

STRESS DISTRIBUTION DUE TO SELF-
GRAVITY 

In this part, we considered two different supporting 
cases. One is that the cavity package is supported by the 
four brackets which are specially fabricated for fixing the 
package to the outside barrel of the cryomodule. The 
other case is that two flanges at two ends of cavity beam 
tube are supposed as the supporting points.  

Supported by the Four Brackets 
Four brackets are specially fabricated for support of the 

cavity package to the outside iron barrel as shown in fig. 
2. Besides the components shown in the fig.2, the tuner 
setup will also be assembled to the package. So, a weight 
of 36 kg was added on the middle flanges. The stress 
distributions on the LHe vessel and the cavity are shown 
as upper picture and lower picture of fig.2, respectively. 
As we can see, the maximum stress is about 14 MPa. This 
value is much lower than the Nb yield strength of 38 MPa. 
That meant that this design of the four brackets is safe 
enough for support the weight of whole package. 

 

Figure 2: Stress distribution due to the self-gravity. 
Package supported with four supporting blocks. 

Supported by the Beam Tube Flanges 
In the fabrication, assembly and other processes, the 

package is usually moved by holding the two places if 
there is no special requirements for those operations. Thus 
the analysis was carried out to verify the safety of this 
supporting method. Like above, a 36 kg force also added 
to the middle flanges to compensate the weight of the 
tuner. 

The stress distribution is shown as fig.3. As we can see, 
the stress is mainly on the beam tube and the four 
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supporting bars between the two middle flanges. The 
maximum stress is about 15.7 MPa. It is also much below 
the yield strength 38 MPa, which respects that the 
supporting method also meets the safety requirement. 
However, comparing the two cases, we would better like 
the first supporting method mentioned above since it 
makes the stress distribution more uniform and smaller. 

 

Figure 3: Stress distribution due to the self-gravity. 
Package supported with four supporting blocks. 

EFFECTS OF TUNING ON THE 
PACKAGE 

Cavity tuning is a process to stretch the length of the 
package. So, effects of stretch distance on the package are 
simulated. The stretch distance used in the simulation is 
3mm as the real design, and the room temperature 
material properties are used for the same reason as talked 
in former introduction part. In the study, we will shows 
the stress distribution in the LHe vessel and the 9-cell 
cavity, respectively. Besides, the force to stretch the 
package is also simulated. It is about 3500 N for stretching 
1 mm. 

 

Figure 4: The effect of tuning distance on the LHe 
vessel(a) and the bellows(b). 

The Stress Distribution on the LHe Vessel  
Fig. 4 shows the stress distribution on the LHe vessel 

after 3mm stretch. As shown in fig. 4a), the stress was 
mainly distributed on the 0.3 mm thick bellows as 

designed. Stress at other parts including the main body of 

value. 

 LHe vessel as well as two ends are no higher than 60 MPa. 
  Comparing with the Ti yield strength 275 MPa, it is a safe 

 
However, since the thickness of bellows is only 0.3mm 

which is much smaller that the LHe vessel thickness of 
5mm, the meshing process may cause the errors of stress 
in the bellows. In terms of the above simulation result that 
the deformation occurs mainly on the bellow, we separate 
the bellows from the whole LHe vessel and suppose that 
the bellow will be stretched to 3mm.The the simulation 
was done again specially for the bellows. Fig. 4b) shows 
the mesh and results. After 3mm stretch distance, the 
maximum stress is under 137 MPa, which also under the 
Ti yield strength requirement. 

The Stress Distribution on the 9-cell Cavity  
The same simulation as above is also carried out for the 

9-cell cavity. The result shows as in fig. 5a). However, we 
find that if the cavity is stretched 3mm at room 
temperature, the stress in the many parts will be beyond 
the Nb yield strength. The violet colour in fig. 5a) 
respects those parts.  

Thus, the effects of stretch distance have to be studied. 
The relationship between the stretch distance and 
maximum stress is shown as in fig. 5b). We find that at 
room temperature, the stretch distance should be under 
0.76 mm to insure the safe requirement of yield strength of 
Nb.  

 

Figure 5: The effect of tuning distance of 3mm on the 
SRF cavity 5a). Effect of stretch distance on stress shown 
in fig. 5b). 

SUMMARY 
Mechanical study on the cavity package of 1.3 GHz 

superconducting accelerating unit at IHEP is carried out. 
The simulation results show that the current design meets 
stress requirements of self-gravity. For the tuning distance 
of 3 mm, the LHe vessel will be safe at room temperature; 
however, the maximum stress will be beyond the Nb yield 

b) 
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strength requirement. At room temperature the stretch 
distance should be under 0.76 mm for safety consideration. 
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DESIGN OF A SUPERCONDUCTING 352MHZ FULLY JACKETED 

DOUBLE-SPOKE RESONATOR FOR THE ESS-BILBAO PROTON LINAC  

T. Junquera
#
, A.C.S., 91400 Orsay, France  

J.L. Muñoz, J. Bermejo, A. Velez, ESS-Bilbao, 48940 Leioa, Spain 

G. Olry, P. Duchesne, IPN Orsay, CNRS-IN2P3 Université Paris-Sud, Orsay, France 

 

Abstract 
The baseline design for the ESS-Bilbao light-ion linear 

accelerator and neutron source (a facility compliant with 

the ESS-AB requirements) has been completed and the 

normal conducting section of the linac (RFQ and DTL) is 

at present under detailed design and construction. Starting 

at 50 MeV, it is proposed to follow this section with a 

superconducting section composed of double and triple 

spoke cavities grouped in cryomodules respectively by 2 

or 3 cavities reaching a maximum energy of 300 MeV. 

After an initial R&D program on spoke cavities with an 

aluminum model, detailed electromagnetic and 

mechanical studies of a beta 0.50, 352MHz, double spoke 

cavity were performed. The results of the calculations are 

presented in this paper. It is proposed to continue this 

development by the construction and test of bulk niobium 

cavities prototypes and the study of a cryomodule with 

two cavities that could be tested with beam at the ESS-

Bilbao facility. 

THE ESS-BILBAO LINAC PROJECT 

The main accelerator components are summarized in 

the following table 1. It consists mainly of components 

which will operate at room temperature, followed by a 

test cryomodule housing two Double-Spoke 

superconducting Resonators (DSR) [1]. 

 

Table 1: ESS-Bilbao Linac Main Parameters 

Beam intensity 75 [mA] 

Beam structure 20-30  

1.8 

[Hz] 

[ms] 

Linac components Output energy 

[MeV] 

Length 

[m] 

RFQ, 352.2 MHz 3 4 

DTL, 352.2 MHz 50 15 

Double-Spoke Resonators, 

352.2 MHz, beta 0.35 

60 4 

 

Two Ion Sources are presently developed: a Penning 

trap H- source based upon the ISIS-FETS design, and a 

new ECR H+ source. A copper 4 vanes RFQ has been 

completely designed and is ready for fabrication. Three 

Alvarez DTL tanks will raise the beam up to an energy of 

50 MeV. The DTL design is an adaptation of what has 

been developed for the LINAC4 project at CERN, which 

employs a lattice made upon permanent magnets. 

A preliminary sketch of the Spoke cryomodule’s lattice 

is presented in Fig. 1. It includes two Double Spoke SC 

resonators and a super ferric quadrupole doublet focusing 

magnets. Details of beam dynamics calculations with this 

lattice have been presented in [2]. The RF design of the 

DSR cavities should be compatible with the ESS project 

requirements. As a first step, two activities were 

developed: 

  A complete Electromagnetic and Mechanical design of 

a DSR cavity (βg = 0.50),  

  The construction of a model of a DSR cavity (βg = 

0.39) built in aluminum. This cavity model will be used 

for testing numerical tools, experimental RF 

measurements techniques, tuners and couplers studies 

[3]. 

 
Figure 1: DSR Spoke cryomodule. 

DOUBLE SPOKE RESONATOR DESIGN  

Electromagnetic Optimization 

Table 2: Initial Goals for DSR Design 

Frequency 352.2 [MHz] 

Optimal beta 0.50  

Accelerating gradient Eacc 8.5 [MV/m] 

Qo (low field) 5.109  

Epk/Eacc 4.1  

Bpk/Eacc 9.0 [mT/(MV/m)] 

Beam tube aperture 50 [mm] 

Fundamental port coupler 

diameter (min) 

56 [mm] 

Beam tube diameter (min) 50 [mm] 

 

The initial goals, presented in Table 2, for the DSR 

complete design were evaluated starting from recent 

studies [4] and vertical and horizontal test results of 

prototypes.  
The cavity has been modeled directly by using 3D 

CAD tool of CST Studio Suite 2012 [5]. The first mode 
 ____________________________________________  
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which is calculated for a Spoke cavity is the fundamental 

mode TM010 used for acceleration. A benchmark has been 

performed to determine the number of meshcells used 

with hexahedral mesh for the iterative calculations. We 

observed a convergence from approximately 100000 

meshcells for both Epk/Eacc and Bpk/Eacc ratios and 

geometrical factor as well. The frequency has been 

adjusted, after a final run performed with 2 millions 

meshcells, by changing the cavity diameter. 

The optimization process has been divided into three 

parts: 1/ Optimization of the geometry without any 

additional ports (i.e. fundamental RF coupler port or pick-

up port and additional ports for cleaning). 2/ RF coupler 

integration on the cavity body and external Q factor 

calculation. 3/Final calculation with all ports:RF coupler, 

pick-up probe port and ports dedicated to the cavity 

preparation (BCP etching and high pressure rinsing). 

The final geometry is a general compromise between 

several main considerations: minimizing Epk/Eacc and 

Bpk/Eacc ratios, while maximizing the value of the 

accelerating voltage (Vacc=Vo.T) for beta=0.50, and 

keeping the overall geometry compatible, as much as 

possible, with some “simple” fabrication technics. Several 

important geometrical parameters were optimized:  

 The distance between the two spoke bars  

 The spoke bar base radius and the cavity length 

 The width of the spoke bar center 

 The beam tube aperture 

 

 

 
Figure 2: a) Axial Field Distribution, b) 3D Electric Field, 

c) 3D Magnetic Field. 

 

The coupler port was finally positioned into a high 

electric field area in order to get the right Qext value 

(~2.4 10
5
) but, above all, into a low magnetic field area in 

order to avoid extra losses on the coupler port and antenna 

surfaces. 

The final results obtained through this optimization 

procedure are presented in Table 3. 
 

Table 3: Final DSR Optimized Parameters 

Vacc (=Vo.T) @ beta 0.50 0.96 [MV/m] 

Lacc (=3/2.beta.c/f) 0.639 [m] 

Accelerating gradient Eacc 8.5 [MV/m] 

G 132 [Ohm] 

Epk/Eacc 4.56  

Bpk/Eacc 6.76 [mT/(MV/m)] 

r/Q @ beta 0.50 418 [Ohm] 

 

The accelerating field profile on the beam axis, as well 

as the electric and magnetic field 3D distributions are 

presented in Fig. 2 

Mechanical Optimization 

Starting with the optimized 3D cavity model by electro-

magnetic analysis, as described before, a complete 

mechanical design of the cavity has been initiated. Three 

main aspects were investigated: the cavity sensitivity to 

Niobium wall thickness variations, the integration of a 

stainless steel Helium vessel and the stiffening of the 

cavity using additional parts.  

All the cavity ports were positioned with their final 

dimensions: 

• Beam tubes diameter was fixed to 56 mm (max. 

diameter compatible with the use of standard 

DN63CF flanges). 

• Fundamental Coupler Port: diam. 100 mm 

• 3 additional ports (for cleaning preparation and pick-

up antenna): diam. 56 mm 

 

The material of the helium vessel is stainless steel with 

a thickness of 3 mm. This choice has been made in order 

to make the fabrication easier. The drawback is that the 

helium vessel could not be used to stiffen the cavity as it 

is usually done with helium vessel made of Titanium. 

Thus, some specific ribs had to be added on each end-cup; 

“daisy” ribs and “donut” stiffener (=half-tube shape) for 

mainly pressure vacuum stability. 

To perform the mechanical study of the cavity, the 

following methodology was adopted: 
 

 Mechanical analysis without stiffeners: Localize the 

weakest areas of the cavity and find the minimum 

thickness to achieve the specifications. 

 Mechanical analysis with several types of stiffeners: 

Optimize different types of ribs (shape, size, thickness) 
 

By considering the mechanical loads and stresses with 

the cavity under vacuum and, taking into account some 

manufacturing considerations, the thickness of all walls of 
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the cavity was investigated. Several stiffeners were added 

in order to get the cavity more rigid, with respect to the 

external pressure (Fig.3): 
 

 Two “donut” stiffeners, welded on the flat area of the 

end-cups, 

 Six ribs at the connection between the end-cups and the 

beam tubes.  
 

In conclusion, a thickness of 4 mm was chosen for all 

Niobium components. 

 

 
Figure 3: Von Misses stresses values for a static load of 1 

bar. 

 

The main dimensions of the DSR with its Helium 

vessel are presented in Fig. 4. 

 

 
Figure 4: Main DSR dimensions. 

 

Two important aspects of the cavity mechanical 

behavior were also analyzed: 

  

• The tuning sensitivity by deformation along the 

longitudinal axis. This evaluation was performed by 

using a combined E.M. and Mechanical analysis 

(Table 4) 

 

Table 4. DSR Mechanical Parameters 

Cavity stiffness, Kc 14 [kN/mm] 

Tuning sensitivity, ∆f/∆x 236 [kHz/mm] 

• The mechanical eigenmodes of the cavity (Table 5) 

which could be excited by external sources (so-

called microphonics like pumping and cryogenic 

systems, leading to cavity walls deformations (Fig. 

5) and frequency perturbations. The goal is to have a 

first eigenmode value far away from 50 Hz and 

compare the higher eigenmodes with the harmonic 

modes of the excitation sources (multiples of 50 Hz). 

 

Table 5: Modal Analysis of the First Dangerous Modes  

Mode number Frequency 

[Hz] 

1 & 2 275 

3 336 

4 380 

5 409 

6 417 

 

 
Figure 5: First mechanical mode @ 275 Hz. 

DSR MODEL MEASUREMENTS 

A model of a double spoke resonant cavity (operating 

frequency 352.2 MHz, βg=0.39) has been designed and 

fabricated in aluminum by the ESS-Bilbao laboratory [3]. 

The cavity and associated test bench is shown in Fig. 6. 

The RF measurements have involved the determination of 

the main cavity parameters, in particular the accelerating 

electric field profile along the cavity axis by means of a 

fully automated bead-pull method. Electromagnetic 

numerical simulations and RF measurements have been 

also performed to identify the most suitable position for 

the fundamental power coupler port.  

A special and original development performed with this 

model is the study of a tuning system by using a 

superconducting plunger. This tuning method has been 

successfully designed and tested for the Spiral-2 QWR 

beta 0.12 cavities [6,7]. Electromagnetic and thermal 

simulations of this system have been performed. Plungers 

are simulated as cylindrical volumes subtracted from the 

internal cavity volume. 
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Figure 6: DSR aluminium model. 

 

Different positions on the cavity walls and different 

plunger diameters have been calculated in order to reach a 

good compromise between the detuning and the extra 

losses. 

A plunger with diameter of 40 mm was installed on the 

cavity wall (Fig. 7) and the results, comparing the RF 

measurements to the electromagnetic simulations, are 

presented in Fig. 8. 

 

 
Figure 7: Drawing of the tuning plunger installed on the 

DSR cavity. 

 

 
Figure 8: Simulated and measured values obtained with a 

40 mm diameter tuning plunger.  
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1.3 GHz SRF CAVITY TESTS FOR ARIEL AT TRIUMF

P. Kolb, P. Harmer, D. Kishi, A. Koveshnikov, C. Laforge, D. Lang, R.E. Laxdal, Y. Ma, B.S. Wairach,
Z. Yao, V. Zvyagintsev, TRIUMF, 4004 Wesbrook Mall, V6T 2A3 Vancouver, BC, Canada

Abstract

The 1.3 GHz cavity test program at TRIUMF for the
ARIEL eLINAC is progressing into its next stage: Going
from single cell cavity tests to demonstrate the operating Q
and gradient for ARIEL can be reached at TRIUMF to nine
cell cavity tests for production cavities.
Single cell cavity tests at TRIUMF showed a comparable
performance to a characterization done on the same cavity
at FNAL last year. These single cell tests show that the op-
erating point for ARIEL of Q0 > 1010 at 10 MV/m during
2 K operation can be reached and exceeded at TRIUMF.
To prepare for the first ARIEL nine cell cavity, a test with a
TESLA nine cell cavity was done. This includes frequency
and field tuning, etching via BCP1, HPR2 and assembly in
a class 10 clean environment as well as modifications to
the cryo assembly and upgrades to the 2 K pumping sys-
tem. The performance of this TESLA cavity and the perfor-
mance of first ARIEL nine cell cavity produced by PAVAC
will be shown.

INTRODUCTION

The ARIEL LINAC [1] is a electron LINAC based on 1.3
GHz TESLA technology. Five cavities accelerate a 10 mA
electron beam to 50 MeV. The goal for each nine-cell cav-
ity is a gradient of 10 MV/m with a Q of 1010 or higher
while being cooled with liquid helium to 2 K.
Single cell testing is done to qualify processing and assem-
bly protocols prior to nine cell processing. The processing
includes HPR, etching via BCP and clean room assembly.
The TRIUMF nine cell cavity has been designed with
HOM3 in mind. Future upgrade plans include a recirculat-
ing beam line to either further accelerate the beam or excite
an FEL on the back beam line. Two 50 kW power cou-
plers provide 100 kW of beam-loaded RF power for each
cavity. HOM damping is done exclusively with beam line
absorbers [2, 3]. The shape of the cavity variies from the
TESLA design in its end groups [4]. For a nine cell cavity
additional steps include warm field flatness tuning.

SINGLE CELL TESTS

Single cell cavity tests are being pursued to facilitate
fundamental SRF studies to investigate the effectiveness of
cavity treatments such as etching and baking. For this it has
to be shown that the conventional cavity treatments provide
a reliable and good performance. For that purpose a single

1Buffered Chemical Polishing
2High Pressure Rinsing
3Higher Order Modes

cell cavity was sent to FNAL to be tested there to get a ref-
erence performance of a TRIUMF single cell cavity. Treat-
ments at FNAL (and ANL) included 5 µm BCP to clean off
stains on the surface and 35 µm EP, followed by 1 h HPR
before assembly. The cavity performed up to 25 MV/m
with a Q between 1 and 2 · 1010 with a modest slope and
after 25 MV/m with a typical HFQS. Surface treatments at
TRIUMF after this only include ultrasonic cleaning (1 h in
LPS solution, 1 h in DI water), 1 h HPR followed by as-
sembly in a Class 10 environment. As can be seen in fig.
1 the performance at 2 K was very comparable. No X-rays
or quenches were detected and the limiting factor was the
pressure control of the 2 K LHe bath. After 12-15 W the
regulating valve is fully open and the helium pressure rises.
With this reproduction of the FNAL result, it is proven that
cavity handling inside the clean rooms including HPR is on
a competitive level. Further tests could include removal of
20 µm via BCP at TRIUMF to qualify the procedures with
respect to etching.
After baking the cavity at 120 C for 48 h the cavity de-
veloped a leak to the super fluid helium and the effect of
baking on the HFQS could not be observed. However,
Q vs T measurements at fixed gradient taken during both
cooldowns show a small increase in residual resistance,
from 5 to 17 nΩ as can be seen in fig. 2. After this test,
single cell testing was further postponed and the cryostat
modified to fit nine cell cavities.

 1e+008

 1e+009

 1e+010

 0  5  10  15  20  25  30

Q
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Eacc [MV/m]

PAV2 Cold Test, FNAL and TRIUMF

10W

1W0.1W

20W
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PAV2 (FNAL 11/7/2012)
29/11/2012 (2K)

29/11/2012 (2K) [after conditioning]
29/11/2012 (4K)

05/12/2012 (4K) [after baking]

Figure 1: Q vs Eacc measurements of PAV2 cavity at
4 K (TRIUMF only) and 2 K (TRIUMF and FNAL). The
smaller errorbars are due to a movable coupler at TRIUMF
vs fixed coupling at FNAL.
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Figure 2: Rs vs T measurements of PAV2 cavity at fixed
gradient.

NINE CELL TESTS
The first cold test at TRIUMF of a nine cell 1.3 GHz

cavity was done in April 2013. A TESLA-type cavity, was
prepared and tested to show that all the preparation steps
of cell tuning, etching, US degreasing, HPR, assembly and
and the upgraded vertical cryostat function correctly. A ad-
justable horizonal coupler was developed for vertical cavity
tests. As can be seen in figure 3 the coupler provides QC in
the range of 1.5 · 107 to 1.5 · 1011 in its full travel range.
This covers a wide range of Qs suitable for the expected
cavity Q0 during 4 K (around 3− 4 · 108) and 2 K (around
1 · 1010) tests.

 1e+007

 1e+008

 1e+009

 1e+010

 1e+011

 1e+012

 0  5  10  15  20  25  30  35  40

Q
e

x
t

Coupler Position [mm]

IN OUT

Figure 3: Coupling range of the new horizontal multicell
coupler. The total travel is about 5 cm and reaches from
107 to 1012.

Etching of the cavity is done via BCP. The TESLA
cavity was etched (20+20) µm (flipping the cavity upside
down between etches to provide an even etch). Right after
each etch the cavity is flushed out with DI water to rinse
out any residual acid and stop the etching process. Before
the etching the cavity was tuned for field flatness on the
warm tuning stand by plastic deformation of individual

cells. After the etching the cavity was again mounted on
the tuning stand and a small re-tuning step was found to
be necessary as the flatness degraded from 98 % to 78 %.
After the re-tuning to 95 %, the cavity is cleaned via
ultrasound, 1 h in a liquinox solution and 1 h in DI water,
then 3 h of high pressure rinsing in a separated room inside
a class 100 cleanroom. Drying and assembly is done in a
class 10 environment. The assembly is done in two steps:
after the first HPR all flanges except the coupler and the
bottom beam port are closed off, then a second HPR (again
3 h), followed by the final assembly of the coupler and
bottom flange. During assembly the cavity can be rotated
so that flanges are always attached from below the cavity
and no work has to be done on top of it. Evacuating the
cavity is done over a clean pumping and venting system
which allows slow evacuation (1 Torr/s).
The cryostat is filled with 300 liters of LHe, supplied and
recycled by the Phase I cryosystem of ISAC-II on site. For
single cell tests at 2 K one set of sub-atmospheric pumps
had been installed previously. Those pumps are sufficient
for the smaller single cell cryostat (around 100 liters), but
not for the much bigger multicell cryostat. The first test
had to be aborted at around 300 Torr due to overheating
of the pumps. A new set of pumps was installed and
commissioned, providing a mass flow of up to 1.1 g/s (up
from 0.5 g/s). With those additional pumps cooldown of a
multicell cavity in the bigger cryostat is successful.
Using a pressure rise technique the static load of the
cryostat was measured. By measuring the time it takes for
the Helium temperature to increase from 2.0 K to 2.1 K at
various heater loads with closed off pumping valves it is
possible to determine a static load of 4.8 W.
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April 24 cooldown to 2K

June 11 4K
June 11 cooldown to 2K

June 11 2K

Figure 4: 4 K and 2 K performance of the TESLA cavity.

For the test with the TESLA cavity the new radiation
shielding was not ready, so gradients were limited to make
sure no harmful radiation was emitted. Data was only
taken up to 2.25 MV/m with a Q around 5 · 109 (see fig.
4), which corresponds to a residual resistance of around
33 nΩ .
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Figure 5: Flatness and frequency tuning of the ARIEL1
cavity. Received with only 0.8 MHz below goal and with a
flatness of 90 % it was tuned after etching to 1.2974 GHz
and 98 %.
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Figure 6: ARIEL1 2 K performance. The strong Q slope in
the first test is due to field emitters that could be eliminated
by additional cleaning of the cavity and the test coupler.

ARIEL1, the first cavity for ARIEL, got a similar treat-
ment. After receiving the cavity the frequency was
1.2980 GHz, 0.8 MHz below the goal fabrication fre-
quency, with a flatness of 90%. After 120 µm removal
via BCP the flatness reduced to 86% and the frequency
is 1.29776 GHz (goal 1.29751 GHz). A final re-tuning
step, before the cavity gets into the clean room, achieved a
flatness of 98% and within 100 kHz of the goal frequency
as can be seen in fig. 5. This warm frequency tuning
step facilitates a final frequency at 2 K within 10 kHz of
1.3 GHz. Details of the cavity fabrication steps can be
found in [5].
Further processing steps include HPR for 4 h, assembly
of blank flanges and pick-up on cavity, HPR 4 h, hermetic
sealing with coupler and bottom flange. The first RF test
showed a Q of 7 ·109 at low gradients with a strong slope at
3 MV/m. Further cleaning steps, including 6 h HPR before
final assembly and extensive cleaning of the coupler,
improved the test result (see fig 6). A gradient of 10 MV/m

was reached with this additional cleaning. No multipacting
or xrays were detected. The achieved gradient was limited
only by the available cryopower. The Q of the cavity was
low with a mild Q-slope and Q-disease is suspected. A
retest of this cavity is planned after degassing at FNAL.

OUTLOOK
The first cavity for ARIEL has been successfully tested

at 2 K. The frequency tuning steps have been qualified as
well as all the new processing hardware including BCP, US
cleaning, and HPR. The new vertical test cryostat and new
helium pumps work well and provide the ability to test nine
cell cavities. The performance of ARIEL1 is presently be-
low goal (1010) with a Q of only 3 · 109, but the goal gra-
dient can be reached. The next step in treatment is a de-
gassing step done at FNAL to increase the Q.
ARIEL2 is already fabricated and ready for cold testing.
ARIEL3 and 4 are in fabrication. All individual cells have
been fabricated and the multicell fabrication is under way
at PAVAC.
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MEASURING THE HIGHER ORDER MODE SPECTRUM OF THE
TRIUMF 9 CELL CAVITY

P. Kolb, B. Amini, R.E. Laxdal, Y. Ma, Z. Yao, V. Zvyagintsev
TRIUMF, 4004 Wesbrook Mall, V6T 2A3 Vancouver, BC, Canada

Abstract

The ARIEL eLINAC consists of five nine cell cavities,
produced by PAVAC, and will accelerate 10 mA electrons
to 50 MeV. This 500 kW beam will be used for rare isotope
production. Future upgrade plans include a recirculating
beam line. Recirculating the beam, for either energy dou-
bling or energy recovery to drive a FEL, brings the risk
of multi-pass beam break up (BBU). Therefore it is neces-
sary to avoid higher order modes (HOMs) with high shunt
impedance. The goal of the cavity design is to reduce the
highest shunt impedance of any dipole HOM to 1 · 106Ω
or less. Measurements on a 7 cell copper prototype cav-
ity with bead pulling are done to identify dipole modes
and their geometric shunt impedance R/Q. Results of these
bead pulling measurements will be shown and compared to
computer simulations done with ACE3P.

INTRODUCTION

ARIEL will complement the existing accelerator com-
plex at TRIUMF with its rare isotope program. With the
addition of the eLINAC [1] up to three out of ten experi-
mental stations (currently one out of ten) can receive rare
isotope beams (RIBs). The production of the RIBs is done
via photo fission that utilizes the 50 MeV 10 mA continu-
ous wave (cw) e- beam from the eLINAC. In the finished
eLINAC three cryomodules house five 1.3 GHz nine cell
cavities. The cryomodules are split into one injector cry-
omodule (ICM) with one cavity and two accelerator cry-
omodules (ACM) with two cavities each. In the first phase
only one ACM is available and recirculating the beam to
use the first ACM a second time is an attractive option to
reach 50 MeV. After the eLINAC is completed the reciru-
lating beam line can be used to excite an FEL and run the
eLINAC in an energy recovery LINAC (ERL) mode which
layout can be seen in fig. 1. Both operation modes, recir-
culating and ERL, are vulnerable to multi-pass BBU [2].
Therefore it is necessary to study the HOM spectrum of the
cavities.

Beam dynamic calculations have shown a limit in dipole
shunt impedance RSh,d (as defined as in Ref. [3]) of 10 MΩ
to have a high enough threshold current. A fabrication tol-
erance study showed uncertainties of up to a factor of two
in shunt impedance [4] therefore a lower limit of 1 MΩ is
set as goal. Simulation with ACE3P [5] show that this can
be reached using the TRIUMF cavity design [6] which uti-
lizes beam line absorbers to reduce the quality factor Q of
the HOMs. The damping material CESIC has been tested
for its RF properties in a cryogenic environment [7] and
found adequate to reach the goal.

Figure 1: Proposed layout of the ARIEL accelerator with
future recirculating beam lines for additional energy gain
or ERL operation.

HOM SIMULATION
Simulations have been carried out with ACE3P for

dipole modes up to 4 GHz. Results of those simulations are
shown in fig. 2. Those results correlated well with previous
CST Microwave Studio simulations, which were limited to
modes up to 3 GHz due to very large computing times for
high frequency modes (multiple days for a single mode).

Figure 2: The simulated dipole shunt impedance spectrum
for the TRIUMF nine cell cavity shows that without re-
ducing HOM Qs the limit for BBU is exceeded. For refer-
ence the TESLA cavity dipole modes are not usable for this
application due to a trapped mode at 2.56 GHz with high
shunt impedance.

HOM MEASUREMENTS
Measurements are carried out using bead pulling. A

bead pulling stand for the TRIUMF nine cell cavity was
designed and built with the ability to move the string radi-
ally and azimuthally. Dipole modes of the TM011 class do
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Figure 3: Measured frequency distribution of the resonant
modes in the 7cell copper prototype and simulated dipole
mode frequencies with ACE3P. The simulated values are
fitted closely to the measured values in terms of mode num-
ber.

not have any electric field on the beam axis. Therefore it is
necessary to measure the field distribution with an offset to
the beam axis. Since the bead probes the field amplitude, a
dipole mode can be identified by a sin2(α) dependence of
the maximum amplitude, quadrupole modes with sin2(2α)
and so on, where α is the azimuthal angle with respect to a
starting point.

This bead pulling stand has been tested on a 7 cell copper
cavity with ARIEL end groups. The string is aligned to the
beam axis on the center of the cavity using targets on both
sides of the cavity. Both fixed points of the string can be
adjusted in the horizontal and vertical direction. In addition
the whole string holding system including stepper motor is
mounted on a rotational disk to allow azimuthal variation
in the measurements. The stepper motor is controlled by a
computer via Labview, which also controls the HP network
analyzer used for this measurement. The software records
Q, frequency and reference phase of the rf signal for the se-
lected mode, and then proceeds to the actual bead pulling.
Speed and travel distance can be adjusted to suit different
cavities. During the bead pull measurement the phase of
the RF signal is recorded. The phase shift from the refer-
ence phase is proportional to the electric field (using dielec-
tric beads) or electric and magnetic field combined (using
metallic beads). For a flatness tuning of the accelerating
π-mode metallic beads can be used as this mode does not
have any magnetic field on the beam axis and the metal-
lic bead gives the true electric field. However for dipole
modes this is not true and dielectric beads should be used
to isolate the electric field on the chosen axis.

Figure 3 shows the frequency distribution of resonant
modes up to 3.3 GHz along with ACE3P results for dipole
modes up to a similar frequency of the 7 cell prototype cav-
ity. A combination of electric symmetry in the horizontal
and magnetic symmetry in the vertical symmetry axis of
the cavity forces the simulation to only result in modes with

Figure 4: Field profile measurements on different HOMs.

those symmetries (i.e. dipole and sextupole modes). The
differences between measurement and simulation are the
result of a detuned cavity. Flatness and frequency of the
operational π mode were not tuned like they would have
been in a production cavity.

Some of those modes were selected for bead pulling.
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The step size in azimuthal angle is set to 30 degree between
two measurements, which should be sufficient resolution to
differentiate between a monopole or dipole behaviour. The
bead is displaced 1 cm off the beam axis. In figure 4 field
profiles for five different HOMs are shown at different an-
gular positions of the bead. The modes at 1620, 1832 and
1860 MHz show no clear variation in peak amplitude of the
electric field over the 150 deg covered in the measurements
despite having a good correlation between measured and
simulated frequencies. Due to these results modifications
to the bead pulling stand have been made. The hypothe-
sis for the changes that the string forces the dipole mode
into a specific polarization and that this polarization fol-
lows the string whenever it changes its position. Based on
this concern additional strings have been added to elimi-
nate the changes in polarization due to the change in string
position. The new system has in total 13 strings: one at the
beam axis for alignment and twelve strings along a circle
around the center with r = 1 cm in 30 degree steps. In this
way whenever the holder is rotated there will be always a
string in every position, eliminating the effect of the singu-
lar string and allowing the cavity to set the polarization.

Measurements with this new system on a mode at
2498 MHz show significant different results as can be seen
in figure 5. The peak around 500 mm follows roughly a
sin2 function for the multi line setup while it is flat with the
single line system. The field distribution is identical with
the same peaks in the same positions. This confirms that it
is the same mode and the single line polarizes the excited
mode which makes a multipole mode identification diffi-
cult. The multi line setup eliminates this and provides an
increased variation in peak field amplitude.

OUTLOOK
In this paper the capabilities to identify dipole modes via

bead pulling has been shown on a 7 cell copper prototype
cavity modelled after the ARIEL 9 cell production cavity.
Using a multi line bead pulling system compared to a single
line system helps identifying multipole modes. Identifying
dipole modes and estimating their shunt impedance is im-
portant for the ARIEL ERL option and will be done with
the ARIEL cavities. In addition to bead pulling results,
beam based measurements using the ICM are planned for
as soon as the cryomodule is finished.
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Abstract 
China ADS is a high intensity proton machine based 

on CW superconducting technology. It includes two 

injectors and one main linac. The Institute of High Energy 

Physics (IHEP) and the Institute of Modern Physics (IMP) 

of the Chinese Academy of Sciences (CAS), are 

responsible for developing the main linac together. This 

paper introduces the physics and mechanical design of the 

single spoke resonator (SSR021, beta021 cavity), which is 

used for first section of the main linac. 

INTRODUCTION 

      The China ADS project formally started from Jan. 

2011. From physics design point of view, in order to 

minimize the total cavity quantities, three kinds of spoke 

cavities are adopted for the accelerator [1]. The design 

specifications for the spoke cavities are shown in Table 1. 

Table 1: Physics Requirements for Spoke Cavities 

Parameter SSR012 SSR021 SSR040 

Frequency / MHz 325 325 325 

Geometer Beta (βG) 0.12 0.21 0.40 

Cavity No. 

 / Cryomodule No. 
12 / 2 32 / 4 80 / 10 

Energy Range / MeV 3 ~ 10 10 ~ 36 36 ~ 160 

Current (CW) / mA  10 10 10 

Cavity Length / mm  ≤ 200 ≤  250 ≤  400 

Beam Tube Iris / mm  35 40 50 

       

      At the end of 2011, we fixed the physics design of 

SSR021. During the next one and half year, we focused 

on developing the spoke cavity technology, including 

mould design and fabrication, parts preparing, EBW and 

surface treatment. The 325 MHz SSR021 is the first 

cavity type for the main linac. It covers energy range from 

10 to 36 MeV by 32 cavities assembled in 4 cryostat 

modules. An SSR021 cavity with a pair of round 

stiffening rings and least welding seams is developed in 

order to reduce the total price for the future mass 

production. Up to now, the surface treatment is 

accomplished. The vertical test will be carried out at the 

end of Sept. 2013. 

PHYSICS DESIGN 

Structure 

      By referring to the existing structure of spoke cavities 

developed by other labs, such as LANL [2], Fermilab [3] 

etc., we designed our SSR021 cavity. Fig. 1 shows the 

main dimensions on cross section. Compared to the 

Fermilab's SSR021, ours is more compact. These are no 

enhanced wings around the beam tube. The tuner will be 

attached to the stiffening ring, not the beam tube flange, 

to keep cavity in tune. 

 

Figure 1:  The profile of the SSR021 cavity. L: half cavity 

length, 120 mm; R: cavity radius, 223 mm; Lg: half gap 

length, 70 mm; Rc: cone radius, 90 mm; Tg: half spoke 

thickness, 24 mm; Rn: nose radius, 70 mm; Cr: spoke 

radius, 55 mm; Rb: beam pipe radius, 20 mm; W: half 

spoke width, 72.6 mm. 

Electromagnetic Performance  

      By increasing the centre width W of the spoke pole, 

which can be squeezed from a round tube, the capacitance 

between both accelerating gaps increased. In order to 

meet the frequency of 325 MHz, the radius R and Length 

L of the spoke cavity should be decreased to reduce the 

equivalent inductance. Compared to the SSR021 of 

Project X, 35 % of the cavity volume is reduced, at the 

same time, Hp/Eacc increases by 32 %. We tried to find a 

balance point between the optimized parameter and 

minimum volume of the SSR021 cavity, and the latter 

means low fabrication price. 

      According to the final optimized structure, a set of 

electromagnetic parameters was calculated by CST (Table 

2.) . Here, df / dL is calculated using naked cavity. 
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Table 2：Main Parameters of the SSR021 

Parameter Unit Value 

Ep / Eacc (MV/m) / (MV/m) 3.8 

Bp / Eacc mT / (MV/m) 8.1 

R/Q Ω 191 

G Ω 71 

βopt  0.246 

df / dL kHz / mm 632 

Qe @ 10 mA  7.28E5 

 

Multipacting Simulation 

      Multipacting (MP) of SSR021 is simulated with CST 

and Track3P. The results is almost the same for both 

codes. In Fig. 2, from cavity voltage 0.1 to 0.5 MV, MP 

occurs around the corner between the side plate and the 

cylinder. At 0.43 MV, the amplitude is the maximum.  

From 0.5 to 1.0 MV, MP arises on the bottom of the spoke 

pole, where it connects with the cylinder. At 0.65 MV, the 

amplitude reaches the peak. And compared to 300 
o
C 

baked surface, the Ar-discharged surface can reduce the 

amplitude of MP obviously. 

 

Figure 2:  Results of multipacting simulation for SSR021. 

Mechanical Performance 

       Compared with HWRs, the mechanical behavior of 

spoke cavities should be considered more carefully   

because their rotation axis is different. The rotation radius 

of SSRs is usually larger than HWRs for the same 

geometry beta cavity. So how to enhance the spoke cavity 

is a challenge to its designer.  

      We conceived several kinds of schemes to enhance the 

cavity structure. The results are shown in Fig. 3. Finally 

we chose the c scheme, which has the simplest stiffen ring. 

The maximum stress reaches to 38 MPa at the pressure of 

1 atm with 800 kg preload force on stiffen rings. Even the 

pressure increases to 2 atm, the preload force will 

increase automatically to compensate the displacement of 

side plate. 

 

a                                        b 

 

c 

Figure 3:  Schemes of enhance structure for SSR021. 

 Pretuning 

      During the past one and a half years, two SSR021 

prototypes are fabricated. The EBW of another three are 

going on. At the same time, the surface treatment facilities 

including BP, BCP and HPR, are built and used to process 

these SSR021 cavities. 

 

Figure 4:  Field measurement and pretuning device. 

      After annealing at 700
 o

C for 3 hours, we measured 

the frequency and the field distribution along the axis. 

After pretuning (Fig. 4), the frequency reaches the target 

value of 324.2 MHz and the field flatness is better than 

95 %. 
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DEVELOPMENT OF A VERY LOW BETA SUPERCONDUCTING SINGLE 

SPOKE CAVITY FOR CHINA-ADS LINAC* 

H. Li
#
, J.P Dai, H. Huang, L.H. Li, H.Y. Lin, Q. Ma, W.P. Pan, P. Sha,Y. Sun, Q.Y. Wang, J. Zhang 
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

Abstract 
Twelve very low Beta superconducting single spoke 

cavities whose Beta is only 0.12 (Spoke012) operating at 

325 MHz, are adopted in Injector I for China-ADS linac. 

This type of spoke cavity is believed to be one of the key 

challenges for its very low geometric Beta. So far, 

collaborated with Peking University and Harbin Institute 

of Technology, IHEP has designed, fabricated and tested 

the spoke012 prototype cavity successfully. This paper 

presents the details of the design, fabrication and test 

results for Spoke012 prototype cavity. 

INTRODUCTION  

Spoke cavity is a TEM-class and generally 

superconducting resonator. In addition to the inherent 

advantages of superconductors, the spoke cavity has more 

compact structure with the same frequency than the 

elliptical cavity, and higher shunt impedance than the 

half-wave resonator, etc. Therefore, many large-scale 

accelerators, which need high power and high intensity 

protons, have been purposed to adopt spoke cavities, and 

the China-ADS linac is one of them [1]. 

Figure 1 is the layout of China-ADS linac. With the 

scheme of Injector I, the proton beam originates from an 

ECR ion source, and then accelerated to 3.2 MeV by a 

CW normal conducting RFQ. From 3.2 MeV to 178 MeV, 

the beam is accelerated by three different types of 

superconducting spoke cavities (Spoke012, Spoke021, 

Spoke040). After that, the beam is accelerated by two 

types of superconducting elliptical cavities. 

Among the three spoke cavities, Spoke012 is believed 

to be the most challenging one since it is of very low 

geometric Beta, which is only 0.12. In this paper, the 

development of Spoke012 prototype cavity is introduced, 

including the design, fabrication and vertical test results. 

DESIGN OF SPOKE012 CAVITY 

Required by beam dynamics, the frequency of 325 

MHz,  

β of 0.12 and beam aperture diameter of 35 mm are 

chosen for Spoke012 cavity, and the iris-to-iris distance is 

defined to be 2/3βλ. 

    In order to maximize the shunt impedance and 

minimize ratio of Epeak/Eacc and Bpeak/Eacc and then 

get a higher accelerating gradient, the RF parameters of 

spoke012 with different shapes and dimensions of spoke 

base and end-wall were simulated and analysed, using the 

CST_MWS software (Microwave studio) [2] . 

Finally, compared with round and race-track shape, 

elliptical spoke base has been chosen due to a more 

uniform magnetic field distribution. A camber end-wall 

has been selected for a better RF performance and 

stronger structure. The resonator structure of Spoke012 is 

very sensitive to the pressure variations because of the 

very low geometry Beta. Contrasted to a conventional flat 

end-wall, the camber end-wall encloses the RF region 

with entire curves. Curved design could decentralize the 

force of helium fluctuation, which could improve the 

mechanical property and is easier to design the stiffeners. 

Cross section and field distribution of spoke012 cavity 

are shown in Fig. 2 and Fig. 3, meanwhile the main 

geometric parameters and RF results are presented in 

table 1. 

 

 
Figure 2: Cross section of spoke012 cavity. 
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Figure 1: Layout of the China-ADS linac. 
 ___________________________________________  
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Figure 3: Surface electric field (left) and magnetic field 

(right), the field increases with the colour changing 

from green to red. 

 

Table 1: Main Parameters of Spoke012 Cavity 

Cavity length(Lcav)/mm 180 

Cavity diameter(Dcav)/mm 468 

Iris-to-iris length(Liris)/mm 73 

Major axis of spoke base (D2)/mm 112.5 

Minor axis of spoke base (D1)/mm 90 

Spoke thickness at aperture(T)/mm 22 

Spoke width at aperture(W)/mm 82 

Spoke race-track higher(A1)/mm 94 

Spoke lofting higher(A2)/mm 398 

Aperture diameter/mm 35 

Coupler port diameter/mm 80 

Operating frequency (MHz) 325 

Epeak/Eacc 4.5 

Bpeak/Eacc mT/(MV/m) 6.4  

G (Ω) 63  

R/Q (Ω) 142  

Geometrical Beta 0.12 

Leff=βλ(mm) 110 

 

In order to meet the requirements of helium pressure 

sensitivity and lower the von stress of cavity, the structure 

of Spoke012 cavity is enhanced by three types of 

stiffeners, including two circular ribs in the end-wall outer 

region ,six daisy ribs in the inner region and eight 

circumferential ribs on the cylindrical portion of the 

cavity. All stiffeners are made of reactor-grade niobium. 

Circumferential ribs have a thickness of 10mm, while 

others are 6 mm. A view of stiffeners is shown in Fig. 4. 

Mechanical design with helium vessel is studied. 

Titanium (TA2) is chosen as the material of Spoke012 

helium vessel. One beam port is welded to the helium 

vessel, the other one is connected with a bellow. 

Distortions of Spoke012 due to vacuum load and 

thermal shrinkage have been predicted by the ANSYS 

MECHABICAL software [3]. By optimizing the radius of 

circular ribs and bellows connecting the cavity with the 

vessel, the sensitivity of helium pressure (df/dp) is 

decreased. In the calculation of external pressure loading, 

one beam pipe flange is considered “hard fixing” to the 

helium vessel. The final mechanical properties are shown 

in Table 2.  

 
Figure 4: Stiffener design of Spoke012 cavity. 

Table 2: Mechanical Property of Spoke012 

df/dP(pipe free) -156 Hz/torr 

df/dP(pipe fixed) +40 Hz/torr 

Tuning sensitivity  1 MHz/mm 

The static Lorentz coefficient -1.3 Hz/(MV/m)
2
 

Cooling down (300 to 4.2K) +463 kHz 

Note: “pipe free” means unconstrained at the tuning side, 

while the tuner give a longitudinal constraints for “pipe 

fixed”. The von stress of cavity is all below 40MPa at 1 

atmosphere standard. 

 

About 460 kHz increase when the cavity is cooled 

down from room temperature to 4.2 K. The cavity is 

designed to be tuned only from the bellow side. With a 

tuning sensitivity of 1 MHz/mm and a 60 kHz / 100 kgf 

spring constant of the end wall, the Spoke012 cavity 

meets the requirement for the tuning range of 200 kHz 

easily. 

FABRICATION 

For fabrication, the cavity body is enclosed by a high 

RRR niobium with the thickness of 3.5mm. The niobium 

materials come from Ningxia Orient Tantalum Industry 

Co., Ltd. After pro-processing, thickness of the cavity 

was reduced to an average of 3.2 mm. Four beam flanges, 

including two beam pipe flanges, a vacuum flange and a 

coupler port flange are made of Nb-Ti alloy. An explode 

view of Spoke012 is shown in Fig. 5. 

 

 
Figure 5: Explode view of Spoke012. 

 

All the cavity components were made by stamping 

technology with a 3510 KN punching machine. Some 

experiments were done with the copper sheets to 

understand the shrinkage and deformation in the stamping. 
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To make the cylindrical portion easy to weld, it was 

separated into four pieces of sheets, while the end-walls 

were stamped from a bulk niobium.  

All components were joined using electron beam 

welding (EBW). It is noted that the thickness of weld 

region was reduced to 2 mm to meet the demand of final 

back forming welds between the end walls and the shells. 

Before EBW, every component underwent a brief 

chemical polish to wipe off the oxide layer from weld 

region. 

A frock clamp was used to clamp the end wall to the 

cylindrical shell during pre-weld tuning, as shown in Fig. 

6. The trimming was done by removing material from 

both the end walls and the central shell. According to the 

calculation, trimming sensitivity increases about 450-  

800 kHz/mm when the cavity length becomes shorter. 

This is consistent with the frequency measured in the 

cavity length cutting. The final frequency before the last 

welding was 325.75 MHz, and close to theoretical 

estimate of 325.42 MHz. The expected value of shrinkage 

along the cavity axis due to the last EBW was 1.2 mm, 

yet the actual value after welding was about 2 mm, and 

the frequency of the cavity after fabrication is about 500 

kHz lower than expected. This will be further studied 

next. 

 

 
Figure 6: A frock clamp for Spoke012 tuning. 

 

During the fabrication, all mechanical errors were 

carefully considered, including the total cavity length, the 

asymmetry of both gaps, the parallelism of the end-walls 

and shrinkage occurs at the round edges of the last EBW. 

Two bare Spoke012 prototype cavities are shown in Fig. 

7. 

 

Figure 7: Two bare Spoke012 prototype cavities 

fabricated in November 2012. 

POST SURFACE PROCESSING AND 

VERTICAL TEST 

The post surface processing of Spoke012-2# prototype 

cavity was finished in December, 2012, including 

ultrasonic cleaning, BCP and HPR. More details may be 

found from reference [4]  

After post processing, the Spoke012-2# prototype 

cavity was vertical-tested successfully at IHEP.  

The vertical test system consists of 325 MHz signal 

generator, 1 kW solid state amplifier, LLRF control 

system and DAQ system, and classical vertical test 

method was used [5] . 

In the vertical test, Spoke012-02# reached Eacc of 8 

MV/m at 4.2 K, the residual surface resistance (Rs) is 50 

nΩ.Here, Eacc is defined as the total accelerating voltage 

divided byβ(110mm).The X-ray appeared at 5 MV/m, 

and the maximum surface field was limited to 36 MV/m. 

The measured Q0 of the cavity as a function of 

accelerating gradient is shown in Fig.  8. 

 
Figure 8: VT summary of Spoke012-02# cavity. 

 

When accelerating gradient reached 8 MV/m, it was 

hard to grow up because of a serious Multipacting effect. 

Though additional 6 hours’ RF conditioning was carried 

out, the maximum accelerating gradient improved very 

little. 

HORIZONTAL TEST 

 

After integrated with the high power input coupler, 

cryostat and tuner successfully, Spoke012-2# cavity with 

helium vessel was horizontally tested in the beginning of 

September 2013 at IHEP. The cryomodule of Spoke012 

and LLRF equipments are shown in Fig. 9 and Fig.10.  

In this test, a serious Multipacting effect played a 

critical role in the limitation of increasing the accelerating 

gradient. The performance then improved much after 

sufficient RF aging, while the radiation reduced obviously. 

As shown in Fig. 11, the maximum accelerating gradient 

under CW reached 6.5 MV/m, and at this gradient, Q0 of 

the cavity is 2.2×10
8
. 
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Figure 9: The cryomodule of Spoke012 with cavity in it. 

 

 
Figure 10: The LLRF equipments of Spoke012 

 

 

 
Figure 11:  Performance of Spoke012-02# cavity in HT. 
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LORENTZ FORCE DETUNING SIMULATIONS OF SPOKE CAVITIES
WITH DIFFERENT STIFFENING ELEMENTS

J. L. Munoz, ESS-Bilbao, Bilbao, Spain
F. J. Bermejo, Instituto de Estructura de la Materia, CSIC, Madrid, Spain

Abstract
Lorentz force detuning caused by radiation pressure on

the Niobium cavity walls is of concern in cavity design
and operation since its magnitude can approach the cavity
bandwidth. This effect can be reduced using passive stiff-
ening elements in the cavity. In this work, Lorentz force de-
tuning has been studied by numerical simulations for spoke
cavities. Different stiffening elements have been consid-
ered. Static and dynamic behaviour have been analysed by
means of 3D static and transient coupled electromagnetic
and mechanical finite elements simulations.

INTRODUCTION
The pulsed RF power induces cyclic Lorentz forces on

the cavity surface proportional to the surface magnetic and
electric fields. The induced Lorentz force levels are small
but will mechanically excite deformations in the cavity
walls that modify slightly the resonant frequency (detun-
ing) [1–5]. This detuning is also very small in magnitude,
but due to the high quality factor of the superconducting
cavity it can leave the cavity out of resonance. The tun-
ing strategies to compensate this effect contribute to the
total power budget of the cavity operation. In this work
the Lorentz force detuning is studied by means of numer-
ical finite element calculations for a double spoke cavity.
The coupling of electromagnetic and mechanical simula-
tions (steady and transient states) provides insight in the
effect and contributes to validate the mechanical stiffening
elements designed for the cavity.

CAVITY CHARACTERISTICS
The cavity used for the Lorentz force detuning simu-

lations has been the double spoke resonator designed for
ESS-Bilbao linac [6]. This cavity is equivalent for the ones
to be used for the ESS project. The cavity is designed for
β = 0.50 and incorporates a 100mm RF coupler port and
three other 56mm ports for several uses. Beam tube aper-
ture is fixed also to 56mm. Cavity walls have a thickness
of 4mm. The stiffening elements included in this study are
donut-like ribs in the cavity covers and stiffeners connect-
ing the beam pipe with the cavity covers (see Fig 1).

LORENTZ FORCE DETUNING
RF power produces a pressure on the cavity walls. This

pressure is a function of the electric and magnetic fields at
the surface, according to the expression

Prad =
1

4
(ε0E

2 − µ0H
2) (1)

This pressure deforms the cavity walls, changing slightly
the resonant frequency. For a spoke cavity, and in gen-
eral for all cavities, the deformation results in a reduction
of resonant frequency. The frequency shift is found to be
proportional to the second power of the accelerating field
(∆f ∝ KLE

2
acc) and the proportionality factor KL is the

Lorentz force detuning coefficient. This frequency shift is
usually small (tens of Hertz at the usual powers) but due to
the very high quality factor of superconducting cavities can
result in an important detuning that must be compensated
by mechanical tuners. In order to reduce the mechanical
induced detuning effects, stiffening elements are added to
the cavity design.

SIMULATION PROCEDURE
One half of the cavity is used in the simulations, to take

advantage of the symmetry but keeping all the ports and
openings that can affect the result (see Fig. 2). The average
mesh quality had about 600 ktets for the vacuum region
(RF calculations) and about 700 ktets for the solid domain
(the Nb cavity). The mechanical characteristics of the Nb
were constant, with values E = 107 · 109 Pa, ν = 0.359
and density ρ = 8560 kg/m3.

As a first step an electromagnetic eigenfrequency solu-
tion is obtained, and the radiation pressure is computed us-
ing expression 1. In order to scale the electric and magnetic
field values to the operating ones, a gain factor is defined
using the accelerating field as scale. The accelerating field
is defined as

Figure 1: One half of the geometry of the cavity showing
the stiffening elements added to the body, ”donut-like” ribs
(in blue) and stiffeners connecting the beam pipe with the
cover (red).
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Figure 2: Geometry of the studied double spoke cavity,
showing the half cavity and inside vacuum from the sym-
metry plane (left) and from the side view (right).

E′acc =
Vacc
Lacc

=

∫
Ez(z)cos(

ωz
βc )dz

3
2βλ

(2)

In equation 2 the effective voltage is computed assuming a
constant particle velocity βc and with the cavity centred at
z = 0. For a certain power input in the cavity, the acceler-
ating field will be the one defined in Eqn. 2 multiplied by
a certain gain factor. This same factor is also introduced to
scale the fields in Eqn. 1, so an adequate relation between
Prad andEacc is obtained. The distribution of the radiation
pressure in cavity surface is depicted in Fig. 3. It is clear
that the maximum value is obtained in the cavity ends near
the beam pipe region, so this part of the cavity should be
the most susceptible to deformation and, thus, where the
stiffening elements should be installed.

Figure 3: Distribution of radiation pressure in the cavity
surface. The magnitude of the pressure must be corrected
with an adequate gain to reach the corresponding acceler-
ating field value required.

The obtained radiation pressure is applied to a mechan-
ical simulation model as an internal pressure on the cavity
wall. Additionally, the cavity in the mechanical model has
an external pressure of 0.16MPa simulating the He in the
jacket. Fixed boundary conditions are applied in both beam
pipes and in all the flanges of the cavity. The mechanical
model is coupled to a deformed mesh model for the inside
cavity vacuum. Finally, another electromagnetic eigenfre-
quency simulation is performed on the deformed vacuum
region, obtaining the final value of the frequency. Chang-
ing the value of the gain factor the frequency shift vs Eacc

is obtained. All simulations are done using COMSOL Mul-
tiphysics software [7].

For transient simulations the procedure is more complex.
The pulse temporal profile is introduced as gain factor pro-
file, and a fully transient mechanical simulation is run. For
each time step the deformed mesh field (deformation of the
inside vacuum region) is exported to an external file, and
electromagnetic eigenfrequency simulation are run after-
wards on these data files.

STATIC (CW) BEHAVIOUR
A first simulation with the cavity without stiffening ele-

ments was done. The result (for a power input correspond-
ing to a low accelerating field of Eacc = 0.18MV/m) can
be seen in Fig. 4. Simulations with the cavity with differ-
ent stiffening elements have been performed. In Fig. 5 the
dependence of cavity frequency with the square of accel-
erating field is shown for the four cases considered (with-
out stiffening elements, with donut-ribs, with pipe stiffen-
ers and with both types of stiffening elements). The initial
frequency for Eacc = 0 is different for each case as a re-
sult of the different stiffness against the external Helium
pressure. Lorentz detuning factors as previously defined
are summarised in table 1. The effect of the stiffening ele-
ments is greater than the achieved, for example, by thermal
spraying [8].

Figure 4: Deformation field for a cavity with no stiffen-
ing elements, for an input power corresponding to Eacc =
0.18MV/m.

Figure 5: Lorentz force detuning of the spoke cavity in sta-
tionary condition, for different mechanical stiffeners incor-
porated. The absolute (a) and relative (b) changes of fre-
quency are represented.
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Table 1: Computed Lorentz Force Detuning Factors

Stiffening Element Detuning Factor (kHz/(MV/m))

No stiffeners -0.00368
Donuts -0,00289
Stiffeners -0,002718
Donuts and stiffeners -0,00252

PULSED BEHAVIOUR
In pulsed operation the RF power is applied to and re-

moved from the cavity in a cyclic way. During the time
duration of the pulse, the cavity starts to deform, and a
complex dynamic behaviour is set by the excitation of dif-
ferent mechanical modes of the cavity. If the pulse is long
enough, eventually the deformation will reach the steady
state as described in the previous section. But the power
pulse can finish before this happens. After the pulse has
finished, the excited mechanical modes can continue to be
activated until their energy is finally dissipated and the cav-
ity reaches again a steady state. The external He pressure
(established at 0.16MPa) will also excite dynamically the
cavity if it is included in the transient simulations. The de-
formation induced is much greater than the produced by the
Lorentz force, so to eliminate its influence on the studies a
very time consuming computation had to be done until the
steady state is reached. The result obtained with such a
simulation is shown in Fig 6. After about 10ms the cav-
ity continue to oscillate. To avoid this situation, the chosen
strategy has been to perform first a mechanical steady state
simulation with the He pressure, and afterwards the time
dependent one including the radiation pressure.

Figure 6: Transient deformation induced detuning of the
spoke cavity. The cavity starts at its no-load geometry and
then a static external load of 0.16MPa is applied at initial
time. After about 10ms the oscillations have been reduced.

The onset of the RF power is studied in Fig. 7. A
constant power (corresponding to an accelerating field of
Eacc = 10MV/m) is applied at time t = 0, and the defor-
mation of a cavity probe point in the surface is monitored.
The deformation of the point (in the area of maximum de-
formation near the beam pipe) oscillates due to the excita-
tion of a mechanical mode. This mode, with deformation

of the cavity ends, for this cavity has an eigenfrequency of
about 336Hz ( [6]). For the cavity without any stiffening
element (blue line in Fig. 7) the oscillation remains active
after the 10ms of computed time, so RF pulses of this and
shorter times will not reach an steady state during the pulse.
For the case with a cavity including all stiffening elements
(red line in Fig. 7), the oscillations are quickly damped.

Figure 7: Deformation of a selected point under a constant
RF power. The deformation oscillates due to the excita-
tion of the mechanical modes. The blue line corresponds
to a cavity without stiffening elements while the red one
includes all the stiffening elements considered.

The RF pulse profile simulated is shown in figure 8.
Starting at a time of 10ms a pulse of duration Tpulse =
2ms is applied. The power rises from zero to the maxi-
mum level in a time Tfill = 0.1ms. After the pulse du-
ration the level falls exponentially to zero with a time con-
stant τ = 10−4 secs. The power pulse power corresponds
to an accelerating gradient of 10MV/m.

Figure 8: Profile of an RF pulse used in this study stud-
ied. At the pulse starting time, the power rises linearly dur-
ing time Tfill until it reaches the pulse power. After the
pulse time Tpulse has passed, the power falls exponentially
to zero with a time factor τ0.

The frequency of cavity computed for the four different
cases considered can be seen in Fig. 9 for a pulse like the
one described. For the case without stiffening elements the
change in frequency is quite high and the oscillations re-
main after the pulse has ended. With stiffening elements
added to the cavity the frequency change is reduced to the
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Figure 9: Frequency of the cavity for the four cases con-
sidered in a fully transient simulation in a power pulse of
duration 2ms.

order of Hz during the pulse.

CONCLUSIONS
The Lorentz force detuning has been studied for a dou-

ble spoke cavity by means of coupled electromagnetic and
mechanical finite element calculations. Different stiffening
elements in the cavity has been considered. It has been that
the stiffening elements reduces the detuning in the static
case, as expected. In the time transient simulations, the
stiffening elements nearly make disappear the frequency
deviations.
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CAGE CAVITY: A LOW COST, HIGH PERFORMANCE SRF 
ACCELERATING STRUCTURE* 

J. Noonan, T.L. Smith,  M. Virgo, G.J. Waldsmidt, Argonne National Laboratory 
J.W. Lewellen, Los Alamos National Laboratory

Abstract 
The Cage Cavity is a new cavity technology using 

tubes formed into the shape of a solid wall cavity then 
assembled into a closed volume.  The theory is that the 
cage cavity will form a resonant cavity at RF frequencies 
below a critical frequency at which the cage structure 
behaves as a solid structure.  The primary advantage of 
the cage cavity is cost—a cage cavity structure is 
estimated to be 1/20th the cost of a solid wall structure.  
Several cage cavity structures have been fabricated and 
measured that demonstrate good RF properties.  
Importantly, simulations have identified a new cage 
cavity configuration in which an SRF cage cavity’s 
quality factor is >90% of a solid wall cavity.  The Cage 
Cavity must operate in a vacuum vessel which is also an 
RF cavity.  By choosing the cage cavity resonant 
frequency to be decoupled from the vessel’s higher order 
resonances, simulations show that the cage cavity Q can 
be ~95% of a solid wall SRF cavity.  The Cage Cavity 
design, fabrication costs, and high order mode behavior 
have a number of advantages over solid wall cavities. 

INTRODUCTION 
Next-generation high energy particle accelerators 

require RF cavities that have high accelerating gradients 
and cost effective. [1] Superconducting RF elliptical 
cavities are the preferred technology for efficient high 
gradient cavities [2].  SRF technology has made 
significant progress, especially in the last two decades. [3] 
However, SRF elliptical cavities are expensive and 
complex to fabricate and clean. 

In parallel with developments of bulk niobium 
superconducting RF technology, there has been 
significant research in alternative technologies for SRF 
cavities.  Cu cavities with Nb plating on the interior 
surface, lead cavities, hydroformed Nb,  metal-spun Nb 
and “polyhedral” cavities have been evaluated, although 
none have exhibited properties that approach bulk Nb 
cavities [4-6]. 

DESCRIPTION OF RF-FIELD 
CONFINEMENT (CAGE) CAVITY 

Instead of using solid Nb sheet, the RF field 
confinement cavity is formed using a cage constructed of 
tubes that are contoured to the shape of the cavity (Fig. 1) 
[7].  The fundamental principle is that closely spaced rods 

have a cut-off frequency below which RF waves, with the 
correct polarization, will be reflected by the rods.  When 
the rods are shaped to form an RF resonant cavity, 
electromagnetic models show that the cage cavity will 
have properties close to the solid wall cavity, i.e. the 
cavity will exhibit well defined resonant frequencies and 
its quality factor will be close to that of a solid wall 
cavity. 

Intuitively it is expected that the size of the gap 
between the tubes will determine the quality of the cage 
cavity.  In addition, the diameter of the iris is limited by 
the diameter of the tubes since the tubes converge at the 
iris.  The gap between tubes can be improved for a given 
tube and cavity iris diameter by interleaving a second set 
of tubes into the cage structure (Fig. 2).  

Multi-cell structures can be fabricated by using a die to 
form tubes with a multi-cell design.  In production, multi-
cell cage cavities would cost almost the same as multiple 
single cell cavities.  A die would form a single tube at a 
time to the multi-cell shell.  Then the tubes would be 
assembled into the cavity, as illustrated in Fig. 3.  The 
cage cavity technique could incorporate different cavity 
shapes into the multi-cell design, e.g. a third harmonic 
cavity could be integrated into the multi-cell shell by 
changing the tube die. 

The multi-cell cage cavity design would also simplify 
the cryomodule design.  Instead of complex He 
reservoirs, liquid He return lines, and comprehensive 
cryogenic mechanical and electrical connections, the 
liquid He would be run through each tube.   A heat shield 
would be cooled by the He return, and all of the 
components would be in a single vacuum vessel.  Even 
more important, the SRF cage structure could be operated 
using He gas at 5 to 6 K. 

THEORY AND MEASUREMENTS OF 
COPPER CAGE CAVITY PROPERTIES 
Two 40 tube copper cage cavities were fabricated in the 

shape of a TESLA elliptical cavity (Fig. 1).  The cavities 
were measured using an E8362B PNA Agilent Network 
Analyzer.  A two port technique measuring the frequency 
response of the S21 scattering matrix element determined 
the cavity resonant frequency and the cavity Q [8]. The 
cavities exhibited field confinement and well defined 
resonant modes.  The two test cavities had resonant 
frequencies of 1,254.082 MHz and 1,255.567 MHz, 
compared to a calculated 1,260 MHz.  The difference 
between calculations and measurements is 0.4%, and the 
difference between the two cavities is 0.12%.  However, 
the measured quality factor was between 778 and 1586 
which was lower than calculated. 

 ____________________________________________ 

*Research is funded by the Office of Naval Research under contract 
IPR N000141IP20030.  Argonne National Laboratory is operated by 
UChicago-Argonne, LLC for the U.S. Department of Energy under 
contract DE-AC02-06CH11357.  Correspondence to noonan@anl.gov 
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Figure 1:  40 tube copper TESLA cage cavity in a 
network analyzer test station. 

 
Figure 2:  Model of a 72 tube interleaved TESLA cage 
cavity. 

 
Figure 3:  Model of a 9 cell accelerating structure with 
TESLA cavities. 

An FEA analysis of the copper cage cavity is 
summarized in Table 1.  The electromagnetic codes HFSS 
and Omega3P were used to model the fields in the 
cavities.  Results for a standard solid wall TESLA cavity 
are given as a reference.  The fields were calculated to 
produce a 20 MV/m (average) accelerating field.  The 
fields for two cage cavities, a 44 tube and a 60 tube 
cavity, are compared with the solid wall cavity.  In order 
to fabricate a 60 tube cavity, two rings of interleaved 
tubes are required, as shown in Fig. 2.  Simulation results 
of the cage cavities exhibited field confinement and a 

fundamental frequency that was approximately the same 
as the solid wall cavity.  Other simulated properties for 
the cage cavity differ from properties of the solid wall 
(standard) cavity, as shown in Table 1.  The Q’s of the 44 
and 60 tube cavities are ~70% and ~90% of the solid wall 
copper cavity, respectively.  Due to moderate field 
penetration of the fields into the gap between the tubes, 
the resonant frequency is lower.  In addition to increased 
power loss, Bmax is higher for the cage cavity as 
compared to the reference.  The 60 tube cavity has 
improved performance over the 40 tube cavity because it 
has more surface and smaller gaps between the tubes. 

The discrepancy for the cavity quality factor between 
the model and measurements must be understood before 
the cage cavity is viewed as a viable accelerator cavity. 

Intuitively the discrepancy between the measured and 
computed quality factor is radiation losses.  Simulations 
of this geometry were carried out using Omega3p, a 
parallel finite-element eigenmode analysis code for 
resonant cavities developed by the Advanced Computing 
Department at SLAC National Accelerator Laboratory 
[9].  The computer simulations take advantage of the 40-
fold symmetry of this cage configuration to reduce the 
computation time.  The computational volume used is a 9 
degree slice containing a single tube. The number of mesh 
elements is typically about 100k.  The radiated power was 
calculated using a special module in Omega3P.  By using 
the improved code, the calculated quality factor for a 
copper cage cavity in free space reduced to 2,000.  
Although the calculations and measurements are in 
reasonable agreement, a cage cavity with low quality 
factor is only of intellectual interest. 

As the calculations for free space imply, the 
environment around the cavity influence the cavity 
quality factor.  An experiment was performed in which a 
cage cavity is installed in a vacuum vessel. (Fig. 4) A 
simple plunger-type tuner was also installed in an 
available 4” port.  The cavity Q immediately improved 
from 1586 to ~9,000.  When the tuner’s position was 
changed, the Q could be changed from ~200 to ~10,000.  
The chamber was not optimal, but the experiment 
illustrates a way to have a cage cavity with high quality 
RF properties. 

 

 
Table 1:  FEA Model of RF Properties for TESLA Cavity Parameters Assuming Copper Cavities and a 20 MV/m Average 
Accelerating Field. 

 HFSS   Omega3P 
 Solid wall Cage   
Cavity Shell Single row Interleaved Single row 
Tube qty/diam n/a 44/0.2” 60/0.2” 44/0.2” 
 Fo (GHz) 1.29 1.26 1.28 1.26 
Pwr loss (kW) 486.5 699.6 530.6  
Q 29,900 21,377 27,146 20,358 
Emax (MV/m) 22.4 28.9 30.2  
Bmax (mT) 57.6 116 100  
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Figure 4:  Copper cage cavity in a vacuum chamber. 

SIMULATIONS FOR A SRF CAGE 
CAVITY 

Generally speaking, the volume surrounding a cage 
cavity may take any shape and may be closed by any 
combination of boundary conditions. For this analysis, we 
restrict our attention to a one simple example: a single 
cell TESLA cavity enclosed within a conducting pillbox. 
Beam pipes are extended from the beam ports of the 
cavity to the faces of the pillbox. This geometry was 
chosen because it is straight forward to simulate while 
clearly demonstrating the characteristic behaviors. The 
exterior volume defined by this geometry is itself clearly 
a resonant cavity, one which can be roughly described as 
a length of coax capped on both ends. Its resonant 
frequencies can be tuned by varying the length and 
diameter of the pillbox. The cage cavity (along with the 
beam pipe extensions) is taken to be superconducting, 
while the outer shell is taken to be copper (Fig. 5).  The 
fields inside the cage cavity are coupled to the fields of 
the exterior volume by the apertures formed by the 
spacing between the tubes. As a consequence, when the 
frequency of a resonant mode of the exterior volume lies 
close to the accelerating mode of the cavity, there is a 
strong coupling between the modes. In this circumstance, 
the exterior fields are similar in magnitude to the fields 
inside the cavity. Because of the normal conducting 
surfaces enclosing the exterior volume, the wall losses are 
then similar in magnitude to those of a normal conducting 
cavity. For a superconducting cage cavity, avoiding these 
resonances is necessary. 

Figure 6 illustrates how the eigenmode distribution of 
the exterior volume influences the magnitude of the wall 
losses. When analyzing the overall efficiency of the 
cavity, it is necessary to separate the losses occurring on 
normal conducting surfaces from those occurring on 
superconducting surfaces.  The minima are where the 
power in the cage cavity is fully coupled to the vessel 
cavity.  The Q at the minima is equal to the quality factor 
of the vessel, which is ~20,000—the log scale makes it 
appear to be zero.  The maxima are where the cage cavity 
is decoupled from the resonant modes of the vessel.

Figure 5: Cross section of FEA model of the cage cavity. 

Figure 6:  Plot of the cage cavity quality factor as a 
function of chamber length and diameter. 

It is important to understand that evaluation of the cage 
cavity is different than the conventional understanding of 
solid wall cavities.  The two major aspects of current SRF 
research are high cavity Q and high accelerating gradient.  
The high cavity Q is to reduce power deposited into the 
liquid helium bath.  The power losses of the cage cavity 
are different.  Some of the heat is deposited into the 
cryogenic fluid.  However, the radiation losses are 
deposited into the vessel wall, which will also be the first 
heat shield in a cryomodule.  The accelerating gradient 
will be lower than a solid wall cavity for a given 
geometry.  The maximum B and surface E fields are 
higher for a cage cavity (see Table 1).  Therefore, the 
maximum accelerating gradient is lower.  Research on the 
high field performance of the cage cavity is being 
performed now. 

The RF spectrum of the cage cavity at the maxima is 
almost the same as the spectrum for a solid wall SRF 
cavity (Fig. 7).  The E-fields from the cage cavity in an 
optimized vessel are shown in Fig. 8 as a false color map 
of intensity.  The cage cavity clearly demonstrates field 
confinement. 

One of the advantages of the cage cavity is the ability 
to reduce the “fill factor” in a linac.  In conventional 
linacs, the power coupler and the HOM dampers are 
installed in series with the structures in the beam line, 
reducing accelerating efficiency.  Power coupling and 
HOM damping can be done coaxially for the cage 
structures.  Figure 9 illustrates HOM damping by 
installing waveguide HOM dampers in the vessel wall.  
Most of the HOM resonances are damped.  Research to 
design dampers to suppress the remaining resonances is in 
progress.
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Figure 7: Comparing calculated RF spectru
cage cavity. 

 

Figure 8: Intensity map of the E-field for a
vacuum vessel that is optimized for high qu

Figure 9: Comparing calculated RF spectr
cavity (blue line) and the spectrum with 
damping (green)  

CONCLUSIONS 
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THE MULTIPACTION ANALYSIS OF THE HWR AT RISP∗

G. T. Park †

Rare Isotope Science Project, Institute for Basic Science, Daejeon, Korea

Abstract
The half wave resonator (HWR) has been developed for

the low-medium energy acceleration in RAON, the pro-
posed heavy ion accelerator at rare isotope science project
(RISP). This paper reports the progress on the multipaction
study and the related issues. The simulation result by 3D
solver CST-PS (PIC) is presented: the multipaction of the
cavity, the effects of the rinsing ports, the effect of the cou-
pler.

INTRODUCTION
A parasitic electron loading caused by the multipact-

ing discharge of the electron in the superconducting cav-
ities can spoil the high quality factor as well as collision-
induced heating, followed by the thermal breakdown. Al-
though the multipacting (MP) can be usually processed in
RF conditioning, the processing time could take long and
there are MP’s that survive the processing near the oper-
ating voltage of the cavities. Thus the cavity must be de-
signed to avoid the MP’s.

In this paper, we report the study on the multipaction of
the β = 0.12 HWR (see Fig.1) and the related issues such
as the effects of the rinsing ports and the couplers. The
relevant specification of the HWR for the MP simulation is
given in Table. 1. We simulate the MP’s using CST-PS (PIC
solver) to identify the location and the bandwidth of the
accelerating voltage where the multipactions take place. If
any, the multipaction must be away far from the operating
accelerating voltage.

Figure 1: 3D view of the HWR.

In the simulation, the HWR is assumed to be made of the
the niobium baked out at 300C, whose SEY curve is shown
in Fig.2

∗Work supported by ICT, MSIP, NRF
† gunnpark@ibs.re.kr

Table 1: Specifications of the HWR

Figures of merit Unit Value

Vacc MV 1.21
Leff m 0.22
Eacc MV/m 5.47
f MHz 162.5

Figure 2: SEY curve of the niobium baked out at 300 C.
More emittant electrons than incident ones between 100 ∼
2000 eV.

The MP simulations were done in three steps. First, we
used the cavity geometry without the coupling ports (rins-
ing ports and the coupler ports). Secondly, we included the
rinsing ports. The rinsing ports with the blending is known
to change the magnetic field [1] and subsequently the tra-
jectories of the electrons near the short plates. Thus we
inspect the MP in the presence of the rinsing port with the
optimized blending radius. Finally, we added the coupler
to the cavity to see the effects of MP’s in the coupler on
the cavity, i.e., the electrons multipacted from the coupler
migrate into the cavity for further multipaction.

MULTIPACTION OF THE CAVITY
The Global Multipaction in the HWR

The geometry of the HWR suggests that the dangerous
regions for the multipaction are capacitor region for the
two-point MP, the short plates for the two-point MP, the
stem region for the one-point MP and two-pont MP’s. Due
to the limit on the CPU memory and simulation time, we
simulate the MP for the entire region of the HWR with
smaller number of electrons, coarser mesh, and the larger
step for ramping the accelerating voltage, while as more de-
tailed, separate simulation is done for the aforementioned
dangerous region.

The simulation with the initial design showed the strong
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multipaction near the operating accelerating voltage only at
the short plates, which agrees with the previous studies on
the similar HWR’s. [2, 3]

(a) Particle sources of
the simulation in the
HWR.

(b) Multipacting electrons
near the short plate.

(c) Schematic view of the
multipaction.

Figure 3: The multipaction simulation. In (c), electrons are
in cyclotronic motion due to magnetic field.

More specifically, the 1st order two-point MP took place
at the short plates as shown in Fig. 3 (b). The dominant
motion of the electrons is determined by the magnetic field,
which leads to cyclotronic motion with the radius R given
as

R =

√
mK

B0e
. (1)

Here B0 is the approximately uniform magnetic field near
the short plate, K is kinetic energy of the electron, and
m, e are the mass and the electric charge of the electron
respectively. Thus the resonant condition is given by

B0 =

√
2mω

en
. (2)

Here n is the order of the multipaction, ω is the RF fre-
quency.

In general, the multipaction in the region where E field
is small (such as near the short plates) can be sensitive to
the convexity of the surface. While the resonant condition
is mostly determined by B field, the small E field also can
perturb the trajectories of the electrons causing the resonant
trajectories move elsewhere (Fig.4).

Once moving around with the different geometry, it be-
comes more difficult to maintain the resonant condition.
Thus, concave(convex) surface with the E field (normal to
the surface), can (de)stabilize the migration of the multi-
pacting trajectories. Therefore, the easiest solution to our

(a) short plate with
less flat region.

(b) short plate with more flat
region.

Figure 4: The electric fields in different geometry. Red ar-
rows are the electric fields while black lines are short plate
surface.

problem was either to reduce the blending radius of the
short plates or to increase the flat region in the short plate
by reducing the inner conductor radius. The first option
was discarded since it gives less mechanical strength to
the cavity. But the second option means the less tapering,
which was introduced to reduce the peak magnetic field.
We made some parameter study for the radius of the inner
conductor to find the maximum radius that eliminates the
multipaction, which turns out to be r = 45 mm (Fig.5).

Figure 5: The multipactor as a function of the accelerator
voltage(multiplying factor).

In Fig.6, the resulting multipaction is shown. With the
smaller radius (and the more flat region), the multipaction
except for the very low accelerating voltage vanished.

Figure 6: The multipactor as a function of the accelerator
voltage(multiplying factor).

Mutipaction with the Coupling Ports
To get a more realistic model, we included the rinsing

ports, which in general enhances the peak magnetic field.
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The peak field is reduced as well when the blending ra-
dius of the ports are increased [1]. In case of the HWR at
RISP, the effect of the blending radius turns out to be neg-
ligible as shown in Fig.7. The reason for this small effect
comes from the fact that the peak magnetic field is located
(slightly) below the short plates unlike in [1]. For engineer-
ing convenience, the radius was determined to be 5 mm.

Figure 7: The peak magnetic field (T) vs. blending radius
(mm) of the coupling ports.

According to (1), with the rinsing ports the radius of the
cyclotronic orbit is reduced leading to the different reso-
nant condition. The simulation study on the MP was done
(Fig.8). Compared to Fig.6, the weak yet genuine multi-

Figure 8: The multipaction of the HWR with the rinsing
ports.

paction (with multipaction level∼1.5) is prevalent in prox-
imity of the operating range of the accelerating voltage.
Since this is not a strong MP, we expect that it will be pro-
cessed straightforwardly.

THE EFFECTS OF THE COUPLER
Specification of the Coupler

The power coupler for the HWR is supposed to deliver
5 ∼ 6 kW. Its characteristic impedance Z for the coaxial
coupler is determined as

Z =
1

2π

√
µ0

ε0
ln (b/a), (3)

where a is inner radius and b is outer radius. In turn, a, b
would be determined by considering as low peak electric
field Ep and the power loss αc as possible. The initial
choice was 50 Ω, which is connected to the RF power line
without any modification.

Multipaction with the Coupler
The coaxial power coupler has its own multipaction,

which could serve as an ample electron source for further

multipaction in the cavity. Thus we study the multipaction
of the coupler and its effect on the cavity (Fig.9).

(a) Particle source of the coupler.

Tuesday, September 17, 2013

(b) SEY curve of the copper. SEY is bigger than 1
between 100 and 2000 eV.

Figure 9: Schematic view of the coupler and SEY curve for
the copper.

The empirical formula for the n-point multipaction was
given in [4]

Pm ∼ f4d4Zn, (4)

where Pm is resonance peak, d = b − a and this suggests
that the reducing the distance d will shift the resonance
peak to the left (smaller). The simulation for the initial
design is done with a = 8.7 mm, b = 20 mm (Z = 50 Ω)
and showed a strong multipaction near the operation range
of the cavity, i.e., 0.7 ∼ 1.2 MV. We changed the inner ra-
dius a to 10 mm while keeping the outer radius the same for
the engineering reason. This implies Z = 42.1 Ω but the
peak of the resonance band is shifted lower and the muli-
paction level in the operating range is now significantly
down (Fig.10).

Figure 10: The multipaction of the coupler.

Multipaction of the Cavity with the Coupler
Since the multipaction that did not show up in the suc-

cessful vertical test could appear in the cryomodule test
after the power coupler in full capacity is installed, one
needs to simulate the multipaction including the coupler
(Fig.11).
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Tuesday, September 17, 2013

Figure 11: The cavity with the coupler. Yellow bar is the
antenna of the coupler.

The simulation result is shown in Fig. 12. As shown,
there is no strong multipaction over the entire accelerating
voltage range.

Figure 12: The multipaction of the cavity with the coupler.
Shown is the number of the electrons vs. time for various
accelerating voltage between 0 and 1.2 MV.

SUMMARY
• With the modified geometrical design in the short

plate, we have the HWR free from the multipaction
near the operational range of the accelerating voltage.
• The coupler partially has the multipaction, but the

work is in progress toward the complete reduction of
the multipaction in the operational range.
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THE RESEARCH ON SPOKE 0.40 CAVITY* 

P. Sha
#
, H. Huang, W. M. Pan, X. Y. Zhang, IHEP, Beijing, China

Abstract 
Spoke superconducting cavity can be used in the low-

energy section of the proton accelerator. It has many 

significant advantages: compact structure, high value of 

R/Q, etc. The Chinese ADS (Accelerator Driven System) 

project will adopt many spoke cavities with 3 different β 

values (0.12, 0.21, 0.40). Spoke040 cavities (Geometric β 

= 0.40) are used to increase the proton energy from 34 

MeV to 178 MeV. Now the physical design of spoke040 

cavity has been finished, and the machining of prototype 

is undergoing right now. The vertical test is supposed to 

be held at the beginning  of next year.  

INTRODUCTION 

ADS project is proposed to transmute the nuclear waste 

in China [1]. The ADS accelerator consists of two 

injectors and one main LINAC, which will be built by 

IHEP and IMP. Spoke040 cavity is adopted in Injector I, 

as Figure 1 shows. Its RF and mechanical design will be 

presented in this paper. 

RF DESIGN 

Spoke040 cavity is the biggest of the three spoke 

cavities. According to the requirement of beam dynamics, 

50 mm is chosen to be the diameter of beam tube. When 

the accelerating gradient (Eacc) reach 7.7 MV/m 

(maximum value), the peak electric field (Epeak) should be 

below 32.5 MV/m and peak magnetic field (Bpeak) should 

be less than 65 mT. The distance of gap-center to gap-

center is defined to be βλ/2. 

Initially a flat end-wall structure of Spoke040 cavity 

has been presented. Later, a convex end-wall [2] is 

adopted for better mechanical performance, which is 

shown in Figure 2. 

The goal of RF design is to maximize R/Q and G, while 

minimize the peak electric filed (Epeak/Eacc) and peak 

magnetic field (Bpeak/Eacc). The width (W), thickness (T) 

and diameter (D) of spoke are optimized to achieve this 

goal.  

 

 

Figure 2: Flat and convex end-wall of Spoke040. 

The electric filed mainly concentrates at the centre of 

spoke, so T and W are optimized to achieve low peak 

electric field. Figure 3 shows the simulation results. 

 

Figure 1: Layout of ADS accelerator. 

 
 ___________________________________________  

*Work supported by the “Strategic Priority Research Program” of 

CAS, Grant No. XDA03020800 
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(a) 

 

(b) 

Figure 3: Optimization of peak electric field. 

The magnetic field mainly concentrates at the end of 

spoke, so D is optimized to achieve low peak magnetic 

field. Optimization of Bpeak is more important, because it 

is very close to  the value 65 mT. Figure 4 shows the 

simulation results. 

 

Figure 4: Optimization of peak magnetic field. 

The final RF parameters are listed in Table 1. 

Table 1: Main Parameters of Spoke040 Cavity 

Parameters Value Units 

Diameter 556 mm 

length 386.5 mm 

Beam aperture 50 mm 

R/Q 250 Ω 

G 104 Ω 

Epeak/Eacc 3.6  

Bpeak/Eacc 8.2 mT/(MV/m) 

MECHANICAL DESIGN 

The goal of mechanical design is to make df/dp as low 

as possible and obtain enough tuning range. Because ADS 

is a CW LINAC, Lorentz force detuning isn’t serious [3]. 

Stiff ribs have been added to minimize frequency shifts 

and stress due to the pressure vibration. But the cavity 

shouldn’t be too solid, which would reduce the tuning 

range. So there’s a compromise between df/dp and tuning 

capacity in the mechanical design. Many stiff schemes 

have been analyzed, and the final edition is showed in 

Figure 5.  

 

 

Figure 5: Schematic of Spoke040 cavity and stiff ribs.  

Main mechanical simulation results are listed in Table 2 

when the cavity withstands the pressure of 1.5 bar at room 

temperature.  

Table 2: Margin Specifications 

Parameters Ports free Ports locked 

Peak stress (MPa) 85 38 

Peak deformation (mm) 1.32 0.136 

Df/dp (kHz/torr) -0.67 -0.044 

 
The distribution of deformation and stress under 1.5 bar 

is showed as Figure 6 when ports are locked. Maximum 

deformation locates at the centre ring of the cavity, while 

maximum stress locates at the stiff ribs around beam tube. 
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(a) 

 

(b) 

Figure 6: Distribution of deformation (a) and stress (b). 

Tuning is very important because tuning sensitivity of 

Spoke040 cavity is too low (250 kHz/mm). Two tuners 

(one per side) will be adopted in order to increase the 

tuning range, which also keep tuning loads symmetrical. 

The tuning range is required to be over 200 kHz, and the 

maximum force produced by each tuner should be more 

than 5 kN. Then, maximum deformation would reach 0.42 

mm and maximum stress 37 MPa. 

MACHINING 

Machining of the prototype has begun at this summer. 

Several components have been obtained through deep-

drawing, as Figure 7 shows. It’s planned to complete the 

machining at the end of this year. 

 

Figure 7: Components after deep-drawing. 

CONCLUSION 

Design of Spoke040 cavity has been completed, which 

meets the requirement of beam dynamics. And the 

fabrication has begun, too. Vertical test will be held to 

verify the performance of the prototype in future. 
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SIMULATIONS OF MECHANICAL RESONANCES IN SRF CAVITIES IN 
LOW BEAM CURRENT CW OPERATION 

N. Solyak*, M. Awida, I. Gonin, T. Khabiboulline, Y. Pischalnikov, W. Schappert, V. Yakovlev 
FNAL, Batavia, IL 60510, USA

Abstract 
The low beam current for CW operation of the planned 
accelerator facilities requires cavities to be mechanically 
optimized to operate at a high loaded Q and thus, low 
bandwidth with higher sensitivity to microphonics. The 
essential source of microphonics detuning is fluctuations 
in the helium pressure df/dp. Last year’s several methods 
for reducing df/dp has been proposed. One of the other 
possible sources of RF frequency instability is mechanical 
resonances. The cavity could be driven out of operating 
frequency by the mechanical deformations due to 
vibrations caused by external factors. In this paper we 
present the COMSOL multiphysics algorithm developed 
for evaluation of operating frequency shift due to 
mechanical resonances in SC cavities. We discuss the 
results of simulations for 9-cell elliptical 1.3 GHz 
cavities. The comparison of COMSOL simulations and 
measurements of ILC type cavities at KEK as part S1 
global program and in Horizontal Test Stand at Fermilab 
is presented. All high gradient cavities in cryostat #2 will 
be measured to get more statistics. 

COMSOL SIMULATIONS 
COMSOL multiphysics software has been used to 

develop the algorithm of calculations of mechanical 
resonances in the complete cavity assembly, including the 
Helium tank and the blade tuner, CAD model of cavity 
assembly is shown in Figure 1. 

 

Figure 1: CAD model of an ILC cavity.   

NX software was used to create the full coupled model 
consisting of the RF domain and helium vessel assembly. 
Figure 2 shows detailed cross-section of the mechanical 
assembly including the niobium cavity shell and helium 
vessel. Material properties for 2 K operating temperature 
used in the simulations are listed in Table 1. Boundary 
conditions used in calculations are the following:  

 fixed displacement of the Vessel supports 
 tuner stiffness is simulated by applying the spring 
constant as shown in the Figure  2. 

 
Figure 2: Solid model used in COMSOL. Materials:      

Niobium, Titanium,  Niobium-Titanium 

 
Table 1: Mechanical Properties of Materials at 2K 

 Yuong’s 
modulus,GPa 

Poisson’s 
ratio 

Density 
kg/m^3 

Niobium 118 0.38 8700 

Titanium 117 0.37 4540 

Niobium-Titanium 68 0.33 5700 

 
Figure 3 shows the COMSOL plots of displacement of 8 
lowest mechanical modes, 5 of them are transverse (blue 
background) and 3 are longitudinal (yellow background). 
Longitudinal modes typically have higher contribution to 
the RF frequency shift, than transverse one for the same 
excited amplitude. In simulations we not include tuner 
itself (weight and location asymmetry) and liquid helium 
inside the vessel.  

 
Figure 3: Plot of displacements of 8 lowest mechanical 

modes in ILC dressed cavity. Tuner stiffness =20 kN/mm. 

Blade-tuner stiffness is varying from cavity to cavity. 
Figure 4 shows the dependence of frequencies vs. tuner 
stiffness for three lowest longitudinal modes. Lines in this 
plot corresponds the first three frequencies measured for 
cavity equipped with blade-tuner in S1 global studies. 
Stiffness of the blade tuner was approximately 20-30 
kN/mm. 

 ___________________________________________  
#  solyak@fnal.gov 
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Figure 4: Frequencies of the first 3 longitudinal modes vs. 
tuner stiffness. Three lines represent the measured 
mechanical frequencies of the blade-tuner equipped 
cavity at S1G experiment. 

EXPERIMENTAL MEASUREMENTS OF 
CAVITY MECHANICAL RESONANCE 

FREQUENCIES  
Two ILC type cavities (C1-AES004 and C2-ACC011) 

equipped with blade tuner were carefully studied in frame 
of S1 global program at KEK [1]. Cavity was measured in 
cryostat after cool-down. Another two cavities with same 
design were studied in Horizontal Test Stand (HTS) at 
Fermilab. All cavities have been measured with two 
different methods: CW and pulse mode. In first method 
the cavity was powered by low signal (~1 W) in CW 
mode. Phase difference between Pi & Pt signals when 
cavity mechanically excited by short piezo pulses has 
been recorded and analyzed (Figure 5).  Cavity worked at 
pulse RF power mode (~1 ms) for alternative, second 
method of measuring cavity’s mechanical resonances. 
Cavity has been mechanically excited by short piezo 
pulses some ms prior to the arrival of the RF pulse. The 
cavity response to the piezo excitation can be measured in 
time window defined by RF pulse. The response can be 
characterized by a 2-dimensional array relating the 
amplitude of the piezo impulse at any time relative the 
arrival of the RF pulse to the detuning of the cavity at any 
point in time during the RF pulse. This array can be used 
to obtained piezo-detuning impulse response. 

  
Figure 5: The Piezo-Detuning Impulse response of blade 
equipped cavity C1 in CW mode of operation. Cavity 
installed into S1G module. Insert: FFT of the response. 

Next Figure 6 shows the comparison of both methods for 
a blade tuner equipped cavity C1 at S1G studies. Figure 7 
shows difference in response between C1 and C2 in CW 
mode. 

 
Figure 6: A comparison of the Piezo-Detuning Impulse 
response measure during CW and Pulse operation for 
cavity C1 equipped with blade tuner and installed into S1 
Global cryomodule.  

 
Figure 7: FFT of piezo impulse response for two cavities 
tested in CW mode in S1G experiment. 

S1-Global experiment provided unique opportunity to 
measure with the same technique cavities equipped with 3 
different tuners.  In addition to the cavities with blade 
tuner two more tuners (Sclay/DESY scissor style side 
tuner and KEK- slide jack tuner) measured at CW and RF 
pulse mode. Results are presented in Figure 8. One can 
see that in cavity with Saclay tuner one frequency is 
dominates, while other tuners have several mechanical 
modes with comparable contribution to the cavity 
detuning. 

  
Figure 8: A comparison of the Piezo-Detuning impulse 
response measure during CW (green) and Pulse operation 
(blue) for cavity equipped with DESY/Saclay tuner (left) 
and KEK tuner (right) installed into S1-Global 
cryomodule.  
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Another cavity equipped with blade-tuner (TB9AES009) 
was measured in RF pulse and CW modes at HTS/ 
Fermilab. Figure 9 shows the cavity detuning impulse 
response of the cavity in 1 ms RF pulse mode operation.  
Three strongest mechanical resonance frequencies of 
cavity are presented in the Table 2 for RF pulse and CW 
mode of operation. Modes in table are listed according to 
their strength. One can see that third mode in pulse and 
CW regime has different frequency. It possible that mode 
3 and 4 (not shown in table) has comparable contribution, 
and was counted in different order for pulse and CW 
regime of testing.  

 
Figure 9: The Piezo-Detuning Impulse response of blade 
equipped cavity in RF pulse mode of operation. Cavity 
TB9AES009 installed into HTS. 

Table 2: Cavity (TB9AES009) mechanical resonance 
frequencies measured in RF pulse and CW mode 
operation. Strength is shown in arbitrary units. 

RF pulse mode CW mode 

Frequency 
(Hz) 

Strength 
(a.u.) 

Frequency 
(Hz) 

Strength 
(a.u.) 

147 1 145 1 

387 0.52 350 0.8 

470 0.47 160 0.48 

 
Recently we tested one more cavity in CW mode at 

HTS. This test was performed after tuner lifetime studies. 
The stiffness of the tuner position was small after failure 
of the stepper motor at the end of the tuning range. To get 
a better statistics and understand errors of measurements 
100 pulses were recorded and analyzed.  Table 3 
presented frequencies of the mechanical modes, averaged 
over 100 seeds.  
Table 3: Frequencies of mechanical resonances measured 
for cavity C4 in CW mode at HTS.  

Frequency (Hz) Strength (a.u) 

192.277 0.0970 

194.216 0.0799 

220.954 0.0708 

350.211 0.0680 

300.044 0.0610 

Measured power spectrum from piezo impulse response 
and calculated one from resonance modes are shown in 
Figure 10 for comparison   

 
Figure 10: Measured and calculated spectrum of the 
cavity impulse response. 

Results from HTS may not be the same as obtained 
from cavity installed in cryostat, due to different 
environment.  In HTS cavity is sitting on table (Figure 
11), while in cryostat it is connected to return pipe. 

 

 
Figure 11: 1.3 GHz cavity loaded to HTS  .

SUMMARY AND FUTURE PLANS 
Full mechanical model of the ILC type cavity equipped 

with blade tuner was built and bunch of simulation was 
done to understand mechanical properties of design and 
effect of mechanical resonances on cavity detuning. 
Measurements of the cavity detuning response on piezo 
pulse in short RF pulses and in CW mode were performed 
for several cavities, two of them were installed at KEK 
cryomodule in frame of S1G studies and two other tested 
in HTS at Fermilab. Results shows that cavity with blade-
tuner has several mechanical resonances that contribute to 
detuning. The frequencies of resonance are scattered from 
cavity to cavity, depending of stiffness of tuner and 
probably environment. For better understanding we are 
planning to measure all eight ILC cavities equipped with 
blade-tuner installed in CM2 at NML. These cavities were 
measured in 1 ms pulses in HTS prior installation and 
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comparison these data with those obtained in CM2 will 
clarify the picture.   
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SUPERCONDUCTING RF CAVITY DEVELOPMENT WITH UK INDUSTRY 

A.E. Wheelhouse, R.K. Buckley, L Cowie, P. Goudket, A.R. Goulden, P.A. McIntosh, ASTeC, 

STFC, Daresbury Laboratory, Warrington, UK. 

J. Everard, N. Shakespeare, Shakespeare Engineering, South Woodham Ferrers, Essex, UK. 

C.A. Cooper, C. Ginsburg, A. Grassellino, O.S. Melnychuk, A. Rowe, D.A. Sergatskov, Fermi 

National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510-5011, USA. 

 

Abstract 
As part of a continuing STFC Innovations Partnership 

Scheme (IPS) grant, in support of enabling UK industry 

to address the large potential market for superconducting 

RF structures, Daresbury Laboratory and Shakespeare 

Engineering Ltd are developing the capability to 

fabricate, process and test a niobium 9-cell 1.3 GHz 

superconducting RF cavity. A single-cell cavity fabricated 

under this grant was surface processed and tested at 

Fermilab, and achieved an accelerating gradient in excess 

of 40 MV/m at an unloaded quality factor in excess of 1.0 

x 10
10

. This paper presents the results of the single-cell 

cavity testing and discusses the progress made to date in 

the development of the design and manufacture of a 9-cell 

niobium cavity, which Shakespeare Engineering Ltd will 

fabricate and which is anticipated to be qualified in 2014. 

INTRODUCTION 

Previously as part of a STFC Industrial Programme 

Support Scheme (PIPSS) grant provided to ASTeC 

(Accelerator Science and Technology Center) Department 

at Daresbury Laboratory and Shakespeare Engineering 

Ltd [1] 3 single-cell 1.3 GHz niobium superconducting 

RF (SRF) cavities were fabricated in collaboration with 

Jefferson Laboratory [2]. The programme to support the 

development of the UK capability to fabricate, process 

and test SRF cavities has been further continued through a 

3 year STFC Innovations Partnership Scheme (IPS) grant. 

The aim of the programme of work is to fully qualify the 

single cell cavities and to develop the capabilities to 

fabricate and test a 9-cell SRF cavity. Following on from 

the single-cell cavity a staged approach to the 

development is planned, thus initially a 2-cell cavity will 

be fabricated so as to verify the design of the cells (end 

and centre cells) and to gain experience in the fitting of 

stiffening rings, both longitudinally and radially in 

relation to the inner surface of the half-cell. The overall 

objective for the 9-cell cavity is to achieve an accelerating 

gradient of greater than 20 MV/m at an unloaded quality 

factor, Qo better than 1.0 x 10
10

 and a gradient greater than 

30 MV/m after performing electro-polishing (EP) 

chemical processing. The step from a single cell cavity to 

a 9-cell cavity also introduces additionally fabrication 

complications such as the cell to cell alignment, tuning 

robustness and uniformity, tolerance management, 

cleaning/processing compliance, and RF surface integrity 

management, which are to be investigated.  

Additionally an automated Buffered Chemical Polish 

(BCP) etching system and a High Pressure Rinse (HPR) 

system are being installed and commissioned at 

Daresbury Laboratory to facilitate the fabrication of the 

cavities. 

SINGLE CELL CAVITY EVALUATION 

Previously reported [2] processing and qualification 

testing was performed at Jefferson Laboratory on PIPSS 

cavity #01. The cavity was initially BCP etched and HPR 

(Tests #01 and #02), followed by a vacuum bake at 600°C 

for 10 hours with an additional BCP etch and a HPR (Test 

#03), and finally with a further HPR (Test #04). The 

target was to achieve an accelerating gradient of 

15 MV/m at a Qo of 1.0 x 10
10

 at 2K, which was 

successfully managed during the first test with a gradient 

of 15.7 MV/m and subsequent processing enabled the 

cavity to reach 22.9 MV/m with a Q0 of 1.06 x 10
10

 at 2K 

(Fig. 1). However, multipactor was present at around 

16 MV/m. 

 

 

Figure 1: Performance results for PIPSS cavity #01 tested 

in the vertical test stand at Jefferson Laboratory after BCP 

processing. 

Qualification tests on the single cell cavity PIPSS #03 

has been performed by Fermilab in their vertical test 

facility as part of a collaboration agreement. An initial 

evaluation was performed after a bulk EP processing, 

followed by an 800ºC hydrogen degas and a light EP 

process. As shown in Fig. 2 the cavity achieved a gradient 

of 25 MV/m with Qo=1.5 x 10
10 

under 2K conditions and 

was limited by a quench at 25.5 MV/m, which would not 

process out. Some soft multipacting was noted in the 

typical 19 MV/m region for an ILC-shaped cavity which 

was processed away. 
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Figure 2: Performance results for PIPSS #03 tested at 

Fermilab after EP processing. 

At Fermilab a programme of work to develop the 

capability Centrifugal Barrel Polishing (CBP) [3], is on-

going with one of the aims being to potentially remove 

the need for acid processing of cavities [4].  Thus the next 

stage of processing performed on the cavity was a CBP, 

followed by a light 30 µm EP process, an 800ºC 

vacuum bake for 3 hours and a HPR. An increased 

accelerating gradient of 25 MV/m at Qo of 2.0 x 10
10 was 

achieved at 2K. Once again it was necessary to process 

through a region of multipactor, with the onset 

occurring at 16 MV/m. However, this time X-rays 

were observed with maximum level of 5 µSv/hr being 

observed at a gradient of 16.5 MV/m. The cavity then 

received a 120ºC vacuum bake and was retested at 2K 

(Fig. 3). Initially multipactor was observed at gradients 

between 20 and 30 MV/m with X-ray levels of up to 

0.3 µSv/hr. After conditioning an increased gradient of 

40 MV/m with a Qo of 1.0 x 10
10

 was achieved and was 

limited by a quench at 41 MV/m. 

 

Figure 3: Performance results for PIPSS #03 tested at 

Fermilab after CBP and a 120ºC vacuum bake. 

Further vertical tests incorporating a T-map facility are 

planned to enable analysis of the location of the 

multipactor.  

FACILITIES 

To enable the step from processing a single-cell cavity 

to that for a 9-cell cavity the facilities have been 

expended to include a fully automated BCP etching 

facility and an automated HPR stand. 

The BCP cabinet (Fig. 4) has been manufactured by 

Engenda Process Design Ltd (formally S. J. Process Ltd) 

[5], based in the UK. The system is a fully enclosed 

within a walk-in type of fume cupboard and includes 

extraction system exhausted to an alkali scrubber to 

greatly reduce the risk to the operator of exposure to the 

hazardous chemical fumes. The cavity to be etched will 

placed in a chilled water jacket to control the temperature 

of the cavity inner surface during the exothermic reaction 

and the amount of material etched is to be determined by 

ultrasonic measurement. The system is controlled via a 

Siemens S7 PLC [6], for which the software has been 

fully implemented and tested. 

 

 
Figure 4: Buffer Chemical Polishing cabinet. 

 

Additionally a fully automated ultra-pure water HPR 

stand based on a similar design to the stand at Fermilab, 

has been manufactured and installed in a room next to the 

BCP facility. The stand is designed for a water pressure of 

1350 PSI, and the water quality will be better than 

18 MΩcm. It has 1.5 m linear rail and the rinse nozzle 

wand has a maximum speed of 2 RPM. 

CELL FABRICATION 

The design of the 9-cell cavity is based on the TTC 

cavity design and incorporates steps at the equator and iris 
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interfaces to ensure the ease of parallelism of the equator 

planes and repeatability of mating half-cells together. 

However, as the main purpose of the programme is to 

evaluate ability to fabricate and process the cells, the 

design does not incorporate any higher order mode 

coupling ports.  

Deep-drawing tool dies have been manufactured from 

tool steel and trials have been performed on copper using 

a 60 tonne press. A number of centre and end cells have 

been formed in copper. Excellent interfacing between 

half-cells has been established, ensuring that there is 

maintenance of the roundness of the equator, along with 

control of spring-back and tolerance variability of 

thickness. As is standard additional length has been added 

to the equator of the half-cell design to allow for 

trimming to optimise the frequency and to allow for weld 

shrinkage. Resonant frequency measurements have been 

performed (Fig. 5 and Fig. 6) to assess the reproducibility 

of forming the shape of the half-cells. Good repeatability 

for 6 of the half-cells is seen and it needs to be understood 

the reason for the frequency variation on the other 2 half-

cells. It is planned to trim the equators of the half-cells in 

their dumb-bell pairs in steps, to gain an understanding of 

the relationship to frequency. 

 Once these trials have been completed then the tooling 

ties will be re-polished to ensure that they are free from 

any contamination and niobium half-cells with be formed 

from niobium sheets with a residual resistivity ratio 

(RRR) of greater than 300, which has already been 

procured. A trial 2-cell cavity will be fabricated prior to 

fabrication of a full 9-cell cavity.   

 

Figure 5: Frequency measurement of a copper half-cell. 

SUMMARY 

Qualification of single cell cavity PIPSS #03 is being 

performed at Fermilab, and has achieved a gradient of 

40MV/m at a Qo of 1.0 x 10
10

 after EP and CBP 

processing. Further characterisation of the cavity is to be 

performed to understand the location of soft multipactor 

which has been witnessed during the vertical tests 

performed. Previous qualification of a single cell cavity 

following BCP processing had achieved 22.9 MV/m. 

Thus, these recent tests further demonstrate that UK 

industry has the capability to fabricate world-class SRF 

components to the required standards.  

Further developing SRF capabilities, facilities have 

been expanded to enable the processing of 9-cell cavities. 

Automated BCP and HPR facilities have been installed 

and are being commissioned at Daresbury Laboratory. 

Progress is also being made towards developing the 

techniques and controls to fabricate a 9-cell SRF 

structures.  

 

 

Figure 6: Frequency response for copper half-cells
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SUPERCONDUCTING TEST OF THE 56 MHz SRF QUARTER WAVE 
RESONATOR FOR RHIC 

Q. Wu1#, S. Belomestnykh1,2, I. Ben-Zvi1,2, G. McIntyre1, R. Porqueddu1, S. Seberg1, T. Xin2 
1Brookhaven National Laboratory, Upton, NY 11973, USA 

2Stony Brook University, Stony Brook, NY 11790, USA

Abstract 
Our 56 MHz superconducting RF cavity will be the 

first quarter wave resonator (QWR) installed in a high 
energy storage ring. We expect it to boost the luminosity 
of the Relativistic Heavy Ion Collider by more than 50% 
thereafter. In this paper, we discuss the cavity’s 
parameters and design features, and detail the results from 
our first vertical test of this cavity at 4 K. 

INTRODUCTION 
The design of the 56 MHz SRF cavity and its cryostat 

started several years ago. Being the first quarter wave 
resonator to be installed in a hadron collider, we designed 
the cavity to meet high demands. Thus, it will maintain a 
2 MV voltage at its single gap during the operation of the 
250 GeV proton bunches from both the yellow and blue 
rings of RHIC. To ensure bunch-to-bunch voltage 
stability, the cavity has its own dedicated feedback circuit 
and operates at low surface fields, viz., 88 mT peak 
magnetic field and 38 MV/m peak electric field at 2 MV 
gap voltage. Various papers and documents described our 
design and fabrication of the cavity and its components 
[1,2]. 

The cavity has a Fundamental Power Coupler (FPC), a 
Pick-up (PU), and four Higher Order Mode (HOM) 
couplers are attached to ports located in the high magnetic 
field region [3,4]. There also are two ports with zinc 
selenide windows in the same location. IR detectors are 
installed beyond these windows to capture light from the 
cavity or the coupler quench and provide signals for 
quench protection. All components therein are labelled in 
Figure 1. The cavity has a frequency tuning range of 
±25 kHz. Tuning is achieved by deforming the flat plate 
forming a capacitive gap with an open end of the QWR. 
However, tuning is not large enough to cover the particle 
energy change during acceleration. Therefore, we inserted 
a fundamental damper to heavily damp the cavity during 
this period and extract it once the particles are put into 
store [5].  

Figure 1 shows a layout of ports located on the cavity’s 
shorted end (top), and a cross-sectional view of the cavity 
with helium vessel (bottom).  

The 56 MHz SRF cavity, depicted in Figure 2, was 
manufactured by Niowave Inc., and delivered to 
Brookhaven National Laboratory in January of 2012. 

VERTICAL TEST FACILITY 
Construction of the Large Vertical Test Facility (LVTF) 

at Brookhaven National Laboratory (BNL) was complete 
in 2012. It is a concrete block house enclosing a large 
vertical dewar, built with a sliding roof providing access 
to the dewar’s top plate. The radiation shielding of the 
facility is rated up to an input RF power of 200 W. 

 
Figure 1: Top: Layout of ports for the 56 MHz SRF cavity 
for RHIC; Bottom: Cross-sectional view of the cavity 
with helium vessel. 

The facility has a 1800 liter dewar, 40” in diameter and 
142” deep. Figure 3 shows a layout of the cavity inside 
the dewar. 

A vertical test insert (a cavity under test connected to 
the top plate of the dewar) was assembled in a cleanroom. 
Baffles are installed between the cavity and the top plate, 
Figure 3. The insert assembly is then dropped into the 
dewar and connected to vacuum pumping, sensor cables, 
and helium supply lines. 

 The large capacity of the dewar ensures our capability 
to test large cavities. The vertical test of the 56 MHz SRF 
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cavity was the first test performed in the newly 
commissioned LVTF. 

 

 
Figure 2: 56 MHz SRF cavity without helium vessel. 

 

 
Figure 3: 56 MHz cavity assembly in the BNL’s LVTF 
dewar. 

PRE-TEST PREPARATION 
After fabrication, the 56 MHz cavity was treated with 

Buffered Chemical Polishing (BCP) to remove a 150 
micron layer from the inner surface. Then it was baked in 
a high temperature oven at 600°C for 10 hours followed 
by a light BCP and a High Pressure Rinse (HPR). Figure 
4 shows the cavity set up for BCP. The cavity then was 
assembled for the cold test. We did not undertake a low 
temperature bake-out. We suspect this omission was the 
cause for significant Multipacting (MP) under very low 
field, as discussed in the next section. 

A fundamental power coupler (FPC) was made 
especially for vertical testing. Unlike a FPC to be used in 
operations with Qext = 2×107, the vertical test FPC has 
Qext of 5.8×108 for more efficient power coupling. It is 
tunable with a two orders of magnitude tuning range. 

 

 
Figure 4: Cavity set up for BCP in the clean room. 

CAVITY COLD TEST 
At 4.5 K, with a small power input, i.e. 10 μW, we 

measured the frequency of the cavity as 56.278672 MHz, 
which is very close to the designed value. With the FPC 
external Q being close to 2e7, the bandwidth of the 
resonance is close to 1 Hz indicating that a 
superconducting condition was reached. 

In the process of increasing RF power, we encountered 
a multipacting (MP) zone at a gap voltage around 1 kV, 
corresponding to a 19 kV/m peak surface electric field. At 
such low field in the cavity, the conditioning of the MP is 
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very slow as it is very difficult to efficiently couple RF 
power to the MP-loaded cavity.  

The quarter wave structures are vulnerable to MP due 
to the parallel surfaces. The 56 MHz cavity was designed 
with corrugations on its outermost surface to eliminate 
this phenomenon [6]. However, the analysis in [6] was 
performed only for relatively high RF fields. After 
encountering MP at very low fileds during the vertical 
test, we carried out additional 2D and 3D simulations of 
the MP with FishPact [7] and ACE3P [8] to re-investigate 
the situation.  

With a scan over a large energy range of primary 
electrons from 5 eV to 3000 eV and the entire surface of 
the cavity, the results from both codes show that no 
resonance electrons are found in the cavity under such a 
low field. Nevertheless, some electrons generated on the 
surface with corrugations have trajectories that bounce 
between the two parallel surfaces while slowly moving 
towards the peak magnetic field region. Along these 
trajectories, electrons frequently impact on the cavity 
inner surface, generating secondary electrons along their 
way. We concluded that the cavity surface has a high 
secondary emission yield (SEY) that allows a dense 
electron cloud to build up within a short period, i.e. tens 
of RF periods. 

 
Figure 5: MP simulations in the 56 MHz with poor (top) 
and standard (bottom) Nb surface. 
 

Figure 5 shows the 3D simulation results obtained with 
ACE3P. The Enhance Counter (EC) function was 
calculated for the cavity gap voltage up to 5 kV. The top 
figure gives the result for a “wet” Nb surface, where SEY 
is above 1 for primary electron energy from 5 eV to 
3000 eV, which is typical for cavities with multiple 
monolayers of water accumulated on the surface. The EC 
peaks to 107 at 1 kV. This agrees with our experimental 
observations, where the first MP zone was located at 

~1 kV. As the voltage increases, the possibility of MP is 
still high, although lower than at the 1 kV peak. 

In the bottom figure, we show the result from a treated 
Nb surface where water is eliminated. The peak in the 
entire voltage range has fallen to below 2×104.  

We in situ baked the cavity continuously for eight days. 
Warm helium gas was purged through the liquid helium 
supply line and recycled. The temperature of the cavity 
was held under 110ºC, which left the Indium sheet 
underneath the thermal couples undisturbed.  

After baking of the cavity, we resumed the 
conditioning. Within two hours under pulse mode RF 
power, the gap voltage has reached 17 kV, which is 
outside the Enhance Counter Function plot, Figure 5. We 
are in the process of MP simulations to cover the broader 
gap voltage range. The prediction of MP zones from 
ACE3P simulation agrees with the experiment for the first 
peak. 

CONCLUSION 
Water adsorbed on the surface of the 56 MHz SRF 

cavity greatly increased the secondary electron yield, and 
led to multipacting at low field. With a high SEY surface, 
the electrons would build up quickly even without 
satisfying the resonance condition. Baking of the cavity is 
essential to avoid prolonged conditioning time. We plan 
to bake the cavity further at higher temperature, as well as 
apply higher power. 
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STUDY OF BALLOON SPOKE CAVITIES 

Z.Y. Yao
#
, R.E. Laxdal, B.S. Waraich, V. Zvyagintsev, TRIUMF, Vancouver, B.C., Canada 

R. Edinger, PAVAC, Richmond, B.C., Canada

Abstract 
A balloon geometry has been proposed to suppress 

multipacting for single spoke resonators. The design may 

find a useful application for proton and ion accelerator 

projects. TRIUMF has completed initial RF, mechanical 

studies on this special geometry for both low (β=0.12) 

and medium (β=0.3) β geometries. The RF properties are 

comparable with that of traditional spoke cavities but with 

improved RF efficiency in addition to the reduced 

multipacting. The results of electro-magnetic and 

structural design studies comparing the balloon geometry 

with traditional spoke geometries will be presented. We 

will also present optimization studies of the mechanical 

design, such as decreasing df/dp by EM field 

compensation. 

INTRODUCTION 

A balloon geometry has been proposed to suppress 

multipacting for single spoke resonators [1]. The name 

derives from the spherical geometry and big volume at the 

periphery of cavity. Since a number of proton and ion 

accelerator projects have been proposed to use spoke 

resonators for different energy sections, such as Project-X 

[2], Europe Spallation Source [3], Chinese ADS [4], and 

Rare Isotope Science Project (RISP) [5], this design may 

find a useful application. 

 

 

Figure 1: Geometry comparison of 0.12 balloon resonator 

(top left) and CADS spoke012 (top right), and that of 0.3 

balloon resonator (bottom left) and RISP SSR1 (bottom 

right). 

325MHz β=0.12 and β=0.3 balloon spoke resonators 

have been studied at TRIUMF. They were respectively 

proposed as the alternative candidates of the Spoke012 

[6] of CADS and the SSR1 [7] of RISP. TRIUMF has 

completed initial RF, mechanical, and fabrication studies 

for low β balloon cavities. The comparison of resonator’s 

geometry between the β=0.12 balloon resonator and the 

Spoke012 of the preliminary design of CADS is shown in 

Fig. 1. The SSR1 cavity of RISP is still in the design 

stage. The β=0.3 balloon cavity is also shown in 

conceptual design in Fig. 1. There are no power coupler 

ports or cleaning ports added as yet. 

ELECTRO-MAGNETIC PROPERTIES 

The balloon variant is proposed to suppress 

multipacting, while maintaining good RF performance. 

For the initial design of the balloon variant of PKU-I 

spoke cavity, the requirements on RF parameters are well 

satisfied [1]. The comparison of RF parameters are shown 

in Table 1 for β=0.12 and β=0.3 spoke resonators. The 

simulation is done using the CST code. The parameters 

are defined for a maximal effective voltage of 0.78 MV 

per cavity for β=0.12 resonator, which is the requirement 

of CADS beam dynamic design. In the case of the β=0.3 

spoke resonator the fields are defined with respect to a 

maximal peak electric field of 35 MV/m in consideration 

of stable cavity operation. For most RF parameters, the 

results show that the balloon variants have similar values 

as the mainstream designs.  

 

Table 1: RF parameters comparison of original spoke and 

balloon variants at low and medium β region. 

Paramet

ers 

Unit CADS 

Spoke0

12 

Ballo

on 

0.12 

RIS

P 

SS

R1 

Ballo

on 

0.3 

Ep/Eacc 1 4.5 4.8 4.7 4.4 

Bp/Eacc mT/(MV

/m) 

6.4 7.5 6.4 6.8 

R/Q0 Ω 142 161 234 272 

G Ω 61 63 94 98 

Eacc MV/m 7.1 7.1 7.5 8.0 

Ep MV/m 32 34 35 35 

Bp mT 44 53 48 54 

 

The β=0.12 balloon resonator has a 17% higher Bp/Eacc, 

due to the circular rather than elliptical spoke base used in 

the Spoke012 [8]. However, the peak magnetic field at the 

operational gradient is acceptable in both cases. The 

β=0.3 balloon resonator also has a higher Bp at 

operational gradient, but is also acceptable while 
 ___________________________________________  
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delivering a higher accelerating gradient. 

Spanning the beta range from 0.12 to 0.3 (including 

β=0.2 [1]), the big dome and big volume in the higher 

magnetic region of the balloon variants will offer about 

15% higher R/Q0*G compared with traditional single 

spoke cavities. It increases the accelerating efficiency and 

reduces the power loss at the same operational gradient, 

and saves cryogenic power as well. The higher R/Q0*G is 

an advantage of the balloon variant resonators. 

The simulation results of multipacting for the balloon 

resonators are shown in Fig. 2. They are done with the 

ACE3P and CST codes. The multipacting barriers of the 

1st and 2nd order will appear at 1 MV/m and 3 MV/m in 

the β=0.12 resonator, and around 1 MV/m and 2 MV/m in 

the β=0.3 resonator. The key point is that there are no 

stable secondary electron resonating trajectories at the 

operational accelerating gradient. 

 

 

Figure 2: Simulation results of multipacting of balloon 

spoke resonators. The result of the 0.12 resonator is 

obtained with ACE3P code, while that of 0.3 with CST 

code. 

MECHANICAL PROPERTIES 

A mechanical study has been done on the β=0.12 

balloon resonator. The design of the mechanical stiffeners 

and a comparison of mechanical parameters with respect 

to the Spoke012 will be presented. 

Due to the higher frequency of the spoke resonator 

compared to typical quarter wave or half wave resonators, 

the accelerating gap of very low β (β=0.1) spokes is  

short. The increased capacitance in the beam gap makes 

the resonant frequency highly sensitive to the variation of 

the gap length. On one hand the sensitivity allows a broad 

tuning range for a small movement, but while on the other 

hand, the sensitivity puts challenging requirements on 

mechanical stability during operation due to the helium 

pressure fluctuation demanding complex stiffeners 

configurations. 

Recently, the geometry of end walls of single spoke 

resonators has changed from the flat form to the dome 

shape [8, 9]. This feature made the unjacketed cavities 

stronger, and helped to remove the expensive donut 

stiffeners. The CADS Spoke012 chose this new concept, 

using an elliptical curve as the profile of the end walls. 

Compared to the Spoke012 end wall, the profile of the 

balloon resonator is most like an elliptical cavity, which 

offers a superior mechanical strength. The comparison of 

the mechanical parameters of each bare cavity is shown in 

Table 2. The maximal displacement and stress is 

calculated under 1bar pressure on the outer surface of 

resonator. 

 

Table 2: Mechanical parameters comparison of bare 

cavities of 0.12 balloon resonator and CADS Spoke012. 

Parameter

s 
Unit 

Spoke0

12 

Balloo

n 

Beampi

pe 

Max. 

displaceme

nt 

mm 3.26 0.77 Free 

 0.22 0.08 Fixed 

Max. 

Stress 

MPa 157 72 Free 

 389 141 Fixed 

df/dp 
Hz/mbar -8284 -1812 Free 

 -211 -122 Fixed 

LFD 
Hz/(MV/

m)
2
 

-15 -2.7 Fixed 

 

As discussed above the mechanical stability due to the 

helium pressure fluctuation is an important issue in the 

mechanical design, especially for very low β spoke 

resonators. Two approaches will reduce the helium 

pressure sensitivity. One is stiffening the cavity with more 

and stronger ribs. This approach may lead the structure to 

be very complicated, and increase the expense. Another 

way is to optimize the structure to produce compensating 

volume variations in each of the electric and magnetic 

field domains for helium pressure variations. This will 

allow a relative larger deformation, but leave very little 

frequency shift, which can be negligible in the case of a 

good design.  

The optimized design of stiffeners and helium jacket is 

shown in Fig. 3. There are two ring stiffeners on each side 

of the cavity, connecting the cavity and helium jacket. 

The helium jacket is separated into two aperture parts and 

a peripheral part by two bellows. The bellows are 

configured to tune the frequency at the flanges of the 

beam pipes. The positions of the two different ring 

stiffeners and the big fillets of helium jacket are 

optimized to supply suitable compensation of the cavity’s 

deformation due to helium pressure variation, and 

minimize the value of df/dp. 
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Figure 3: The mechanical design of CADS Spoke012 

(topleft) and 0.12 balloon resonator (topright). The 

deformation of balloon resonator due to helium pressure 

(bottom). 

 

The cavity deformation due to helium pressure 

variation is also shown in Fig. 3. The geometry 

comparison with the Spoke012 is shown in Fig. 3, while 

the mechanical parameters comparison is shown in Table 

3. It shows the balloon variant requires fewer stiffeners, 

but offers better mechanical stability. The helium pressure 

sensitivity will be nearly zero if the tuner compresses on 

both ends of the beam pipe flanges. For a high beam 

intensity application, the operational bandwidth of this 

resonator will be around 400 Hz, which means that the 

df/dp is good enough at 2 K operation even in the 

condition where the beam pipe flanges are totally flexible. 

 

Table 3: Mechanical parameters comparison of 0.12 

balloon resonator and CADS Spoke012 with stiffeners 

and helium jackets. 

Parameter

s 
Unit 

Spoke0

12 

Balloo

n 

Beampi

pe 

Max. 

displaceme

nt 

mm 0.20 0.04 Free 

 0.07 0.03 Fixed 

Max. 

Stress 

MPa 83 23 Free 

 86 23 Fixed 

df/dp 
Hz/mbar -192 +43 Free 

 +30 +0.3 Fixed 

LFD 
Hz/(MV/

m)
2
 

-1.3 -1.5 Fixed 

 

CONCLUSION 

A balloon geometry has been proposed to suppress 

multipacting for single spoke resonators. TRIUMF has 

completed initial RF, mechanical studies on this special 

geometry for both low (β=0.12) and medium (β=0.3) β 

geometries. The RF properties are comparable with that 

of traditional spoke cavities but with improved RF 

efficiency in addition to the reduced multipacting. The 

balloon geometry supplies a better mechanical strength 

than the traditional bare spoke cavities. Good mechanical 

parameters are obtained by a compact stiffeners design 

based on the electro-magnetic and deformation 

compensation. The mechanical study on the β=0.3 balloon 

resonator will be done later. Comparison with the RISP 

SSR1 design will make an in-depth understanding of this 

new kind of geometry of single spoke resonators. 
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MULTIPACTING SUPPRESSION IN A SINGLE SPOKE CAVITY 

Z.Y. Yao
#
, R.E. Laxdal, V. Zvyagintsev, TRIUMF, Vancouver, B.C., Canada 

X.Y. Lu, K. Zhao, Peking University, Beijing, China

Abstract 
Spoke cavities are good candidates for the low and 

medium β section of a high intensity proton or ion 

accelerator. For many high intensity accelerators, stability 

and reliability are the most important properties. 

Currently, one of the key issues of spoke cavity 

performance is multipacting (MP), which may cause 

instability during operation. Multipacting in a spoke 

cavity has a troublesome characteristic as it presents a 

continual barrier over a wide gradient range, usually in 

the range of operation from 3 MV/m to 15 MV/m. A good 

surface processing can improve the secondary electron 

emission yield. However, the complex 3D structure 

makes it not easily achievable as with the elliptical cavity 

variants. Suppressing multipacting in the design stage is 

clearly advantageous. This paper will present a 

multipacting study based on the PKU-I spoke cavity. A 

systematic correlation between geometric parameters and 

multipacting behaviors is obtained. Based on this study a 

new geometry of single spoke cavity called the ‘balloon’ 

variant is proposed. 

INTRODUCTION 

Spoke cavities are good candidates for the low and 

medium β section of a high intensity proton or ion 

accelerator. Currently, one of the key issues of spoke 

cavity is MP, which has a troublesome characteristic in a 

spoke cavity as it presents a continual barrier over a wide 

gradient range, usually in the range from 3 MV/m to 15 

MV/m [1]. The usual operational gradient, from 6MV/m 

to 12 MV/m [2, 3], just falls into this range as well. 

The PKU-I spoke cavity is a 450 MHz β=0.2 single 

spoke cavity [4]. The performance of this cavity is limited 

by strong MP at 3 MV/m [5]. The test result motivated the 

MP study, and the advantage of suppressing MP in the 

design stage is clear. This paper will present the MP 

study. A systematic correlation between geometric 

parameters and MP behaviors is obtained. Based on this 

study a new geometry of single spoke cavity called the 

‘balloon’ variant is proposed. 

MULTIPACTING STUDY OF PKU-I 

SPOKE CAVITY 

Simulation results are shown in Fig. 1. There are wide 

MP barriers from 3 MV/m to 11 MV/m. The main MP 

modes are the 1
st
, 2

nd
 and 4

th
 orders. All of these 

resonances start around the gradient of 3 MV/m, as 

confirmed with cold test results.  

Fig. 1 shows the MP positions and the relative surface 

electric field distribution of the PKU-I spoke cavity. The 

bottom four plots show different order MP at the different 

gradients and positions. MP happens at the minimal 

surface electric field region, as there are electric potential 

barriers, which will trap secondary electrons [6]. In a 

single spoke cavity, minimal surface electric field regions 

are the joint parts of the cavity body with the end walls 

and the spoke bar. Geometry optimization in these areas 

should help MP suppression. 

 

 

 

 

Figure 1: The simulation result of different orders of MP 

in the PKU-I spoke cavity. The growth rate of secondary 

electron vs. the gradient (top), and the MP positions 

(bottom left) with the surface electric field distribution 

(bottom right). 

GEOMETRY OPTIMIZATION  

MP suppression in TM mode cavities was achieved by 

moving from a pillbox to an elliptical geometry. Changing 

the fillet radius of joint areas appears to be a good choice 

for suppressing MP. 

The first step is changing the fillet radius between the 

cavity body and the end walls, and keeping the other 

radius between the cavity body and the spoke bar a small 

constant, 5 mm. The simulation results are shown in Fig. 

2. Increasing the radius makes the span of the 1
st
 order 

MP barrier 33% narrower, but does not reduce the peak 

growth rate. It pushes the MP barrier to a lower field 

level. However, the suppression effect for the 2
nd

 and 

higher order MP is strong. Increasing the radius pushes 

these MP barriers to the lower field level, which is similar 

with that of the 1st order. It not only makes the span 70% 

less, but also decreases the peak by 85%. Summarily, 

increasing fillet radius of outer conductor is very effective 
 ____________________________________________  
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to suppress the higher order MP, but only pushes the 1st 

order barrier to a lower field level.  

 

 

Figure 2: The growth rates of the 1
st
 order (left) and the 

2
nd

 order (right) vary with the outer fillet radius changing. 

 

The second step is changing the inner radius, and 

keeping the outer one as 5mm. The simulation results are 

shown in Fig. 3. Only the 1st order MP exists at this 

region. Decreasing radius makes the 1
st
 order MP barrier 

30% narrower and the peak growth rate 33% lower. 

 

 

Figure 3: The growth rates of the 1
st
 order as a function of 

the inner fillet radius. 

 

Combining the preceding results, a short conclusion is 

obtained. Increasing the outer fillet radius while 

decreasing the inner radius will push the MP barriers to 

lower gradient regions, and result in MP suppression, 

especially for the higher order MPs. Naturally, the 

maximum radius for the outer fillet and zero radius for the 

inner one is considered to be the optimized geometry. 

OPTIMIZED GEOMETRY 

 

Figure 4: Cross section model of the balloon cavity and 

its surface electric field distribution. 

 

Based on the above analysis, the optimized geometry is 

shown in Fig. 4, with the surface electric field 

distribution. In all cases the dimensions of the spoke bar 

and the accelerating gaps are the same as the PKU-I 

spoke cavity. The cavity body looks like an elliptical re-

entrant cavity. All the curves of the balloon areas are 

chosen as circular arcs. The comparison of RF parameters 

between PKU-I spoke cavity and balloon cavity are listed 

in Table 1. Most parameters are comparable, but R/Q0 of 

the balloon cavity is 10% higher. 

 

Table 1: The Comparison of RF Parameters. 

Parameters Unit 

PKU-I 

Spoke 

Cavity 

Balloon 

Cavity 

Ep/Eacc 1 4.1 4.2 

Bp/Eacc mT/(MV/m) 7.8 7.4 

R/Q0 Ω 179 200 

G Ω 73 73 

 

The simulation results of MP of the balloon cavity of both 

CST and ACE3P codes are shown in Fig. 5. In the CST 

result, the span of MP barriers is 2 MV/m, at the 

accelerating gradient from 1 MV/m to 3 MV/m, which 

avoids the operational gradient. The peak of the growth 

rate is 30% lower than that of PKU-I cavity for the 1
st
 

order MP, and 70% lower for the higher orders. The 

balloon variant has a good suppression effect of MP. The 

result is cross checked with ACE3P code. The impacting 

energy of secondary electrons for a niobium cavity is 

from 50 eV to 2 keV. ACE3P gives the similar result with 

CST. All stable trajectories appear around the gradient 

from 1 MV/m to 3 MV/m. The lower order resonance has 

the broader impacting energy region in the plot. Around 

the typical operational gradient of spoke cavities, there is 

no MP barrier.  

 

 

Figure 5: MP results of the balloon cavity with CST (top) 

and ACE3P (bottom) codes 
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DISCUSSION 

The 1
st
 order MPs appear at the high magnetic field 

region and Fig. 1 shows it is close to the end wall in the 

beam direction and nearby the spoke base in the coupler 

direction, both corresponding to the local minimal electric 

field region. The amplitude of electric field in these 

regions is characteristically low and provides suitable 

energy for the secondary electron resonance. For each 

electron energy, there is a magnetic field condition to 

bend the electron and support resonant discharge. The 

particular cavity geometry will determine the local 

magnetic field. Therefor changing the fillet radius (the 

surface magnetic field) will affect the multipacting 

strength. Fig. 6 shows that modifying the fillet radius will 

change the position of the minimal electric field point, 

and the local magnetic field of MP position will also 

change. So increasing the fillet radius of the outer 

conductor will push the MP position to a higher magnetic 

field region. On the growth rate and gradient plot, the MP 

barriers will be pushed to lower field levels. 

Correspondingly decreasing the fillet radius of the inner 

conductor will push MP to a lower gradient. This will also 

explain why the spoke cavity usually has wide MP 

barriers. If the maximal outer radius and minimal inner 

radius is chosen, the green dot curve in the left plot of 

Fig. 6, the MP position will be at the highest magnetic 

field region and MP will be pushed to the lowest gradient 

level. On the other hand, in this condition, the right angle 

will change the phase conditions of resonance. Both of 

them will suppress MPs. 

 

 

Figure 6: The 1st order MP position with various fillet 

radius and local magnetic field. The Cross section of 

beam direction (top) and coupler direction (bottom). 

 

Considering the higher order MP, it occurs at the joint 

area between the end wall and the cavity body. Fig. 7 

shows that increasing the fillet radius of this region will 

remove the zero surface electric field area in this region. 

If secondary electrons come out of the inner surface of 

cavity, they will go towards the zero surface electric field 

areas around the spoke base, which has different field and 

phase conditions for higher order MP. The higher order 

MP can’t maintain the resonance or switch to the 1
st
 order 

MP. It is similar to the MP suppression in elliptical 

cavities. 

 

 

Figure 7: The surface electric field distributions depend 

on the fillet radius. The field scale is same.   

CONCLUSION 

This paper systematically studied the relationship 

between the geometry and the multipacting performance 

of a single spoke cavity based on the PKU-I cavity. It 

shows the fillet radius of the joint area will change the 

multipacting performance. A brief explanation is 

discussed. The variations of the local RF field magnitude 

and the phase condition of the secondary electron 

resonance cause the differences in multipacting 

performance. Finally, a new variant of single spoke 

cavity, the balloon cavity, is proposed. It has good 

multipacting properties, and comparable RF parameters 

with traditional spoke cavities. 
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Table 2: Goal Frequencies as Measured with Electric 
Boundary for Various Stages of ‘Smart-bell’ Fabrication 

Step Goal 
Freq. 

(MHz) 

Weld shrinkage 
(mm) 

Half cell 1272.49 0.45 
Smart bell (inner) 1274.50 0.30 
Smart bell with pipe 
(power) 

1287.19 0.30 

Smart bell  with pipe 
(tuner) 

1286.73 0.30 

2x inner cells (π) 1286.50 0.30 
3x inner cells (π) 1292.59 0.30 
4x inner cells (π) 1295.13 0.30 
5x inner cells (π) 1296.39 0.30 
6x inner cells (π) 1297.09 0.30 
7x inner cells (π) 1297.53 0.30 
Completed cavity (π) 1298.81 N/A 

Manufacturing and Frequency Tuning Steps 
There are three kinds of ‘half-cells’ in the 9-cell cavity: 

16 inner ‘half-cells’, one for ‘power’ (coupler) end and 
one for ‘tuner’ (opposite to coupler) end. They are formed 
to have excess length on both the iris and equator for 
trimming, both to true the surface and to adjust the 
frequency. Machining allowances of 1.5 mm and 1.05 
mm are used for each of the irises and equators 
respectively. The fabrication tuning strategy is to measure 
the ‘half-cell’ frequency with the RF jig (Fig. 5), compare 
the measured value with the goal frequency and trim the 
equator to reach the frequency goal assuming some weld 
shrinkage. 
From the first batches of ‘half-cells’ it was determined 
that the resonant frequency is well correlated with length 
(Fig. 8); it means that the forming process has sufficient 
shape reproducibility (due to the new forming die). After 
the first series the ‘half-cell’ RF measurement was 
abandoned and equator of the ‘half-cell’ was trimmed to a 
length of 60.25 mm to get 1.5 mm allowance for iris.  

 

 

Figure 8: Frequency monitoring data for TRIUMF-
PAVAC cavities production. 

Next the inner ‘smart-bells’ are welded, the frequency 
measured (Fig. 6) and the two iris edges trimmed equally 
to reach the frequency goal. Our experience is that the 
weld shrinkage is so reproducible that typically a 

common iris trim is requested for a batch of inner cells. 
The multi-cell is welded one cell at a time and the 
stiffening ring is added after each new cell. The iris weld 
is inspected and polished if required.  

Iris edge machining allowance isn’t effective for 
‘power’ and ‘tuner’ ‘smart-bells’ frequency tuning 
because the iris forms the start of a cut-off waveguide for 
the operating mode. In this case RF jigs (Fig. 5) are used 
for the end ‘half-cell’ and inner ‘half-cell’ measurements 
and then we are doing equator trims to reach the goal 
frequency. To provide better frequency measurements we 
assemble the iris with a cut-off beam pipe. After equator 
welding the end ‘smart-bell’ is tuned by trimming the 
inner iris. 

Frequency data recorded during ARIEL1 and ARIEL2 
cavity production is presented in Fig. 9 in comparison 
with frequency goals (pi-modes), calculated with Comsol 
2D RF model. The horizontal axis shows production steps 
and sub-assemblies: steps 1, 2 and 3 correspond to power, 
tuner end and inner ‘smart-bells’; steps 4-9 correspond to 
sub-assemblies of inner ‘smart-bells’ of  from two to 
seven cells; steps 10 and 11 corresponds to the  final sub-
assembly of 7 inner ‘smart-bells’ with tuner and power 
‘smart-bells’. ARIEL 1 was delivered with a frequency 
just 0.8 MHz below the goal. ARIEL 2 was 1.75 MHz 
below the goal. Both cavities were tuned to the goal 
frequency and field flattened to better than 95% by plastic 
deformation on a warm tuning and bead pull stand. 
ARIEL 3 and 4 are now in production.  
 

 

Figure 9: Frequency monitoring data for TRIUMF-
PAVAC cavities production. 

CONCLUSIONS 
The new ‘smart-bell’ concept of multi-cell cavity 

fabrication with interleaved equator edges has been 
developed with PAVAC with the goal to have better 
control over the equator weld. In addition a new forming 
die has been developed to achieve less stress in the 
material and more shape reproducibility. All fabrication 
procedures, including machining, forming, pre-weld 
etching, welding, and frequency tuning were completed 
for this new variant of nine-cell cavity fabrication. Two 9-
cell TRIUMF-PAVAC Nb cavities are completed, and the 
next two cavities are in the process of fabrication. 
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DESIGN OF A 4 ROD CRAB CAVITY CRYOMODULE SYSTEM FOR  

HL-LHC 

G. Burt, B. Hall, Cockcroft Institute, Lancaster University, UK 

L. Wright, CERN, Geneva, CH 

T. J. Peterson, Fermilab, Batavia, US. 

T. Jones, P.A. McIntosh, N. Templeton, S. Pattalwar, A.E. Wheelhouse, Accelerator Science and 

Technology Centre, STFC Daresbury Laboratory, Warrington, UK 

 

Abstract 
The LHC requires compact SRF crab cavities for the HL-

LHC and 3 potential solutions are under consideration. 

One option is to develop a 4 rod cavity utilising for 

quarter wave rods to maintain a dipole field. The cavity 

design has been developed including power and 

LOM/HOM couplers have been developed, as well as a 

conceptual design of a complete cryomodule system 

including ancillaries and this is presented. The 

cryomodule is designed to allow easy access during 

testing and uses a novel support system and contains the 

opposing beamline section to fit inside the LHC envelope. 

INTRODUCTION 

The LHC baseline programme has produced first results 

in the 2010-11 run aimed at an integrated luminosity of at 

least 1 fb
-1

 by the end of 2011. However in order to 

reduce the time required for statistical significance on rare 

decays the LHC has the goal of achieving 3000 fb
-1

 by 

2035. All the hadron colliders in the world have so far 

produced a total integrated luminosity of about 10 fb
-1

, 

while the LHC, as currently built, will deliver only about 

200-300 fb
-1

 in its first 10-12 years of life. Therefore, the 

LHC requires a major upgrade to achieve the desired 

luminosity [1]. 

Crab cavities are a critical component in the LHC 

luminosity upgrade. In order to increase the luminosity, 

the magnets in the final focus will be upgraded to provide 

a smaller beta* (ie beam size). When the beta* of the 

beam is reduced to increase collisions, the beam becomes 

very sensitive to the crossing angle, and with no other 

intervention would lose around half the upgraded 

luminosity. Crab cavities can be used to align bunches in 

particle colliders to avoid this loss. This technique was 

recently demonstrated using electron beams at KEKB.  

Because of their potential benefit, crab cavities are 

included as one of the major parts of the LHC luminosity 

upgrade. However, the technology must be verified before 

installation as crab cavities have never been utilised on 

Hadron beams. 

A major constraint for the crab cavities is the available 

space between the incoming and outgoing beamlines. For 

a 400 MHz crab cavity there is not enough space to utilise 

an elliptical crab cavity hence a compact design is 

required. Several compact crab cavity designs have been 

proposed and three of these have been chosen to be taken 

to a prototyping phase [2]. One such cavity design is a 4 

rod crab cavity (4RCC). This utilises two pairs of parallel 

quarter wave rods to support a dipole mode, as shown in 

Fig 1. 

 

 

Figure 1: 4RCC cavity shape 

 

In order to verify cavity performance and the effects on a 

hadron beam a test in SPS is proposed before long 

shutdown 2, and this paper discusses the cryomodule 

design for this test.  

NEW CAVITY SHAPE 

The 4RCC has been designed to have low surface 

fields, low multipole components to its deflecting field  

and a small transverse size [3]. The cavity shape has a 

higher shunt impedance than other designs for its dipole 

mode, while having less HOMs with lower impedance. It 

does however have its fundamental accelerating mode 

lower in frequency than the dipole mode, known as a 

lower order mode (LOM). However the LOM has a far 

lower impedance than the fundamental accelerating mode 

in competing designs. 

The cavity is frequency tuned via a Saclay tuner on one 

end of the cavity which moves the rods closer together 

increasing the capacitive loading. However the initial 

design required 20 kN to achieve 0.5 mm of movement 

which likely to be more than the tuner can safely provide. 

The cavity shape has been redesigned to reduce the 

force required to tune the cavity. A study of the cavity 

tuning in ANSYS showed that the base plate was very 

rigid with most of the shape occupied by either the large 

rods or the beampipe, due to the desire to make the cavity 

as compact as possible and to get the HOM and LOM 
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couplers as close to the fields as possible for strong 

damping. The outer can was also very rigid to 

longitudinal forces as it had a constant cross section. In 

order to reduce the required force the surface area of the 

baseplate was increased by making the cavity wider in the 

vertical plane. This reduced the stiffness so that a force of 

5kN is able to deform the cavity by 0.3 mm. The new 

baseplate shape and the old shape are shown in Fig 2. 

 

 
 

Figure 2: Original and new cavity cross sections 

LOM AND HOM COUPLERS 

As well as reducing the required force for tuning the rod 

shape was also optimised by increasing the rods width to 

reduce the shunt impedance of the LOM, and it is now 

approximately 2-3 times lower than competing designs 

with an impedance of 104 Ohms. However due to the 

high stored current in the LHC it is still necessary to 

provide strong damping of this mode to avoid 

longitudinal instabilities. While two HOM couplers will 

be utilised on the cavity it is not possible to have a high 

pass filter for the crabbing mode while still damping the 

LOM hence a separate narrow band LOM coupler is 

planned.  

 

 

Figure 3: LOM coupler geometry 

 

The LOM coupler will be placed in a location which 

shouldn't couple to the crabbing mode, however 

movement of the cavity and coupler during cool down 

means that the positioning alone cannot provide sufficient 

rejection of the crabbing mode, hence a resonant filter is 

also required. The difficulty arises in the small separation 

between the dipole mode and the LOM of only 30 MHz. 

A circuit with sufficient rejection and compensation can 

be achieved with a parallel inductance and resonant 

circuit. The parallel resonance provides a short circuit at 

the LOM frequency while becomes capacitive at the 

crabbing frequency, while the other inductance forms a 

tank circuit with this capacitance.  

The coupler also has a loop added to couple to the 

magnetic field of the LOM and is shown in Fig 3 while its 

response when connected to a test quarter wave cavity 

with a variable length was simulated in CST and shows 

strong damping at 365 MHz and rejection at 400 MHz as 

shown in Fig 4. 

 

 

Figure 4: Q factor of the LOM coupler connected to a 

quarter wave resonator simulated in CST. 

The HOM couplers will have a compact high pass filter 

designed by BNL [4]. One will be orientated horizontally 

and the other vertically in order to damp all HOMs. 

LHE VESSEL 

As the opposing beamline in the LHC is so close to the 

cavity there is insufficient space to have it outside the 

LHe vessel hence it must be inside. For SPS the opposing 

beamline is further away. Currently a dummy beampipe is 

included in the LHe vessel for SPS, although it is 

expected this will not be used in the final version. 

The vessel also includes ports for the input coupler, LOM 

coupler and two HOM couplers. All couplers are mounted 

on the cavity body and either come out horizontally or 

vertically. This allows space on the end which makes the 

use of a modified Saclay II type tuner successfully used 

on the ERL cryomodule [5] for ALICE as shown in Fig. 

5. The helium vessel is completely filled with superfluid 

liquid helium and is attached to a two-phase line via two 

interfacing chimneys. 

Stiffening ribs have been added to both the cavity and the 

LHe vessel to strengthen the cavity against differential 

pressure. At a differential test pressure of 2 bar, the Ti 

vessel experiences a maximum stress of 76 MPa, and a 

maximum deflection of 0.58 mm. The maximum stress in 

the Niobium cavity is 60 MPa, which is below the 

allowable stress limit. These figures will be revised once 
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the cavity has been optimized for axial tuning and 2.6 bar 

differential test pressure (as required by CERN). 

 

 

Figure 5: A string consisting of two dressed cavities with 

modified Saclay-II tuners.  

CRYOSTAT DESIGN 

Most problems in SRF systems occur after installation 

and almost certainly after integration of the SRF cavity 

into the cryomodule. This means that access to the cavity 

after integration is of paramount importance. With this in 

mind the 4RCC has a side loading cryomodule allowing 

access from both sides after integration, as shown in Fig 

6. The couplers and other interfaces are all mounted on 

the top of the cryomodule and the dressed cavity is 

supported via the outer wall of the RF power coupler, 

similar to the approach taken for SPL [6]. A three axis 

manual alignment mechanism has been developed to 

position the couplers and subsequently the cavity string 

within the cryomodule. 

 

 
 

Figure 6: Side loaded cryomodule with full access to 

internal components after assembly and installation.  

 

The module is also required to fit within a Y-chamber in 

SPS which allows the module to be physically moved in 

and out of the beam with all the services connected. This 

adds constraints to the overall width of the module, 

particularly on the side of the SPS bypass line. 

All the thermal intercepts and the radiation shield will be 

cooled by liquid nitrogen and a 4K precool line is added 

to introduce better control over the cool-down process. 

CONCLUSION 

A full cryomodule system for the 4RCC is presented to 

meet with the requirements for both HL-LHC and the 

proof-of-principle tests within SPS. The design includes a 

modified shape to decrease the force required for tuning 

and to reduce the LOM impedance. In order to provide 

open access to the cavity after integration a side-loading 

cryomodule has been designed. 
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DEVELOPMENT AND PERFORMANCE OF A HIGH FIELD TE-MODE
SAMPLE HOST CAVITY∗

D.L. Hall , M. Liepe, I. Madjarov, K. McDermott, N. Valles†

Cornell Laboratory for Accelerator-based Sciences and Education, Ithaca, NY 14850, U.S.A.

Abstract
A TE-mode 4 GHz sample host cavity has been designed

and constructed at Cornell for the purpose of testing sam-
ples of niobium and other candidates for the construction
of SRF cavities. Simulations made using CLANS and
Omega3P indicate that when operating in the 4 GHz TE011

mode the peak magnetic field on the sample plate will reach
in excess 120 mT before a quench occurs on the surface of
the cavity due to thermal runaway. The cavity underwent a
first vertical performance test, achieving a peak field of the
sample plate of (40.4±4.0) mT. The cavity did not quench,
although RF drive resonances impeded operation at higher
fields. Once these are removed, the cavity will undergo fur-
ther performance tests, after which it will be used in studies
of the superconductors Nb, Nb3Sn and MgB2.

INTRODUCTION
Cornell has been developing TE-mode sample host cav-

ities [1] for the purposes of studying the superconducting
RF properties of potential alternatives to niobium, such as
Nb3Sn and MgB2. To date, three cavities have been built,
shown in chronological order (left-to-right) in Fig 1. The
purpose of each cavity is to achieve the highest possible
peak magnetic field on the interchangeable sample plate
without causing a quench elsewhere in the cavity. Results
for the first generation “Pillbox” cavity and second genera-
tion “Mushroom” cavity are given in Refs. [2] and [3].

Both the Pillbox and Mushroom cavity operated at a res-
onant frequency of 6 GHz, with the Pillbox cavity achiev-

∗Work supported by a NSF Career acount PHY-0841213 award to
Matthias Liepe
† dlh269@cornell.edu

Figure 1: (A) Original pillbox cavity design (B) “Mush-
room” cavity design (C) Latest “Bulge/Onion/Bulb”
(BOB) cavity design.

Figure 2: The surface field distribution, as a ratio of the
peak surface field on the surface of the cavity, as calculated
by CLANS. Magnetic field lines are shown in black for
reference. The sample plate is located along the radial axis.
The diagram shows a 2D cross-section of half the cavity; to
obtain the 3D model, all points are rotated about the z-axis.

ing a peak sample plate field of 45 mT and the Mushroom
cavity reaching 60 mT. Both of these cavities were lim-
ited by thermal runaway quench at these fields. This was
later confirmed by thermal runaway simulations described
in Ref. [3].

This latest generation “Bulge/Onion/Bulb” (BOB) cav-
ity was designed to operate at a lower frequency of 4 GHz
while maintaining the same sample plate size as the pre-
vious generation and a ratio of peak magnetic field on the
surface of the sample plate to that on the surface of cavity
walls of approximately unity. Simulations using CLANS
[4] and Omega3P [5] suggest that this latest generation
BOB cavity should be capable of reaching peak magnetic
fields in excess of 120 mT before a quench due to thermal
runaway on the cavity walls.

CAVITY DESIGN PROCESS
The cavity was designed using an optimisation interface

written in MatLab that utilises CLANS for independent
field simulations. The optimisation is iterative; from an ini-
tial given set of geometrical parameters, the optimisation
software attempts of maximise the value of the expected
thermal runaway quench field (assuming a niobium sample
plate), Bquench, according to the relation

Proceedings of SRF2013, Paris, France THP038

07 Cavity design

P. Cavity Design - Deflecting & other structures

ISBN 978-3-95450-143-4

985 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Bquench = B0

(
f0
f

)2

R , (1)

where f is the resonant frequency of the cavity, and R is
the ratio of the peak magnetic field on the sample plate to
the peak field on the cavity walls. The constants, B0 = 60
mT and f0 = 6 GHz, were obtained from thermal runaway
simulations conducted as part of previous TE cavity work
[3]. Simulations show that this latest model of TE sample
host cavity has R = 0.893 and Bquench = 123 mT when
operating in the TE011 mode at 3.954 GHz. The surface
field distribution and magnetic field pattern are shown in
Fig. 2.

The cavity was constructed from high-RRR niobium, us-
ing traditional fabrication methods. The cavity was die-
pressed in two separate parts, which were then welded to-
gether using electron beam welding. The cavity accepts
the same 5” diameter sample plates that were used for the
Mushroom cavity, as shown in Fig. 3. The circular area
of the sample plate exposed to the RF field inside the cav-
ity has a diameter of 4”. The cavity also utilises the same
loop-style coupler developed at Cornell [6].

TEMPERATURE MAPPING SYSTEM
Cornell has previously developed a temperature-

mapping (T-map) system for high resolution (≈0.2 mK)
temperature studies of superconducting niobium cavities
[7]. A new T-map system, based upon Cornell’s ILC
single-cell cavity T-map, has been constructed for use with
this latest sample plate cavity, upgrading the previous TE
cavity system from 6 sensors to 40, with the possibility of
upgrading to 56.

The temperature mapping system, shown in Fig. 4,
consists of a radial array of temperature sensors that are
mounted in direct contact with the sample plate, on the out-
side of the cavity. Each sensor is a resistor with a high
temperature coefficient in the <10 K region that, when
calibrated using a high-fidelity Cernox sensor, allows for
a measurement of the temperature difference between the

Figure 3: Location of the 5” diameter sample plate on the
cavity, highlighted in red on the model.

Figure 4: The new temperature mapping system built for
use with the BOB cavity. The design currently incorpo-
rates 40 sensors, with the possibility to upgrade to 56. The
system has a surface resistance resolution on the order of a
nΩ.

area covered by an individual resistor and the bath, ∆T .
From this, critical parameters such as surface resistanceRs

can be obtained as a function of location on the sample
plate to a spatial resolution of ≈ 1 cm and δRs ≈ 1 nΩ.

FIRST TEST RESULTS
The cavity was subjected to a vertical performance test

to measure quality factor as a function of peak field on the
sample plate surface. Prior to the test, the cavity received
a 100 µm EP, followed by a 700◦C bake for 4 days and a
120◦C bake for 48 hours. The TE011 mode was found at a
frequency of 3.949 GHz. The small deviation from the sim-
ulation value of 3.954 GHz is due to machining errors of up
to 0.8 mm in the upper half-cell of the cavity, as confirmed
by inspection with a coordinate measuring machine.

First test results were promising: the cavity achieved a
maximum field of (40.4 ± 4.0) mT on the sample plate
with a bath temperature of 1.5 K. No cavity quench was
observed during the test, although the maximum RF input
power was limited by drive line resonances. The cavity
quality factor as a function of the peak magnetic field on
the sample is shown in Fig. 5.

Throughout the test, drive line resonances impeded input

20 25 30 35 40 45 50
10

9

10
10

Peak magnetic field on sample plate (mT)

Q
0

 

 

1.5 K

Figure 5: Intrinsic cavity quality factor Q0 as a function of
the peak magnetic field on the surface of the sample plate.
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of more than 10 W into the cavity, and hindered effective
coupling. Furthermore, due to the necessity for strong cou-
pling to the cavity imposed by these resonances, coupler
losses caused the measured quality factor to be artificially
lower than the expected Q0 ≈ 1 × 1010.

CONCLUSION
The newly-commissioned BOB TE sample-host cavity

achieved a field of 40 mT on the sample surface during
its first test, limited only by the available input RF power.
This is a promising result for the future potential of the
cavity. Immediate efforts will focus on optimising the
RF drive system for 4 GHz higher-power operation, after
which the cavity will undergo further validation and perfor-
mance tests with a niobium sample plate. The cavity will
then see use in high-field studies of MgB2 samples from
Los Alamos and Temple University, Pennsylvania.
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DESIGN OF A TRIPLE-SPOKE CAVITY AS A REBUNCHER FOR RIKEN
RI-BEAM FACTORY

L. Lu∗, O. Kamigaito, N. Sakamoto, K. Suda† , and K. Yamada
RIKEN Nishina Center for Accelerator-Based Science, Wako-shi, Saitama 351-0198, Japan

Abstract

A 219 MHz, β = 0.303 superconducting triple-spoke
cavity has been designed to be used as a rebuncher for in-
tense uranium beams at RIKEN RI-Beam Factory. Shapes
and positions of spokes has been optimized reducing peak
surface electric field and a diameter of the cavity. For the
purpose to establish a fabrication method, and to check
accuracy of calculation, a single-spoke copper model is
planned to be constructed.

INTRODUCTION

At RIKEN RI-Beam Factory (RIBF) [1], very heavy ions
such as 238U and 124Xe are accelerated up to 345 MeV/u
using the injector linac RILAC2 [2] and four booster cy-
clotrons (RRC, fRC, IRC, and SRC) as shown in Fig. 1. In

Figure 1: Accelerating mode for very heavy ions (238U
beam)

this acceleration mode, there are two charge stripping sec-
tions. The first one is located after the RRC (β = 0.16), and
the second one is after the fRC (β = 0.303). Charge strip-
ping causes an increase in longitudinal emittance of beams,
which should be reduced by using a rebuncher so that the
transmission efficiencies of the following cyclotrons are
improved. Besides of the existing rebuncher located af-
ter the first stripper [3], it is crucial to construct a new re-
buncher after the second stripper.
The rf frequency of the rebuncher was chosen to be 219

MHz, which is the 12th harmonic of the fundamental fre-
quency of 18.25 MHz. This frequency gives the cell length
of βλ/2 = 207 mm. Although a higher frequency helps
to reduce the cavity length, the phase acceptance of the re-
buncher might be smaller than the beam phase. The total
voltage required is estimated to be 3 MV. The supercon-
ducting technology for rf cavity is necessary to achieve low
power operation, combined with using a small refrigerator.

∗Present address: luliang@impcas.ac.cn
† ksuda@ribf.riken.jp

DESIGN OF CAVITY

Triple-Spoke Structure

Among possible structures for the rebuncher, we have
chosen a spoke resonator, which is popularly used in the
medium β region, with three spokes. There are several ad-

Figure 2: Triple-spoke cavity.

vantages for this structure; (1) A radial size of the cavity is
relatively smaller than for other structures. (2) Strong cell-
to-cell coupling offers robustness of the resonant frequency
against manufacturing error. (3) The frequency for the fun-
damental mode is well separated from that for higher order
mode. The designed model is shown in Fig. 2. As for (1), a
diameter of the cavity was further reduced from 600 mm to
580 mm by increasing a volume of the central part of each
spoke. A capacitive coupler is inserted from the outer con-
ductor in a vertical direction. A cleaning port is attached
on each end-wall.
The disadvantage of this structure is that electric and

magnetic fields around the central spoke are higher than
that for other spokes, if the gap length is the same for all the
gaps (103.6 mm = half of cell length). As a result, the gap
voltage (Vinner) between the central spoke and the other
(side) spoke is more than twice compared with that at outer
gaps (Vouter). In order to decrease peak surface electric
field (Ep/Eacc), two side spokes are shifted to the adjacent
end wall by 34 mm. The electric field distribution on beam
axis is improved as shown in Fig. 3.
The parameters for the designed model are listed in Ta-

ble 1. The acceleration fieldEacc is defined as Vtotal/Leff ,
where Vtotal is a total gap voltage, and Leff is an effective
length (= 2βλ).

.
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Figure 3: Longitudinal electric field distribution.

Table 1: Parameters of Triple-Spoke Cavity
Frequency 219 MHz
β(= v/c) 0.303
Voltage (Vtotal) 3 MV
Cavity Length 829 mm
Effective Length (Leff ) 829 mm
Cavity Diameter 580 mm
Beam Bore Diameter 30 mm
R/Q 665 Ω
G (=QRs) 74.0 Ω
Eacc 3.62 MV/m
Epk/Eacc 4.42
Bpk/Eacc 11.01 mT/(MV/m)
Rs @ 4.5 K 48 nΩ
Q 1.54× 109

Power Dissipation 8.8 W

Frequency Tuning
Two types of frequency tuning method have been consid-

ered. One is to use the deformation of end walls (end-wall
tuner) [4], the tuning sensitivity of which is estimated to
be 270 kHz/mm by the calculation of CST Microwave Stu-
dio [5]. The other method is to use a block tuner located
on the outer conductor. If the cylinder with a diameter of
100 mm is used, the sensitivity is estimated to be around∼
25 kHz/mm (Fig. 4).

Mechanical Stiffness
In order to achieve design frequency, the deformation of

the cavity by a helium pressure should be taken into ac-
count in the design. The change in frequency of the cav-
ity by a constant pressure was simulated (without a helium
vessel). A pressure of 1.2 atm was applied on the surface
of the cavity. The cavity material was assumed to be nio-
bium with the thickness of 4 mm. Eight stiffening ribs were
attached on each end-walls (Fig. 5). The simulation was
performed for two boundary conditions: (i) the flanges of
beam ports are unfixed, or (ii) the flanges are fixed to the

Figure 4: Frequency tuning by a block tuner.

w=20

2
5

7
7

250

Rib
Flange

Cavity

Figure 5: A rib on an end-wall of the cavity.

initial position. The condition (ii) can be assumed to be
nearly the same condition as that for the flanges of beam
ports are tightly connected to the helium vessel, which is
more stiff than the niobium cavity. The simulated results
for the unfixed and fixed conditions are shown in Figs. 6
and 7, respectively. Maximum deformations for the un-

Figure 6: Deformation of Nb cavity with unfixed beam
ports.

fixed and fixed condition are 0.35 mm and 0.08 mm, re-
spectively, and the corresponding changes in frequency are
94 kHz and 22 kHz.
Further simulation is necessary taking into account a de-

formation of a cavity connected to a helium vessel.

Tolerance of Manufacturing Error
Manufacturing errors cause a deviation of the actual fre-

quency from the design frequency. The deviations were
estimated by changing several geometrical parameters of
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Figure 7: Deformation of Nb cavity with fixed beam ports.

the cavity. As for length, the parameters are L (a length
of the cavity), LendDT (a longitudinal length for the cen-
tral part of the end wall), Lspoke 1&3 (a distance from
the end-wall and the adjacent spoke), R (a diameter of the
cavity), Rendspoke (a radius at the end of each spoke), as
shown in Fig. 8. Figure 9 shows the calculated results.

Figure 8: Geometrical parameters considered for manufac-
turing errors.

The highest sensitivity was obtained for the parameter R

Figure 9: Manufacturing error in length.

(∼ 1MHz/mm). Therefore, a manufacturing error in length

must be less than 0.5 mm so as to keep the deviation of the
frequency within a tunable range of ∼ ±500 kHz.
As for angles, the central and side spokes were rotated

around x-, y-, z-axes (Fig 8). The allowed angles of the
central and side spokes for the tunable range are 2.5◦ and
0.5◦, respectively.

DESIGN OF SINGLE-SPOKE COPPER
MODEL

To establish fabrication method, a full scale copper cav-
ity is planned to be built as a test model partly using the
same fabrication technology that is supposed for manufac-
turing a Nb cavity. The test model is composed of one
spoke and two end walls (Fig. 10). A fabrication method is

Figure 10: Parts for single-spoke model.

based on the methods of press, welding, and brazing. First,
the most parts would be shaped by using press method.
Then, they are welded by Electron Beam Welding (EBW)
or brazed.

OUTLOOK
Further investigation to optimize or simplify the pro-

posed models is in progress so that the fabrication process
is as simple as possible. After the test model is constructed,
it’s mechanical and RF parameters will be measured to
check the accuracy of calculation.
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3D MULTIPACTING STUDY FOR THE ROSSENDORF SRF GUN∗

Eden T. Tulu † , U. van Rienen, University of Rostock, Rostock, Germany
A. Arnold, Helmholtz-Zentrum Dresden-Rossendorf, Germany

Abstract
The development of the superconducting radio fre-

quency photoinjector (SRF gun) is the most promising
technology for many applications beside the DC photoin-
jector and the normal conducting radio frequency photoin-
jector. However, there are various challenges during the
operation [1, 2]. Multipacting (MP) is one of the recent dif-
ficulty for the SRF gun. Thus, among the several ongoing
investigations on this phenomenon, the experimental re-
sults indicates that the high MP current has been measured
in the cathode unit of the SRF gun at Helmholtz-Zentrum
Dresden-Rossendorf research institute. This limits the cav-
ity fields (accelerating gradient). To better understand this
process, a three and half cells 1.3 GHz TESLA-shape cav-
ity with cathode was modeled in CST Studio Suite R⃝ at the
University of Rostock. All parameters were provided by
Helmholtz-Zentrum Dresden-Rossendorf, Germany. The
MP simulations have been performed with CST Microwave
Studio R⃝ (CST MWS) and CST Particle Studio R⃝ (CST
PS) [3] which are suitable and powerful for 3D electro-
magnetic designs. Further, CST PS provides the most ad-
vanced model of secondary emission [4]. The radio fre-
quency fields are calculated using the eigenmode solver of
CST MWS, whereas the CST PS is used for particle track-
ing simulation like [4, 5]. The purpose of these numer-
ical simulations is to have a better understanding of MP
in the Rossendorf SRF gun and to make a detailed analy-
sis. The midterm goal is to find a new cavity shape, which
might suppress the electron amplification so that the SRF
gun will be able to operate up to an accelerating gradient of
50 MV/m.

INTRODUCTION
The Rossendorf superconducting radio frequency in-

jector (SRF gun) has been utilized to produce a high-
brightness, low emittance and high average current beam
as a source of the ELBE linear accelerator which is already
in operation since 2007 [6]. Yet, the operation of the SRF
gun has been currently disturbed due to MP effects in the
region of the photocathode. This limits the fields in the
cavity. Thus, a new SRF gun with a three and half cells
1.3 GHz cavity is intended to be designed which should
improve the cavity performance and allow to operate up
to 50 MV/m at Helmholtz-Zentrum Dresden-Rossendorf
(HZDR) research institute.

The MP is caused by the unwanted electrons in the coax-
ial line of the structure (between the cavity and photocath-

∗Work supported by Federal Ministry of Education and Research -
BMBF under contracts 05K2013

† eden.tulu@uni-rostock.de

ode). These electrons are accelerated by a leakage of RF
fields from the end half cell of the cavity. Then, they pro-
duce a large amount of secondary electrons at certain fa-
vorable conditions. There are two crucial causes of MP: (i)
The resonance of the trajectory of the secondary electrons
due to the pattern of the fields which depend on the geom-
etry of the structure; (ii) The secondary emission yield of
the materials of the wall of the structure [7].

To analyze the effect of MP around the cathode nu-
merical simulations have been performed. In this paper,
it will be presented the simulation results which are per-
formed with a simplified model of the Rossendorf SRF gun.
The mesh resolution is increased in the simplified struc-
ture while the simulation time is minimized. The simplified
SRF gun consists of a half cell, a photocathode and a choke
filter as illustrated in Fig. 1. The complete structure of 1.3
GHz three and half cells TESLA shaped Rossendorf SRF
gun is visualized in [1]. The main goal of this task is to
analyze the MP behavior in the cathode unit of Rossendorf
SRF gun and to obtain a consistent suppression technique.
Thus, in this paper, as a first step, the MP simulation with
copper photocathode and niobium cavity will be presented.

Figure 1: Simplified model of the Rossendorf SRF gun.

SIMULATION
Field Distribution in the Structure

Firstly, the simplified SRF gun has been modeled using
CST Microwave Studio R⃝. Electric boundary conditions
(Et = 0) are set on the surface of the structure, whereas
magnetic boundary conditions (Ht = 0) are defined on both
ends of the structure. In order to decrease the simulation
time, two symmetry planes modeled by magnetic bound-
ary condition are also applied. Around 530,000 mesh cells
are used based on a convergence study. Additionally, In or-
der to achieve a high field resolution which is required for
our particular interest of MP study, the local mesh refine-
ment is considered around the cathode region. The details
will be discussed more in the result section. The distribu-
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tion of the RF electric and magnetic fields of the TM010

mode are shown in Fig. 2 and Fig. 3, respectively. The on-
axis electric field is 18 MV/m, which is normalized by 1
J in CST MWS, whereas the highest field in the half cell
is about 35.8 MV/m. The computed resonant frequency is
1.299 GHz.

Figure 2: Electric field distribution of TM010 mode.

Figure 3: Magnetic field distribution of TM010 mode.

Multipacting Simulation
MP simulation is carried out with the particle-in-cell

(PIC) solver of CST Particle Studio R⃝ (CST PS). Sec-
ondary emission yield (SEY), which can be defined as the
secondary emitted per incident electrons (current), is the
main parameter to perform an analysis of the generation
of secondary electrons. CST PS uses probabilistic emis-
sion model developed by Furman and Pivi [8]. There are
a number of secondary emitting materials in the material
library of CST Studio Suite. Among them, copper cathode
with 2.1 maximum SEY at 250 eV impact energy is cho-
sen for this simulation, whereas niobium (300 oC Bakeout)
with 1.49 maximum SEY at 300 eV is used for the wall of
the cavity (background).

The RF field leaking out of the cavity into the photocath-
ode region shown in Fig. 4 is high enough to observe strong
MP around the photocathode of the SRF gun. In order to
track the secondary electrons in this region, the calculated
electric and magnetic fields are imported into the CST Par-
ticle Tracking Studio R⃝. Moreover, the electrons are accel-
erated towards cavity wall due to the transverse direction
of the electric field. The scale is changed to visualize the
field.

The MP is highly suspected in the cathode region due
to the experiment results at Rossendorf. Hence, the initial
electrons distribution is considered on the surface of the

photocathode as shown in the Fig. 5. The initial energy of
the electrons is 1 eV.

Figure 4: Transverse electric field distribution around the
cathode.

Figure 5: Initial particle distribution.

RESULTS
To better understand the MP behavior in the cathode

unit of the Rossendorf SRF gun, it is intended to perform
simulations with different materials which are in use at
Rossendorf. The first simulation results are produced for
copper photocathode with niobium (300 oC Bakeout) cav-
ity. Fig. 6 depicts the exponential growth of secondary
electrons as a function of time. Since MP simulation with
CST PS doesn’t allow to use symmetry plane, the full struc-
ture is used with around 2.2 million mesh cells. The CPU
time needed to complete the MP simulation was 1 hour and
22 min using Intel(R) Xeon(R) CPU E5 with 3.30 GHz and
256 GB. The gradient scan was done with a factor am be-
tween 0.025 and 0.205 in steps of 0.02. In that case the am-
plitude of the fields vary in the range of 0.45 MV/m (0.025
* 18 MV/m) and 3.69 MV/m (0.205 * 18 MV/m). The re-
sults of the parameter sweep shown in Fig. 7 revealed that
the second order of two-point MP exists in the region of
the cathode. The band of emitted secondary electrons in
the cathode region at different gradient are also shown in
the Fig. 8.

Fig. 9 illustrates that the highest generation of secondary
electrons at am = 0.085 which is corresponding occurs to
Epk = 1.53 MV/m. This value is in good agreement with
the experimental result at Rossendorf.

The electron trajectories are shown in Fig. 10 during
their acceleration towards the wall of the cavity after they
gain an energy from the RF field in the coaxial line struc-
ture at about initial time (after 0.4 ns). Moreover, the reso-
nant behavior of the electrons in this region in the interval
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Figure 6: The exponential growth of secondary electrons
as a function of time.

Figure 7: Parameter sweep of gradient.

Figure 8: Band of secondary electrons.

Figure 9: Particles as a function of a factor am.

Figure 10: Particles trajectories at initial point.

of time 0.53 ns and 0.58 ns is shown from Fig 11 to Fig 13:

the electrons become visible on the wall of the cathode af-
ter 0.53 ns. The colors indicate that the value of the impact
energy of electrons. Then, after 0.2 ns they obtain suffi-
cient energy to accelerate between the gap again. At 0.58
ns they hit the wall of the cavity at their impact energy. Fi-
nally, after 9.9 ns large number of electrons (117,743) are
produced in the cathode unit as shown in Fig. 14.

Figure 11: Particles trajectories after 5.3 ns.

Figure 12: Particles trajectories after 5.6 ns.

Figure 13: Particles trajectories after 5.8 ns.

Figure 14: Particles trajectories after 9.9 ns.

CONCLUSION
The multipacting simulations for the simplified model

of the Rossendorf SCRF gun were carried out for copper
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cathode. The results indicate that a strong MP barriers are
observed between the cavity wall and the photocathode. It
was observed that a high order two point MP exists in a
cathode region. The highest MP is noticed around 1.53
MV/m. The achievable results are a signal to proceed our
further studies about MP in the cathode unit using simpli-
fied model of Rossendorf SRF gun.
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Abstract 
The crab cavity program for LHC luminosity upgrade 

envisages the testing of at least one of the three 

competing crab cavities in the Super Proton Synchrotron 

(SPS) of CERN by 2016. This paper presents the design 

optimization of a Double Quarter Wave Crab Cavity 

(DQWCC) prototype suited for testing in SPS.  

INTRODUCTION 

The LHC luminosity upgrade would significantly 

increase the potential to discover new physics from rare 

processes. Bunch crabbing is one of the technologies 

under development for increasing and levelling the 

luminosity of LHC and different crab cavity designs have 

been proposed for this purpose [1].  

   The crab cavity program envisages a first phase of cold 

tests for validation of the nominal deflecting voltage and 

its quench limit. In a second phase, at least one of the 

three competing cavities in a prototype cryomodule will 

be tested with proton beams in SPS by 2016.  

   A first prototype of the DQWCC, one of the cavity 

candidates for the LHC bunch crabbing system, was 

fabricated in niobium by Niowave. The prototype is 

currently being cold tested at BNL. This paper describes 

the design of a second DQWCC prototype suited for 

testing at SPS.    

THE DOUBLE QUARTER WAVE CAVITY 

The double quarter wave cavity is an evolution of the 

quarter wave cavity proposed as crab cavity, which was 

symmetrized along the beam axis to cancel the residual 

longitudinal acceleration along the cavity gap [2].  

The DQWCC can be seen as a coaxial line, which 

central conductor has been transversally split into two 

halves. The beam would then pass through the two 

resultant capacitive plates, being a vertical electric field 

excited in between both plates at the fundamental mode. 

The deflecting voltage sustained in this type of cavity is 

then the combined effect of the electric and the magnetic 

fields (see Figure 1). The beam would experience no 

acceleration in the DQWCC, but the choice of the ports 

location may introduce some residual acceleration, which 

should be negligible (tenths of kV). 

 

Figure 1: The DQWCC with input and HOM ports and 

beam pipes (a) and longitudinal section of the cavity 

showing the distribution of the electric (b) and magnetic 

(c) fields. 

A DQWCC FOR TESTING AT SPS 

The technical specifications for the crab cavity 

prototypes to be installed and tested in SPS are found in 

Ref. [3]. The present DQWCC optimization is based on 

the cavity geometry presented in Ref. [2]. The main 

changes with respect to the former model are the port 

design and the final cavity length.  

Ports Configuration 

The present SPS DQWCC design foresees 4 ports. 

There will be two ports on the top plate, in line with the 

beam axis, and the other two on the bottom plate, forming 

45 degrees with respect to the beam axis to provide 

clearance for the adjacent beam pipe of LHC. One of the 

upper ports belongs to the Fundamental Power Coupler 

(FPC); the other three will house the Higher Order Modes 

(HOM) couplers, as shown in Figure 1. The former 

DQWCC model had 4 HOM couplers, but 3 are enough to 

damp the HOMs with the specifically designed high-pass 

filters [4], thence this solution was adopted to reduce cost.  

The selected port configuration is symmetric, which 

reduces the multipolar components, and also provides the 

lowest external Q of HOMs for frequencies up to 2 GHz. 

The modes with frequencies above 2 GHz are expected to 

be Landau damped [3]. The ports are located in the high 

 ___________________________________________  
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magnetic field region of the cavity and so all ports use 

hook-shaped antennas.  

To maintain the symmetry of the cavity, the pick-up 

port will be located instead on the beam pipe, where fields 

are low but still high enough to extract about 1 W 

providing the requested external Q of about 10
10

 for the 

pick-up antenna.  

Couplers Design 

The port diameter for the FPC was fixed to 62 mm for 

all the crab cavity designs. The former HOM couplers 

were also designed to have the same diameter, but with a 

narrowing in the interface of the port to the cavity, as 

shown in Figure 2 (a). The electric center of the field – 

the location where the longitudinal acceleration is zero – 

is not the same as the geometric center of the cavity due 

to the asymmetry introduced by the 45 degree HOM 

ports. The different aperture of the FPC and HOM ports 

introduced a non-negligible center offset. By adopting the 

same port aperture for both the FPC and HOM couplers in 

the present cavity design, the center offset is of 0.04 mm, 

so small that falls into the position resolution of the Beam 

Position Monitors (BPM) of LHC.  

The interface of the ports to the cavity is a critical 

region where high magnetic field is concentrated (see 

Figure 3). Three different port interfaces with the large 

aperture were designed to lower the high magnetic field at 

the opening. Figure 2 shows the port interfaces. Their 

electromagnetic performances were evaluated with 

Microwave Studio [6]. All three options showed a peak 

surface magnetic field of about 68 mT for a nominal 

deflecting voltage of 3.3 MV, so the simple-blended port 

interface was selected as it was easier to manufacture.   

The present cavity design shows an Rt/Q for the 

fundamental mode of about 426 . An external Q of 

about 10
6
 is required for the FPC so that the power 

required to feed the cavity is within the 40-80 kW 

provided by the 400 MHz amplifiers that will be used for 

the crab cavity testing at SPS.  

 

The FPC hook will be made of copper and the HOM 

ones of niobium. The antenna diameter of the FPC was 

fixed for all the crab cavity models to be 27 mm. Figure 4 

shows the final geometry and dimensions of the FPC 

hook. The external Q of the FPC increases as the hook 

retracts out from the cavity, so the port length is 

determined by the necessary penetration depth dP for the 

hook to reach the required external Q. The current hook 

design leads to an external Q of 8.4x10
5 

for the 

fundamental mode, so the required power to sustain a 

deflecting voltage of 3.3 MV in the cavity is about 30kW.  

       

a) Former HOM port           b) Simple-blended port 

        

   c) Slope pedestal port           d) Cone pedestal port 

  

Figure 2: Detail of the different port interfaces considered 

for the DQWCC. The slope pedestal port is based on the 

design implemented in Ref. [5].  

   

Figure 3: Distribution of magnetic field on the simple-

blended model evaluated with ACE3P [7].  

 

Figure 4: Details of the FPC hook in its port (all 

dimensions are in mm).  
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Cavity Dimensions 

In principle the crab cavity should be designed for both 

vertical and horizontal kick configurations at LHC. 

Therefore, respectively the width and height of the crab 

cavity are constrained by the LHC beam pipe spacing of 

194 mm.  

This constraint results in longer cavity, which leads to 

higher peak surface magnetic fields. The final dimensions 

of the cavity and its main electromagnetic quantities are 

shown in Table 1.  

Figure 5 illustrates the cavity and helium vessel walls 

in the space between the LHC beam pipes. The width and 

height of the cavity are such that there are 6 mm 

remaining between the adjacent beam pipe wall and the 

cavity wall. In this space one has to fit the Helium vessel 

wall, leave enough clearance between all the bodies and 

provide enough space for the liquid Helium to flow in 

between the cavity wall and the helium vessel.   

 

Table 1: Properties of the SPS DQWCC 

 

 

 

FURTHER STEPS 

The adaptation of the DQWCC design to the 

specifications for testing at SPS will continue with the 

study of the multipacting in the cavity, the evaluation of 

the multipolar components and the calculation of the 

expected frequency shifts from microphonics, beam 

loading and Lorentz force detuning.  

The HOM filter design is in progress and it will be 

completed with the optimization of the HOM hooks for 

better fundamental mode rejection. 

A helium vessel has to be designed yet for the cavity, 

together with the frequency tuning system. The design of 

the helium vessel will be performed in parallel with the 

integration of the cavity into the cryomodule. Thermo-

mechanical studies of the vessel-cavity design will follow 

to guarantee that the safety requirements for cavity 

installation at SPS and operation are satisfied.   
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Geometrical parameter                                   

(at 300K) 
Unit 

Cavity length L 344 mm 

Cavity half-width W/2 139 mm 

Cavity half-height H/2 (w/o ports) 139 mm 

Cavity thickness 4 mm 

Beam pipe diameter 84 mm 

Port diameter PD 62 mm 

Port length PL 146.2 mm 

Electromagnetic quantity                 

(Microwave Studio simulations) 
Unit 

Crab mode frequency f0 400 MHz 

Nearest mode frequency f1 581 MHz 

Deflecting voltage Vt 
(1)   3.3 MV 

Accelerating voltage Vacc 
(2)  0.015 MV 

Center offset 0.04 mm 

Peak surface electric field Epk 
(2) 37 MV/m 

Peak surface magnetic field Bpk 
(2) 68 mT 

Stored energy U (2) 10 J 

Rt /Q 426 

(1)  Nominal deflecting voltage per cavity [3].  

(2) For a nominal deflecting voltage Vt of 3.3 MV. 

 

Figure 5: Clearance between the LHC beam pipes for the 

vertical kick configuration of the crabbing scheme. 
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HIGH FREQUENCY SRF CAVITY STUDY FOR BUNCH  

SHORTENING IN PEPX* 

L. Xiao, K. Bane, Y. Cai, X. Huang, C. Ng, A. Novokhatski, L. Wang, SLAC, Menlo Park, U.S.A 

 
Abstract 

   The proposed PEPX is a diffraction limited storage ring 

light source, or “ultimate storage ring (USR)”, which can 

be built in the PEP tunnel at SLAC. The 4.5 GeV PEPX 

design based on the USR with a natural emittance about 

10 pm-rad can be used to drive a high-gain soft X-ray 

FEL with a desired high peak current over 300 A. In 

PEPX-FEL application, the bunch length is reduced to 1 

ps from 10 ps through a set of multi-cell SRF cavities at 

1.428 GHz in CW mode, providing about 300 MV RF 

voltage. In this paper, the 1.5 GHz JLAB C100 cavity for 

the CEBAF upgrade and the 1.3 GHz Cornell ERL cavity 

are investigated for PEPX. The simulation results show 

that the beam induced higher order modes (HOM) in the 

Cornell ERL cavity will not limit PEPX operating at its 

desired beam current, but the HOMs in the C100 cavity 

will. Therefore, a 7-cell cavity design with larger irises 

and beam pipe radius similar to the Cornell ERL cavity 

but operating at 1.428 GHz is proposed. Preliminary 

results on the rf parameters of the cavity will be presented 

and a possible HOM damping scheme will be discussed.  

INTRODUCTION 

There is a growing scientific interest in X-ray FEL 

sources that can provide a continuous train of evenly 

spaced, low peak power, and coherent photon pulses at a 

high repetition rate up to 1 MHz for time-resolved photon 

experiments. SLAC has explored a concept for 

implementing a high repetition rate, low peak brightness 

soft X-ray FEL based on a diffraction limited ultimate 

storage ring (USR) built in the PEP tunnel. The 

proposed PEPX light source, as illustrated in Fig. 1, 

would have the practical advantage of serving a large 

number of users on many “normal” (spontaneous 

radiation) beam lines as well as an FEL user community, 

and thus make it an extremely powerful resource for 

synchrotron radiation science [1]. 

PEPX can provide a natural emittance about 10 pm-rad 

with a special lattice designed to minimize the nonlinear 

effects of the high-order resonances. Furthermore, the 

electron beam in USR can be used to drive a high-gain 

soft X-ray FEL by shortening the bunch length and 

increasing the bunch charge to achieve the desired peak 

current of 300 A or more through high frequency SRF 

cavities installed in a bypass section [2]. The main 

parameters of PEPX-USR and PEPX-FEL are 

summarized in Table 1. 

 

 

 

 
Figure 1: A layout of PEPX to drive a soft X-ray FEL in a 

120-meter bypass. Most electron bunches (black squares) 

are stored in the ring while select bunches (in green) are 

sent through a bypass where they pass through a 

transverse gradient undulator (TGU) and lase. The lasing 

bunch is injected back into the ring and in three damping 

times is ready to lase again.  

 

Table 1: Main parameters of PEPX as a conventional 

ring-based synchrotron light source or a driver of a free 

electron laser in a bypass. 

 

Parameter PEPX-USR  PEPX-FEL 

Beam Energy [GeV] 4.5 4.5 

Circumference [m] 2200 2200 

Peak Current [mA] 200 10 

Bunch Charge [nC] 0.5 0.75 

Emittance, x/y [pm-rad] 12/12 160/1.6 

Energy Spread [10
-3

] 1.25 1.55 

Bunch Length [mm] 3.0 0.3 

RF Voltage [MV] 8.3 282 

RF Frequency [MHz] 476 1428 

Damping Time [ms] 18 18 

 

To shorten the electron bunch from 10 ps to 1 ps, a set 

of SRF cavities operating at 1.428 GHz in CW providing 

approximately 300 MV are needed. The beam induced 

higher order modes (HOMs) in the SRF cavities are a 

concern: they can drive multi-bunch instability, limit the 

number of bunches in the storage ring, and generate 

heating on the walls. In the next section the HOM 

strengths in both the JLAB C100 and the Cornell ERL 

cavities are calculated to evaluate their effect on the beam 

in PEPX. Finally, an improved SRF cavity design for 

bunch shortening in PEPX is proposed.       

 _____________________  

* Work supported by the Department of Energy under Contract 

Number: DE-AC02-76SF00515. 
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JLAB C100 AND CORNELL ERL 

CAVITIES FOR PEPX 

JLAB C100 Cavity 

   The proposed SRF cavity for PEPX will operate at 

1.428 GHz, tripling the RF frequency of 476 MHz used in 

PEP-II. The use of the 1.5 GHz JLAB C100 SRF 7-cell 

cavities developed for the CEBAF upgrade [3] can 

achieve a 100 MV effective voltage in each cryomodule 

of 8 cavities. The required voltage of 282 MV for PEPX 

can be provided by three cryomodules similar to those 

used in the CEBAF upgrade.  

Each 7-cell C100 cavity is equipped with two TESLA 

type HOM couplers on one side of the beam pipe and one 

waveguide fundamental coupler on the other as shown in 

Fig. 2. There are two HOM dipole bands below the beam 

pipe cutoff frequency that would be damped by the two 

HOM couplers. Their damping results simulated by 

ACE3P, parallel 3D Advanced Computational 

Electromagnetic simulation suite developed at SLAC, are 

shown in Fig. 3 [4]. The results agree well with measured 

data taken in the eight cavities of JLAB C100 module 4 

[5], although the measured frequencies exhibit some 

scatter as shown in Fig. 4.  

            
 

Figure 2: Model of the JLAB C100 SRF cavity used in 

the simulation. 

 

                                           

          
 

Figure 3: For the first two dipole bands in the JLAB C100 

SRF cavity: simulated Rs (top) and Qext (bottom). 

 

        
                                 

Figure 4: Measured Qext for the first two dipole band 

modes in the JLAB C100 module 4. 

 

The coupled bunch instability due to the HOMs in the 

JLAB C100 cavities was evaluated for PEPX. The HOMs 

in a cryomodule will have a spread in frequencies and 

Qext values due to manufacture and tuning procedure. To 

estimate the growth rate of instability, we first generate 

distributions for each of these modes following either a 

uniform or Gaussian distribution. The mean frequencies 

were taken from the simulations, and the RMS scatter was 

obtained from the measurements of the JLAB C100 

module 4. In the simulations, three cryomodules were 

used assuming accelerating gradients of 20 MV/m; 4000 

seeds were simulated. The statistical results for a beam 

current of 200 mA are listed in Table 2.  

 

Table 2: Statistical results of the growth rate of the 

coupled bunch unstable modes in the JLAB C100 cavity 

for PEPX. 

 

      Uniform Gaussian 
Horizontal 

Mode 
Fastest growth time 20 µs 20 µs 
Mean growth time 43 µs 40 µs 
Rms growth time 42 µs 39 µs 

Vertical 

Mode 
Fastest growth time 12 µs 12 µs 
Mean growth time 29 µs 27 µs 
Rms growth time 28 µs 26 µs 

 

   The HOM damping in the JLAB C100 is moderate, but 

satisfies the requirement for the CEBAF upgrade to 0.1 

mA. However, the beam current for PEPX is 200 mA. If 

the target fastest growth time of 0.07 ms is assumed for 

the feedback system, the strength of the two pairs of 

dangerous HOM modes around 2.2 GHz in the JLAB 

C100 cavity need to be reduced by two orders of 

magnitude. 

 

Cornell ERL Cavity 

Cornell has proposed a 5 GeV superconducting energy 

recovery linac (ERL) light source design, which can 
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provide a high average current of 100 mA with low 

emittance of 30 pm-rad at 77 pC bunch charge [6]. In 

order to suppress the beam induced HOMs, the 1.3 GHz 

7-cell SRF cavity cell shapes are optimized for the 

Cornell ERL [7]. In addition, large beam pipes are 

adopted to allow all the HOMs to propagate out of the 

cavities into the beam pipes where they can be damped by 

absorbers (see Fig. 5). Simulation results, as shown in 

Fig. 6, show that the Cornell ERL cavity can support a 

beam current up to 200 mA, similar to the current used in 

PEPX. Therefore, the possibility of using the Cornell ERL 

cavity for PEPX is investigated. 

 

 
 

Figure 5: Model of Cornell ERL cavity used in the 

simulation (different colors represent different materials.)   

 

     

 
 

Figure 6: The first two dipole band HOMs in the Cornell 

ERL cavity: simulated Rs (top) and Qext (bottom). The 

dielectric constant of the absorber is ɛ=30-i10. 

 

In the simulations all the HOM frequencies were scaled 

by the factor 1.5/1.3. Assuming three cryomodules with 

accelerating gradients of 20 MV/m, simulations using the 

calculated HOM parameters show that the fastest growth 

times are 1.45 ms and 1.63 ms for the horizontal and 

vertical modes, respectively (see Fig. 7), if a beam current 

of 200 mA is assumed. With these growth rates, the 

feedback system should be able to completely control the 

instability. The calculated HOM damping results, 

however, need to be confirmed by experiments.   

 

                    

     
      

Figure 7: For Cornell ERL cavity: the growth rate of the 

coupled bunch unstable modes for horizontal mode (top) 

and vertical mode (bottom). 

 

SRF CAVITY OPTIMIZATION FOR PEPX    
Using the Cornell ERL cavity design for PEPX seems 

promising. We plan to adopt the Cornell ERL cavity 

design by scaling its frequency from 1.3 to 1.428 GHz as 

the baseline design for PEPX.   

An SRF cell shape can be specified by the parameters 

shown in Fig. 8. The PEPX rf system will operate at 

1.428 GHz, and thus the cell length is fixed, being equal 

to a half of the wavelength. A larger iris radius can be 

used to reduce the wakefield and increase the cell 

coupling but it decreases the operating mode shunt 

impedance. The iris radius is set to 35 mm, which is the 

same as the TESLA and Cornell ERL cavities. The two 

elliptical shapes at the equator and iris of the cell will 

affect the maximum peak surface electric and magnetic 

fields as well as the shunt impedance. They are the main 

parameters to be optimized. The cell height is used to tune 

the cell to the correct frequency. 

  The Cornell ERL cavity’s mid-cell shape is scaled with 

the scaling factor of 1.428/1.3. Additional cell shape 

optimization is performed to aim for higher R/Q, lower 

peak surface electric and magnetic fields. Higher R/Q can 

increase accelerator efficiency, while lower Epk/Eacc and 

Hpk/Eacc can suppress field emission as well as reduce 

cryogenic loss. The optimal cell’s RF parameters are 

close to those of the Cornell ERL cavity as presented in 

Table 3.  
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Figure 8: Parameterization of PEPX SRF cavity. 

 

Table 3: Calculated RF Parameters for the Middle Cell of 

the Cornell ERL and PEPX Cavities 

 

 
 

We also carried out multipacting simulations for the 

mid-cell using ACE3P below 30 MV/m. Resonant 

trajectories were found on the equator with impact 

energies between 25 to 50 eV at Eacc=20 to 30 MV/m. 

The maximum accelerating gradient of the proposed SRF 

cavity for PEPX would be 20 MV/m. Below 20 MV/m, 

the mid-cell design for PEPX is considered multipacting 

free. To be safe, the cell shape will be further optimized 

to push the multipacting barriers to higher field levels.   

Two end cells are also designed to have similar 

Epk/Eacc and Hpk/Eacc as the mid-cell. The 7-cell SRF 

cavity without the fundamental and HOM couplers for the 

PEPX rf system is shown in Fig. 9. The large beam pipe 

radius of 52 mm allows all the HOMs to propagate into 

the beam pipes. The operating mode field is flat within 

98% across the cells of the cavity.   

 
 

Figure 9: The operating mode electric field in the 

proposed 7-cell cavity for PEPX.  

FUTURE PLANS    

Recently, Stanford Synchrotron Radiation Light Source 

(SSRL) at SLAC has also proposed using a high 

frequency RF system in the SPEAR3 ring to shorten the 

bunch, and deliver a total stored current of 500 mA. The 

SRF middle and end cell shapes proposed for PEPX can 

be used for the SPEAR3. In the amount of space 

available, the RF system at 1.428 GHz should provide a 

total voltage of 50 MV in the SPEAR3 ring. In order to 

achieve the required voltage, strong damping, and a 

compact design, we plan to use 7*3-cell cavities operating 

at 1.428 GHz, installed with JLAB type waveguide HOM 

couplers developed for high current FEL application [8]. 

In addition to the dipole mode effects on the beam, the 

monopole modes, especially those in the same pass band 

(SPM), which are strongly trapped both in the JLAB 

C100 and the Cornell ERL cavities, can cause a heating 

problem. The 3-cell cavity design can reduce the number 

of SPM modes from 6 to 2 and their frequencies with a 

big mode separation could be controlled to be far away 

from the beam harmonics.  
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DESIGN AND VERTICAL TEST OF DOUBLE QUARTER WAVE CRAB 
CAVITY FOR LHC LUMINOSITY UPGRADE * 

B. P. Xiao1†, S. Belomestnykh1,2, I. Ben-Zvi1,2, R. Calaga3, C. Cullen1, L. Hammons1, J. Skaritka1, 
S. Verdú-Andrés1, Q. Wu1.  

1BNL, Upton, New York, USA 
2Stony Brook University, Stony Brook, New York, USA 

3CERN, Geneva, Switzerland

Abstract 
A Proof-of-Principle (PoP) Double Quarter Wave Crab 

Cavity (DQWCC) was designed and fabricated for the 
Large Hadron Collider (LHC) luminosity upgrade. 
Vertical cryogenic test has been done in Brookhaven 
National Lab (BNL). We report the test results of this 
design. 

INTRODUCTION 
One of the luminosity upgrade options of LHC consists 

in the vertical and horizontal crabbing of the beams. To 
do this, a PoP superconducting RF DQWCC has been 
designed by BNL and CERN. The prototype was 
fabricated by Niowave, Inc. After the surface treatments 
at Niowave and BNL, this cavity was tested in the vertical 
cryogenic test facility at BNL. After the test, additional 
surface treatments have been done at Argonne National 
Lab (ANL) to reduce the residual surface resistance in 
preparation for a further cryogenic test at BNL.  

CAVITY DESIGN AND FABRICATION 
Figure 1 shows the geometry of the DQWCC, with its 

RF design introduced elsewhere [1]. The cavity looks like 
a section of a coaxial structure, with its center conductor 
cut and separated to form two capacitive plates, with a 
vertical electric field in between at the fundamental mode, 
and thus offers the crabbing voltage needed. In the 
fundamental mode electro-magnetic field distribution, the 
electric field is concentrated in the area between two 
capacitive plates and the magnetic field is concentrated in 
the coaxial area, also shown in Figure 1. The envelope of 
this cavity is optimized to fit the size limit of IP5 in LHC 
for both crabbing directions. Comparing to the former 
quarter wave versions [2, 3], the present one is optimized 
to cancel the on-axis accelerating (longitudinal) field and 
to reduce the overall nonlinearity of the deflecting voltage 
as a function of offset [1].  

The finite element model software ANSYS was used to 
simulate the mechanical strength of this crab cavity. The 
results and the reinforcement design have been presented 
elsewhere [4] to meet the safety requirements at both 
BNL and CERN. The reinforcement components, as well 
as the cavity, were fabricated and assembled at Niowave 
[4]. 

 

 

  

Figure 1: Geometry of the double quarter wave cavity, 
electric field (top left) and magnetic field (top right) of the 
fundamental mode. Ports are labelled as: a, beam pipe; b, 
FPC and pickup coupler; c, HOM. 

TEST PREPARATION 

Surface Treatment 
The cavity was chemically treated using 1:1:2 Buffered 

Chemical Polish (BCP) solution of HF (49% wt), HNO3 
(69% wt), and H3PO4 (85% wt) to etch 150 µm Nb. Once 
at BNL the cavity was visually inspected, then leak 
checked, and finally baked for 10 hour at 600°C in a 
vacuum oven. After the baking the resonant frequency 
was measured to be 403.3117 MHz. The cavity quality 
factor at room temperature was 5,400, in agreement with 
simulation result for Nb’s room temperature electric 
conductivity at 6.2×106 /(Ω·m). The cavity was then 
shipped back to Niowave for a light BCP (30 µm material 
removal) and High Pressure Rinse (HPR). After that it 
was shipped back to BNL for assembly and cryogenic test. 

FPC and Pickup Coupler Setup 
The FPC probe, with its configuration shown in the left 

of Figure 2:, is set to provide 1.8x108 to 5.7x1010 Qext with 
20 mm travelling length. The nominal position of FPC is 
set to be 8.7 mm away from the cavity inner surface, with 
Qext at 4.0x109. The motion of the FPC is controlled by a 
stepper motor mounted on the dewar top-plate and 
connected to the FPC by means of a drive shaft and a gear 
box to transfer vertical motion to horizontal motion. 

 
 ___________________________________________  
*This work is supported by Brookhaven Science Associates, LLC under 
Contract No. DE-AC02-98CH10886 with LARP and the U.S. DOE, and
supported by EU FP7 HiLumi LHC - Grant Agreement 284404. 
†binping@bnl.gov 
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with a maximum 200 Watt RF power applied to the cavity 
and coupling coefficient close to the value of the first test. 
Duty factor of the pulsed mode was tuned to ensure that 
the thermal sensor #1 readout to be stable at 4.2 K. The 
Q0 vs Vt curve did not show any degradation until 1.4 MV, 
limited by the RF power amplifier. 

TEST RESULTS ANALYSIS 
The Q0 was limited to few 108 for all three tests even at 

field level lower than 0.1 MV, and it did not improve by 
cooling down from 4.2 to 2 K, which indicates that the 
residual resistance limits the cavity performance. 

The residual losses from trapped DC magnetic field 
should not be an issue for this test, as the dewar used for 
this test is the same as the one for another 
superconducting cavity was tested, and a difference in 
performance for operation at 2 K and at 4.2 K could be 
measured for that cavity [5]. 

The high residual resistance might come from the oven 
where the cavity was baked out. Some impurities in the 
oven could have been transferred to the cavity. The BCP 
that was performed to the cavity afterwards, however, 
should have removed the impurities from the cavity 
surface. The low field emission during the test also did 
not show a strong support on this possibility.  

Another possibility is that the cavity suffers from Q-
disease.  The third test after a slow cool-down was done 
in purpose to enhance the Q-disease to the cavity.  The 
cavity performances were compared to the previous 
measurements, taken after fast cool down, with no 
significant difference between them. 

The highest temperature on the cavity surface was 
reported by the thermal sensor #1 located on the beam 
pipe region. This is an indication of high losses in this 
region. However, dissipated heat in the FPC bellow and in 
the flanges of the beam pipe and the PU (all in stainless 
steel) is not enough to explain the low Q measurement. 
The next paragraph shows that the losses on all these 
stainless steel and copper components will limit the Q0 to 
the 109 range, an order of magnitude higher than the 
currently achieved Q0.  

NEXT STEPS 
The temperature reading on the blank-off flange of one 

of the beam ports increased as the RF power - in CW 
mode - was increased. CST Microwave Studio was used 
to evaluate the RF induced heat in the different cavity 
components during the cryogenic test at 2 K. The 
parameters used for the simulation are listed in Table 1. 
All simulations are normalized to 1 Joule stored energy.  

The simulation results are shown in Table 2. From 
where we can see no change needs to be made for the 
pickup coupler. Nb plated stainless steel flanges provided 
by CERN will be used to replace the stainless steel 
flanges for the beam pipe ports, the four small HOM ports 
will wear Cu disk gaskets. The loss on the Cu probe is 
comparable to its external Q, being the probe on its 
nominal position. The loss is mainly on the tip and first 
20 mm section of the probe. The reason for the high 

losses is that the probe is an electric probe being inserted 
on a high magnetic field region. The Cu probe will be Nb 
plated for the next test. 

Table 1: Parameters for RF Induced Heat Simulation 

Material 
Conductivity 

[1/(Ω·m)] 
Corresponding 

surface resistance Rs 

Bulk Nb/Nb 
film 

4.0e18 20 nΩ 

Stainless steel 2.0e6 28 mΩ 

Cu 2.5e9 0.8 mΩ 

Table 2: Parameters for RF Induced Heat Simulation 

Component 
RF 

induced 
heat 

Q 

Nb cavity 
20 nΩ Rs 0.576 W 4.34e9 

1 nΩ Rs 0.029 W 8.69e10 

Beam pipe 
flanges (2 in 

total) 

Stainless steel 1.16 W 2.15e9 

Nb-plated 0.83 μW 3.01e15 

HOM port 
flanges (4 in 

total) 

Stainless steel 29.3 mW 8.54e10 

Cu disk gasket 0.84 mW 3.00e12 

FPC with 
stainless steel 
feedthrough1 

Cu probe 2.84 W 8.78e8 

Nb-plated 
probe 10.0 mW 2.516e11 

Cu pickup coupler with stainless 
steel feedthrough2 8.7 mW 2.87e11 

1Probe 0.0 mm away from the cavity inner surface with 3.94e8 Qext 
2Probe 20.7 mm away from the cavity inner surface with 1.00e11 Qext 

 
In preparation for the future cold test, apart from Nb 

plating some cavity components, further surface treatment 
was performed at ANL. First, the cavity underwent an 
ultrasonic cleaning, which improved significantly the 
brightness of the cavity outer surface. Then the cavity was 
BCP etched 40 micrometers for 40 minutes with the 
temperature reading outside the cavity carefully 
controlled in 10~16°C range. The cavity was then rinsed 
with distilled water, and ultrasonically degreased with a 2% 
Liquinox solvent immersing the cavity, followed by 
another rinsing in a bath of water. Finally the cavity went 
through HPR with deionized water at a pressure of 1200 
psi. The cavity was shipped back to BNL for cryogenic 
test after the surface treatment. 

SUMMARY 
A PoP DQWCC was designed and fabricated. After the 

surface treatment in Niowave and BNL, the cryogenic test 
was performed in the SVTF at BNL. Cu probe and the 
large stainless steel flanges will be Nb-plated, and the 
small stainless steel flanges will be covered by Cu disk 
gaskets. A second cycle of BCP and HPR were done at 
ANL. The cavity is ready for the second cryogenic test at 
BNL.  
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 COMPACT HIGHER ORDER MODE FILTER FOR CRAB CAVITIES IN 
THE LARGE HADRON COLLIDER* 

B. P. Xiao1†, S. Belomestnykh1,2, I. Ben-Zvi1,2, R. Calaga3, J. Skaritka1, S. Verdú-Andrés1, Q. Wu1 
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Abstract 
A double quarter wave crab cavity was designed for the 

Large Hadron Collider (LHC) luminosity upgrade. 
Starting from the analytical calculation of simplified RLC 
circuit, a compact Higher Order Mode (HOM) filter is 
developed for this cavity. Finite element simulation 
results are presented. The design concept is generic and 
can easily be adapted to other cavities. 

INTRODUCTION 
The LHC at CERN is an energy frontier machine in 

high-energy particle physics. To maintain its scientific 
progress and exploit its full capability, a major upgrade 
called LHC luminosity upgrade will be needed. As a part 
of the luminosity upgrade, the use of crab cavities was 
proposed to correct the geometric effects of the wider 
crossing angles as a consequence of the reduced beam 
sizes with the IR upgrade [1, 2]. To fit the geometric limit 
of the LHC beam pipes, the conceptual Proof-of-Principle 
(PoP) design of three compact crab cavities were 
successfully performed, with all three prototype cavities 
fabricated and cryogenically tested. 

To apply these designs to the SPS section of LHC, the 
PoP cavities need to be expanded with all their 
accessories, which include the HOM filter to reflect the 
deflecting mode, with a frequency to be tuned to 
400.730 ~ 400.850 MHz, back to the cavity, and to offer a 
pass band to the HOMs up to 2 GHz. Modes with 
frequencies above 2 GHz are expected to be Landau 
damped due to natural frequency spread, chromaticity, 
Landau octupoles and synchrotron oscillations [2]. 

In the following paragraphs, the current design of all 
three cavities will be introduced, following with the 
analytical model and the 3D model of a compact HOM 
filter that can easily be adapted to other cavities, finally 
we estimate the power that this filter should deal with.  

CRAB CAVITIES 
The design of the crab cavity for LHC luminosity 

upgrade is essential, but challenging due to the geometric 
constrain in both SPS and IP5, and relatively low 
crabbing frequency at ~400 MHz. 

The geometries of the current three designs: the Double 
Quarter-Wave Crab Cavity (DQWCC) at BNL/CERN, the 

4-rod crab cavity at Lancaster University and the RF 
dipole crab cavity at ODU/SLAC, are shown in Figure 1 
[3-5], with the frequencies of lowest HOMs needs to be 
considered, fHOM1, in these three cavities at 570 MHz, 
600 MHz, 584 MHz, respectively [3, 5]. One should note 
that in the four-rod cavity, the first HOM at 437 MHz has 
a low impedance so it doesn't need any real damping. The 
first dangerous one (except for the LOM that will be dealt 
separately using a LOM filter) at about 600 MHz makes it 
easier to design the HOM filter [6]. 

 

 

Figure 1: Geometries of the DQWCC, 4-rod cavity and 
RF dipole cavity (from left to right). 

HOM FILTER 
The design of the HOM filter requires a sufficient 

reflection at desired frequency f0 for accelerating or 
deflecting mode, with a number at 400.730 ~ 
400.850 MHz for deflecting mode in our case, and an 
efficient pass band starting from fHOM1. 

Chebyshev high pass filters with 2 or 3 stages are 
normally adopted for the HOM filters due to their sharp 
rising from f0 to fHOM1 [7, 8]. The HOM filter does not 
require a stop band from zero to a frequency between f0 
and fHOM1. A stop notch at f0 will make the HOM filter 
function properly. 

Analytical Model 
In our design, a modified Chebyshev high pass filter 

with only one stage is used to simplify the construction, 
cooling and tuning. The simplified LC filter circuit shown 
in Figure 2 contains a π structure, with the capacitor 
changed to a band stop cell by adding an inductor in 
parallel to the capacitor.  

 
Figure 2: Simplified LC circuit of the HOM filter. 

 ___________________________________________  
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The S11 and S21 of the above network are calculated 
using the formulas in Table 4.1 and Table 4.2 in [9]. One 
should note here since the LC structure is symmetric, 
either port can be used as the input port. Using software 
MathematicaTM, S11 and S21 are calculated as a function of 
frequency from 0 to 3 GHz with the parameters shown in 
Figure 2. The calculation results are shown in Figure 3. In 
this design, the parameters of the original π structure 
determine the pass band, starting from ~600 MHz, and 
covers up to 3 GHz, the upper limit of our calculation. 
While the parameters of the band stop cell define the 
notch position, at ~400 MHz in this case. 

 
Figure 3: S11 (red curve) and S21 (green curve) of the 
above network.  

3D Model 
A coaxial structure has been chosen to simplify the 

assembling to the crab cavities. In the CST Microwave 
Studio®, a ring type capacitor is designed, together with 
three inductors connected into an “H” shape, as shown in 
Figure 4. The detailed parameters of these LC 
components are listed in Table 1. The input port, shown 
as red on the left side of Figure 4, will be connected to the 
HOM hook coupler. The detailed design of the HOM 
coupler will be introduced in the next paragraph using 
DQWCC as an example. The inner diameter (ID) of the 
input port is set to be 27 mm, and its outer diameter (OD) 
is set to be 62 mm, the same as the port for the FPC 
coupler. The output port, shown as red on the right side of 
Figure 4, will be connected to an HOM damper outside 
the cryomodule via a coaxial cable, using a type-N or 7-
16 feed-through to isolate the vacuum inside the filter 
from the outside. The geometry of the output port can be 
easily reconfigured to adapt the feed-through without 
changing the RF response of the filter. The size of this 
filter is 120 mm in length, and a maximum 83 mm in 
diameter, with 3 mm Nb used to form the filter wall. 

The through response S21 of this model is calculated 
using CST Microwave Studio®, the result is shown in 
Figure 5. As we expected, a notch with -96.2 dB in depth 
appears at ~400 MHz, with a 30 dB width at 0.62 MHz. 
The model has a high pass S21 (between -10 dB and 0 dB) 
at frequency range between 0.46 GHz and 2.40 GHz, 
covers the pass band requirements of all three crab cavity 
designs. The notches that appear at frequencies higher 

than 2.40 GHz, are produced by the complexity of the 
configuration, i. e. unwanted capacitance in the gap 
between capacitor and inductor, between inductor and 
inductor and between inductor and wall. They are not 
going to affect the filter performance since modes with 
frequencies above 2 GHz are expected to be Landau 
damped. 

 

Figure 4: 3D model of the HOM filter. 

Table 1: Parameters for the LC Components in the 3D 
Model 

 
Inductance 

[nH] 
Length 
[mm] 

Diameter [mm] 

L1 8.71 25 10 
L2 13.33 33.5 10 
L 19.38 46 12 

 
Capacitance 

[pF] 
Length 
[mm] 

OD 
[mm] 

ID 
[mm] 

C 5.09 43 16 10 

  
Figure 5: Through response of the 3D model. 

POWER ESTIMATION 
In this section, we use the DQWCC as an example to 

show the estimation of the power that needs to be damped 
through the HOM filters to room temperature dampers. 
The estimation below is normalized to each cavity with a 
3.3 MV kick. 

The detailed geometry of the HOM couplers is needed 
for this estimation. The HOM couplers, with their 
configurations and positions showed in Figure 6, provide 
the coupling to the HOM modes. Since the beam is well 
aligned in the center of cavity beam pipe, the monopole 
modes in longitudinal direction should be considered to 
generate most of the HOM power. The Qext, as well as the 
R/Q values of the related modes, are listed in Table 2. 
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Figure 6: Configuration of HOM couplers 

Table 2: Qext and R/Q of Monopole (Longitudinal) HOM 
Modes 

HOM frequency 
[GHz] R/Q [Ω] Qext

0.570 74.2 1788
0.965 90.4 1535 
1.746 5.18 1678 

Formula (2) in [7] is used to estimate the fundamental 
power loss from the HOM filter. For the setup with three 
HOM couplers, the loaded Q is 11,200; the stored energy 
is 10 Joule. Using the notch value calculated before at 
~400 MHz, the fundamental power loss, with resonance 
frequency at the notch, is 0.54 mW for all three HOM 
ports; while the resonance frequency of the fundamental 
mode deviate from the notch frequency, the maximum 
fundamental power loss is estimated to be 0.54 Watt for 
all three HOM ports in the 30 dB 0.62 MHz mismatch 
range. 

Code developed by Q. Wu et, al. [7] is used to estimate 
the HOM power loss, with the high luminosity LHC beam 
parameters used in this calculation listed in Table 3 [10]. 
For all HOMs below 2.0 GHz, the total power extracted is 
983.68 Watt, which is about 327.89 Watt per HOM 
damper. Most of the HOM power is contributed by the 
first longitudinal HOM, with a value of 915.40 Watt.  

Together with the power from the fundamental mode, 
each HOM damper extracts no more than 328.07 Watt 
power. Such a high power, even most of which will be 
damped outside the cryomodule, will cause power 
dissipation on the filter. The filter will be made of 4 mm 
Nb sheet and bulk Nb to get a low surface resistance after 
careful surface treatment to minimize the power 
dissipation. The LC components inside the cylinder will 
be actively cooled with cooling path drilled inside the “H” 
shape structure formed by three inductors. The design of 
the active cooling is underway. One should note this 
analytical calculation is based on the simplified model. 

For completeness, a 3D simulation using CST Particle 
Studio® will follow. 

Table 3: High Luminosity LHC Beam Parameter 
Charge per bunch 35.2 nC 
Revolution period 89.0 μS 
rms bunch length 0.25 nS 

Number of bunches 3362 
Number of RF buckets1 3362 

Energy 7.00 TeV 
Beam current 1.11 A 

1Based on a simplified model without bunch to bunch variation. 

SUMMARY 

A compact HOM filter is developed for crab cavities 
for LHC luminosity upgrade by extending the simplified 
analysis on LC circuit to the 3D microwave model. The 
simulation shows a -96.2 dB notch at ~400 MHz, with a 
30 dB width at 0.62 MHz. The simulation also shows a 
high pass band between 0.46 GHz and 2.40 GHz, which 
will work for all three crab cavity designs. The power that 
the filter will deal with is estimated to be ~440 Watt. Such 
a high power will be damped outside the cryomodule. The 
design of the active cooling will follow. 
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Abstract 
To date SRF technology is extending to large scale 

heavy ion LINACs, where SRF cavities accelerate beams 

from very low energy to high energy. In this application, 

superconducting (SC) solenoids are installed inside the 

cryomodule to provide strong beam focusing with 

enhanced space efficiency. FRIB will use local magnetic 

shielding, where magnetic shielding by Cryoperm or A4K 

is located close to the cavity at 2K. In this scheme rather 

strong magnetic fringe fields from the SC solenoid expose 

the shielding material and will magnetize it. An efficient 

degaussing process is required as a cure for such 

magnetization. Magnetic material characterization of 

magnetic shielding is very important to identify effective 

degaussing procedures. FRIB is designing SC solenoids 

to optimize for cost, reliability, and robust long-term 

operation. In this paper the magnetic shielding 

investigation and SC solenoid design are reported. 

CONCERNED ISSUES 

When a solenoid is located close to a SRF cavity, 

several issues are to be considered. In general: 1) how to 

attenuate not only the earth’s magnetic field but also 

fringe fields from the solenoid on the cavity wall, 2) what 

kind of magnetic shielding material is best to get good 

attenuation, 3) how much residual magnetic field strength 

is allowable for healthy cavity operation, 4) 

magnetization of component by the fringe field, 5) 

demagnetization, and so on [1].  

FRIB has chosen local shielding scheme because of 

benefits of reliability in shielding and cheaper shielding 

material cost. In this scheme, magnetic shielding is 

located in the vicinity of the cavity and is exposed to 

cryogenic temperatures. Cryogenic magnetic shielding 

material like Cryoperm or A4K should be used. To get 

high Q, the earth’s magnetic field must be attenuated to 

less than 15mG  

around the cavity wall before the cavity gets into 

Meissener state. Local shield allows this using 1.0mm 

thick cryo-magnetic shielding compared with 3.2mm 

thick -metal global shielding [2], which results in cost 

reduction.    

At the cold cryomodule operation, solenoid is energized 

to 8T (FRIB) after cavity gets into Meissen state. By 

FRIB current solenoid package design which includes a 

main solenoid coil, X-Y dipole SC steering coils, and iron 

Table 1: Fringe Field in Various Schemes with FRIB CM 

*z is defined as beam axis direction, the numbers were 

calculated for 9 T in [2] and scaled for 8T in this table. 

 

yoke, the fringe field from the solenoid is estimated to be 

about 130 G on the cavity wall at beam axis under 8 T 

operation as shown in Table 1 [3]. 

Annealing Effect 

Q drop by exposing cavity to a fringe field does not 

occur up to 2500G if cavity has not quenched [4]. On the 

other hand, when a cavity quenches under a fringe field, 

Q drop occurs. The degree of this Q drop depends on the 

fringe field strength. However, it can be recovered by 

performing quench processing without solenoid field, so 

called annealing effect [5]. This effect has been confirmed 

in MSU with =0.53 HWR up to 50G of fringe field, 

maybe possible up to 100G or more. If this effect is 

available up to more than 130G, cavity handling will be 

easy in recovering Q drop by cavity quench under 

operation, any warm up is not needed for the cavity. 

FRIB Concerns 

FRIB concerns are: 1) how much magnetization in the 

magnetic shield after the solenoid is energized to 8 T, 2) 

can fringe fields be attenuated sufficiently by local 

shielding so as to not have significant Q drop. 3) 

Magnetization of components in the vicinity of the cavity 

and their demagnetization. To answer these questions, we 

have started a magnetic shielding material 

characterization program, whose details are in the next 

section.  

MAGNETIC SHIELD MATERIAL 

CHARACTERIZATION 

B-H Curve Measurement 

AC B-H curve measurements were performed on three 

magnetic shielding materials: -metal, Cryoperm and 

A4K. Figure 1 shows the room temperature measurement 

setup. The data acquisition system is fully computerized. 

The AC B-H curve measurement method conformed to 

Solenoid 

Model 

Bucking 

coil 

Iron 

Yoke 

Fringe field 

By at z* = 

27cm 

Fringe field 

By at y = 

30cm 

A NO NO ̴ 900G ̴  220G 

B YES NO ̴  70G ̴  35G 

C NO YES ̴  130G ̴  45G 

 ___________________________________________  
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the ASTM (American Standard Testing Materials) code 

[6]. This method is showed in Figure 2. The applied AC 

field H[Oe] can be calculated by the equation (1), where 

N1 is the number of turns of excitation coil, Irms is the AC 

root mean square current, and ℓ[cm] is the average length 

of the excitation coil. The induced AC magnetic flux 

density B[G] is calculated by equation (2), where Vavg [V] 

is the AC average voltage, N2 is the number of turns on 

the pickup coil, f[Hz] the frequency of the current, and 

A[cm
2
] the cross-sectional area of the sample. Table 2 

shows the parameters used in this measurement. 

 
(1) 

 

(2) 

 
Figure 1: B-H curve measurement system at room 

temperature.  

 
Figure 2: B-H curve measurement method by ASTM. 

Table 2: B-H Curve Measurement Parameters 

Shape  Circular Ring 

Thickness of sample [mm] 1.0 

Inner Radius of the sample[mm] 33.0 

Outer Radios of the sample [mm] 37.0 

N1[ Turns] 320 

N2 [Turns] 335 

ℓ [cm] 22.0 

Cross-section A [cm2] 0.04 

R1 [] 50 

Figure 3 shows the AC B-H curve measurement at 

room temperature, 77 K and 4.2 K for A4K material. 

Current (I) is limited in this measurement by the safety 

regulation in MSU. As a result, H was measured up to 1.7 

Oe The permeability is defined at 4.5 mOe applied 

magnetic field, which is followed to the company 

definition (Amuneal Manufacturing Co.) to compare the 

result easily. 

DC Magnetic Permeability 

In cryomodule, the solenoid operates in DC mode. To 

evaluate the DC magnetic permeability, frequency 

dependence of the AC magnetic permeability was 

measured at below 70Hz as seen Figure 4, which is for 

A4k at RT, 77 K, 10 K, and 4.2 K. 

 
Figure 4: Frequency dependence of relative permeability 

( at 4.5mOe for A4K material at RT, 77K, 10K, and 

4.2K. 

DC permeability was calculated by curve fitting the 

data in this graph and extrapolating to zero frequency. 

The temperature dependence of the relative permeability 

( is presented in Figure 5 for A4K. Vendor provided 

values for  displayed enhancement of  at cryogenic 

temperatures [7]. This is not the case for this sample. 

Cryogenic magnetic shielding material property is 

sensitive to annealing history. The sample measured in 

this work might not have the same processing history as 

the one used to determine Vendor values. Efforts are 

being made to contact the Vendor to gather more 

information about the annealing history. Additional 

samples with the best processing history will be measured 

in the future.  

 

Figure 3: B-H curve at RT, 77 K, and 4.2 K for A4K 

material. 

THP046 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

1010C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

08 Ancillary systems

U. Magnetic Shielding



 
Figure 5: Temperature dependence of  at 4.5 mOe with 

A4K material. 

MAGNETIC SHIELDING TEST 

Magnetic Shield Attenuation Test at Room 

Temperature 

Direct magnetic field attenuation measurements are 

planned both for room and cryogenic temperatures. 

Figure 6 shows a solenoid coil, capable of producing a 

fringe field of several hundred Gauss at room 

temperature. A real cavity magnetic shield will be 

exposed to the fringe fields at various strengths and the 

field attenuation will be measured. The fixture to map the 

fields using flux gauges is currently being fabricated. The 

measurements are estimated to begin in October 2013. 

 
Figure 6: Magnetic shielding test at room temperature. 

Magnetic Shield Attenuation Test at Cryogenic 

Temperature 

Figure 7 shows an insert for magnetic field attenuation 

measurement at cryogenic temperature. The magnetic 

shielding seen in this figure is the same one used for ReA 

acceleration QWRs, which is made of Cryoperm. A 

2kGauss SC solenoid has been already fabricated, which 

will be put alongside the shield (blue area in the figure). 

Several magnetic flux gauges will be attached to the 

outside and inside of the shield to compare the magnetic 

field strength by exciting the solenoid at cryogenic 

temperatures. We are preparing the experimental space 

for this experiment. This experiment will start from 

middle of October 2013. 

 

Figure 7: A magnetic shielding insert for magnetic 

attenuation measurement at cryo-temperatures. 

8T SC SOLENOID  

We are prototyping an 8T SC solenoid in parallel to the 

magnetic shield material investigation. 9T solenoids were 

to be used in FRIB original linac optics design, but it is 

too critical on the current density limit for NbTi wire in 

4.5 K operation, with very little margin (0.1 K). The design 

has been reconsidered and changed to 8 T applying 

constant beam size optics [8].  

FRIB cryomodule needs 6 pieces of 8T SC 25 cm 

solenoid packages for low =0.041 section and 63 pieces 

of 8T SC 50cm solenoid packages for high =0.085-0.53 

sections [8]. These solenoid packages consist of an 8T 

main solenoid, two corrector dipole coils for X-Y 

directions, and iron yoke inside the helium vessel. 

8T Main Solenoid Design 

In order to estimate the cost of the FRIB solenoid 

packages with high accuracy, solenoid prototyping has 

been started under MSU/KEK collaboration. 8T 25cm SC 

solenoid cold mass is being designed, which includes an 

8T SC 25cm solenoid with bobbin (Figure 8) and two SC  

 
Figure 8: 8 T SC 25 cm main solenoid design. 

Proceedings of SRF2013, Paris, France THP046

08 Ancillary systems

U. Magnetic Shielding

ISBN 978-3-95450-143-4

1011 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



25cm dipole coils (Figure 9). The bobbin has been 

completed and fit checked at KEK (Figure 10).The 

solenoid design is summarized in Table 2. 

Status of Prototyping 

8 T 25 cm solenoid prototyping is starting at KEK. 

Solenoid bobbin parts were already fabricated and fitting 

check was completed on the winding machine. Solenoid 

winding work and cold test of the main solenoid itself is 

planned in October 2013. 

Table 2: 8T SC Solenoid Design Parameter 

Operation Temperature (K) 4.5 

SC Wire NbTi 

Number of different wire for 

grading 
2 

Solenoid coil length(cm)   25/50 

Core Diameter (mm) 46 

Bmax (T) 8.13 

BO (T)* 8.10 

Integrated B2 (T2m)  

Solenoid operation current (A)  100 

Operation temperature margin ( K) 0.3 

Correction dipole field (T) 0.6 

Correction dipole current (A) 40 

* Defined as maximum field on beam axis 

ACKNOWLEDGEMENTS 

The authors thank the NSCL & FRIB staff whose effort 

has made a contribution. We thank B.  Laxdal for a great 

contribution for Magnetic shield workshop in MSU which 

gave us hints to start this work. We recognize the impact 

of our SRF teleconference, with special thanks A. Facco, 

Bob Laxdal and Peter Kneisel for their contributions. 

 

Figure 10: Completed bobbin for 8 T 25 cm main solenoid. 
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Figure 9: 8 T 25 cm solenoid cold mass with steering dipole 

coils. 
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PERFORMANCE DEGRADATION OF A SUPERCONDUCTING CAVITY 
QUENCHING IN MAGNETIC FIELD* 

I. Terechkine#, T. Khabiboulline, D. Sergatskov, FNAL, Batavia, IL 60510, USA

Abstract 
Performance degradation of superconducting RF (SRF) 

cavities induced by magnetic field trapped in its walls is 
fairly well understood phenomenon; nevertheless, criteria 
for setting requirements for acceptable level of magnetic 
field generated inside cryomodules after cooling down 
have not been well established. Superconducting walls of 
cavities in cryomodules protect the cavities from this 
component of the magnetic field unless thermal 
breakdown (quench) happens; magnetic flux penetrates 
inside the cavity through normally conducting opening 
generated during the quench and becomes trapped in the 
walls after it cools down again. The amount of the trapped 
magnetic flux depends on the size of normally conducting 
zone developed in walls of the cavity during quenching; it 
can be evaluated by modelling quench propagation (QP). 
In this study, we compared performance degradation of 
several cavities of different shapes and frequencies 
predicted by the QP modelling with the data obtained by 
direct RF measurements; the magnetic field was 
generated by superconducting coils mounted in the 
vicinity of quenching cavities. A criterion is suggested for 
establishing a requirement for the maximum magnetic 
field generated inside cryomodules; it can be used for any 
RF structure and magnetic system. 

INTRODUCTION 
To reduce beam loss in high power superconducting 

linear RF accelerators of ions (linacs), focusing period in 
the beam line must be sufficiently short. Especially this is 
true for the sections of the accelerators where charged 
particles move relatively slow ( ). In this case, 
having focusing lenses inside cryomodules provides 
sensible advantages; this approach was used in many 
existing accelerators and those in development [1]. 

Power loss in superconducting RF cavities is a major 
source of heat load in the cryomodules. As this power loss 
can be affected by magnetic field trapped in 
superconducting walls of the cavities, the cavities must be 
thoroughly magnetically shielded, which can be a 
challenge if the allowed field is low [2]. Diamagnetism of 
superconducting niobium can be naturally employed to 
shield the cavities. This protection is broken though when 
the cavity quenches as part of its surface warms up above 
the superconductivity threshold. During quenching, 
magnetic flux penetrates inside the cavity through 
normally conducting opening and becomes trapped in the 
cavity wall after superconductivity is restored. 

Experimental studies of the flux trapping show that, with 
moderately high magnetic field, up to 100% of the 
magnetic flux crossing the cavity wall can be trapped [3]. 
The fraction of the trapped flux depends on the purity, 
texture, and the treatment history of niobium [4]. 

The main motivation for this study was an attempt to 
formulate practical criterion that could be used for setting 
limits on the magnetic field generated inside cryomodules 
of linacs and verification of this criterion by direct 
measurements using superconducting RF structures. 

TRAPPED FLUX CRITERION 
Performance degradation of an RF cavity is manifested 

by the drop of its quality factor. Trapped magnetic flux 
that reduces the unloaded quality factor Q0 to the level 
Q1=η·Q0 can be found using the next expression [5]: 

.    (1) 

In this expression μ0=4π∙10-7 H/m is the permeability of 
empty space, Φ0=2∙10-15 Wb is the magnetic flux quant, 
ξ0=3.9∙10-8 m is the coherence length in Nb, f is the 
frequency of the cavity, Rs is the surface resistance of Nb 
at this frequency, V is the volume of the cavity, and Λ is a 
dimensionless parameter that defines magnetic energy 
density at the location of the quench relative to the 
average energy density in the cavity. 

The first multiplier in (1) is fully defined by the 
properties of superconducting material. The second one is 
cavity-specific with Λ depending on quench location. The 
last multiplier relates the acceptable degree of degradation 
η with corresponding level of the trapped flux: if η = 1, no 
trapped flux is allowed; as η 0, more flux can be 
tolerated. Consequences of smaller quality factor after 
quench can be assessed at different quenching scenarios, 
and corresponding choice of η can be made taking into 
account available cooling power and distribution of RF 
magnetic field (or the energy density factor Λ) and 
expected static magnetic field on the cavity surface. 

The amount of the trapped magnetic flux is defined by 
the size of a normally-conducting opening in cavity wall 
during quenching; it can be found by modelling 
propagation of the quench. 

QUENCH PROPAGATION 
The surface density p of RF power loss in normally 

conducting walls of cavities can be expressed as 

,    (2) 

where W is the total energy stored in the cavity and the 
value of Λ is taken at the location of the quench. Then the 
rate of the energy dissipation in the cavity  

 ____________________________________________  

*Operated by Fermi Research Alliance, LLC under Contract No. De-
AC02-07CH11359 with the United States Department of Energy. 
#terechki@fnal.gov  
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,    (3) 

where the integral is taken along the normally conducting 
surface of the quenching cavity. To find how the 
temperature in the wall changes in time, this equation 
must be solved in the time domain simultaneously with 
the heat transfer equations.  

In the cryogenic environment, the material properties 
are temperature-dependent, with some of them changing 
by orders of magnitude in the temperature range between 
2 K and 300 K. Needed data for thermal conductivity, 
specific heat, and surface resistance of Nb in this 
temperature range can be readily found in handbooks. 

The initial phase of quench propagation can be 
considered adiabatic, but the maximum size of the 
normally conducting opening in the superconducting wall 
of quenching cavity is defined by cooling of the cavity 
surface by liquid helium (LHe). Available data for the 
heat transfer from Nb into 2 K LHe mainly refer to tests 
made using small samples of different shapes and 
orientations. Graph in Fig. 1 shows accepted for this study 
dependence of the heat transfer coefficient h on the 
surface temperature T for the 2 K LHe; corresponding 
data set was compiled using several sources of 
information, including [6]. 
 

 
Figure 1: Heat transfer coefficient into LHe at 2 K. 

 
There are several stages in the cavity quenching process 

[7]. First, the boundary of the normally-conducting zone 
(T ≈ 9.3 K) propagates along the surface heated by RF 
current; simultaneously, more slowly, this boundary 
moves into the depth of the cavity wall. No magnetic field 
penetration occurs at this point as the outer surface of the 
cavity wall remains superconducting. After the boundary 
of the normally conducting zone reaches the outer surface 
of the wall, which is cooled by liquid helium, the external 
magnetic field starts to penetrate inside the cavity. At this 
point, most of the energy stored in the cavity has already 
dissipated in the skin layer, elevating its temperature; it 
can often reach and exceed the room temperature level. 
Next, the heat propagates along the cavity wall; the 
cooling process gradually makes this propagation slower 
and, at some point, reverses its direction. Finally, the 
normally conducting opening shrinks, collapsing very fast 
in the end. Fig. 2 illustrates this process for the case of a 

one-cell 1.3 GHz elliptical cavity with the initially stored 
energy W0 = 14 J and the quench starting point 
corresponding to Λ = 1.5; in the figure, the radius of the 
normally conducting opening in the superconducting wall 
is shown as a function of time. 
 

Figure 2: Radius of normally conducting opening in
the superconducting wall of RF cavity: f

 
= 1.3 GHz, 

Λ = 1.5, W0 = 14 J.  
 

As the maximum size of the normally-conducting 
opening in the wall of a quenching cavity becomes 
known, it is straightforward to find the magnetic flux that 
crosses this surface using appropriate magnetic modelling 
tool. The found flux must be compared with the allowed 
limit expressed by (1) to judge on the adequacy of the 
magnetic shielding means in the cryomodule.  

The described algorithm is not restricted by the choice 
of a specific magnetic system or RF structure; it needs to 
be verified though to be accepted for practical use. This 
verification was made by testing several superconducting 
cavities in the environment of known magnetic field. 

VERIFICATION TESTS 
Three RF structures were tested: 325 MHz SSR1 spoke 

cavity built for PXIE test stand [8], 1.3 GHz one-cell 
elliptical Testla-type cavity [9], and 650 MHz one-cell 
elliptical cavity under study for the Project X program at 
FNAL [10]. The magnetic field for the tests was 
generated by a superconducting coil installed in the 
vicinity of tested RF structures in the vertical test stand 
(VTS) at FNAL. Position of the coil relative to the 
cavities in each test was chosen based on available space 
in the VTS and expected location of the quench. When 
this location was not known, resistive heaters were 
attached to the walls of tested cavities and activated by a 
pulse power supply [8] to initiate quenches. 

During the tests, for several settings of current in the 
test coil, the unloaded (low-gradient) quality factor was 
measured before and after quenches. If heaters were used, 
quenches were initiated at the gradients close to the 
maximum achievable level. For each tested RF structure, 
the measured dependence of the quality factor on the 
current in the test coil was compared with corresponding 
prediction of the modelling. 
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The measured drop of the quality factor was in good 
agreement with the predicted degradation for each of the 
three tested cavities. Results of the tests made using the 
PXIE SSR1 cavity will be discussed in this report. 

Fig. 3 shows modelling (and test) configuration for the 
SSR1 cavity with the test coil installed above the area that 
was found to be the most sensitive to the quenching in 
magnetic field (Λ ≈ 2.6).  
 

 
Figure 3: Test configuration with quench 
on the end wall of the SSR1 cavity. 

 
Quench propagation analysis for this cavity resulted in 

the next expression for the maximum radius of the 
normally conducting opening in the superconducting wall 
with two parameters being the total stored energy W0 and 
the energy density factor Λ [8]: 

Rm [mm] = 25.5 + 9.8∙Λ-1 + 0.8∙W0 [J].  (4) 
The total energy stored in the cavity corresponding to 

the effective accelerating voltage of 2 MV is 14 J; in this 
case, Rm ≈ 40.5 mm.  

For the setup in Fig. 3, with 1 A current in the test coil, 
the magnetic flux Φ generated by the coil and crossing the 
inner surface of the cavity Φ = 6.7∙10-6 Wb. Then, having 
in mind that the volume of the cavity V = 0.0473 m3, the 
surface resistance of RRR300 Nb Rs = 7.4∙10-4 Ohm, and 
using equation (1), one can calculate the quality factor 
after quench corresponding to any current in the test coil. 
Fig. 4 compares results of this calculation assuming 100% 
flux trapping with the data obtained by the measurements. 

 

 
Figure 4: Calculated and measured quality factor 
of the SSR1 cavity quenching in magnetic field. 

Curves similar to shown in Fig. 4 were built for all 
tested cavities; the measured behaviour of the system was 
fairly close to the predicted. In all three cases, it was 
possible to restore the initial performance of the cavity by 
repeated quenching at the same location in the absence of 
the magnetic field generated by the test coil. This 
restoration of cavity performance was full for moderate 
values of the current - up to ~0.3 A for the case in Fig. 4. 
The drop of the measured quality factor at higher currents 
in the test coil is explained by diffusion of the trapped 
magnetic flux out of the area which can be heated above 
the superconductivity threshold temperature during 
quench. One can fight this partial irreversibility with 
some increase of the RF power. 

CONCLUSION 
Performance degradation of superconducting RF 

cavities due to magnetic flux trapped in their walls during 
quench was investigated by modelling and direct 
measurements using cavities of different shapes and 
frequencies. The modelling could predict results of the 
measurements for all the cases. This degradation can be 
fully or partially cured by continuing quenching in the 
absence of the magnetic field. 

No restrictions exist to applying the used method for 
evaluation of performance of any superconducting RF 
system in magnetic field of any origin. 
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THE INFLUENCE OF TUNERS AND TEMPERATURE ON THE HIGHER
ORDER MODE SPECTRUM FOR 1.3 GHz SCRF CAVITIES

R. Ainsworth∗, Royal Holloway University of London, UK
S. Molloy, European Spallation Source AB, Lund, Sweden

P. Zhang, CERN, Geneva, Switzerland.
N. Baboi, M. Grecki, T. Wamsat, DESY, Hamburg, Germany

N. Eddy, Fermilab, Batavia, USA

Abstract
Higher Order Modes (HOMs) are of concern for super-

conducting cavities as they can drive instabilities and so
are usually damped and monitored. With special dedicated
electronics, HOMs can provide information on the position
on the beam. It has been proposed that piezo tuners used to
keep the cavities operating at 1.3 GHz could alter the HOM
spectrum altering the calibration constants used to read out
the beam position affecting long term stability of the sys-
tem. Also, of interest is how the cavity reacts to the slow
tuner. Detuning and the retuning the cavity may alter the
HOM spectrum. This is of particular interest for future ma-
chines not planning to use dedicated HOM damping as the
tuning procedure may shift the frequency of HOMs onto
dangerous resonances. The effect of temperature on the
HOM spectrum is also investigated. An investigation of
these effects has been performed at FLASH and the results
are presented.

INTRODUCTION
Higher Order Modes (HOMs) are of concern for super-

conducting cavities as they can drive instabilities and so
are usually damped and monitored. Simulations [1, 2] have
shown that for future high power proton machines, HOM
damping may not be required if the frequency of a mode
is far enough away from a machine line and no complex
chopping patterns are used.

Thus, it is important that cavities are designed such that
their modes are far away from the machine lines. Of con-
cern, is if a cavity is fabricated with a mode too close to
a machine line. It has been suggested [3] that detuning
and retuning the cavity, as well as warming up and cooling
down the cavity could cause the HOM frequencies to shift
slightly due to the cavity not being perfectly elastic.

∗ rob.ainsworth.2009@live.rhul.ac.uk
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Figure 1: A schematic of the FLASH acclerator.

To investigate these effects, a study was performed at
FLASH (Fig. 1). FLASH [4] is a Free Electron Laser fa-
cility generating short laser-like pulses with a wavelength
between about 4 and 45 nm. It is also a test facility for the
European X-ray FEL and the International Linear Collider.
To accelerate the beam, seven cryomodules containing su-
perconducting nine cell cavities operating at 1.3 GHz are
used.

For the measurements presented here, cavities were mea-
sured in the fifth (ACC5) and seventh (ACC7) cryomodule.

SET-UP
The higher order mode spectra was measured using a

Agilent 8753ES Network Analyser (NWA) connected to
the HOM couplers of a cavity. For each cavity, the first
two dipole passbands were measured from 1.6 GHz to
1.888 GHz along with the first quadrupole passband mea-
sured from 2.293 GHz to 2.32 GHz. The NWA was limited
to a maximum data sample of 1601 points, therefore in or-
der to get a good resolution of the modes, 500 data samples
were taken for the dipole passbands and 50 data samples
for the quadrupole passbands. The high number of data
samples needed meant that the time to measure all three
passbands was slow and on the order of 15 minutes.

Only eight out of the nine quadrupole modes were visi-
ble from the measurement.

The fundamental passband was not visible on the NWA.
This possible due to the fact the HOM couplers reject the
fundamental mode and thus coupler out.

The NWA had only 2 ports, therefore in order to prevent
the need to continually plug and unplug cables, a Keithley
S46 microwave switch system was used. The NWA and
switch were both automated using LabView.

EFFECTS OF DETUNING THE CAVITIES
Before the superconducting linac was warmed up, the

cavities were detuned to their relaxed state. Measurements
were performed on cavity 1 and 2 from ACC7 before and
after detuning in order to determine the frequency shift in
the measured passbands. The accelerating mode in Cav-
ity 1 was detuned by 305 kHz and in cavity 2 by 280 kHz.
Figure 2 shows the shift in frequencies of the dipoles and
quadrupoles for ACC7-C1. The shift is calculated by sub-
tracting the detuned frequencies from the tuned frequen-
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Figure 2: The shift in the dipole(top) and
quadrupole(bottom) frequencies after the accelerating
mode had been detuned by 305 kHz.

cies. Thus, a negative shift means the frequency has in-
creased. The shift varies from -700 kHz to 200 kHz in the
two dipole passbands however remains around 900 kHz for
the quadrupole modes. Also of interest, is how the shift
for the dipoles changes from negative to positive as the fre-
quency increases in a smooth trend and then suddenly drops
at the beginning of the new passband.

COOL-DOWN MEASUREMENTS
During the cool-down of the superconducting linac from

300K to 2K, the passbands were continually measured to
observe how their frequencies shifted turing the tempera-
ture change. Cavity 1 from ACC5 and ACC7 were mea-
sured during the cool-down. The temperature as a function
of time is shown in Figure 3. It can be seen that temper-
ature drops at a relatively constant rate until around 60 K
where the gradient increases. The right plot shows the tem-
perature drop near and during the phase when the cavities
become superconducting (T<9.2 K). Here the temperature
has a very steep gradient from 10 K to 4.2 K where it re-
mains constant until a final procedure is made to lower the
temperature to 2 K.

The spectra of the passbands at temperatures of 300 K,
200 K, 100 K, 50 K, 10 K, 4.2 K and 2 K were then com-
pared. It is important to note that at 10 K the temperature
drop was very fast meaning that the modes could be at a
temperatures below this. At high temperatures, it was ex-
tremely hard to detect the quadrupole modes and so only
data from 10 K will be used in statistics.

Figure 4 shows the first dipole mode in ACC5-C1 as the
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Figure 3: The temperature of the cavities measured as a
function of time. The right plot shows a zoom in of the
period when the cavities are superconducting.

temperature drops. It can be seen that as the temperature
decreases, the frequency gradually increases as well as the
quality factor. Between 10 K and 2 K, a very small fre-
quency shift is observed however a massive increase in Q
compared to 50 K due to cavity now being superconduct-
ing.

Figure 5 shows the fourth quadrupole mode in ACC7-C1
as the temperature drops. At temperatures above 50 k, the
resonances are particularly hard to resolve, especially both
polarisations.

Figure 6 shows how the dipole and the quadrupole fre-
quencies have shifted after the cavity has been warmed up
and re-cooled down to 4.2 K and 2K. The comparison is
made with the detuned cavity frequencies. It can be seen
that the frequency shift from 4.2 K to 2 K is quite large
and is not thought to be just caused by the compression of
the cavity due to cooling. After being warmed up and re-
cooled, it is apparent that the frequencies have not returned
to their initial state and have shifted which for the majority
of modes is around 20 kHz. Once again, the dipole modes
show a much greater variation in shift as compared to the
quadrupole modes.

Figure 4: The first dipole mode in ACC5-Cav1 at different
temperatures.
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Figure 5: The first quadrupole mode in ACC7-Cav1 at dif-
ferent temperatures.

EFFECTS OF RETUNING THE CAVITIES
After the cool-down was complete, the cavities were

then retuned to return the accelerating mode to 1.3 GHz.
The final shift in dipole frequencies between the origi-
nal tuned cavity and the final cavity after being detuned,
warmed up, cooled down and retuned is shown in Figure 7.

The total shift is in most cases less than 5 kHz with some
exceptions of much higher shifts. The biggest being close
to 65 kHz. On-going analysis of the other cavity data is
expected to determine if this shift is an anomaly.

SUMMARY
The shift on the modes in the first two dipole passbands

and first quadrupole passband is observed while the cavity
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Figure 6: The shift between the detuned cavity before the
warmup and the cavity at 4.2 K and 2 K during the cool-
down. Dipole(top) and Quadrupoles(bottom) are shown.
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Figure 7: The shift in frequency after the cavity has been
detuned, warmed up, cooled down and then retuned.

undergoes external effects. The cavity was first detuned
before being warmed to 300 K. The cavity was then cooled
down to 2 K and retuned. The cavity spectra was measured
at various stages.

Analysis of the results of one cavity suggest that the
whole cycle will result in frequencies shifts on the order
of several kHz, thus this shift should be accounted for in
cavity designs when avoiding dangerous resonances.

The tuning effects measured in this paper made use of
the slow tuners. Of future interest, is the effect of the fast
piezo tuners used to keep the cavity operating close to res-
onance during operation. It is of interest to see how the
HOM spectrum responds to the fast tuners and whether this
has an effect on diagnostic systems that make use of the
HOMs.
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SPL RF COUPLER COOLING EFFICIENCY 
R. Bonomi, O. Capatina, E. Montesinos, V. Parma, A. Vande Craen, CERN, Geneva, Switzerland 

Abstract
Energy saving is an important challenge in accelerator 

design. In this framework, reduction of heat loads in a 
cryomodule is of fundamental importance due to the 
small thermodynamic efficiency of cooling at low 
temperatures. In particular, care must be taken during the 
design of its critical components (e.g. RF couplers, cold-
warm transitions). In this framework, the main RF 
coupler of the Superconducting Proton Linac (SPL) 
cryomodule at CERN will not only be used for RF 
powering but also as the main mechanical support of the 
superconducting cavities. These two functions have to be 
accomplished while ensuring the lowest heat in-leak to 
the helium bath at 2 K. In the SPL design, the RF coupler 
outer conductor is composed of two walls and cooled by 
forced convection with helium gas at 4.5 K. Analytical, 
semi-analytical and numerical analyses are presented in 
order to defend the choice of gas cooling. Temperature 
profiles and thermal performance have been evaluated for 
different operating conditions; a sensitivity analysis of RF 
currents node position along the wall has also been 
performed. Finally, comparison with respect to other heat 
extraction methods is presented. 

SPL CRYOMODULE: SUPPORTING 
SCHEME

In the framework of heat loads reduction, the number 
of potential heat sources in the SPL cryomodule has been 
kept as small as possible so that the required refrigerating 
power is minimised [1]. To achieve such reduction, the 
novel SPL cavity supporting scheme does not rely on tie-
rods or space frame: cavities are only supported through 
the external conductors of the main RF power couplers 
and the inter-cavity supports between adjacent cavities 
(Fig. 1). 

Figure 1: A sketch of the SPL cryomodule, with the RF 
power coupler and the intercavity support. 

The outer conductor of each coupler is composed of a 
Double-Walled Tube (DWT) which allows for active 
helium gas cooling in order to reduce heat loads 

especially during RF operation. Given its multiple 
functions, determining the thermo-mechanical 
performance of the DWT is fundamental to keep the 
correct alignment while ensuring thermal performance. 

DOUBLE-WALLED TUBETHERMAL 
ANALYSES 

The SPL RF coupler (Fig. 2) features a fixed-coupling 
copper antenna (43 mm diameter) and an external 
conductor (100 mm diameter) which is composed of [2]: 

- an inner stainless steel wall (1.5 mm thick) coated 
with a thin layer of sputtered copper (4 μm thick);  

- an outer stainless steel wall (2.0 mm thick). 
From the point of view of the conduction heat loads of 

this component, the variable to investigate is the 
temperature profile along the wall of the DWT. The heat 
leak to the helium bath, which has to be minimised, is in 
fact directly related to the temperature gradient along the 
DWT wall. 

To model the thermal performances of the DWT in the 
SPL cryomodule a number of methods have been 
employed and compared; this has been done with the aim 
of developing efficient computation tools to assess the 
efficiency of the DWT active gas cooling of the SPL 
cryomodule as well as of other projects. In the following, 
such tools are described. 

Figure 2: Cross section of the SPL power coupler with the 
helium channel for active gas cooling of the DWT. 
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Analytical and Numerical Analysis 
The main coupler can be modeled in an extremely 

simplified manner as an equivalent “neck” placed 
between room and cryogenic bath temperature (Fig. 3). 

Figure 3: Simplified coupler geometry (neck): A is the 
cross section, L is the total length. 

As a consequence, the thermal analysis is quite simple, 
as both analytical and numerical techniques can be 
applied; moreover, different types of cooling techniques, 
fluids and geometry ratios can be studied. As a result, one 
can obtain the feeling on what the ideal thermal 
performance of a steel neck would be. 

Method. A numerical integration of the governing 
differential equations has been performed via a 
calculation software (MathcadTM [3]). The cases 
considered - calculated for different neck dimensions 
(length-over-cross section ratio, L/A)- are:  

- No Cooling,  
- Self-sustained Cooling1,
- One/Two OptimisedHeat Intercepts2 (at 8 and 80 K), 
- Ideal Gas Cooling3.
Results. In Fig. 3, the calculated heat leak to bath is 

plotted against L/A. The SPL DWT has a geometrical 
ratio of 260 m-1.

From this plot, a number of areas can be distinguished, 
according to the operation point, i.e. the point obtained 
from the intersection of the neck geometry and the 
maximum acceptable heat load. 

As a general design rule, when the operation point is 
above one of the straight lines, the cooling system defined 
by the line just below is ideally sufficient for sustaining 
that condition. For example, the region on the far-right, 
above the “No Cool” line, defines those longer/thinner 

necks that would not need any cooling. On the other 
hand, whenever the operation point falls in the region 
below the line of the double heat intercepts (straight solid 
line with filled circular markers in Fig. 4) it is 
recommended to use an active helium gas cooling (dotted 
lines without markers in Fig. 4). 

Figure 4: Heat transferred to a superfluid helium bath 
(300-2 K) as a function of geometry ratio L/A, and for 
different neck cooling techniques. 

Semi-Analytical Analysis 
To include RF power dissipation and radiation 

exchange with the antenna, and to properly investigate the 
benefits of active gas cooling, an improved study is 
necessary. A dedicated semi-analytical thermal model [4] 
has thus been implemented in MathcadTM (based on [5]). 

Method. A one dimensional4 steady-state thermal 
analysis has been set up by subdividing the fluid channel, 
the inner and the outer walls into several elements  
(defined by the nodes ni) and by applying to each of them 
the analytical formulas describing conduction, 
convection, radiation, RF losses and gas enthalpy change. 

The powers exchanged through the boundaries with the 
external ambient can be calculated with an energy balance 
on the boundary elements. In the simplified geometry of 
this analysis, the two flanges and the inlet-outlet pipes 
have not been modeled. 

Figure5 represents the schematic of the heat exchange 
occurring among the elements: both walls exchange with 
the gas by convection (light blue arrows); RF losses 
(purple arrow) and radiation exchange with the antenna 
(green arrow) are relevant to the inner wall only. 

When present, the RF power deposited on the inner 
wall of the DWT dissipates as heat, thus increasing the 
heat leak to the bath. For this so-called dynamic case, the 
RF current distribution on the inner wall is an input to the 
calculation, which can range between a travelling (where 
the envelope defines a constant current) or a standing 
wave (where the current wave envelope is sinusoidal) can 
be assumed. The standing wave case branches into two 
extreme sub-cases, depending on whether the DWT cold 
end acts as an “open-circuit” (zero RF current) or as a 
“short-circuit” (maximum RF current). Furthermore, the 

 ___________________________________________  
1Self-sustained cooling occurs when all the thermal power reaching the
bath is used to create the cryogen vapour flow. 
2 Heat intercepts are ideal and optimised with respect to the position
along the neck which gives the lowest total refrigerating power. 
3 Active gas cooling with the assumption that gas and neck have the
same temperature at each point. 
4 Heat transfer in radial direction has not been considered. 
5 A heater is foreseen to be placed on the external flange of the DWT to
ensure that its temperature does not go below the dew point.
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wave position along the wall also changes in relation to 
the RF functioning. 

Figure 5: Heat exchange among elements of the mesh. 

The boundary temperatures of the walls are fixed at 2 
and 300 K5; for the helium gas, the inlet temperature is 
4.5 K (1.3 bar helium vapour) and the helium flow rate 
chosen for the SPL DWT is 40 mg/s. 

Material and fluid properties are considered to be 
temperature-dependent and have been estimated with [6] 
and [7], respectively. 

Results- Static Case. The three temperature profiles of 
inner, outer wall and gas are plotted in Fig. 6 for the static 
case (RF power is null, radiation exchange from the 300 
K antenna is considered), with or without cooling. As a 
result, the gas cooling is proven to be efficient as it allows 
for a strong reduction of the heat load to bath from 13 W 
to 0.1 W. 

Figure 6: Static case, with and without cooling - 
Temperature profiles of internal (i) and external (e) walls, 
and helium gas along the DWT for non-cooled (filled 
markers) and cooled DWT (empty markers). 

Results –Dynamic Case. The RF boundary conditions 
considered for the SPL coupler are: 704 MHz, 1 MW 
peak power, 10% duty cycle (200 A peak pulse current). 
Such values stem from the RF design and correspond to 

100 kW average transmitted power. 
For the reference dynamic case6, out of the overall 

thermal balance around 10 W are due to RF power 
dissipation, whereas only 1-2 W are related to the 
antenna’s radiation. For this case, heat leak at 2 K is again 
expected to be around 0.1 W. 

A sensitivity analysis on RF current wave position has 
been performed, as this information can be useful to 
estimate the loads for different operating conditions 
(conditioning of the cavities, normal operation). In Fig.7, 
RF power dissipated and heat load to bath are represented 
for the two cases previously mentioned (short-circuit and 
open-circuit end) against position of the current wave 
boundary along the cooled wall of the DWT. By 
“shifting” the current wave further from the cold 
extremity towards the RF cavity, the resulting load to the 
bath may change by a factor of 5, the RF dissipated by a 
factor of almost 2 (for the non-cooled case, those factors 
would both be around 1-1.2). 

Figure 7: Dynamic case, with cooling - RF losses and 
thermal load to bath (x10, for better visualization) for 
different RF current configurations. 

Finite Element Analyses 
The thermal results predicted by the semi-analytical 

model above can be refined by means of a FE analysis. 
For this purpose, two sub-models have been set up in 
Ansys Workbench [8], to study separately static and 
dynamic case. The same boundary conditions, material-
fluid properties and RF conditions previously discussed 
have been used and the results have been compared to 
those of the semi-analytical approach. 

Method - Static Case. For the static case, a coupled 
steady-state thermal and fluid dynamics analysis has been 
implemented in ANSYS Workbench; the CFX solver has 
been used in order to better investigate the heat 
exchanged between helium and walls. 

As confirmed by previous calculations [4], a laminar 
fluid regime is the adequate choice for this problem as the 
Reynolds Number never exceeds the critical value even 
for very low gas temperature (Fig. 8).  ___________________________________________  

6Cooling with 40 mg/s of helium at 4.5 K, standing wave current
distribution for the open end case, radiation from the antenna at 330 K.

Proceedings of SRF2013, Paris, France THP049

08 Ancillary systems

V. Couplers/HOM

ISBN 978-3-95450-143-4

1021 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 8: Reynolds Number versus gas temperature (for 
an equivalent channel hydraulic diameter of 2 mm; 
helium properties are calculated at 1.5 bar [7]). 

Results - Static Case. As visible in the upper plot of Fig. 
9, the wall temperature profile (average) obtained with 
this analysis is very similar to that obtained with the 
semi-analytical model. Whilst predictions are similar at 
the channel entrance, a bigger difference appears when 
looking at the foreseen gas temperature at the exit of the 
channel (left-hand side of the lower plot in Fig. 9): this is 
due to the simplifications applied in the Mathcad model, 
such as the absence of the flanges and the constant heat 
transfer coefficient. 

Figure 9: Static case, with cooling - Normalised 
temperature profiles comparison between finite elements 
and semi-analytical studies. 

Method - Dynamic Case. With a ANSYS-HFSS [9] 
coupled analysis one can evaluate the RF fields inside the 
coupler and how much they dissipate on the external 
conductor, in case of no cooling. The resulting power 

dissipation on the wall obtained from the RF fields 
calculated in HFSS has been imported into a steady-state 
thermal analysis where temperatures and powers can be 
calculated.

Results - Dynamic Case. For a first analysis, the 
geometry in ANSYS has been kept as similar as possible 
to the one used for the semi-analytical study (i.e. inner 
and outer walls are insulated and flanges are omitted). 

For what concerns the temperature profile, good 
agreement with the semi-analytical model has been found 
(see Fig.10). The heat transferred to the wall boundaries 
is also consistent between models. 

Figure 10: Dynamic case, without cooling - Normalised 
temperature profile comparison between finite elements 
and semi-analytical studies. 

A second analysis has been done to investigate the 
influence of the two flanges on the coupler performances. 
As a preliminary result, a lower value of maximum 
temperature has been obtained, which is possibly due to 
the bigger conductive section in presence of the flanges.  

CONCLUSIONS 
Different analyses carried out to assess the thermal 

performance of the DWT of the SPL power coupler. 
It has been shown that simple analytical and numerical 

analyses can be used during the early design process of 
the DWT and for choosing the adequate cooling system.  

The semi-analytical approach is very powerful and 
versatile as it allows for a quick calculation of 
conduction, convection, radiation and RF dissipation 
inside the DWT. Moreover, input parameters (geometry, 
boundary conditions, materials, fluids, RF conditions, …) 
can be easily modified to optimize the mechanical, 
thermal and RF design. 

Regarding temperature profiles and heat exchange 
results, good agreement has been found between the 
semi-analytical and the finite elements results. 
Nonetheless, further studies are on-going in order to 
finalise a more comprehensive FE model where 
electromagnetics and fluid dynamics are coupled. 

Summarizing, the performed calculations clearly prove 
that the external conductor of the RF main coupler must 
be actively cooled if one wants to drastically reduce the 
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heat leaks in the SPL cryomodule. When the DWT is 
cooled by gaseous helium at 4.5 K, the heat load at 2 K 
can be estimated as lower than 0.5 W; this load is slightly 
bigger than the one estimated via the simplified semi-
analytical model, which also yields to13-25 W for the un-
cooled DWT (power or not powered respectively).  

An experimental set-up is also in preparation at CERN 
for validating the DWT design of the SPL, as well as its 
operating parameters, and to further investigate the 
validity of the thermal performance estimates.  
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DEVELOPMENT OF POWER COUPLER FOR SUPERCONDUCTING 
SPOKE CAVITIES FOR CHINA ADS PROTON LINAC 
X.Chen#, W.M.Pan, T.M.Huang, Q.Ma, F.B.Meng, H.Y.Lin, Y.H.Peng 

IHEP, Beijing, China

Abstract 
The ADS proton linac adopts =0.12 superconducting 

Spoke cavities. Each cavity is powered via a 325 MHz 
coaxial power coupler. The coupler is to feed 6 kW 
maximum power though it is designed to handle at 
15 kW .Two coupler sets have been made by IHEP so far, 
and a 10 kW RF power in continuous travelling wave 
mode has passed through the coupler during high power 
test in late January 2013. An introduction of this coupler 
design and the room temperature test results are presented 
in this paper. 

INTRODUCTION 
Construction of China Accelerator Driven Sub-critical 

System (ADS) Injector-I is being carried out at Institute 
of High Energy Physics (IHEP). One of the important 
tasks is to fabricate 58 power input couplers for diverse 
Beta superconducting (SC) Spoke cavities. Each 
cryomodule contains 6 cavities while each cavity has a 
single coaxial type input coupler with fixed coupling .The 
input coupler has to deliver a radio frequency (RF) power 
in continuous wave (CW) mode up to 6 kW to the cavity 
and beam load. Since January 2013, we have been testing 
couplers of this type at room temperature test stand [1]. 
The results of the test show that coupler of this design is 
capable of transfer 10 kW CW power stably. Now this 
coupler is receiving horizontal test with the Spoke cavity 
attached to cryostat. Main parameters of this coupler are 
summarized in table 1. 

Table1: Main Parameters of Spoke Cavity Coupler 

frequency 325MHz 

type Coaxial, antenna E-coupling 

window Single, warm , coaxial disk 

Coupling  fixed 

Qext 7.1E5 

Input power Max. 6kW 

impedance 50Ω 
 

GENERAL DESCRIPTION 
The coupler is of coaxial type of 50  with antenna E-

coupling design. A single coaxial planar disk window is 

set on the warm part at 300 K to form a vacuum barrier. 
Purity of the alumina ceramic is 97.6%. The cooling 
system consists of a two-way water channel and the inner 
conductor, inner ceramic and inner conductor of air side 
are cooled in that order. The antenna tip is cooled by 
conduction. Two thermal anchors of 5 K by helium and 
80K by liquid nitrogen are attached to the outer conductor 
to ensure the temperature transition from 300 K to 
2 K.Outer conductor is stainless steel with a thin copper 
layer while inner conductor is OFHC copper. The other 
parts in the air side are made of aluminum, for the sake of 
less mechanical stress. The cross sectional view of the 
coupler is shown in fig.1. 

 

 
Figure 1: Cross section of the input coupler 

 

CALCULATIONS 
S11 and S21 parameters were calculated between the 

coaxial input line 
''

8
13

inch and the outlet of φ80mm 
without the antenna extremity using HFSS code. 
Calculation results are listed in Table 2. The geometry of 
T-shape transition is a crucial part to satisfy with the 
matching condition as it is very sensitive to S parameters 
and nominal frequency. The T-box shape size, the distance 
between the inside and outside of T-box, and the length of 
the short circuit, were rather sensitive to the RF 
performance. Therefore, the above dimensions were 
varied to find the optimum return loss and insertion loss. 
Furthermore, the T-shape transition contributes to the on-
line adjusting of VSWR in RF conditioning. The proper 
insertion of ceramic and teflon also affects the 
transmission performance.  

 
 
 
 

 ____________________________________________  
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Table 2: Calculation Results (@325MHz) 
 S11 S21 

(MAG) 
Bandwidth (at -

20dB) 
Results -49dB 0.9999 ±15MHz 

Goals <-25dB - ±5MHz 

 
Heat loads of the coupler on the cryogenic environment 

calculated by ANSYS [2] are summarized in Table 3. The 
outer conductor is made of stainless steel with a 10 um 
thick copper electro-plated in the surface carrying RF 
currents, so as to reduce the RF loss and improve RF 
performance. The location of the two copper thermal 
anchors and the total length of the coaxial line are 
carefully optimized for the reduction of the static loss to 2 
K and 5 K.  

 
Table 3: Coupler Heat Load per Cavity 

 2K(W) 5K(W) 80K(W) 
Static 0.005 1.10 11.82 
At 15kW(CW, TW) 0.31 3.11 12.46 
 
The inner conductor shows an excessive heating at 

15 kW RF power. The 25 °C water cooling is efficient and 
the temperature of inner conductor decreased dramatically. 
Thermal simulation show that the temperature of the inner 
conductor is then kept at 298 K±1 K for 15 kW input power. 
A comparison of temperature distributions with and 
without water cooling is carried out. The temperature of 
inner conductor in different positions is showed in fig. 2.  

 

 
Figure 2: Temperature distributions along inner conductor 

The coupler adopted traditional choke structure window. 
RF design of the window was simulated using HFSS. As 
shown in fig. 3,  the highest filed was occurred at the inner 
choke tip with the  electric field strength of 1.5E5 V/m 
which was far less than the breakdown electric field in air 
of Ebra=3E6 V/m[3]. 

 

 
Figure 3: Distribution of electric field at 15kW, TW 

Thermal stress has been evaluated due to the delicate 
ceramic–to-metal brazing [4]. The inner window frame 
shares water cooling with inner conductor, and water 
cooling effectively reduces thermal stress by one order of 
magnitude. The results of thermal stress are showed in 
fig. 4. The maximum stress value with water cooling laid 
the outside weld and the value was 4.17 MPa which was 
only a fraction of the ultimate flexural strength of 
296 MPa of the material. The simulation results indicated 
that the properties of the AL 300 ceramic are satisfactory.  

 

 
Figure 4: Thermal stress on the ceramic window (left: 
without cooling; right: with water cooling) 

TEST STAND 
Two opposing couplers were attached to a test stand 

that allowed baking and following conditioning of both 
couplers simultaneously. The test stand was custom-
designed, aimed to test the power transferring capability 
of the coupler [5]. Vacuum was formed between the two 
warm windows and pumped by an ion pump of 200L/s, in 
addition an aspirator pump of 400L/s. The test stand was 
supplied with up to 10kW RF power from a solid-state 
amplifier. The two couplers and the connecting test stand 
were matched to maximize the transmission RF power. 
The power was transferred from upstream coupler (1#) to 
the downstream coupler (2#) via the test stand and 
terminated with a matched water load at the end. A picture 
of block diagram for coupler test was shown in fig.5. The 
inner conductor and inner window frame shared common 
water cooling while the outer conductor was cooled by 
static air. Three monitoring ports were set close to the 
window including vacuum gauge, arc discharge and 
electron current monitor. These monitoring instruments 
are very important to prevent a fatal discharge breakdown 
of the ceramic windows[6]. One of the above signals 
exceeding the preset threshold will cause a fast cut off of 
power. Another vacuum gauge was placed at the side-wall 
of the test stand. 
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Figure 5: Block diagram for coupler test 

CONDITIONING AND HIGH POWER 
TEST 

In advance of assembling, all coupler components and 
other associated parts were cleaned following our 
procedure to assure ultra cleanness. Couplers were stored 
in special container for protection of oxidizing and 
transferred to the test stand. We baked the system under 
vacuum for about 3 days below 115 °C in concern of the 
melting point of indium wire. Conditioning with high RF 
power before attaching the assembly to the clean cavity is 
important [7]. A photo of the power test site was shown in 
fig. 6. At low RF power, we adjusted the two short circuits 
of our couplers to minimize reflected power in the 
transmission line. The voltage standing wave ratio 
(VSWR) value was adjusted to 1.15 at 325 MHz that 
indicated less than 0.5% input power was reflected. This 
showed a good agreement with the previous simulation of 
S11 = -49 dB. 

 

 
Figure 6: Photo of the test site 

While increasing the RF power in short steps, a fast 
interlock system run which will immediately cut off the 
RF power if vacuum bursts or arc events occurred. Only 
conditioning with continuous wave method was adopted. 
It took about 8 hrs of RF conditioning without major arc 
actions in the coupler to reach 10 kW. History of high 
power test is shown in fig. 7. No seriously vacuum bursts 
or discharging encountered. However, most of the 
interlock events occurred below 2.5 kw and above 8.2 kW. 
Between 2.5 and 8.2 kW there were very few events and 
the conditioning time was less than three hours (see fig.8). 
Temperature around ceramic windows ranged from 31.1 
to 31.9 °C at the power of 10 kW. Fig. 9 presented plot of 
RF power and temperature during the test. 

 

 
Figure 7: History of high power test 

 
Figure 8: Number of vacuum interlocks 

 
Figure 9: Temperature as a function of RF heating 

In the process of testing, we observed unexpected 
temperature difference between the two outer conductors, 
one had a temperature of 6-10 °C higher than the other. 
(see fig.9). After exchanging one with the other, the same 
result as before. We supposed it was the inner coating 
surface that may lead to this phenomenon. 

SUMMARY 
The simulation is helpful in reducing the potential 

possibility of coupler failure. In the high power test, a RF 
power of 10.4 kW was reached smoothly which was 
limited by the klystron available. Temperature differences 
between the two outer conductors need to be well 
understood. Furthermore more, in future test of other 
couplers, we hope to gain a better understanding of the 
processing limitations. 
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CORNELL'S BEAM LINE HIGHER ORDER MODE ABSORBERS 

G.R. Eichhorn , J. Conway, Y. He, Y. Li, T. O'Connell, P. Quigley,  
#

J. Sears, V.D. Shemelin, N.R.A. Valles  

Cornell Laboratory for Accelerator-Based Sciences and Education, Cornell University 

Ithaca, NY 14853-5001, USA

Abstract 
Efficient damping of the higher-order modes (HOMs) 

of the superconducting cavities is essential for the 

proposed energy recovery linac at Cornell that aims for 

high beam currents and short bunches. Designing these 

HOM beamline absorbers has been a long endeavor, 

sometimes including disappointing results. We will 

review the design, the findings on the prototype and the 

final choices made for the 7 HOM absorbers being built 

for the main linac cryomodule (MLC) prototype. 

INTRODUCTION 

The potential for excellent quality of X-ray beams, 

generated by a low-emittance electron beam, motivated 

the design of a 5-GeV superconducting energy-recovery 

linac (ERL) [1] at Cornell University. Starting with 

15 MeV electrons produced by a photo-injector with 

currents of up to 100 mA [2], the beam will be 

accelerated in two main linac sections to 5 GeV before it 

enters several undulators feeding the X-ray beamlines. 

The existing CESR ring is then used to return the beam 

and inject it into additional undulators, before it gets 

decelerated to 15 MeV again inside the two main linac 

sections. A more detailed description can be found in the 

recently updated project definition design report [3]. Due 

to the high beam current combined with the short bunch 

operation, a careful control and efficient damping of the 

higher-order modes (HOMs) is essential. This paper 

focuses on the properties of these dampers.  

In high current storage  rings  with  superconducting 

cavities (like CESR @ Cornell) strong  broadband  HOM  

damping  has  been achieved  by  using  beam-pipe  ferrite  

loads operating at room temperature [4]. The ERL will 

adopt the same damping concept with RF absorbers 

between the cavities in a cavity string. This  will  require  

operating  the absorbers  at  a  temperature  of  about  

80 K which has been proven in the injector cryomodule  

(ICM) [5]. We updated the absorber design for the main 

linac cryomodule (MLC) [6].   

LESSEONS FROM THE PROTOTYPE 

For the Horizontal Test Cryomodule (HTC) [7], three of 

these absorbers- as show in Fig. 1 were prototyped. Two 

of there were mounted into the module and have so far 

proven to be an efficient RF damper. In the HTC-3 

experiment, we measured the higher order mode spectrum 

of our 7-cell cavity and compared it to a measured 

spectrum without dampers. Up to 3.7 GHz we found no 

dipole resonances with Qs above 10
4
 indicating the 

absorber provides suitable RF damping [8]. However, the 

design issues became visible: during the mounting 

process we broke one absorber by over-torqueing the 

flange connection as the assembly was leaking. After a 

careful investigation we found the reason for this leakage: 

to closely match the thermal expansion coefficient of the 

absorber material (silicon carbide, SiC), we prazed it to 

tungsten which also acts as a vacuum barrier and holds 

the knife edge of the flange transition to the stainless, 

Originally being tight we discovered that this sintered 

tungsten material becomes porous under the thermal cycle 

of the brazing (which is done at 750 C).  

For the HTC, the two absorbers were sprayed 

extensively with vacuum sealant to bring the leak-rate 

down to an acceptable number- leading however to a 

beam vacuum to insulation vacuum leakage which 

complicates future mounting processes. 

In addition to these mechanical and vacuum issues we 

found that the silicon carbide we used (SC-35 from 

Coorstek) showed a marginally high dc resistivity at 

77 K- which remarkably differs from what we measured 

on small samples. This bears the risk of charging up the 

material once an electron beam passes through the 

absorber. This batch to batch variation was also reported 

by colleagues and seems to be intrinsic to the fabrication 

procedure. 

The redesign efforts therefore concentrated on two: 

investigating alternative absorber materials and changing 

the transition to the vacuum barrier. 

 

 

Figure 1: Cross-section of the HOM absorber currently 

being installed in the Horizontal Test Cryomodule (HTC). 

The absorbing material is SiC brazed to tungsten. 
 ___________________________________________   

#r.eichhorn@cornell.edu                
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RF ABSORBING MATERIAL 

The search for a suitable RF absorbing material has 

been a long endeavour. Initial results have been published 

earlier [7, 8]. Based on out application, the material should 

have a broad band of absorption (with frequencies up to 

50 GHz) but on the other hand a good DC conductivity to 

ensure that no charges are collected even if some particles 

of the beam hit the surface 

So far, the most promising material seems to be a 

graphite loaded SiC ceramic (Coorstek® SC-35). 

However, the dc conductivity we measured on a sample 

ordered a year ago (being some k at 77 K) was not 

reproducible. We therefore tested the similar material SC-

2 which was advertised as low resistivity material. This 

was confirmed, however, the rf absorption properties 

described below disqualified the material. 

Table 1 summarizes our findings on the dc conductivity 

measurements, including the AlN based material 

Ceradyne® CS-137 that will be used in the X-FEL linac. 

 

Table 1: Measured dc Conductivity of the Different 

Materials (along the 130 mm length) 

Material 300 K 77 K 

Coorstek SiC SC-2  49 Ω 59 Ω 

Coorstek SiC SC-35 ~100 kΩ Infinite 

Ceradyne AlN CS-137 5.7 kΩ 7 kΩ 

 

RESONANCE MEASUREMENTS OF A 

COMPLEX EPSILON 

During the qualifying phase of the different material we 

developed a highly accurate set-up to measure the 

complex epsilon using transmission lines [9, 10].  

However, as the material received so far varied 

significantly in its properties we developed a method to 

measure the absorption without cutting it into samples. 

The basic idea behind this method is to analyse the 

change in the eigenfrequencies and the quality factors of a 

pillbox resonate as the material is introduced.  

We used the CLANS code, a code from the SLANS 

family [11] for calculation of the eigenfrequencies f and 

Q-factors of a cavity consisting of a pillbox with a 

ceramic cylinder inside. Values of f and Q were found 

with CLANS for different values of the real (ε`) and 

imaginary (ε``) parts of the dielectric permittivity of the 

material and plotted on the graph shown in Figure 2. 

 By comparing the measured f and Q of a mode with 

the calculated matrix, the corresponding permittivity was 

deducted. Figure 2 also includes the measured point for 

the AlN cylinder: The resonance at 1482 MHz showed an 

ε = 39 − 7i.  

To confirm the validity of the new measurement 

technique, the AlN cylinder was cut into small samples 

and conventional transmission line measurements were 

taken, the results of which are given in Fig. 3. The 

agreement to the resonant method is quite good. It should 

be noted that the discontinuities observed at rf band 

transitions reported earlier could be reduced significantly 

by correcting for air-gaps and size-inaccuracies. As part 

of this, all samples now are measured with a CMM 

machine. 

 

 
Figure 2: Calculated eigenfrequencies (red) and quality 

factors (blue) of the pillbox eigenfrequencies with a 

ceramic cylinder inserted as a function of the real and 

imaginary part of the dielectric permittivity. 

 
Figure 3: Measured dielectric permittivity as a function of 

the frequency using the transmission line method. 

Corrections were made concerning sample size variations 

which caused discontinuities at rf band transitions if not 

compensated.   

 

Using the resonant method the SC-2 material 

mentioned above was measured, leading to a plot shown 

in Fig. 4- which also shows the limitation of the method. 

For extremely high imaginary (ε``) parts of the dielectric 
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permittivity the f and Q curves become parallel, 

preventing the extraction of this parameter from the 

measurement.  

However, out of this finding one can conclude that the 

SC-2 silicon carbide is far too conductive and acts more 

like a bad metal than as a good rf absorber. In practice this 

would mean that most of the incoming rf is not absorbed 

but reflected. 

 
Figure 4: Calculated eigenfrequencies (red) and quality 

factors (blue) of the pillbox eigenfrequencies in the high 

imaginary dielectric permittivity regime, compared to the 

measured parameter of the SC-2 material. 

HOM DESIGN FOR THE MAIN LINAC 

CRYOMODULE 

As a consequence of the data presented above, the only 

material fulfilling the requirements is the AlN. The 

production HOM (Fig. 5) design has a titanium cooling  

 
Figure 5: Cross section of the Production beam line HOM 

absorber design.  

Table 2: Working Spread-sheet for the Shrink-fit 

Parameters, Giving the Formula and the Parameters Used. 

 
 

jacket and flange that is thermally shrink fit to the AlN 

absorber.  This central flange gives room for 3 

convolution bellows on either side, adding flexibility that 

was needed in the prototype.  The central flange is also 

the mounting place for 8 - 50W heaters and the vertical 

support that will mount it to the above helium gas return 

pipe.   

The thermal fit has been designed so that all pieces hold 

together during a bake up to 150°C and all parts have at 

least a factor of safety of 2 to yield when cooled to 80K. 

A radial interference of 0.002in between the titanium 

cooling jacket and AlN absorber meets these parameters.  

Our calculations are summarized in tab. 2, Fig. 6 shows a 

picture of the latest shrink fit assembly as it came out of 

the oven.  

 

 

Figure 6: Shrink fit assembly of the SiC into a Ti-5 

cylinder, consisting of two shelves welded together with 

cooling channels in-between and pipes connected to it.  
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Figure 7: Test of the thermal contact between the absorber 

and the TI shelve indicating that the shrink fit lead to a 

uniform mechanical contact with good thermal 

conduction properties.  

 

To test the features, we have built a prototype Ti-SiC 

shrink fit assembly and done several thermal cycles from 

room temp to 77K without seeing any signs of 

deformation or damage. We used the SiC instead of the 

AlN as the later was not yet available in the final 

geometry. This approach is justified as the mechanical 

parameters of both materials are almost equal. 

To check the isotropy of the thermal contact a series of 

heaters were glued to the inner surface of the absorber. 

Fig. 7 shows the infrared thermometry picture we took, 

indicating an uniform heat transfer between the ceramics 

and the titanium shelve which will have internal cooling 

channels and cooled by 80 K, 3 bar helium. 

Finally, we have done vacuum tests of the prototype 

and see no signs of trapped gas in the shrink fit joint.  In 

our vacuum test we found the SiC to be hygroscopic and 

that with a bakeout the outgassing rate can be reduced 

significantly (Fig. 8). In addition, no vacuum bursting 

could be observed, indicating that there are no trapped 

gasses at the shrink fit interface. 

 

 
Figure 8: Pumpdown and outgassing test of the shrink-fit 

assembly. Besides the porous behaviour of the SiC no 

signs of gas burbs from the shrink-fit could be observed. 

 

SUMMARY  

The design of the higher order mode beamline 

absorbers for the Cornell ERL main linac module has 

been revised slightly: The absorbing material will now be 

AlN instead of SiC shrink-fitted into a Ti-5 cylinder. So 

far the design has been tested successful. Currently, 8 

HOM absorber assemblies are under fabrication. 
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PROCESSING OF REA3 COPPER PLATED FUNDAMENTAL POWER 
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Abstract 
The processing of copper plated fundamental power 

couplers (FPCs) has posed major risks to the successful 

performance of superconducting cavities. This paper 

discusses the lessons learnt throughout the 

development of  quality control procedures for the 

ReA3 copper plated FPCs. Michigan State University 

(MSU) Re-Accelerator project (ReA3)  utilizes  eight 

copper plated coaxial FPCs to power the 80.5 MHz 

=0.085 quarter-wave resonators (QWRs) for which 

baseline quality control procedures are established. The 

effectiveness of visual inspection process using the 

microscope & borescope to qualify FPC components is 

evaluated. The adaptive use of quality control 

diagnostic devices as the liquid particle counter, 

surface particle detector & desiccator for the clean 

processing & assembly is assessed. A summary of the 

collaborative work to refine & optimize FPC design & 

processing in correlation to cavity performance & 

experimental results is presented.  

INTRODUCTION 

 The ReA3 project at Michigan State University 

utilizes a cryomodule consisting of 8, =0.085 QWRs 

all of which have been tested at 4.2 K & 2K showing 

results largely above specifications [1]. The ReA3 

cryomodule design incorporates 8 coaxial copper 

plated FPCs to enable operation in CW mode, 

transmitting up to 2kW of RF power to all 8, =0.085 

QWRs & beam.  

In order to maintain the good performance & high 

gradient of the ReA3 =0.085 QWRs, their auxiliary 

FPCs were subject to stringent inspection, processing 

& assembly procedures.  

Quality control (QC) processing procedures were 

developed, implemented & refined as the FPC was 

subject to a series of RF testing using a good 

performing ReA3 =0.085 QWR. As a result, the FPC 

design had to undergo several iterations for 

optimization to ensure the integrity & performance 

stability of the FPC & the powered =0.085 QWR. 

DESIGN EVOLUTION 

The ReA3 FPC design (Fig. 1) consists of an outer 

conductor copper plated stainless steel formed bellows 

with 22.2 mm inner diameter, a center conductor 

copper tube with 9.5 mm outer diameter & 7-16 DIN 

ceramic feed-through.  To balance RF loss with thermal 

conduction the desired plating thickness is 15µm (2 

skin depths at 80.5MHz).  

 

Figure 1: ReA3 FPC initial design. 

FPC Design I 

The FPC design (Fig. 1) was tested using a =0.085 

QWR. RF results showed field emission levels at 3.2 

MV/m. cleanroom assembly was quite difficult as it 

involved many small fasteners & components. Vacuum 

grease (Apiezon®) was applied to stainless steel 

fasteners to avoid galling to the stainless steel adjustors 

& cold window mini conflat, posing a risk of 

contamination to the clean assembly. In this design 

(Fig. 1) the center conductor base was screwed to the 

cold window & then threaded onto its long tip. Post a 

cold test; the center conductor & cold window 

assembly came loose. 

 

Figure 2: FPC design I. 

____________________________________________  

* This material is based upon work supported by the U.S. Department of 

Energy Office of Science under Cooperative Agreement DE SC0000661.  
# oweiss@frib.msu.edu 
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The design (Fig. 2) was modified to eliminate the use 

of vacuum grease. The material of a few components 

was changed to entail a clean assembly with minimal 

risk of contamination. The center conductor was also 

redesigned (Fig. 3) to include a small pin to secure the 

center conductor tip to its base & ensure mechanical 

stability.  

 

Figure 3: FPC center conductor with pin. 

Center Conductor Final Design 

The FPC design I was tested on a =0.085 QWR & 

RF results showed field emission onset at 3.2 MV/m. 

Post RF test inspection a few copper shavings were 

found inside the center conductor assembly. Further 

tests were performed on several center conductor 

assemblies (Fig. 3): we discovered that upon the 

repetition of the assembly, the inner threads on the 

center conductor tip & base start to wear out, not only 

to produce copper shavings but to misalign its pin 

holes.  To resolve the misalignment & add the pin the 

result was an unstable center conductor assembly. 

The center conductor was redesigned to eliminate the 

pin & a copper beryllium stud was added to fasten the 

center conductor tip to its long base (see center 

conductor design in Fig. 4).  

As the final center conductor was under fabrication, 

a good FPC with a stable pinned center conductor was 

tested in a QWR & found field emission free (Fig. 5- 

6
th

 with FPC). The RF test was repeated for 15 hours 

showing no field emission (Fig. 5- 7
th

 with FPC). 

However, the FPC cable still had overheating 

problems. 

 

Figure 4: ReA3 FPC final design. 

The final inner conductor design was assembled to 

an FPC bellows with acceptable plating & tested in a 

QWR, showing field emission onset at 6 MV/m (Fig. 

5).  

 

Figure 5: Field emission onset versus accelerating 

gradient Eacc  for ReA3 β=0.085 QWRs with FPC. 

ReA3 FPC Final Design  

A high static heat load (5 KW) was also recorded on 

an RF test (Fig. 5- 8
th

 with FPC). As a result, the 

thermal intercept at the FPC bellows flange was 

redesigned with the cold end bolted to an LN2 cooled 

copper plate & the electron probe was eliminated to 

void the excessive heat load. In addition, to overcome 

the FPC cable overheating problem, a 1.27 cm solid 

jacketed air dielectric cable was chosen (RFS HCA12-

50JPL) & thermal intercepts were developed to remove 

power & maintain acceptable temperatures.  Sapphire 

thermal links were installed between the cable inner & 

outer conductors, & the outer conductor was cooled 

with liquid nitrogen. 

The final ReA3 FPC bellows were fabricated with 

improved plating quality. FPC bellows were inspected 

for QA [2].  FPC bellows with excellent plating quality 

was identified for processing & assembly to a =0.085 

QWR. RF results with the new FPC design (Fig. 4) 

showed no field emission & no signs of cable 

overheating with the direct cooling provided to the FPC 

mini flange via the new thermal intercept; the cavity 

static heat load was minimal (0.5 W). 

QUALITY ASSURANCE INSPECTION & 

PROCESSING  

To qualify the integrity of the copper plating on the 

ReA3 FPC bellows (Fig. 1), the following quality 

assurance (QA) tests were performed: visual inspection 

of knife edges, leak check, thermal cycle in liquid 

nitrogen at 77 K, borescope inspection, leak check. 

The Borescope & ReA3 FPC Copper Plating 

Problems 

The borescope, a nondestructive video probe system 

was used to inspect the interior bellows surface. 
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Borescope inspection revealed plating discoloration, 

dark spots -a common feature seen on most of the 

bellows- as well as plating deposit or splatter (Fig. 6- 

left). As a result, a couple of bellows were sent back to 

the vendor for re-plating. 

 

Figure 6: Borescope pictures for plating discoloration 

& splatter on FPC bellows #6 (left) & poor plating 

quality on a re-plated FPC bellows #2(right). 

Upon receipt of re-plated bellows, borescope 

inspection clearly indicated poor plating quality on one 

bellows (Fig. 6– right).  

To further investigate the copper plating quality 

issue, a 1200 psi high-pressure rinse test was 

performed on a perforated bellow. The rinse took place 

for a few minutes using an 8-jet nozzle with 0.5mm 

orifice diameter & some plating peeled off [2].  

With arguments on the validity of a destructive high-

pressure rinse test on the perforated bellow; an 

intriguing observation on the plating of a few processed 

FPC bellows was reported. Five FPC bellows (Fig. 7) 

were inspected, processed & assembled in ISO 5 

cleanroom. After a few weeks of storage in the 

cleanroom, the copper plating on the cuff weld area & 

the mini conflat on 2 bellows appeared questionable. 

The QA department performed a simple Scotch® tape 

test at the suspected area & the plating peeled off 

immediately. All bellows were sent back to the vendor 

for re-plating. The FPC plating quality, acceptance 

criteria listing were highlighted for further research for 

improvements [2].  

 

Figure 7: Processed FPC assemblies in ISO 5 

cleanroom. 

Final Processing & Cleanroom QC 

Procedures 

With the goal to study & validate the FPC design & 

processing procedures with performance, it was 

decided to identify, process & test the good plated FPC 

bellows. The borescope inspection showed a few dark 

spots, with an overall acceptable plating quality on 

FPC bellows #1 (Fig. 8) & re-plated bellows #6.  

 

Figure 8: Borescope movie for copper plating 

inspection on FPC #1. 

Preparatory & cleaning procedure on identified 

FPC bellows & assembly components were followed. 

Residual magnetic field checks were performed on all 

stainless steel components & the FPC bellows. ReA3 

procedures to demagnetize components were followed 

if their residual magnetic field was greater than 50 mG. 

Dimensional checks were performed on the center 

conductor. The center conductor was also polished 

using Scotch-brite®. The copper plated FPC bellows & 

copper center conductor were wiped with acetone, 1% 

solution of Surface cleanse in deionized (DI) water, DI 

water rinse followed by ethanol rinse. All other 

components & fasteners were cleaned using the same 

procedures with exception of using Micro-90® instead 

of Surface cleanse®. The FPC bellows & copper inner 

conductor parts –separated from fasteners- were 

ultrasonic cleaned together using 1% solution of 

surface cleanse® & ultrapure water (UPW) at 38°C for 

20 minute, followed by a medium pressure rinse. Using 

the same detergent in the ultrasonic cleaner; fasteners 

& the rest of the assembly components were ultrasonic 

cleaned at 38°C for 30 minutes followed by medium 

pressure rinse. Then, a rinse cycle in only UPW takes 

place to ultrasonic clean the FPC bellows & center 

conductor at 38°C for 30 minutes followed by a 

medium pressured rinse. Next, another rinse cycle in 

UPW to ultrasonic clean the fasteners & components at 

60°C for 40 minutes. Finally, all ultrasonic cleaned 

components were set to dry in ISO 5 cleanroom for the 

clean assembly on the next day. As the first FPC was 

assembled & tested in a QWR, field emission onset 

levels were detected at 3.2 MV/m (Fig. 5).  

The Liquid Particle Counter was primarily used to 

qualify the FPC assembly prior to its assembly to a 

QWR cavity. The FPC assembly was medium pressure 

rinsed & rinse sample were collected to check the 0.3 

µm cumulative liquid particle counts (Fig. 9). The rinse 

step was repeated until liquid counts were within the 
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UPW baseline of around 300 particles/ml (for the 0.3, 

0.5, 1 & 5 µm particles). 

 

Figure 9: FPC assembly rinse (left) & liquid particle 

counter (right) in the cleanroom. 

When the next FPC was assembled to its cavity for 

testing, RF results showed field emission onset at 3.2 

MV/m (Fig. 5). As a result, this step was refined to 

qualify & rinse the FPC bellows & the inner conductor 

assembly separately. 

The Cleanroom Desiccator (Fig. 10) was used to 

dry the medium pressure rinsed bellows & center 

conductor assembly. The desiccator is designed to 

provide dry nitrogen flow into its stainless steel cabin 

until a relative humidity (RH) set point of 6% is 

reached. The QC step was added to refine the 

procedure & fully dry any residual water inside the 

bellows due to the convulsions geometry or poor cuff 

weld trapping contaminants & causing field emission 

[2]. It was also recommended to ensure complete 

drying of the center conductor as some oxidation marks 

(Fig. 11 -left) were visible on its surface post an RF 

test. The oxidation marks disappeared when wiped with 

1% solution of Citranox® & DI water (Fig. 11 -right). 

 

Figure 10: FPC bellows drying in the cleanroom 

desiccator. 

 

Figure 11: Microscopic inspection for the center 

conductor assembly post an RF test before (left) & after 

Citranox® cleaning (right). 

Air & Surface Particle Detectors were used for 

QC. Air particle counts were performed prior to any 

critical assembly to detect the 0.5 µm particle size 

counts. The QC threshold of less than 1333 particles/m
3
 

must be attained for the FPC assembly to take place. 

Surface counts were performed on the dry bellows (Fig. 

12) as well as inner conductor to qualify the clean 

assembly. A threshold of 0.05 particles/cm
2
 must be 

reached to pursue the assembly. 

 
Figure 12: Surface particle detector probe scans the 

inner surface of the FPC bellows. 

ReA3 FPC Bake Manifold (Fig. 13) was designed 

& built to accommodate up to 9 FPC assemblies for 

pump down, leak check & 200°C bake in the 

cleanroom. FPC assembly was completed on a bake 

manifold. The manifold was purged with dry filtered 

nitrogen to create a positive pressure & ensure a clean 

assembly. Surface particle counts were taken on the 

manifold nipple where the FPC was assembled. 

 

Figure 13: ReA3 FPC bake manifold in ISO7 

cleanroom. 

The FPC was pumped down & leak checked & finally 

baked at 200°C using heat tape. The manifold pressure 

was monitored via residual gauge analyzer (RGA) &  

bake temperatures were also monitored by lab view 

program (Fig. 14). At the end of the bake, the manifold 

was purged with filtered dry nitrogen & FPC assembly 

was removed from the manifold & assembled to its 

=0.085 QWR for RF testing. 
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Figure 14: ReA3 FPC#6 UHV bake data. 

CONCLUSIONS 

Diagnostic devices were powerful & effective tools 

for making informative decisions on improving the 

quality of copper plating for the ReA3 FPC bellows & 

the refining processing procedures & the coupler 

design.  The FPC copper plating specification to 

improve the plating quality & acceptance criteria listing 

was further investigated. We were able to confirm our 

matrix for plating acceptance & the cleanroom QC 

thresholds; despite the discoloration on FPC bellows, 

RF test results exceeded the FRIB field (5.6 MV/m). 

ReA3 FPC final design developed & tested 

successfully for reliable operation with the mitigation 

of the cable overheating & excessive heat load issues. 
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LAST SPIRAL 2 COUPLERS PREPARATION AND RF CONDITIONING
Y. Gómez Martínez, M. Baylac, P. Boge, T. Cabanel, P. De Lamberterie, M. Marton, R. Micoud, 

UJF / CNRS-IN2P3 / INPG, LPSC, Grenoble, France

Abstract
After some field emission problems in the Spiral 2 

cryomodules, a control of the number of particles measured 
was added for each component mounted in the LINAC,
including the power couplers.

We present here the evolution of the coupler protocols to 
achieve the cleanliness specification. We also show the 
results and conclusions.

INTRODUCTION
The Spiral 2 facility [1] is under construction at GANIL 

(FRANCE). SPIRAL 2 is based on a 40 MeV, 5 mA 
deuteron and a 14.5 MeV/u - 1mA heavy ion 
superconducting accelerator.

Its LINAC operates at 88.05 MHz. It is composed of 12 
cryomodules with one low beta (0.07) cavity per 
cryomodule and 7 cryomodules with two high beta (0.12)
cavities per cryomodule. The cavities reach a nominal
accelerating gradient of 6.5 MV/m. 

Both types of cavities are equipped with the same 
coupler. Each family of cavity has its own coupling factor; 
the difference is achieved by changing the length of the 
outer conductor. The RF power couplers [2] provide up to 
12 kW CW beam loading power to each cavity and they
were validated up to 40 kW CW in travelling wave [3].

In 2010-2011, the tests of the first three assembled 
cryomodules B showed high radiation dose rates (> 100 
mSv/h) leading to quenches below the nominal field of 
6.5MV/m. The source of this field emission was dust 
pollution during the preparation of the components [4].

To address this issue, in 2012 for each piece mounted in 
each cryomodule, a control of the number of particles 
measured was added when blowing with N2 filtered at 5 
bars. The cleanliness specifications imposes:

particle < 0.5 μm : less than 100  particles per 28 liters.

Since this specification was imposed, all cryomodules, A 
and B, have been tested successfully (RF, vacuum, 
cryogenic).

Thanks to our experience, we have optimised the 
protocol for the RF conditioning of the couplers at LPSC 
(France) and so we are now saving a lot of time.

We present here the coupler protocols evolution. We also 
show the results obtained before and after the changes and 
the conclusions obtained.

COUPLER PROTOCOLS EVOLUTION
Preparation protocol

The coupler preparation was made in an ISO 6 clean 
room. The main steps of the protocol were: an ultrasonic 

bath during 15 min @ 50°C with Ticopur R33; coupler 
rinsing with ultra-pure water; drying; baking under vacuum
during 60 h @ 200°C; assembly in the conditioning bench 
and baking in situ during 30 h @ 90 °C. 

Now, we measure the number of particle at each stage of 
the coupler montage (See Fig. 1). The coupler is no longer 
baked under vacuum during 60 h @ 200°C because there 
was a risk of pollution for the coupler during the venting of 
the oven.

Figure 1: Counting particles.

To match the requirements, we improved the 
cleanliness of our assembly zone and the coupler is 
mounted in an ISO 4 hood placed inside our clean room.
To keep the cleanliness of our conditioning bench, it is now 
vented with flow-controlled (< 1 l/min) filtered nitrogen.
To reduce the risk of dust moving close to the coupler’s 
window, the tip of the antenna is kept down all the time 
(during assembly and transportation).

In addition, electric surface field on the antenna tip 
inside the cavity is up to 12 MV/m, so the coupler’s surface 
condition has been also improved. The antenna is now 
electro-polished (See Fig. 2) and all inner, metallic surfaces 
are now deoxidized (10 minutes with saturated citric acid 
and, for the antenna only, 2 more minutes with sulfamic 
acid (5 g/l)).

Figure 2: Antenna electro-polishing.
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RF conditioning protocol
The first RF conditioning of the coupler is made at LPSC

before sending the coupler to the cryomodules teams.
Couplers are conditioned in a stand-alone configuration 
with an open termination, in a full stationary wave mode.
The RF conditioning protocol was optimized in order to 
save time; now, the RF power is steadily increased from 0 
to 20 kW CW and then lowered from 20 kW CW to 0 W. 
This cycle is performed twice, and then RF power is 
maintained at 20 kW CW for at least 1 minute. RF 
conditioning is performed only in continuous mode and no
longer in pulsed mode. It means that RF power is always 
at 100% duty cycle.

Before September 2013, power was capped at 14 kW 
CW during one hour because the RF power couplers shall 
provide up to 12 kW CW beam loading power. It was 
decided to condition the couplers up to 20 kW CW,
because it is the maximum power delivered by the 
SPIRAL 2 RF amplifiers. The one minute duration was 
chosen because it is slightly more than the time needed for 
the control-system to stop the RF in case of 100% reflected 
power.

Moreover, we do not wait anymore for the vacuum to 
stay under 10-7 mbar and for the electronic current to stay 
below 0.15 mA during all one conditioning cycle to stop.

RESULTS
During RF conditioning, vacuum pressure and 

multipactor (MP) electron current are monitored as a 
function of time and power. The vacuum measurement is
done with a pressure gauge. For multipactor measurement, 
an antenna polarized to 45 V is used. This electron pickup 
is located close to the disc window. Interlocks on vacuum 
(10-5 mbar) and electron current (0.2 mA) are also used to 
secure the RF conditioning.

Results before 2012, before protocols evolution
One low cryomodule (CM4) reached the RF 
specifications. The RF conditioning of the coupler, 
called N10, mounted inside was successful. No 
multipactor was observed for low power (<200W). 
The final vacuum was the order of 10-8 mbar with 
some peaks up to 10-7 mbar (See Fig. 3).

Figure 3: RF conditioning of the coupler N10.        

Three high beta cryomodules quenched below 
nominal gradient. After disassembly, one of the 
couplers’ tip (coupler N4) exhibits spots (See Fig. 4).

Figure  4: Spots on the  tip  of the antenna of  the coupler 
N4 following a quench in the cryomodule.

Despite the quench of the cryomodule, its RF 
conditioning was satisfactory. Multipactor was low 
(peaks <0.1 mA) at low power (<200W). The final 
vacuum of the condition process was the order of 10-8

mbar. Some pressure peaks, up to 10-7 mbar appeared 
simultaneously with the multipactor peaks. (See Fig. 
5). 

Figure 5: LPSC RF conditioning of the coupler N4.

Results after 2012, with the protocols evolution
Seventeen couplers have been processed with the new

protocols. Nine of them have been mounted in the 
cryomodules; couplers N25, N26, N35, N8 and N7 for the 
beta = 0.07 cavities and couplers N13, N18, N30 and N24
for the beta = 0.12 cavities. All these cryomodules 
achieved the required specifications (RF, vacuum, 
cryogenic). There are eight other couplers ready for 
assembly inside the cryomodules. 

Two others couplers (N28 and N4) were not 
conditioning at the LPSC. The results of the cryomodules 
tests were successful.

Examples of the RF conditioning for two couplers, N13
and N22, are given below:
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The coupler N13 is the coupler showing the worst
results since the new protocols have been applied.
Even though these results, this coupler has been 
validated in a high beta cavity. This cavity achieved 
the required performances (RF, vacuum, cryogenic).
The number of the particles measured when blowing 
with filtered nitrogen at 5 bars is much better than the 
specifications (see Table 1).

Table 1: Cleanliness control results of the coupler N13

Blowing 0.5 μm particles 
number measured

5 μm particles 
number measured

1srt 13 0

2nd 4 0

3rd 9 0

Specification: 100 0

During RF conditioning, this coupler N13 showed low 
multipactor (<0.1mA) at low power (> 200W). The
final vacuum pressure is the order of 5*10-8 mbar. (See 
Fig. 6). 

Figure 6: RF conditioning of the coupler N13.

The last coupler conditioned in September 2013 is 
called N22 was excellent.
The number of the particles measured when blowing 
with filtered nitrogen at 5 bars is much better than
specifications (See Table 2).

Table 2: Cleanliness control results of the coupler N22

Blowing 0.5 μm particles 
number measured

5 μm particles 
number measured

1srt 17 0

2nd 9 0

3rd 10 0

Specification: 100 0

The results of the RF conditioning of this coupler N22 
at LPSC gave no multipactor (<1μA). The final 
vacuum pressure is around 5*10-8 mbar (See Fig. 7). 
The RF conditioning was performed in one hour.

Figure 7: RF conditioning of coupler N22.

Comparison of the RF conditioning result 
with/without the protocols evolution

Comparing (See Fig. 8 and Fig. 9) the couplers that
mentioned above, we found that in terms of multipactor the 
N10 and N22 were very good and similar: no multipactor
was measured. For the N4, little multipactor was found.
The N13 coupler exhibits more multipactor than the others.
In term of vacuum measurement the N4 and N10 have a 
better initial and final vacuum pressure (around 10-8 mbar),
but the N22 showed no pressure rise during conditioning.
The N13 vacuum pressure curve shows a plateau (7*10-6

mbar) with a final vacuum of 10-7 mbar.

Figure 8: Multipactor versus time.
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Figure 9: Vacuum measurement versus time.

In general, for the seventeen couplers (See Fig. 10 and 
Fig. 11) conditioned according to the last protocols, we 
find low current (<0.1mA) at low power (<200 W).
However, these good results are sometimes worse that the 
ones obtained with the protocols before 2012 (for example 
with the coupler N4, in red).

Figure 10: Multipactor versus time.

Figure 11: Pressure versus time.

CONCLUSION
To sum up, we have validated an optimised protocol for 

the RF conditioning of the SPIRAL 2 power couplers at 
LPSC (France). The last coupler (N22) was conditioned in 
one hour. We also see that bench conditioning seems not 
to be mandatory. Two cryomodules have reached easily the 
RF, vacuum and cryogenic specifications with 
unconditioned power couplers. This is probably possible 
thanks to the weak multipactor activity (<0.2 mA) at low 
power (< 200W).

In 2012, for each component mounted in the LINAC, a 
control of the number of particles measured was added. We 
improved our coupler preparation protocol to match the 
requirements, but this did not improve the multipactor or 
ultimate vacuum. Results of the RF conditioning are good 
and gave low MP current (< 0.1 mA) at low power (< 200 
W). Meanwhile, as the couplers are no longer baked in 
oven and the RF conditioning is faster, we often see more 
multipactor and higher pressure. However, since the 
particles control, all the cryomodules have been tested 
successfully (RF, vacuum, cryogenic) and so all protocols 
have been validated, highlighting the importance of 
cleanliness.
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Abstract 
The Brookhaven Energy Recovery Linac is operated as 
R&D test bed for high-current, high-charge electron 
beams. It comprises a superconducting five-cell cavity 
and a half-cell SC photo injector electron RF gun. 
Achieving the performance objectives requires effective 
HOM damping in the linac and gun cavity. This paper 
presents a novel beam-tube HOM damper for the gun 
cavity consisting of a ferrite covered ceramic break.  The 
superconducting Q measurements remain to be measured.   
In the interim, the ferrite damping properties are 
numerically analyzed in terms of radial waveguide 
modes. 

INTRODUCTION 
The Ampere class 20 MeV superconducting Energy 
Recovery Linac (ERL) is presently under commissioning 
at the Brookhaven National Laboratory (BNL). This 
facility enables testing of concepts relevant for envisioned 
future projects in line with the mission of the laboratory.  
The ER consists of a superconducting five-cell accelerator 
cavity [1] plus a photo injector in form of a 
superconducting half-cell RF cavity [2].  The ERL is 
designed to operate at 703.75 MHz with high-charge, 
~0.7 nC  bunches  in the 500 mA current at 2 MeV from 
the  gun,  and 20 MeV after the accelerator. The Ferrite 
covered ceramic Break (FB) here studied is installed in 
the beam line directly at the vacuum gauge of the gun 
cavity cryostat as shown in Fig. 1. The gun is a half-cell 
cavity and must be powered by a 1 MW klystron in order 
to reach the high current design performance. For this the 
cavity is powered by a dual feed fundamental power 
coupler (FPC). Testing of the SRF gun cavity in the VTF 
started in 2010 and was continued in the ERL reaching 
2.2 MV in CW mode when powered by a 1 MW 
klystron[3].  
    The ERL provides a test bed for the investigation of 
transverse and longitudinal instabilities caused by Higher 
Order Modes (HOM) in the superconducting cavities. 
Required high-current, high-charge operating parameters 
in the ERL make effective HOM damping mandatory.  
The primary concern is beam breakup in the recirculated 
beam by dipoles modes in the accelerator cavity.  HOM 
damping in the accelerator cavity had been demonstrated 
in the copper cavity model and is achieved at room 
temperature and in the superconducting ERL cavity [4]. 
The HOMs in the accelerator cavity are absorbed with a 

room temperature beam line ferrite damper, following the 
techniques developed at Cornell and KEKB.  
   Perceived difficulties with the ferrite tiles when HOM 
heated lead to the search for alternate dampers for the gun 
cavity [5].  One of them, the FB for the SC electron gun is 
the focus of the present paper. The insertion of an 
aluminum oxide break provides separation of the ferrite 
bricks from the gun vacuum ensuring the high vacuum 
and absence of particulates reaching the niobium surface. 
Details of the FB design and its preparation for 
installation at the cavity are presented in the next section. 
   The primary function of the FB is damping of the gun  
HOMs.  A limited number of resonance measurements at 
~2 K have been performed on the gun cavity proper 
during vertical tests and after its installation at the ERL. 
Additional results were obtained from a second half cell 
cavity of identical geometry but fabricated from large-
grain (LG) niobium. All data for the lowest TM01 and 
TE11 like modes are presented in the third Section.  
    The damper properties are best described by the 
external Qs that constrain the unloaded mode Q0’s. 
However, the Q-external depends strongly on the damper 
location and the cut off frequencies of the beam tube, so 
that transportable values have not been generated. 
Portable damper properties, however are best described in 
terms of impedances at the gap in the beam tube. To 
compare with beam line dampers, a surface impedance is 
derived from field analysis in the last section.. The paper 
is concluded with a short evaluation of the of FB merits.   

 
Figure 1: Ferrite break with gun cavity cryostat 

  FERRITE BREAK DAMPER 
   The ceramic break underlying the FB, intended to be 
lossless, is achieved with an aluminum oxide tube (92% 
Alumina) terminated with stainless steel cuffs and 
essentially all damping is due to the ferrite. The FB as 
shown in Fig. 2 has been assembled from surplus ferrite 

 ___________________________________________  
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originally procured for the accelerator cavity. The 
production ERL HOM absorber was obtained from 
ACCEL Instruments using the nickel-zinc ferrite C-48 
tiles produced by Countis Industries.  Three ferrite tiles 
each of 5.08  3.81 3.18 mm dimensions are soldered 
to 10W3 Elkonite plates. The unit has room for 12 plates 
forming a cylindrical 16 cm i.d. ferrite spool over the 10 
cm diameter ceramic tube. The plates are placed on the 
ceramic tube cuff links with metallic clamshell holders.  
RF leakage between the ferrite plates is prevented by 
narrow metal stripes.  

 
Figure 2: Ferrite plates over ceramic break (in cm) 

 
  In normal operation of the ERL cavity, the absorber is at 
room temperature but can be water cooled through tubes 
soldered to the plates. Changing the radial size of the 
holder remains an option to simplify cooling 
requirements.  
    The spatial separation of the FB damper from the gun 
in the cryomodule allows baking of the niobium cavity to 
improve Q-slope performance if necessary, and 
alternatively also baking of the damper together with the 
beam tube to reach high beam tube vacuum. 
  Ultra-high and dust-free vacuum is essential in the 
vicinity of the superconducting cavities to maintain highly 
stable CW gun operation. Preventing electron charge 
accumulation on the ceramic mandates a ceramic coating  
with Non-Evaporable Getter (NEG) films.  Producing a 
film as thin as possible to allow HOM power to be 
transmitted represents a challenge. The goal for the 
coating was set at a thickness from 45 to 90 Å together 
with a DC impedance above ~ 100 kΩ. The ceramic 
vacuum break was coated with Type 321 stainless using 
magnetron sputtering as coating method.  
    Maintaining electrical resistivity of the coating, when 
exposed to atmospheric oxygen, is one of the more 
challenging tasks. The end-to-end resistance of the 
ceramic coating was initially 150 kΩ and after venting to 
atmosphere reached ~10 MΩ. After approximately two 
months under storage vacuum, a hypot test at 1 kVDC 
measured the film resistance as an acceptable ~600 MΩ. 
The ceramic break was then kept under storage vacuum 
and the time at atmosphere was minimized during 
installation. 

   The coating film is in the present unit connected to the  
metal cuffs by spring finger rings which could be avoided 
by pre-coating the ceramic with MoMn+Ni bands. 

HOM Q-MEASUREMENTS 
The demonstration of FB damper properties is based on 
HOM Q-measurements. Network Analyser (NA) 2 1S

transmission can be performed between pickup (PU) 
probes or alternatively between the PU and a power 
coupler (PC).  The installed gun cavity has a dual-feed 
fundamental power coupler (FPC) composed of two 
coaxial type couplers, two three-stub waveguide phase 
shifters, located symmetrically in each arm of the 
coupling system, and a waveguide shunt-T RF power 
splitter. The two coaxial couplers are located opposite to 
each other on the cavity beam pipe to minimize the 
transverse beam kick. The original VTF gun cavity 
measurements were made at JLAB between PC and PU. 
The measurements on the ERL gun were made from FPC 
to PU, and measurement on the large grain cavity from a 
PC probe to PU.  The Qs taken without ferrite  at a few 
low frequencies are shown in Fig. 3 together with the 
original VTF data.  The lower than expected Q values are 
attributed to strong radiation into the FPC. [6]. 

 
Figure 3: Cavity Q-values collected for the gun and the 
large-grain cavities at 2 K.  

 
   The analysis for the dipole resonances at  2.1458 GHz is 
found in Fig. 4. The dipole cavity resonances are typically 
split and the 

21S curves can have non-standard shapes.  
The dual-feed coupler allows shifting one arm to change 
the resonance frequency by up to 0.7 MHz  resulting in a 
multitude of curves and slightly different Q-values as 
seen in Fig. 5.  

In order to simplify the search for and identify the 
HOM resonances, the 21S  transmission was scanned from 
700 to 3000 MHz in sections of 10 MHz. The frequency 
span was limited for time reasons although a high Q 
measurement demands a span of <1 MHz. Five scan 
sections  around 2.1458 are re-assembled  into Fig. 6. The 
highest Q in the ERL cavity was measured as 3.1 107 in 
the split resonance at 2.7917 GHz with the scan sections 
around it seen in Fig 7. 
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Figure 4: Q-measurement of the dipole 2.1458 GHz.  

 
Figure 5: Shifting of the 2 1S curve by one FPC arm. 

 

 
Figure 6: Concatenated five scans around 2.1458 GHz. 

 
 

Figure 7: Concatenated five scans around 2.7917 GHz. 
 
 

FERRITE BREAK SIMULATIONS 
Due to technical and scheduling problems, the SC 

measurements of the FB had to be delayed.  Establishing 
the damper properties can be done by simulations with the 
CST Microwave Studio or the Wolfram Mathematica 
program.   The FB can be simplified  into a structure with 
a radial sequence of circular symmetric layers.  The short 
axial length and the presence of the metallic boundary 
disks points to the treatment as “radial” transmission line 
[7]. The difficulty in analysing a structure with layers, 
mm thick, was overcome by using an analytical matrix 
method. The FB damping property is given by the 
impedance at the gap in the beam tube. Using a 

M H z2 9 / (1 2 .5 )j f and 13 [8] for the ferrite and 
9 for the alumina, the simulated impedance in Fig. 8 

was obtained.   

 
Figure 8: FB impedance at beam tube  in red, ferrite alone  
in black. 

CONCLUSION 
Although still dependent on confirmation at SC 

temperatures, the Ferrite Break damping properties seem 
adequate for its use in the ERL SC cavity. The separation 
of the damper proper from the cavity vacuum represents a 
major operational advantage. The two-component concept 
provides a great flexibility in the choice of the damper 
material. The ferrite break deserves further investigations.   
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Abstract 
In the framework of the International Fusion Materials 

Irradiation Facility (IFMIF), which consists of two high 

power CW accelerator drivers, each delivering a 125 mA 

deuteron beam at 40 MeV, a Linear IFMIF Prototype 

Accelerator (LIPAc) is presently under design for the first 

phase of the project. The first two IFMIF Power Coupler 

(PC) Prototypes were manufactured for LIPAc. Series of 

acceptance tests have been performed successfully. 

Prototype PCs have been then cleaned and assembled in 

an ISO 5 cleanroom. A dedicated test bench allowing RF 

conditioning of the couplers up to 200 kW CW at  

175 MHz was achieved. RF power conditioning is 

planned to start during October 2013. 

INTRODUCTION 

Design and validation of the first IFMIF cryomodule 

will be achieved in the frame of the Engineering 

Validation and Engineering Design Activities program 

(IFMIF-EVEDA) [1]. This cryomodule will include eight 

Power Couplers (PC), eight superconductive HWRs and 

eight Solenoid Packages. It was decided that only one 

coupler design will be used for all the HWRs despite their 

diverse power needs. PCs should be able to withstand RF 

power tests up to 200 kW at 175 MHz in CW travelling 

wave mode and in pulsed full reflection mode. 

The coupler design was shared between CEA and the 

PC manufacturer CPI [2], in respect to the CEA detailed 

Specification and Requirements Document [3]. 

Several manufacturing processes and design aspects 

have been validated before manufacturing the prototypes. 

A full window set with a truncated antenna and a RF 

matching transition called “T” transition (see figure 1) 

were manufactured. This stage was very important to 

validate the RF design and discuss the manufacturing 

quality needed before the production of PC prototypes 

[2]. 

Two PC prototype sets have been delivered to CEA. The 

validation of these couplers will allow the start of the 

productions of eight PC series. 

This paper will summarise the main acceptances tests 

already performed on the PC prototypes, the cleaning 

procedure for their vacuum parts and the RF conditioning 

procedure to be performed for the RF power validation of 

the PCs. 

POWER COUPLER LAYOUT  

The IFMIF coupler has a 50 Ω coaxial geometry and 

consists of three main parts: RF window, “T” transition 

and cooled outer conductor (see figure 1). In order to 

reduce the RF power losses heating effects, many design 

options were decided. Three water cooling circuits (see 

figure 2) are used to cool independently the antenna, the 

inner conductor of the “T” transition and the window 

ceramic. This ceramic is made of high purity alumina 

(AL995) to have low tangent delta losses. The anti-

multipacting TiN layer thickness on ceramic is also 

optimized to reduce these losses. Except the “T” 

transition outer conductor, made of aluminium, all the RF 

surfaces are bulk or coated OFHC copper. An active GHe 

cooling system is used to interface the SC cavity with the 

room temperature. This allows more control flexibility on 

the temperature profile along the cooled outer conductor. 

 

Figure 1: IFMIF Power Coupler layout. 

More detailed description of the PC is given in [2]. 

ACCEPTANCE TESTS AND CONTROLS 

As it was already mentioned, the main manufacturing 

processes have been already validated on a complete 

window with a truncated antenna and a “T” transition [2]: 
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The cooper plating quality, the TiN thickness, the Low 

Level RF behaviour and the quality of the manufacturing. 

In addition, several acceptance tests and controls have 

been performed on the PC prototypes before their 

delivery. 

Leak Tests 

Prior to the final leak tests the cooled outer conductor 

was subjected to 5 successive thermal cycles from room 

temperature to liquid nitrogen temperature in a bath of 

liquid nitrogen. Vacuum leak tests were carried out. The 

window and the cooled outer conductor were leak 

checked coupled together using the same choice of 

Helicoflex and Conflat gasket seals as the ones to be used 

for the final PC assembly on the accelerator. The 

Helicoflex seal gasket was sealed against a stainless steel 

flange with the same groove detail that was used on the 

cavity flange. Calibrations took place prior to the tests. 

The test starts with an initial leak check by spraying 

components with helium. Then, a second check was 

performed with the unit bagged, to completely immerse 

the outside of the coupler with helium. The leak rate 

requirement, corresponding to a value lower than 10
-11

 

Pa.m
3
/S, was obtained. 

Desorption Rate Test 

Desorption rate test was performed on the final PC 

vacuum parts assembled together. The test set-up utilized 

two pressure gauges with a small known conductance in 

between. The quantity of gas flowing from the coupler 

through the conductance orifice can be determined based 

on the two pressure measurements difference. The 

estimated desorption rate was three times less than the 

required specification of 5x10
-9

 Pa.m/S. 

GHe Cooling Circuit Test 

The helium cooling circuit is a pressurized circuit with 

a nominal input GHe pressure of 0.12 MPa. This circuit 

must sustain four times its nominal pressure in order to 

comply with Japanese regulation for the PCs operation at 

Rokkasho. Each cooled outer conductor has been 

pressurized to 0.6 MPa. No distortion has been observed. 

Leak tightness was preserved. The pressure drop has been 

measured with ambient temperature nitrogen flowing 

from 0.12 MPa to atmospheric pressure, and found 

compliant with calculation.  

Water Cooling Circuits 

A hydrostatic pressure test was run using water coolant 

on each flow channel to qualify the pressure capability, 

and to check for leaks. The pressure drop corresponding 

to each circuit has been measured for its relative nominal 

flow. Then, the coolant flow channel was operated at 

twice the maximum pressure that was experienced during 

the flow tests. 

Acceptance is based on having no leaks, while holding 

hydrostatic pressure throughout the test. This was 

obtained for all the parts. 

 

 

Figure 2: PC water cooling circuits 

Visual Inspection 

Meticulous inspection has been elaborated on all the 

coupler parts, following an inspection procedure based on 

more than sixty points of observation. All the 

observations are systematically written in an inspection 

file allowing the comparison of all the couplers 

manufacturing quality in addition to the recording of the 

progress obtained on each reworked coupler part. 

Assembly and Disassembly Tests 

All the parts of the coupler sets are totally assembled 

together, and then disassembled, several times, in order to 

make sure that these operations have no consequence on 

the coupler integrity. This allows learning about the 

precautions which have to be taken for the next assembly 

and disassembly operations to be performed. 

CLEANING PROCEDURE 

To have coherent cleaning procedures with HWR 

cavities cleanliness, vacuum parts of the PC (window and 

cooled outer conductor) are assembled in an ISO5 

cleanroom class (see figure 3). An appropriate cleaning 

procedure was elaborated for each coupler part, each 

diagnostic element and each accessory to be assembled in 

the ISO5 area. Detailed arguments and tests to validate 

these choices are not detailed in this document. However, 

a summary of the coupler parts cleaning procedure steps 

is listed below: 

 Ultrasonic bath cleaning using ultrapure water and 

using Tickopur R33 (2.5%) at 50°C during 15 

minutes. 

 Several ultrapure water rinses: No foams should be 

observed after rinsing. 

 Rapid ultrapure air drying to avoid copper oxidation. 

 Rapid enclose of the parts with dedicated clean tools 

to avoid contamination. 

 Transportation to the cleanroom with plastic bag 

packaging. 

 Remove of the plastic bag in an ISO7 clean area and 

placing of the PC parts rapidly in an ISO6 clean area.  

 The parts are then passed to ISO5 laminar flow. 

 Drying under an ISO5 laminar flow during 48 h. 
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Figure 3: Cleaning and assembly of the PC prototypes.  

 Particle counting: The measured particle rate should 

be compliant with ISO5 cleanliness. 

 Assembly of the PC vacuum parts in the same area. 

 Enclosing of the coupler with special container 

having an adapted interface with the pumping 

system. 

 Leak testing in the same clean room. 

 Filling of the PC with dry nitrogen and closing it 

hermitically. 

 Packaging of the coupler assembly with adapted 

plastic bag. 

 Storage of the PCs. 

 

The PCs are then packaged and transported from the 

CEA premises at Saclay to Madrid in order to be RF 

conditioned by CIEMAT. 

RF POWER CONDITIONING 

PREPARATION  

An RF power test facility has been achieved by 

CIEMAT in order perform the LIPAc PCs RF processing 

[4]. A specially designed Test Bench, with an actively 

water cooled Test Box allowing the test of the PCs by 

pairs, is used. The vacuum system assembly is 

hydrocarbon free, low particle rate generation compliant 

and has an adapted venting system. The assembly of the 

couplers on the Test Box will be performed in an ISO5 

cleanroom area. 

Concerning RF power validation, despite the design 

target value of 200 kW CW for the IFMIF PCs, all the 

PCs to be manufactured for LIPAc will have to deliver 

much lower maximum RF power, during operation. 

Consequently, the PCs can be totally validated for LIPAc, 

if they are validated for its operation power range. For 

that reason, it makes sense to proceed to validate the 

prototype PCs for LIPAc, at first. This will allow giving 

the green light for the PC series production. Afterward, 

RF conditioning will be continued in order to reach the 

design target RF power value. Accordingly, the RF power 

validation process is organized in the following way: 

 First phase: The validation for the EVEDA operation 

which maximum RF power is 70 kW CW. The 

considered validation RF power for this phase is 

limited to 100 kW. 

 Second phase: The validation for the IFMIF 

operation which maximum RF power is 145 kW CW. 
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The considered validation RF power for this phase is 

200 kW (equal to the design target RF power value). 

For both of the two validation phases, the conditioning 

sequence will be the same as giving in figure 4. 

 

Figure 4: The RF conditioning sequence. Pmax is the 

maximum RF power to reach. 

SUMMARY 

The IFMIF PC Prototypes have been manufactured and 

delivered to CEA. Many acceptance tests and controls 

have been performed at the manufacturer premises before 

the PCs delivery. All the parts have been cleaned and 

checked using a particle counter. The PCs were, then 

packaged and sent to Madrid in order to be RF processed 

by CIEMAT. The RF power validation of the PC 

Prototypes will allow the start of the PCs series 

production. 
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UPDATE ON THE EUROPEAN XFEL RF POWER INPUT COUPLER. 

D. Kostin, W.-D. Moeller, DESY, Notkestrasse 85, 22607 Hamburg, Germany,  

W. Kaabi, LAL, Univ. Paris-Sud and IN2P3/CNRS, 91400 Orsay, France.

Abstract 
The European XFEL project [1, 2] is currently being  

realized in Hamburg, Germany. The 1.5 km 17.5 GeV 

linear electron accelerator is based on the 1.3 GHz 9-cell 

TESLA type SRF cavity. The RF power input coupler 

design for the E-XFEL (fig.1) is based on the well-known 

TTF3 [3, 4] coupler design, used in the FLASH 

accelerator at DESY. The coupler design was adapted for 

industrial production with some parameters optimization 

revisited and simulations done. 

INTRODUCTION 

Industrialization process for European XFEL RF power 

input coupler was described in [5] and resulted in a well-

established and robust design (fig.1). A need for 

additional adjustments and analysis did appear recently 

following the start of production of the industrialized 

coupler. One of the important topics is the copper coating 

of the coaxial part of the coupler. Thermal analysis yields 

the temperature distribution along the coupler and the 

cryogenic loads for the thermal zones (2, 4.2 and 70 K). 

Table 1 lists the well known specifications of the coupler. 

 

Figure 1: XFEL RF power input coupler. 

Table 1: RF Power Coupler Specifications. 

 FLASH ILC XFEL 

frequency [GHz] 1.3 

operation 
pulsed: ~500 µs rise time, 

~800 µs flat top with beam 

2.0 K heat load [W] 0.06 

4.2 K heat load [W] 0.5 

70 K heat load [W] 6 

peak power [kW] 250 400 150 

rep. rate [Hz] 10 5 / 10 10 

average power [kW] 3.2 3.2 – 6.4 1.9 

 

The XFEL coupler design is based on the TTF3 coupler 

and its thermal analysis done with mafia [6] / MathCAD 

[7] simulation codes using a simplified 2D model of the 

coaxial part (fig. 2). Details of the simulations and some 

thermal analysis data for the TTF3 coupler are presented 

in [8]. Simulations assume perfect connection to 4.2K and 

70 K for the outer conductor. The inner conductor is 

connected to the 70 K through the ceramic window. 

 

 

Figure 2: XFEL/TTF3 coupler simulation layout. 

MATERIAL PROPERTIES 

Material properties data for the thermal conductivity 

are taken from NIST Cryogenics Technologies Group data 

base [9]. Electrical conductivity data are obtained with 

Bloch-Grueneisen theorem [10-12]. Material data cross 

check is done with different sources [13-16]. New data 

used for this particular simulation are thermal and 

electrical conductivity of copper and gold vs. temperature 

and with different RRR (for copper) are shown on fig.3 

and fig. 4. 

 

Figure 3: Electrical conductivity of copper and gold. 

 

Figure 4: Thermal conductivity of copper and gold. 
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THERMAL ANALYSIS DATA 

RF power is simulated up to 5 kW (effective average 

CW power). For the XFEL the effective average CW 

power is near 2 kW. 

Copper Layer RRR Variation. 

XFEL / TTF3 coupler thermal simulations are done 

with different copper RRR (fig.5 - 9). 

 

Figure 5: 2.0 K heat load with copper RRR. 

 

Figure 6: 4.2 K heat load with copper RRR. 

 

Figure 7: 70 K heat load with copper RRR. 

 

 

Figure 8: Inner conductor T(z) with copper RRR. 

 

Figure 9: Outer conductor T(z) with copper RRR. 

 

Simulations show that static cryogenic losses play a 

major role. Copper coating RRR is limited by a maximum 

of 50 with 2 K zone cryogenic losses specified by 

maximum of 0.06 W. This RRR limit is applied to the 

cold outer conductor only. The inner conductor 

contributes mostly to 70 K zone and its RRR is not 

limited. The warm part copper RRR is also not limited. 

No Copper Layer on the Outer Conductor. 

The idea of not using a copper coating on the whole 

outer conductor was proposed and investigated. Stainless 

steel without copper layer was simulated on the outer 

conductor. The inner conductor was simulated with a 30 

µm copper layer (RRR=10). The thermal analysis data in 

Table 2 and fig.10 show that it is not feasible within the 

specified cryogenic load budget. In addition serious 

overheating because of dynamic load with higher RF 

power will occur and limit the coupler performance, as 

seen in fig.10 presenting the outer conductor temperature 

distribution along the coupler. 
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Figure 10: Outer conductor T(z) without copper layer. 

Table 2: Cryo-loads for the Input Coupler with and 

without a Copper Layer on the Outer Coaxial Conductor.  

Pavg 

P 

 

P 

 

P 

in 

P 

out 

P 

win 

P 

 

2K 4K 70K 

kW W 

standard design 

0.0 0.02 0.21 0.84 1.06 0.00 1.90 

1.9 0.04 0.29 2.25 1.50 0.37 4.12 

5.0 0.07 0.43 4.88 2.26 0.97 8.11 

no copper layer on outer conductor 

0.0 0.008 0.03 0.84 0.59 0.00 1.43 

1.9 0.31 1.42 2.29 5.99 0.37 8.65 

5.0 0.81 4.13 5.37 15.94 0.97 22.28 

Thin Gold Layer on Cold Outer Conductor. 

Another coupler design with 1 µm gold coated cold 

outer coaxial conductor was analyzed. Such coating is 

technologically simpler compared a copper coating. Table 

3 summarizes the cryogenic loads for the different 

average power levels and in fig.11 and fig.12 temperature 

distributions are presented. The warm part outer 

conductor was simulated with 10 µm RRR=10 copper 

layer and the inner conductor with 30 µm and RRR=20. 

Simulations confirm that there is almost no change in the 

coupler thermal load parameters and no performance 

deterioration. 

Table 3: Cryo-loads for the Input Coupler with 1µm Gold 

Coated Cold Outer Coaxial Conductor.  

Pavg 

P 

 

P 

 

P 

in 

P 

out 

P 

win 

P 

 

2K 4K 70K 

kW W 

0.0 0.034 0.041 0.85 1.21 0.00 2.06 

1.0 0.035 0.059 1.50 1.45 0.19 3.14 

2.0 0.036 0.085 2.19 1.70 0.39 4.28 

3.0 0.036 0.122 2.93 1.97 0.58 5.48 

4.0 0.037 0.170 3.71 2.25 0.78 6.74 

5.0 0.038 0.230 4.53 2.54 0.97 8.04 

 

 

Figure 11: T(z) with 1µm gold on cold outer conductor. 

 

Figure 12: Tout(z) with 1µm gold on cold outer conductor. 

SUMMARY 

 The XFEL / TTF3 RF power input coupler thermal 

simulations and analysis were done for certain design 

variations and parameter space. 

 The copper layer RRR variation study is done from 

RRR 10 to 500. RRR upper limit of 50 is applied to 

the cold outer conductor only. 

 The coupler outer conductor without copper coating 

was simulated. This design change would spoil the 

coupler performance with drastically increased 

dynamic cryogenic loads. 

 A thin gold layer of 1 µm on the cold outer conductor 

applied instead of the copper coating has no negative 

influence on the coupler performance and could be 

used. 
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HOM COUPLER DESIGN ADJUSTEMENT FOR CW OPERATION OF THE 
1.3 GHZ 9-CELL TESLA TYPE SRF CAVITY 

D.Kostin, J.Sekutowicz, W.-D.Moeller, DESY, Notkestrasse 85, 22603 Hamburg, Germany.

Abstract 
One of the key features of a modern research facility is 

its versatility, ability to adjust for a multitude of the 
applications and user needs. A challenge for the coming 
European XFEL [1, 2] is to become a multipurpose 
laboratory with a broad applications spectrum. Primarily, 
the XFEL is a pulsed machine. Having the CW operation 
mode would be a worthy addition. CW operation of the 
1.3 GHz 9-cell TESLA Type SRF Cavity was performed 
several times at DESY [3-6] and in the other 
Labs successfully [7, 8]. One of the difficulties was a 
heat load of the High Order Mode (HOM) couplers [9] 
described in [3], for example. To amend this, a HOM 
coupler design adjustment is proposed and simulated. 

INTRODUCTION 
The HOM coupler for the TESLA type cavity (fig.1) 

was simulated with a beam tube using the CST MWS T 
solver [10]. Standard (old, fig.1) and newly proposed 
coupler types were simulated. A particular design change 
is shifting the feedthrough antenna tip to the lower 
magnetic field region by introducing the coupling "nose" 
on the main HOM coupler antenna (loop). Thus, the eddy-
current heating by the operating mode coupling of the 
antenna will be decreased. Simulation was done with 
monopole operating mode and monopole and dipole high-
order modes, the dipole mode polarization angle was 
chosen to be 45 degrees, set in the cavity by the main 
input coupler. 

 
Figure 1: TESLA type SRF accelerating cavity. 

HOM COUPLER MODEL 
The HOM coupler model for the simulations (CST 

MWS) is presented in fig.2 for the old standard design 
and in fig.3 for the changed one. Simulated coupling 
"nose" length is 8.25 mm to 11.25 mm (fig.3). 

 

 
Figure 2: Standard HOM coupler model. 

 

 
Figure 3: New HOM coupler model. 
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SIMULATION RESULTS 
The transmission S21(f) is calculated in a frequency 

range of 1 .. 3 GHz with beam pipe set as an input port 
and HOM coupler feedthrough as an output port. HOM 
coupler electromagnetic fields are calculated for the 
operating (monopole) mode at a cavity operating 
frequency of 1.3 GHz. 

Scattering Parameters (S21(f)) 
The S21(f) comparison in a range of 1..3 GHz shows a 

small difference between the transmission of the standard 
and new designs (fig.4, 5). The notch filter was adjusted 
for the new design with a new gap value of 1.27 mm with 
a sensitivity of 0.165 GHz/mm. 
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 dipole 1
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 dipole 1
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gap

new
=1.27mm

 
Figure 4: Transmission S21(f) comparison. 
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Figure 5: S21(f) with different "nose" lengths. 

Electromagnetic Fields 
Electromagnetic field distributions are shown in fig.6 - 

11. Fig.8, 11 present magnetic field distributions near the 
main HOM coupler loop antenna for the old (fig.10) and 
the new (fig.11) designs scaled to feedthrough antenna tip 
vicinity field maximum. All fields are normalized to 1 W 
input port (beam pipe) RF power. The HOM coupler loop 
and feedthrough antenna surface magnetic (H) field 
amplitude distributions comparison yields the feedthrough 
antenna tip peak H-field ratio old/new of 0.045/0.030 = 
1.5 ([A/m] with 1 W input tube power). Thus, the HOMC 

antenna tip was shifted to a lower H-field region (fig.10). 
Increasing the coupler loop protrusion (nose) length in the 
new design from 8.25 to 10.00 and 11.25 mm slightly 
changes the transmission and magnetic field distribution, 
so the old/new ratio is 0.045/0.026 = 1.7 for a nose length 
of 10 mm and 0.045/0.022 = 2.0 for 11.25 mm (but with 
less transmission, fig.5, 11). 

 
Figure 6: Electrical field at 1.3 GHz, old type. 

 
Figure 7: Magnetic field at 1.3 GHz, old type. 

 
Figure 8: Magnetic field near the HOM loop, old type. 
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Figure 9: Electrical field at 1.3 GHz, new type. 

 
Figure 10: Magnetic field at 1.3 GHz, new type. 

 
Figure 11: Magnetic field near the HOM loop, new type. 

SUMMARY 
 To resolve the thermal problem with HOM couplers 

during the cavity CW operation a HOM coupler 
design adjustment is proposed and simulated. 

 The new HOM coupler design shifts the feedthrough 
antenna in the lower magnetic field region decreasing 
the antenna heating by eddy currents. 

 Simulations show that with a minimal transmission 
characteristics S21(f) change the goal is achieved with 
a proposed new design adjustment. The magnetic 
field amplitude on the feedthrough antenna tip could 
be decreased 2 times compared to a standard coupler 
type. Thus, the operating mode power causing the 
feedthrough antenna heating could be 4 times less. 

 Test on a cavity model is in preparation. 
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HIGH POWER RF COUPLER FOR ADS ACCELERATING CAVITIES* 

S.V. Kutsaev, M.P. Kelly, B. Mustapha, J. Nolen, P.N. Ostroumov 
 Argonne National Laboratory, Argonne, IL, 60439, USA

Abstract 
An accelerator driven system (ADS) requires a high-

power CW proton accelerator with proton beam energies 
near 1 GeV. High-gradient superconducting TEM-cavities 
are a natural choice for the front end of the linac. This 
paper presents the design of superconducting low-beta 
half wave resonators operating at 162 MHz frequency for 
ADS, as well as, a new 75 kW power coupler. This 
coupler would permit operations with an accelerating 
voltage of 3.0 MV per cavity with a beam current of 25 
mA. The coupler includes a cold RF window which cools 
the antenna by conduction and a variable bellows section 
to adjust the coupling factor. The importance of these 
features for reliable operation will be discussed in detail. 

INTRODUCTION 
Argonne National Laboratory is developing a concept 

design of ADS that would provide a 5 MW, 1 GeV proton 
beam [1]. A near-term goal of the Argonne initiative is to 
establish a credible path forward for a pre-engineering 
study phase. One of the steps towards this goal is the 
development of SRF accelerating cavities including RF 
power couplers that will be used in the low-energy section 
of the linac. 

         a)             b)  

Figure 1: Electric field distribution in =0.12 (a) and 
=0.24 (b) cavities. 

ACCELERATING CAVITIES 
The RFQ used in the proposed accelerator is designed 

to accelerate protons to energy of 3 MeV. Beam dynamics 
simulations demonstrated that 162.5 MHz cavities with 
optimal =0.12 and =0.24 used in the front-end of the 
linac provide good performance. The accelerating cavities 
design (see Fig.1) is based on the SRF half-wave 

resonators (HWR) that have been recently developed at 
Argonne [2].  

To improve the parameters of the cavities such as R/Q, 
G-factor and minimize peak surface electromagnetic 
fields, the cavity shape was optimized. During the 
optimization the following parameters were varied: gap 
width, inner and outer conductor diameters and blending 
radii. Table 1 summarizes the RF parameters achieved 
after optimization of both cavities. 

Table 1: Cavity RF Parameters 

Parameter   

optimal 0.12 0.24 
R/Q,  279.0 317.4 
G,  48.0 71.5 
Bpeak/Eacc, Gs/MV/m 63.0 60.5 
Epeak/Eacc 5.0 4.72 

RF COUPLER DESIGN 
To provide 75 kW RF power to the cavities we are 

proposing to use a coaxial capacitive coupler with a 
design similar to the 4 kW RF coupler developed by ANL 
for FRIB [3]. To increase the power handling capability, 
the outer diameter was scaled to 6 1/8’’ (see Fig.2a). 
Material thicknesses remained the same. 

 

Figure 2: RF power coupler design after the optimization. 

The primary components of the RF coupler shown in 
Figure 2 are as follow (from left to right):  

 A 300 K alumina window serving as a vacuum 
break between the cryomodule vacuum and the 
atmosphere;  
 A thermal transition from 300 K to 55 K made of 

stainless steel with a 20 microns layer of plated 
copper to reduce the heat load into the cryostat; 
 A 55 K RF alumina window needed to cool the 

central conductor. It also provides a clean seal of the 
cavity RF volume after high-pressure rinsing in a 
clean room; 

 ____________________________________________  

* This work was supported by the U.S. Department of Energy, Office 
of Nuclear Physics, under Contract No. DE-AC02-06CH11357 
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 A bellows section required for adjustment of the 
inner conductor depth inside the cavity which 
determines the external Q-factor. This section serves 
as a thermal transition between the 2 K cavity flange 
and the 55 K cold window thermal intercept. 

HIGH FREQUENCY PERFORMANCE 
The electromagnetic design includes several stages: 

first choosing the dimensions to reduce reflections at the 
operating frequency and determining the required external 
Q-factor and the antenna insertion depth to operate at the 
required coupling strength.  

 

Figure 3: S11 as a function of frequency. 

The geometry was optimized to the dimensions of a 50 
Ohm 6 1/8’’ line as shown in Fig.2b. In this case it is 
possible to minimize reflections at the operating 
frequency by changing the length of the thermal transition 
and the antenna diameter. Figure 3 shows the frequency 
dependence of the S11 parameter of the coupler working 
as a 2-port network device. Reflections are as low as -45 
dB at 162.5 MHz with a -30 dB bandwidth of 60 MHz. 

 

Figure 4: Power coupler connected to the HWR. 

Analytical estimations show that an external Q-factor 
of 4·105 is required for optimal operation with a beam 
loaded cavity. The RF coupler attached to the HWR 
perpendicular to the beam ports is shown in Fig.4. In this 
area the electric field is high enough for the required 

coupling strength. A series of simulations has been done 
to determine the optimal RF port and antenna lengths for 
the required regime. The external Q-factor of the coupled 
cavity can be changed by adjusting the penetration length 
as shown in Figure 5.  

 

Figure 5: External Q-factor as function of the antenna’s 
length for different RF port dimensions. 

THERMAL SIMULATIONS 
It is known [4] that the electromagnetic field patterns in 

couplers operating in the overcoupled regime are different 
for on or off resonance operations. In the first case, the 
magnetic field is maximal at the tip of the antenna, in the 
second case it is electric field. Due to this fact, it is 
necessary to check that there is no overheating in either 
regime. Fig. 6 demonstrates a temperature map of the 
coupler working at 75 kW forward power for both cases. 
No significant temperature rise occurs and the heating of 
the inner conductor both on and off resonance is tolerable. 

a)  

b)  
Figure 6: Temperature maps of a coupler operating at 
resonant frequency (a) and off resonance (b) (red – 356 K, 
blue -2 K). 

Table 2 summarizes the thermal data for a coupler 
operating at the resonant frequency. The values of heat 
flows to 55 K and 300 K are defined by the losses in the 
alumina windows. They can be reduced by a factor of ~ 2 
by making these windows thinner. Another option to 
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reduce RF losses is to use a material with a lower 
dielectric loss tangent. Such a material is available from 
Morgan Technical Ceramics [5] and can be used in the 
coupler to produce alumina windows of the required 
dimensions. 
Table 2: Thermal performance of the RF coupler (on 

Parameter Value 
Material AL 300 AL 300 AL995 
Loss tangent 3.8·10-4 3.8·10-4 2.9·10-4 
Thickness, in 0.5 0.25 0.25 
Max temperature, K 316.9 303.9 302.0 
Heat to 2K, W 7.8 7.2 6.6 
Heat to 55K, W 72.5 54.0 47.6 
Heat to 300K, W 24.1 11.2 3.0 

 
Although, thin windows reduce the RF losses and heat 

flows and can sustain the stresses caused by thermal 
expansion, they may be damaged by the excessive force 
caused during the cavity assembly. 

MULTIPACTING DISCHARGE 
One of the problems in coupler operation is the 

multipacting discharge which may lead to significant 
heating. We used CST Particle Studio, Mult-P 3D [6] and 
analytical estimations [7] to analyse if a multipactor 
discharge is possible at various power levels. All three 
methods predict a growth of secondary particles number 
at 15 kW forward power which remains significant up to 
75 kW (see Fig.7). For power levels less than 15 kW, the 
effect is of 3rd order and higher.  Starting at 15 kW, it 
becomes a second order effect. At 52 kW, the first order 
multipacting starts.  

 

Figure 7: Relative counter function for RF coupler. 

Simulations also show that the discharge is mostly one-
point multipacting and power dissipation on the alumina 
windows is at least 10 times lower than on copper. There 
is also no sign of two-point multipactor between the 
bellows convolutions as the electric field carries the 
particles away.  

Among the ways to suppress multipacting, we can 
apply a voltage bias between the inner and outer 
conductor, or treat the copper surface to reduce its SEY, 
or redesign the coupler for higher impedance. Our 
experience shows that though a severe multipacting 
discharge was predicted by simulations to occur in a 
similar 2 inches coupler design [8] at the same frequency, 
it was never observed during the power tests.  

SUMMARY 
 A new high-power coupler for application with SC 

cavities has been designed. The coupler would provide 75 
kW of RF power to 162.5MHz  HWR cavities. A cold 
window reduces the temperature of the central conductor 
and thus the power which can be otherwise radiated to 
liquid helium. A variable bellows section allows 
adjustments of the coupling factor to the cavity. Even ath 
this high power this feature may be useful, especially 
during conditioning through multipacting, cavity pulsed 
conditioning with high RF power and optimal support of 
accelerator operation at different values of the beam 
current. 

Non-linear thermal simulations were performed using 
ANSYS and show no excessive heating in the bellows 
section and reasonable temperature regime both on and 
off resonance. Multipacting discharge simulations 
indicate a concern, especially for power levels higher than 
15kW. This can be avoided by using a bias voltage or 
surface treatment if necessary. 
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DEVELOPMENTS OF HOM DAMPERS FOR SUPERKEKB 
SUPERCONDUCTING CAVITY 

M. Nishiwaki#, K. Akai, T.Furuya, A. Kabe, S. Mitsunobu and Y. Morita 
KEK, Tsukuba, Japan

Abstract 
Eight superconducting accelerating cavities were stably 

operated under a high beam current and a large beam 
induced HOM power in KEKB electron ring. The HOM 
power of 16 kW at the beam current of 1.4 A was 
absorbed in two ferrite dampers attached to each cavity. In 
SuperKEKB, that is the upgrade machine of KEKB, the 
design beam current is 2.60 A. The HOM power of higher 
than 40 kW is expected to be induced. To cope with the 
large HOM power, precise evaluations of HOM power 
loads including HOM dampers were carried out. Then, 
new ferrite dampers with reinforced water cooling were 
developed and high-power tested. On the other hand, the 
evaluation indicated that an additional HOM damper can 
absorb significant amount of HOM power. Additional 
damper is effective to reduce each ferrite damper load. In 
this report, we will describe the results of high power tests 
of the new ferrite dampers, studies for additional dampers, 
and an installation plan for SuperKEKB. 

INTRODUCTION 
SuperKEKB that is an upgrade machine of KEKB and 

an asymmetric energy electron-positron double-ring 
collider is under construction. The commissioning run 
will start in early 2015. The design luminosity is 40 times 
higher than that of KEKB [1]. In order to achieve the high 
luminosity, stored beam currents will be twice higher 
compared with those of KEKB as one of the important 
factors in the upgrade design. In an electron ring (high 
energy ring, HER), the design beam current is 2.60 A.  

In KEKB, eight superconducting (SC) accelerating 
cavity modules were operated with the maximum beam 
current of 1.4 A in the HER. The large current beam 
induced a large higher-order-mode (HOM) power in the 
cavity. To absorb the HOM power, two ferrite dampers 
were installed at both side of the cavity beam pipes, called 
small beam pipe (SBP) and large beam pipe (LBP) as 
shown in Fig.1. In the KEKB type ferrite damper, the 
ferrite was sintered on copper base pipe by the hot 
isostatic press (HIP) method. The thickness of the ferrite 
was chosen as 4 mm in consideration of Q value and 
thermal conductivity of ferrite material [2]. In KEKB, the 
HOM power of 16 kW at the beam current of 1.4 A was 
successfully absorbed with two ferrite dampers without 
any problems [3]. In the upgrade plan for SuperKEKB, 
those eight cavity modules will be used with some 
reinforcements.  

Table 1 shows SC cavity-related machine parameters of 
HER of KEKB and SuperKEKB. The loss factor of the 

cavity is calculated as 1.2 V/pC from the parameters of 
SuperKEKB. The expected HOM power induced in the 
cavity is 31 kW. The damper loads including the self 
losses are estimated to be 26 and 20 kW for LBP and SBP 
dampers, respectively. Therefore, the total heat load will 
be 46 kW per cavity.  

 

Figure 1: Cross-section drawing of the superconducting 
cavity module of KEKB. 

 
Table 1: SC cavity-related Machine Parameters of HER in 
KEKB and SuperKEKB. 

Parameters KEKB 
(achieved) 

SuperKEKB 
(design) 

Beam Energy [GeV] 8.0 7.0 

Beam Current [A] 1.4 2.60 

Number of Bunches 1400 2500 

Bunch Length [mm] 6 5 

Beam Power [kW/cavity] 350~400 400 

RF Voltage [MV/cavity] 1.2~2 1.5 

 
One of the most important issues to cope with the large 

load of current ferrite dampers is large outgas from the 
ferrite surface because high voltage breakdown of the 
cavity is triggered by the outgas from the ferrite. In 
KEKB operation, the ferrite temperature was around 80 
oC. On the other hand, the ferrite temperature will be 
170~190 oC at the beam operation of 2.6 A. In the severe 
condition, the outgas rate is estimated to increase by a 
factor of 10 or more compared with KEKB conditions [3]. 
There are also issues in the water cooling system. The 
copper tube for cooling water is wound on the outer 
surface of copper base pipe. The water temperature must 
be maintained less than 60 oC to prevent vapor bubbles.  ___________________________________________  

#michiru.nishiwaki@kek.jp 

THP061 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

1058C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

08 Ancillary systems

V. Couplers/HOM



 

And the flow rate should be less than 8 L/min. to prevent 
erosion-corrosion of the copper tubes. To solve those 
issues, we developed new ferrite dampers with reinforced 
cooling system. Furthermore, in order to get more 
effective absorption of the HOM power, we carried out 
new simulation of power flow for the SC cavity module 
including dampers. This simulation indicated that 
additional dampers can absorb HOM powers effectively. 

In this report, we will describe the development and RF 
test of new ferrite dampers and the simulation study of 
additional dampers. 

NEW FERRITE DAMPERS 
To suppress the surface temperature rise of ferrite, the 

new dampers that have a thinner ferrite tile and double 
channel water cooling tubes were developed, denoted as 
3t-2ch (fig.2). In the new type, the ferrite thickness of 3 
mm was adopted to get better thermal conduction. By 
using the thinner ferrite, we guessed the reduction of the 
self loss factor of the damper. Enhanced cooling effect 
was expected by using doubled cooling channel. The new 
type dampers were tested with RF high power of 509 
MHz with 6, 8 and 10 L/min. of the flow rates for each 
channel. The copper base pipe temperature was 
maintained less than 60 oC. 

 

Figure 2: New type damper with 3-mm thickness of 
ferrite and doubled cooling channels, 3t-2ch damper. 

The high power tests results of the new type (3t-2ch) 
LBP and SBP dampers are shown in Fig.3(a) and (b), 
respectively. It was found that the both dampers could 
absorb the expected HOM power in SuperKEKB. But the 
ferrite temperatures rose up to around 170 oC at the 
maximum absorption power. The summary of the 
relations between the maximum absorbed power and the 
ferrite temperature of dampers is shown in Table 2. From 
the summary, we could not see significant difference 
between the KEKB type and the new types. When the 
dampers are replaced with others, there is a risk that the 
cavity surface is contaminated by the air exposure and the 
cavity performance will degrade. Thus, there are no 
merits to replace the present dampers with the new types. 
Additionally, the 3t-type dampers cracked during the high 
power test. The tensile strength of the ferrite thickness of 
3 mm would not enough. As a result, we should consider 
other measure to deal with the large HOM power along 
with studies on further development of the ferrite damper. 

 
(a) 

 
(b) 

Figure 3: High power tests results of new type (3t-2ch) 
(a) LBP and (b) SBP dampers. 

 
Table 2: Summary of absorbed power and ferrite 
temperature in high power tests of ferrite dampers. 4t-1ch 
denotes 4 mm thick ferrite with single channel water 
cooling. 

Damper type Max. 
Absorbed 
Power [kW] 

Ferrite 
Temperature 
[degrees C] 

LBP KEKB (4t-1ch) 26 170 
 New1 (3t-2ch) 24 160 

 New2 (3t-2ch) 26 165 

SBP KEKB (4t-1ch) 19 190 

 New1 (3t-2ch) 18 150 

 New2 (3t-2ch) 19 170 

 

POWER FLOW SIMULATION 
In order to consider the HOM power in the large beam 

current operation, we have established new calculation 
method with power flow monitor of wake-field simulation 
using CST-Particle Studio. In this method, the HOM loads 
of each part can be obtained by the total loss factor 
calculation and the area and time integral of power flow 
monitored at each part in the model of the SC cavity 
module.  

Figure 4 shows a model of the SC cavity module for 
this calculation. The loss factor is calculated as 1.41 V/pC 
for the bunch length of 5 mm. The total energy that is a 
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sum of integrated power flows at each part is consistent 
with the energy deposit calculated from the loss factor. 
Equivalent loss factors and HOM loads of each part in 
2.6-A beam operation are summarized in Table 3. The 
equivalent loss factors are estimated from the loss factor 
and a ratio of the integrated power flow at each part to the 
total energy. This simulation showed the loads of dampers 
are smaller than expected and can be absorbed by present 
dampers. However, the large energy that is higher than 
30% of the total energy is emitted through the LBP side 
outlet. The outlet energy becomes additional load to the 
downstream cavities. Therefore the outlet energy must be 
absorbed by other additional dampers.  

 

Figure 4: Calculation model of the SC cavity module. 
Bunched beam comes from Pin side.  

As the additional damper, a SiC damper that was used 
in the SC Crab cavity and the normal conducting cavity 
ARES in KEKB, was considered. The SiC damper is 
added downstream of the gate valve of the cavity module. 
As a result, SiC damper absorbs effectively outlet energy 
and reduces the loads of ferrite dampers as shown in 
Table 3. For our cavity, the SiC length of 240 mm is 
optimum because the outlet energy becomes considerably 
small. In the condition with SiC damper, the ferrite 
temperature will become around 100 oC. The temperature 
is acceptable to the outgas rate and the cooling capacity 
even though the remained outlet energy is added to the 
load of the downstream cavity. In addition, the SiC 
damper can be added without exposing the cavity inside 
to the air. That is the great advantage to avoid degradation 
of the cavity performance. Two prototype SiC dampers 
have been fabricated as shown in Fig.5. In consideration 
to the condition of the cooling capacity, the damper length 
is designed to be 120 mm to divide the heat load. The 
high power tests of SiC dampers are ongoing. Further fine 
simulations are necessary in order to verify the effect of 
the additional SiC damper.  

SUMMARY 
In order to absorb large HOM power in the 

superconducting cavity modules in SuperKEKB, new 
HOM dampers were developed and tested. The new 
dampers with thinner ferrite tile and doubled cooling 
water channels, however, have not effect to reduce the 
temperature rise. A new HOM power calculation method 
showed the outlet energy to the downstream cavities is 

large. Additional SiC damper would be effectively absorb 
the outlet energy. In addition, it was found that the current 
cavity modules are workable in the 2.6-A beam operation 
without opening the cavity and replacing current ferrite 
dampers. The high power tests of the SiC dampers are in 
progress. The more fine simulations are also needed to 
verify the effect of the additional SiC damper. In the next 
year, we plan to install SiC dampers in the SuperKEKB 
ring.  

 
Table 3: Summary of equivalent loss factors (Eq.LF) and 
HOM loads at 2.6-A beam operation  .

Part Without SiC With 240-mm SiC 

Eq.LF 
[V/pC] 

HOM 
Load 
[kW] 

Eq.LF 
[V/pC] 

HOM 
Load 
[kW] 

Inlet 0.08 2.2 0.09 2.4 

Outlet 0.46 12.5 0.22 5.9 

SBP damper 0.37 10.1 0.31 8.4 

LBP damper 0.49 13.3 0.44 11.9 

SiC damper - - 1.10 29.7 

Total 1.41 38.2 2.16 58.4 

 

 

Figure 5: First prototype of SiC damper. 
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OPTIMISATION OF THE 3-STUB TUNER FOR MATCHING THE 
DIAMOND SCRF CAVITIES 

S. A. Pande, C. Christou, P. Gu, M. Jensen#, Diamond Light Source Ltd. Oxfordshire, U.K.

Abstract 
The Diamond Storage Ring cavities are aperture 

coupled, resulting in a fixed external Q. This results in the 
cavities being matched under certain conditions 
depending on the loss per turn, the beam current and the 
accelerating voltage. Operationally, there are advantages 
to limiting the accelerating voltage to improve reliability, 
which at high beam current results in a mismatch and 
high reflected power. To match the cavities under such 
non-optimum operating conditions we use 3-stub tuners in 
the waveguide feeds as have been used at many places [1, 
2]. It has been observed, that certain configurations of the 
3-stub tuners can improve the match of the cavity but 
result in strong heating of the waveguide in the cryostat. 
Numerical simulations of the cavity along with the 
coupling waveguide and 3-stub tuners have been carried 
out using CST Studio for different beam loading 
conditions to optimise the 3-stub tuners for acceptable 
match and heating. In this paper we present the results of 
our simulations and comparisons with measurements for 
operation with different beam currents and cavity 
voltages. 

INTRODUCTION 
For safe cryogenic operation, Diamond SCRF cavities 

are equipped with several Cryogenic Linear Temperature 
Sensors (CLTS). These temperature sensors are 
distributed on cavity cell, beam tubes and on the coupling 
waveguide etc. The cavities are generally operated at 
lower voltage compared to the optimum condition. Also, 
to improve the reliability, one of the cavities was operated 
at lower voltage than the other (Cavity-1 at 1.1 and 
Cavity-3 at 1.4 MV). Therefore, it was required to lower 
the Qext of the cavities with the help of 3-stub tuners in 
order to match the cavities under such non-optimum 
conditions. With the aim of splitting the total beam power 
almost equally between the two cavities, cavity-1 required 
to have lower Qext than that of cavity-3. So, the Qext on 
Cavity-1 and Cavity-3 were adjusted to ~9.5E+04 and 
1.43E+05 respectively. Following increase in stored 
current from 200 mA to 250 mA, during mid 2011, it was 
observed that the temperature sensor on the far end of the 
waveguide elbow on Cavity-1, showed considerable 
increase in temperature (338  K) causing increase in the 
pressure in the waveguide / pump-out-box region. 
Subsequently, one of the stubs was retracted fully to 
increase Q  ~ 1.47E+05. This resulted in increased ext
reflected power but a significant drop in the elbow 
temperature (by almost 100 ) and also in the pressure in 
the waveguide. It is obvious that the desired Qext can be 

obtained with many different settings of the 3-stub tuner. 
Some of these settings can result in strong Standing Wave 
(SW) pattern especially in the reduced height waveguide 
inside the cryostat causing significant heat dissipation. 
This motivated us to undertake a detailed numerical study 
of the cavity-coupling waveguide system with 3-stub 
tuner included. 

We used CST Studio [3] to simulate the steady state 
behaviour of a beam loaded cavity. 

CAVITY PARAMETERS Q0, Qext AND  
The cavity parameters Q0, Qext and coupling coefficient 

 are defined as follows [4, 5] 

CP
U
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edEnergyStor

Q0

 

RAD
ext P

U
ngNetworkhtheCouplitionThrougPowerRadia

edEnergyStor
Q

 

extQ
Q

vityWallspationinCaPowerDissi
gNetworktheCouplintedThroughPowerradia 0

 
where , U, Pc and PRAD are resonant frequency, energy 

stored, power dissipated in cavity walls and power 
radiated respectively. 

 The power dissipated in the cavity walls depends on 
the conductivity of the material whereas the power 
radiated and so the Qext depends only on the geometry of 
the coupling device (a probe or an aperture etc.). The skin 
depth and surface resistivity are given by; 

f

1

 

f
Rs

1           (1) 

We know 
sRP  

Observing the expression for Rs, we see that 
1

P
 

at a fixed frequency f. If we build exactly similar cavities 
out of two different materials with conductivities 1 and 

2 or if the conductivity of the cavity material changes 
from 1 to 2 (e.g. on cool down in a Nb cavity and 
neglecting the deformations), the ratio of Quality factors 
at two conductivities can be written as  
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 ___________________________________________  
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2
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1

02

01

Q
Q           (2) 

From the last equation, we can estimate Q02 or 2 at any 
conductivity 2 if Q01 is known at conductivity 1. Or we 
can estimate the conductivity 2 in order to get a desired 
value of Q02 or 2.  

SIMULATION OF STEADY STATE BEAM 
LOADED CAVITY 

We can make use of the fact that the Qext is 
independent of conductivity to simulate the operation of a 
cavity under steady state condition. Let us consider a 
cavity operating with some reflection or which is not 
matched to the generator so well. In this situation, the 
total generator power (Pf) being transferred to the cavity 
is divided into three parts (i) power dissipated in the 
cavity walls (Pc) (ii) power transferred to the beam (Pb) 
and (iii) power reflected (Pr). We calculate the magnitude 
of the reflection coefficient as 

 
2

11
2

S
P
P

f

r          (3) 

And the VSWR 

1
1

S             (4) 

We also know that [4], 
 = S for an over-coupled cavity       (5) 

and      = 1/S for an under-coupled cavity    (6) 
 

 
Figure 1: Typical measured operating parameters of 
Cavity-1during an injection cycle. 

 
Depending on whether the cavity is operated below 

optimum or over the optimum condition (corresponding 
to Pr = 0), the cavity will appear to be over-coupled or 
under-coupled respectively. Figure 1 shows the forward 
and reflected power along with the beam current for 
cavity-1 during filling of the storage ring for a certain 
setting of the 3-Stub tuner. The voltages across cavity-1 

and cavity-3 are 1.1 and 1.4 MV respectively. Initially 
when there is no beam in the storage ring, almost all of 
the power is reflected. As the beam current increases, the 
reflected power starts dropping and passes through a 
minimum almost equal to zero. This minimum 
corresponds to the optimum coupling condition at a 
particular voltage given by [6], 

c

b

ext P
P

Q
Q 10

0

 

.)1( 0 bc PP             (7) 

For Diamond cavities (without 3-Stub tuner), 0 = 
Q0/Qext  2500 >> 1; or 0Pc  Pb . In figure 1, the cavity 
is over-coupled towards the left of the red vertical dotted 
line and under-coupled towards its right. To simulate the 
operation of a cavity at one particular instant, we require 
3 cavity parameters Pf, Pr, Vc at that instant and which 
side of the optimum condition the cavity is being 
operated. We calculate | | and S from equations (3) and 
(4) respectively. The effective  or Qext can be estimated 
from Eq. (5) when the cavity is operated below the 
optimum condition and Eq. (6) above it. We consider 
three cases corresponding to critically coupled (  =1), 
over-coupled (  >1) and under-coupled ( <1) cavity. 

The Model 
 

 
Figure 2: CST Studio model of the Diamond storage ring 
cavity and the coupling waveguide. The stub insertions 
are shown to be 0, 60 and 97 mm. 

Figure 2 shows the CST Studio model of the storage 
ring cavity along with the coupling waveguide. The 
Niobium parts which are in the LHe bath are represented 
in bluish colour. Reddish brown colour represents the 
waveguide and window cavity parts which are made from 
stainless steel and are plated internally with copper. The 
rest of the waveguide parts are shown in grey. The cavity 
is simulated as a one port device. In order to calculate 
Qext, the Frequency Domain (FD) or Time Domain (TD) 
simulations can be performed considering the material 
losses. Since DLS cavity is excessively over-coupled, the 
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computed S11 or SWR will be extremely high if 
conductivity of SC niobium is used. The impedance 
varies very fast about the resonant frequency and S11 or 
SWR values are generally too inaccurate to estimate the 
Q0 or Qext. Instead we use a smaller value for the material 
conductivity (e. g. that of copper) to get S11 typically 
below 0.95. Here we assume that the net power being 
delivered to the cavity, Pf - Pr = Pb + Pc is being dissipated 
in the cavity walls. 

Perfectly Matched Cavity (  = 1) 
We make use of the fact that for a perfectly matched 

cavity, Qext = Q0. The conductivity of the cavity material 
which will give Q0 = Qext, can be estimated from Eq. (2).   

For this we can first compute cavity Q0 either with the 
help of Eigen mode solver or FD solver assuming 
conductivity of material to be known e.g. copper with Cu  
= 5.8E+07 S/m. From a FD run with this conductivity, we 
can estimate both Q0 and Qext and thus .  

We can estimate the conductivity which will give 
perfect match i.e. Q0 = Qext or  = 1 from Eq. (2). Let Q0-

Cu be the Q0 computed in Step 1 above. We should look 
for New which will give Q0-New = Qext. 

New

Cu

New

Cu

Q
Q

0

0

 or 
2

0

2

0

0

Cu

ext
Cu

Cu

New
CuNew Q

Q
Q
Q

 
(as we know Qext from step 1) 

In a subsequent run either in TD or FD, we use New to 
compute S11. This run will give us Q0, Qext, VSWR or . 
As we are simulating a matched (Q0 = Qext) case, we can 
check the validity of the simulation results against 
following conditions 

1. S11 should be as close as possible to 0 (S11  0.02 
would be a good and acceptable result) OR 

2. VSWR as close as possible to 1 
3. Qext = Q0/  as both Q0 and Qext can be computed 

from the same run.  
4. Qext can be compared with the experimentally 

measured value. 
Computation for DLS Cavity-1: As an example, we first 
compute Qext for the cavity with waveguide without the 3-
stub tuner (as shown in Fig. 2 with all the 3 stubs fully 
retracted).  The results are summarised in Table 1 below. 
First step results of a FD run are listed 2nd column and 
second step results are listed in 4th column. The computed 
values of Q0-New and Qext agree well with the 
experimentally measured value of Qext = 2.35E+05 to 
validate the procedure.  

Unmatched Cavity (   1) 
A fractional length of guide wavelength ( g) can be 

used as ‘equivalent waveguide’ in the simulation to 
represent the whole run of waveguide between the 
window and the 3 stub tuner. This can be obtained by 

subtracting the largest integral multiple of g/2 from the 
total length of waveguide. It is straight forward to 
simulate the cavity without 3-stub tuners. Any arbitrary 
length of the waveguide between the cavity (RF window) 
and the input port can be used. If the cavity operated with 
Qext modified with the help of 3 stub tuner is to be 
simulated, the correct (electrical) length of waveguide 
between cavity and the 3 stub tuner should be used. A 
deviation of few mm’s can cause significant deviation or 
error in computed S11 or VSWR and thus the SW pattern. 
The correctness of the length of the equivalent waveguide 
can be verified by comparing the S11 or VSWR (or Qext) 
values computed by CST Studio with those calculated 
from Pf, and Pr data for known 3 stub tuner settings at a 
known cavity voltage.  
Table 1: CST Studio Results for Matched (Q  = Q ) Case 0 ext
of DLS Cavity without 3 Stub Tuner 

Parameter CST Studio Parameter  Computed 

5.8e+07 New 1.81948e+09 

Q0-Cu 4.1389e+04 Q0-New 2.3183e+05 

S11 0.697012248 S11 0.011 

VSWR 5.601 VSWR 1.022 

Coupled Under  Coupled Under 

 0.178542  0.98 

Qext 2.318165e+05 Qext 2.3453e+05 

New 1.81948e+09 Qext-meas 2.35e+05 

Q0-New 2.318165e+05   

Desired  1.0   

 
The length of equivalent waveguide needs to be 

adjusted to get a good agreement between the computed 
and the measured value of Qext from machine data. This is 
necessary as the electrical length of certain waveguide 
components (such as mitres etc.) differ from the physical 
length. Once the correct length of equivalent waveguide 
(correct phase of the reflected wave from the cavity) is 
established, SW pattern and power dissipation in the 
waveguide corresponding to any operating condition of 
the cavity can be obtained.  

To obtain the representative field configuration 
corresponding to any operating condition of the cavity, 
we calculate the conductivity which gives the desired 
value of Q0 or  or S11 (as Qext is fixed for one particular 
3 stub tuner setting) with the help of Eq. 2 as we already 
know Q0 and . Figure 3 shows measured values of S11 
during an injection cycle compared with those computed 
with CST Studio. The storage ring is operated with a 
single cavity (cavity 1) at 1.2 MV with stubs 1 – 3 set at 
0, 60, and 97 mm respectively (as shown in Fig. 1). 
Cavity 3 was detuned sufficiently so that it interacts least 
with the beam. This was confirmed by negligible voltage 
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measured on cavity 3 when sufficient beam was stored in 
the storage ring. At the point corresponding to Pr  0 
(perfect match), for the estimated Q  = 8.67E+04 from Eq. 0
2, the CST computed values of Q0, S11 and Qext are 
8.56E+04, 0.00166 and 8.53E+04 respectively. This 
confirms the validity of the simulation results.  

 
Figure 3: S11 values from CST Studio ( orange triangles) 
compared with those measured (empty circles) during 
injection into storage ring operated with cavity1 alone and 
3 stub setting of 0, 60 and 97 mm.  

Qext VS STUB POSITION  
Detailed simulations were performed for systematic 

variations of all the 3 stub positions individually and 
together in combination.  

 

 
Figure 4: Qext vs stub-1 and stub-3 positions. Both stubs 
are moved together with stub-2 fully out. 

 
Figure 4 shows Qext values computed by CST (blue 

dots) compared with measured values (pink triangles) 
when stub 1 and stub 3 are moved together with stub 2 
fully out. Figure 5 shows Qext vs stub 2 positions with 
stub 1 and 3 fully out. It is seen that Qext decreases as stub 
1 and 3 are moved in individually and together whereas it 
increases as stub 2 is moved in. Figure 6 – 8 show carpet 
plots for Qext for various combinations of the three stubs. 
It can be seen that Q  values as low as 5.0E+04 can be ext
obtained with the help of stub 1 and stub 3 and can be 
used for matching heavy beam loading conditions. Stub 2 
however can be used to get higher Qext values which can 
be useful to match the cavity during low current operation 
e.g. during low-  run etc. 

 

 
Figure 5: Qext vs stub 2 positions. Blue dots – CST, pink 
triangles –measured values. 

 
Figure 6: Qext vs stub 1 and stub 2 positions. Stub 3 is 
fully out. 

 
Figure 7: Qext vs stub 2 and stub 3 positions. Stub 1 is 
fully out. 

The two cases of 3 stub tuner settings mentioned above, 
one with 79-47-85 which resulted in heating in the 
reduced height waveguide and another with 00-47-85 
were investigated with CST studio. The Qext values 
estimated from archived data corresponding to Pr = 0 are 
9.5E+04 and 1.47E+05 respectively. The simulation 
results are summarised in Table 2. First two rows show 
the estimated values of Q0 and  from Eq. 2 for matched 
operation (Q0 = Qext). It is seen from the results that the 
computed values of Q0 and Qext agree well with the 
estimated values.  
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Figure 8: Qext vs stub 1 and 3 (together) and stub 2 
positions. 
Table 2: Summary of CST Simulations for two 

Parameter 79 – 47 - 85 0.0 – 47 - 85 

Q0 = Qext 9.5284e+04 1.47239e+05 

 3.03e+08 7.237e+08 

S11 0.0052 0.0085 

1.01 1.017 

Q0 9.47e+04 1.465e+05 

Qext 9.376e+04 1.440e+05 
 

Figure 9 (a) and (b) shows power loss density for the 
above mentioned two cases with conductivities adjusted 
to have S11=0.2 and 0.253 to represent operation at 1.1 
MV with Pf = 175 and 167 kW respectively with stored 
current of 250 mA in both the cases. A plot of |E| along 
the waveguide axis is shown in Fig. 9(c). The SW 
corresponding to stub setting 79-47-85 is shown by green 
curve and the one for 00-47-85 is shown by purple curve. 
The power dissipation in the copper plated part of the 
reduced height waveguide estimated from CST results is 
shown in Fig. 9(d). The high temperature recorded on the 
elbow far end (lower end of part 5 in Fig. 2) could be due 
to the higher dissipation in the waveguide part itself and 
also due to heat conducted from the window cavity side. 
Parts closer to the He vessel will be at lower temperature 
and may have lower dissipation owing to higher 
conductivity of copper at lower temperature. 

SUMMARY 
It is seen that CST Studio can be used to simulate 

steady state operation of a beam loaded cavity when 
losses are taken into account. The simulation results show 
good agreement with the measured values of S11 or Qext 
for matched or unmatched conditions. The simulations 
can be used to compute the power dissipation in different 
parts of the waveguide. The difference in computed 
power dissipation explains the observed differences in 

temperatures recorded on the waveguide due to varying 
configurations of 3-stub tuner. 

 

 

 
Figure 9: (a) and (b) Power loss density in W/m2 for stub 
configurations 79-47-85 and 00-47-85 respectively. The 
results shown are for 1 W peak power input with 
maximum clamped to 0.001 W/m2. (c) |E| along 
waveguide axis showing Standing Wave pattern for two 
cases 79-47-85 (green) and 00-47-85 (purple). (d) Power 
dissipated in copper plated reduced height waveguide in 
two cases (refer to Fig. 2 for nomenclature). 

REFERENCES 
[1] B. Dwersteg, SC-Cavity Operation via WG-

Transformer, Proc. of the Fourth Workshop on RF 
Superconductivity, 1989, KEK Report 89-21. 

[2] V. Veshcherevich and S  Belomestnykh, “Correction 
of the Coupling of CESR RF Cavities to Klystrons 
Using Three-Post Waveguide Transformers”, Cornell 
LNS Report SRF 020220-02, 2002. 

[3] CST Studio Suite, CST AG, Dermstadt, Germany. 
[4] E.L. Ginzton, Microwave Measurements, McGRAW-

HILL Book Company Inc. 
[5] S. Ramo, J. R. Whinnery and T. Van Duzer, Fields 

and Waves in communication Electronics, John 
Wiley & Sons, Inc. 

[6] P.B. Wilson, SLAC-PUB-2884, 1982. 

0

200

400

600

800

1000

0 500 1000 1500 2000 2500 3000 3500 4000 4500

|E
| 

A
lo

ng
 th

e 
w

av
eg

ui
de

 A
xi

s (
V/

m
)

Distance along waveguide axis (mm)

SW Pattern along waveguide for Under-coupled case (Ib>Iopt)
for 3-Stub Tuner configuration 79 - 47 - 85 mm & 00 - 47 - 85 mm

79-47-85
00-47-85

79 - 47 - 85
Ib = 250 mA
Pf = 175 kW
Pr = 7.03 kW
Vc = 1.09 MV

00 - 47 - 85
Ib = 250 mA
Pf = 167.42 kW
Pr = 10.72 kW
Vc = 1.1 MV

WR1800 Reduced Height WG

0.0

50.0

100.0

150.0

200.0

250.0
Po

w
er

 L
os

s (
W

) 79-47-85
00-47-85

(c) 

(a) (b) 

(d) 

Configurations of 3 Stub Tuner Matched Cases. 

Proceedings of SRF2013, Paris, France THP062

03 Operating experience with SRF accelerators

V. Couplers/HOM

ISBN 978-3-95450-143-4

1065 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



HOM COUPLERS FOR CERN SPL CAVITIES∗

Kai Papke † 1,2, F. Gerigk1 and U. van Rienen2

1CERN, Geneva, Switzerland
2University of Rostock, Rostock, Germany

Abstract
Higher-Order-Modes (HOMs) may affect beam stability

and refrigeration requirements of superconducting proton
linacs such as the SPL, which is studied at CERN as the
driver for future neutrino facilities. In order to limit beam-
induced HOM effects, CERN considers the use of HOM
couplers on the cut-off tubes of the 5-cell superconduct-
ing cavities. These couplers consist of resonant antennas
shaped as loops or probes, which are designed to couple
to modes of a speci c frequency range. In this paper the
design process is presented and a comparison is made be-
tween various design options for the medium and high-beta
SPL cavities, both operating at 704.4 MHz. The RF char-
acteristics and thermal behaviour of the various designs are
discussed.

INTRODUCTION
The SPL [1] is a R&D project at CERN with the focus

on neutrino or radioactive beam facilities. The SC linac is
composed of two types of cavities operating at 704.4 MHz

in pulsed mode and with geometrical β of 0.65 and 1 [2].
As for SNS and ESS, extensive studies were done with

respect to HOMs and their impact on the performance of
the cavities [3, 4]. In spite of the experience of SNS1, the
use of HOM dampers is considered necessary because of
the large variety of beam patterns to be accelerated in this
machine. The design goal of the HOM lter is to block the
transmission of the accelerating mode, while transmitting
HOMs, which have signi cant (R/Q) values.

Figure 1: HOMs with the highest (R/Q) for the high beta
cavity (maximum value in the covered velocity range [3]).

∗Work supported by the Wolfgang-Gentner-Programme of the Bun-
desministerium für Bildung und Forschung (BMBF)

† kai.papke@cern.ch
1Too large power coupling through several HOM ports, vacuum leaks

at feedthroughs of the coupler and problems with multipacting [5].

(a) (b) (c)

Figure 2: Design approaches of HOM coupler: a) probe
coupler, b) modi ed TESLA design, c) hook coupler [6].

The primary focus in nding an appropriate design lies
in the RF transmission behaviour, which has to be opti-
mized according to the operating frequency (high damp-
ing) and the HOM spectrum (low damping) of the cavities
(Figure 1). Besides this issue the multipacting sensitivity
and resulting heat loss play a very crucial role because they
can seriously affect the accelerator operation. Finally, the
complexity of the mechanical design as well as the toler-
ances are limited to keep the costs at a reasonable level.
The currently favoured designs shown in Figure 2 feature
very different advantages and disadvantages such as good
monopole coupling, dipole coupling, robustness and tun-
ability, which are discussed in the following.

RF OPTIMIZATION
For analysing and optimizing each coupler design, sim-

pli ed replacement circuit models were used (Figure 3).
Capacities and inductances are determined with respect to

Figure 3: Replacement circuit model for the electric cou-
pling of the probe design (a). Two notches result in a higher
notch bandwidth.

THP064 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

1066C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

08 Ancillary systems

V. Couplers/HOM



HOM spectra [3] and afterwards synthetized to a coupler
model using transmission line theory [7].
This approximation is then re ned using 3D simulations

with CST MWS R© and HFSSTM. For analysing the pure
transmission characteristic, only the HOM tube with the
coupler was considered for the simulation. The bottom
side of the tube terminated with a waveguide port, ex-
cites monopole as well as dipole modes, whereas the TEM
mode is excited on the coaxial output. Basically two S-
Parameters are of interest: The TM01-TEM transmission
describing monopole coupling and the TE11-TEM trans-
mission to investigate the dipole coupling. The results for
the RF optimized couplers in the high β case are shown in
Figure 4.
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Figure 4: S21 of the couplers. a) TM01-TEM transmission
(monopole coupling), b) TE11-TEM transmission for the
most favourable polarization (dipole coupling).

The probe and hook design feature a relative large band-
width for the notch lter at 704.4 MHz caused by a second
inductive post to the feedthrough [8] (Figure 2 and 3) . The
modi ed TESLA design has a very narrowband notch lter,
which is however much easier to tune.
Moreover the hook design shows a good dipole coupling

(especially for the rst dipole band at ∼ 900 MHz) and
might be an interesting option for circular machines. But
for a linear machine such as the SPL, dipole HOMs are
considered less problematic. Hence, we focus onmonopole
modes in the following.
According to the HOM spectra of the cavities [3] the

hook coupler and even a simpler version without a second

inductive post is more eligible for the medium β case. The
same is true for the TESLA design. This is due the fact that
monopole HOMs are located at a higher frequency region
between 1.5− 1.8 GHz instead of at 1.3 GHz for the high
β cavity (Figure 1).
Mechanical restrictions for the Tesla design makes it

more dif cult to optimize the coupler for the HOM spec-
trum of the high β cavities rather than for the HOM spec-
trum of the medium β cavities. The use of a ange and its
relatively long distance to the beam pipe (46 mm) together
with a small tube diameter (45 mm) limits the potential of
optimizing the transmission properties in the high β case.
On the other hand the classical TESLA design [6, 8],

which is easier to construct than the version shown in Fig-
ure 2 is already good enough for the medium β cavity. The
probe design is the best option for the high β cavity.

MECHANICAL ISSUES
The couplers shown in Figure 2 are already redesigned

with respect to mechanical aspects such as tolerances, lim-
ited diameter of the coupler posts as well as tuning possi-
bilities. Furthermore an inner circuit to provide the ow
of liquid helium at 2 K is considered as shown in Figure
5. However it is not yet decided whether active cooling is
really necessary.
The TESLA design has the advantage of a closed loop

Figure 5: Mechanical sketch including the cooling circuit.
Parts of the cooling circuits are emphasized.

for the liquid helium because of its shape whereas both the
hook and probe coupler require a double walled inner con-
ducter. In general the latter mentioned designs are more
expensive to fabricate.
A further problem of the hook and probe design is the

acentric position of the main post, which is a result of the
small tube diameter. Due to the cool-down process and the
associated contraction of the coupler, the minimum feasi-
ble tolerance for the distance of the capacitive plate to the
tube wall is ∼ ±0.2 mm. Since the notch frequency is
extremely sensitive to this distance a double notch was in-
troduced [8] as seen in Figure 3 and 4 a) to increase the
bandwidth of the notch lter and thereby to relax toler-
ances. Tuning can be applied by modifying the position
of the upper post, which affects the secondary notch, hence
the overall notch characteristic.
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In case of the TESLA design the notch lter is adjustable
by pulling and pushing the upper plate of the pick-up tube,
which affects the notch capacity directly. A tolerance of
±0.02 mm, which is necessary for the narrowband notch
is therefore reachable.

HEAT LOSS INVESTIGATION
The power dissipation has different causes such as sur-

face resistance, multipacting and eld emission. This sec-
tion is focused solely on heat generation due to the surface
resistance.
The simulations are performed with HFSSTM for the

computation of the surface loss density coupled with
ANSYS R© to compute afterwards the thermal behaviour
and the heat transfer on the coupler surface.
The surface resistance for bulk niobium can be assumed

with ∼ 50 nΩ related to the temperature (2 K), RRR (300)
and frequency including the residual resistance [9, 10].
Nevertheless a value of 200 nΩ is used for simulations as
a worst case scenario. Even for this case the surface loss
and heat generation are extremely low as shown in Figure
6. A temperature increase of around 2 K is not enough to
get a higher surface resistance than 200 nΩ. In addition,

H Field [A / m]H Field [A / m]

(a) (b)

Figure 6: a) H- eld as indicator for surface loss density.
b) Resulting temperature distribution (coupler assumed as
bulk niobium [11, 12], feedthroughs are xed to 2 K).

the results are applied to CW mode (cavities for SPL oper-
ate in pulse mode with a duty cycle of 4%). The results are
summarized in table 1.

Table 1: Surface Loss and Temperature Increase
Part Overall surf. loss [W] Tmax [K]

Probe design 10.1 · 10−3 3.93

TESLA design 12.8 · 10−3 2.84

Hook design 10.0 · 10−3 4.08

Flange < 1 · 10−4 2.01

Coupler tube 11.5 · 10−3 2.08

Cavity Cell 101.5 2.89

CONCLUSIONS
Three designs of HOM coupler for the SPL cavities have

been analysed and designed with respect to RF transmis-
sion characteristics, mechanical limitations as well as as-
pects of heat load.
The monopole HOM spectrum of the high β cavity is

best handled by the probe coupler, which is characterised
by higher bandwidth as well as steeper slope between stop
band and pass band in comparison to the TESLA design.
However the hook and the TESLA designs and even sim-
pler mechanical versions of these are suf cient for the
monopole HOM spectrum of the medium β cavities.
The power dissipation caused by the surface resistance

does not constitute a problem for the cryo design even with-
out active cooling. It is expected that the main part of heat
loss is a result of multipacting, which will be in the focus
of further studies.
The results of previous studies for ESS [6, 8] have exhib-

ited that designs as the hook coupler are in general more
sensitive to multipacting only because of the capacitive
plate closed to the beam pipe. Further studies will show
whether it is necessary to remove this plate.

OUTLOOK
In parallel to multipacting studies two prototypes for the

probe and TESLA design will be fabricated for doing rst
tests on a 5-cell high-beta copper cavity at room tempera-
ture.
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DESIGN OF 352.21 MHz RF POWER INPUT COUPLER AND WINDOW 
FOR THE EUROPEAN SPALLATION SOURCE PROJECT (ESS) 

E. Rampnoux , S. Bousson, S. Brault, P. Duchesne, P. Duthil, G. Olry, D. Reynet, 
CNRS/IN2P3, IPN Orsay, France 

 

Abstract 
The future European Spallation Source will be built to 

Lund in Sweden and will consist of a superconducting 
linac which will contain a SRF SPOKE cavities section 
with its associated high power RF couplers. In this 
framework, IPN Orsay is in charge of studying, designing 
and of conditioning four power couplers at nominal 
operations conditions by 2015. Studies and preliminary 
design of the ESS Spoke cavity power coupler are 
presented. 

INTRODUCTION 
The high-power RF coupler is the connecting part 

between the RF transmission line and the RF cavity and 
provides the electromagnetic power to the cavity and the 
particle beam. In addition to this RF function it also has to 
provide the vacuum barrier for the beam vacuum. High-
power couplers are one of the most critical parts of the RF 
cavity system in an accelerator. A good RF and 
mechanical design as well as high quality fabrication are 
essential for efficient and reliable operation of an 
accelerator. 

ESS accelerator high-level technical objectives are: 
• 5 MW of average beam power 
• 125 MW of peak power 
• Beam current of 50 mA 
• A repetition rate of 14 Hz 
• Pulse length of 2.86 ms 
• High reliability, > 95% 
• Flexible design for future upgrades 
• SRF Spoke cavities section operating at 352.21 MHz 
The others parameters of the ESS layout are detailed in 

[1] and are now being optimized to meet the cost 
objectives. The prototyping phase of the project is under 
progress and will provide key elements and more 
specifically high power coupler to be tested under 
nominal operation conditions. 

This paper discusses the design characteristics of the 
ESS Fundamental Power Coupler (FPC), the sizing 
relative to multipactor phenomenon, and the RF design. 

SPOKE RF COUPLER DESCRIPTION 
Each of the 352.21 MHz SRF Spoke cavities of the 

ESS accelerator will be powered via a coaxial FPC 
containing of a planar ceramic window separating the 
cavity vacuum side from air side. The ceramic is an 
alumina disk with a purity of 97% at minimum and a 
permittivity value of 9.2 with a loss tangent of 0.0002, 
values taken in the HFSS program for the RF design. 

The design is based on the coupler developed for the 
superconducting SPOKE cavities in the framework of the 
EURISOL Design Study [2]. To adapt that design to the 
ESS power coupler requirements, a water cooling system 
is integrated in the inner antenna and the water cooling 
system of the ceramic window has been modified to direct 
the water flow more effectively. 

The window assembly (Figure 1) has three 
instrumentation ports: one for ultra-high vacuum gauge, a 
second for electron pick-up antenna and the last will be a 
sapphire optical view port for arc detector. 

 

Figure 1: FPC for the ESS Spoke superconducting 
cavities. 

Figure 2 show the general assembly drawing. 

 

Figure 2: ESS Coupler Window Assembly. 
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The vacuum side of the ceramic disk window of the 
ESS FPC will be coated with 10 nm Titanium Nitride 
(TiN). 

The ESS FPC will be matched to a rectangular 
WR2300 waveguide via a waveguide doorknob transition 
which is described in this paper. 

RF WINDOW SIZING RELATIVE TO 
MULTIPACTING 

Resonant secondary electron emission RF discharge or 
multipactor can disturb the operation of high power 
coupler microwave generator and particles accelerators. 
Multipactor phenomenon can degrade the frequency 
response of microwave cavities thus reflecting the 
incoming power back to the power amplifier. Another 
concern is heating, which is a result of the RF power 
dissipated to the device walls as the multipacting 
electrons strike the walls and thus significantly reduce 
superconducting properties of the accelerating cavities. So 
it is very important to properly size each accelerator 
components to avoid this multipactor phenomenon. 

In a coaxial waveguide, multipactor phenomenon 
depends mainly on the operation frequency, the power 
coupler sizes, the impedance of it and the RF power. The 
conventional analytical formula is given by the 
expression: 

 P = (freq * Diam_port)4 * Z (1) 

In our case, the analytical formula is weighted by a fit 
corresponding to points of experimental multipacting 
measurements performed by CERN on the Large 
Electron-Positron (LEP) RF power coupler. The operation 
frequency was 352.21 MHz and experimental formula is 
given by the expression: 

 P = (freq * Diam_port)4 * Z * h(1/(n+1)) (2) 

The RF power calculation according to the geometrical 
parameters of the coaxial waveguide and the order of the 
equation weighting for an application frequency of 352.21 
MHz shows that the optimum RF power is reached for the 
calculation of the second order for a 50 Ohms matching 
and this for a 100 mm power coupler port diameter. 

By sizing the coupler diameter of 100 mm no 
multipactor phenomenon in the coupler port of the SRF 
SPOKE cavity will appear. 

RF WINDOW DESIGN 
Coaxial capacitive power coupler using a single 

ceramic disk window is suited for handling the RF peak 
power of 300 kW in TW mode operation. The presence of 
a ceramic disk inside the coaxial waveguide creates a 
local mismatch (Figure 3). So, to transmit the maximum 
of incoming RF power, the area around the ceramic disk 
was modified and optimized in reflexion Sparameter by 
adjusting window’s dimensions. All electromagnetic 

computations were realised with HFSS program (Ansys 
Company). 

 

 

Figure 3: ESS coaxial window layout. 

ESS RF window present a minimum of reflexion 
parameter of -61 dB at a frequency of 352 MHz. 
Moreover it is interesting to notice that the frequency 
response of the ESS coaxial planar ceramic shows a large 
bandwidth like approximately 1 GHz (Figure 4), thereby 
allowing standard fabrication tolerances. 
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Figure 4: ESS FPC reflexion characteristics computed 
with HFSS program. 

Electric fields were computed with HFSS program for 
300 kW RF peak power as on accelerator operation. The 
maximum of electric field (5.10e+05 V/m) in the coupler 
window is obtained on the top of the chamfer situated on 
the inner conductor near the ceramic disk (Figure 5). 

The most critical area is the interface between the inner 
conductor and the ceramic disk where the presence of a 
high electric field could be damage the ceramic. In our 
case the value of the electric field in this area is 3.10E+05 
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V/m for an incoming RF power of 300 kW that it will not 
allow to activate electric discharges in air. 

 

 

Figure 5: Electric Fields distribution (V/m for 300 kW RF 
peak power). 

To complete the ESS FPC, a RF design of a typical 
doorknob has been performed for the coaxial to 
waveguide transition. 

DOORKNOB DESIGN 
The ESS Fundamental Power Coupler (FPC) is 

matched to a rectangular WR2300 waveguide via a 
waveguide doorknob transition shown in Figure 6. 

 

 

Figure 6: Cross-sectional view of the ESS high power 
coupler. 

The coaxial part of the doorknob, on the air side of the 
power coupler, is made from copper and the water-cooled 
inner conductor doorknob is made of stainless steel. 

The transmission of all the incoming RF power from 
WR2300 waveguide to the coaxial waveguide is obtained 
by adjusting the dimensions and the position of the 
cylindrical part of the doorknob inside the WR2300 
waveguide. The response in frequency obtained using 
with HFSS program (Figure 7) shows an adaptation of -84 
dB at 352.2 MHz with a bandwidth of 15 MHz at -20 dB. 
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Figure 7: ESS Doorknob reflexion characteristics 
computed with HFSS program. 

Two FPC parts were optimised, the length of the 
coaxial waveguide of the doorknob and the length of the 
antenna to minimize the electric field value inside the 
ceramic disk as shown on figure 8. 

The two maximum of electric fields are situated either 
side of the ceramic disk and the electric field value is 
minimum in the ceramic. So the ESS FCP is designed to 
function in all RF power reflected without damage, in 
theory, the ceramic disk.  

 

Figure 8: Electric Fields distribution in the ESS power 
coupler (V/m for 300 kW RF peak power). 
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CONCLUSIVE PERSPECTIVES 
RF design and mechanical drawings of the ESS FPC 

are finalized by the IPN Orsay team. Currently, two 
manufacturers are awarded by the IPN Orsay to fabricated 
two power coupler each without doorknob. The reception 
in IPN at Orsay is planned for the beginning of 2014. This 
putting in competition is going to allow IPN Orsay to 
validate a manufacturer for the realization of the 30 power 
couplers for the SPOKE cavities section. 

The design of the conditioning cavity is in progress as 
the supply of high power RF components and 
instrumentations devices. A first implementation of the 
power coupler conditioning test stand is shown in Figure 
9 [3]. 

 

 

Figure 9: Future ESS RF FPC conditioning test stand 
layout. 

A first power coupler conditioning is planned for the 
middle of 2014. 

REFERENCES 
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SARAF PHASE-I HWR COUPLER COOLING DESIGN 
J. Rodnizki*, Y. Ben-Aliz, I. Fishman, A. Grin, Z. Horvitz, B. Kaizer, L. Weissman,   

Soreq NRC, Yavne 81800, Israel

Abstract 
The Soreq Applied Research Accelerator Facility 

(SARAF) design is based on a 40 MeV 5 mA light ions 
superconducting RF linac. Phase I of SARAF delivers up 
to 2 mA CW proton beam in an energy range of 1.5-4.5 
MeV. The maximum beam power that we have reached is 
4.5 kW. The warming of the SARAF linac RF couplers is 
currently the main limiting factor for reaching higher CW 
beam power. The coupler cooling configuration was 
optimized by increasing the cold window copper braid 
and adding a copper braid to the top end, using CST 
Multiphysics and ANSYS steady state and transient 
solvers. The study was conducted for the heat load 
generated by the surface currents of a matched 4 kW 
forward CW power, simulated by the CST MWS FD 
solver. Multipacting is a known potential heat source that 
overheats the coupler in the vicinity of the cold window. 
The coupler overheat phenomena was experimentally 
studied as a function of a DC bias voltage. It was found 
that a 900 V bias reduces significantly the heating rate. As 
a result we expect that the beam power could be 
significantly increased. The long overheat period implies 
that optimization of the coupler heat leads is still needed.  

THE COUPLER OVERHEATING  
Phase I of the Soreq Applied Research Accelerator 

Facility (SARAF) proton/deuteron linac is currently 
operational at Soreq Nuclear Research Center [1]. Phase-I 
of the linac has been built in order to study and prove 
novel acceleration technologies for intense CW beams. It 
includes a Prototype Superconducting Module (PSM) that 
hosts six superconducting Half Wave Resonators (HWR) 
designed and built by RI [2].  

During beam operation with the PSM, the warming of 
the RF couplers is the main limiting factor to deliver high 
RF power to the beam [1]. The coupler was designed for 
applying 850 kV to a 4 mA ion beam. The warming effect 
differs for different couplers (Fig. 1). These couplers are 
built with a warm window at 300 K and a cold window 
designed to be at ~70 K during operation (Fig. 2). In order 
to prevent thermal stress on the cold window, its 
maximum temperature during operation was limited to 
130 K. This limit is not derived from thermal analysis but 
is rather a good practice value. The worst coupler reaches 
130 K at 1 mA and 425 kV (Fig. 1). The potential heat 
sources along the coupler are two; surface currents due to 
RF power and the multipacting phenomena. In this work 
we present a detailed thermal analysis, which 
demonstrates that cold window overheating due to surface 
currents could be reduced by increasing the heat leads 
thermal conductance, and an experimental study to reduce 
the multipacting load by adding a DC bias on the RF line. 

 
Figure 1: PSM HWRs couplers cold windows 
temperatures, measured during 0.2 mA beam operation. 

 
COUPLER THERMAL ANALYSIS 

One of the leading approaches in a coupler design for a 
superconducting cavity is to subdivide the coupler into 
vacuum and thermal zones [3]. The room temperature 
ceramic window separates between the atmospheric 
ambient pressure and the cryostat shielding at 10-6-10-7 
torr. The coupler coaxial outer and inner conductors are 
thermally isolated from the ambient temperature by thin, 
10 μm copper plated, stainless steel bellows. The coupler 
intermediate 1 m long thermal zone is bound by the top 
bellows and the bottom outer conductor bellows 
connected to the 4.2 K superconducting cavity outer 
conductor. The coupler inner conductor ends with a few-
mm antenna penetration into the cavity. The intermediate 
zone is intercepted at the cold window by a copper block, 
connected via a copper braid to the surrounding ~60 K 
thermal shield (Fig. 2). The intermediate zone, including 
the inner conductor antenna, will approach the thermal 
shield temperature if the generated heat load along the 
coupler is efficiently evacuated by copper braids to the 
thermal shield (assuming that multipacting phenomena 
are avoided along the coupler). 

 

Figure 2: The SARAF PSM coupler thermal zones [2]. 
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COLD WINDOW PRE ANALYSIS 
A former thermal simulation [4] assumed: (1) The heat 

source (upper bound value 30 W) is generated from the 
inner conductor antenna. (2) The resistance of the copper 
braid thermal lead that evacuates the generated heat to the 
thermal shield is negligible. The copper block is the heat 
sink at 70 K (Fig. 3 top). Moving the heat sink towards 
the thermal shield and including the copper braid in the 
simulation significantly increased the cold window 
temperature (Fig. 3 bottom).  A detailed RF/thermal co-
simulation including a study of the optimal copper braid 
cooling configuration is needed. 

 

 

 
 
Figure 3: The cold window temperature maps without 
(top) and with (bottom) the copper braid, for 30 W 
generated uniformly on the coupler antenna. 

A DETAILED THERMAL ANALYSIS 
In this work few cooling configurations were analysed 

to find an optimized one. Direct cooling of the cold 
window with the available 60 K He gas could be a good 
technique [3], but the complicated implementation might 
require disassembling the cold mass. The cooling 
configurations were limited to those that would not 
require opening of the PSM internal beam line that is at 
<10-10 mbar vacuum pressure. Utilizing copper braids 
enables the high flexibility needed for the PSM alignment 
and displacements while cooling to 4.2 K. 

Three cooling configurations based on copper braids 
were studied for a 4 kW RF forward power with CST 
MWS FD [5]. The temperature map for the selected 
configuration is shown in Fig. 4. Table 1 summarizes the 
variations between the three configurations. 

Configuration A- Increasing the cold window current 
copper braid cross section by a factor of six, the 
temperature gradient on the copper braid decreased to 
13 K (assuming linear correlation between temperature 
gradient along the copper braid and the copper braid area, 
implies that in the current copper braid the expected 
temperature gradient is 78 K). Local cooling of the upper 
intermediate zone towards 70 K is necessary to reduce the 
heat load in this section. 

Configuration B- Adding a clamp to cool the coupler 
top end, the external and inner conductor temperatures of 
the coupler under the upper bellows were reduced to 70 K 
and 208 K, respectively. Further temperatures reduction is 
expected due to lower electrical resistivity and higher 
thermal conductivity. 

Configuration C- Increasing the cold window current 
copper braid cross section by a factor of three (instead of 
six) while keeping the clamp to cool the coupler top end 
results in only a slight average temperature rise with 
respect to Configuration B (approximately 5 K) along the 
whole coupler, which leads us to select this configuration.  

We recalculated configuration C using electrical and 
thermal conductivity values according to local calculated 
temperatures, and refining the heat load mesh factor. The 
results include a higher heat load factor, but there is still a 
lower temperature gradient along the cold window 
between the outer conductor and the inner conductor and 
a higher heat flow through the top end cooling clamp. 

  

 
 
Figure 4: Configuration C. Left: Heat loads. Right: 
Temperatures. 
 
Table 1: Intermediate  Zone Temperatures for the Three  
Configurations. 
configuration A  B  C  
region  (K) (W) (K) (W) (K) (W) 
warm inner 235  208  220  
 outer 180 0 70 1.5 70 2.8 
cold inner 95  86  83  
 outer 82 8 76 7 78 7 
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THERMAL ANALYSIS OF THE 
SELECTED CONFIGURATION  

A layout of the selected configuration copper braids 
heat leads is shown in Fig. 5. We explored various contact 
interface materials (IM) for the copper braids heat leads 
based on [6]. We applied ANSYS [7] simulations to study 
the expected temperature gradients along the heat leads 
contacts as a function of each selected IM (Fig. 6). 

Three cases of interface contacts were explored: (1) no 
IM, (2) Apiezon N, (3) Indium. In Fig. 7 we can see the 
temperature map results for case 3.  

 
Figure 5: A layout of the copper braids heat leads and 
detailed views of the interface contacts. 

 
Figure 6: Heat conductance of the considered contacts as 
a function of temperature based on [6]. 

 

 
 
Figure 7: Temperature map of the cold window copper 
braid, including the IM contacts. 

 
The resulted total ΔT along the cold window heat lead,

including its IMs and one contact IM ΔT for all three 
cases, is presented in Table 2. The addition of both 

Indium and Apiezon N between the contact surfaces 
results in an improvement of an order of magnitude over 
the no-IM case. 

 
Table 2: Cold Window Heat Lead ΔT (K) 

Case Total  ΔT One contact IM ΔT 

1 (no IM) 102  33  

2 (Apiezon N) 12.5  1.2  

3 (Indium) 11.2  0.6  

THERMAL TRANSIENT TEST OF THE 
CURRENT COLD WINDOW   

The cold window outer conductor is cooled with a 
copper block connected via a copper braid to a thermal 
shield cooled by the He gas loop. We tested (Fig. 8) and 
simulated by ANSYS the cold window temperature 
transients initiated by 20 K steps of the thermal shield He 
gas loop. The measured cooling time constant is an order 
of magnitude longer than the simulated one, implying that 
the current heat lead configuration thermal conductivity is 
smaller than our simulation assumptions. Alternatively, 
farther distance between the measuring point and the cold 
window, 6-8 cm towards the coupler warm zone, may 
cause the same behaviour. Further study is needed. 

 

 
Figure 8: Cold window temperature as a function of time 
following 20 K upward and downward step changes in the 
thermal shield He gas loop. 

DEVELOPMENT OF A BIAS "T"  
The most practical method to suppress multipacting 

discharge is to apply a DC bias to the inner conductor [3]. 
A bias "T" was designed to stop the multipacting 
phenomena (Fig. 9). The Bias "T" was tested with a 4 kW 
RF amplifier on a 50 ohm, 10 kW dummy load resistor 
(without DC). Then it was installed on the room 
temperature coupler window at the PSM top lead (Fig. 
10). By applying a 900 V bias voltage, the cold window 
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temperature rise gradient is reduced significantly (Fig. 
11). The temperature rise time gradient as function of 
cavity voltage is shown in Fig. 12. 

   

 
 

Figure 9: Electrical diagram of the 4 kW BIAS "T". 

 
 
Figure 10: Left: the bias T prototype, Right: As installed 
on the ambient coupler window at the PSM top lead.  
 

 
Figure 11: The cold window temperature rise time 
gradient with/without a 900 V bias voltage.  
 

 
 
Figure 12: The temperature rise gradient as a function of 
the cavity voltage. 

SUMMARY 
Based on realistic RF/thermal simulations, a cooling 

configuration for the coupler's two 70 K long intermediate 
zone ends was selected. Applying a bias voltage on the 
internal conductor to eliminate multipacting reduced the 
temperature increasing rate significantly. The integral 
solution including both improvements is expected to 
enable the coupler operation at the specified 4 kW 
forward power.  
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TESTING OF COPPER PLATING QUALITY ON REA3 COUPLER 
BELLOWS AND APPROACH TO IMPROVED PLATING FOR FRIB 

PRODUCTION* 
L. Popielarski#, M. Hodek, M. Goodrich, I. Malloch, N. Putman, R. Oweiss, J. Popielarski, K. Saito, 

D. Victory,  Facility for Rare Isotope Beams (FRIB), Michigan State University (MSU),
East Lansing, MI 48824, USA

Abstract 
The SRF community faces difficulties finding sources 

for repeatable, high quality copper plating for fundamental 
power coupler (FPC) components. The copper plating of 
ten small custom bellows of β=0.085 Quarter-Wave 
Resonator (QWR) variable couplers for the ReAccelerator 
project has presented technical problems. An improvement 
plan has been established and includes: better defining 
plating requirements and specification, creating testing 
processes via Acceptance Criteria Listing (ACL) to assure 
plating quality, identify viable plating vendors, develop 
clean, robust plating fixtures, procedures and quality 
assurance steps with multiple vendors, and perform ACL 
testing on plated bellows. A total of 21 prototype and 
production plated bellows are analyzed through acceptance 
testing, which include a vacuum leak check, tape test, 1000 
psi water rinse, thermal cycle at 77K, borescope inspection 
and final leak check. Select bellows have been processed 
and tested with a QWR. 

INTRODUCTION 
The ReAccelerator (ReA) and FRIB projects at MSU 

both utilize an 80.5 MHz =0.085 quarter wave resonator 
(QWR) design for their LINAC. A coaxial power coupler 
has been designed and fabricated to provide up to 2 kW of 
CW RF power reliably. The stainless steel outer conductor 
bellows of the FPC requires 12-20 μm of copper coating on 
the RF surface in order to reduce the surface electrical 
resistance. This reduces the RF power losses, while still 
maintaining thermal stability during operation.  

COUPLER COATING PROBLEMS 
Ten ReA3 FPC bellows were plated at vendor 1 and 

passed a liquid nitrogen thermal shock, leak check and 
ultrasonic cleaning steps. Select bellows were processed 
and assembled to a QWR for vertical testing. Some tests 
resulted in field emission and plating discoloration. The 
plating quality and processing procedures [1] were further 
investigated. A 1200 psi, cavity high pressure rinse (HPR) 
system, with 8 jets of diameter 0.02 inches (0.5 mm), was 
used to rinse a plated bellows. After a few minutes of 
rinsing, plating peeled off (Fig. 1), indicating poor 
adhesion. Tape tests were performed on all bellows using 
transparent Scotch® tape. Significant flakes were removed 

from three of eight bellows (Fig. 1). A flake removed from 
bellows 5 was measured to be about 20 μm thick. 

   

     
 

Figure 1: Flakes collected after HPR (left) and removed 
with scotch tape (center) and (right).  
 

   A bellows was cut vertically, using an EDM, to measure 
plating thickness. The inspection exposed a circumferential 
crack on the inside, located at the bellows cuff weld. The 
void traps particles, contamination, plating bath and can 
cause virtual leaks. Borescope tool inspection (Fig. 4, 5, 6) 
was instrumental in identifying many of the issues, 
including detection of plating stains from the residual 
chemical bath which seeped from the crack (Fig. 2). 
 

   
 

Figure 2: Internal crack created from weld. 
 

   The bellows design was changed from a weld, to 
incorporate a full braze joint at each end using Pacusil-25 
filler material, therefore eliminating the crack.  

SPECIFICATION AND PROCESS QC 
  Sixteen new brazed bellows were purchased for 
evaluating improved plating processes. Focus was placed 
on a copper plating improvement program to ensure high 
quality plating of the brazed bellows. Ten new brazed 
bellows were plated at vendor 2, two at vendor 3, two at 
vendor 4 and two remain un-plated. In parallel, seven of the 
nine welded bellows were re-plated by vendor 1 due to the 
copper flaking. 
   The industry standard, ASTM B734, was used to 
communicate the plating specification with vendors. The 
group worked closely with them to optimize fixtures and 
review procedures for quality and repeatability. A 
successful plating outcome requires smooth, void free 
components that can be effectively cleaned, and a well-
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established plating process. Each step of the vendors’ 
process was scrutinized and discussed. A limited number 
of companies have developed high quality plating 
procedures for accelerator components. A successful 
process includes: proper masking and electrode design, 
thorough pre-cleaning, electro-degreasing, activation, and 
strike. The plating baths must be well controlled in 
temperature, voltage and agitation. The time should be 
closely monitored and plating thickness checked on in-situ 
coupons during the plating process. Rinsing with hot and 
cold water in between each bath has shown to improve the 
release of contaminants and residual bath.  The newly 
plated bellows should be bagged with a desiccant or in a 
dry nitrogen environment.   
   The masking fixture design was multifaceted because the 
small bellows must extend to open convolutions, but also 
provide compression on ends to create a clean O-ring seal. 
Fixtures were designed by MSU for re-plating efforts with 
vendor 1.  The fixtures eliminate the use of unreliable 
manual masking paints commonly used by the plating 
industry that can cause cross contamination. Peeling at the 
masking seal edge is a concern and was seen on all three 
vendors’ bellows (Fig. 3). Feedback on masking 
effectiveness was provided to the vendor, which led to a 
clean Viton gasket seal being used.  
 

         
 

Figure 3: MSU fixture (left) and peeling seen at mini CF 
flange by vendor 2 (used their own fixtures) (right).  
     

   To achieve clean, smooth plating it is essential to apply a 
steady bath agitation which recirculates fresh solution into 
the bellows. During a visit to vendor 1, our team suggested 
to increase agitation in the baths to improve flow into the 
bellows convolutions. However, the inconsistent manual 
agitation resulted in gas buildup. Bubble lines formed 
because the bellows were lifted out of tank, manually 
agitated and then reset in a slightly different angle or 
location (Fig. 6). The re-plating passed destructive testing, 
however, the surface presented imperfections (Fig 4). 
 

     
 

Figure 4: Surface flaws on re-plated vendor 1 bellows.  

COPPER PLATING ACCEPTANCE TESTS 
   To confirm the plating integrity a structured ACL was 
developed. The first test was to apply Scotch® transparent 
tape to each plated end flange and to a section down into 
the tube, as discussed in ASTM B571section 11. The tape 

was rubbed onto the surface, pulled off and placed onto 
white paper to inspect for flakes.  
   The second step was a vacuum leak check. The third step 
was to spray the internal plated surface with a hand held 
high pressure rinse nozzle using 1000 psi (69 bar) water. 
The water was collected into filter paper and inspected for 
flakes. The bellows was submerged in liquid nitrogen for 
cold shock, then warmed to room temperature. The plating 
was then inspected for peeling, curling or dimpling. The 
final inspection was accomplished by use of a borescope 
camera (Fig. 4, 5, 6). 
   The last step of the ACL was a vacuum leak check. After 
the bellows passed ACL steps they were sequenced for 
processing and FPC assembly. A total of 21 bellows have 
been tested. 
   

     
 

Figure 5: Plated brazed connection (left) and welded 
connection (right).  
 

      The two most common issues found during the ACL 
procedure were flaking and plating discoloration. Most 
vendors had issues with the masking near the mini conflat 
knife edge. However, after some plating had peeled off 
during the tape test or was removed by hand polishing near 
the edge, the remaining plating showed good adhesion.  
  While the visual quality of the plating is not directly 
linked to all aspects of its performance, it can provide 
insight into the performance and guide in improving the 
plating process. The surface appearance, specifically how 
smooth and shiny it is, affects the thermal radiation 
properties between the inner and outer conductors. The 
quality was noticeably different between the three vendors. 
There were obvious discoloration patterns in the bellows 
from vendor 1. The bellows from vendor 2 appeared to 
have a shiny surface almost free from discoloration (Fig. 5, 
6). While the plating from vendor 3 had a uniform dull 
appearance throughout the bellows. 
 

     
 

Figure 6: Vendor 1 (left) and vendor 2 (right) plating. 
 

   Additional experiments were performed to quantify 
plating, including electrical resistance, plating thickness 
and sub-micron surface particle counts.    

Bellows Electrical Resistance Measurements 
   Room temperature resistance measurements were done 
on plated and un-plated bellows. The calculated resistance 
for a bellows with 20 μm of plating is 2.9 mΩ and for an 
un-plated bellows is 10.6 mΩ.  

Bubble lines 
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   The electrical resistance of each bellows was measured 
(Fig. 7) using a four wire technique. Separate wires, of 
sufficiently large diameter, as not to affect the 
measurement, were firmly attached on each end of the 
bellows going to a current source and a precision voltage 
meter. An excitation current of 0.25 amps was applied, and 
the corresponding voltage drop across the bellows was 
recorded as soon as the current settled.    
   The Vendor 2 and 3 plated bellows measured 3.5 mΩ 
average, as expected compared to calculation. The un-
plated bellows was 13.1 mΩ. The vendor 1 plated bellows 
were similar to the un-plated, with an average resistance of 
13.4 mΩ. Bellows number 3 was plated by vendor 1 and 
re-plated by vendor 2. The data suggests that vendor 1 
bellows has, overall poor quality plating, based on 
electrical resistance measurements.   

 
 

Figure 7: Measured resistance at room temperature. 
 

Bellows Plating Thickness Measurements 
   Vendor 1 plating was measured by x-ray on the conflat 
face, while micrometers were used by vendor 2 (Fig. 8). 
The step at the copper plate edge for the vendor 3 bellows, 
was measured 36-43 μm with a profilometer. It is common 
to have thicker plating at the ends, where the current 
density is higher, and is referred to as the dog-bone effect. 
  

 
 

Figure 8: Bellows plating thickness. 
 

   One bellows each from vendor 1 and 2 was cut in half to 
measure the plating thickness in four spots with a 
microscope. In the bellows plated by vendor 2 plating was 
seen on the convolution flat and varied in thickness from a 
few microns up to 25 μm (Fig. 9). The plating could not be 
discerned on other locations and was not sufficiently 
identified on bellows plated be vendor 1. A better technique 
will be considered for future. 
 

    
 

Figure 9: Magnification of vendor 1 plated bellows (left) 
and vendor 2 plated bellows (right) at convolution flat. 

Bellows Particle Experiments 
All bellows were cleanroom processed and residual 

surface contamination quantified by particle diagnostic 
tools. The bellows were ultrasonic cleaned in a 1% Surface 
Cleanse-930® solution for 30 minutes at 100°F (38°C). 
They were then rinsed and ultrasonic cleaned in ultrapure 
water (UPW) for 40 minutes at 140°F (60°C). The bellows 
were rinsed with UPW and placed on a Class 100 table to 
dry.  

Liquid particle count (LPC) data was taken to ensure the 
bellows were rinsed until UPW baseline counts. No trends 
were identified from LPC data. They were dried and 
surface particle counts were performed using the QIII 
surface particle detector tool (Fig. 10). The QIII measures 
0.3, 0.5, 1, 5, and 10 μm particles. The goal for certifying 
a surface are particle counts no higher than 0.33-0.3 μm 
particles/in2 or < 50-0.3 μm particles/ft2. The cleanest 
MILSTD 1246C Level 1 allows for < 1-1 μm particle/ft2 
and is achieved on SRF cavities and vendor 2 bellows. The 
MILSTD does not reference particles smaller than 1 μm. 

  

 
 

Figure 10: Average surface particle counts. 
 

   Vendor 1 bellows had the highest counts and vendor 2 
averaged the fewest counts.  Vendor 3 exhibited particulate 
on one bellows. The un-plated bellows also presented some 
particulate, however they did not have the same cleaning as 
the plated bellows, which were also degreased at the 
vendor. The brazed bellows showed a significant 
improvement in particle count reduction from the welded 
bellows, supporting the importance of reducing small 
crevices in the design to minimize trapped contamination.  

CONCLUSION 
   The brazed, vendor 2 plated bellows, on average, were 
the cleanest, had the best appearance, and resulted in 
expected electrical resistance, confirming overall plating 
quality and repeatability. A vendor 2 bellows was used in 
an FPC assembly on a QWR vertical test and cold tested at 
4.3K [2]. The test was the final validation of the FPC; there 

Vendor 2 plated 
welded bellows 

tube 

OD 

ID 

flat 
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was no field emission and the FPC operated at full power 
for 15 hours.  
   In the future the resistance measurements, possibly at 
cryogenic temperatures, will be considered as part of the 
ACL to provide information on bulk copper properties.  
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 NEW DESIGN OF HOM COUPLER  
USING COAXIAL-LIKE ROUNDED WAVEGUIDE  

M. Sawamura#, R. Hajima, R. Nagai, N. Nishimori, JAEA, Tokai, Ibaraki 319-1195, Japan 

Abstract 
It is important to damp higher-order modes (HOMs) of 

superconducting accelerators especially for energy-
recovery linacs (ERLs) of high current operation. Though 
various types of antenna/loop HOM couplers, beam-line 
HOM dampers, and waveguide HOM couplers have been 
developed, there are some problems such as inner 
conductor heating of an output connector for HOM 
couplers and low packing factor for beam-line HOM 
dampers. We propose new design of HOM couplers. 
These HOM couplers consist of a coaxial line coupled 
with a cavity or a beam pipe, and a rounded waveguide 
which cuts off the accelerating mode. The rounded 
waveguide is similar to a coaxial line and the inner 
conductor and outer conductor are connected with a plate 
which corresponds to waveguide side wall. This enables 
the inner connector cooled down efficiently through the 
outer conductor. The calculation results of MW-STUDIO 
will be presented. 

INTRODUCTION 
HOM damping is important for superconducting 

cavities, especially for high current CW machines such as 
ERLs.  The lower Q-values of HOMs lead to the smaller 
capacity of a refrigeration system and the higher threshold 
current against the beam breakup (BBU).   

Many types of HOM damping for elliptical cavities 
have been developed such as an antenna/loop HOM 
coupler, a beam-line HOM damper, and a waveguide 
HOM coupler. 

Though the beam-line HOM damper has the advantages 
of high power-handling capability and radial symmetry to 
avoid beam kick, it has no filter to exclude the 
accelerating mode and must be installed far from the 
cavity enough not to influence the accelerating mode. 
This results in low packing factor and lowering efficient 
accelerating field. 

The antenna/loop HOM coupler can be attached to the 
beam pipe close to the cavity with no extra beam pipe 
length. Attaching close to the cavity requires a filter to 
exclude the accelerating mode and the filter cannot be 
adjusted after cooling. Furthermore the HOM power must 
be transmitted out of the HOM coupler though a 
connector. The connector tends to be heated due to poor 
thermal conductance between the inner and outer 
conductors [1-3]. Though high heat transfer materials 
such as sapphire are used to increase the heat transmission 
between the inner and outer conductors, it is uncertain if 
high HOM power required for high current ERL can be 
transferred through the connector. 

Though a waveguide has in principal cutoff frequency, 
the size of waveguide is larger than that of antenna/loop 
HOM coupler. 
  These types of HOM damping can be used for elliptical 
cavities according to the requirements. 

The spoke cavity is about half the size of the elliptical 
cavity for the same frequency. The size of HOM damping 
equipment becomes relatively large as compared with the 
cavity size.  Since the bore diameter is relatively small 
and the wavelength of the lowest HOM is almost 
comparable to the spoke cavity diameter, the beam-line 
HOM damper is impractical for the spoke cavity. The size 
of waveguide HOM coupler is too large to be attached to 
the spoke cavity side wall or end wall practically. Though 
the antenna/loop HOM coupler seems to be practical for 
the spoke cavity, the heat problem must be settled. 
  We propose two new types of HOM couplers to be 
attached to both elliptical and spoke cavities. One is the 
combination of coaxial line and waveguide. The other is 
rounded waveguide. 

The present paper describes the calculated results of RF 
property of two types of HOM couplers. 

DESIGN OF COAXIAL-WAVEGUIDE 
HOM COUPLER 

The waveguide HOM coupler requires no filter since it 
has cutoff frequency. It requires much space to connect to 
the beam pipe or the cavity regardless of handling power 
so that the numbers of couplers is limited.  To reduce the 
connecting space, the coaxial line is preferable because it 
can transmit all the modes regardless of its size. One of 
our proposing HOM coupler uses the coaxial line to 
connect to the beam pipe or the cavity, and the waveguide 
to exclude the accelerating mode and to propagate HOMs 
as shown in Fig. 1. We call this a coaxial-waveguide 
HOM coupler. 

The RF property was calculated with electromagnetic 
simulation code of Microwave Studio. The calculation 
model consists of the coaxial-waveguide HOM coupler 
and a coaxial line where RF power mainly propagates as 
shown in Fig. 2 (top). There are three ports. One side of 
coaxial line is defined as port No.1, the other side as port 
No.3, and the waveguide output as port No.2. It is 
supposed that the accelerating frequency is 1300 MHz 
and cutoff frequency is 1500 MHz The size of the model 
was determined according to these frequencies. 

 ___________________________________________  
#sawamura.masaru@jaea.go.jp 
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Figure 1: Layout of coaxial-waveguide HOM coupler. 
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Figure 2: The calculation model of coaxial-waveguide 
HOM coupler (top) and calculated S-parameter of this 
model (bottom). 

The S-parameter of S21 was calculated as shown in Fig. 
2 (bottom). This result indicates the good RF properties of 
excluding the accelerating mode and of highpass filter 
above the cutoff frequency. 

Fig. 3 shows the electric field propagating through the 
coaxial-waveguide HOM coupler. The electric field of the 
accelerating frequency of 1300MHz propagates through 
coaxial line and the near connecting port of the HOM 
coupler (Fig. 3 top). On the contrary the electric field of 
2000MHz above the cutoff frequency the electric field 
propagates through both the coaxial line and waveguide 
(Fig. 3 bottom). 

DESIGN OF C-SHAPE WAVEGUIDE  
HOM COUPLER  

  The HOM power propagating through the waveguide 
of the coaxial-waveguide HOM coupler must be absorbed 
or extracted to outside. When the power is absorbed 
within the waveguide, the RF absorber is installed at the 

end of the waveguide and the heat must be transferred not 
to increase the cavity temperature. When the power is 
extracted to outside, the waveguide is connected to 
outside of a cryomodule. This case causes the heat 
invasion to the cavity. Converting to the coaxial line 
connecting with a cable is another method to extract the 
HOM power. This case causes the inner conductor heating 
in case of high HOM power. 

We propose another type of HOM coupler deforming 
the coaxial-waveguide HOM coupler. When the 
waveguide is rounded gradually as shown in Fig. 4, one 
long side wall of the waveguide, which is opposite to the 
coaxial line port, becomes an inner conductor and the 
other long side wall becomes an outer conductor. Two 
short side walls become partition plate connecting the 
inner and outer conductors as shown in Fig. 5 (top). Since 
the shape of deformed waveguide resembles alphabetical 
character of C, we call this waveguide a C-shape 
waveguide (CWG). 

The coaxial line intersecting at a right angle to the 
CWG in Fig. 5 (top) can be moved in a straight line with 
the CWG. Another coaxial line can be connected to the 
output side as shown in Fig. 5 (bottom). 

The CWG has advantages as the follow, 
(1) As with the rectangle waveguide, the CWG has 

cutoff frequency according to its size. 
(2) The CWG can be connected with coaxial lines 

easily since it has inner and outer conductors. 
(3) The inner conductor of the CWG is easily cooled 

from the outer conductor since the inner and outer 
conductors are connected with the partition plate. 

 

 
Figure 3: The propagating electric field of 1300MHz (top) 
and of 2000MHz (bottom). 
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Figure 4: The coaxial-waveguide HOM coupler is 
deformed to C-shape waveguide by rounding the 
waveguide from top left to right. 

 
Figure 5: C-shape waveguide of rectangle type (top) and 
straight type (bottom). 

The RF property of the model of Fig. 5 (bottom) is 
calculated and the S-parameters are shown in Fig. 6 (top). 
This indicates that the CWG has cutoff frequency and that 
it acts as a highpass filter. The propagating electric fields 
of the accelerating mode of 1300MHz and that above the 
cutoff frequency are shown in Fig. 6 (middle and bottom). 
Under the cutoff frequency the RF propagates only near 
the input coaxial line. Above the cutoff frequency the RF 
field propagates though the CWG to the output port of 
coaxial line. 

Fig. 7 shows the dependence of the outer radius of the 
CWG. The inner radius varies to keep the same ration of 
inner radius to outer radius. This indicates that increase of 
the radius of the CWG decreases the cutoff frequency. 
The cutoff frequency of CWG is approximately 
determined by the average arc length. 

Fig. 8 shows the dependence of the length of CWG. 
This indicates that the transmission of the accelerating 
mode decreases with the length of CWG.  Since the CWG 
uses the cutoff property of waveguide, it requires the 
certain length of twice or more its wavelength to restrict 
the transmission of the accelerating mode. 
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Figure 6: S-parameters of C-shape waveguide (top) and 
propagating electric field under cutoff frequency (middle) 
and that above the cutoff frequency (bottom). 
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Figure 7: Cutoff frequency dependence according to the 
outer radius of C-shape waveguide.  
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Figure 8: Transmission dependence of C-shape 
waveguide according to the length. 

This makes the total length long. In order to compact 
the CWG, it is possible to round the CWG along the beam 
pipe or the cavity as shown in Fig. 9 (top).  The CWG can 
be also folded to shorten the total length as shown in Fig. 
10 (top). Each case shows good transmission property as 
shown in Fig. 9 (bottom) and Fig. 10 (bottom). 

CONCLUSION 
Two new types of the HOM coupler models were 

proposed and calculated. These HOM couplers are 
combined with the coaxial line and waveguide. Both 
HOM couplers have cutoff frequency in principal and 
show good RF property of the highpass filter. Since the 
CWG brings easy heat transfer from the inner conductor 
to the outer conductor, the heat problem of the output 
connector can be solved with the CWG. 
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Figure 9: Rounded CWG (top) and transmission property 
(bottom). 
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Figure 10: Folded CWG (top) and transmission property 
(bottom). 
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ANALYSIS OF HIGH ORDER MODES IN 1.3 GHZ CW SRF ELECTRON
LINAC FOR A LIGHT SOURCE

A. Sukhanov∗, A. Vostrikov, V. Yakovlev, Fermilab† , Batavia, IL 60510, USA

Abstract
Design of a Light Source (LS) based on the continuous

wave superconducting RF (CW SRF) electron linac is cur-
rently underway. This facility will provide soft coherent
X-ray radiation for a broad spectrum of basic research ap-
plications. Quality of the X-ray laser radiation is affected
by the electron beam parameters such as the stability of the
transverse beam position and longitudinal and transverse
beam emittances. High order modes (HOMs) excited in
the SRF structures by a passing beam may deteriorate the
beam quality and affect the beam stability. Deposition of
HOM energy in the walls of SRF cavities adds to the heat
load of the cryogenic system and leads to the increased cost
of building and operation of the linac. In this paper we
evaluate effects of HOMs in an LS CW SRF linac based
on Tesla-type 9-cell 1.3 GHz cavities. We analyze non-
coherent losses and resonance excitation of HOMs. We
estimate heat load due to the very high frequency HOMs.
We study influence of the HOMs on the transverse beam
dynamics.

INTRODUCTION AND MOTIVATION
A concept of a Next Generation Light Source (NGLS),

which provides soft coherent X-ray radiation for a broad
spectrum of basic research applications is proposed at
LBNL [1]. Another proposal of a similar facility, Liner
Collider Light Source (LCLS-II) is advocated by SLAC.
The integral part of such a machine is the continuous wave
superconducting RF (CW SRF) electron linac feeding sec-
tions of free-electron lasers (FELs). The linac design is
based on the technology developed for International Liner
Collider (ILC) [2]. It utilizes Tesla-type 9-cell 1.3 GHz
cavities grouped in cryomodules. The full linac is built of
up to 30 cryomodules combined in the injector section and
2 or 3 main sections separated by bunch compressors.

The electron beam with an average current of 0.3 mA is
accelerated up to 4 GeV. The bunch length is 30–50 µm
and bunch repetition rate is up to 1 MHz. The normalized
transverse emittance of the electron beam is 0.6 µm and the
transverse position stability is better than 5%.

In order to achieve design parameters of X-ray laser radi-
ation, it is important to preserve parameters of the electron
beam while it accelerates through the linac. Longitudinal
and transverse beam emittances, stability of the beam trans-
verse position are the most important parameters affecting
quality of FEL radiation.

∗ ais@fnal.gov
†Operated by Fermi Research Alliance, LLC under Contract No. De-

AC02-07CH11359 with the United States Department of Energy.

Charged beam bunches interact with the accelerating
SRF structures by the radiation of electromagnetic (EM)
fields. Radiated EM field can be considered as superposi-
tion of excited eigenmodes of SRF cavities. These modes,
other than the fundamental cavity mode, are conventionally
called high order modes (HOMs). Field of excited HOMs
acts back on the beam and may deteriorate quality of the
beam. If a very strong HOM is excited it may even affect
beam stability and in the worst case break the beam.

Another adverse effect of the excited HOMs is deposi-
tion of EM energy in the walls of SRF cavities. The ex-
pected heat load in NGLS during normal operation is 120
W per cryomodule at 17 MV/m. The excessive heat load
due to HOM excitation leads to increased cost of building
and operation of the linac.

Analysis and control of the HOMs are important parts of
design of SRF linacs. In this paper effects of the HOMs
in an LS linac based on Tesla-type 9-cell 1.3 GHz cavi-
ties are studied. We estimate incoherent losses and loss
factors. Resonance excitation of the monopole HOMs and
cryogenic heat load are evaluated. We also estimate losses
due to very high frequency HOMs using diffractive model.
Excitation of dipole HOMs and their effect on beam stabil-
ity is studied.

INCOHERENT LOSSES AND LOSS
FACTORS

A bunch of charged particles passing through an RF cav-
ity loses its energy into EM radiation. The radiated field
can be characterized by a voltage induced in the cavity,
which is proportional to the bunch charge, V = 2klossqb
(see, for example [3]). The radiated EM energy is W =
klossq

2
b . The parameter kloss is the loss factor.

If the lost EM energy dissipates during the period be-
tween bunches, or the phase of the EM field in the cav-
ity left by the previous bunches is random w.r.t. to the
bunch arrival time, the single bunch losses can be consid-
ered as independent of the other beam bunches. This is
the case of incoherent losses. The average power loss is
Pav = klossqbIav, where Iav is the average beam current.

The loss factor depends on the longitudinal bunch size
σz . This dependence for Tesla-type 9-cell cavity has been
calculated by T. Weiland and I. Zagorodnov [4]. The total
loss factor for the 50 µm NGLS bunches is 18.3 V/pC. One
can estimate the loss factor of the fundamental cavity mode
only: k0loss = ω(R/Q)/4 ≈ 2 V/pC. Thus, the major con-
tribution into the total loss factor in NGLS linac is due to
the high order modes.

Average incoherent beam power loss in NGLS is 11.5 W
per cryomodule. Comparing this number with the expected
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heat load of about 120 W/cryomodule, we conclude that
incoherent losses should not be a problem for NGLS linac.

RESONANCE EXCITATION OF
MONOPOLE HOMS

CW bunched beam passing through SRF cavity may co-
herently excite HOMs with a high loaded quality factor,
QL. If HOM is excited close to its resonance frequency,
the effect may be significantly higher compared to inco-
herent losses. Also, in periodic structure of multiple SRF
cavities in linac conditions may be realized when HOMs
with frequency above beam pipe cut-off frequency [5] are
effectively trapped inside cavities [6].

We have developed a model for estimation of resonance
excitation of the HOMs and applied this model for the
Project X CW SRF linac design [7–10].

The basic features of our model in application to the
analysis of HOMs in LS linac are the following. We use a
conservative approach and estimate the maximum possible
effect. Since LS bunch timing structure is very uniform, no
significant effects on longitudinal beam dynamics are ex-
pected. Tesla-type 9-cell structure with HOM couplers and
absorbers providing QL < 106 is assumed. We use Super-
LANS RF simulation code [11] to calculate cavity spec-
trum. The worst trapping conditions for the propagating
HOMs, when the (R/Q) values are at their maximum, are
found by the variation of the distance between cavities in
our model. Random variations of HOM frequencies from
cavity to cavity with R.M.S. value σf ∼ 1 MHz are as-
sumed [12]. An idealized beam current spectrum without
time and charge jitter is calculated.

Beam Spectrum
The bunch repetition frequency in NGLS is assumed to

be constant and equal to 1 MHz, and the bunch length is
δt = 70 fs. We suppose that bunches have the uniform
charge distribution with the total charge qb = 0.3 nC.

Calculated beam spectrum is shown in Fig. 1. Spectrum
lines are separated by 1 MHz. One can see, that for the
frequencies below 1 THz the beam spectrum is quite flat.

HOM Spectrum
We evaluate HOM spectrum of Tesla-type 9-cell cavity

using SuperLANS code. HOMs can be characterized as
trapped or propagating by their relation to the beam pipe
cut-off frequency. Frequency of the trapped modes is below
fcutoff, while the propagating modes have frequency above
the cut-off frequency.

Propagating modes can form standing waves in the struc-
ture of multiple cavities and became effectively trapped.
Impedance (R/Q) of such trapped modes depend on where
the standing wave is formed. In order to evaluate (R/Q)
variations with the length of the standing wave, we vary
length of the beam pipe between cavities in our simulation.

Spectrum of the monopole HOMs of Tesla-type 9-cell
cavity is shown in Fig. 2. We approximate dependence of
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Figure 1: Beam spectrum for NGLS in assumption of av-
erage current of 0.3 mA, bunch size of 70 fs and uniform
particles distribution within bunches.

0 2 4 6 8 10 12
HOM frequency f , GHz

10−5

10−4

10−3

10−2

10−1

100

101

102

103

104

E
ff

e
ct

iv
e

im
p

e
d

a
n

ce
R Q

,
Ω

R

Q
[Ω] = 37.3e−0.4f [GHz]

fcutoff = 2.94 GHz

Figure 2: Spectrum of monopole HOMs of Tesla-type 9-
cell cavity. Green line shows approximation of data with
exponential function. Vertical red line shows location of
beam pipe cut-off frequency.

the impedance on the mode frequency by an exponential
function (R/Q)[Ω] = 37.7 exp(−0.4f [GHz]). It is inter-
esting to note, that the density of the monopole modes in-
creases approximately linearly with the frequency, with the
slope parameter ∼ 7 modes/(GHz)2.

Power Loss Calculation
We simulate 1000 cavities with random variations of the

HOM frequency with R.M.S. value σf = 1 MHz. Dis-
tribution of the power loss caused by the excitation of the
HOMs with the frequency spread 1 MHz and quality fac-
tor QL = 107 is shown in Fig. 3. The mean power loss is
approximately 1 mW per cavity, even when all monopole
HOMs with the frequency below 11 GHz are considered.

Occasionally, due to random variation of its frequency, a
single HOM in one cavity may come close to resonance. In
that case power loss may increase up to 100 mW. We esti-
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Figure 3: Distribution of power loss due to resonance ex-
citation of HOMs with the mode frequency spread 1 MHz
and quality factor QL = 107.

mate probability of the high losses cased by a single HOM
closest to the resonance. Fig. 4 shows cumulative proba-
bility of the HOM power loss for the modes with quality
factor QL = 107. We evaluate, that for the HOMs with the
frequency below 11 GHz and QL < 107 the probability to
have losses above 1 W is less than 10−3.

We conclude, that cryogenic losses due to coherent exci-
tation of monopole HOM are small.

10−6 10−5 10−4 10−3 10−2 10−1 100 101

Losses power P , W

10−4

10−3

10−2

10−1

100

C
u

m
u

la
ti

v
e

p
ro

b
a
b
il

it
y

to
ca

u
se

lo
ss

e
s

p
o
w

e
r

P

σHOM = 1 MHz, Q = 107

fHOM ≤ 2.9 GHz

fHOM ≤ 5.0 GHz

fHOM ≤ 7.5 GHz

fHOM ≤ 10.0 GHz

fHOM ≤ 11.1 GHz

Figure 4: Cumulative probability of HOM power loss for
the modes with the mode frequency spread 1 MHz and
QL = 107.

VERY HIGH FREQUENCY HOMS
Due to the very short longitudinal bunch size, the LS

beam current spectrum extends into THz range. This
means, that some sizable fraction of EM energy radiated
by bunches is in the frequency region above the energy
gap of Cooper pairs in superconducting niobium, which
corresponds to 750 GHz at 2 K. Absorption of EM radi-

ation above this frequency in niobium breaks Cooper pairs
and increases normal conducting phase, resulting in the in-
creased surface resistance and deterioration of the cavity
intrinsic quality factor, Q0.

In order to estimate losses into very high frequency
modes, we use a diffraction model, following P. Hülsmann
et. al [13]. According to this model, energy lost in a pill-
box cavity of length Lcell by a bunch of longitudinal size
σz and charge qb coming from a beam pipe of radius a is

∆E1cell =
q2b

4πε0a

√
Lcell

2σz
, (1)

where ε0 is permittivity of free space. For LS bunches qb =
0.3 nC, σz = 50 µm, and ∆E1cell ≈ 0.7 µJ. As bunches
travel through consecutive cells in multi-cavity structures
(cryomodules) the losses per cell become smaller, as the
energy density of the bunch EM field in the cell iris ra-
dius decreases due diffraction in previous cells. It has been
shown in [13], that after about 200 cells energy lost per
9-cell structure ∆E9cell ≈ ∆E1cell.

Average power loss is Ploss = fb∆E9cell ≈ 0.7
W/cavity (here fb = 1MHz is bunch frequency). Only a
fraction r of this losses is radiated in the frequency region
above 750 GHz. We can estimate this fraction, assuming
the following frequency dependence of the energy density

of diffracted field: dE
dω ∼ e−σ

2
zω

2/c2

√
ω

. Then

r =

∫ ∞

ωg

dE

dω
dω

/∫ ∞

0

dE

dω
dω ≈ 0.2 , (2)

where ωg is circular frequency corresponding to 750 GHz.
Thus, we expect that the average power loss above the
energy gap of Cooper pairs in niobium is less than 0.2
W/cavity for LS beam parameters.

We conclude that power loss into very high frequency
HOM should not be a problem in LS CW linac.

DIPOLE HOMS AND CUMULATIVE
EFFECTS

A bunch of charged particles passing through a cavity off
the cavity axis excites dipole modes, which interact with
the following bunches. This interaction can be expressed
in terms of additional transverse momentum of bunches, or
transverse kick. If excitation of dipole modes is strong it
may result in the effective emittance dilution over the time
or even beam break-up (BBU) effect.

In this section we evaluate dipole mode excitation in LS
linac, simulate transverse motion of bunches and analyze
dilution of effective transverse emittance.

Dipole HOM Spectrum
We calculate dipole HOM frequencies [14] and the ef-

fective impedances [15] R(1)/Q of Tesla-type 9-cell cav-
ity using SuperLANS code. Fig. 5 shows spectrum of the
dipole modes. The impedance dependence on the mode
frequency can be approximated by an exponential function
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R(1)/Q)[kΩ/m2] = 23 exp(−0.27f [GHz]). The dipole
mode density increases approximately linearly with the
slope paramater ∼ 13 modes/(GHz)2.
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fcutoff = 2.20 GHz

Figure 5: Spectrum of dipole HOMs in Tesla-type 9-cell
cavity. Green line shows approximation of data with expo-
nential function. Vertical red line shows location of beam
pipe cut-off frequency.

Similarly to the monopole HOMs, the propagating
dipole modes may form standing waves in the structure
of multiple cavities. In this case propagating HOMs pro-
duce the same effect as the trapped ones. That is why both
propagating and trapped HOMs should be considered in the
analysis. R(1)/Q of propagating modes depends on where
the standing wave formed. We evaluate this dependence
by simulation of cavities with varying beam pipe length.
We find that only one dipole mode at a time can be effec-
tively trapped. We can safely use 275 kΩ/m2 as the upper
limit for the impedance of the trapped dipole mode. The
impedance of other dipole modes is much smaller and their
effect on transverse motion of beam can be neglected.

Separation between frequencies of dipole HOMs is sig-
nificant compare to the distance between two adjacent lines
in the beam spectrum. Thus each line of the beam spectrum
can interact with only one dipole HOM.

Simulation of Transverse Beam Motion
We assume that transverse and longitudinal motions

are uncoupled and monopole HOMs are not simulated.
LS beam is represented by a continuos train of electron
bunches separated by 1 µs interval. The bunch charge is
0.3 nC.

We setup simulation of the transverse beam motion as
the following. The bunches are accelerated from 350 MeV
to 2 GeV. Cavities are grouped into cryomodules with
8 cavities each. Each cavity has accelerating voltage of
20 MV and synchronous phase of −12◦. The cavity length
is 1.2 m. The distance between cavities is 0.2 m. The cav-
ities axes are randomly misaligned with standard deviation
of 0.5 mm. There is a single quadrupole between cryomod-
ules. Focusing and defocussing quadrupoles follow one af-

ter another. The quadruple length is 65 cm, magnetic field
gradient is 1.5 T/m. The distance between a quadrupole
and the first cavity in the following CM is 40 cm. The dis-
tance between a quadrupole and the last cavity in the pre-
vious CM is 1 m. We consider the HOM frequency spread
to be in the range from 1 Hz to 10 MHz. HOM effective
impedance is 275 kΩ/m2. HOM quality factor is 105.

Results
In the simulations all bunches enter the linac with iden-

tical energy and position. HOMs are not excited before the
first bunch passes through the linac. Final position of the
center of each bunch is recorded. This information allows
to calculate effective transverse emittance dilution. Calcu-
lated value is compared to the initial transverse emittance
of 0.6 mm·mrad.

HOM frequencies have normal distribution. A range of
the frequency spread values is considered. For each case
500 runs of simulations are made. Different positions of
HOM frequency with respect to beam spectrum line are
considered.

The results for the resonance case (when HOM fre-
quency equals beam spectrum line frequency) are shown
in Fig. 6a. There is no emittance dilution if there is no
HOM frequency spread, because in this case each bunch
passing each cavity when electric field of HOM is zero.
Frequency spread introduce emittance dilution. It has max-
imum between 10 and 100 kHz, which corresponds to the
line width: f

Q = 2000 MHz
105 = 20 kHz. The maximum value

is smaller than 1% of initial emittance.
The results for the case when the HOM frequency is be-

tween two beam spectrum lines are shown in Fig. 6b. If the
HOM frequency spread is small compare to the distance
between the beam spectrum lines, the emittance dilution
is very small. The greater the frequency spread, the more
probability for HOM to be close to the resonance. The
emittance dilution increases with HOM frequency spread,
but it is still smaller than 1% of initial emittance.

We conclude, that resonance excitation of dipole HOMs
seems not to an issue for the LS transverse beam dynamics.

SUMMARY AND CONCLUSION
We study high order modes in LS CW electron linac.

Analysis of incoherent losses is performed. With the bunch
charge 0.3 nC and beam size 50 µm incoherent losses are
less than 2 W per cavity. Resonance excitation of longitu-
dinal (monopole) HOMs is considered. We estimate that
the probability of the power loss above 1 W due to excita-
tion of HOMs with frequency up to 11 GHz is 10−3. Ef-
fect of very high frequency HOM excitation analyzed using
diffractive model. We find that the mean power loss in very
high frequency HOMs is less than 0.2 W/cavity. We study
resonance excitation of transverse (dipole) modes and their
effect on the transverse beam dynamics. Relative change in
transverse emittance is found to be less than 1%.

We conclude, that HOMs should not be a problem in LS
CW SRF linac with Tesla-type 9-cell 1.3 GHz cavities.

THP070 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

1088C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

11 High current issues and beam dynamics

V. Couplers/HOM



100 101 102 103 104 105 106 107

HOM frequency spread, Hz
10−20

10−18

10−16

10−14

10−12

10−10

10−8

10−6

10−4

10−2

100

R
el

at
iv

e
ef

fe
ct

iv
e

tr
an

sv
er

se
em

it
ta

nc
e

di
lu

ti
on

(a) Mean HOM frequency is 2000.0 MHz.
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(b) Mean HOM frequency is 2000.5 MHz.

Figure 6: Relative effective transverse emittance dilution due to dipole HOM as a function of HOM frequency spread for
the resonance case and the farthest from the resonance case.
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HOM STUDIES OF THE CORNELL ERL MAIN LINAC CAVITY IN THE
HORIZONTAL TEST CRYOMODULE∗

N. Valles† , R. Eichhorn, D. Goldman, G. Hoffstaetter, M. Liepe
Cornell University, CLASSE, Ithaca, NY 14853, USA

Abstract
The Cornell energy recovery linac will accelerate a 100

mA beam to 5 GeV, while maintaining very low emittance
(30 pm at 77 pC bunch charge). A major challenge to run-
ning such a large current continuously through the machine
is the effect of strong higher-order modes (HOMs) in the
SRF cavities that can lead to beam breakup. This paper
presents the results of HOM studies for the prototype 7-
cell cavity installed in a horizontal test cryomodule (HTC).
HOM measurements were done for three HTC assembly
stages, from initial measurements on the bare cavity to be-
ing fully outtted with side-mounted RF input coupler and
beam line HOM absorbers. We compare the simulated re-
sults of the optimized cavity geometry with measurements
from all three HTC experiments, demonstrating excellent
damping of all dipole higher order modes.

INTRODUCTION
Cornell’s Energy Recovery Linac (ERL) is designed to

operate with low emittance, 77 pC bunches spaced with a
frequency of 2.6 GHz, with alternating bunches being ac-
celerated and decelerated.[1] The proper operation of this
next generation light source hinges on the ability to sup-
press higher-order modes (HOMs) in the superconducing
main linac structures that can lead to beam breakup. Pre-
vious work has produced a 1.3 GHz, 7-cell cavity design
that can support threshold current through the linac well in
excess of the 100 mA design specification, and satisfies all
other electromagnetic and mechanical constraints.[2, 3]
Fabricating structures that preserve the optimized prop-

erties of the 7-cell cavity is essential to proper operation
of the ERL. Previous particle tracking simulations demon-
strated that an ERL constructed of realistically shaped
cavities–meaning cavities that had geometry deformations
consistent with expected machining fabrication tolerances
of±0.5mm–could support current in excess of 400mA.[4]
A prototype 7-cell cavity has been fabricated, ERL 7.1,

and found to exceed design specifications for the funda-
mental mode in both vertical and horizontal tests.[5, 6]
Whether the HOM properties can be preserved from fab-
rication through installation in a linac cryomodule is an
important question. The horizontal test cryomodule (HTC)
experiments seek to answer this question by assembling the
fully equipped cryomodule in stages and measuring the ef-
fect of each stage on the HOM spectrum.

∗Work supported by NSF Grants NSF DMR-0807731 and NSF PHY-
1002467

† nrv5@cornell.edu

The HTC experiments were done in three stages, and
the essential elements effecting HOM measurements are
outlined in Table 1. A detailed description of HTC as-
sembly and instrumentation is available elsewhere.[7, 5]
Here we simply note that each stage adds a key compo-
nent to the horizontal assembly eventually resulting in a
fully equipped cryomodule in HTC-3 that incorporates all
the systems needed for a full main linac cryomodule con-
sisting of six 7-cell accelerating structures.[8]

Table 1: Key elements effecting the 7-cell’s HOM spec-
trum incorporated in each iteration of the horizontal test
cryomodule experiments. The fundamental mode couples
to the on-axis input coupler with Qext = 9× 1010 and the
high-power coupler with Qext = 5× 107.
Stage RF input method HOM absorbers

HTC-1 On-axis coupler none
HTC-2 High-power input coupler none
HTC-3 High-power input coupler 2 SiC absorbers

The cavity’s HOM spectrum was measured in each HTC
experiment from the RF input coupler to a field probe that
couples to the fundamental mode with Qext ∼ 3× 1011.
The absorbers have been characterized outside of a cry-

omodule beamline,[9] but it is necessary to evaluate their
efficacy at damping HOMs in a real structure before they
can be deployed on a larger scale.

METHODS
The prototype cavity was characterized inside a horizon-

tal test cryomodule. To ensure that cavity performance is
maintained at or above design specification for the entire
assembly, cryomodule development progressed in stages.
HTC-1 contained the prototype cavity with an axial high

Qext RF input coupler, replicating the conditions of the
vertical test. There were no HOM absorbers.
HTC-2 exchanged the axial RF input power coupler with

a side mounted high-power (5 kW) RF input coupler.[10]
Though the axial coupler was still present, it was unused
for RF testing. This stage allowed the coupler assembly
process to be qualified. This also allowed the first exper-
imental investigations into the coupling between the high
power coupler and higher-order modes.
HTC-3 reconfigured the cavity assembly, removing the

axial power coupler and adding two broadband beamline
HOM absorbers to each end of the cavity. The purpose of
this stage is to measure the quality factors of HOMs with
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a realistic damping scheme. The broadband dielectric SiC
beamline absorbers were ceramics loaded with SiC. The
loads have sufficient DC conductivity and have electromag-
netic properties ε ≈ (50− 25i)ε0 and μ = μ0.
After the cavity was installed in the cryomodule and

cooled to the operating temperature of 1.8K, the scatter-
ing parameter, S21, was measured with a network analyzer
between 1.5 and 6 GHz. The RF coupler was used as the
input port; the axial coupler in HTC-1 and the high power
coupler in HTC-2 & HTC-3. The output port was located
at the other end of cavity on a side port, with a probe with
coupling of ≈ 3 × 1011 for the fundamental mode. The
frequency scan used a 500 Hz step size with certain ranges
including high-Q modes measured with a 10 Hz step size.
The resonant frequency of the modes and their quality

factors can be determined from the experimental data in
several ways. The first method uses a least-squares fit to ex-
tract resonant frequency, f0 and loaded quality factor, QL,
information via the parameterization

|S21| (f ; a, b, f0) =
10−a√

10−2b +
(

f

f0
− f0

f

)2

, (1)

where QL = 10−b, and a is used to generate the propor-
tionality constant.
The above formulation allows the fit parameters to easily

vary over orders of magnitude while having less chance of
being trapped in local minima due to numerical noise.[11]
In addition, phase versus frequency information was

used to characterize the QL of the HOMs using the rela-
tionship:

φ(f) = φ0 + tan−1

[
QL ·

(
f

f0
−

f0

f

)]
, (2)

where φ0 the phase measured at resonance.[12]
The geometry of the cavity installed in HTC-1 was sim-

ulated in 2D in CLANS2, an electromagnetic field solver
that was used to compute the dipole HOM spectrum in
the cavity optimization.[13] The code assumes symmetry
about the beam axis and monopoles, dipoles, quadrupoles,
etc. can be calculated by specifying the number of az-
imuthal variations of the mode.
For HTC-2 & HTC-3, the side mounted coupler in-

troduces effects that cannot be modeled by CLANS, so
ACE3P[14] was used to simulate the coupling of the high
power input coupler to the HOMs. A simulation showing
the electric field amplitude of the lowest dipole mode is
presented in Fig. 1.
An example showing the damping provided by the HOM

absorbers can be seen in Fig. 2, where a dipole mode is
solved with and without HOM material present, and the
electric field amplitude is calculated on a line parallel to
the beam axis. In this case, the HOM loads reduce the QL

by a factor of 103.

Figure 1: Magnitude of the electric field (in arbitrary units)
for a dipole mode in the lowest HOM passband, (f=1612,
QL = 5.3 × 103). The absorbing load is in gray, and the
white areas are alumina dielectrics isolating the cavity vac-
uum space from the cold and warm spaces.
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Figure 2: Magnitude of electric field along a line parallel to
the beam axis and offset toward the high power coupler by
1 mm for a geometry with and without absorbing loads for
the mode presented in Fig. 1. The absorbing load proper-
ties were ε = (50 - 25i) ε0 and μ = μ0. Both cases have the
same energy stored in the cavity, but energy is concentrated
in the HOM load when it is present, reducing the field am-
plitude near the beam axis.

RESULTS
The higher-order mode spectra as measured in HTC-1 &

HTC-2 is shown in Fig. 3. The large quality factors of these
modes are due to the lack of HOM absorbers in these exper-
iments. Very small damping is provided by short sections
of stainless steel pipe connecting the cavity to the vacuum
system.
Importantly, no HOMs were found near harmonics of

2.6 GHz (two beams at 1.3 GHz), up to 7.8 GHz. If the
beam could resonantly drive an HOM on one of these reso-
nances, the resulting HOM power could overload the HOM
absorber. Fortunately, frequency domain measurements
show that the design was successful in avoiding this dan-
ger.
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Figure 3: Amplitude of the scattering parameter S21 in the first two HTC experiments. The large quality factor of the
modes are due to the fact that there were no HOM absorbing loads installed in HTC-1 and HTC-2. The mode frequencies
agree with 2.5D simulations.
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Figure 4: Amplitude of the scattering parameter S21 in the HTC-2 and HTC-3 experiments. The only significant change
between the two runs is the addition of beamline absorbers in HTC-3. The measurements show a strong damping of all
modes.

The HOMs in HTC-1 were compared with 2.5D simu-
lations performed in CLANS and showed agreement in the
lower passbands of the HOM spectrum, and frequency cor-
respondence up to 3600 MHz.[15]

After reconfiguring the cryomodule for HTC-3 and
adding beamline HOM absorbers, the transfer function was
remeasured. The scattering parameter S21 is plotted in
Fig 4. ACE3P’s eigenmode solver was used to compute
modes near the resonances in the HTC-3 HOM spectrum.
The measured loaded quality factors are compared with
simulations in Fig. 5.

The rough agreement between simulations andmeasured
quality factors is expected due to fabrication variation.
What is important to note is that all the measured modes
have quality factors within acceptable limits such that they
will not lead to beam break-up current below the 100 mA
design specification.[4]

CONCLUSIONS

The prototype 7-cell cavity has been fabricated to within
design tolerances (±0.5 mm) and successfully tested in a
fully outfitted cryomodule. The higher-order mode spec-
trumwas successfully measured and the SiC absorbers pro-
vide strong damping of higher order modes. Measurements
using both the magnitude of the scattering parameter and
the phase dependence of HOMs yield consistent measure-
ments of HOM’s QL. Simulations are in rough agreement
with results, but are an area of ongoing investigation.
All the modes measured had very low quality factors

in the few 100 to few 1000 range. This important result
demonstrates that the cavity design and the HOM damp-
ing scheme is effective at mitigating the strength of higher-
order modes to reasonable levels.
Measurements of the scattering parameter find no res-

onances near harmonics of 2600 MHz (2 beams at
1300 MHz).
Future work will measure HOM properties of the cavity
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Figure 5: Comparison between HOMs measured in the
HTC-3 and ACE3P simulations. Some discrepancy be-
tween the simulated and measured points is expected due
to machining variation.

with beamline dampers using beam fromCornell’s ERL In-
jector. These experiments are scheduled to begin Fall 2013.
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INPUT COUPLER FOR CORNELL ERL MAIN LINAC* 
V. Veshcherevich† and P. Quigley 

Cornell University, Ithaca, NY 14853, U.S.A.

Abstract 
 Each 7-cell cavity of the Cornell ERL Main Linac has 

a single coaxial type input coupler with fixed coupling, 
Qext = 6.5×107.  The input coupler will operate at RF 
power up to 5 kW at full reflection.  The coupler design is 
based on the design of TTF-III input coupler with 
appropriate modifications and with taking into account 
the Cornell experience with couplers for ERL Injector.  
Four couplers have been fabricated by Communications 
& Power Industries, Beverly Microwave Division (CPI 
BMD) and tested at Cornell on the test stand up to 5 kW 
CW.  No major issues were noticed during the tests.  One 
coupler was attached to a prototype linac cavity.  The 
cavity was successfully tested with great results achieved 
inside the horizontal test cryomodule.  More couplers will 
be supplied soon.  Six couplers will be installed in the 
Main Linac Cryomodule Prototype. 

INTRODUCTION 
Cornell University plans to build a hard X-ray light 

source driven by an Energy Recovery Linac (ERL).  The 
proposed Cornell ERL will operate in CW at 1.3 GHz, 
2 ps bunch length, 100 mA average current in each of the 
accelerating and decelerating beams, normalized 
emittance of 0.3 mm-mrad, and energy ranging from 
5 GeV down to 10 MeV, at which point the spent beam is 
directed to a beam stop [1, 2]. 

Cornell has already built and commissioned a short 
ERL injector prototype and continues to test it and 
improve its performance.  Now it is building a prototype 
cryomodule of the main linac. 

An ERL main linac cryomodule (MLC) is 9.8 m long 
and houses six 7-cell superconducting cavities.  Each 
cavity has a single coaxial RF input coupler which 
transfers power from an RF power source to the beam-
loaded cavity (Fig. 1). 

COUPLER DESIGN 
Ideally, RF power consumption by superconducting 

cavities in the main linac of ERL is very low.  However, 
we need to have an excess power for keeping cavity field 
level stable despite cavity detuning due to microphonics, 
possible beam loss, beam return time errors, etc.  For the 
Cornell ERL, the input coupler must deliver up to 5 kW 
CW RF power to a main linac cavity, though under 
nominal conditions it will operate with 2 kW average and 
5 kW peak power.  Due to the nature of ERL, the couplers 
will almost all the time operate under conditions with full 
reflection. 

To make the design more economical, the couplers 
provide fixed coupling to the cavities with the 
Qext = 6.5×107.  If necessary, the coupling adjustability 
can be achieved using three-stub tuners in input 
transmission lines to have a range of Qext from 2×107 to 
1×108.  ERL linac couplers must accommodate movement 
of the cavities during cool down including a lateral 
movement of up to 10 mm since one end of the coupler is 
attached to the moving cavity and the other end is 
attached to the fixed vacuum vessel port. 

The design of the ERL main linac coupler is based on 
the TTF-III and Cornell ERL injector couplers, and takes 
into account experience gained from the ERL injector 
couplers [3]. 

A 3D CAD model of the ERL main linac coupler is 
shown in Fig. 2.  The coupler consists of several 
sub-assemblies as it is shown in Fig. 3.  The main 
assemblies are the cold coupler, the warm outer and inner 
coaxial sub-assemblies and the waveguide box.  The 
coaxial lines and two ceramic windows are of the same 
size as those in the TTF-III coupler.  The left coupler 
flange is to be attached to the superconducting cavity 
cooled to 1.8 K.  The right flange is to be attached to the 
room temperature vacuum vessel.  The middle flange, 
where two coupler assemblies are joined, is floating and 
kept at 40 K.  There is a 5 K intercept between 2 K and 
40 K flanges.  All coaxial parts, with the exception of 
antenna and 5 K heat intercept, are made of stainless steel 
with copper plating on surfaces carrying RF currents.  
The antenna and heat intercept are made of copper. 

The cold subassembly does not have bellows.  Two sets 
of bellows are placed in the warm portion of the coupler, 
in both the inner and outer conductors.  In this way, high 
flexibility is achieved while keeping the cold antenna 
fixed relative to the cavity coupler port (see Fig. 4). 

 

Figure 1:  A 7-cell cavity with input coupler. 
 ___________________________________________  

* Work is supported by NSF Grants NSF DMR-0807731 and NSF 
PHY-1002467. 
†  vgv1@cornell.edu 
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Figure 2:  3D CAD model of input coupler. 
 
The center tube of the warm coaxial portion of the 

coupler is cooled by compressed air.  The 5 K intercept 
and 40 K flange of the cold coupler are cooled by helium 
gas with temperatures 5 K and 40 K respectively. 

Parameters of the coupler are summarized in Table 1.  
Static and dynamic heat loads of the coupler on the 
cryogenics are shown in Table 2. 

Figure 3:  Exploded view of the coupler. 

 

Figure 4:  Mechanical flexibility of the coupler. 

Table 1:  Parameters of ERL Main Linac Coupler. 
Operating frequency 1300 MHz 
Maximum power (CW) 5 kW 
Qext  (fixed) 6.5×107 
Cold coaxial line impedance 70 Ohm 
Warm coaxial line impedance 46 Ohm 
Cold coax line outer diameter 40 mm 
Warm coax line outer diameter 62 mm 

Table 2:  Heat Loads of the Input Coupler with RF off and  
on at Full Power. 

 Static 
Heat Load 

Dynamic 
Heat Load 

Full 
Heat Load 

To 2 K 0.05 W 0.06 W 0.11 W 
To 5 K 0.64 W 0.32 W 0.96 W 

To 40 K 3.78 W 5.94 W 9.72 W 

After finishing the design, fabrication of couplers was 
ordered from Communications & Power Industries, 
Beverly Microwave Division (CPI BMD). 

COUPLER TESTS 
A test stand was built for coupler tests.  During the 

linac operation, there is almost no beam loading due to 
energy recovery: the accelerating beam takes the power 
but the decelerating beam gives it back.  Due to that, the 
coupler always operates in standing wave mode, with 
almost full reflection.  Therefore, we decided to test 
couplers in similar operation conditions.  We built a 
copper cavity with a coupler port.  The coupler under test 
is attached to the cavity.  The cavity is overcoupled 
(β = 17).  Overcoupling is not as strong as for the 
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accelerating cavity (β = 300), however it is a good model 
of real operation.  Figure 5 shows the coupler assembled 
with the cavity and the waveguide on the test stand.  
A 5 kW solid state simplifier was used for tests.  

We have tested four couplers so far: two prototype 
couplers and two production couplers.  All the tests were 
smooth.  We had no major issues with couplers.  One 
coupler developed mild vacuum actions that were 
processed in a few hours.  For two other couplers we saw 

 
Figure 5:  Coupler on the test stand. 

 
Figure 6:  Plots of RF power (red) and vacuum pressure in 
cold (green) and warm (blue) parts of the coupler during 
the test. 

 
Figure 7:  Plots of temperatures in different points of 
coupler (red, blue, and green), waveguide box (magenta), 
cavity (cyan) and cooling air outlet (grey). 

only a few vacuum spikes in the beginning of tests.  One 
coupler showed no vacuum actions at all. 

Figures 6 and 7 show plots of RF power, vacuum 
pressure in the coupler and temperatures during one of the 
tests.  A slow increase of vacuum pressure and coupler 
temperature is explained by creeping up the room 
temperature during the test. 

More couplers will be supplied and tested soon. 
One of the tested couplers was attached to the first 

prototype 7-cell cavity for the Cornell ERL main linac 
(Fig. 8).  This cavity was assembled in a small horizontal 
test cryomodule and tested.  The test showed great 
performance of the cavity including record Q 
performance [4]. 

Now Cornell is building a full scale prototype of the 
main linac cryomodule (MLC) [5].  Six cavities with six 
couplers will be installed in this MLC prototype.  The 
completion of the assembly and start of tests of the MLC 
prototype are scheduled for 2014. 

 

Figure 8:  Coupler installed in the horizontal test 
cryomodule. 

SUMMARY 
The input coupler for the main linac cavities of Cornell 

ERL is designed.  First couplers have been fabricated and 
tested.  Couplers showed good performance during the 
tests on the test stand and on the test cryomodule with a 
main linac cavity.  The building of the prototype of the 
ERL main linac cryomodule with six cavities equipped 
with couplers is under way. 
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HOM DAMPERS AND WAVEGUIDES FOR THE                                         
SHORT PULSE X-RAY (SPX) PROJECT* 

G. Waldschmidt, B. Brajuskovic, D. Bromberek, J. Fuerst,                                                     J. Holzbauer, A. Nassiri, 

 V. Shemelin, 
Y. Shiroyanagi, G. Wu,  ANL, Argonne, IL 60439, USA 

 CLASSE, Cornell University, Ithaca, NY 14853 
 

Abstract 
The production of HOM dampers for the 

superconducting SPX cavities has been undertaken at the 
Advanced Photon Source.   The dampers are vacuum 
compatible WR284 waveguide loads that utilize a four 
wedge design.  The rf lossy material consists of hexoloy 
silicon carbide (SiC) due to its suitable mechanical and 
electrical material properties.  Issues regarding the 
manufacturing of the dampers consist of initial SiC 
material failure due to fabrication stresses as well as 
substandard soldering bonds of the SiC to the copper 
damper bodies.  The integration of the dampers into the 
cryomodule with the HOM waveguide assembly consists 
of rf, thermal, and mechanical design considerations.   An 
analysis of the manufacturing and integration issues and 
remedies are discussed in this paper.   

INTRODUCTION 
The SPX cryomodule is designed for installation into 

the APS storage ring with deflecting-mode cavities 
operating at 2.815 GHz [1].  Passive damping of the 
lower-order mode (LOM) and higher-order modes 
(HOMs) for each cavity is achieved by a single LOM 
waveguide damper and two HOM dampers [2].   A total 
beam-induced power of 1.25 kW is expected for a 150-
mA beam current with approximately 150 W absorbed by 
each HOM damper and 850 W absorbed by the LOM 
damper. 

The HOM waveguide and dampers are located entirely 
within the cryomodule and, due to broadband damping 
requirements up to 6 GHz, share the ultra-high vacuum 
environment with the cavity.  As a result, the waveguides 
and dampers are designed to be compatible with the 
superconducting cavity as well as satisfying mechanical 
and thermal considerations.   

The damper material must be cleanable using high-
pressure rinsing, suitable for UHV, and resistant to 
particulate generation.  The HOM waveguide must also 
be suitable for achieving standards appropriate for its use 
near a superconducting cavity.  In addition, the HOM 
waveguide assembly is required to span from 2K to room 
temperature entirely within the confines of the 
cryomodule with minimum heat leak and adequate 
mechanical compensation for thermal motion.      

DAMPER MANUFACTURING 
The dampers consist of iso-pressed silicon carbide 

(SiC) material from St. Gobain due to its rf, mechanical, 

and vacuum properties.  It is a lossy ceramic material with 
an average loss tangent of approximately 0.1 and average 
relative permittivity of 11.5 across the SPX frequency 
band, see Fig. 1(a) [3].  Variations in the electrical 
properties shown in the plot are due to material 
inhomogeneity as well as to tolerances in the fabrication 
of test samples for the rf analysis.  Due to the commercial 
applications of SiC, the material manufacturing was 
assumed to be reasonably well established and repeatable. 
Electrical material properties that were evaluated from 
various vendors, manufacturing methods, and fabrication 
batches were found to be consistent.   

 

 
 

    
 
Figure 1: SiC electrical parameters: (a) permittivity and 
loss tangent for St. Gobain iso-pressed SiC, where the 
out-lying black line represents a sample with the largest 
dimensional deviation, and (b) averaged permittivity and 
loss tangent for St. Gobain iso-pressed, Coorstek SC-30, 
and St. Gobain dry-pressed SiC.  

 
During the fabrication of the dampers, slabs of SiC 

were intended to be cut into multiple 50-mm wedge-
shaped tiles for soldering onto the copper waveguide 
bodies, as shown in Fig. 2. Although it had been 
accomplished many times previously, the cutting 
operation failed during the production of the SPX damper 
tiles.  As shown in Fig. 3(a), a representative SiC slab 
fractured into multiple pieces during the first cutting pass, 

Dry-pressed 

Iso-pressed 

 ___________________________________________  

* Work supported by U.S. Department of Energy, Office of Science, 
under Contract No. DE-AC02-06CH11357 

SC-30 

(a) 

(b) 
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with additional fracturing evident on the surface.  Not 
surprisingly, tomography scans, using 1-μm resolution 
performed at an APS beamline, showed volumetric sub-
surface fractures in the material.  The cause of the failure 
is unknown, but may be the consequence of uneven 
cooling after firing or issues with the uniformity of the 
material density during hydrostatic compression.   

 

 
(a) 

 
(b) 

Figure 2: HOM damper assemblies: (a) copper damper 
half with soldered SiC tiles and (b) ebeam welded 
prototype damper assembly. 

 
As a result of the failure, selected vendors and process 

variants of SiC were evaluated as substitutes.  An 
additional batch of the nominal St Gobain iso-pressed 
SiC, as well as St. Gobain dry-pressed and Coorstek SC-
30 SiC were analyzed.  To ensure their mechanical 
integrity and rf properties, basic cutting tests, 
macroscopic density measurements, highly resolved 
tomography scans, and rf measurements were performed.  
Each of the materials showed satisfactory results.  

Averaged electrical material properties for the test 
samples are shown in Fig. 1(b) where multiple core 
samples were extracted from up to ten slabs of each of the 
materials.  It is worth noting that three separate batches of 
iso-pressed SiC had been fabricated and tested at different 
times using similar techniques and were shown to 
produce consistent electrical material parameters.  Since 
iso-pressed SiC had been extensively tested prior to the 
production of the SPX dampers and had successfully 
completed additional testing, the latest batch was selected 
as the lossy material for the SPX dampers. 

After completion of the SiC cutting, the tiles were 
soldered to the copper damper bodies using UHV-
compatible Sbond [4].  Graphite spacers were initially 
used during fixturing to maintain spacing between the 
tiles as well as with the copper body.  Due to residue on 
the SiC tiles after soldering, the spacers were coated with 
titanium to reduce the possibility of particulation when 
installed on the HOM waveguide.   

Although soldering of SiC tiles to the damper body had 
been satisfactorily completed in the past, issues were 
evident during production of the SPX dampers including 

lack of containment of the solder and out-of-tolerance 
gaps.  More importantly, the percentage of bonding 
between the tiles and the damper body was marginal, in 
some cases, as shown in Fig. 3(b).  Due to the possible 
effect on the mechanical integrity of the tiles, the tiles 
were unsoldered and subsequently re-soldered by the 
vendor.  

 

 
(a) 

 
(b) 

Figure 3: Manufacturing issues with HOM dampers: (a) 
St. Gobain iso-pressed SiC plate failure after single cut - 
inset shows a topography scan of SiC and (b) ultrasonic 
image of SiC tiles bonded to copper damper body.  White 
areas denote regions where the solder is dis-bonded. 

 
Following soldering, a cleaning regimen was 

implemented entailing ultrasonic cleaning for 15 minutes 
in a solution of citranox followed by high-pressure 
rinsing.  It was found that the initial cleaning created 
some detachment of the solder.  However, it was not 
evident that repetitions of the cleaning process created 
any additional effect.   

The final manufacturing step required for the SPX 
damper assemblies is the Ebeam welding of the flange 
and the damper halves which has not yet been completed.   

CRYOMODULE INTEGRATION 
 
The HOM waveguide is attached directly to the cavity 

flange and transitions to the room temperature WR284 
HOM damper located in the warm region of the 
cryomodule (see Fig. 4(a)).  The waveguide achieves a 
return loss of at least 10 dB from 2.92 to 6 GHz, as seen 
in Fig. 5(b), as well as rejects the operating deflecting 
mode due to the natural high-pass filtering of the 
waveguide.  Since the cutoff frequency only exceeds the 
operating frequency by 2%, the HOM waveguide extends 
a prescribed length before transitioning to the WR284 
waveguide to reduce excessive loading of the damper.  
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Figure 4: HOM waveguide assembly: (a) CAD geometry 
and (b) RF simulation model with return loss. 

 
Due to interference issues with the cavity tuner, the 

HOM waveguide cavity-side flange was located near the 
helium vessel.  In conjunction with the slow decay of the 
cavity evanescent field, the proximity of the flange to the 
cavity created a considerable heat load to 2K.  As a result, 
a separate 5K bus was integrated into the cryogenic 
design, along with the original 80K intercept.  The 5K bus 
extracted approximately 75% of the heat load originally 
destined for the 2K circuit.   The heat load of a 1.5-mm 
thick stainless steel HOM waveguide with 10-μm copper 
plating is shown in Fig. 5(a). 

A prototype HOM waveguide was fabricated from four 
laser-cut pieces of sheet metal that were precision bent to 
the proper shape.  The ridge was also cut from sheet metal 
stock and welded to the interior surface of the HOM 
waveguide.  Positional tolerances of the flanges were held 
to within 0.5-mm due to the fixturing apparatus, while the 
envelope of the waveguide centerline was offset by as 
much as 4-mm.  Quality control analysis of the vacuum 
integrity, mechanical structure, and rf performance 
showed satisfactory results.    

In the cryomodule, the damper will be connected to the 
HOM waveguide thorough a bellows and will be rigidly 
mounted to the space frame at room temperature.  As a 
result, thermal motion and assembly offsets will be 
compensated for exclusively by the bellows.  The bellows 
are anticipated to require a travel of 1.5-mm in the 
direction of the waveguide H-bend, 1.0-mm in the E-bend 
direction, and less than 1.0-mm in the longitudinal 
direction due to thermal cycling.  
 

 
 

 
 

 
 
 
 

 

CONCLUSION 
 HOM dampers for SPX are in the process of being 

manufactured.  Hexoloy SiC material has been chosen for 
the lossy damping material based on its vacuum, 
mechanical, and rf properties, in addition to its repeatable 
electrical parameters.  Manufacturing issues have been 
resolved regarding structural deficiencies from fabrication 
stresses in the SiC material and soldering concerns due to 
the substandard bonding area of the SiC tiles to the 
copper substrates.   

The HOM waveguide and dampers are located entirely 
within the cryomodule spanning from 2K to room 
temperature and were designed to satisfy rf and 
mechanical constraints including low-frequency and 
broadband performance, layout in the cryomodule, and 
thermal considerations.  The total cryogenic loading and 
thermal compliance of the HOM waveguide assembly 
have been quantified. 
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COAXIAL BLADE TUNER FOR EUROPEAN XFEL 3.9 GH z  CAVITIES 
R. Paparella, M. Bertucci, A. Bosotti, C. Pagani, INFN Milano – Lab. LASA, Italy 

 

Abstract 
The European XFEL linac injector features a third 

harmonic section jointly realized by INFN and DESY in 
order to generate the high quality electron beam required 
for the short wavelength FEL operation. It hosts a 
3.9 GHz 9-cell cavities cryomodule for the linearization 
of the beam phase space before the longitudinal bunch 
compression performed to increase the peak current for 
lasing. The cold tuning system for these cavities has been 
developed by INFN and it is inspired by the coaxial Blade 
Tuner already qualified for ILC cavities [1]. Design, 
fabrication and room temperature qualification of first 
tuner units produced are reviewed in this paper. 

THE BLADE TUNER  
Blade tuner is installed coaxially on the cavity helium 

tank and allows tuning the resonator frequency by varying 
its length. The tank is therefore split in two halves that are 
mechanically joined to the tuner ends; a bellow encloses 
the helium volume and allows the longitudinal strain. 

The working principle of the Blade Tuner is based on 
the bending of titanium blades that deform from the rest 
position to a different configuration producing an 
elongation of the tuner itself. This deformation is 
generated by the rotation of the central rings with respect 
to the lateral ones. In order to reduce the relative rotation 
of the lateral rings to nearly zero, and to balance the 
torsional moments, the central rings rotate in opposite 
directions and the blades are assembled symmetrically 
with respect to the horizontal plane.  

A schematic representation of the tuner kinematics is 
provided in Fig. 1, alongside with the Blade Tuner 
reference model designed for the ILC. 

 

Figure 1: ILC Blade Tuner and its kinematics principle. 

The rotation of the central rings is obtained by 
displacing in opposite directions the two edges on one 
side by means of a stepper motor drive unit. This 
electromechanical actuator will operate at cold, as for 
others XFEL cavities, and it’s realized by a CuBe 

threaded spindle driven by a stepper motor through a 
mechanical reduction gearbox. 

TUNING THIRD HARMONIC CAVITIES 
XFEL third harmonic cavities are, to a first order, a 

scaled version of the main linac 1.3 GHz cavity. More 
specifically, technical challenges must be faced as the 
higher surface resistance (scaling with f2), design of main 
and HOM couplers or the complexity of mechanical 
handling associated to the reduced geometrical 
dimensions (also scaled by 1/3) [2]. 

For what directly concerns frequency cold tuning, due 
to the much stiffer mechanical behaviour of the 3.9 GHz 
structures and the moderate accelerating gradients needed 
for their operation (about 15 MV/m), no fast 
compensating tuning action is needed to handle dynamic 
Lorentz Force Detuning effects under pulsed operation. 
Therefore, differently from ILC tuner, fast piezo actuators 
are not part of the tuner design. 

To maximize hardware and software homogeneity 
along the linac, tuners for the third harmonic section 
make use of the same stepper motor drive unit already 
developed, jointly with manufacturer, for the XFEL 
1.3 GHz cavities. 

Finally, main reference parameters and constraints 
relevant to tuner design are summarized in Table 1.  

 
Table 1: 3.9 GHz Tuner Specs and Reference Parameters

Parameter Value Comment 

Longitudinal Cavity 
Stiffness 

5.4 kN/mm Measured on 
prototypes 

Equivalent stiffness 
of cavity end cones 

50 kN/mm Estimated (FEM) 

Cavity Tuning 
Sensitivity 

2.3 MHz/mm Measured on 
prototypes 

Tuning limit before 
cavity deformation 

0.7 mm Estimated (FEM) 

Max. tuning range 1.5 Mhz Derived/Estimated 
Tuner to cavity strain 
efficiency 

80 % Estimated (FEM) 

Tuning sensitivity ~ 5 Hz/stp. Estimated (1.3 GHz) 
XFEL drive unit 
accuracy 

35.2 kstp/turn By specifications 

Motor spindle pitch 1 mm By specifications 
Ti Elastic module 1.05 1011 Pa  
Ti Poisson module 0.37  
Ti tensile yield 8.3 108 Pa  

TUNER DESIGN 
Assuming as a reference the slow-tuning mechanics 

geometry of the ILC Blade Tuner, a baseline 3.9 GHz 
cavity tuner model has been designed. The prototype 
design has been extensively characterized through 
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different levels of simulation up to a 3D FE (Finite 
Element) model of the whole tuner; this allowed carefully 
estimating and understanding global kinematics and 
safety factors. Resulting layout is showed in Fig. 2, where 
the FE mesh (0.6 M elements, 0.16 M knots) is presented 
together with an example of longitudinal strain 
distribution along the tuner. 

 

Figure 2: 3.9 GHz cavity tuner FE model developed for 
kinematics and stress analyses: mesh matrix (left), 
longitudinal strain distribution (right). 

Full-body FE model results (“Full Tuner” case) were 
evaluated against selected reference cases:  

 Case 1 - Single blade 3D FE “cartesian” model, 
were torsional effect is assumed to be 
negligible. 

 Case 2 - Free single blade 3D FE model, 
including blade torsion. 

 Analytical model - blade geometry is simplified 
down to a straight plate connecting the two 
rings.  

An overview of analyses results is shown here below in 
Fig. 3 for what concerns the evaluation of tuner stroke 
and corresponding safety margin, defined as the ratio 
between the highest nodal stress in simulation over the 
material (titanium gr. 5) tensile yield. 

Figure 3: overview of results from the different FE 
analyses performed. 

 

The discrepancy in absolute strain visible between FE 
and analytical models, about 0.3 mm, corresponds to the 
difference in length for the stretched blade in the two 
cases (straight connection vs. real shape). 

PROTOTYPES  
According to the baseline tuner design developed, three 

prototypes were manufactured and delivered by January 
2013 (Fig. 4).  

 

Figure 4: The 3.9 GHz cavity Blade Tuner. 

 
Acceptance tests at room temperature (RT) then 

provided a first direct verification of expected stroke and 
stiffness. Measurements have been performed on a 
dedicated test bench featuring a stiff steel frame clamping 
a helium tank prototype on which tuner was installed.  

 
A load cell and three micrometer gauges completed the 

test device and allowed measuring longitudinal 
compressive force and strain and therefore tuning the 

 

Figure 5: setup for room temperature acceptance test. 
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frame stiffness in order to reproduce the mechanical 
constrain of the cavity. The entire setup during 
measurements is shown in Fig. 5, a RT stepper motor unit 
replicates the action of the XFEL one. 

Finally, the equivalent external stiffness of the 
clamping frame resulted to slightly exceed the cavity 
nominal one, thus giving a “worst case” analysis. Firstly, 
collected data permitted a direct comparison of actual 
tuner stroke with performed simulations, as shown in 
Fig. 6 where longitudinal strain is plotted against motor 
spindle turns of the actual XFEL drive unit for the three 
prototypes tested (BT3H01 to 03).  

Unloaded (Free) curves have been obtained by 
operating the tuner in an open frame and can be directly 
compared to simulated and analytical data. This analysis 
reveals that the actual strain of the tuner, generated by the 
simultaneous deformation of 72 blades, averages down to 
finally resemble more the simple straight plate model than 
the full tuner simulated kinematics. 

Tuner stiffness can then be derived as the load over the 
difference in strain between free and loaded case.  

Finally, making use of the parameters shown in Table 1 
through a simple spring model of the system [3] also the 
expected tuning range can be evaluated.  

 
Table 2: Overview of Acceptance Test Results

Parameter Design 
value 

Measured value 
(* computed) 

Tuner stroke 0.85 mm 0.78 mm @ 15 turns 
Tuner-to-cavity 
efficiency 

80 % 76 % @ 8 turns * 

Tuner longitudinal 
stiffness 

50 kN/mm 34 kN/mm @ 15 turns 

Maximum load 4 kN 4.9 kN 
Tuning range 1500 kHz 1450 kHz @ 15 turns * 
Tuning resolution ~ 5 Hz/stp. 3 Hz/stp. @ 8 turns * 
Steps to on-tune  230 kstp. * 
External stiffness 
during test 

5-6 kN/mm 6.2-6.6 kN/mm 

An overview of all average acceptance test results is 
given in Table 2 on the assumption that the cavity on-tune 
frequency is achieved in the nominal working point of the 
tuner that is the middle of the tuning range. 

Generally, the three units under test proved to perform 
homogenously, especially under cavity load and a good 
agreement is found comparing results to values expected 
by design. This anyway represents an estimation of tuner 
actual performances that will be proven during the first 
horizontal cavity cold test that is currently about to be 
scheduled. 

PED CERTIFICATION 
The XFEL linac is going to be certified according to the 

current directives related to pressure vessel (EU PED). 
Specifically, cavity modules including helium vessels and 
their ancillaries are required to ensure a MAWP 
(Maximum Allowed Working Pressure) of 4 bar absolute 
and this should happen without any loss in functionality. 

Concerning the third harmonic cavity tuners, such a 
limit pressure load translates into the need to withstand a 
large part (about 80 %) of the tensile force (estimated to 
be about 5 kN) generated by the pressure difference. At 
the nominal working point the elongated cavity spring 
force (about 2 kN) partially compensates for it but this 
does not happen in the worst case, corresponding to a 
strongly detuned cavity.  

A dedicated test bench is currently under development 
at LASA aiming to experimentally verify the functional 
limit of the tuner under traction. The setup will make use 
of the traction test machine (Instron 5500) already used 
for the qualification of cryomodule supporting posts [4]. 

CONCLUSIONS 
A coaxial tuning system has been designed for the 

3.9 GHz cavities of the third harmonic section of 
European-XFEL linac injector. The tuner design, inspired 
by the Blade Tuner already successfully qualified for the 
ILC, has been thoroughly verified by means of both 
analytical and finite element modelling and, afterwards, 
its expected performances have been confirmed by 
acceptance test routines on the first three prototypes 
produced. 
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Figure 6: overview of room temperature tests on 
prototypes compared to simulations. 
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DEFORMATION TUNER DESIGN FOR A DOUBLE SPOKE CAVITY 
N. Gandolfo, S. Bousson, S. Brault, P. Duchesne, P. Duthil, G. Olry, D. Reynet, 

IPN, Orsay, France

Abstract 
IPN Orsay is developing the low-beta double Spoke 

cavities cryomodule for the ESS. Based on previous 
successfully tested prototypes, a fast/slow tuner has been 
studied to compensate resonance frequency variations of 
the cavity during operation. The typical perturbations are 
coming from LHe saturated bath pressure variations as 
well as microphonics and Lorentz force detuning (LFD). 
Two tuners are being built in order to validate both 
expected performances and series production feasibility. 
In this paper, the tuner design of the double Spoke cavity 
is presented. 

INTRODUCTION 
Design of the cold tuning system (CTS) described here 

is an evolution of several other tuners [1, 2] which are all 
based on the same kinematic concept. The idea is to fit a 
mechanism on the LHe tank side (see Fig. 1) which will 
pull the cavity beam tube flange. The mechanism consists 
in a main frame which is the slow tuner, plus two 
integrated piezo actuators which represent the fast tuner. 
Parameters related to the cold tuning system are presented 
in Table 1. 

 

Figure 1: Localization of the CTS fitted on the LHe tank 
(shown with transparency) of the double Spoke cavity. 

SLOW TUNER 

Kinematics 
A ball screw system driven by a stepper motor acts on a 

double lever arm mechanism to provide a significantly 
reduced displacement along the beam axis (see Fig. 2). 
This principle enables to apply high forces with a fine 
precision over a large stroke. 

 
Figure 2: Kinematic model which shows how the cavity is 
deformed (right) from its initial state (left). 

 
Table 1: CTS   Summary Data Table

Parameter Unit Value 

Cavity Sensitivity kHz/mm 110 

Cavity RF Bandwidth Hz 1,355 

Cavity Stiffness kN/mm 20 

Max. Cavity Deformation mm 1.0 

Max. Strength kN 20 

Resolution Hz/step < 1.0 Hz 

LFD Hz 400 
 

 
Bearings 

The stainless steel ball screw is provided with 
molybdenum disulphide (MoS2) coating as dry lubricant, 
and the balls are made of zircone (ZrO2). Zircone is a 
ceramic material that exhibits a good friction behavior 
even when lubrication conditions are severe and has a 
coefficient of thermal expansion (CTE) close to the 
stainless steel that is quite interesting in such cryogenics 
application. 

Ball bearings of the main frame are made with stainless 
steel and are slightly oversized regarding the maximum 
static load capacity to ensure an optimal lifetime.  
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Figure 3: Lateral view of the CTS assembled on the double Spoke cavity side. 

 
Mechanical Stiffness 

In order to stretch efficiently the cavity, the tuner must 
be much stiffer than the cavity. When applying a force on 
the cavity, part of the motion produced is lost because the 
tuner deforms itself. While this can be easily overcome 
for the slow tuner by achieving additional motor 
revolutions, this is not as simple for the fast tuner which 
has a very limited stroke. The most stressed parts during 
the tuning process have been designed to grant an overall 
stiffness of about 110 kN / mm. 

 
Cryomodule Mechanical Integration 

Since the tuner is located on the side of the cavity (see 
Fig. 3), a particular attention has been paid to minimize 
the impact on the length of the cryomodule. Another 
important point was to make accessible the most critical 
elements: the ball screw, the piezo actuators and the 
stepper motor. 

FAST TUNER 
Rigid Lever Arm 

For many tuning systems [3, 4], piezo actuators are 
connected between the cavity and the tuner. In the present 
one, each piezo is inserted into a rigid lever arm part (see 
Fig. 4) of the CTS because it would not sustain the whole 
maximum expected force applied on the cavity. The rigid 
lever arm permits to share the force applied on the cavity 
by the slow tuner mechanism in order to reduce the 
pressure exerted on the piezo actuators. In addition, this 
configuration allows an easy access for maintenance and 
does not require disconnecting the cavity from the CTS 
when removing temporary one or both actuators. The side 
effect is that only 38% of the dual piezos displacement is 
transmitted to the cavity. 

 
Figure 4: Displacement vector simulation result when the 
piezo actuators are solicited: red field points the highest 
value while blue field means no motion. 

 
While most of CTS parts are made in AISI 316 L 

stainless steel, the rigid lever arm is made in Ti-6Al-4V 
titanium alloy which has a lower CTE. This will reduce 
the pressure due to the thermal shrinkage of the rigid 
lever arm on the actuators. 

 
Piezo Actuators 

Two manufacturers, Noliac and Physic Instrument, 
have been chosen for providing piezo actuators in order to 
compare their performances and lifetime.  

It is widely known that the piezo actuators stroke is 
strongly reduced at low temperature. In order to partially 
compensate this effect, zircone ceramic balls (see Fig. 5) 
have been used as slight thermal barriers that would raise 
a little bit the temperature of the actuators which will 
basically self-heat. Another trick is to operate the 
actuators in bipolar voltage excitation which is possible at 
low temperatures to double the available stroke. 
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Figure 5: the piezo assembly CAD view (top) and picture 
with the protection tube encapsulation (bottom). 

 
Preload System 

In order to run piezo actuators in dynamics operations 
for the LFD and/or microphonics compensation, it is 
necessary to preload them around 20 MPa. In the present 
design, this value is reached by adding three effects:  

 The differential thermal shrinkage between the rigid 
lever arm and the actuators. 

 A part of the pressure applied on the cavity by the 
slow tuner action. 

 A manual preload during assembly at room 
temperature which permits to balance the two other 
effects and reach the final desirable value. 

The magnitude of each effect has been roughly 
estimated but depends on a lot of different parameters and 
computations. Experimental data are thus required in 
nominal operation conditions to ensure that piezo are 
properly preloaded before starting any dynamic 
operations. 
 

CONCLUSIVE PERSPECTIVES 
A double Spoke cavity tuner has been studied and two 

prototypes are being manufactured (see Fig. 6). 

 
Figure 6: Picture of the CTS partially assembled on a 
triple Spoke cavity. 

 
Preliminary room temperature tests will be achieved by 

the end of the year at IPN Orsay on a triple Spoke cavity 
[5] which has similar mechanical specifications while the 
double Spoke cavity is currently still in fabrication. 

Extensive cryogenic tests are scheduled in 2014 at IPN 
Orsay in order to qualify properly both the performances 
of the CTS and the lifetime of many critical components 
such as ball bearings, ball screw and piezo actuators. 
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IMPROVEMENT OF THE PNEUMATIC FREQUENCY TUNER OF THE 
SUPERCONDUCTING RESONATORS AT IUAC  

A. Pandey, S.K. Saini, B.K. Sahu, A. Rai, R.N. Dutt, G.K. Chaudhary, P. Patra, J. Karmakar, 
D.S.Mathuria, S. Ghosh, D. Kanjilal, A. Roy 

Inter University Accelerator Centre , Aruna Asaf Ali Marg, New Delhi – 110067 , India 

Abstract 
The existing phase locking scheme of the quarter wave 

resonators (QWR) used in superconducting linear 
accelerator of Inter University Accelerator Centre (IUAC) 
consists of a fast (electronic) and a slow time (pneumatic) 
control. Presently, helium gas operated mechanical tuners 
are being used to phase lock the resonators against the 
master oscillator (MO) frequency and different ion beams 
have been accelerated and delivered to conduct 
experiments. The present pneumatic frequency tuner has 
two limitations:  (a) no proportional flow control in 
vacuum condition (b) large hysteresis problem in the 
proportional valve responsible for gas flow control. Due 
to these limitations, the system becomes non-linear and 
the response time is very slow (~sec). Using the existing 
system, phase locking of a resonator becomes delicate and 
time consuming. In addition, it was found to be difficult 
to implement auto phase locking mechanism on the 
resonator. To overcome these problems and to improve 
the dynamics of the existing tuner, a new pneumatic 
tuning system has been adopted. Details of the existing 
tuning mechanism and the modified tuning system along 
with the test results will be presented in the paper.   

INTRODUCTION  
To augment the energy of the ions from the existing 

Pelletron accelerator at IUAC, a 97MHz Superconducting 
(SC) Linear Accelerator (LINAC) [1] consisting of five 
cryostats having 27 QWR was installed and made 
operational [2]. The schematic diagram of Pelletron 
LINAC system is shown in Fig. 1.   

 
 
 
 
 
 
 

 
 
 

Fig. 1:  Schematic diagram of Pelletron LINAC system.  
 

 The QWR used in SC LINAC need to be phase locked 
against the MO frequency for beam acceleration. It is 
difficult to make the frequencies of all the operational 
cavities equal to the MO, so there is need of frequency 
tuner. The phase lock is achieved by dynamic phase 
control method [3]. In this method, the fast frequency 
fluctuation is controlled by I-Q modulator, whereas the 

slow frequency fluctuation is controlled by operation of 
mechanical tuner. In this scheme, niobium bellows 
mounted at the high voltage end of QWR are flexed 
(pressurized and evacuated) by helium gas to change the 
capacitance and hence the frequency of QWRs. The 
diagram of QWR with pneumatic frequency tuner is 
shown in the Fig. 2.   

Fig. 2:  The diagram of QWR with slow tuner bellow. 
 

Recently, in some of the cavities, piezo tuners.[4] have 
been installed and tested successfully. It has been planned 
to install the piezo tuners in LINAC cryostat # 2 and 3. 
Helium gas operated pneumatic tuner will be continued in 
the cavities of LINAC cryostat #1 because piezo tuners 
can’t be installed into it due to space constraint in LINAC 
cryostat # 1. In order to improve the dynamics of the 
pneumatic frequency tuner and to make the system faster 
and reliable, an improved pneumatic frequency tuner [5] 
has been planned, fabricated and tested successfully in the 
test cryostat.  

EXISTING PNEUMATIC FREQUENCY 
TUNER SYSTEM 

In the existing pneumatic frequency tuner design, there 
is one proportional valve in the pressure line and one ON 
/ OFF valve in the vacuum line. In both the lines, flow 
restrictors allowing helium gas flow up to 900cc/min at a 
pressure gradient of 7psi are present.  In addition, a line 
having fixed leak rate of 60cc/min at a pressure gradient 
of 7psi between pressure manifold and vacuum line is 
also present. The pneumatic frequency tuner controller 
module, gets the error signals from resonator controller 
and pressure transducer. It processes these signals and 
supplies the control voltage to the pneumatic valve 
assembly. The valves regulate the flow of helium gas into 
slow tuner bellow and thus the frequency of the cavity is 
tuned. While tuning the cavity frequency, it takes some 
time for the pneumatic frequency tuner system to bring 
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the cavity frequency to that of the MO. There is hysteresis 
problem in the pneumatic valves as these operate on dc 
voltage. Also, the flow control in pressure and vacuum 
conditions are not similar, resulting in non-linearity 
problems in tuning the cavity frequency. So an 
improvement to make the system more linear, faster and 
reliable was felt necessary. Schematic diagram of the 
pneumatic frequency tuner system is shown in Fig. 3. 

 
Fig. 3: Schematic diagram of the pneumatic frequency  
tuner system. 

IMPROVED PNEUMATIC FREQUENCY 
TUNER SYSTEM 

In the new design, modifications in the mechanical 
assembly and control system have been done.  

Mechanical Assembly  
(a) Flow restrictors have been removed to improve system 
response time (b) Fixed leak rate of 60cc/min has been 
removed. (c) The valves V1 and V2 as shown in the figure. 
3 have been replaced by two identical proportional valves 
that can be operated in pulsed mode also. 

Control System  
(a)DC valve control scheme has been changed to Pulse 
Width Modulation (PWM) control scheme (b)The time 
constant and the gain of the control system has been 
changed accordingly.  
PWM Control Scheme  
Pulse-width modulation uses a rectangular pulse wave 
 whose pulse width is modulated resulting in the variation 
of the average value of the waveform. If we consider a 
pulse waveform f(t) with a low value ymin, a high value 
ymax and a duty cycle D, the average value of the 
waveform is given by: 

                                                      (1)                                   

As f(t) is a pulse wave, its value is ymax for 0 < t < D.T 
and ymin for D.T < t < T. The above expression then 
becomes then becomes: 

                      (2)         

    If we consider ymin = 0, the above expression becomes 

                                                               (3) 

    From this, it is obvious that the average value of the 
signal is directly dependent on the duty cycle D. 

In modified controller at IUAC, valves are controlled 
by a 10 V rectangular pulses of fixed frequency 20 Hz 
with variable duty cycle from 5% to 95%. This limit on 
duty cycle ensures a continuous leak path. Picture of the 
modified slow tuner is shown in Fig. 4.  

 

 
 

Fig. 4: Modified pneumatic frequency tuner. 

ANALYSIS   
The flow and response characteristics have been 

measured with the improved and faster pneumatic 
frequency tuner.  From the measurement, the required 
gain and time constant of the system has been calculated 
for the optimal settings of the control loop operation. 
Accordingly the electronics has been modified. A 
dedicated PWM for the new proportional valves has been 
developed and integrated in the system.  

 
Fig. 5: Transfer Characteristics of modified pneumatic  
frequency tuner system. 
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The transfer characteristics of the modified pneumatic 
frequency tuner system are shown in the Fig. 5.  Here, D 
is the duty cycle of the PWM of pneumatic controller, V 
is the error signal, FL is the helium flow rate, P is the 
pressure inside tuner bellow and Fr represents the 
frequency of the cavity. In this feedback loop, any change 
in the phase/frequency of the cavity, results in the change 
in feedback voltage. This prompts to change the duty 
cycle and thus the flow of the helium gas is regulated, 
thereby regulating the frequency of the cavity.  

TEST RESULTS  
The modified slow tuner has been tested for its stability. 

The PWM introduced in the control circuit is found to be 
linear and stable. The graph is shown in Fig. 6.  

 
Fig. 6:   Response of Pulse Width Modulator. 

 
Using the PWM technique, the system is almost free of 

hysteresis problem as shown in Fig. 7. Both the results 
shown in Fig. 6 and 7 ensure a linear control of the 
frequency/phase of a SC QWR governed by the improved 
tuning mechanism.  

 
Fig. 7:   Response of Valve in Pulse Mod. 

 
The change of frequency of QWR by pressurizing and 

evacuating the tuner bellow using existing pneumatic 
frequency tuner as well as the modified pneumatic 
frequency tuner is shown in Fig. 8. The graph clearly 
shows that the improved pneumatic frequency tuner is 

able to change the frequency of the QWR in 
comparatively less time.  

 
Fig. 8:  Change  of frequency  of QWR by pressurizing 
and evacuating the tuner bellow. 
 

In the test cryostat, SC QWR operating at 97.014 MHz 
was tested with this modified pneumatic frequency tuner 
system. The resonator was phase locked @ Ea = 
3.3MV/m. During the test, amplitude and phase errors 
were 10mV and 100 mV respectively. In the locked 
condition the reference frequency was intentionally 
changed by 100Hz. The time taken by the improved 
frequency tuner to capture the lock was measured to be 
50ms.The power requirement was low and the system 
seemed to be more stable.  

CONCLUSION 
The improved pneumatic frequency tuner has been 

tested successfully. This tuner has proved its linearity, 
faster response and reliability. Overall RF power required 
for control is found to be reduced using this improved 
design.  
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SRF CAVITY TUNING FOR LOW BEAM LOADING  
N.  Solyak#, E. Borissov, I.  Gonin, C. Grimm, T. Khabiboulline, R. Pilipenko ,Y. Pischalnikov,   

W. Schappert, V. Yakovlev , Fermilab, Batavia, IL 60510, USA

Abstract 
The design of 5-cell elliptical 650 MHz β=0.92 cavities 

to accelerate H- beam of 1 mA average current in the 
range 467-3000 MeV for the Project X Linac is currently 
under development at Fermilab [1]. The low beam current 
enables cavities to operate with high loaded Q’s and low 
bandwidth, making them very sensitive to microphonics. 
Mechanical vibrations and the Lorentz force can drive 
cavities off resonance during operation; therefore the 
proper design of the tuning system is very important part 
of cavity mechanical design. In this paper we review the 
design, performance, operation, reliability and cost of fast 
and slow tuners for 1.3 GHz elliptical cavities. We also 
present a design of the slow and fast tuners for 650 MHz 
β=0.9 cavities based on this experience. The helium 
vessel (HV) in the new design is equipped with the tuners 
located at the end of the cavity instead of the initially 
proposed blade tuner located in the middle. We will 
present the results of ANSYS analyses of mechanical 
properties of tuners. 

INTRODUCTION 
SC cavities are manufactured from thin sheets of 

niobium to allow for cooling and are designed to operate 
with very narrow bandwidths. These two factors combine 
to make the resonance frequency very sensitive to 
manufacturing tolerances, to mechanical distortions of 
cavity walls by the Lorentz force, to fluctuations in the 
pressure of the surrounding helium bath, and to 
mechanical vibrations.  Cavities are commonly equipped 
with one or more tuners to compensate for these effects. 
The tuner is also used to detune the cavities far off 
resonance in the event of failure. 

A variety of tuning methods have been employed, but 
most fall into one of two broad classes, mechanical or 
reactive. Many of the methods have been described in 
more detail in previous surveys of the field [2-4]. Most 
1.3GHz elliptical cavities employ mechanical tuners 
consisting of  
• A stepper motor 
• A reduction Gearbox 
• A rotational-to-Linear Conversion Mechanism 
• One or more piezo stack actuators 

Each tuner design must be tailored to the features of the 
specific cavity, e.g. spring constant, sensitivity, df/dP, 
etc., it will work with but  

S1G TUNER COMPARISON 
The S1G Global Cryomodule was constructed and 

tested at KEK using 4 distinctly different cavity/tuner 
combinations for 1.3 GHz cavity (shown in Figure 1): 

 KEK Cavity/KEK Slide Jack-Central Mount 

 KEK Cavity/KEK Slide Jack-End Mount 
 DESY Cavity/Saclay-DESY Tuner 
 FNAL cavity / INFN Blade-tuner 

Each of the four cavity/tuner combinations involved 
different design tradeoffs: 

 Saclay-DESY tuner/cavities were based on proven 
design in use at TTF since 1997 [2, 5]; 

 KEK cavity/tuners were very stiff in order to 
minimize dynamic detuning on flattop [4]; 

 INFN blade tuner/FNAL cavity was designed to be 
light and low-cost [5, 6]. 

Table 1 outlines some of the important design 
considerations. 

S1G TUNER COMPARISON 
The S1G Global Cryomodule was constructed and 

tested at KEK using 4 distinctly different cavity/tuner 
combinations for 1.3 GHz cavity (shown in Figure 1): 

 KEK Cavity/KEK Slide Jack-Central Mount 
 KEK Cavity/KEK Slide Jack-End Mount 
 DESY Cavity/Saclay-DESY Tuner 
 FNAL cavity / INFN Blade-tuner 

Each of the four cavity/tuner combinations involved 
different design tradeoffs: 

 Saclay-DESY tuner/cavities were based on proven 
design in use at TTF since 1997 [2, 5]; 

 KEK cavity/tuners were very stiff in order to 
minimize dynamic detuning on flattop [4]; 

 INFN blade tuner/FNAL cavity was designed to be 
light and low-cost [5, 6]. 

Table 1: Tuner Design Considerations  

 Static Dynamic 

Range Sufficient to compensate 
for variations in resonance 
frequency following cool-
down, ~0.5 MHz.  
Shift cavity off resonance 
by many (>20) bandwidths 
in the event of failure. 

Greater than 
maximum cavity 
dynamic 
detuning from 
all sources (e.g. 
1kHz)  

 

Precision Small fraction of fast 
actuator range (e.g. 
100Hz/1kHz) should be 
adequate for normal 
operation.  

Small fraction 
of a bandwidth 
(e.g. <10 /200 
Hz) 
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Small fraction of a BW 
(e.g. 10Hz/200 Hz) to 
provide for tuning in event 
of fast actuator failure 

Stiffness High Stiffness 
Bulk of actuator force 
should be transmitted to the 
cavity  

High Stiffness 
Bulk of actuator 

force should be 
transmitted to 
the cavity 

 
The S1G test provided a unique opportunity to make 

back-to-back performance comparisons between the 
different tuner designs.  
The Saclay tuner is based on a compound lever 
mechanism acting at one end of the cavity. The original 
Saclay design underwent further development at DESY 
and is currently use at TTF and XFEL. In contrast the 
KEK slide tuner is based on a ramp mechanism. The 
tuner may be mounted centrally or on one end. The INFN 
blade tuner utilizes a flexure mechanism and is mounted 
coaxially with the center of the cavity. 

 
Figure 1: Different Tuner designs: Saclay(left), Blade 
tuner (top) and KEK Jack-end mount (bottom). 

Tuner Operation 
During cool-down the static tuner is relaxed tuner to 

unload cavity. During operation the stepper motor is used 
to bring the cavity resonance frequency to within a 
specified tolerance of RF frequency, typically much less 
than a half-bandwidth. 

The piezo actuator may be used to fine tune the static 
resonance frequency and to compensate for dynamic 
effects. In the “Standard” approach first demonstrated at 
DESY [6], the piezo is driven with half sine pulse prior to 
the arrival of RF pulse. The pulse parameters are tuned to 
minimize detuning during flattop. Adaptive algorithms, 
developed at FNAL, have also been employed at FNAL, 
DESY and elsewhere [7, 8]. Both methods work well for 
RF pulses short with respect to the period of the dominant 
cavity mechanical modes but the “Standard” algorithm 
performance degrades for longer pulses. Adaptive 
algorithms are able to automatically compensate for He 
pressure variations and other sources of long term drift. 

Adaptive compensation is able to routinely reduce LFD 
from several hundreds of Hz to 10 Hz or better in 

FNAL/NML/CM1.  During the S1G tests the adaptive 
compensation was able to achieve comparable 
performance for all four different designs tested (Fig.2). 

 
Figure 2: Detuning Performance of the different types of 
tuners equipped on 1.3 GHz cavity. 

Feed-forward Resonance Stabilization in 
Pulsed Cavities 

Cavities are sensitive to changes in He pressure. Tesla 
style cavities typically have a sensitivity of df/dP  50 
Hz/Torr. This can lead to large shifts in resonance 
frequency. Adaptive algorithm can adjust piezo bias 
based on running average of detuning during previous 
pulses. The resonance can be stabilized to better than 1Hz 
on average.  

Residual pulse-to-pulse detuning (microphonics) was 
relatively small in FNAL/NML/CM1. It was generally 
lower in the middle (<2 Hz) and higher at the ends (9 Hz) 
where vacuum pumps were installed. Microphonics 
compensation requires feedback. Microphonics has been 
extensively studied in CW cavities, notably at HoBiCaT 
using 1.3 GHz CW cavities and 325 MHz spoke cavity. 
CW detuning is dominated by He pressure variations and 
can be controlled to 1 Hz RMS or better (see Figure 3)[9]. 
The same level may not be attainable in pulsed cavities. 
Accurate detuning measurements are possible only when 
RF pulse is present.  

 
Figure 3: Example of microphonics control by adaptive 
compensation in CW mode for SSR1 cavity (325 MHz). 
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Narrow Bandwidths and Long Pulses 
For some applications longer pulses and narrower 
bandwidths may be useful. During 2011 tests using 9ms 
pulses for the proposed Project X, adaptive LFD control 
was able to limit detuning for 25 MV/m to better than 50 
Hz across  the flattop and most of the fill as QL ranged 
between 3x106 and 1x107 [10]. Figure 4 shows results 
obtained for cavity #5 in cryomodule CM1 installed at 
NLM at Fermilab. This cavity was equipped with Saclay 
type tuner and tested in 9 ms pulses at accelerating 
gradient 25 MV/m and QL=1.107. 

 
Figure 4: Residual cavity detuning in 9ms pulses after 
Adaptive compensation (statistic for 1800 pulses). 

TUNER RELIABILITY 
Slow and fast tuners must operate reliably over the 
lifetime of the machine. Failure prone components should 
be located outside vacuum vessel if possible. In some 
cases this may not be possible because of 

 Excessive heat loads 
 Linkage spring constant and inertia may limit 
dynamic performance. 

Internal components (Stepper motor, Gearbox, 
Linkage, Piezo, etc.) must have a high MTBF. In some 
cases access ports may be provided for repair or 
replacement. 

Experience varies widely from laboratory to laboratory. 
There have been notable large scale “Piezo” failures at 
SNS, but only a handful of tuner failures at 
DESY/FLASH. Experience at FNAL shows there can be 
a long learning curve even with a “proven” design [7]. It 
may be necessary to treat tuner design more like “Rocket 
Science”. Many of the same components used by space 
flight community and many of the environmental and 
reliability requirements are similar. 

Piezo Actuator Reliability 
Piezo actuators can be extremely reliable if treated 
properly. High piezo cryogenic lifetime have been 
demonstrated in several tests 

 INFN – 1.5x109 cycles  10 yr operation [11] 
 NASA – 1010 cycles [12] 

At the same time, piezo actuators can fail quickly if 
they are not treated properly. Piezo lifetime is strongly 
affected by humidity, temperature, voltage and shear 
forces. Cryogenic vacuum should be close to ideal 
environment but shear forces can lead to rapid failure. 

Careful actuator encapsulation (piezo holder to avoid 
shearing forces and non-uniform pressure on the end-
plates of the piezo-stack) is critical to reliable operation. 

In many of the “Piezo” failures at SNS, 1 bar pressure 
transients damaged the piezo capsule. One of piezo at the 
tuner installed on the S1G cryomodule failed (Figure.5). 

 
Figure 5: top: Piezo holder at original design of slim 
blade tuner (S1G cryomodule). bottom: Piezo-stack 
damaged during operation of fast tuner (cracks on the 
end-plate and piezo-ceramics). 

Post-mortem examination reviled this piezo-stack 
developed crack on the endplate and active part of piezo.  
Modified for CM2 piezo holder presented on Figure 6. 
Any shearing forces absorbed by stainless steel cylinder. 
The similar techniques have been used for design of piezo 
tuner for SSR1 [13].  Special G10 cylinder protects piezo 
from HV breakdown between piezo electrodes and metal 
parts of the fixture as shown in Figure 6. 

 
Figure 6: Modified design of piezo holder for CM2.  

Slow Tuner Actuator Reliability 
Slow tuner actuator consist from stepper motor, gear box 
and shaft, translated rotation to linear displacement. To 
preserve long lifetime of the actuator it is important to 
select actuator which will accommodate to the stiffness of 
the cavity and tuner. Operation in cold vacuum requires 
specially coated bearing and other modifications, but 
vacuum and space qualified motors are commercially 
available. In the frame of the S1G&CM2 projects FNAL 
conducted “lifetime cold tests” of the blade tuners. From 
several failures it is important to emphasize failure events 
when the harmonic drive gear stripped and the wave 
generator got stuck in the spline gear after system reached 
31 Msteps (Figure 7) [14]. This seizure contributed to 
mismatch between the blade tuner required forces 
(~600 N) and selected actuator’s maximum specification 
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(~ 200 N). As reported by SNS, several failures of their 
actuator were also caused by stripped gear inside 
harmonics drive [15]. There is on-going project (joint 
Phytron/Fermilab) to develop slow tuner actuator which 
can satisfy requirements for several new tuners for SRF 
cavities for Project X (SSR1, 650 MHz) and CM3. Major 
technical specifications for actuators under development 
are: 

 Maximum forces (push/pull) applied to actuator are 
1300 N;  

 Lifetime of the actuator is 20 years of operation 
(30 Msteps);  

 
Figure 7: Harmonics drive gear failure. 

 

Limits to Tuner Reliability 
Cold vacuum is difficult environment for 
electromechanical systems. Every component is a 
potential point of failure, piezo, stepper, gearbox, linkage, 
etc. Reliable tuner design requires careful component 
selection and extensive warm and cold testing of 
individual components and of assembled tuners A Tuner 
reliability program should be initiated and completed well 
prior to commencement of procurement and production. 
Once production begins schedule will take priority over 
everything else. 

Tuner Cost 
An AES ILC Cost Study commissioned by Fermilab 
2007/2011 set the cost of tuning at 4% of overall 
cryomodule cost. 

CHOISE OF TUNER FOR 650 MHZ 
CAVITY  

In Project X currently under development at Fermilab 
H-beam with average current1mA will be accelerated 
from 0.47GeV to 3 GeV using 5-cell 650 MHz  βG =0.92 
SC cavity  working at CW mode. The design of a dressed 
cavity has been mechanically optimized by minimizing 
df/dP, the sensitivity to microphonics detuning due to 
fluctuations in helium pressure. The result of optimization 
has been presented at [16]. General view of the cavity in 
helium vessel is shown in Figure 8. 

  
Figure 8: Design of the 5-cell 650 MHz =0.92 cavity 
and helium vessel. On the right plot details of end for 
Lever tuner installation are shown.  

Based on Fermilab experience the first proposed design 
for 650 MHz cavity tuner was scaled version of 1.3 GHz 
blade-tuner, but preliminary studies shown disadvantages 
of such a design: 

 High stiffness of the cavity requires stiffer tuner and 
motor able to provide much larger forces than for 
ILC cavity. 

 Large diameter Ti bellow in the middle of helium 
vessel is expensive. 

 Blade tuner increase transverse size of the cavity 
assembly. It leads increase size of cryostat. 

 
Second design the Lever Tuner shown, mounted on 

short end of the cavity in Figure 9 has better 
characteristics than blade-tuner [17]. This compact 
fast/slow tuner will work for both versions of cavities 
( =0.9 and 0.92-baseline) has been developed for final 
tuning of the resonance frequency of the cavity after 
cooling down and to compensate frequency detuning due 
to the microphonics. This design with minor modification 
will be used for low beta 650 MHz cavity ( =0.6) 
designed for beam acceleration in range 170-470 MeV in 
Project X. 

The lever tuner was designed 
 to tune cavity in the range of 200 kHz 
 able to deliver up to 20 kN forces on the cavity 
 fast tuning range 1 kHz 

 
Figure 9:  Design of the Lever Tuner for 650 MHz beta 
0.92 and 0.90 cavities. 
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SUMMARY 
A variety of tuners for 1.3 GHz elliptical cavities have 

been built and tested. Four distinctly different candidate 
cavity/tuner designs were compared during ILC/S1G tests 
at KEK in 2010. Each demonstrated excellent 
performance following compensation. A variety of 
control algorithms have been implemented and tested. 
Feed-forward LFD compensation and resonance 
stabilization against He pressure variations are now well 
understood. At narrower bandwidths microphonics 
becomes more important and feedback will be needed. 
There is no fundamental reason why detuning from all 
sources cannot be controlled to 1 Hz or better. 

While the tuner represents only a few percent of overall 
cryomodule cost, tuner failure can render cavities or the 
entire cryomodule useless. Selection of tuner for collider 
cavities should focus on lifetime and reliability. The 
required reliability can be achieved but it needs careful 
engineering of each element in the electro-mechanical 
chain, and extensive cold testing of each component and 
of entire tuner assembly. A Tuner reliability evaluation 
and improvement program for any new accelerator should 
be initiated and completed well before commencement of 
procurement and production. 

For 650 MHz 5-cell cavity the compact fast/slow Lever 
Tuner was chosen as a baseline design. Electro-
mechanical analysis of the cavity, helium vessel and lever 
tuner design was done to minimize LFD coefficient, 
df/dP and sensitivity to microphonics.  
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Abstract 
Within the framework of the C-ADS project, Institute 

of Modern Physics(IMP) has proposed a 162.5MHz HWR 

Superconducting cavity for low energy section (β=0.09) 

of high power proton linear accelerators [1, 2]. A compact 

slow tuner has been developed for final tuning of the 

resonance frequency of the cavity after cooling down to 

operating temperature and to compensate microphonics 

and Lorentz force detuning. The slow tuner is driven by 

an external stepper motor and gear box for coarse cavity 

adjustment. To reduce the force requirements of the 

actuator, a lever arm and scissor jack mechanism have 

been applied. The tuner design and recent results of warm 

tests as the first prototype are presented. 

BASIC CONSIDERATIONS 

Frequency tuner is an essential and critical component 

of acceleration systems based on superconducting 

cavities. The rf tuning during operation bases on the 

principle of a slight elastic deformation at both ends of 

the tank. A slow tuner must cover a wide tuning range 

(several hundred kHz), while providing a resolution of the 

order of 1 Hz. Furthermore the frequency tuners should 

be free of hysteresis, and guarantee a long lifetime of 

more than 10 years [3]. Basically, there are two methods 

for mechanical tuner. The first one is to mechanically 

deform the cavity. The other technique is to insert a probe 

into the magnetic or electric field of SC cavity. The tuning 

method adopted by IMP is to change the length of the 

cells by mechanical adjustment of the overall length of 

the cavity, which introduces no new HOMs [4]. Figure 1 

shows the structure of the mechanical tuner for HWR. 

 

Figure 1: view of  =0.09 HWR with helium tank, 

mechanical tuner, main coupler to be mounted in test CM. 

The SC HWR cavity was constructed from pure niobium 

with a specified pre-processed cell wall thickness of 2.8 

mm. The flange which connect the cavity to the helium 

shell are constructed from 45 % Niobium and 55 % 

Titanium. A 3 mm thick helium shell with attached 0.2 

mm thick bellows which exists between the helium shell 

and NiTi flange allows axial movement to tune the HWR 

cavity. Both the helium and bellows are constructed from 

Grade 2 Titanium. 

TUNER DRIVE ASSEMBLY 

As displayed in Figure 2, the tuner mechanism is 

consisting of a scissor-jack like assembly coupled to two 

dual-member lever arms.  One dual-member lever arm is 

connected to each beam port flange. As shown, each lever 

arm member is pivoted at one end, connected to the beam 

port flange between its ends, and connected to the scissor-

jack assembly at its other end.  Anti-backlash flex pivots  

are used at the connection of the lever arm members to 

the beam port flange.  

  

Figure 2: Tuner Installed on Cavity with helium tank. 

The scissor linkage is actuated by the opposing motions 

of the two concentric tubes. When the inner tube is 

pushed upward and the outer one pulled downward, the 

scissor linkage pulls inward on the ends of the lever arms, 

thus applying a compressive force to each beam port 

flange.  Anti-backlash flex pivots  are used to connect the 

scissor-jack assembly’s links.  These allow the connected 

links to transmit both the input motion and the input force 

to the lever arm members. Due to their position control 

characteristics, it is desired to use a stepper motor to 

provide the input power required to accomplish slow and 

coarse tuning of the cavity.  A lead screw coupled to the 

output shaft of the stepper motor can be used to convert 

the motor’s rotary motion into the required linear motion. 

 ___________________________________________  
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TUNING SPECIFICATION 

The tuner is used to make the resonant frequency of the 

cavity equal to the RF drive frequency of 162.5 MHz.  The 

cavity must be able to operate under different conditions, 

which sets a lower bound on the necessary tuning range.  

The dominant driver of mechanical deformations is 

vibrations due to various external sources. Generally 

sources of frequency detuning for SC cavity include (i) 

tolerances in the cavity parts; (ii) variation in weld 

shrinkage; (iii) variation in the frequency shift due to 

attachment of the helium vessel; (iv) variation in the 

frequency shift produced by etching; and (v) variation in 

the frequency shift during the cooling down; (vi) variation 

in the frequency shift by beam loading; (vii) variation in 

the liquid helium bath pressure; (viii) Lorentz force 

detuning [5]. Based on the above considerations, the 

frequency offsets that the tuner must accommodate are 

given in Table 1. 

Table 1: Tuning Specifications 

Parameters value 

Frequency/MHz 162.5 

Tuning sensitivity/(KHz/mm) 180 

Tuning force/(KN/mm) 2.2 

Tuning range/KHz 360 

Tuning resolution/Hz 9 

Tuning resolution step/nm 50 

Fine Tuning Range/Hz 180 

Df/f (Tuning range/Freq.) 2.2 

Backlash Tolerance/Hz <2 

Typical frequency variations come from ground 

motion, vibrations, and bath pressure fluctuations. Bath 

pressure fluctuations will be regulated by the cryoplant. 

The rate of change of bath pressure will be slow enough 

such that the frequency correction could be made via a 

feedback loop. The corresponding frequency shift is 

dependent on the cavity’s frequency sensitivity to 

pressure fluctuations (df/dP), which is a design parameter.  

The predicted |df/dP| for the β = 0.09 162.5 MHz HWR 

cavity is less than 10Hz/mbar after cavity optimization. A 

preliminary design goal of 360 kHz full tuning range has 

been chosen for the tuner. This tuning range provides a 

comfortable safely margin for the operational offsets 

given in the table above, with additional margin for the 

frequency variation. A fine tuning range of 180 Hz is 

adequate; and this provides a same margin of cavity 

bandwidth. The tuning range and resolution can 

accommodate differences between the designed and the 

operated frequencies. 

TUNING TESTS 

A reference scheme for the tuner testing device is 

shown in figure 3. A prototype of this device is currently 

under realization at IMP laboratory, it will be rack 

mounted and fully computer controlled via Low Level RF 

system, which is the only interface to the operators. The 

operators will be able to start the check routine and 

display results through the control panel. A linear position 

stage, driven by a DC motor, moves the mechanical tuner. 

Two feedback loops are closed around the system: one 

inner loop around the DC servo system; one outer loop 

around the cavity itself. 

 

Figure 3：The experimental setup for tuning with Low 

Level RF system. 

According to the test studio, the tuning sensitivity for 

the SC HWR is obtained, which is presented in the Figure 

4. From the fitting curve, the tuning sensitivity is 

calculated by 170 KHz/mm, which is near the simulation 

result of 180 KHz/mm. 

 

Figure 4 ： The relationship between frequency and 

displacement during the tuning test. 

This graph actually represents the case of an ideal 

mechanism.  The ideal mechanism does not itself offer 

any additional resistance to be overcome. As illustrated in 

Table 2, ideally 2.2 kN input force on the concentric 

actuating tubes will accomplish the 3.39 mm of beam port 

flange displacement required for the full range of coarse 

tuning in the third measurement.  

 Δf/ ΔL=170KHz/mm  
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Table 2: Tuning Test Results 

 deta f(KHz) Disp.(mm) Total.detaf 

(KHz) pull push pull push 

design 252 360 1.4 2 612 

Test 1 49.45 70.26 0.456 0.455 120 

Test 2 173.73 229.36 0.905 1.415 400 

Test 3 253 395 1.09 2.3 630 

Before horizontal test, the HWR cavity welding with 

the helium vessel, mechanical tuner, main coupler and 

solenoids will be mounted and assembled together for 

cryomodule installation. Figure 5 represents all the 

devices, including the beam diagnostic component, have 

been installed together outside the cryomodule. The tuner 

test setup consists of the mechanical tuner, low level RF 

system, network analyzer, power convertor and some 

Measuring tools. 

 

Figure 5: Tuner test area and SC HWR cavity with helium 

vessel controlled  by low level RF system. 

A set of hysteresis test was performed: using a 1 MHz 

range. The test consists of three complete cycles of the 

tuner position over the applicable range. The results of the 

1 MHz test are shown in Figure 6. The deviation of this 

different value in the same place for the tuning is due to 

hysteresis. The reason for this hysteresis results from the 

lead screw. Additionally, to measure the hysteresis and 

resolution of the mechanical tuner, the test tuning range 

should be decreased to several KHz level. 

 

Figure 6: Hysteresis for the slow tuner. 

Combined stepper motor and piezo tuning is the 

method of choice, even though most piezo tuners have 

been developed for pulsed operation. To improve the 

mechanical tuner for a CW mode machine, improving the 

stability of micrphonics compensation algorithms is an 

effective method directly. In the following development 

for the tuner in IMP VTA, a piezo tuner will be taken into 

account to improve the capability for tuning system to 

compensate the mircrophonics detuning and Lorentz force 

detuning effect. Now the lab in IMP has introduced two 

kinds of piezo driven tuner from PI company, one will be 

designed to operate at room temperature and the other 

will be operating at low temperature 4.2 K.  

CONCLUSION 

A preliminary design has been completed for a 162.5 

MHz β = 0.09 HWR tuner in IMP.  A prototype of the 

cavity tuner and drive mechanism will be constructed and 

evaluated on the one HWR cavity two solenoids in IMP 

test cryomodule. The fast tuner driven by a piezo actuator 

will be applied recently in the tuning system. 
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Abstract 
A deflecting cavity cryomodule concept was developed 

for the APS Upgrade. The beamline experiments that will 
use the deflected beam will occupy a limited number of 
sectors after the APS Upgrade. The majority of APS users 
will not use the deflected beam for their experiments. As 
user operation requires the best beam availability, it is 
important that any cryomodule-related trip that requires 
the extinguishment of rf power should not affect overall 
beam availability. As such, it is necessary to decouple the 
superconducting rf cavities from beam when such an rf 
fault happens.  

An example of such a fault is rf window arcing, which 
has to be stopped as soon as possible before serious 
damage occurs to the window ceramic. As the rf amplifier 
shuts down the rf output, beam-driven cavity power has to 
be reduced, too. If the cavity can be detuned fast enough 
and far enough away from its resonance, the beam does 
not have to be aborted.  

The mechanical tuner is equipped with a fast response 
piezo actuator in the cavity tuner stack. This piezo may be 
able to give a quick jolt to the cavity to provide detuning 
capability for the purpose of maintaining the beam in the 
event of an rf fault.   

In this paper, we describe the experimental setup and 
results obtained, and discuss its effectiveness for beam 
operation. 

INTRODUCTION 
An earlier planned APS Upgrade [1] called for one 

superconducting deflecting cavity cryomodule to deflect 
the storage beam and a second cryomodule to restore the 
storage beam [2]. While a small number of the beamline 
experiments would use this deflected beam, a majority of 
APS users would not. The users have been enjoying the 
high beam availability of the APS. The inclusion of the 
superconducting cavities should not reduce the overall 
reliability of the storage ring. Although superconducting 
cavities in many accelerators have demonstrated high 
reliability, it is highly beneficial to design a 
superconducting cryomodule with the capability to 
decouple any superconducting-cavity-related rf faults and 
the beam passing through the superconducting cavities. 
Such a capability will allow a negligible beam loss for the 
users’ experiments while the superconducting cavity rf 
system recovers from the fault. 

An example of such an rf fault is when rf window 
arcing has to be stopped as fast as possible before serious 

damage occurs to the ceramic. As the rf amplifier shuts 
down the rf output, beam-driven cavity power has to be 
reduced, too. If the cavity can be detuned fast enough and 
far enough away from its resonance, the beam does not 
have to be aborted.  

As the deflecting cavity operates at 2815 MHz, which 
has an external power coupling of 1×106, a five half width 
at half maximum (HWHM) resonance detuning will 
sufficiently drop the beam-induced voltage inside the 
deflecting cavity. 

The cryomodule has a mechanical tuner to adjust the 
cavity frequency at an operational speed of 1 kHz per 
second. The slow adjustment is dictated by the tuner 
mechanical motor’s optimal response time. Although the 
motor is capable of a higher speed, it is set to lower speed 
to minimize the motor-related vibration; its lower speed is 
also needed to preserve the motor lifetime.  

To achieve a much faster cavity tuning, a fast-response 
piezo actuator is added in the cavity tuner stack [3]. Such 
a piezo may be able to give a quick jolt to the cavity to 
provide detuning capability for the purpose of 
maintaining the beam in the event of rf faults. A magneto-
strictive tuner [4] would not be possible for the scissor 
jack tuner due to very limited space in the deflecting 
cavity cryomodule. 

EXPERIMENTAL SETUP 
Figure 1 shows a tuner assembly that has a fast-

response piezo actuator stacked next to the slow stepping 
motor. Both are located outside of the cryostat. Any 
motion of the piezo has to travel through the tuner stack, 
scissor jack, and fulcrum bar before reaching a cavity 
through the helium vessel.  

A high-resolution piezo actuator was used for the tuner 
stack, which operates with the cavity in tension. It 
provides 3500 N (787 lbs) at full voltage of 130 V with 
maximum displacement of 60 μm in the tuner driver axis.  

A fast-switching DC power supply was built into a 
piezo driver chassis to provide a fast voltage step for the 
piezo [5].  A fast oscilloscope was connected to a cavity 
field probe, and a function generator provided trigger 
signals to both the oscilloscope and the piezo driver. A 
fast detuning experiment was conducted with a fully 
dressed cavity at 2 K [6]. 

MEASUREMENT RESULTS 
The piezo tuning frequency was measured up to 20 V. 

Figure 2 shows a cavity frequency response to various 
piezo driving voltage. If a linear response is assumed, the 
maximum piezo voltage of 130 V can tune cavity 
frequency by 16.4 kHz. To avoid high stress and extend 
the lifetime of the piezo actuator, 100 V will be the upper 

 ___________________________________________  
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limit for the piezo driver. The piezo tuning range is set at 
12.6 kHz. 

 
Figure 1: Scissor-jack style tuner assembly has slow 
stepping motor and fast response piezo (green cylinder in 
the right figure) stacked together. 
 

 
Figure 2: Piezo tuning is seen at 126 Hz per driving volt. 

For the fast detuning test, piezo driver voltage was 
limited to below 75 V. Cavity field was maintained at 
~35 mT. Cavity low-level rf was set to one of the three 
modes: (1) Open loop with the rf tripped off at the same 
time as the piezo driver was triggered, (2) open loop with 
the rf staying on after the piezo driver was triggered, and 
(3) self-excited loop with the rf staying on after the piezo 
driver was triggered. The cavity field signal was then 
captured together with the trigger signal as the piezo drive 
voltage was set at 25 V, 50 V, and 75 V. Digital LLRF 
also captured the cavity field signal.  

Figure 3 shows a cavity field probe signal when LLRF 
was configured with open loop while rf stayed on when 
the piezo driver voltage was set at 75 V. 

The cavity field probe voltage was reduced to ~5% of 
the voltage before the piezo was activated. The total field 
decay time from full voltage to 5% of the voltage was 1.5 
milliseconds. Cavity voltage remained low for another 1.0 
millisecond before it oscillated back to a slight off-
resonating high field again as the cavity vibrated due to 
the piezo “knock.” As the cavity power stabilized after 50 
ms, the field probe voltage was reduced to 13% of the 
voltage before the piezo was activated.  

 
Figure 3: Voltage magnitude of the field probe signal 
from an oscilloscope when the cavity rf stayed on without 
phase control while the piezo driver voltage was at 75 V 
corresponding to a Δf  ~ 7.5 kHz. Zoomed window shows 
the voltage drop in 1.5 ms.  

DISCUSSION 
As mentioned earlier, the storage ring beam has the 

potential to couple significant rf power into the rf cavities 
and associated devices, such as windows, the amplifier 
output isolators, and loads. It can also instigate rf arcing 
in these components. A machine equipment interlock 
system must detect any over-dissipation, over-
temperature, or arcing conditions in the deflecting cavity 
rf systems caused by beam-generated rf power and take 
action to prevent hardware damage. Fast detuning of the 
superconducting rf cavities to decouple them from the 
stored beam in response to these conditions will be useful 
in order to avoid interruptions in beam for the end users.  

The big mass of the cold tuner is very inert, and its long 
distance from the piezo actuator to the cavity will result in 
a physical limit to the mechanical response time. A simple 
estimate showed the mechanical limit for the cavity to 
move 7.5 kHz is around 50 μs, which is faster than the 
cavity’s power decay time. 

Based on a cavity fill time of 500 μs, a response time in 
the millisecond range is targeted as the nominal 
specification for effective fast cavity detuning in an 
equipment interlock application. In comparison, it takes 
approximately 200 μs for the storage ring beam to 
dissipate when the Machine Protection System is utilized 
to dump the beam. 
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The cavity frequency change of 7.5 kHz in 1.5 
milliseconds would be sufficient and may be fast enough 
for the needs of a fast detuning application. The cavity 
tuner system showed a mechanical vibration after the 
piezo was activated. The main vibration was seen at 160 
Hz as shown in Figure 4, which provided the needed 1-ms 
power void for fast detuning purposes.  

 
Figure 4: Fourier transformation of the cavity voltage 
signal amplitude. 

The cavity and tuner system vibration caused the power 
coupling to the cavity to revert back to high field in an 
extended 20-ms period. During that period the residual 
field in the cavity after piezo activation would continue its 
action on the beam. A careful adjustment of the piezo 
voltage could be employed to proactively reduce the 
cavity resonance similar to a Lorentz force detuning in 
pulsed accelerator applications.  

During the measurement, the rf power source was used 
to power the cavity as the cavity was detuned. A passing 
electron bunch will have a wakefield that is different from 
the monochrome input power. Further tests should be 
conducted to obtain repeatability of the detuning 
effectiveness. 

CONCLUSION 
A fast detuning system for a superconducting rf cavity 

has been designed, prototyped, and tested with a dressed 
niobium cavity at 2 K.  

The test demonstrated that fast detuning is feasible for 
millisecond response time. A beam test with actual 
storage beam could further confirm the detuner’s 
effectiveness.  
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1CERN, Geneva, Switzerland
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Abstract
A new linac using superconducting quarter-wave res-

onators (QWR) is under construction at CERN in the
framework of the HIE-ISOLDE project. The QWRs are
made of niobium sputtered on a bulk copper substrate. The
working frequency at 4.5 K is 101.28 MHz and they will
provide 6 MV/m accelerating gradient on the beam axis
with a total maximum power dissipation of 10 W on cavity
walls. A tuning system is required in order to both mini-
mize the forward power variation in beam operation and to
compensate the unavoidable uncertainties in the frequency
shift during the cool-down process. The tuning system has
to fulfill a complex combination of RF, structural and ther-
mal requirements. The paper presents the functional speci-
fications and details the tuning system RF and mechanical
design and simulations. The results of the tests performed
on a prototype system are discussed and the industrializa-
tion strategy is presented in view of final production.

INTRODUCTION
The HIE-ISOLDE [1] project is a major upgrade of the

existing ISOLDE radioactive beam facility at CERN. The
main focus is to boost the beam energy from 3 MeV/u to
10 MeV/u by replacing the current normal conducting linac
with superconducting quarter wave resonators (QWRs).
They will make use of niobium sputtered on copper sub-
strate technology [2]. The QWR will have a working fre-
quency of 101.28 MHz at 4.5 K providing an accelerating
gradient of 6 MV/m on beam axis with a maximum of 10 W
power dissipation. Two types of QWRs, low-β and high-β,
will be installed to cover the entire energy range. Since the
linac upgrade will start from the high energy section, the
R&D effort has been focused on the high-β QWRs [3–5].

The resonant frequency of each QWR varies inevitably
due to mechanical tolerances and uncertainties during the
cool-down process. We decoupled these two effects [6–8],
thus the tuning system only needs to compensate the vari-
ability of the frequency shift during the cool-down process.
Due to insufficient statistics on the frequency shift at the
beginning, a rather large coarse range for the tuning sys-
tem was chosen. Measurements from the last two years
have pinned down the uncertainty of the frequency shift.
Therefore it has been possible to go for a simplified tuning
system which will also lower the production cost. In addi-
tion, the system must also provide a fine frequency tuning

∗pei.zhang@cern.ch

in order to keep the cavity on resonance hence minimizing
the forward power variation during beam operations.

This paper first shows the study on the frequency shift
during the cool-down process based on previous measure-
ments. Then it reviews the current tuning plate with two
different assemblies. Aiming at a lower sensitivity, the
study of a simplified tuning plate is described as well as its
impact on the main cavity RF parameters. Finally the me-
chanical implementation and measurement results of two
different simplified plates are presented.

FREQUENCY SHIFT DURING THE
COOL-DOWN PROCESS

The resonant frequency of the cavity shifts during cool-
down process [9], and this shift varies amongst cavities and
coatings. Fig. 1 shows the results from our previous mea-
surements on various QWRs using three different couplers.
It suggests a peak-to-peak frequency shift uncertainty of
18 kHz. This has to be covered by the coarse range of the
tuning system. To stay in a safer limit, we doubled this
value to 36 kHz for the coarse range, which is comparable
to TRIUMF (33 kHz) [10] and Legnaro (25 kHz) [11].

Figure 1: Frequency shift during the cool-down process.

THE ORIGINAL TUNING PLATE
The original tuning system is conceptually similar to

TRIUMF’s and has been described in [6]. An oilcan-
shaped diaphragm of copper-beryllium (CuBe) was hy-
droformed and then coated with niobium. Fig. 2(b)
shows schematically the tuning plate in mid-range position
“pos0”. This plate was designed to be assembled upwards
on the bottom of the baseline QWR (Fig. 2(a)) as shown in
Fig. 2(c). The tuning range is 20 mm consisting 5 mm up-
ward and 15 mm downward movement from “pos0”. The
coarse range is calculated to be 220 kHz giving an average
tuning sensitivity of 11 kHz/mm. During beam operations,
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microphonics, helium pressure variation and Lorentz force
will constantly change the cavity resonant frequency which
need to be tuned in a “fine” manner. The LLRF requires
0.5 Hz per tuning step [12], which can be translated into
a mechanical step of 45 nm. This makes the mechanical
control very challenging.

Figure 2: Baseline QWR with tuning plate assembled up-
wards.

A possible solution is to flip the existing tuning plate to
assemble it downwards as shown in Fig. 3. By doing that,
the effective tip gap is enlarged from 55 mm to 83.1 mm for
“pos0”. The inner conductor of the cavity has been elon-
gated by 1.9 mm from the baseline (Fig. 2(a)) in order to
tune back the nominal frequency. The simulation results
for three tuning positions are listed in Table 1. Simula-
tions suggest a reduced sensitivity of 6.85 kHz/mm and a
smaller coarse range of 137 kHz accordingly. In this case,
a mechanical step of 73 nm would be sufficient to fulfil
the 0.5 Hz/step LLRF requirement, making the mechani-
cal control less challenging. However this tuning plate is
highly costly and the 137 kHz coarse range is not really
necessary. A simplified, low-cost tuning plate is therefore
preferable.

Figure 3: Baseline QWR with tuning plate assembled
downwards. The inner conductor has been elongated by
1.9 mm to tune back the nominal frequency.

THE NEW SIMPLIFIED TUNING PLATE
Starting from a simple flat plate, the tuning is made by

deforming the plate from the center. Fig. 4 shows the sim-

Table 1: Tuning Sensitivity and Coarse Range of the Orig-
inal Plate Assembled on the Baseline QWR both Upwards
and Downwards. The results are from simulations at room
temperature in air.

freq. (upwards) freq. (downwards)
pos0d 100.933 MHz 100.937 MHz
pos0 100.804 MHz 100.911 MHz
pos0u 100.713 MHz 100.800 MHz

Coarse range 220 kHz 137 kHz
Sensitivity 11 kHz/mm 6.85 kHz/mm

plified plate along with the cavity at different tuning posi-
tions. The tuning is realized by pushing/pulling the plate
by a maximum of 2.5 mm. Fig. 5 shows the frequency tun-
ing varies with the radius of the deformable area. It can be
clearly seen that R=95 mm at tg=80 mm (the green hex-
agram in Fig. 5) would give a reasonable choice with a
coarse range of 34 kHz and a sensitivity of 6.8 kHz/mm.

Figure 4: Simplified tuning plate; tg stands for tip gap and
R is the radius of the deformation region.

Figure 5: Coarse range and tuning sensitivity of the simpli-
fied plates with different deformation radius.

Compared to the baseline design in Fig. 2, the tip gap
has been increased by 10 mm. This will inevitably increase
the cavity frequency by several hundred kHz, thus the cav-
ity needs to be retuned. We assume [9] a frequency shift of
+365 kHz to characterize the changes from room tempera-
ture in air to 4.5 K in vacuum. Thus

feigenmode
simulation = 101.28 − 0.365 = 100.915 MHz. (1)

As the cavity frequency is very sensitive to the change of
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the inner conductor length, we decided to modify this pa-
rameter to tune back the frequency in order to minimize
the changes on the overall cavity design. Fig. 6 shows how
the frequency varies with the inner conductor length. After
a linear fit of the simulation results, the fitted line inter-
sects with the target frequency line giving the required in-
ner conductor length. It suggests an elongation of the inner
conductor by 2.5 mm.

Figure 6: The tuning of the cavity frequency by changing
the inner conductor length.

The simplified tuning plate will have a deformable area
with a radius of 100 mm, a mid-range position at 2.5 mm
deformed downwards with a total movable range of 5 mm
(±2.5 mm around the mid-range position). Finally a fine
cavity tuning gave a tip gap of 78.1 mm. Fig. 7 shows the
final cavity geometry.

Figure 7: Current cavity with the simplified tuning plate at
mid-range position.

Since our goal is to minimize the changes to the over-
all cavity design, we examined the main RF parameters of
each design. These results are listed in Table 2. Due to an
increased tip gap in the new design, the Ep/Eacc decreases
by 10% from the baseline, which may reduce the occur-
rence of field emission. The magnetic field on the plate is
also lowered, which cuts down the power dissipation on the
plate by 49% from the baseline. In particular, the magnetic
field at the contact between the plate and the cavity outer
wall is lowered by 10%. This would reduce the loss due to
contact resistance. The changes to other RF parameters are
negligible.

Table 2: The Main Cavity RF Parameters with Different
Tuning Plate from Simulations at Room Temperature in
Air.

Up. Down. New
feigenmode
simulation [MHz] 100.804 100.911 100.914
βoptimum [%] 10.86 10.87 10.88
TTF at βoptimum 0.90 0.90 0.90
R/Q [Ω] (incl. TTF) 554 556 556
Ep/Eacc 5.5 5.0 5.0
Hp/Eacc [G/(MV/m)] 95.4 95.3 95.3
U/E2

acc [mJ/(MV/m)2] 208 207 207
G=RsQ [Ω] 30.7 30.8 30.8
Pdiss [W] in the cavity 7.7 7.7 7.7
Pdiss [W] on the plate 0.0035 0.0021 0.0018
Conductor L [mm] 617 618.9 619.5
Tip gap [mm] 70 68.1 78.1
Coarse range [kHz] 220 137 37
Sensitivity [kHz/mm] 11.0 6.9 7.4

Allowing for mechanical tolerances of 0.1 mm, a de-
tuning of 28 kHz from the nominal cavity frequency can
be expected in the worst case. For this reason, the tip
gap value has been chosen to be a free parameter in order
to compensate the mechanical-tolerance induced frequency
detuning [7]. Simulations suggest that a change of approx-
imately ±1.5 mm to the tip gap is necessary to recover the
∓28 kHz frequency detuning. The impact of this possible
tip gap variations on the coarse range and tuning sensitivity
has been studied by simulations and listed in Table 3. The
1.5 mm variation of the tip gap will shift the coarse range
by 2 kHz and the sensitivity by 0.2 kHz/mm. These are
small and tolerable.

Table 3: The Coarse Range and Tuning Sensitivity at Dif-
ferent Tip Gap with R=100 mm Simplified Plate.

Tip gap (mm)
78.1-1.5 78.1 78.1+1.5

Coarse range (kHz) 38 37 35
Sensitivity (kHz/mm) 7.6 7.4 7.0

THE MECHANICAL DESIGN OF THE
SIMPLIFIED TUNING SYSTEM

The mechanical deformation of the tuning plate is cre-
ated by a stepper motor in microstep mode. It has 8000
steps per turn which is transformed to a linear motion by
a screw at room temperature with 1 mm advance per turn.
The theoretical smallest motor step of 0.125 µm was con-
firmed by measurements. The precision is however reduced
to the micron range by friction, depending on the motion
range and load. The hysteresis is 1–2 µm when changing
moving directions.
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The linear motion is transmitted by a pulling rod with
two hinges to a mechanical lever changing the motion di-
rection at the bottom of the cavity. The lever further divides
the mechanical motion by a factor of 3 in order to reach a
theoretical resolution of 40 nm.

As mentioned above, the total deformation range of the
tuning plate is 5 mm, pulling down from the flat position.
Given the space available for the mechanical lever, this
range results in a lever angle up to 10◦. This linear and
angular range along with the force required to deform the
tuning plate complicates the use of a precise flexural and
hence frictionless guidance. For the first test an adjusted
frictional guidance was used with material combination of
copper on stainless steel in order to reduce the risk of stick
slip and cold welds at 4.5 K in vacuum. A knife edge pivot
can also be considered to further reduce the friction.

The change from an oilcan-shaped diaphragm to a flat
tuning plate introduced difficulties for mechanical and ther-
mal design. A flat plate design implies a non-linear stiff
behavior. In addition, stresses and the force required for a
5 mm moving range increase significantly. The first proto-
type was produced in 0.3 mm thick CuBe C17140, which
has high elastic limit and acceptable thermal conductivity
at 4.5 K. This thin plate was clamped against the cavity
between 300 mm and 320 mm in diameter. The radius of
the deformable area was limited to 100 mm by a limiting
Cu OFE ring under the plate. This ring might also help
to conduct the dissipated RF power on the plate. The sec-
ond prototype was produced in Cu OFE. Starting from a
5 mm thick Cu OFE disk, the deformable area with a ra-
dius of 100 mm was machined to 0.3 mm. This plate will
be plastified locally before reaching the maximum 5 mm
deformation. This requires higher forces but have a signifi-
cantly better thermal behavior compared to the CuBe plate.
It therefore has sufficient thermal margin to keep the coated
niobium layer to remain superconducting during beam op-
erations.

Both plates have been coated with niobium in order to
minimize losses. Surface treatment prior to coating was
performed in the same way as for the cavities [3], which re-
moved approximately 20 µm. However the assessment of
our surface treatment as optimal method for CuBe surface
preparation has still to be performed. The final preparation
step is a low pressure, dust-free, demineralized water rins-
ing. The plates are then packed in dust-free polymer bags
for transfer to the coating laboratory. Niobium coating was
performed by sputtering in a dual planar magnetron sys-
tem, different from the one used for cavities [3,4]. Niobium
layers of approximately 1.5 µm thick were coated on both
plates with the RRR exceeding 15. Final production step
was again the dust-free water rinsing prior to assembling
on the cavity. The quality factors Q0 in excess of 2×109

(Rs<15 nΩ) at low field have been measured for the same
reference baseline cavity using both tuning plates, indicat-
ing that the coating of the plate is not an intrinsic limiting
factor of the performance. Adhesion of the coating is gen-
erally satisfactory, except sometimes peel-off at the edges

of the plate was observed. This is irrelevant from the RF
point of view, and could be traced to contaminations by the
polymer bags which must be used for packaging to prevent
surface contamination from dust.

MEASUREMENT RESULTS OF THE
SIMPLIFIED TUNING SYSTEM

The tuning plate was installed on a coated baseline cav-
ity with 80 mm tip gap and mechanically controlled by
the above stated stepper motor. Fig. 8 shows the measure-
ment setup. Measurements of coarse range and sensitivity
were subsequently conducted at 4.5 K for both CuBe and
Cu OFE plate.

Figure 8: Measurement setup for the tuning system test
(photo taken outside the cryostat).

Fig. 9(a) shows an example of the measurement results
for the CuBe plate. A total frequency tuning of 130 Hz was
tested in 390 motor steps with 3 steps per movement. The
frequency tuning followed the motor step changes linearly
with a resolution of 0.32 Hz/step. Stick slip were observed
several times during the tuning. This results in deviations
in the order of 5 Hz between the measured frequency and
the linear fit as shown in Fig. 9(b). Such frequency errors
correspond mechanically to the micron level as can be ex-
pected in the best case for a frictional system. The coarse
range for the CuBe plate was measured to be 27 kHz at
4.5 K.

One example of the measurement results for the Cu OFE
plate are shown in Fig. 10(a). The motor was moved in
both directions in 40 steps each time to test both positive
and negative tuning. A similar stick slip behavior was ob-
served and a resolution of 0.27 Hz/step was measured. As
shown in Fig. 10(b), frequency errors are in the same or-
der with the CuBe plate. The coarse range of the Cu OFE
plate was measured to be 24 kHz, smaller than that of the
CuBe plate. For both plates, backlash was observed when
changing moving directions as shown in Fig. 5(b) for the
Cu OFE plate.

Coarse range was measured to be smaller than that of
the design value for both prototypes. This was because
we set some restrictions on the lever arm to limit the de-
formation. Later measurements at warm have confirmed
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(a) Frequency tuning (CuBe)

(b) Frequency error (CuBe)

Figure 9: Measurement results of the CuBe plate.

(a) Frequency tuning (Cu OFE)

(b) Frequency error (Cu OFE)

Figure 10: Measurement results of the Cu OFE plate.

the desired coarse range of 37 kHz for the Cu OFE plate.
This is perfect consistency between simulations and mea-
surements. Compared to CuBe plate, the Cu OFE plate
exhibited a more stable behavior during the test.

FINAL REMARKS
The frequency shift during the cool-down process of

the HIE-ISOLDE high-β quarter-wave resonators has been
characterized based-on measurements from the last two
years. A much smaller coarse range of 36 kHz along with
less sensitivity was then proposed. Therefore a simplifica-
tion of the original tuning system was favored in order to
reduce the production cost. Two prototypes of the simpli-
fied tuning plates have been designed, manufactured and
coated with niobium at CERN. They were subsequently
installed on the cavity and tested at 4.5 K. Both plates

were able to tune the cavity frequency linearly with the
stepper motor control. The field and power requirements
for HIE-ISOLDE were reached for both plates. The res-
olutions of both plates were measured to be much better
than 0.5 Hz/step required by LLRF. However the measured
coarse ranges at cold were lower than the design value for
both plates which was due to restrictions set on the lever
arm. The measurement results fit simulations perfectly for
both coarse range and sensitivity. Given the large margin
left for the resolution, we plan to enlarge the deformable
area of the plate to increase the coarse range and lower the
forces applied on the plate.
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Abstract
The Free-Electron Laser in Hamburg (FLASH) is now

equipped with a microTCA-based (MTCA.4) low-level ra-
dio frequency (LLRF) system, to replace the previous VME
system and to serve as a test bench for the European X-
ray Free Electron Laser (XFEL) LLRF system. This paper
presents details on the new FLASH LLRF system setup, in-
cluding installations inside the radiation prone tunnel envi-
ronment. The benefits and preliminary results of the newly
installed system are also given.

INTRODUCTION
FLASH is a soft X-ray free-electron laser (FEL) avail-

able to the photon science user community since 2005, pro-
ducing X-ray pulses as short as 50 fsec. Its superconduct-
ing accelerator section provides a range of electron ener-
gies between 0.37 and 1.25 GeV , covering wavelengths
from 45 down to 4 nm [1]. The accelerator comprises a nor-
mal conduction RF gun, a first 8-cavity cryomodule ACC1,
a third harmonic module ACC39, a bunch compressor BC,
a second accelerating RF station (ACC23), a second BC,
and another two RF stations, namely, ACC45 and ACC67,
as depicted in Fig. 2. The goal of the LLRF system is to
control the accelerating gradient in amplitude and phase for
each RF station, based on the vector sum control of cavity
gradients [2].

Since 2005, RF stations are equipped with a VME stan-
dard digital feedback LLRF system. There were several
motivations to replace the aging LLRF electronics with
the MTCA.4-based LLRF system: the new system pro-
vides faster controls, higher resolution and bandwidth, and
integration with other machine subsystems such as tim-
ing and synchronization, machine protection system (MPS)
and beam diagnostics. Furthermore, the new MTCA.4
LLRF system is a prototype for the XFEL; its installation
at FLASH provides extremely valuable experience with re-
gards to its implementation in a large scale superconduct-
ing accelerator. In particular, the choice of placing the
LLRF control electronics under the cryomodules for se-
lected RF stations (RF gun, ACC1, ACC39 and ACC23)
is essential to understand the environmental conditions for
the LLRF system, which will also be installed inside the
XFEL tunnel. The photos of Fig. 1 show the 16U racks lo-
cated underneath the cryomodules ACC1 (top) and ACC3
(bottom) at FLASH. A special boron radiation shielding

∗ julien.branlard@desy.de

was design to protect the racks and the electronics. Most of
the radiation is expected to come along the beam line, jus-
tifying the protection above and on the sides of the racks.
Unlike for ACC1, the racks under ACC3 were purposely
not equipped with radiation proof front doors, to evaluate
their necessity and efficiency.

Figure 1: Injector racks at ACC1 (up) and ACC23 (down).

THE MTCA.4 LLRF SYSTEM
The LLRF system is organized around the MicroTCA.4

(MTCA.4) crate. Fig. 3 shows the block diagram of
the main LLRF components for an RF station. The
MTCA.4 crate is equipped for 2 cryomodules (for exam-
ple, ACC2 and ACC3). It comprises six pairs of down-
converters (uDWC) digitizers (uADC), and one pair of con-
troller (uTC) vector modulator (uVM). Also shown are the
MTCA.4 crate backbone modules: the CPU running the
front-end LLRF controller server, the management con-
troller hub (MCH) and two power entry modules (uPM).
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Figure 2: FLASH accelerator overview. The first RF station consists of one cromodule, ACC1, the other three RF stations
are all organized as one klystron for two cryomodules: ACC23, ACC45 and ACC67.

Each MTCA.4 LLRF crate also hosts one timing module
(x2 timer) and one machine protection system (MPS), com-
municating with the other modules over the AMC back-
plane. For each cryomodule, one uDWC-uADC pair is
dedicated to cavity probes (PRB), one to forward (PFWD)
and one to reflected (PREF) power signals. Also shown
in Fig. 3 are the external supporting modules. These are
responsible for piezo measurements and control (PZ16M),
reference synchronization (REFM), drift calibration of RF
signals (DCM), generation and distribution of clocks and
local oscillator signals (LOGM), and power supply distri-
bution (PSM). Details about the functionality of these dif-
ferent modules are found in [3] and [4], details on the appli-
cation firmware for the main MTCA.4 boards are presented
in [5].

Figure 3: MTCA.4 LLRF main components overview.

The light-color and dashed-lines indicate that the cor-
responding modules were not installed during the recent
FLASH shutdown but will be installed during the next
maintenance time, toward the end of 2013. This applies for
the REFM and the DCM, but also for the direct sampling
digitizers (uDS800) and their paired modules dedicated to
higher order modes (HOMs) diagnostics and to the klystron
lifetime monitoring (KLM) system. The new machine pro-
tection system (MPS), prototype for the XFEL will also be
installed at a later stage.

Except for piezo, all cavity signals (PRB, PFWD, PREF)
are going to a patch panel with 2-way RF splitters: one
branch is connected to the old VME system while the other
to the MTCA.4 system. Although this approach introduces

a point of failure, potential phase drifts and cross talks, the
net benefits are two fold: first it leaves the VME system
as a temporary backup solution, and second, it provides
an independent monitoring system to perform out-of-loop
control performance measurements.

The MTCA.4 crate configuration for the RF stations
ACC23, ACC45 and ACC67 follows the layout of Fig. 3, as
shown in the picture of Fig. 4. The first accelerating mod-
ule (ACC1) and the third harmonic cryomodule (ACC39)
constitute a special case as each RF module has its own
klystron. However, the crate occupation for this special
case is handled in a similar fashion, with the difference that
two slots are allocated for a uTC-uVM pair, each driving a
separate klystron. The CPU runs two independent front-
end servers, one for each cryomodule. From a controls
perspective, these two systems behave as two independent
stations, although hosted into a single crate.

Figure 4: MTCA.4 crate installed at FLASH, hosting the
LLRF system for one RF station (i.e. two cryomodules).

Although not shown on this picture, beam diagnos-
tic electronics were also integrated and installed into an
MTCA.4 crate. These boards installed in ACC1, ACC23
and ACC45 LLRF racks gather signals from the toroid
and bunch compression monitors, and are used for beam
loading compensation and beam-based feedback [6]. All
MTCA.4 crates are hosted into water-cooled racks, the in-
let air temperature is set to 18◦C.

OPERATION
Along with the new hardware installation, the LLRF

firmware and software were upgraded. All functionali-
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ties of the VME system were converted to the MTCA.4
system, and new features were added. Among the exist-
ing functionalities, one could cite beam loading compen-
sation, controller output correction, adaptive feedforward,
and MIMO feedback controller [7]. The implementation of
8π/9 notch filters on all cavity probe channels is among the
new features of the MTCA.4 recently commissioned. The
plot of Fig. 5 illustrates another benefit of the new LLRF
system. The higher resolution ADCs and the higher data
processing speed (9.027 MHz instead of 1 MHz) provide
a high-accuracy field detection. Fig. 5 shows the ampli-
tude of the 16-cavity vector sum gradient loaded by single
1.3 nC bunches as a function of time. The high-resolution
field detectors allow to detect a single bunch transient. The
delay of individual cavity channels can thus be accurately
adjusted until all cavity transients are aligned in time, re-
sulting in the clear vector sum transients shown in Fig. 5.

Figure 5: Uncompensated single bunch beam loading on
the vector sum gradient amplitude.

With the exception of the RF gun, FLASH is now fully
controlled by the MTCA.4 LLRF system. Commission-
ing is still underway; user studies are to resume in October
2013. Preliminary performance results obtained with the
prototype MTCA.4 LLRF system previously installed for
ACC1 have already been reported in [4] and [8]. The nov-
elty of this installation will be gaining experience with the
entire accelerator operated with MTCA.4 and understand-
ing how the performance of the MTCA.4 system scales to
a machine as large as the XFEL.

Numerous automation servers were developed for the
VME-based LLRF system [9] and still need to be adapted
to the new LLRF system. These include automatic Lorentz
force detuning compensation using piezo tuners, cavity
quench detection and protection, automatic monitoring and
adjustments of the cavities loaded quality factors, or finite
state machine for RF station ramp-up and shutting off se-
quence. The MTCA.4 LLRF also brings new opportuni-
ties for high-level server development. An overall energy
server to monitor and redistribute the energy among RF sta-
tions when one operates lower than expected (due to cav-

ity quenches or unexpected performance losses). To this
extend, optical fibers were installed, connecting in a daisy
chain MTCA.4 LLRF controllers from neighboring RF sta-
tions.

Another imminent upgrade of FLASH is the recent con-
struction of a second undulator line, FLASH II [10]. From
a LLRF point of view, this brings interesting controls chal-
lenges, as various bunch trains with different accelera-
tion amplitude and phase requirements are now controlled
within the same RF pulse. The new MTCA.4 system com-
bined with the new MTCA.4 timing module (x2timer) is
designed to handle multiple beam patterns. This complex
beam acceleration scheme is a prototype for the multi-
ple beam line XFEL. The commissioning of FLASH II is
scheduled to start before the end of 2013.

CONCLUSIONS
All RF stations at FLASH, with the exception of the RF

gun, are now controlled by the new MTCA.4-based LLRF
system. Some of these systems were installed into the ac-
celerator tunnel to gain experience in view of the XFEL
LLRF installations. Fast optical communication between
adjacent RF stations also serves as a test bench for high-
speed and high-level controls algorithms on a machine-
scale level. Currently, only the standard LLRF modules
were installed, with place holders and cabling reserved for
the full system upgrade scheduled for the end of this year.
This will include modules to compensate for phase and am-
plitude drifts (DCM) and modules for RF reference sig-
nal synchronization (REFM). Future FLASH upgrades will
also cover the new MTCA.4 design of beam arrival time
monitors, and the MTCA.4 implementation of the LLRF
clock and local oscillator generation module.
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J. Branlard∗, V. Ayvazyan, Ł. Butkowski, H. Schlarb, J. Sekutowicz, DESY, Hamburg, Germany
W. Cichalewski, A. Piotrowski, K. Przygoda, DMCS, Łódź, Poland
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Abstract
The cryomodule test bench (CMTB) at the Deutsches

Elektronen Synchrotron (DESY) in Hamburg is equipped
with a 100 kW inductive output tube (IOT) allowing the test
of superconducting cryomodules in continuous wave (CW)
operation mode. Although significantly different from the
nominal pulsed operation mode of the European x-ray free
electron laser (XFEL), CW operation can be handled by
the same low-level radio frequency (LLRF) system, within
minor firmware modifications. The hardware details of the
LLRF setup at CMTB, the firmware and software archi-
tecture and performance results from the last CW test are
presented in this contribution.

INTRODUCTION
Benefits of CW Operation

While the currently planned mode of operation of the
European XFEL is pulsed, there are clear advantages of
running such an accelerator in CW mode [1]. Continuous
power usage is more efficient compared to the planned 1.3
msec RF pulse width at a 10 Hz repetition rate. Moreover,
the CW mode of operation provides a great flexibility for
the beam time structure. Lasers can operate at a lower rep-
etition rate, relaxing the time resolution constrains on the
experiment detectors. Finally, transient detuning effects
caused by Lorentz forces at each RF pulse no longer are
an issue.

Tests are regularly carried at DESY in CMTB on the
XFEL prototype cryomodules, to better understand the po-
tential of operating these modules in CW. Instead of the
10 MW klystron, a 100 kW IOT shown in Fig. 1 is used to
power the cryomodule. Details about the outcome of the
recent first and second CW tests can be found in [2, 3].

Challenges of CW Operation
Powering continuously superconducting cavities with

RF yields higher dynamic heat loads, which should be
monitored closely and maintained within the cooling ca-
pability of the cryogenic system. For XFEL cryomodules,
the total acceptable heat load is 20W, including 3-4W static
heat load. In order to achieve the highest possible gradient
within the cryogenic cooling margin, the cryomodule can
also be operated in so-called long-pulse (LP) mode, where
the power-on duty factor ranges from 10% up to 50%.

To maximize the power coupling into the cavities, their
loaded quality factor (QL) is adjusted to 1.5 × 107 from

∗ julien.branlard@desy.de

Figure 1: 100 kW Inductive Output Tube.

the pulsed mode nominal 3 × 106 value. With this new
coupling, 18 kW IOT power are sufficient to achieve
12 MV/m gradient per cavity, compared to about 100 kW
for QL = 3 × 106. As a by-product of this higher cou-
pling, the cavity bandwidth is also reduced: f1/2 ≈ 44 Hz
(from nominal 216 Hz), making it more sensitive to ex-
ternal mechanical vibrations or cryogenic pressure fluctu-
ations. Hence in CW and LP mode, microphonics are the
dominant source of detuning, but can be compensated for
using the piezo-based cavity tuning system.

LLRF SYSTEM OVERVIEW
Hardware Overview

The LLRF system hardware is identical for short pulse,
LP or CW operations. Its main components are depicted
in Fig. 2. For every cavity, the forward (PFWD), reflected
(PREF) and transmitted signals or probes (PRB) are first
down-converted to an intermediate frequency (IF) by the
down-converters (uDWC) and then digitized (uADC) at
81.25 MHz. The sampled signals are pre-processed by
the uADC and then sent over the MTCA.4 backplane to
the main LLRF controller (uTC) which performs all con-
trol computations. The uTC then generates the drive signal
which is up-converted to RF frequency by the vector mod-
ulator (uVM). The LLRF drive signal is pre-amplified and
then sent to the IOT. The 1.3 GHz RF signal is equally dis-
tributed to all cavities through the same waveguide distri-
bution system used for normal pulsed operations.
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Figure 2: LLRF system block diagram.

The master oscillator (MO) provides the 1.3 GHz ref-
erence signal (RF), required by the local oscillator genera-
tion module (LOGM) to generate the LO and clocks (CLK)
signals used by the down-converters, and to distribute the
reference signal to the uVM. The power supply module
(PSM) provides DC voltages to external modules. Finally,
the piezo driver module (PZ16M) digitizes the piezo sen-
sor data and drives the piezo actuator for detuning and
microphonics compensation. Communication between the
PZ16M and the MTCA.4 system is performed through an
optical link to the main LLRF controller, the uTC. More
details about specific MTCA.4 modules (power: uPM, con-
troller hub: MCH, computing unit: CPU, timing: TMG)
and the MTCA.4-based LLRF system can be found in [4].

Figure 3: RF feedback control loop.

Firmware Overview
From a controls point of view, two feedback (FB) loops

are in action during CW operations: the RF control and the
piezo control FB. The RF FB (Fig. 3) is based on a vector-
sum (VS) approach, where the sum of all cavity gradients
is calculated inside the uADC. This vector-sum is sent to
the uTC and compared to a set-point (SP). In-phase and

quadrature (IQ) errors are used by a proportional controller
to generate the drive signal. After adding the feed-forward
table (FF), the controller output signal is scaled in ampli-
tude and phase (output rotation correction, ORC) before the
RF up-conversion stage, taking place at the uVM. Unde-
sired carrier signal leakage coming from the up-conversion
can be suppressed by adjusting the DC offsets on the con-
troller output DACs.

Figure 4: Piezo feedback control loop.

The uADC also computes amplitude and phase (AP)
from the digitized cavity IQ signals (Fig. 4). The phases
from the forward signals (ΦFWD) and from the cavity
probes (ΦCAV) are then sent over the backplane to the main
controller, along with the vector-sum at 9.028 MHz.

For every cavity, the piezo FB controller computes the
phase difference between the forward signal and the cavity
probe: ΦERR = ΦFWD − ΦCAV. The cavity detuning is
proportional to this phase difference and is used as input to
a PI controller (kP,kI). The piezo DC bias are then applied
as a FF offset before being sent to the DACs and the piezo
driver (PZ16M).

Software Overview
From the LLRF server perspective, interrupts are sent

by the timing module to the CPU, triggering the data ac-
quisition at a repetition rate between 1 and 10 Hz. DMA
transfers are then taking place over the backplane, with a
maximum size of one million samples per transfer. The rate
of the sampled data can be adjusted by writing to a register
on the controller and on the uADC boards. For CW oper-
ations, the repetition rate is set to 1 Hz, the sample rate to
1 MHz so that a one million sample DMA transfer corre-
sponds to a one second data interval. For LP operations,
the averaged sampling rate is simply increased (up to 9.028
MHz). The DMA transfer size remains the same, only the
data acquisition window size gets reduced.

RESULTS
The performance of the RF controller is illustrated in

Fig. 5, showing the CW amplitude vector-sum with and
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without FB. The measured in-loop standard deviation de-
viation is improved by a factor of 25, corresponding to an
in-loop RMS regulation of 6 × 10−5 in amplitude and in
0.0098◦ in phase (not shown).

Figure 5: Vector sum amplitude without and with RF feed-
back in CW mode.

The piezo feedback performance is illustrated in Fig. 6,
where the piezo controller error signal (i.e. ΦCAV − ΦFWD)
is shown for a 700 msec pulse. Without feedback (upper),
the observed phase roll is dominated by the IOT modulator
during the fill time and corresponds to approximately 60-
70 Hz. With piezo FB on (lower), the detuning is reduced
to less than 2 Hz. Instabilities in the controller error are
clearly starting to appear, indicating that the applied piezo
feedback gain was marginally stable. Vacuum pumps in-
stalled closed to cavity 1 and 8 also introduced external
vibrations visible on the plot. This ≈50 Hz component was
only damped by a factor of 2 due to bandwidth limitations
of the piezo feedback, which can be improved by software.

Open Points
One difficulty encountered during the tests is related to

the two concurrent feedback loops. The RF feedback main-
tains the vector-sum of all cavity gradient to the amplitude
and phase set-points, by acting on the forward signal. The
piezo feedback maintains the cavity phase in line with the
forward phase. These two loops become unstable as the
cavity forward phase drifts away from its zero set-point. To
better understand the limitations due to the combined use
of these two feedback loops, one needs to determine the
closed loop bandwidth of the piezo feedback. This was not
possible until recently, when the piezo controller firmware

Figure 6: Piezo controller error signal for 8 cavities, with
feedback off and on in LP mode.

was updated to allow playing arbitrary waveforms. An im-
pulse response can then be measured and the close loop
bandwidth can be computed. This will be tested during
the upcoming CW test in Fall 2013. Finally, the controller
input low pass filter shown in Fig. 4 had not been imple-
mented at the time of the previous test. This filter should
help with the stability of the piezo FB, allowing to operate
at higher gains and improving the detuning noise rejection
in closed loop operation.

CONCLUSIONS
An overview of the MTCA.4 based LLRF system used

for CW and LP test was given. Preliminary results show
controller performances fulfilling the XFEL specifications
for vector-sum regulation and cavity resonance control.
However, the combined use of these two feedback loops
still results in system instabilities, which need further in-
vestigations.
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LLRF TESTS OF XFEL CRYOMODULES AT AMTF:
FIRST EXPERIMENTAL RESULTS

J. Branlard∗, V. Ayvazyan, M. Grecki, H. Schlarb, C. Schmidt, DESY, Hamburg, Germany
W. Cichalewski, K. Gnidzinska, A. Piotrowski, K. Przygoda, DMCS, Łódź, Poland

W. Jałmużna, EicSys, GMBH, Poland

Abstract
In preparation for the series production of cryomodules

for the European X-ray Free Electron Laser (XFEL), three

pre-series cryomodules and several prototypes are pro-

duced and tested at the Cryomodule Test Bench (CMTB)

and at the Accelerating Module Test Facility (AMTF) in

DESY. Among the numerous tests performed on the mod-

ules, the low-level radio frequency (LLRF) tests aim at

characterizing the performance of the modules from an RF

controls perspective. These integration tests must take into

account cavity tuners, cavity motorized couplers, gradient

quench limits, microphonics, piezo control and the over-

all gradient performance of the cryomodule under test. In

this paper, the LLRF-specific tests are summarized and the

first experimental results obtained at CMTB and AMTF are

presented.

INTRODUCTION
DESY’s Accelerating Module Test Facility (AMTF)

hosts two vertical cryostats (VTS), three accelerator cry-

omodule test stands (XATB1, 2, and 3) and a waveguide

assembly test facility (WATF). In the VTS, the gradient

performance of individual cavities is measured before they

are sent to CEA Saclay, France for cryomodule assembly.

The complete cryomodule is then shipped back to DESY

and installed in one of the cryomodule test stands for a

complete check-up. After passing acceptance tests, the cry-

omodule is moved to the WATF where a customized power

waveguide distribution system is mounted onto the module

according to individual cavity performance. The modules

are then either stored or installed into the XFEL tunnel,

based on their performance, availability of storage space

and installation schedule constraints. After mechanical in-

spection, cryogenic and RF connectivity, the following RF

tests are performed:

• Cavity fundamental mode spectra measurements.

• Higher order modes (HOM) couplers spectra.

• Calibration of cold RF cables.

• Warm coupler conditioning.

• Coupler conditioning during cool-down.

• Loaded Q measurements and adjustment.

• Cavity gradient calibration.

• Cavity gradient performance measurement.

• Cryomodule dynamic heat-load measurement.

On top of these RF measurements, dedicated low level ra-

dio frequency (LLRF) tests are performed:

∗ julien.branlard@desy.de

• Piezo capacitance measurement (before and during

cooldown).

• Microphonics measurement.

• Piezo scans (cavity detuning transfer function).

• 8π/9 and 7π/9 mode identification

• Cavity tuner motor characterization.

• Cavity loaded Q motor characterization.

• Lorentz force detuning compensation

• Closed-loop nominal gradient operation.

More details about the LLRF tests design is reported

in [1]. This paper focuses on the first results obtained with

the prototype and pre-series XFEL cryomodules, namely

PXFEL3 1, XM-3 and XM-2.

LLRF CRYOMODULES TESTS
Piezo Capacitance Measurement

The piezo impedance is a reliable indicator for aging

or for any potential damage occurring during cool-down

and warm-up. The expected capacitance should range from

� 12 μF when the piezo is warm to � 4 μF when it is cold.

Monitoring of the piezo impedance is performed parasiti-

cally during the cryomodule cool-down and warm-up se-

quence using a measurement module placed in series with

the LLRF piezo driver. Fig. 1 shows the resistance and ca-

pacitance of a piezo as a function of time during cool-down.

Figure 1: Piezo impendance during cryomodule cool-

down.

Piezo Scans
The first goal of this test is to characterize in time and

frequency domain the sensitivity of individual cavities to

microphonics using piezo sensor data. A cavity ringing

.
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significantly more than the average would trigger an alert

as potentially problematic. The second goal of this test is

to identify the main mechanical modes of the cavity-tuner

system. This can be done by exciting cavities with piezos

using different frequencies to identify mechanical reso-

nance modes. Fig. 2 (a) shows the typical piezo DC bias

scan, and the resulting cavity detuning. With this test, the

full piezo DC range is exercised and its maximum tuning

range is derived. Fig. 2 (b) shows the FFT of a piezo sen-

sor data, identifying the main mechanical resonance modes

of the cavity-tuner system. Each cavity tuner is equipped

Figure 2: Full range (± 70V) piezo DC scan (a) and FFT of

piezo sensor data (b) showing cavity mechanical resonance.

with two piezos; their sensor or driver functionalities can

be swapped. All piezo tests are then repeated for the de-

fault sensor and for the default actuator.

Cavity 8π/9 and 7π/9 Modes
The measurement of these two sub-fundamental acceler-

ating modes for every cavity is essential to derive the fil-

ter coefficients used in the LLRF controller to notch out

the 8π/9 component for individual cavities and the 7π/9 in

their vector sum. The cavities are excited with a broad-

band small-signal disturbance, their probes are measured

and Fourier-transformed to obtain the sub-fundamental fre-

quencies and amplitudes. The probe data is sampled at

9.027 MHz resulting in a 4.5 MHz Nyquist zone which is

wide enough to observe the 8π/9 and the 7π/9 modes. Fig-

ures 3 (a) and (b) show for a given cryomodule the 8 cav-

ity frequency peaks observed for the 8π/9 and 7π/9 modes

respectively. The outcome of this test are the notch filter

center frequencies and bandwidths for all cavities.

Figure 3: Sub-harmonic resonance peaks for eight cavities:

(a) 8π/9 and (b) 7π/9.

Cavity Tuner Motor Characterization
In this test, the cavity tuner motor is exercised around

cavity resonance. The scan sequence goes as follows: after

initial checks (cavity on resonance, piezo tuning automa-

tion switched off, tuner motor is responsive, etc.. ), the

motor is moved in one direction until the cavity is detuned

by a specify amount (typically 1-2 kHz), then the motor di-

rection is reversed until the cavity is detuned by the same

amount in the other direction. The motor direction is re-

versed one more time and the cavity is brought back to res-

onance. Fig. 4 illustrates this scan, for a tuner showing a

strong hysteresis profile. The cavity loaded Q or QL is also

recorded during the scan to identify possible coupling be-

tween cavity detuning and QL, as described in [2]. The

outcome of this test is the cavity tuning transfer function,

along with parameters to quantify the hysteresis behavior.

Cavity Loaded Q Motor Characterization
In a similar way to the tuner motor scans, the motor-

ized power input couplers are exercised to derive the cavity
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Figure 4: Scan of the cavity frequency tuner, showing cav-

ity detuning as a function of motor position.

loaded quality factor transfer function (Fig. 5). The maxi-

mum and minimum QL values are also extracted from this

scan. Adjusting QL proved to be an essential tool when

trying to flatten cavity gradients loaded with beam current

above 3mA [3], and is planned as a tuning parameter for

XFEL high beam current operation.

Figure 5: Scan of the cavity coupler tuner, showing cavity

QL as a function of motor position.

Lorentz Force Detuning Compensation

Lorentz force detuning compensation is essential for

high performance cavities. In the example of Fig. 6, the

tested cavity is experiencing Lorentz force detuning greater

than 700 Hz. By piezo compensation, its 800 μsec flat top

gradient is maintained above 42 MV/m. During this test,

the parameters used to compensate Lorentz force detun-

ing are recorded (amplitude, frequency and delay of piezo

stimulus) and a detuning constant specific to each cavity is

calculated.

Figure 6: Piezo compensation of > 700 Hz Lorentz force

detuning at 42 MV/m.

Closed-Loop Nominal Gradient Operation
The goal of this integral test is to set and maintain the

cryomodule in nominal operating conditions, while moni-

toring its long term behavior. Forward, reflected and probe

signals are recorded, the vector sum amplitude and phase

regulation performance is measured and the dynamic heat

load and X-ray radiation levels are logged.

CONCLUSIONS
To complete the assessment of the XFEL cryomodules, a

series of tests are performed to identify and characterize the

cavity and cryomodule parameters relevant for LLRF con-

trol of the module. The tests are described here and the first

results with the XFEL pre-series modules are presented.

Full automation of these tests requires complex exception

handling. Currently, these tests are performed under the su-

pervision of a LLRF expert along with a cryomodule opera-

tor. Test results are stored in a database, along with the cor-

responding cavity data. The outcome of these tests allow

to derive LLRF parameters such as cavity 8π/9 mode fil-

ter coefficients, cavity tuner mechanical resonance modes,

coupler and tuner motor characteristics.

Some of these tests need be repeated after tunnel installa-

tion: (1) to verify that the cryomodule sustained no damage

during transport and installation into the tunnel and (2) to

characterize the waveguide distribution system assembled

after the AMTF tests. Indeed, one should expect such ef-

fects as coupling between adjacent cavities to change once

the cryomodule is equipped with its customized power dis-

tribution waveguide system.
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DESIGN OF LLRF SYSTEM FOR RAON 
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Abstract 

A low-level RF (LLRF) system has been designed for 
the RAON superconducting linear accelerator system, 
which will be used for rare isotope beam research. The 
LLRF system is used to feed the superconducting cavities, 
having frequencies of 81.25 MHz, 162.5 MHz, and 325 
MHz, with the controlled amplitude and phase of the RF. 
A prototype LLRF operating at 81.25 MHz was designed 
and fabricated for the superconducting quarter-wave 
resonator. The system uses a field programmable gate 
array (FPGA) to control the RF amplitude and phase 
within ±0.5% and ±0.4%, respectively. The resolution and 
working range are 0.01 dB and 15 dB in amplitude, 
respectively, and 0.5  and 360  in phase. The RF 
amplitude and the phase are designed to be controlled by 
a PID feedback control for keeping the voltage stability of 
the cavity within 1 %. This paper will describe the design 
in detail. Furthermore, the testing results of the LLRF 
prototype system will be presented. 

INTRODUCTION 
RAON is a superconducting linear accelerator for rare 

isotope beams to be built at the Institute for Basic Science 
in Daejeon, Korea. For the construction of RAON, the 
Rare Isotope Science Project (RISP) was approved in 
2011 [1, 2]. 

For the production of the rare isotope beam, two 
methods are used for RAON. One is in-flight 
fragmentation method with a superconducting linear 
accelerator. The other method is Isotope Separation On-
Line (ISOL) which uses a 70-MeV proton cyclotron. Both 
methods need for the superconducting linac as the driver. 
The superconducting cavities of RAON have three kinds 
of cavities, a quarter wave resonator (QWR), a half wave 
resonator (HWR), and two types of single spoke resonator 
(SSR1 and SSR2). 

The operation frequencies are 81.25 MHz, 162.5 MHz, 
and 325 MHz for the QWR, the HWR, and the SSR1 and 
SSR2, respectively. Highly-charged heavy ion beams 
which are accelerated by an injector and an RFQ are 
injected into the superconducting linac. The injector and 
RFQ are needed to feed relatively high RF power because 
of high levels of dissipated power. The normal conducting 
cavity of the RFQ is supplied with RF power operating at 
a frequency of 81.25 MHz. 

An RF system is not only used to feed RF to the 
injector and the superconducting linac, but also to control 
RF. The RF system is composed of a low-level RF 

(LLRF) and a high-power RF (HPRF). For the high-
power RF, solid state power amplifiers (SSPA), which are 
also controlled by the LLRF system, are used for RAON 
[3]. 

In this paper, some details of the design and the test 
results of the prototype LLRF system are presented. In 
Section 2, the design of the prototype of the 81.25 MHz 
LLRF is described. In Section 3, the setup for the test 
process and the test results of the proportional-integral-
derivative (PID) feedback control of the prototype LLRF 
are provided. In Section 4, a summary is provided and 
future work is described. 

DESIGN OF LLRF SYSTEM 
One purpose of a LLRF system is the controlling of the 

RF amplitude and phase of the accelerating RF field in 
the cavities. The LLRF should perform: 

 RF signal generation and distribution 
 Feedback and feedforward control for the stability of 

the accelerating field in the cavity 
 Interlock for the protection of the SSPA (high-power  

RF system) 
Some of the major obstacles of the LLRF system are to 

perturbations such as SSPA drop and ripple, temperature 
variations, beam loading, multipacting, field emission, 
and quenching [4, 5]. The LLRF system for RAON uses 
the PID feedback control and a feedforward control to 
suppress the perturbations. Table 1 shows the technical 
specifications of LLRF system for the RAON. 

A prototype LLRF system operating at 81.25 MHz was 
developed and fabricated to deliver the RF to the QWR. A 
block diagram of the prototype LLRF system is shown in 
Figure 1.  

 
Table 1: Technical specifications of the LLRF system 

Factor Specifics 

Frequency 

QWR: 81.25 MHz 

HWR: 162.5 MHz 

SSR: 325 MHz 

Cavity bandwidth  20 Hz 

Gradient > 10 MV/m 

Amplitude stability 0.4 % 

Phase stability 0.5 degree 

Stability of mechanical tuner  20 Hz  ___________________________________________  

#hdo@ibs.re.kr 

.
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Figure 1: Block diagram of the prototype LLRF. 

The prototype LLRF consists of a clock module, a 
phase-amplitude detector (PAD), a phase-amplitude 
controller (PAC), a main board (FPGA) and a host 
system. The clock module is used for synchronized 
operation of the RF system. A local frequency (81.25 
MHz) and a sampling frequency of 108.33 MHz i.e., four-
thirds of local frequency are generated by the clock 
module. 

The PAD, which combines the RF input and the local 
frequency given by the clock module, provides a 
converted a low frequency (IF) signal to the FPGA. 

The PAC, which mixes the IQ signal given by the FPGA 
and the local frequency with IQ modulator, generates an 
output RF signal. 

The FPGA, which performs a computation such as an 
averaging, a standard deviation, the captured analogue-
digital converted data and converting the dB and degree 
using the IQ values, provides the PID feedback control. 
The FPGA is connected to temperature sensors to 
measure the temperature. For the temperature monitoring, 
the measured temperatures are provided to the host 
system.  

A configuration of the LLRF is displayed by the host 
system. For the target phase and amplitude, the PID is 
controlled by the host system. And the phase and 
amplitude are calculated and calibrated using IQ data. The 
calculated data is saved in an archive. The data can be 
also monitored in real time. 

The PAD and the PAC are fast analogue parts and the 
FPGA is a digital control part. An analogue-digital 
convertor (ADC) and a digital-analogue convertor (DAC) 
are used to communicate between the fast analogue parts 
and the digital control part. 

The operation ranges of amplitude and phase are from -
15 to 10 dBm and from 0 to 360 degrees, respectively. 
The target resolutions are 0.05 dB for amplitude and 0.1 
degrees for phase. 

TEST RESULTS 
A sweep signal generator was used as a clock signal for 

the prototype LLRF. The clock signal has a power 
amplitude of 0 dBm with a frequency of 81.25 MHz. Self-
consistent tests for the PAD and the PAC were completed. 

 

Figure 2: Power resolution of the prototype LLRF. 

 

Figure 3: Amplitude stability  of the prototype LLRF 
without feedback control.  

 

Figure 4: Phase stability  of the prototype LLRF without 
feedback control . 

The detected power amplitude was compared using a 
spectrum analyzer and a power meter. 

The PAD was tested for dynamic range stability. The 
clock signal is divided by 3dB divider. The divided 
signals are inputted to a reference channel and an input 
channel, channel A or B. The signal of the input channel A 
or B is compared with the reference signal. The deviations 
are less than 0.03% for the amplitude and 0.02 degrees for 
the phase. 
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Figure 5: Amplitude stability of the prototype LLRF: 
compared with no feedback control and PID feedback 
control.  

 

Figure 6: Phase stability of the prototype LLRF: 
compared with no feedback control and PID feedback 
control.  

The PAC resolution test of the prototype LLRF system 
was conducted to evaluate the power resolution. Except 
for the RF output channel (PA controlled channel), input 
channels (channel A and B) are terminated by a 50 ohm 
termination for the resolution test. When the target power 
varied at the host system, the PA controlled power from 
the PAC was measured by the power-meter. The variation 
steps are 1, 0.5, 0.1, 0.05 and 0.01 dB. Figure 2 shows the 
power resolution result. The LLRF is operated with a 
power resolution less than 0.05 dB for the whole range of 
the input power. 

The power amplitude stability has been measured. When 
the power amplitude was fixed (-3, 0, 5, and 10 dBm), the 
phase was swept from 0 to 360 degrees and vice versa 
from 360 to 0 degrees with 0.5 degree steps. During the 
phase sweep, the power amplitude was measured. The 
maximum amplitude fluctuation is 0.9% at fixed 
amplitude of 5 dBm without feedback control (Figure 3). 

The phase stability has been measured in the same way. 
When the phase was fixed (10, 90, 180, 270, and 350 
degree), the amplitude was varied from -3 to 10 dBm and 
10 to -3 dBm with a step size of 0.05 dB.                            
The maximum phase fluctuation is measured to be 0.24 

degrees for 90 degrees without feedback control (Figure 
4).  

The power amplitude drifts as time goes on. When the 
PID feedback control was performed, this amplitude 
fluctuation was reduced to 0.1% and the amplitude drift 
vanished (Figure 5). 

Figure 6 shows that the phase fluctuation is reduced to 
0.17 degrees by the PID feedback control. The phase 
difference between the measured phase and the targeted 
phase is also reduced when the PID feedback control is 
performed. 

The power amplitude and phase are less than the target 
stabilities of the amplitude and phase i.e., 0.4 % and 0.5 
degrees for the QWR voltage stability of 1% (Table 1). 

SUMMARY AND FUTURE WORK 
A prototype 81.25 MHz LLRF for the QWR of RAON 

was designed and tested successfully. The stabilities of 
the PAD are less than 0.03% for amplitude and 0.02 
degrees for phase. The LLRF is operated with power 
resolution less than 0.05 dB for the whole range of input 
power. Maximum fluctuations are 0.9% for amplitude and 
0.08 degrees for phase without the feedback control. With 
the PID feedback control, the targeted stabilities are 
achieved for whole range of the input power. The test 
results are in good agreement with the specifications of 
the LLRF. 

In 2013, the integrated test will be carried out 
employing the SSPA, and later, the superconducting 
cavities. For the coupled test, an interlock will be 
developed to protect the SSPA and the superconducting 
cavities under abnormal conditions. The feedforward 
control is more effective than the PID feedback control 
for repetitive perturbation, therefore the feedforward 
control will be added to improve the operating stability. 
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COMPACT INTERLOCK SYSTEM FOR SUPRATECH HIGH POWER RF 

TESTSTAND 

A. Hamdi, F. Ballester, M. Desmons, M. Luong, J. Novo 

CEA, IRFU, SACM, F-91191 Gif-sur-Yvette, France 

 

Abstract 
Supratech is a facility at CEA/Saclay that enables tests 

on superconducting and high power RF components for 

particle accelerators. The facility comprises a home-made 

hard tube HV modulator powering up to 95kV-20A at 

2.1ms/50Hz and a 700MHz pulsed klystron developed by 

CPI able to produce RF up to 1MW-2ms/50Hz. A new 

compact HV and RF interlock system including klystron 

HV diagnostics has been implemented on Supratech test 

facility. This paper describes in more detail the klystron 

interlock system and the results of the first tests. 

INTRODUCTION 

Supratech is a facility enabling High power RF test at 

CEA/Saclay in a cryogenic environment [1]. Beyond its 

equipments, an RF teststand (see a picture of the teststand 

in Figure 1) is used to perform power tests at 704 MHz. 

Qualification of the main components of sc linacs for high 

intensity pulsed proton beams have been made: HIPPI 

Power Couplers [2], HIPPI sc cavity equipped with its 

SAF tuner, SPL Power Coupler conditioning. 

The main component of the High Power RF teststand is 

the 700MHz klystron. Until now, the klystron was 

protected by a PXI based interlock system driven by a 

Labview program. It was enough to fulfil all the 

specifications to protect the equipment and to give some 

diagnostics. But, if one needs to modify any threshold or 

visualize the system status, the only way was to connect 

to the target by means of TCP/IP network. If the 

connection was lost, it was not possible to control the 

system status. To get reed of this kind of problem, a new 

system was designed based on HMI PLC’s. 

PXI BASED INTERLOCK 

The old system was composed of a NI PXI 8195 

embedded controller, the standard I/O on each module 

includes video, one RS-232 serial port, a parallel port, 

four high-speed USB 2.0 ports, Gigabit ENET, a reset 

button and a PXI trigger. The NI PXI-8195 has a 1.5 GHz 

processor, all the standard I/O, and a 30 GB hard drive. 

There were 2 plugin cards to cover the I/O needs, a RT 

NI-PXI6259 multifunction data acquisition card to read 

the slow analog and digital measurements and a FPGA 

NI-PXI7831R card for the fast measurements. The Fast 

interlock was for the klystron focusing coils, in case of a 

variation of +/- 5% of the focusing coil current the 

klystron HV pulse has to be stopped in less than 20µs. 

Figure 2 shows the performance of this system. 

 

 

 

Figure 1: Supratech High Power RF teststand. 
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Figure 2: NI-PXI FPGA Response time to focusing coil 

default is about 10µs. 

NEW COMPACT INTERLOCK 
The new system is based on a Unitronics programmable 

controller automated system V350-35-TR34. This PLC 

handle 22 pnp/npn digital inputs, 2 10 bits analog inputs 

(0-10V or 4-20mA), 8 relay outputs and 4 npn Transistor 

outputs. Moreover, the V350 can also drive extensions. In 

our case, we have implemented an EX-D16-R08 that adds 

16 digital inputs, 3 analog inputs and 8 relay outputs. For 

the PT100 temperature sensors, there are 2 IOPT4K 

extensions. Figure 3 shows the rack containing the whole 

interlock system. 

 

Figure 3: Supratech klystron compact interlock system. 

The PLC and its extensions are in charge of the slow 

interlocks: the ion pump current, the bodies and collector 

waterflow, the gun heater current, the bodies and collector 

inlet and outlet temperatures and the output window 

airflow. All these parameters are read by the PLC every 

1.25ms. Some of the thresholds are set by means of the 

HMI display and others are hard written in the PLC flash 

memory. 

To replace The NI-PXI 7851 FPGA for fast 

interlocking, we have designed an electronic card (see 

elementary scheme in Figure 4) with comparators. You 

can set up and down thresholds using resistance 

potentiometers with a resolution of 0.1% although we 

only need to set up and down thresholds about +5% and -

5%. This scheme has been repeated 4 times for the 2 

klystron PS focusing solenoids, voltage and current. Why 

voltage? Because our PS are current regulated so in case 

of a short circuit, only the voltage will give the 

information. 

 

Figure 4: Klystron focusing coil electronic, this scheme is 

the same for the 2 PS (bucking coil and solenoid) for 

voltage and current. 

This easy electronic is much faster (see response time 

in Figure 5) than the NI-PXI FPGA, the drawback is the 

fact that it is analogical electronic and the thresholds 

could slightly move in case of room temperature drift. 

 

Figure 5: New interlock system response time, less than 

80ns to switch off the klystron HV pulse (gray : up 

threshold, green : focusing coil current, HV pulse enable 

signal). 

The fast interlock act on the HV pulse controlled by an 

IGBT that can be inhibit at a glance. The slow interlock, 

depending on the klystron manufacturer datasheet, acts on 

the HVPS thyristor gate and HV modulator switch. 

By the way, we have also integrated the klystron 

circulator and loads waterflow cooling interlock. For 

diagnostic purpose, we have implemented a calorimetric 

electrical power calculation. This function can detect 

klystron body beam interception and collector failure. The 

output WG arc detector interlock will also be integrated in 

the system.  

Foc Voltage 

HVPS 
enable 
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CONCLUSION 

The Compact Interlock System has been built and is 

running in Supratech High Power RF Teststand. The same 

type of interlock is being designed to replace the obsolete 

electronic on the HV modulator [3] interlock system. The 

PLC+HMI give advantages in terms of efficiency, easy 

operational installation and cost. We need now running 

time to check the reliability and MTBF to be able to 

completely compare this solution to the previous one. 
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FUNDAMENTAL MODE SPECTRUM MEASUREMENT OF RF CAVITIES 
WITH RLC EQUIVALENT CIRCUIT 

K. Kasprzak, M. Wiencek 
The Henryk Niewodniczanski Institute of Nuclear Physics PAN, Krakow, Poland

Abstract 
The procedure of the cavity fundamental mode 

spectrum measurement consists of the following steps: 
scanning of the accelerating mode passband for any 
deviation from the standard one, determining all peaks in 
the accelerating mode passband and evaluating the mean 
spectrum frequency deviation. The upgrade of that 
procedure was proposed and successfully implemented. 
The cavity RLC equivalent circuit is used in order to 
predict the measured peaks. This method allows more 
quickly detects the peaks in the accelerating mode 
passband thereby reduce the time needed for test, which is 
crucial for serial production cavities testing.  

In this paper, an upgrade of the test procedure and its 
validation with measurements is presented. The method 
was validated with data taken during testing of the 
cavities installed in two pre-series XFEL cryomodules. 
This improvement of the test procedure is implemented 
into the testing software and it is successfully used for 
serial production cavities testing. 

INTRODUCTION 
The European X-ray Free Electron Laser (European 

XFEL) near Hamburg in Germany will be a scientific 
facility to generate “ultrashort X-ray flashes with 
brilliance billion times higher than conventional X-ray 
radiation sources” [1]. It will give a new nano scale 
research opportunities for scientists in physics, chemistry, 
materials science and biology. Its longest part is a linear 
accelerator consisting of 101 RF cryomodules [1]. For 
each cryomodule 8 cavities will be installed in a string 
[2]. Before installation in accelerator cryomodules have to 
be tested. In the Accelerator Module Test Facility 
(AMTF), at DESY in Hamburg, a single superconducting 
RF cavity or cavities installed inside the cryomodule are 
tested by team from IFJ PAN Cracow, Poland within the 
framework of Polish in-kind contribution to the European 
XFEL. At the beginning of test of each cavity or 
cryomodule the initial testing procedures will be launched 
at room temperature in order to decide whether cavities 
will be used for cold tests [3]. Vital test at room 
temperature is a measurement of frequencies in TM010 
mode (one of electromagnetic field distribution in a 
cavity). The convention follows from cylindrical pill-box 
cavity model, where TM denotes transverse magnetic and 
010 integers refers to the number of sign changes of 
electromagnetic field in a cylindrical coordinate 
system [2]. This mode is used for acceleration. The 
measurement of this mode is called a fundamental mode 
spectrum (or spectra) measurement and was proposed by 
DESY experts [3, 4]. This paper describes modification of 

that test procedure using RLC equivalent circuit that is 
used for testing of XFEL serial-production cavities and 
cryomodules. The procedure is discussed in details in the 
next sections. 

 

Figure 1: Test setup chart. 

FUNDAMENTAL MODE SPECTRUM 
MEASUREMENT 

The fundamental mode spectrum measurement is a 
basic cavity RF test that provides information about 
cavity deformation. The measured signal is a coefficient 
of power emerging from pickup as a result of applying an 
RF stimulus to input power coupler. In order to simplify 
the measurement the VNA (Vector Network Analyzer) is 
used. The measured parameter of VNA is S21 - forward 
transmission coefficient from port 1 to port 2, where port 
1 is connected to input power coupler and port 2 to pickup 
probe (see Fig.1). The test results with use of dedicated 
software [5] are shown in Fig. 2.  

The nominal passband of measured TM010 mode for 
that 9 cell cavity is in the range of 1.27-1.3 GHz. In this 
passband 9 peaks-maximums (called also , 8/9 , … , 
1/9  modes) are measured. It is known from theoretical 
consideration that, “n coupled resonators oscillate in n 
modes for each resonance field pattern being an 
eigenvector of a single (uncoupled) cell” [6]. These 
modes have different frequencies. For XFEL operation  
mode (set to 1.3 GHz at 2 K) of TM010 passband will be 
used to accelerate particles. In the frequency domain 
passband it is observed as 9 maximums, which are 
measured. These peaks frequencies are different and 
depend on a temperature and a pressure.  
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Procedure and Field Flatness Estimation  
One of the objectives of the fundamental mode 

spectrum measurement is to verify parameter called the 
Mean Spectrum Frequency Deviation (MSFD), which 
corresponds to the electrical field flatness and the 
mechanical deformation of the RF cavity [3]. The field 
flatness is vital parameter to be fixed during cavity 
tuning. It is the absolute value of quotient obtained from 
maximum and minimum values of an electrical field for 
each cell on longitudinal axis. The flat profile maximizes 
accelerating voltage in the cavity, so the energy given to 
the particles is maximized.  

 

 

Figure 2: Test software during the measurement at 2 K. 

 
After the cavity tuning the field profile is one of the 

measured parameter as well. So after fundamental 
spectrum measurement this data is used to calculate a 
correlation between measured frequencies of a 
fundamental spectrum to frequencies measured after final 
cavity tuning. It shows that the real aim of this test is to 
check distribution of the field among all 9 cells in 
accelerating mode  

 
The measurement procedure of the Fundamental Mode 

Spectrum Measurement was proposed by DESY experts 
[3] and is as follows: 

 Measure all 9 frequency peaks in passband 1.27-
1.3 GHz and scan the frequency characteristic for 
any deviations from standard one 
 Measure each frequency peak with high precision 
(with small span 50 kHz at 2 K and 100 kHz at 
300 K) 
 Check the Mean Spectrum Frequency Deviation 
(MSFD) 

 

Frequency Peaks Prediction 
A new idea of the second step of the fundamental mode 

spectrum measurement test procedure is to use an 
equivalent RLC circuit [2, 6] of cavity and beam tubes in 
order to predict the peaks during measurement and reduce 
the amount of time needed for the measurement. Fig. 3 
shows a scheme of RLC equivalent circuit of a cavity 
with beam tubes. The physical explanations of elements 
in Fig. 3 are: 

 Ck – cell to cell coupling  
 C – capacitance of each symmetrical cell 
 L – inductance of each symmetrical cell 
 Cb – capacitance of beam tubes 

 
Using Kirchhoff equations and matrix notation the 
following eigenvectors (1) and eigenvalues (2) are 
obtained [2]: 

 )]
2

12(sin[v )()(
j N

jmB mm  (1) 

 ))cos(1(21ff 0m N
mk  (2) 

Where following parameters are defined as: 
 Vj

(m) – voltage in the each cell in the cavity 
 m – mode number 
 j – cell number 
 B(m) – is a normalizing coefficient 
 N – maximum number of cell 
 fm – frequency of m mode 

 
It was noticed that by applying equation (2) to fm mode 

and fp mode, the parameter k can be calculated. As a 
result it is possible to predict remaining frequencies, when 
only 2 frequencies are read from fundamental mode 
spectrum. That results in automatic measurement of all 
peaks, except of the first two ones. From the first two 
measured peaks we are obtaining k coefficient, which 
among others characterizes cell-to-cell coupling [2]. 
Other peaks can be predicted using only k parameter. 

This method was validated with cavities in two 
cryomodules PXFEL2_1 and PXFEL3_1. Cavities were 
measured for each cryomodule minimum 3 times: at 
300 K and at 2 K. The results agreed with predictions.   

 

 
Figure 3: RLC cavity and beam tubes equivalent circuit. 
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VALIDATION 
A parameter k (the same for each cell), calculated from 

the first two frequencies in order to predict all others 
frequencies, is one of the solution. Actually not all cells 
of XFEL 9-cell cavities are identical [6], but for 
calculations the approximation is used. Cavity is treated 
as ideal with the same cells to calculate k that the best 
estimates the cavity behaviour. Several options of k 
calculation were validated: only one k, average value 
from all neighbour cells and several k from measured 
neighbour cells. 

As a result, three goal functions were used to compare 
proposed algorithms: minimum error, quantitative error 
comparison and mean square error. Their outcomes 
showed that the last option was the best one. It means that 
the best of proposed algorithms is to use last two neighbor 
frequencies to calculate “k” parameter and then use 
calculated “k” to predict next (following) frequency   

RESULTS 
The RLC peak prediction algorithm was used for 

measurement of two previously mentioned modules and 
some observations were done. 

Maximum Error 
It was noticed that the measurement error was larger 

than 50 kHz for 44% of predicted values. The final 
measurement span was 50 kHz at 2 K and 100 kHz at 
300 K. In the modified measurement algorithm (described 
in conclusions) the predicted peak’s frequency was set as 
a centre frequency in the final sweep. For such errors the 
searched maximum was out of the measurement range. 
The solution for that observation was a bigger span. An 
additional sweep was added to measurement algorithm 
before final sweep. Its parameters were: 600 kHz span 
and 800 points. The resolution was selected to be good 
enough to measure the narrowest peak (about 10 kHz). 

Maximum of Peak 
 It was also noticed that sometimes, for the final sweep, 

the maximum of peak was found at the beginning or at the 
end of measured range. This observation was treated as 
the measurement error and the searched maximum of that 
peak was out of the span. In such cases an additional 
sweep was added to the modified procedure. When 
frequency equivalent to maximum of peak was found less 
than 5% of measured range (span) ends, the additional 
sweep was made.  

CONCLUSIONS 
The peaks prediction procedure was implemented 

into the software used for testing XFEL RF-cavities.  The 
update of the test procedure using the RLC peaks 
prediction was proposed and is used for serial-production 
of cavities as follows: 

 Find all 9 frequency peaks in passband 1.27-1.3GHz 
and scan the frequency characteristic for any 
deviations from standard one 
 The operator chooses which peaks would be 
predicted and which would be set manually 
 The program measures automatically each frequency 
peak with high precision (with small span 50 kHz at 
2K and 100 kHz at 300K), when peak is predicted 
then the additional sweep (600 kHz) is done before 
 The operator checks the mean spectrum frequency 
deviation 
 

At 2 K operators found peaks prediction to be very 
useful, because resolution of measurement is limiting 
peak’s visibility. Despite having possibility for 
predefining markers on maximums (manual operation), 
the operator cannot see all peaks, because of their width 
(the smallest are about 10 kHz) and relatively small test 
system resolution (1600 points for 30 MHz span). The 
RLC equivalent circuit was proposed to speed-up the 
measurement, when peaks are not visible in the first step 
of the procedure. From the measurements one can 
conclude that in case when the operator cannot 
distinguish the peak’s position in the first step of the 
procedure, he has to re-measure them again manually. 
That measurement takes some additional time, which is 
significant at high-regime measurement at serial-
production testing. 

The measurement was shortened for well-tuned cavities 
at cold condition (2 K) by using RLC equivalent circuit. 
The operator does not have to predefine all markers 
precisely before the automatic measurement part. The 
new modified test procedure has been verified with the 
pre-series cavities and is successfully used for the series 
cavities measurements. 
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BEAM INDUCED HOM ANALYSIS IN STF 

A.Kuramoto#, Sokendai, Oho1-1, Ibaraki, Japan 
H.Hayano, KEK, Oho1-1, Ibaraki, Japan

Abstract 
11 km-long ILC Main Linacs of approximately 7400 

superconducting (SC) 9-cell cavities have to accelerate 
beams with maintaining their low emittance to achieve 
high luminosity. Emittance growth occurs due to 
wakefield effect and dispersive effect. To avoid these 
effects, cavity alignment tolerance has to be kept less than 
300 m offset and 300 rad tilt with respect to 
cryomodule axis [1]. Confirmation of their alignment 
quality is strongly required, however measurement of 
cavity alignment directly will be difficult because SC 
cavities are housed by helium jackets and installed in the 
cryomodules deep inside. 
Cavity offset has been already measured by using beam 

induced 6 mode (TE111-6, trapped mode) in the first 
dipole passband which has high impedance at FLASH in 
DESY [2 - 6]. To detect alignment of 9-cell SC cavities, 
we propose to use electrical centers of  mode (TE111-
1, trapped mode) in the first dipole passband and beam 
pipe modes. In 2012-2013, we took beam induced HOM 
data in STF (Superconducting rf Test Facility) accelerator. 
The detailed data analysis is introduced in this paper. 

INTRODUCTION 
Dipole modes are excited by off-axis beams and their 

amplitude are proportional to beam off-axis position [2]. 
When beam is swept in a transverse direction, a plot of 
their amplitude with respect to beam position shows a 
shape of V and a point where amplitude is on minimum is 
on their axis. By dividing two slope parts and making 
linear fit, we get a point where amplitude is on its 
minimum as a cross point of their linear fit functions. 
There are different polarized dipole modes whose 
frequencies are also different. A difference of these 
frequencies is less than 1 MHz. Directions of polarized 
modes usually different from the accelerator axis, such as 
horizontal X and vertical Y. A vertex of different polarized 
dipole modes’ axis indicates an electrical center. Figure 1 
shows conceptual diagram of detecting an electrical center. 
A diagonal beam sweep along with X and Y is necessary 
to determine an electrical center of tilted polarized modes. 

To find cavity tilt and bending, we selected  
and beam pipe modes which are localized at both end-
group of the SC cavity. From information of TE111-1 
which has maximum radial electric field in the middle cell 
[7], we can get electrical center of middle cell. At beam 
pipes of both end of cavity, electrical center can be found 
by using beam pipe modes. Combinations of these 
electrical centers of localized modes give us cavity tilt 
and bending information. 

 

Figure 1: Conceptual diagram of detecting an electrical 
center. 

EXPERIMENTAL SETUP 

STF Accelerator 
STF accelerator was operated in 2012-2013 for R&D of 

ILC [8, 9]. Electron beam extracted from the L-band 
photocathode RF Gun is accelerated to 40 MeV by two 
SC cavities [10]. Beam parameter used in this 
measurement is; 28 bunches with ~50 pC/bunch charge 
and 6.15 ns bunch spacing, 5 Hz repetition. The beam 
energy is; 4 MeV for the SC cavity input and 40 MeV for 
the output. 

 

Figure 2: Simplified Layout of HOM detection setup. An 
electron beam comes in from the left through dipole 
magnets, beam position monitor (BPM), two SC cavities, 
and another BPM. 

Figure 2 shows simplified layout of HOM detection 
setup. In this paper, we use upstream cavity only for the 
analysis. One cavity has two HOM couplers. Input 
coupler located in downstream end-group. BPMs located 
at upstream and downstream of a cryomodule. Two dipole 
magnets are located in front of the upstream BPM. One 
dipole magnet kicks beam X direction (horizontal axis), 
the other one kicks beam Y direction (vertical axis). 

Data Taking 
21-meter-long coaxial cables were connected to HOM 

couplers and an oscilloscope (Agilent Technologies 
DSO9404A). Two high pass filters (HPF) and a band pass 
filter (BPF) were used to detect TE111-1 and an IQ 
converter circuit was used to detect beam pipe modes. 
Correlated with taking HOM signals by the oscilloscope 
which 10 GSa/s 262 kpts, we took two BPM signals at the 
same beam passing during transverse beam sweep.  

 ___________________________________________  

#kuramoto@post.kek.jp 
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Estimation of Beam Position 
Base-line clipping circuit and averaging the signal over 

bunches were used in BPM electronics. Their signal 
charge integration gate width is 30 ns. From two BPM 
data, we estimated beam pass positions at the cavities. 
The beam position from these BPM was required a 
correction of non-linearity of the clipping circuits and 
non-linearity of calculation formula. By measuring circuit 
response curves and by simulating beam position 
response by HFSS code, we corrected beam position. We 
assume that beam orbit was linear between two BPMs. 

DETECTION OF ELECTRICAL CENTERS 

TE111-1 
To examine the 1st dipole passband, we used two HPF 

(Mini-Circuits VHF-1500+) and a band pass filter (BPF) 
which pass only from 1.590 to 1.802 GHz. The different 
polarized modes were labelled as (a) and (b) in frequency 
order. A frequency of TE111-1(a) is 1.6087 GHz and one 
of TE111-1(b) is 1.6096 GHz. Both polarized modes 
coupled with HOM1 and HOM2. The electrical center of 
TE111-1 from HOM1 was (x, y) = (1179725.6 m, -
705.9186.0 m) as shown in Fig.3, the electrical center 
of TE111-1 from HOM2 was (x, y) = (1189363.4 m, -
682.082.63 m) as shown in Fig.4. These electrical 
centers are in good agreement and consistent. 

 

Figure 3: Electrical center 
of TE111-1 from HOM1. 

Figure 4: Electrical center 
of TE111-1 from HOM2. 

TE111-6 
To verify justification of our analysis, we also analyzed 

TE111-6, which used at FLASH in DESY. TE111-6(a) 
did not couple with HOM1 because relation between 
HOM coupler attachment angle and polarized angle was 
presumably wrong. Beam position at longitudinal center 
of cavity was used to estimate an electrical center. 

 

Figure 5: Electrical center of TE111-6. 

The electrical center of TE111-6 as shown in Fig.5 was (x, 
y) = (131337.13 m, -803.932.45 m). The electrical 
center of TE111-6 was reasonably close to the electrical 
center of TE111-1. 

Beam Pipe Modes 
IQ converter as shown in Figure 6 was used to measure 

narrow frequency range with high sensitivity. We used it 
to measure beam pipe modes. Signal generator was set to 
2.100 GHz, 10 dBm in power and the low pass filters 
(LPF) were set to 50 MHz.  Frequency of beam pipe 
mode calculated for TDR-like TESLA 9-cell cavity is 
2.288 GHz [7], however there was no signal in KEK 
cavities. Instead, V-shape response signal was found 
around 2.100 GHz. There were 4 peaks behaving like 
dipole mode for HOM1. For HOM2, there were 10 peaks 
behaving like dipole mode. In both case, we analyzed 
only two closed peaks which showed clear V-shape 
response. Assumed that these are beam pipe mode and 
have maximum amplitude at location of HOM coupler 1, 
at location of HOM coupler 2, we estimated beam passing 
position and got points where the amplitude is on their 
minimum. 

 

Figure 6: Schematic diagram of IQ Converter. 

Figure 7 and Figure 8 show mapping plots which 
indicate that their electrical centers are (x, y) = (-
1054138.4 m, -533.560.25 m) and (x, y) = 
(311.1126.2 m, -582.952.91 m) for HOM1 and 
HOM2 respectively. Analyzed peaks frequencies are 
summarized in Table 1. The different polarized modes 
were labelled as (a) and (b) in frequency order for HOM1, 
and as (c) and (d) for HOM2. 

Figure 7:HOM1 mapping. Figure 8:HOM2 mapping. 
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Table 1: Observed Frequencies of the Beam Pipe Mode 

 Label 
f [GHz] 

 from 2.100 
GHz 

HOM1 Beam pipe mode (a) 0.0327 

HOM1 Beam pipe mode (b) 0.0331 

HOM2 Beam pipe mode (c) 0.0202 

HOM2 Beam pipe mode (d) 0.0208 

ALIGHNMENT DETECTION 
The preliminary measured electrical center for TE111-1 

and beam pipe modes are shown in Figure 9 as a function 
of cavity longitudinal position (z) and Table 2. The 
middle of cav1 is defined as z=0mm. The location of 
HOM1 is z=-565.3 mm, and for HOM2 z=565.3 mm. 
Axis of two BPM positions is a reference for these 
alignment detection. The positive direction of x axis is the 
side in which input coupler is inserted, and the positive 
direction of y axis is gravity direction. 

 

Figure 9: Preliminary alignment detection results, plotted 
along the cavity z-axis. 

 

Table 2: The Electrical Centers 

 Upstream 
beam pipe 

Middle cell Downstream 
beam pipe 

z [mm] -565.3 0 565.3 

x [m] 1054138.4 1179725.6 

1189363.4 

311.1126.2 

y [m] -533.560.25 -705.9186.0 

-682.082.63 

-582.952.91 

 
The results are required to make deep consideration of 
electrical center shift from mechanical center by the 
HOM coupler antenna arrangement, and beam kicked 

effect by the couplers. To know detail alignment with 
respect to a cryomodule, we need to examine field 
distribution and simulation calculation about RF kick 
field. Consequently, the Figure 9 is a preliminary result 
without consideration of these effects. 

RF KICK EFFECT 
We measured beam induced HOM when RF power into 

SC cavities was turned off. This measurement was 
performed under detuned SC cavities so that the 
frequency of TE111-1(a) is changed to 1.6088 GHz and 
the frequency of TE111-1(b) is also changed to 1.6096 
GHz. TE111-1(a) and (b) are coupled with both HOM 
couplers, and plots of amplitude of TE111-1(b) with 
respect to beam position shown a shape of V as shown in 
Figure 11, however those of TE111-1(a) didn’t show a 
shape of V in beam sweep region as shown in Figure 10. 
Assumed that average of amplitudes of V shape bottom of 
TE111-1(b) is amplitude of V shape bottom of TE111-1(a), 
we estimate positions of V shape bottom.  

Figure 10: Beam position 
vs. amplitude of TE111-
1(a). 

Figure 11: A example of V-
shape response of TE111-
1(b). 

 These all data are plotted in Figure 12, and electrical 
center is (x, y) = (4001397.5 m, -1229119.6 m) and 
(x, y) = (3831209.0 m, -1262.980.82 m) for HOM1 
and HOM2 respectively. 

Figure 12: Electrical centers of TE111-1 when RF power 
into 9-cell superconducting cavities was turned off. 

The electrical center of TE111-1 was changed by the 
change of gradient of SC cavities. We think that RF kick 
effect caused error of beam position estimation. 

CONCLUSION 
We could estimate electrical centers of TE111-1 and 

beam pipe modes by using beam sweep and HOM signal 
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detection at STF accelerator. However, the results are 
required to make deep consideration of electrical center 
shift from mechanical center by the HOM coupler 
antenna arrangement, and their beam kicked effect. The 
further consideration and further experiment are still 
required. 
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ERROR ANALYSIS FOR VERTICAL TEST STAND CAVITY
MEASUREMENTS AT FERMILAB∗

O. Melnychuk† , Fermilab, Batavia, IL, 60510, USA

Abstract
Overview of Vertical Test Stand (VTS) facility at Fer-

milab is presented. Uncertainty calculations for the mea-

surements of quality factor and accelerating field are de-

scribed. Sources of uncertainties and assumptions on their

correlations are reviewed. VTS hardware components with

non-negligible instrumental errors are discussed. Relative

contributions of individual sources to the total uncertainties

are assessed. Stability of VTS test results with respect to

potential mismeasurements of calibration coefficients and

decay constant are studied.

BRIEF OVERVIEW OF VTS
MEASUREMENT

VTS measurement consists of three main stages [1]:

1. Cable calibrations. Calibration coefficients Ci, Cr,

Ct are measured. These coefficients relate incident,

reflected (here and in the rest of this paper by “re-

flected power” we mean the power that travels in

the direction opposite to incident power, including

both the signal reflected from the cavity and the

signal which leaks out of the cavity through input

coupler), and transmitted power levels between VTS

stand power meter readings and actual power levels at

the cavity input coupler and output coupler ports in-

side the dewar.

2. Field probe calibration (also referred to as “decay

measurement”). Output coupler (field probe) quality

factor Qext2 is measured at this stage.

3. Measurement of Q0 and Eacc (also referred to as

“CW measurement”).

At each of the three stages measurements of power lev-

els are performed with the same power meters (at the cal-

ibration stage additional portable power meter is used).

Therefore strong correlations between quantities measured

at each stage are expected and should be properly taken into

account. Both decay measurement and CW measurement

rely on cable calibration coefficients measured at stage 1.

CW measurement relies on Qext2 established in the decay

measurement.

UNCERTAINTIES TO BE PROPAGATED
Sources of uncertainties in Q0 and Eacc include:

• finite precision and sensitivity limit of power meters;

• dependence of cable losses on power level;

∗Operated by Fermi Research Alliance, LLC under Contract No. De-

AC02-07CH11359 with the United States Department of Energy
† alexmelnitchouk@gmail.com

• operator error;

• uncertainty in measured decay constant τL.

Power Meters
Currently three power meters are used at VTS stand (in-

cident, reflected, and transmitted power) and a portable

power meter for cable calibrations. These devices are Ag-

ilent E4419B (or E4418B in case of transmitted power)

power meters, which use E9301A sensor heads. The fol-

lowing errors should be considered [2]:

1. power meter accuracy of 0.5%;

2. sensor non-linearity of 4%;

3. sensor calibration uncertainty of 1% .

Adding all of the above in quadrature gives total combined

precision of a power meter and sensor of 4.2%. Nominal

sensitivity limit of 9301A sensor heads is 1nW.

Cable Losses
Losses in RF cables inside the dewar, in general, depend

on the power level supplied to the cavity. According to ref-

erence [3] after tens of Watts are applied to a cable, cable

losses are not stable (cable loss variations of up to ≈15%

at 50W are possible. However, these observations were not

made on Times Microwave cables, which are used in VTS1

in IB1). We estimate the size of the effect of power level

dependence, using available VTS data from 1.3GHz 9-cell

and 325MHz SSR1 cavity tests. This approach is attractive

because results are extracted from exactly the same setup

as during VTS tests, including temperature conditions and

presence of other components e.g. directional, couplers,

connectors, and cables outside the dewar. We made use

of the last step in the calibration procedure, which is per-

formed with the same circuit as the actual measurement.

We compared the values of calibration coefficients before

and after this re-calibration and estimated the variation to

be 5% for Ci and Cr (no variation for Ct).

Operator Error
By “operator error” we mean the following causes of Ci,

Cr, Ct variations:

• tightness of cable connections by operator A is more

uniform throughout the steps of the calibration proce-

dure than by operator B;

• RF power may drift slightly, hence operator-

dependent delay between taking a measurement and

entering it into the calibration program introduces

some error;

• any random error that has to do with variations in

hardware configuration e.g. bending of the cables.
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Based on current experience, we set 3% upper bound on

operator error.

Decay Constant Uncertainty
Decay Constant τL is determined from a fit to

Ptransmitted signal after RF power is turned off when cav-

ity is at resonance. Measurement is performed at Eacc

in the range between 3 and 5 MV/m. Exponentially de-

caying Ptransmitted signal is sampled with crystal detector

(low barrier Schottky diode detector) Agilent 8472B. Sig-

nal sampling is performed every two milliseconds for six

seconds from the moment at which RF power is turned off.

The data are fit with the exponential function. Lower edge

of the fitting range corresponds to the moment at which RF

power is turned off (when Ptransmitted signal is at maxi-

mum). The upper edge of the fitting range corresponds to

the moment at which Ptransmitted signal decayed to 95%

of its maximum value. We considered the following errors

in the decay measurement:

1. Instrumental error in crystal detector.

2. Fit error.

3. Error due to Q-slope.

In general, crystal detector can produce three types of er-

rors: constant offset, non-linearity, and random noise. Con-

stant offset applied to all points in the fit range would not

affect the decay slope.

Non-linearity, in contrast, would have an effect on the

decay slope. We double-checked that Ptransmitted VTS

electronics circuit keeps Agilent 8472B detector in the lin-

ear regime.

Random noise from crystal detector together with noise

from any other conceivable source (e.g. helium vapor

pressure fluctuations affecting capacitance of the cavity)

contributes to fit error. First we estimated the spread of

Ptransmitted data points by subtracting fit function from

the data during the first 100 msec. The range was chosen to

be small enough so that the data points scatter around the

fit line but do not deviate systematically from the fit (due to

Q-slope). We estimated the spread to be 4%. This error was

assigned to all data points during the fit and the correspond-

ing fit error on τL was found to be 2%. We conservatively

use 3% as an estimate of τL fit error.

Decay constant τL depends on three quality factors:

Qext1, Qext2, and intrinsic Q0. If at least one of these

three quantities changes during decay measurement the de-

cay would no longer be described by a simple ∝ exp−t/τL
function since τL itself becomes a function of time. Such

dependence introduces an ambiguity in τL measured under

the assumption of simple exponential decay. Since Qext1

and Qext2 depend only on the geometry of the cavity and

on the position of the antennas, their values remain fixed

throughout a VTS test. Q0, on the other hand, depends

on Eacc. In the presence of strong Q0 vs. Eacc depen-

dence in the [3, 4] MV/m interval (Low Field Q-Slope)

where the decay measurement is performed additional un-

certainty may need to be ascribed to τL to take into ac-

count aforementioned ambiguity. We estimated the size

of the uncertainty by modeling τL measurement under two

extreme Q-slope scenarios: 1) flat Low Field Q-slope and

2)Q0 increase by a factor of 2 between 0 and 5 MV/m. We

concluded that τL error due to Q-slope is negligible. This

conclusion is valid for fitting range between maximum and

95% (range that is currently in use) or smaller fitting range.

In summary, τL error is of statistical nature and is equal

to 3%.

Uncertainty on κ=
√
r/Q/L

Parameter κ=
√
r/Q/L, which is used for calculating

Eacc, is estimated from the simulations. The simulations

assume perfect cavity geometry. Deviation of tested cav-

ity geometry from perfect geometry translates into uncer-

tainty in κ. Size of this uncertainty can be conservatively

estimated as 1% (standard deviation) [4]. Since this uncer-

tainty is small and not correlated with other uncertainties,

when added in quadrature, it changes the total uncertainty

by negligible amount. Therefore it was not propagated.

Summary of Uncertainties to Be Propagated
Uncertainties used in Q0 and Eacc error propagation are

summarized in Table 1.

Table 1: Uncertainties which are Propagated into CW-

measured Q0 and Eacc Uncertainties

Source Uncertainty

Power meter sensitivity 1 nW

Power meter precision 4.2%

Operator error 3%

Cable losses 5%(Ci, Cr), 0%(Ct)

Decay constant 3%

Correlations
When propagating errors on CW measured Q0 and Eacc

it is important to take into account the correlation between

the three stages of the VTS measurement (cable calibration,

decay measurement, and CW measurement). This correla-

tion arises from using the same devices (power meters) for

power level measurements at each of the three stages. To be

more precise, same Pincident power meter is used for mea-

suring incident power level at each stage, same Preflected

power meter is used for measuring reflected power level

at each stage, and same Ptransmitted power meter is used

for measuring transmitted power level at each stage. These

three power meters are located at the VTS test stand (there

is also fourth, portable, power meter, which is used only

during cable calibrations and does not bring any correla-

tion).

We assume that the same physical device mismeasures

power level by the same fractional amount whenever it is

used throughout a given VTS test. In other words, error
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on Pincident, for example, measured during cable calibra-

tions will be 100% correlated with the error on Pincident

measured in the decay measurement (or/and CW measure-

ment). Measurement errors on physically distinct devices,

on the other hand, are assumed to have zero correlation re-

gardless of whether the measurements are made during the

same stage or at different stages of the VTS test.

Ci, Cr, and Ct errors are by definition 100% correlated

between decay measurement and CW measurement since

same cable calibration is applied in both cases.

Outlined treatment of correlations is quite different from

that adopted in [1].

PROCEDURE FOR ERROR ANALYSIS
Our error analysis procedure consists of several steps:

1. Based on the VTS data contained in the VTS test

output file (uncorrected power levels, calibration co-

efficients Ci, Cr, Ct, τL, frequency) reproduce cen-

tral values of Qext2 from decay measurement and Q0,

Eacc from CW measurement. Offline calculations are

performed with python scripts.

2. Extend previous step to calculation of uncertainties:

reproduce uncertainties on Qext2, Q0, and Eacc. At

this stage we use same values of uncertainties (of in-

dividual sources) to be propagated and same assump-

tions on their correlations as in LabView VTS pro-

gram based on [1].

3. Modify assumptions on correlations as described ear-

lier and turn on corresponding correlations within

uncertainties framework. Unlike in previous step,

here we calculate Ci, Cr, and Ct (and propagate er-

rors) starting with power level measurements taken at

the stage of cable calibrations.

4. Replace values of uncertainties to be propagated with

our estimates (listed in Table 1).

5. Re-calculate uncertainties on Qext2, Q0, and Eacc.

RESULTS
To perform error analysis we used data from 2K VTS

test of TB9NR004 cavity performed in March 2012, which

has typical performance. Our offline estimated errors are

significantly lower than those calculated according to pro-

cedure described in [1] This is because in our estimation

the correlations are fully taken into account, which leads to

large cancellations of common errors.

Fractional Q0 and Eacc uncertainties can be both ap-

proximated by constant 4% uncertainty reasonably well for

values of β1 below 2.5. For higher values of β1 Figure 1

of this document can be used for guidance on the expected

size of the uncertainty. For accurate estimates of uncer-

tainty python scripts mentioned in this document should

be used.

Naturally conclusions of our error analysis are tied to

the list of sources of error that we considered and claim

to understand. Additional non-negligible sources of uncer-

tainty may also contribute. In particular, instabilities in the
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Figure 1: β1 dependence of Q0 fractional error in CW

measurement. Two tests are shown: 03/12 TB9NR004

2K test and 05/12 TE1ACC005 test in which temperature

was lowered below 2K. Faster Q0 error growth in case of

TE1ACC005 could be due to larger β1 in the decay part of

the test or related non-trivial dependence of error on other

quantities involved in error propagation.

electronics may contribute to overall uncertainty in a way

that does not allow rigorous quantification. For example,

a known drift of RF source power level at a fixed attenua-

tion, in principle, may have consequences for the measure-

ment of τL. Instabilities in the analog-based feedback loop

system may invalidate “peak of the resonance” assumption

when a measurement point is taken leading to miscalcula-

tion of β1 and, consequently, Qext2. Additional instabili-

ties arise in special cases when Q is very high (approaching

10E+11) since in this case, due to long fill-up time, equilib-

rium between incident and reflected power is reached very

slowly and it is not stable.
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RECENT UPGRADE OF ULTRA-BROADBAND RF SYSTEM  

FOR CAVITY CHARACTERIZATION 

S. Stark, V. Palmieri, A.M. Porcellato, A.A. Rossi, 

INFN, Laboratori Nazionali di Legnaro, Legnaro (Padova), Italy

Abstract 
The first computer controlled RF system for SC cavity 

characterization entered into operation at INFN-LNL in 

1994. Since then it has been successfully used for testing 

SC cavities of different shapes and frequencies. Recently 

we performed an important upgrade on it in order to cover 

a wider frequency range and to take advantage of the 

better performance of nowadays electronic devices.  

The paper describes the present system layout, 

dedicated software, sequences of calibration and testing 

procedures and moreover discusses further upgrading 

possibilities. 

INTRODUCTION 

The first, computer based, measuring system, 

developed at LNL in 1994 for superconducting (SC) 

cavity testing, covered two frequency bands around 160 

and 1300/1500 MHz in order to measure both ALPI 

QWRs and TESLA type cavities [1]. Later we added the 6 

GHz band for a small scale cavity characterization [2, 3]. 

We added also the possibility of remote measurement in 

the case of radioprotection restrictions [4]. During all 

these years the system has been routinely used for the SC 

cavity studies at LNL Superconductivity Laboratory. The 

software developed for the cavity measurement was 

continuously upgraded passing from the original HP 

IBASIC to VB3, VB6, VB.NET 2.0, and VB.NET 3.5. 

Most of the original HP RF instruments (Power meters, 

RF generator, and Frequency counter) were substituted in 

2008.  Following the approach described in [5], the rest of 

the system components was upgraded, where possible, by 

commercially available, low cost, electronic devices from 

contemporary communication technologies [6]. At 

present, only the RF power amplifiers, bidirectional 

couplers and circulators remain frequency dependent. 

The broadband solution has the advantage of using 

practically the same measurement setup, control software 

and standard procedure sequence for the different types of 

RF cavities that are tested at LNL. This approach is less 

error prone and improves the learning curve for the 

personnel and students involved in cavity testing 

activities.  

Recently we introduced and tested a new calibration 

procedure.  We perform it at a forward power level 10 

times higher than in the past in order to reduce the 

calibration uncertainties in the forward/reflected lines. 

Guard-Charts [7] multiple parameters monitoring 

software helps to keep under control and to register all the 

auxiliary parameters and conditions during test. 

UPGRADE MOTIVATION 

The main reasons for upgrade were as follows:  

 possibility of old components substitution (20+ 

years) 

 RF circuit simplification and cost reduction  

 need for a continuous coverage for low frequency 

(50 to 500 MHz) cavities including 80, 160, 352 

MHz for LNL cavities and RFQs and  CERN HIE-

ISOLDE prototypes at 101 MHz 

 increase in the digital phase shifter granularity (from 

9 to 11 bit selectable) for better resonator phase 

adjustment during test 

 latching relay implementation for better temperature 

stability of RF and DC lines, thus avoiding the 

heating of the relay coil and contacts 

HARDWARE IMPROVEMENTS 

The new configuration makes use of the recent wide 

bandwidth devices, which permitted to cover smoothly, 

using only two partially different RF signal paths, all the 

cavity types from 50 to 1500 MHz and from 2 to 6 GHz 

(Fig.1).   

The switching between the two bands is performed 

automatically using conventional relays. The only one RF 

relay is used for the pick-up sensitivity selection. All of 

them are of latching type in order to reduce power 

consumption and heating effects.  

New wide band components for phase detection from 2 

to 6 GHz are not yet available, thus we have to use a 

standard mixer as phase detector.   

In the new layout we use a combination of a dual DAC 

and a quadrature modulator to produce the phase shifting 

of the RF signal. Based on our experience, the typical 

previous phase shifters granularity of 8 bits (1.4 degrees 

per step) is not quite sufficient for phase adjustment 

during the superconducting cavity measurement. For this 

reason a dual 14 bit DAC has been chosen to produce a 

user selectable from 9 to 11 bits of phase control (down to 

0.18 degrees per step). The DAC output is switched 

between two quadrature modulators covering two 

frequency bands.  

The forward signal path from signal generator to power 

amplifiers remained unchanged with respect to the 

previous design because there is not yet low cost 

alternative to controlled PIN Diode attenuators and 

switches for ultra-broadband operation.  

Fig. 2 shows the measuring system for superconducting 

cavity testing at LNL Superconductivity Laboratory. 
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NEW CALIBRATION PROCEDURE 

The dynamic range of the cavity measurement system 

goes from milliwatts to tens of watts. As a consequence, 

we have to protect the measurement heads by attenuators. 

On the other hand we are trying to avoid any manual 

operations with cables, connectors and attenuators, which 

can compromise the results of the cavity test, especially at 

6 GHz. Consequently, the calibration procedure should be 

optimized to guarantee the maximum precision of 

attenuations and corrections for all the dynamic range. As 

a matter of fact, with the additional attenuators, the 10 

mW of source power, previously adopted during the 

calibration procedure, led to a rather low signal at the 

forward and reflected power heads, thus increasing the 

measurement error. We now use 100mW of forward 

power for all the calibration procedures. 

The calibration sequence that we used in the past did 

not foresee the measure of the reflected power during the 

full transmission step (RF feeding line terminated by a 50 

ohm power head). This gave a further contribution to the 

measurement error. 

The updated calibration sequence is illustrated in Fig.3. 

A zero value for cables and attenuators indicates that they 

are included automatically into overall attenuation of the 

corresponding lines during the calibration procedure. In 

case of subsequent manual modification of line 

attenuations, the corresponding values have to be inserted 

into the variables foreseen in the control software.  

During the first step, we determine forward and 

reflected power values at the directional coupler sampling 

ports while shortening the forward cable in order to 

produce full reflection. 

The second step gives the forward and reflected power 

measured at directional coupler  in case of full 

transmission,  when the forward cable is connected to a 

third power head through a calibrated 10dB attenuator.  

At this point we can calculate both forward and 

reflected overall attenuations.  

 

 
Figure 1: Measuring System layout. 

 

Figure 2:  Measuring system view. 
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The third step measures and automatically acquires the 

two attenuation coefficients for the two paths of pickup 

input lines. In this case the forward cable is used as 

calibrated power source.  

The attenuations of the RF lines inside cryostat are 

measured at 4.2 K, always using the forward cable as 

calibrated power source but setting the generator 

frequency slightly outside the cavity band.  For both the 

lines we find the right attenuation coefficient by trials 

changing the numbers in the foreseen fields in the control 

program in order to get full (100%) reflection from the 

correspondent cavity port.  

The next step in the calibration of the system is the 

determination of the cavity Q at low field cavity in critical 

coupling. For the types of cavities affected by low field 

multipacting we condition the levels in advance. We feed 

the cavity, locked in phase at its resonant frequency and 

we adjust the coupler position up to minimize cavity 

reflected power. At equilibrium (stable cavity field), we 

can start the Q measurement procedure. The latter turns 

off the power and interpolates the pickup decay data to 

determine the cavity decay time and the related Q-value. 

From it and from the measure of the feeding and 

transmitted power, the program then computes the pickup 

acceleration field coefficient (known the ratio between 

stored energy and square of accelerating field).  The 

accelerating field and the correspondent Q-value at higher 

accelerating fields can be then determined by increasing 

the feeding power and adjusting the coupling in order to 

maintain the critical coupling condition.  The program 

automatically plots the values of Q versus accelerating 

field, allows a fast analysis and recording of data and 

gives the possibility to print the Q-curve immediately. 

The control software maintains the previous structure 

and the visual interface, but was modified both to support 

all newly introduced hardware elements and to perform 

the upgraded calibration sequence. Fig. 4 shows the 

control program main panel. Acting on it, it is possible to 

adjust the power level, frequency and phase, to perform 

frequency sweep, decay time measurement, Q(E) 

acquisition, to regulate pulse operations, if required, to 

control the stepping motors for cavity coupler and tuner 

movement, to visualize the rf signal level and to access 

other control panels.  

 

Figure 3: Five steps of the new calibration procedure. 
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Figure 4: Control software main panel. 

CONCLUSIONS 

We performed an important upgrade on measuring 

system for superconducting cavity testing at LNL 

Superconductivity Laboratory using commercially 

available, low cost, electronic devices. The system 

actually covers smoothly the frequency range from 50 to 

6000 MHz divided in two bands. Further upgrades are 

possible with the arrival of new generation 

telecommunication devices covering higher frequency 

range.  

We developed and tested a new calibration procedure 

applicable to all three measuring systems operating at 

LNL that permits more precise and reliable evaluation of 

cavity characteristics. The upgraded software was tested 

and put into operation. 
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USE OF WAVEGUIDE PROBES AS BEAM POSITION AND TILT 
MONITORING DIAGNOSTICS WITH BASELINE AND ALTERNATIVE 

SUPERCONDUCTING DEFLECTING CAVITIES FOR THE APS 
UPGRADE* 

X. Sun#, G. Decker and G. Wu, ANL, Argonne, IL 60439, USA

Abstract 
A set of superconducting deflecting cavities were 

studied for the APS Upgrade. A TM-mode baseline 
deflecting cavity design has been developed and 
prototyped, while an alternative design based on a TE-like 
mode is being studied. Waveguide field probes associated 
with the baseline and alternative superconducting 
deflecting cavities are explored as beam position and tilt 
monitoring diagnostics. Microwave Studio was used to 
simulate the technique of detecting the fields excited by a 
Gaussian bunch passing through the cavities to determine 
beam position relative to the electrical center. Probes 
installed on the horizontal midplane in the beam pipe are 
promising diagnostics for monitoring beam position and 
tilt in both designs. The probes in the power coupler also 
work as beam position monitors for the alternative 
deflecting cavities. 

INTRODUCTION 
A set of superconducting deflecting cavities were 

studied for the Advanced Photon Source (APS) Upgrade. 
A TM-mode baseline deflecting cavity design has been 
developed and prototyped [1], while an alternative design 
based on a TE-like mode is being studied [2-3].  

Waveguide field probes associated with the baseline 
TM-mode superconducting deflecting cavities have been 
explored as beam position and tilt monitoring diagnostics 
[4]. The probes installed on the horizontal midplane in the 
beam pipe were sensitive to the beam vertical position. 
The signals from the beam pipe probes were proportional 
to the beam vertical positions. However the probes in the 
fundamental power coupler (FPC), high-order-mode 
coupler (HOM), and low-order-mode coupler (LOM) 
cannot detect the deflecting dipole mode, which is 
sensitive to the beam vertical position. The boundary of 
the HOM in the baseline deflecting cavities was improved 
and Microwave Studio [5] was applied on the baseline 
structure again in this paper.  

The alternative TE-mode superconducting deflecting 
cavity is totally different from the baseline TM-mode one. 
It became attractive due to its special advantages. It was 
necessary to investigate the waveguide probes as beam 
position and tilt monitoring diagnostics with alternative 
deflecting cavities by using Microwave Studio.  

 
 

FIELDS IN THE BEAM PIPE OF THE 
BASELINE DEFLECTING CAVITY 

The HOM of the baseline deflecting cavities was bent 
to be perpendicular to the plane of the Cartesian 
coordinate system, shown in Figure 1. The boundary 
conditions were improved compared to the previous one 
in [4].   

 

Figure 1: Baseline TM-mode superconducting deflecting 
cavity and the associated waveguides with the probes.  

The simulation progress was identical to one in [4] and 
the conclusion was similar. A Gaussian bunch was 
launched at different vertical offsets (y = 0/1/2 mm) while 
there was no rf generator. The bunch charge was 15.65 nC 
with rms bunch length of 10.05 mm and passed through 
the deflecting cavity. 

The deflecting dipole mode TM120 in a rectangular 
cavity (or TM110 in a circular cavity) is proportional to the 
beam vertical position.  

Figure 2 shows the spectra of the electro-magnetic 
fields at the probe in the beam pipe of the baseline TM-
mode deflecting cavity. The deflecting dipole mode TM120 
(2.841 GHz) leaks into the beam pipe and shows linear 
sensitivity to the vertical beam position with the probe in 
the horizontal midplane. The beam pipe probe shows 
response that is proportional to the vertical beam position 

 ___________________________________________  
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#xiang@aps.anl.gov               

Proceedings of SRF2013, Paris, France THP097

04 Measurement techniques

Y. RF generation (sources) and control (LLRF)

ISBN 978-3-95450-143-4

1155 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



and can be used as a beam position and tilt monitoring 
diagnostics. 

 

 

Figure 2: Electro (top) and magnetic (middle & bottom) 
field spectra for different vertical beam positions at the 
beam pipe probe in the baseline TM-mode deflecting 
cavity design. Deflecting mode TM120 is at 2.841 GHz. 

FIELDS IN THE BEAM PIPE OF THE 
ALTERNATIVE DEFLECTING CAVITY  
Figure 3 represents the alternative TE-mode 

superconducting deflecting cavity design. The probes 
were set up in the deflecting cavity, beam pipe, and power 
coupler. The same Gaussian bunch passed through the 
alternative TE-mode deflecting cavity. 

 

 

Figure 3: Alternative TE-mode superconducting 
deflecting cavity and the associated waveguides with the 
probes. 

Figure 4 shows the spectra of the electro-magnetic 
fields at the beam pipe probe of alternative TE-mode 
deflecting cavity. Similar to the baseline deflecting cavity, 
the deflecting dipole mode TE103 (2.814 GHz) in the beam 
pipe shows linear sensitivity to the vertical beam position 
with the probe in the horizontal midplane. The beam pipe 
probe shows response that is proportional to the vertical 
beam position and can be used as a beam position and tilt 
monitoring diagnostics.  

 

Figure 4: Electro (top) and magnetic (middle & bottom) 
field spectra for different vertical beam positions at the 
beam pipe probe in alternative TE-mode deflecting cavity 
design. Deflecting TE103 mode is at 2.814 GHz. 

Figure 5 shows the electro-magnetic field patterns at 
2.814 GHz for beam y = 2 mm on the plane including the 
beam pipe and power coupler probes. 

 

Figure 5: The TE10-like electro (top) and magnetic 
(bottom) fields at frequency 2.814 GHz for beam y = 2 
mm on the plane of y = 0 mm, where the beam pipe and 
power coupler probes were located (green arrows). 
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FIELDS IN THE POWER COUPLERS OF 
THE ALTERNATIVE DEFLECTING 

CAVITY  
Figure 6 demonstrates the spectra of the electro-

magnetic fields at the probe in the power coupler of the 
alternative deflecting cavity. Different from the situation 
in the baseline TM-mode deflecting cavity, the electro-
magnetic fields in the power coupler of the alternative 
TE-mode deflecting cavity illustrates linear sensitivity to 
the vertical beam position. The power coupler probe 
shows response that is proportional to the vertical beam 
position and can also be used as a beam position and tilt 
monitoring diagnostics.  

 

Figure 6: Electro (top) and magnetic (middle & bottom) 
field spectra for different vertical beam positions at the 
power coupler probe in the alternative TE-mode 
deflecting cavity design. The mode at 4.170 GHz may be 
TE112. 

Figure 7 shows the electro-magnetic field patterns at 
4.170 GHz for beam y = 2 mm on the plane including the 
beam pipe and power coupler probes. 

SUMMARY 
Using a Gaussian bunch launched at different vertical 

positions and passing through the baseline or alternative 
deflecting cavity, the electro-magnetic fields excited by 
the beam were simulated without an rf generator.  

The probes installed on the horizontal midplane in the 
beam pipe were sensitive to the beam vertical position for 
both baseline and alternate superconducting deflecting 
cavities. The signals from the beam pipe probes were 
proportional to the beam vertical positions.  

Different from the situation of the baseline 
superconducting deflecting cavity, the signals from the 
probes in the power coupler were also proportional to the 
beam vertical position in the alternative deflecting cavity.  
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Figure 7: The TE11-like electro (top) and magnetic 
(bottom) fields at frequency 4.170 GHz for beam y = 2 
mm on the plane of y = 0 mm, where the beam pipe and 
power coupler probes were located (green arrows). 

Proceedings of SRF2013, Paris, France THP097

04 Measurement techniques

Y. RF generation (sources) and control (LLRF)

ISBN 978-3-95450-143-4

1157 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



LLRF AND DATA ACQUISITION SYSTEMS FOR SPOKE012 CAVITY 
VERTICAL TEST AT IHEP*  

J. Dai, J. Zhang #, H. Huang, H. Lin, Y. Sun, P. Sha, Q. Wang, H. Li 
Institute of High Energy Physics, Chinese Academy of Sciences（CAS), Beijing 100049, China

Abstract 
Development of two Spoke012 cavities and their verti-

cal tests have been completed successfully at IHEP (Insti-
tute of High Energy Physics) with a LLRF system and 
DAQ (data acquisition) system specially designed. The 
LLRF system is developed on the basis of the proven ana-
log system used for the test of the BEPCII 500 MHz spare 
cavity. The Labview2009-based DAQ system is in charge 
of the communications of the measuring instruments, the 
local machine and the remote one. It realizes the real-time 
display of Q0~Eacc and radiation dose curve for the first 
time at IHEP. The data connection between Labview and 
EPICS is implemented. The vertical test result shows that 
the LLRF and the DAQ system perform stably and 
reliably as expected. This paper introduces these two sys-
tems and the general information of Spoke012 cavity 
vertical test. 

INTRODUCTION  
Two 325 MHz spoke cavities whose  is 0.12 

(Spoke012) have been fabricated successfully at IHEP. In 
order to get the relationship between the unloaded quality 
factor Q0 and the accelerating gradient Eacc and evaluate 
the performance of the cavity, a vertical test should be 
implemented. 

In the vertical test, due to the cavity’s narrow band-
width on the order of 1 Hz with superconducting state, the 
LLRF system must track the cavity frequency strictly to 
keep the resonance. Moreover, a large amount of data in-
cluding RF powers, temperatures, vacuum and liquid he-
lium levels need to be analyzed. All of these data should 
be acquired, transmitted, processed and stored synchro-
nously and in real time [1]. According to these require-
ments, a stable, reliable and efficient DAQ and signal 
processing system is necessary.  

LLRF SYSTEM HARDWARE  
The layout of cabinet for vertical test is illustrated in 

Fig. 1. In general, the LLRF system mainly consists of a 
PLL (Phase Locked Loop) and parameter measurement 
system. 

PLL 
Because of the narrow bandwidth of a superconducting 

cavity, a PLL is required to keep the RF source operating 
at the cavity’s resonant frequency. A schematic diagram 
of the RF equipment attached to the spoke cavity is 
shown in Fig. 2 [2]. 

 

Figure 1: Cabinet of vertical test. 

 

Figure 2: Schematic of the test equipment for RF 
measurements on spoke cavity. 

The LLRF system uses the combination of down con-
verter, phase detector and loop amplifier to obtain the 
phase difference between incident and transmitted signals. 
After filtered and amplified, the phase difference is fed 
back to the signal source’s external frequency modulation 
(FM) control to adjust the RF source frequency and lock 
onto the frequency of the cavity. However, when the fre-
quency is out of lock, a function generator is indispensa-
ble to provide a saw-tooth waveform of varying am-
plitude which is used to sweep the cavity’s resonant 
frequency. A simplified block diagram of the LLRF 
system for Spoke012 cavity vertical test is shown in 
Fig. 3 [3]. From Fig. 3, it is clear to see the main LLRF 
loops and the measuring approaches.  ____________________________________________  

*Work supported by Strategic Priority Research Program of CAS
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Figure 3: Block diagram of the LLRF system for Spoke012 cavity vertical test.

Parameter Measurement System 
To measure Q0 as a function of Eacc, the first step is to 

adjust the input coupler penetration and the phase shifter 
so that the reflected power is zero, the cavity is matched 
(β=1). Then, the decay constant τ is obtained by measur-
ing the exponential fall of the stored energy immediately 
after the input power is switched off. Next, Q0 and Eacc 
can be calculated by the incident, reflected, transmitted 
power signals and the decay constant τ [4]. 

DAQ SYSTEM SOFTWARE  
The data acquisition system chooses different transmis-

sion interfaces according to the differences of bandwidths 
and precisions of the measured data as shown in Table 1. 
Fig. 4 shows the structure of the DAQ system. 

 

Figure 4: Structure block diagram of DAQ system. 

Fast Signals Collection  
Agilent high precision instruments are used directly to 

measure the power and frequency signals that vary 
quickly. To measure four-channel powers and one-chan-
nel frequency, two power meters and one frequency 
counter are connected in series. The three instruments’ 
addresses are allocated in advance, and then a Labview 
program is run in the PC to operate these instruments.  

Firstly, the VISA write module of Instrument I/O in 
Labview2009 gives a Fetch instruction to these instru-
ments. Then the VISA read module will read the power or  
frequency out. Finally, a string to number conversion is 
very essential. The fastest transmission rate of GPIB is  
1.8Mb/s, so the speed can meet the demand of fast signals 
completely. 

Slow Signals Collection  
For signals that vary very slowly, convert the instru-

ments backboards’ analog 4-20 mA current output to volt-
age signals and send them to a DAQ card. Finally, all data 
are transmitted to PC via PCI interface.  

It should be noted that since the DAQ card involves the 
current/voltage signal transmission and ADC conversion, 
errors will be introduced into the system inevitably and 
they can cause a large data jitter. A digital filter is in-
serted into the Labview program to solve this problem. 

 
 

Table 1: Instruments and Interfaces of Different Measured Parameters 

Parameter Way Requirement Instrument Interface 
Power 4 High accuracy, fast speed Agilent E4417A,E4419B GPIB-USB 
Frequency 1 High accuracy, fast speed Agilent 3132A GPIB-USB 
LHe level 1 Low accuracy, slow speed DAQ card PCI 
Cavity vacuum 1 Low accuracy, slow speed DAQ card PCI 
Tuner position 1 Low accuracy, slow speed DAQ card PCI 
Radiation 1 Low accuracy, fast speed XH3201 RS232 
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Radiation Dose Collection  
The radiation dosimeter communicates with the upper 

computer by serial port RS232. Fig. 5 illustrates how to 
use NI-VISA to implement serial communication in a 
simplified flow chart. 

 

Figure 5: The flow chart of serial communication. 

NI-VISA makes serial instrument programming fast 
and easy. After reading the bytes out by VISA Read, 
these bytes should be separated and combined again to get 
the value and the unit of the radiation dose according to 
the specifications. 

The Features of the DAQ System 
Fig. 6 shows the Labview interface of Spoke012 cavity 

vertical test. From the figure, all parameters and the test 
result are displayed clearly. 

 

Figure 6: The Labview interface of Spoke012 cavity 
vertical test. 

The features of the DAQ system are as follows.  
a) All measured data are saved for Excel files in PC by 

Labview. The names of the Excel files can be changed 
automatically as the system time every other hour, which 
avoids Labview program errors because of a file’s large 
capacity.  

b) Since the cavity parameters must be measured at or 
near critical coupling, the system is designed to select 

effective data automatically when VSWR is between 1 
and 1.1. At the same time, it draws a curve of Q0 and Eacc 
(Q0~Eacc_PC curve in Fig. 7) in real time.  

c) Along with the increase of the incident power, there 
must be a point when VSWR is nearly close to 1 at each 
certain power level. These ideal parameters and the final 
Q0~Eacc curve (Q0~Eacc_manual curve in Fig. 7) can be 
presented on PC and saved in PC by clicking a button. It 
is timesaving to obtain real -time result without off-line 
analysis. 

d) All data that Labview2009 acquires are connected 
with EPICS, which is easy to plot the curves of parame-
ters. The data display interface is more beautiful as illus-
trated in Fig. 7. What’s more, the interface can be dis-
played on several upper computers synchronously. 

 

Figure 7: The EPICS interface. 

CONCLUSION  
The LLRF system has been locked onto the cavity and it 

tracked the cavity frequency well. The DAQ system has 
also been proven to be of reliable operation and easy 
maintenance after Spoke012-1#&2# cavities were tested 
successfully at IHEP. It can collect data and get real-time 
test results online for the first time in China. It also has 
implemented network distributed data acquisition with 
EPICS. The systems are portable for other vertical testing 
systems by making small changes easily. 
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LHC CRAB CAVITY PROGRESS AND OUTLOOK ∗

R. Calaga, E. Jensen, CERN, Geneva, Switzerland

Abstract
Three novel superconducting RF crab cavity designs

proposed for the LHC luminosity upgrade have rapidly pro-

gressed. First Niobium prototypes are reaching close to the

design performance and beyond. The highlights of the RF

test results from the prototypes along with design modifi-

cations for initial beam tests in the SPS are presented. The

status of the cryomodule development, integration into the

SPS and the beam tests in view of validating the crab cavity

system for LHC upgrade are addressed.

INTRODUCTION
Since the 2010 restart, the LHC was operated with

proton-proton collisons at 3.5 TeV and later increased the

beam energy to 4 TeV in 2012. During a period of approxi-

mately 3 years, the LHC accumulated in excess of 30 fb−1

at the two high luminosity experiments (ATLAS and CMS)

which lead to the discovery of the Higgs boson (courtesy

LHC-OP). Fig. 1 shows the evolution of the delivered in-

tegrated luminosity to each of the four experiments during

2011 and 2012.

2011: 5.6 fb−1 2012: 23 fb−1

Figure 1: Integrated luminosity delivered to each of the

four experiments in the LHC in 2011 (left) and 2012 (right),

(courtesy LHC-OP).

The LHC is presently under a long shutdown (LS1) for

approximately 18 months or longer to primarily repair the

splices between the superconducting magnets and other

maintaince required to push the LHC to its nominal beam

energy of 7 TeV. Soon after LS1, the LHC is expected to de-

liver an integrated luminosity of approximately 60 fb−1/yr

and therefore tripling its performance from 2012. This will

allow the physicists to precisely understand the character-

istics of the Higgs boson and possibly other new physics.

∗Research supported by EU FP7 HiLumi LHC - Grant Agreement

284404

LHC CRAB CAVITIES & SPS TESTS
To extend the lifetime and physics reach of the LHC into

the next decade, a luminosity upgrade (HL-LHC) is pla-

need for 2022-23 which aims to increase the integrated lu-

minosity by ten-fold to 250-300 fb−1/yr. This requires a

complete revision of the LHC interaction regions and up-

grade a total of 1.2 km of the LHC ring with large aperture

high field magnets and an improved matching section (see

Fig 2).

Figure 2: Schematic of the LHC interaction region and the

respective magnetic elements to be upgraded with the in-

clusion og crab cavities for HL-LHC.

Due to the long common focusing channel between the

two beams with a collision spacing of only 3.75m, a large

crossing angle is required to avoid parasitic collisions [1].

The inclusion of crab cavities to compensate the crossing

angle dramatically increases the luminosity reach and of-

fers a mechanism to control the luminosity to maximize

detector efficiency [2]. Some relevant parameters for the

LHC design and upgrade are listed in Table 1.

Table 1: Some relevant parameters for the LHC nominal

and upgrade lattices.

Unit Nominal Upgrade

Energy [TeV] 3.5-7 7

p/bunch [1011] 1.15 1.7-2.0

Bunch Spacing [ns] 50-25 25

εn (x,y) [μm] 2.5 2.5-3.75

σz (rms) [cm] 7.55 7.55

IP1,5 β
∗ [cm] 55-100 15

Betatron Tunes - {64.31, 59.32}
X-Angle: 2φc [μrad] 250-300 590

Piwinski Angle σz

σ∗φc ≤0.7 ≥3.1

Main/Crab RF [MHz] 400

Peak luminosity [1034 cm−2s−1] 1.0 8.4
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Crab Cavity Layout
The large crossing angle and the high beam energy re-

quire an integrated transverse voltage of 10-12 MV. Such

high voltages in a limited space of 10m and an almost zero

beam loading operation are ideally suited for superconduct-

ing cavities. In the present layout, three crab cavities are

to be placed between the D2 separation dipole and the Q4

quadrupole which is the closest position from the inter-

action point (IP) where both beams are completely sepa-

rated into their respective beam chambers. Fig. 3 shows

the concieved layout on each side of the IP for the two

beams. A staggered configuration for the cavities is cho-

sen to equalize the cavity voltages due to the rapid change

of β-functions from left to right.

Figure 3: Schematic of the crab cavity layout on each side

of the IP (not to scale).

Very compact transverse size at 400 MHz are required to

fit within LHC footprint while accomodating the long pro-

ton bunches. Three candidates fulfilling such criteria were

proposed and are presently under development (see Fig. 4).

Conventional elliptical cavities at this frequency is atleast

a factor of 4 larger than the available transverse separation

between the beam chambers and would therefore be incom-

patible. In addition, proposed compact cavity designs show

superior RF properties compared to their elliptical counter-

parts [3–5].

Figure 4: Three potential compact cavities under study for

the HL-LHC upgrade [3–5].

SPS Beam Tests
Beam tests with one or more of the compact crab cavities

with hadron beams is considered as pre-requisite to identify

potential risks and to ensure the safety of the LHC. This in-

cludes the verification of crabbing and stable operation in a

proton machine with no severe operational constraints. The

primary issue of machine protection during cavity failures

and cavity transparency should be demonstrated prior to an

installation of a complete system in the LHC.

Therefore, a two-cavity test module for beam tests in the

SPS is identified as an ideal test bench. The availability of

a bypass (see Fig. 5) in the SPS BA4 region allows for crab

cavity installation which can be moved in and out of the

main beam line with mechanical movers. Due to diverse

beams accelerated in the SPS, the bypass allows for the

minimum perturbation of the SPS during regular operation.

Aperture restrictions also exclude the use of crab cavities in

the SPS ring during regular operation [6].

Figure 5: The SPS-BA4 region with a horizontal bypass

which is the planned location for a crab cavity test module.

CAVITY & CROMODULE STATUS
All three compact cavity designs have been successfully

designed and fabricated in bulk Niobium at Niowave Inc.

The RF dipole and the double quarter-wave cavities were

formed from Niobium sheets with the minimum number

of welds at low field regions. Due to the complex inserts

of the UK-4rod cavity, they were machined from a single

Niobium ingot [7]. Each cavity was treated with the stan-

dard recipe of a buffer chemical polishing (BCP) to remove

approximately 150 μm, a UHV bake at approximately 600
◦C for more than 10 hrs followed by a light BCP of 10-20

μm and a high pressure water rinse prior to RF testing. It

should be noted that the treatments were performed at dif-

ferent facilities for different parts and are not equivalent.

First Test Results
The three cavities were tested during 2012-13 at CERN,

Jlab and BNL with varying results. All three cavities en-

countered some low field multipacting which was easily

processed. The RF dipole reached a maximum deflecting

voltage of 7 MV (more than factor 2 of the specification)

before reaching a quench limit with a Q0 corresponding to

about 35 nΩ at low field. The Q0 is only a factor of 3.5

lower than the specification is suspected to come from an

acid contamination [8]. The double quarter wave reached a

deflecting voltage of 1.34 MV in pulsed mode with Q0 less

by a factor of 30 than the specification [9]. In CW mode,

the Q0 degraded rapidly with increase in cavity tempera-

ture. The limited performance is suspected to occur from

a local defect or a foreign material due to observation of

localized heating. Detailed results of these cavities are pre-

sented elsewhere [8, 9].

The 4rod cavity underwent the bulk BCP at Niowave

with the rest of the surface treatment and its first test at

CERN [10]. Due to insufficient time, the cavity was tested
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without a light BCP during its first test. A vacuum leak

was observed which was later identified to be due to im-

proper seal between the NbTi flanges. After repair, the cav-

ity underwent a light chemistry for approximately 20 min

at a flow rate of 20 L/min to remove approximately 10-20

μm [11] prior to the second RF test. Despite the repair to

all NbTi flanges and a new vacuum system insert to relieve

any residual stress on the cavity during cooldown, a small

but measurable vacuum leak (10−8 − 10−7 mbar) was ob-

served when the cavity was in the neighborhood of 4.5K

and below. The leak was amplified by atleast an order of

magnitude or more during the transition to superfluid He-

lium. Details on the measurements are given in Ref. [12].

Fig. 6 shows the Q vs. VT curve for measurements per-

formed at 4.5K down to 1.8K. The cavity performed ap-

proximately a factor of 2 better in both Q0 and maximum

VT compared to the first tests in 2012.
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Figure 6: Second test results after light chemistry from

4.5K down to 1.8K (Courtesy BE-RF).

During cooldown from 4.5K to 2K, measurements of the

Q0 were taken at a fixed VT = 0.12 MV. Fig. 7 shows

the measurements fitted to the BCS curve which yields a

residual resistance of approximately 45 nΩ.
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Figure 7: Rs vs. temperature at a fixed VT = 0.12 MV

(Courtesy BE-RF).

Dressed Cavity and Tuner Assembly
The design details of the fundamental and HOM cou-

plers are described elsewhere [4,7–9]. It suffices to say that

the 4rod and the double quarter-wave cavities use adapted

coaxial couplers while the RF dipole employs waveguides.

Significant progress was made in the recent months to real-

ize the Helium jacket and tuner assembly. Due to the very

small spacing between the two beam pipes in the LHC, the

adjacent pipe is included inside the Helium vessel. Fig. 8

shows the conceptual designs of the Helium jacket and the

respective tuner assemblies for the three cavities. The 4rod

cavity uses an adapted Saclay tuner with a longitudinal mo-

tion while the RF dipole uses an adapted Jlab scissor jack

mechanism to do the same. The quarter-wave cavity pro-

poses a novel design of the Helium jacket which also acts

as a stiffening mechanism with controlled tuning assembly

conforming to its topology. It is expected that these de-

signs are finalized in the near future for fabrication of the

test module(s) for SPS beam tests.

Figure 8: Dressed cavity concepts with their tuning assem-

blies [13].

Cryomodule Concepts & Cryogenics
Two cryomodule concepts were put forth for the SPS

two-cavity test module [14] as shown in Fig. 9. A ini-

tial top loading design is now superseded by a side loaded

structure with increased access and ease of assembly. A

detailed 3D integration of the cryomodule concept into the

SPS machine with their repsective elements is underway

to identify any non-conformoties. These concepts are now

being adapted to the RF dipole and double quarter-wave to

maximize the cross compability of the external elements

and environment in the SPS ring. The two cavities will be

operated in the SPS at 2K saturated Helium. A secondary

80 K circuit will act as a thermal screen and provide the

necessary intercept for the power coupler and cold to warm

transitions [15].

RF System
The RF system envisioned for the two-cavity SPS test

module is described briefly. The LHC system will be a

natural extension with a more complex RF control system

to precisely control the amplitude and phase of the 6-8 crab

cavities across the interaction region [16].

Ideally, the crab cavity operation is with zero beam-

loading. Therefore, it is sufficient to provide RF power to
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Figure 9: A top loaded and side loaded concept for the two-

cavity SPS test module [14].

compensate for the cavity losses and have sufficient over-

head to account for stable operation under external forces.

This leads to a RF power of less than 80 kW with atleast

a factor 2 margin for the LHC. For the SPS tests two in-

dependent 40 kW Tetrode amplifiers recuperated from the

LEP oepration are planned to power the test cryomodule. A

coaxial power coupler with a standardized interface to each

cavity and with a common cryomodule interface as shown

in Fig. 10 is implemented.

Figure 10: Standardized power coupler assembly with a

single co-axial disk ceramic.

CONCLUSION
The realization of the first prototypes and promising RF

test results puts the crab cavity project into an engineering

phase. Design concepts for the various elements constitut-

ing the cryomodule have advanced to the fabrication phase

for a two-cavity test module. Integration of such a module

into the SPS beam line is underway to precisely define the

interfaces to the various subsystems. The present planning

anticipates one of more cavities to be tested in the SPS in

2016-17. Upon successful testing of the test module(s) in

the SPS, a design and constrcution phase for the LHC crab

cavity system will be launched.

Parallel beam dyanmics studies to address the field qual-

ity issues, machine protection, radiation dose to the cavities

from collision debris and other relevant issues are ongoing

but are not addressed here.
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DEVELOPING QUARTER WAVE SRF CAVITIES FOR HADRON 

COLLIDERS* 

Q. Wu
# 

Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract 
Recently, the application of QWRs has carried over 

into hadron colliders, aiming at various goals. A 56 MHz 

superconducting QWR is undergoing tests at Brookhaven 

National Laboratory (BNL). It will be installed in the 

Relativistic Hadron Ion Collider (RHIC) as a storage 

cavity, which would be the first QWR operating in a high 

energy storage ring. BNL and Niowave, Inc. have 

designed, fabricated, and tested a 112 MHz quarter wave 

resonator electron gun with cryomodule. This is the 

lowest frequency SRF gun ever tested successfully. A 

compact crab cavity using QWR concept is another active 

superconducting RF (SRF) project at BNL. It is a 

candidate for the Large Hadron Collider HiLumi upgrade. 

There are also other QWR designs initiated at BNL, e.g. 

the electron gun and booster cavity for the Low Energy 

RHIC electron Cooling (LEReC) project, both operating 

at 84.5 MHz. I discuss the design, fabrication, and testing 

results for the QWRs for the hadron colliders under 

development at BNL. 

INTRODUCTION 

Quarter Wave Resonators (QWRs) are widely used in 

low-beta accelerators worldwide because of their compact 

size at low frequencies [1]. The high-energy hadron 

colliders can adopt the same merit for various 

applications including the storage cavity and a deflecting 

(crab) cavity. Both applications now are under 

development. In the Relativistic Hadron Ion Collider 

(RHIC) at Brookhaven National Laboratory (BNL), we 

designed a 56 MHz superconducting QWR as a storage 

cavity for RHIC [2]. The cavity is being tested in the new 

vertical test facility. This passive resonator, together with 

the existing 28MHz accelerating cavity, offers a larger 

longitudinal phase space area and accommodates a larger 

energy spread of the ion beam than before.  With the 

installation of this QWR in RHIC, we expect a 50% 

increase of RHIC’s luminosity [3]. It will be the first 

QWR operating in a high-energy storage ring. A QWR 

SRF electron gun tested at the frequency of 112 MHz for 

the Coherent Electron Cooling (CeC) of RHIC [4, 5]. This 

long wave length allows the generation of long electron 

bunches, thus minimizing space charge effects and 

enabling a high bunch charge [6]. 

Meanwhile, we also proposed installing a compact 

deflecting (crab) cavity using the QWR concept to realize 

crab crossing at the interaction point (IP) of a hadron 

collider [7, 8].  This crab cavity is a candidate for the 

Large Hadron Collider (LHC) HiLumi upgrade, and for 

the future electron-ion colliders.  

STORAGE CAVITY 

To improve the luminosity of RHIC, a superconducting 

RF (SRF) cavity at the frequency of 56.29884 MHz was 

designed [9]. The cavity will be operated at harmonic 720 

of the revolution frequency of RHIC, and at the 

temperature of 4.2 K. The cavity is a Quarter-Wave 

Resonator (QWR) with the beam traversing its own 

symmetric axis. At such low frequency, the QWR offers a 

very compact structure, yet very high shunt impedance. 

The cavity is designed with corrugations along the 

outermost shell to prevent multipacting [10]. Figure 1 

shows the cross-sectional view of the cavity with its 

helium vessel. 

 

Figure 1: Layout of 56 MHz SRF QWR with helium 

vessel. 

Table 1: Basic Parameters for 56 MHz SRF Cavity 

Parameter Value Unit 

Frequency 56.2887 MHz 

Gap voltage 2 MV 

Stored energy 140 J 

Q0 2.5E9  

R/Q (accelerator notation) 80.5 Ohm 

Max surface electric field 35 MV/m 

Max surface magnetic field 84 mT 

The cavity will be beam driven, but with a 1kW 

amplifier connected to control the gap voltage amplitude. 

A fundamental mode damper (FD) would be inserted to 

heavily damp the cavity during beam acceleration, and 

extracted when beam is put into store. The FD is inserted 

____________________________________________  
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from a port on the cavity’s side, which is perpendicular to 

the cavity axis. 

At the rear of the cavity, i.e. the opposite side of the 

gap, the cavity has eight small ports. The ports are used 

for chemical cleaning and higher pressure water rinsing 

prior to assembly, and are to be occupied by four Higher 

Order Mode (HOM) couplers, a Fundamental Power 

Coupler (FPC), a Pick-Up probe (PU), and two Infrared 

(IR) detectors. 

Table 1 lists some basic parameters of the cavity. 

 

Tuning 
The cavity is tuned by pushing or pulling on the flat 

tuning plate that changes the gap. A stepper motor is used 

for the slow (coarse) tuning of the cavity frequency. The 

elastic tuning range is ±25.5 kHz with a speed of 3666 

Hz/sec. Fine tuning is driven by a piezo element with a 

range of 60 Hz. 

 

Fundamental Power Coupler 
The FPC for this beam-driven cavity was designed as a 

fast tuner to stabilize the amplitude at an optimized value 

when the cavity’s resonant frequency changes [11]. 

Together with the Pick-Up, the RF feedback loop also 

contains a 1kW power amplifier and electronic controls. 

The FPC frequency tuning is a fast response, 

supplementary to the tuning plate, in which the response 

time is limited by the mechanical movement of the piezo 

materials. 

Figure 2 shows the FPC with its motion system 

installed on the cavity port. 

 

 

Figure 2: FPC and its motion system. 

Higher Order Mode Couplers 
For a passive storage cavity, the design of the Higher 

Order Mode (HOM) coupler assembly is the most 

challenging among all aspects for the 56MHz QWR [12]. 

We adopted for the design of the HOM coupler a 

rectangular loop with an opening area of 6 cm × 2.88 cm. 

The width of the loop was set as 2 cm and its thickness at 

0.3 cm. The size of the coupler loop was designed to 

assure good coupling, while also allowing enough 

clearance for installing the coupler through the 4 cm 

diameter opening of the port. 

To provide sufficient coupling to all HOMs with 

different field configurations, we installed four couplers 

asymmetrically as illustrated in Figure 3. In this scheme, 

the bottom HOM coupler is rotated clockwise by 45 

degrees, so that it will couple strongly with the 

quadrupole modes missed by the other three couplers. 

Figure 4 shows that the Qext of all HOMs in such 

asymmetrical configurations are under 10
5
. 

 

Figure 3: Configuration of four HOM couplers in the 56 

MHz cavity.  

A high pass filter is connected directly to the HOM 

coupler loop. The filter reflects the fundamental mode 

while transmitting the HOM power with small 

attenuation. We designed the filter as a three-stage high-

pass Chebyshev T-type to obtain a steep roll-off and 

minimize the error between the designed and the actual 

object, Figure 5. 

Figure 6 shows the simulations results of the high pass 

filter. The solid line is the response from an equivalent 

RLC circuit.  The simulated transmission parameter S21 

of the 3D high pass filter model for all the cavity modes 

below 1 GHz also appears in the same figure as solid 

squares. Initially, the simulation of the model and the 

lumped circuit match well, but differences develop in 

modes around 830 MHz that are due to additional 

capacitance contributed by the filter enclosure. However, 

both results show more than a 70 dB attenuation in the 

fundamental mode’s power, and less than a 10 dB 

reduction for all HOMs except the four modes around 830 

MHz; nevertheless, they display a reduction below 25 dB.  

 

Figure 4: HOM damping with four couplers. 

The 56 MHz SRF cavity is currently under vertical 

testing at BNL, and will be installed into RHIC by the end 

of 2013 [13]. 

FPC coupler loop Ceramic RF  

window Motion system 
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Figure 5: HOM coupler with high pass filter installed on 

the cavity port. 

 

Figure 6: Performance of high-pass filter simulated with 

an equivalent RLC circuit and 3D simulation. 

ELECTRON GUN 

The 112 MHz QWR gun was designed, fabricated and 

cold-tested at 4.5 K in collaboration between BNL and 

Niowave. This is the lowest frequency SRF gun ever 

tested successfully [5]. Figure 7 shows the gun with its 

cryomodule. A Pierce-type geometry is used at the tip of 

the electrode nose cone to provide focusing and 

compensate for space charge of the high intensity electron 

beam. Table 2 lists the basic parameters for the 112 MHz 

electron gun.  

 

Figure 7: 112 MHz QWR with cryomodule. 

The first cold test was performed at Niowave. A copper 

rod was inserted through the cathode insert to input RF 

power. We encountered MP at a few field levels, but were 

able to condition it through pulsed mode. The measured 

Q0 is shown in Figure 8 under CW mode. 

The cavity Q0 measured as high as 1.7×10
9
 at the gap 

voltage of 0.65 MV. The test was seized at 0.92 MV due 

to the limit in radiation shielding. No cavity quench was 

seen at high field. The designed value of the gap voltage 

is 1.5 to 2.5 MV, and cavity will be tested at BNL with 

better radiation shielding. 

Table 2: 112 MHz Electron Gun Parameters 

Parameter Value Unit 

Frequency 112 MHz 

R/Q (accelerator notation) 126 Ohm 

Q0 3.5e9  

Length 1100 mm 

Aperture 100 mm 

Max diameter 420 mm 

Epk/Vacc 19.1 m-1 

Epk/Ecath 2.63  

Bpk/Vacc 36.4 mT/MV 

 

Figure 8: 112 MHz gun measured Q versus gap voltage. 

CRAB CAVITY 

The crab cavity first was introduced in High Energy 

Accelerator Research Organisation (KEK) lepton collider 

[14]. It recovers the loss in luminosity due to a finite 

crossing angle included at the IP of a collider, and 

minimizes the beam-beam effect of the collision. 

A new concept of using a double quarter wave 

superconducting cavity at 400 MHz was proposed for the 

Large Hadron Collider (LHC) HiLumi upgrade [15]. The 

spacing constraints at the interaction region limited the 

size of the crab cavity, and eliminated use of conventional 

elliptical crab cavity designs similar to those used at 

KEK. The double quarter wave crab cavity (DQWCC) 

inherited the compactness in size while providing a high 

deflecting field (3.3 MV deflecting voltage per cavity).  

HOM coupler 

High pass filter 
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Being in the quarter wave cavity family, the DQWCC 

has a single gap that is contributed by two quarter wave 

cavities facing against each other. A large-capacitance 

deflecting field is generated in the gap. For the given 

frequency, 400 MHz, the heavy capacitive loading design 

lowered the equivalent inductance, and therefore, reduced 

the size of the cavity further. 

 

Proof of Principle Cavity 
As the first stage of our new concept of the crab cavity, 

we designed a Proof of Principle (PoP) DQWCC. The 

parameters of the cavity is listed in Table 3 

The PoP cavity has two large beam pipes with an 84 

mm inner diameter as required for LHC, and six small 

ports perpendicular to the beam axis for the FPC and 

HOM couplers, Figure 9.  

 

Figure 9: Design of the PoP DQWCC. 

Table 3: Parameters of PoP DQWCC 

Parameter Value Unit 

Frequency 400 MHz 

First HOM 579 MHz 

Cavity Length 384 mm 

Cavity width 142 mm 

Beam pipe diameter 84 mm 

R/Q (accelerator notation) 400 Ohm 

Max surface electric field 44 MV/m 

Max surface magnetic field 60 (on cavity) mT 

 

In Figure 10, we plot the R/Q’s of HOMs of the PoP 

cavity up to 2.1 GHz. Since the cavity is not cylindrically 

symmetric with respect to the beam axis, the HOMs are 

sorted into several groups according to the orientation of 

their electric fields at the gap. The resonant frequency of 

the first HOM, 579 MHz, is largely separated from the 

fundamental mode, as expected for a quarter wave 

resonator. Therefore, a high pass filter design can be 

adapted for the HOM couplers, similar to the 56 MHz 

cavity discussed above, but simplified by eliminating the 

sapphires spacers due to much higher frequency of the 

crab cavity. Study shows that efficient damping can be 

achieved with only three HOM couplers [16, 17]. 

 

Figure 10: HOM map of PoP DQWCC. 

The PoP cavity was fabricated from 4 mm Niobium 

sheet material, and tested at 4 K and 2 K. The test results 

are shown in Figure 11 [18]. A multipacting barrier was 

encountered on at low field, but was easily conditioned. 

The quality factor of the cavity at low fields is about 

3×10
8
, much lower than expected (~10

10
). The Q value 

did not change after slow cool down, indicating that there 

is no Q-disease. Also, it was about the same at 2 K and 

4.3 K. In CW mode, the highest deflecting voltage Vt we 

reach is 0.96 MV due to thermal quench. In pulsed mode, 

we could reach up to 1.34 MV limited by the RF 

amplifier. 

 

Figure 11: First vertical test result of PoP DQWCC. 

During the post testing inspection, stains (possibly 

chemical residue) were found on the cavity inner surface 

in the high magnetic field region. These stains will 

degrade the Nb surface at high fields. Simulations also 

show that heat dissipation on the couplers and large beam 

pipe flanges are big contributors to the low Q. Another 

cold test is being prepared with the cavity re-polished and 

all couplers and flanges coated with Nb. They should 

eliminate all the thermal issues and reaching a high Q. 

Current Design 

The DQWCC design has evolved over the past couple 

of years to achieve higher gradient, a lower surface field, 
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zero on-axis acceleration, and a close-fitting fully 

enclosed helium vessel [15-17]. The current design is 

shown in Figure 12 [19]. 

Six small coupler ports are replaced with four large 

ports with inner diameter of 62 mm. These ports will be 

occupied by three HOM couplers and one FPC. The PU 

will be added to the beam pipe, adjacent to the cavity. The 

latest design avoided field enhancement at the coupler 

ports. This design will be used in the cryostat assembly 

and tested at the Super Proton Synchrotron at CERN with 

beam. 

 

Figure 12: DQWCC current design with FPC and HOM 

coupler ports (a), and the peak electric field (b) and 

magnetic field (c).  

CONCLUSION 

More QWRs are under development in BNL, such as 

the 84.5 MHz electron gun and booster cavity for Low 

Energy RHIC electron Cooling (LEReC). These cavities 

are accelerating units for electrons that are used for ion 

cooling in the RHIC low energy collision experiments 

[20].   

The QWRs have proved their high standard 

performance as accelerating cavities in various low 

energy scenarios [21, 22]. The big advantage in 

compactness also gained this type of cavities an essential 

role in hadron colliders. The QWRs make feasible of low 

frequency and better acceptance RF buckets for long 

bunch beams, generating electrons with high bunch 

charge, and providing high gradient deflection.  
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Abstract
Jefferson Lab (Newport News, Virginia) in collaboration

with Argonne National Laboratory (Argonne, IL) has fabri-

cated and tested four first article, 2.8 GHz, deflecting SRF

cavities, for Argonne’s Short-Pulse X-ray (SPX) project.

These cavities are unique in many ways including the fab-

rication in which the cavity cell and waveguides were fabri-

cated. These cavity subcomponents were milled from bulk

large grain niobium ingot material directly from 3D CAD

files. No forming of sub components was used with the

exception of the beam-pipes. The challenging cavity and

helium vessel design results from the stringent RF perfor-

mance requirements required by the project and operation

in the APS ring. Production challenges and fabrication

techniques as well as testing results will be discussed in

this paper.

SHORT PULSE X-RAY CONCEPT
The Short Pulse X-ray [1] concept for the Advanced

Photon Source (APS) ring consists of two sets of deflect-

ing cavities to be located in straight sections of the APS

ring. The deflecting cavities operate at a harmonic of the

ring RF frequency allowing the first set of cavities to chirp

the beam, adding a correlation between electron longitudi-

nal position and transverse momentum. X-Rays produced

by this bunch will also have this correlation, and can be put

through transverse slits to produce pulses of X-Rays 1-2%

the duration of those currently available to users. The sec-

ond set of cavities are located a multiple of 180 degrees of

phase advance down stream and allow for the beam to be

unchirped, removing the effects of the first cavity set. In

this design scheme, a section of the APS machine can be

used for short pulse experiments without affecting the rest

of the experiments around the ring. In Figure 1, a schematic

of the deflecting cavity process is shown.

SPX CAVITY DESIGN
The cavity has a flattened oval shape and operates in the

TM110 mode. This mode has strong magnetic fields in

∗ Authored by Jefferson Science Associates, LLC under U.S. DOE

Contract No. DE-AC05-06OR23177. The U.S. Government retains a

non-exclusive,paid-up, irrevocable, world-wide license to publish or re-

produce this manuscript for U.S. Government purposes.
† johnm@jlab.org

Figure 1: SPX Design Concept.

each lobe of the cell and a strong, transverse magnetic field

on the beam axis. This magnetic field is used to add the

longitudinal position/transverse momentum correlation in

the vertical plane. The RF power is fed from a fundamen-

tal power coupler (FPC) waveguide which forms one of the

legs of a ”Y” end-group attached to the cell. Two higher or-

der mode (HOM) waveguides, ”A” and ”B” form the other

two legs of the end-group, each rotated 120 degrees from

the FPC. Two cavity designs were prototyped, one with a

lower order mode (LOM) waveguide off-cell on the oppo-

site side of the FPC and one with the waveguide directly

into the cavity cell, called the on-cell LOM. This on-cell

cavity design can be seen in Figure 2.

Cavity Requirements
The deflecting cavity has many critical performance re-

quirements for the APS ring, which will operate in two

types of beam modes up to 150 mA of beam current.

The deflecting cavity must produce 0.5 MV of deflecting

voltage requiring 100 mT of peak surface magnetic field,

to keep the cryostat length short due to limited beamline

space. Given the high beam current, ring stability and avail-

ability requirements made this an extremely challenging
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Figure 2: On-Cell Cavity Model.

design for an SRF deflecting cavity, especially considering

the stringent wakefield damping requirements.

Space concerns required a cavity and overall design that

could stay with the tight space envelope available in the

APS tunnel. The main concerns starting the program were

achieving the deflecting voltage routinely and maintaining

thermal and mechanical stability of the cavity system in the

ring during operation. These concerns of performance and

packaging drove the design of the cavity and helium ves-

sel and fabrication methods. The key cavity performance

requirements are listed in Table 1.

Table 1: SPX Deflecting Cavity Parameters Subset

Cavity Design Parameters Units
Freq. of Deflecting Mode 2815.488 MHz

Duty Cycle CW (8th Harmonic)

Geometric factor 227.8 Ω

Active length 53.24 mm

Rt/Q 37.1 Ω

Cavity Overall Length 389.76 mm

Cavity Deflecting Voltage 0.5 MV

APS Beam Current 150 mA

Beam Pipe Aperture 52 mm

Cavity Iris Aperature 50 mm

Peak E-field (E∗P) 40.8 MV/m

Peak B-field Vertical Test 105 mT

Alignment Cavity to Cavity Electrical Center

X misalignment ± 500 μm
Y misalignment ± 200 μm
Z misalignment ± 1000 μm
Yaw misalignment ± 10 mrad

Pitch misalignment ± 10 mrad

Roll misalignment ± 10 mrad

Waveguide Design
In the on-cell design, the LOM power is coupled out of

the cell through a small iris shaped as a dog bone. On the

opposite side of the cell, an additional dog bone feature was

added to symmetrize the cavity fields. Although both on-

cell and off-cell LOM designs were prototyped, the on-cell

LOM waveguide design was chosen due to its increased

margin in beam stability due to lower monopole impedance

from wake field simulations. The on-cell LOM waveguide

can be see in Figure 3 during cavity fabrication.

Figure 3: Machining of an on-cell LOM cavity half in 5-

axis mill.

Subassembly Fabrication
Due to the complicated shapes of this design it was

decided to directly machine the cell and waveguide sub-

components from ingot material. The concern was that if

the cell shape was distorted, the deflecting mode would be

coupled too strongly out of the LOM waveguide due to

asymmetry of the cell. This coupling error can only be

recovered by tuning of the cell and distorting the fields

or changing the shape of the dogbone iris to reject the

deflecting mode. This fabrication method raised possi-

ble concerns that the cavity might not reach the specified

105 mT deflecting magnetic field due to contamination

from the tool machining of the entire cavity surface. The

105mT field was chosen for the vertical test specification

and 100mT filed is needed in APS.

These concerns were addressed by the prototyping and

testing of cavity CCA2, fabricated as a proof of principle.

To start the fabrication, the cavity and waveguide shapes

were cut from a large grain niobium ingot. Figures 3, 4, 5,

and 6 show various stages of the cell and waveguide fabri-

cation. Several tooling dies were made to hold the individ-

ual components through all the critical machining steps to

reduce errors due to flexing and vibration. Figure 7 shows

two of the finished cavities, CCA3-1 and CCA3-2.

The niobium ingot, RRR of ¿150 was cut with wire EDM

to maximize the use of the ingot and reduce material loss

due to machining. For the machining of the cell and waveg-
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uide halves, models were directly downloaded to each of

the machine tools to perform machining tasks. For the ma-

chining a 5 axis mill was utilized but only 3 axis were re-

quired in the machine tool operation. The machined cell

surfaces were then measured on the CMM to verify their

profile and good repeatability was achieved with 0.5 mil

tolerances. The machining took many hours but the non

critical steps such as the rough cutting were performed

overnight to reduce labor hours. Inspection of the finished

components showed the machining could give a adequate

surface finish of better then 50 microns if machining tools

were replaced routinely as indicated from tool loading in-

dicators.

Figure 4: Cell fabrication with niobium blank shown in

center.

Figure 5: ”Y” Waveguide niobium blank.

CAVITY RF PERFORMANCE
Four first article cavities were fabricated for develop-

ment and demonstration of SPX concept. The four cavities

designated CCA2, CCA3-1, CCA3-2 and CCA3-3. The

CCA3 cavities were designed and fabricated to be dressed

with a helium vessel. All cavities were tested in the verti-

cal test for qualification and cavities CCA3-1 and CCA3-2

Figure 6: Cells and waveguides subassemblies after ma-

chining was completed.

Figure 7: CCA3-1 and CCA3-2 finished cavities.

were completed with helium vessels to date to develop pro-

cedures and verify horizontal performance in a test cryostat

at ANL. The horizontal tests were aimed at understanding

the operation of the cavities closer to the machine config-

uration and verifying the operational stability and thermal

design. Vertical tests were performed at both JLAB and

ANL each focusing on developing understanding of the

cavity performance limitations.

All of the cavities had bulk material removal by BCP.

Cavities CCA3-1, 2 and 3 were fully processed at Cornell

University using their production chemistry system fol-

lowed by furnace treatment and internal inspection. The

internal inspection discovered that two of the cavities had

welds on the sharp turn in the dog-bone equator that were

not fully penetrated. These areas were locally remelted by

electron beam welding aimed through the LOM waveguide

into the cavity cell.

Each cavity was vertically tested multiple times, to de-

velop an understanding of the RF performance and to push

the peak surface magnetic field to the specifications of

105 mT. Typical processing procedures of degreasing, light

BCP and high pressure rinsing were used followed by care-
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ful assembly in the cleanroom. The cavity testing started

with beam axis coupling which turned out to be very sensi-

tive to set and maintain the Qext. For repeatability, niobium

top-hats were fabricated for both the FPC and LOM waveg-

uides and were used for subsequent tests. All vacuum seals

on flanges were indium with the exception of an aluminum

diamond seal on the beampipes and the field probe.

Initial Cavity Performance
Early cavity test results showed a number of problems

such as early quenches, Q-switches, thermal heating low-

ering the Q-value and poor low-field Qo. Q-switching typ-

ically started with a normal Q-value 1e9 falling to 5e8 val-

ues and recovery only after lowering the field in the cavity

significantly. Retesting of each cavity resulted in a vastly

different performance and it took some time to understand

the causes of the variability. Light multipacting occurred

in most tests starting around 40mT fields and processing

out to an ultimate quench limit typically below the 105 mT

qualification limit. No X-rays were seen in most tests due

to the low energy gain across the cell, although one test

of a cavity that had been vented to cleanroom air showed

significant x-ray production at high fields.

Typically tests were stopped once a quench was reached

and cavities were internally inspected after disassembly, re-

processed and vertical tests repeated. Several process steps

were added over this period such as low temperature baking

and additional high pressure rinsing and degreasing. Cav-

ity performances did start improving but still repeatability

of performance was low. After one of the baked cavity tests

it was noticed that the Q-switch gradient had moved out to

a much higher field level.

LOM Tuning
The first horizontal test of CCA3-1 showed heating at the

LOM strongly correlated with a strong Q-switch. These

clues lead to additional electromagnetic modeling of the

cavity and coupling of fields in the waveguides, monitor-

ing the tuning of the cell at multiple stages of assembly

and testing as well as studying the effect on multipacting in

the LOM, HOM, and cell. A LOM tuning procedure was

developed to plastically deform the cavity cell asymmetri-

cally while monitoring the deflecting mode leakage into the

LOM with the goal of minimizing the leakage. Tuning the

LOM this way could repeatably achieve deflecting mode

coupling to the LOM of better than Qext,LOM > 1E108. This

tuning eliminated the observed low Q-values and signifi-

cantly improved cavity performances.

Additionally, a cavity test which had been limited by

quench had its LOM waveguide tuned, and presented sig-

nificantly improved performance and was much more re-

sponsive to RF processing. This pointed to the possibility

that the quench had been induced by multipacting. Cavity

modeling also showed that the deflecting mode coupling

into the LOM waveguide could cause heating at the LOM

flange and vacuum seal joints, and could also enhance mul-

tipacting in the cell at the dogbone location by changing

fields in the cavity. This multipacting could then lead to a

quench in the cell at the dog bone short location. Results of

multipacting simulations done at SLAC can be seen in Fig-

ure 8 shows the locations of multipacting at the dogbone

region with cavity asymmetric field LOM leakage due to

a artificial dent placed in the model. Figure 9 shows the

graph of electron stable trajectories.

Figure 8: Locations for Multipacting with asymmetric

fields in cavity.

Figure 9: Resulting multipacting bands with asymmetric

fields.

To resolve all these issues, the cavity cell LOM tun-

ing was tracked through the process steps. This coupling

was found to be very sensitive to mechanical changes to

the cavity from center frequency tuning, cavity handling,
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and chemistry. Any distortion caused an asymmetry of

the fields in the cell and increased the deflecting mode in

the LOM waveguide. Further cavity tests that ended in a

quench were carefully tested to see if improvements from

RF processing could be gained. These steps increased the

overall performances of the cavities and three of the four

reached 105mT or greater. The only cavity that was not

qualified was CCA3-1 which was used for the first hori-

zontal test and was not further processed. Distortions from

helium vessel welding also significantly changed the cell

tuning and there was no access to cell for plastically tun-

ing. A plot of the current cavity performances can been

seen in Figure 10.

For the horizontal test, an CEBAF upgrade type scissor

jack tuner was fabricated and tested in the horizontal test.

In order to preserve the LOM waveguide tuning for the

dressed cavity case, the tuner fulcrum bars were adjusted

to provide a slight offset from one side to the other and this

was enough to reduce LOM coupling errors from the he-

lium vessel welding. This method was successfully demon-

strated in horizontal testing when qualifying the tuner de-

sign performance.

Figure 10: Cavity Vertical Test Best Data

HELIUM VESSEL DEVELOPMENT
The helium vessel design for the deflecting cavity was

quite complicated due to the compactness of the cavity and

the number of waveguides. Titanium material was chosen

for the helium vessel due to the frequency sensitivity of the

cavity which had been measured to be about 10 MHz/mm.

This meant that thermal contraction could detune the cav-

ity and LOM tuning; using titanium provided a good ther-

mal match to reduce these effects. The cavity waveguide

lengths and positions were defined by the RF and thermal

design. The resulting geometry required integrating them

inside the vessel to increase the liquid volume of each cav-

ity for operational stability. The cold magnetic shielding

was integrated inside the helium vessel as well to provide

the best shielding of magnetic fields due to the direct line

of sight into the cell from the multiple waveguides.

The cavity design was very stiff and modeling showed

the helium vessel would increase the stiffness even more

and lock the waveguides into place, placing additional con-

straints on the tuner. These design choices resulted in a

vessel of many pieces that would be patched together by tig

welding. An additional complication to this fabrication was

the distortion of the cavity waveguides due to the number of

electron beam welds in such a small structure. Waveguides

were misaligned by up to a few millimeters and this would

complicate the the stack up of components and tacking of

the assembly. Each waveguide would had a NbTi transition

flange that provided a weld ”V” for full penetration welds.

Several problems were encountered with the helium vessel

welding and the first attempt failed due to limited access

for purging under flanges due to the limited space.

Figure 11: Assembly of CCA3-1 for Horizontal Testing at

ATLAS.

To get around this problem the flanges were removed by

wire EDM. The first cavity CCA3-1 was taken to ORNL

code shop for the repair and completion to meet the hor-

izontal test schedule. This cavity was used for the hori-

zontal testing of the tuner and LLRF system. The helium

vessel design was changed to reduce the size of the vessel

bellows and reduce the risk for plastically deforming the

cavity in the event of a helium pressure excursion. The

bellows size was reduced from 10 inch ID to 4.75 inch

ID. This change further complicated the welding sequence.

The cavity CCA3-2 was welded at JLab with this new de-

sign. A leak developed in the small bellows due to arc dis-

.
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charge through the bellows first convolution. When this

was discovered the design was changed to add an additional

shield behind the NbTi transition due to the close proxim-

ity to the first bellows convolution. The cavity bellows was

replaced and the cavity was completed and made ready for

horizontal testing.

HORIZONTAL TEST RESULTS
The cavity CCA3-1 was tested at ATLAS test facility in

the horizontal test cryostat. The goal of this test was to

verify the cavity performance under RF and thermal con-

ditions close to cryomodule operations and to verify cavity

operation with many of the subsystems being developed for

SPX. These subsystems included a specially designed dig-

ital low-level RF system, a purpose built 5 kW amplifier,

and the cavity tuner controller and operation. Assembly of

the CCA3-1 cavity for horizontal test can be seen in Fig-

ure 11.

The cavity testing spanned several days and many ar-

eas of the SPX operational performance were explored and

many new technical challenges were identified. While a

full description of the test and results can be found in ref-

erence [2], the cavity showed no degradation in achievable

field level (75 mT) and was shown to be thermally stable

operating at that field level. The LOM tuning was mon-

itored during the whole test, and tuner assembly, thermal

cycling, and tuner operation had no effect on LOM leakage.

The thermal data was used to understand where improve-

ments were needed for the cryomodule thermal design and

to better understand the cavity performance.

CONCLUSION
Four superconducting deflecting cavities were designed,

fabricated and tested for the demonstration of the short

pulse X-Ray experiments in the APS ring. All cavities have

been vertically tested to develop an understanding of this

type cavity and to progress the cavity limits towards the

design goal of 105 mT peak surface magnetic field. Three

of the four cavities achieved this goal in vertical testing at

both ANL and JLAB. Two cavities were fully dressed with

helium vessels and one was horizontally tested at ANL.

Many challenges were encountered during fabrication and

RF testing of these cavities and solutions were developed to

overcome them, resulting in a successful cavity design for

ANL’s SPX application. Additionally, JLAB and ANL had

a successful collaboration in this project sharing both ex-

pertise and facilities while developing a better understand-

ing of this technology throughout this challenging project.
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Abstract 
Recent interests in compact deflecting and crabbing 

structures for future accelerators and colliders have 
initiated the development of novel rf structures. The 
superconducting rf-dipole cavity is one of the first 
compact designs with attractive properties such as high 
gradients, high shunt impedance, the absence of lower 
order modes, and widely separated higher order modes. 
Two rf-dipole cavities at 400 MHz and 499 MHz have 
been designed, fabricated and tested as proof-of-principle 
designs of compact deflecting and crabbing cavities for 
the LHC high luminosity upgrade and Jefferson Lab 12 
GeV upgrade. The first rf tests have been performed on 
the rf-dipole geometries at 4.2 K and 2.0 K in a vertical 
test assembly with excellent results. The cavities have 
achieved high gradients with high intrinsic quality factors, 
and multipacting levels were easily processed. 

INTRODUCTION 
The compact rf-dipole design consists of a 

cylindrically-shaped geometry with trapezoidal-shaped 
loading elements that was optimized from the rectangular-
shaped geometry with racetrack-shaped loading elements 
[1, 2]. The optimized design shows improved properties 
with reduced and balanced peak surface electric and 
magnetic fields, high shunt impedance and widely 
separated higher order mode (HOM) spectrums. One of 
the key properties of the rf-dipole design is the non-
existence on any lower order modes. 

 
 

  

Figure 1: Electric field profile (left) and magnetic field 
profile (right) of the parallel-bar cavity. 

 

The transverse momentum is primarily generated by the 
on-axis transverse electric and magnetic fields in the TE-
like geometry shown in Fig. 1, which follows the 
Panofsky-Wenzel theorem [3]. The contribution from the 
transverse magnetic field is in opposition to, but much 
smaller in magnitude, than that of the transverse electric 
field. 

APPLICATIONS 
The rf-dipole design was proposed as one of the rf 

separator options for the Jefferson Lab 12 GeV upgrade 
and as one of the crabbing cavity options for proposed 
LHC luminosity upgrade operating at 499 MHz and 400 
MHz respectively.  The first prototypes of the cylindrical-
shaped 499 MHz and 400 MHz rf-dipole cavities shown 
in Fig. 2 have been fabricated and tested.   

 

 

 

 

Figure 2: RF-dipole designs and cross sections of 499 
MHz (left) and 400 MHz (right). 

The rf properties of the proof-of-principle 499 MHz 
and 400 MHz rf-dipole cavities are given in Table 1. 
Table 1: Properties of the 499 MHz and 400 MHz rf-
dipole designs. 

Parameter 499 
MHz 

400 
MHz Units 

λ/2 of π mode 300.4 374.7 mm 
Cavity length 440.0 542.4 mm 
Cavity diameter 242.2 339.9 mm 
Aperture diameter (d) 40.0 84.0 mm 
Bars length 260.0 350.3 mm 
Bars inner height 50.0 80.0 mm 
Angle 50.0 50.0 deg 
    
Deflecting voltage (VT

*) 0.3 0.375 MV 
Peak electric field (EP

*) 2.86 4.02 MV/m 
Peak magnetic field (BP

*) 4.38 7.06 mT 
BP

* / EP
* 1.53 1.76  

Energy content (U*) 0.029 0.195 J 
Geometrical factor 105.9 140.9 Ω 
[R/Q]T 982.5 287.0 Ω 
RT RS 1.0×105 4.0×104 Ω2 
At ET

* = 1 MV/m    

 

*Authored by Jefferson Science Associates, LLC under U.S. DOE 
Contract No. DE-AC05-06OR23177. The U.S. Government retains a 
non-exclusive, paid-up, irrevocable, world-wide license to publish or 
reproduce this manuscript for U.S. Government purposes.  
#sdesilva@jlab.org 
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FABRICATION 
The 499 MHz rf-dipole cavity was fabricated at 

Jefferson Lab [4] and the 400 MHz cavity by Niowave 
Inc. [5]. The 499 MHz cavity, of 3 mm thickness, consists 
of two end plates and the center piece formed with two 
shoulder blocks and two halves of the center shell as 
shown in Fig. 3-(a). The shoulder blocks were formed 
using Nb ingot and machined with additional thickness in 
order to reduce stresses at the bends.  

The 400 MHz rf-dipole cavity was fabricated using 3 
mm thick Nb sheets with a residual resistivity ratio (RRR) 
of 355-405. The cavity was formed with two end plates 
and the center piece, which was fabricated following a 
slightly different approach by forming the two halves of 
the center shell using a single set of dies.  

 
 

 
Figure 3: Fabrication of (a) 499 MHz and (b) 400 MHz 
rf-dipole cavities. 

In both rf-dipole cavities the frequency was adjusted by 
trimming the center shell. 

SURFACE TREATMENT AND ASSEMBLY 
The cavities were processed at Jefferson Lab in 

preparation for the rf testing following the standard cavity 
processing procedure [6] as given below. 

 Bulk removal of 120-150 μm using BCP 
 Heat treatment at 600 0C for 10 hours 
 Light removal of 10-20 μm using BCP 
 High pressure rinsing 

 
The complexity of the rf-dipole geometry resulted in 

non-uniform removal during the bulk BCP process as 
shown in Fig 4. The measurements were obtained from 
the Panametrics 25DL-Plus ultrasonic precision thickness 
gage with a resolution of 1 μm and accuracy of ±10 μm, 
estimated with repeated measurements. The cavity was 
processed by a temperature controlled acid mixture in a 
closed vertical cabinet at 8 0C in order to minimize the 
absorption of hydrogen into the surface. The acid mixture 
was inserted from the bottom three ports and removed 
from the top three ports of the cavity, mounted vertically, 
using a manifold and circulated through the cavity in one 
direction. The processing was repeated 4 times with an 
expected removal of 30 μm in each iteration and flipping 
the cavity vertically between the cycles, in order to obtain 
a uniform removal. 

Figure 4: Average removal measured after the bulk BCP 
removal for the 400 MHz (left) and 499 MHz (right) rf-
dipole cavities. 

The 499 MHz cavity was processed for a duration of 15 
minutes in each pass at an etch rate of 2.06 μm/min, with 
an average removal of 108 μm at the end of 4 passes. The 
400 MHz cavity was processed for 17 minutes in 4 passes 
at a reduced etch rate of 1.8 μm/ min with an average 
removal of 81 μm. 

Both the 499 MHz and 400 MHz cavities were heat 
treated for 10 hours at 600 °C in a high-vacuum furnace 
for degassing of the hydrogen that was absorbed into the 
surface during the bulk BCP process. The partial pressure 
measured during the heating process for both the rf-dipole 
cavities are shown in Fig. 5. 

(a) – 499 MHz Deflecting Cavity 

(b) –  
400 MHz Crabbing Cavity 
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Figure 5: Furnace temperature and H2 partial pressure 
level during high-vacuum heat treatment for the 400 MHz 
(left) and 499 MHz (right) rf-dipole cavities. 

Following the heat treatment the cavities were etched 
again in a light BCP process to remove ~10 μm to 
eliminate the contamination due to the high-temperature 
heat treatment. Finally the cavity was high-pressure 
rinsed with ultra-pure water at a pressure of 1250 psi, 
prior to assembly. The cavities were assembled in a class 
10 clean room with relief valves, fixed input coupler at 
the bottom and pick-up probe at the top of the cavity. No 
He processing or in-situ baking was performed. 

RF MEASUREMENTS 
The rf-dipole cavities were tested in cw operation using 

a 500 W rf amplifier at both low power and high power. A 
series of vertical rf tests were performed at cryogenic 
temperatures of 4.2 K and 2.0 K in the vertical test facility 
at Jefferson Lab. 

The performance was obtained by measuring the 
unloaded quality factor (Q0) as a function of the 
transverse voltage. Figures 6 and 7 show the measured 
unloaded quality factors at 4.2 K and 2.0 K as functions 
of the transverse electric field (Et), transverse voltage (Vt), 
peak surface electric field (Ep), and peak surface magnetic 
field (Bp) for the 499 MHz and 400 MHz rf-dipole 
cavities. 
499 MHz Deflecting Cavity 

Figure 6: Quality factor at 4.2 K and 2.0 K rf tests for the 
499 MHz rf-dipole cavity. 
 

The Q-curves are relatively flat at both 4.2 K and 2.0 K 
with a Q0 above 1010 at 2.0 K. The cavity experienced a 
hard quench around 10 MV/m of transverse electric field.  
At 2.0 K the cavity achieved peak electric field of 30 
MV/m and a peak magnetic field of 46 mT at a transverse 
voltage of 3.15 MV. The cavity is reprocessed to 
investigate the quench will be retested. The currents 
results meet the design requirement of 5.6 MV can be 
achieved by two cavities. 

400 MHz Crabbing Cavity 

Figure 7: Quality factor at 4.2 K and 2.0 K rf tests for the 
400 MHz rf-dipole cavity. 
 

The Q-curves at 4.2 K shows a distinctive slope while it 
is relatively flat at 2.0 K. This is a fairly common feature 
that has been often observed in low-frequency 
superconducting cavities [7, 8]. Its origin is still poorly 
understood but possibly related to the heat transfer 
between Nb and liquid He. During the 4.2 K tests, the 
cavity achieved a transverse voltage of 4.35 MV that 
corresponds to a transverse deflecting field of 11.6 MV/m 
and was limited by the rf power available. The cavity was 
dissipating over 150 W at 11.6 MV/m. 

 
Figure 8: Field emission at 4.2 K and 2.0 K rf tests of the 
400 MHz rf-dipole cavity. 
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At 2.0 K the cavity achieved a transverse voltage of 7.0 
MV where a quench was observed. The Q-curve was flat 
until 5.0 MV and dropped possibly due to field emission. 
During the 2.0 K test the cavity reached cw peak surface 
fields of 75 MV/m and 131 mT. Higher levels of radiation 
were observed due field emission during the test at 2.0 K 
as shown in Fig. 8. The achieved cw voltage of 7.0 MV is 
twice the design voltage of 3.4 MV for the crabbing 
cavities for the proposed LHC High Luminosity upgrade 
[9]. 

Multipacting 
The multipacting levels were analysed for the rf-dipole 

cavities using the Track3P package from the SLAC 
ACE3P code suite [10] for an impact energy range of 20-
2000 eV, which is the critical level in secondary emission 
for Nb [11]. 

Figure 9 shows the impact energies as a function of 
transverse voltage and order of the resonant particles. The 
resonant particles with impact energies resulting a 
secondary yield above 1.0 primarily lies at the end plates 
for the both the rf-dipole cavities. 

Figure 9: Impact energy with varying transverse voltage 
for 499 MHz (top) and 400 MHz (bottom) rf-dipole 
cavities. 
 

During the first test of the 499 MHz rf-dipole cavity at 
4.2 K multipacting levels were observed as shown in Fig. 
6. The unloaded quality factor dropped at fields as low as 
1.0 MV and continued until about 1.8 MV and Q0 
recovered at increasing field levels. The multipacting 

barrier observed is consistent with the simulated results as 
shown in Fig. 9. With repeated measurements at 4.2 K no 
multipacting levels reappeared. 

 In the first 2.0 K high power rf test a multipacting 
barrier was observed at very low fields for the 400 MHz 
rf-dipole cavity as well. After a few minutes the input 
power was increased, the multipacting level disappeared, 
and the transverse voltage jumped to about 2.5 MV. As 
shown in Figure 9, both the barriers were easily processed 
with increasing input power, and were shown to be soft 
multipacting barriers. This observation is consistent with 
what was expected from the simulations. The input power 
was then decreased down to 1 MV in small steps and no 
multipacting levels were observed. Further multipacting 
levels were not observed during the remainder of the 2.0 
K test or on the following 4.2 K and 2.0 K tests. 

Surface Resistance (Rs) 
The effective surface resistance (Rs) was calculated by 

Rs = G/Q0 using the unloaded quality factor measured 
during the cavity cooling down process from 4.2 K to 2.0 
K and the geometrical factor (G). The measurements 
were obtained at very low input power that corresponds to 
0.49–0.53 MV and 0.2–0.25 MV for the 499 MHz and 
400 MHz cavities respectively. The measured data were 
fitted following the BCS theory [12] as shown in Fig. 10.  

 
Figure 10: Effective surface resistance during the cavity 
cool down from 4.2 K to 2.0 K of the rf-dipole cavities. 

The best fit of the data are given by, 
42.6 10 18.12[n ] exp 5.53

[K] [K]sR
T T

      (1) 

for the 499 MHz cavity and 
42.6 10 18.67[n ] exp 33.9

[K] [K]sR
T T

      (2) 

for the 400 MHz cavity. At 2.0 K the BCS resistances for 
499 MHz and 400 MHz are 1.3 and 2.0 nΩ respectively. 
The low residual resistance of 5.5 nΩ in the 499 MHz 
cavity gives high unloaded quality factors. 

The high residual resistance measured in the 400 MHz 
cavity is a result due to the surface losses at the beam 

Rres = 5.5 nΩ
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ports. The stainless steel blank flanges results in a power 
dissipation of 0.69 W. The corresponding Q0 due to the 
losses at the beam ports is 3.8×109 which is consistent 
with the Q0 measured at 2.0 K. 

MULTI-CELL RF-DIPOLE CAVITIES 

 
Figure 11: Single cell, 2 cell and 3 cell rf-dipole cavities 
of 400 MHz with a beam aperture of 84 mm. 

The rf-dipole geometry easily supports multi-cell cavity 
designs as shown in Fig. 11, where the electric and 
magnetic field profiles for the deflecting and crabbing 
mode are shown in Fig. 12. The rf properties of a 2 cell 
and 3 cell rf-dipole cavity are given in Table 2 at 400 
MHz frequency with a constant beam aperture of 84 mm.  

The main advantage of the multi-cell designs is the 
reduced total cavity and cryomodule length. However 
multi-cell designs have similar order modes (SOM) with 
frequencies that are below the frequency of the 
fundamental deflecting and crabbing mode. The number 
of SOMs is directly related to the number of cells. For 
example, the 2 cell 400 MHz rf-dipole cavity has a SOM 
of 374.5 MHz and the 3 cell cavity has two SOMs with 
frequencies of 351.6 MHz and 376.8 MHz.  
Table 2: Properties of the single cell, 2 cell and 3 cell 400 
MHz rf-dipole cavities. 

Parameter Single 
cell 2 cell 3 cell Units 

Frequency 400 MHz 
Aperture diameter 84.0 Mm 
Cavity length 54.2 104.7 146.7 cm 
Cavity diameter 34.0 34.5 35.4 cm 
Bars length 35.0 34.5 34.5 cm 
Bars inner height 80.0 85.0 85.0 mm 
Angle 50.0 50.0 50.0 deg 
     
Deflecting voltage (VT

*) 0.375 MV 
Peak electric field (EP

*) 4.02 4.26 4.75 MV/m 
Peak magnetic field 
(BP

*) 7.06 7.4 7.77 mT 

BP
* / EP

* 1.76 1.74 1.64  
Energy content (U*) 0.195 0.114 0.079 J 
Geometrical factor 140.9 127.8 131.8 Ω 
[R/Q]T 287.0 488.4 708.1 Ω 
RT RS 4.0×104 6.2×105 9.3×104 Ω2 
At ET

* = 1 MV/m     

The frequencies of the SOMs are close to the operating 
mode that requires to be damped well especially in high 
current applications. 

 
Figure 12: Electric field (left) and magnetic field (right) 
of 2 cell (top) and 3 cell (bottom) rf-dipole cavities. 

NEXT GENERATION OF RF-DIPOLE 
CAVITY 

The LHC high luminosity upgrade requires crabbing 
systems that allows the head on collision of bunches in 
both horizontal and vertical planes [13].  The proof-of-
principle 400 MHz rf-dipole cavity with cylindrical-
shaped outer conductor does not meet the LHC crabbing 
cavity requirements in dimensional constraints, due to 
large transverse size. Therefore, the rf-dipole cavity was 
adapted into a squared-shaped outer conductor with fixed 
transverse dimensions where the frequency is adjusted by 
curving the edges as shown in Fig. 13. The work was 
done in collaboration with Zenghai Li at SLAC National 
Accelerator Laboratory. The rf properties of the cavity of 
the square-shaped cavity are shown in Table 3. 

 
Figure 13: 400 MHz crabbing cavity proposed for LHC 
high luminosity upgrade. 

   The square-shaped rf dipole cavity is modified with 
curved loading elements to reduce the field non-
uniformity and hence the multipole components. The 
reduction in the variation of the transverse voltage across 
the beam aperture is shown in Fig. 14. In comparison to a 
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similar design with flat loading elements the fields are 
uniform for a radius of 16 mm. 
Table 3: Properties of the 400 MHz rf-dipole cavities with 
cylindrical-shaped and square-shaped and outer 
conductors. 

Parameter Cylindrical 
shaped 

Square 
shaped Units 

Cavity length 542.4 556.2 mm 
Cavity diameter 339.9 281.0 mm 
Aperture diameter (d) 84.0 84.0 mm 
Bars length 350.3 293.0 mm 
Bars inner height 80.0 117.5 mm 
Angle 50.0 ~12.0 deg 
    
Deflecting voltage (VT

*) 0.375 0.375 MV 
Peak electric field (EP

*) 4.02 3.65 MV/m 
Peak magnetic field (BP

*) 7.06 6.13 mT 
BP

* / EP
* 1.76 1.68  

Energy content (U*) 0.195 0.13 J 
Geometrical factor 140.9 106.2 Ω 
[R/Q]T 287.0 429.2 Ω 
RT RS 4.0×104 4.6×104 Ω2 
At ET

* = 1 MV/m    

  

 
Figure 14: Normalized transverse voltage in x and y 
directions for the square shaped rf-dipole designs with 
(A) flat and (B) curved loading elements. 

The cavity consists of fundamental power coupler and 
horizontal and vertical higher order mode couplers [14].  
Figure 15 shows the ridged waveguide HOM coupler (a) 
and waveguide stub with coaxial coupler which is the 
vertical HOM coupler (b).  

The horizontal HOM coupler damps horizontal 
deflecting modes, while the vertical HOM damps both 
vertical deflecting modes. Both these couplers supports in 
damping the accelerating modes. The asymmetric version 
of the vertical HOM coupler is modified to a symmetric 
shape specifically to damp the two vertical deflecting 
modes at 1.265 GHz and 1.478 GHz, with impedances 
above the transverse impedance threshold. With the 
modification the impedances are reduced by a factor of 10 
as shown in Fig. 15 (c). 

 

 

 
Figure 15: (a) Horizontal and (b) vertical higher order 
mode couplers with (c) impedance spectrum. 

  The multipacting levels in the square-shaped cavity 
have lesser impact compared to that of the cylindrical-
shaped design. Higher levels are shown at the horizontal 
HOM coupler shown in Fig. 16. These critical 
multipacting levels are suppressed by slightly modifying 
the coupler by including a groove at the center [14]. 

 
Figure 16: Impact energy of the resonant particles in the 
400 MHz rf-dipole prototype. 

CONCLUSIONS 
The rf-dipole cavity with trapezoidal-shaped loading is 

proven to have excellent properties such as low and 
balanced peak surface fields and high shunt impedance.  
The rf-dipole design also has attractive properties such as 
no lower order modes. This geometry provides compact 
designs at low operating frequencies.  It is however is 
limited in applications that require large beam apertures. 

The first rf tests of the two proof-of-principle rf-dipole 
cavities of 499 MHz and 400 MHz were performed 
successfully and have demonstrated excellent rf 
properties at both 4.2 K and 2.0 K. The multipacting 
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levels were easily processed during the first tests for both 
the cavities and did not reoccur during the tests followed.  

The 499 MHz deflecting cavity achieved high and 
uniform unloaded quality factors at 2.0 K. The cavity 
experienced a quench around 3.0 MV at both 2.0 K and 
4.2 K. This could possibly due to a defects and further 
surface treatment are performed for retesting the cavity. 

High surface electric and magnetic fields were achieved 
and high deflecting voltages were demonstrated in cw 
operation by the 400 MHz crabbing cavity. The relatively 
high residual surface resistance measured at 2.0 K was 
consistent with the power dissipated at the stainless steel 
flanges blanking the beam line ports. The rf test results 
obtained by the 400 MHz proof-of-principle rf-dipole 
cavity opens up possibilities of using these rf structures in 
future deflecting and crabbing applications. 

ACKNOWLEDGEMENTS 
We want to give special thanks to HyeKyoung Park, 

Peter Kneisel, Tom Powers, and Kirk Davis of Jefferson 
Lab and Zenghai Li of SLAC. We want to acknowledge 
the help we have received from the Jefferson Lab SRF 
Institute for the processing of the cavity, and preparation 
for and conduct of the tests. We also would like to thank 
the help we have received from the Jefferson Lab 
Machine Shop during the fabrication of the 499 MHz 
cavity.  This work was partially supported by the U.S. 
DOE through the US LHC Accelerator Research Program 
(LARP), by the EU FP7 HiLumi LHC Grant Agreement 
284404, and by the U.S. DOE HEP SBIR/STTR program 
through Niowave Inc., Lansing, MI. This research used 
resources of the National Energy Research Scientific 
Computing Center, which is supported by the Office of 
Science of the U.S. DOE under Contract No. DE-AC02-
05CH11231. 

 
  

REFERENCES 
[1] J. R. Delayen and H. Wang, Phys. Rev. ST Accel. 

Beams 12, 062002 (2009). 
[2] S. U. De Silva and J. R. Delayen, Phys. Rev. ST 

Accel. Beams 16, 012004 (2013). 
[3] W. K. H. Panofsky and W. A. Wenzel, Rev. Sci. 

Instrum. 27, 967 (1956). 
[4] H. Park, S. U. De Silva, and J. R. Delayen, in 

Proceedings of the 3rd International Particle 
Accelerator Conference, New Orleans, Louisiana 
(2012), p. 2450. 

[5] D. Gorelov, T. L. Grimm, S. U. De Silva, and J. R. 
Delayen, in Proceedings of the 3rd International 
Particle Accelerator Conference, New Orleans, 
Louisiana (2012), p. 2411. 

[6] P. Kneisel, Nucl. Instrum. Methods 557, 250 (2006). 
[7]  J. R. Delayen, in Proceedings of the 25th Linear 

Accelerator Conference, Tsukuba, Japan (2010), p. 
377. 

[8]  M. Kelly, in Proceedings of the 13th Conference on 
RF Superconductivity, Beijing, China (2007), p. 44. 

[10]K. Ko, A. Candel, L. Ge, A. Kabel, R. Lee, Z. Li, C. 
Ng, V. Rawat, G. Schussman, and L. Xiao, in 
Proceedings of the 25th Linear Accelerator 
Conference, Tsukuba, Japan (2010), p. 1028. 

[9]  S. U. De Silva and J. R. Delayen, Phys. Rev. ST 
Accel. Beams 16, 082001 (2013). 

[11] R. Calder, G. Dominichini, and N. Hilleret, Nucl. 
Instrum. Methods 13, 631 (1986). 

[12] J. Halbritter, Zeitschrift f¨ur Physik 266, 209 (1974). 
[13] P. Baudrenghien, K. Brodzinski, R. Calaga, O. 

Capatina, E. Jensen, A. Macpherson, E. Montesinos, 
and V. Parma, Functional Speci_cations of the LHC 
Prototype Crab Cavity System, Tech. Rep. CERN-
ACC-NOTE-2013-003 (CERN, 2013). 

[14] Z. Li, L. Ge, J. R. Delayen, and S. U. De Silva, in 
Proceedings of the 4th International Particle 
Accelerator Conference, Shanghai, China (2013), p. 
2468. 

FRIOA04 Proceedings of SRF2013, Paris, France

ISBN 978-3-95450-143-4

1182C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Cavity design

D. SRF Photoinjector



-------------------------------------------------------------------------------- 
* This work was supported by the U.S. Department of Energy, Office of 
High Energy Physics and Nuclear Physics under Contract DE-AC02-
76CH03000, DE-AC02-06CH11357, by Soreq-NRC under ANL work
for others agreement 85Y47 and by DTRA under ANL work for others 
agreement 8R268. 
# zconway@anl.gov 

SRF CAVITIES FOR FUTURE ION LINACS* 
Z.A. Conway#, G.L. Cherry, S.M. Gerbick, M.J. Kedzie, M.P. Kelly, S.H. Kim, S.V. Kutsaev, 
R.C. Murphy, B. Mustapha, P.N. Ostroumov and T.C. Reid, ANL, Argonne, IL 60439, USA

Abstract 
There is considerable interest worldwide in the 

applications of high-intensity (>5 mA) high-energy 
(> 200 MeV) ion accelerators and the research which 
could be done with these machines.  This presentation 
will present results of the three year ANL study funded 
specifically to make possible substantial reductions in the 
size and cost for future ion linacs in the region beta < 0.5.  
Applications include basic research, medical isotope 
production, and accelerator driven systems.  High-
performance low-beta resonators are key components of 
all of these machines.  Recent 72.75 MHz, beta = 0.077, 
quarter-wave resonator cold test results, designs and their 
impact on next generation ion accelerators are discussed.  
Peak fields in excess of 166 mT and 117 MV/m have been 
achieved and future work to improve upon this will be 
discussed. 

INTRODUCTION 
There is a growing demand for heavy-ion/proton linear 

accelerators which require substantial investment in the 
low-velocity front ends (  = v/c < 0.5).  For example, at 
Argonne National Laboratory (ANL) alone work is on-
going for an in-house accelerator upgrade, the ATLAS 
Efficiency and Intensity Upgrade [1], the first 
superconducting cryomodule for FNAL’s Project-X driver 
linac [2] and the development of a 40 MeV, 5 mA 
proton/deuteron accelerator for the phase-II of SARAF at 
Soreq-NRC [3].  This list does not include the on-going 
efforts of laboratories worldwide which include: the 
construction of the Facility for Rare Isotope Beams at 
Michigan State University [4]; the construction of Spiral2 
in France [5]; the development and prototyping for IFMF 
[6]; the development of SRF technology in support of 
accelerator driven systems in Asia and Europe [7]; and 
work on a rare isotope production facility in Korea [8]. 
For all of these projects the length and cost of the low-
beta superconducting proton and heavy-ion linacs are 
dominated by the SRF resonator performance.  
Accelerator cavities used in this velocity region, low-beta 
cavities, have not performed at the same peak-surface 
fields which are regularly achieved in elliptical-cell 
resonators optimized for velocity-of-light electrons [9], 
145 mT and 70 MV/m peak surface magnetic and electric 
fields respectively for Eacc = 35 MV/m.  This performance 
disparity has been blamed on the greater complexity of 
the reduced-beta cavity fabrication and processing.  

Several advances at Argonne National Laboratory in 
cavity design [10], fabrication and processing [11] have 
disproved this hypothesis. 

First, the results of a three ANL study funded 
specifically to make possible substantial reductions in the 
size and cost for future ion linacs will be presented.  
Second, the impact of these results and work applying 
these results to future low-beta accelerators at ANL will 
be discussed. 

DEVELOPMENT OF HIGH-GRADIENT 
LOW-BETA SRF CAVITIES 

The purpose of the ANL study was to demonstrate that 
low-beta cavities could attain the peak surface fields 
realized in velocity-of-light elliptical cell cavities, 145 mT 
and 70 MV/m peak surface magnetic and electric fields 
respectively.  This is the crucial first step toward 
constructing a compact proton linac. 

To this end, we fabricated a 72.75 MHz,  = 0.077, 
quarter-wave cavity structurally identical to those built for 
our in-house ATLAS Intensity Upgrade [1].  We have also 
built a 325 MHz,  = 0.300, half-wave resonator which 
remains to be tested, see Figure 1.   

 
Figure 1: The 72 MHz quarter-wave (back) and the 325 
MHz half-wave (front) resonators recently built at ANL. 
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Figure 2: The measured performance of the QWR.  There are 4 horizontal axes corresponding to the accelerating 
gradient, peak surface electric and magnetic fields, and the voltage gain of a synchronous  = 0.077 ion.  The vertical 
axis corresponds to the cavity quality factor.  The blue data points were measured at 2 K and the red data points were 
measured at 4.2 K in the cw mode, the green points were measured at 2 K with a 1.6% duty cycle, and the solid black 
line corresponds to 20 W of RF power dissipated in the cavity.  No fundamental limit to the cavity performance was 
encountered and the cavity could have reached higher fields with appropriate radiation shielding. 

Our work builds upon the substantial progress made for 
elliptical-cell cavities over the past 2 decades with several 
new innovations.   

1) A unique low-beta electropolish tool developed at 
ANL which processes the finished cavity [12]. 

2) Improved pre-electron beam weld quality control 
using electrostatic discharge machining of the areas 
to be welded preventing tooling inclusions [11]. 

3) Significantly more surface inspection.  The cavity 
RF surface was carefully hand-polished with 220 
then 320 grit sandpaper to avoid fold-over and 
deep polishing marks.  All pits, orange-peel, and 
scratches were polishing in this manner in the high 
field regions. 

Many of the other fabrication details are very similar to 
the processing steps of ILC cavities [13].  The 
temperature of the pre-weld etches were limited to T < 
160C to limit hydrogen uptake.  The bulk electropolish 
procedure (~120 m removal) temperature was reduced to 
25 < T < 300C.  The cavity was baked at 6250C to degas 
hydrogen dissolved in the bulk Nb and the final light (~20 

m removal) electropolish temperature was 20 < T < 
250C.  No 1250C bake was performed on this cavity, and 
future improvements in the high-field Q-slope may be 
possible with the addition of this bake. 

Test Results 
After the final light electropolish the cavity was 

cleaned and prepared for testing.  Prior to cooldown the 
cavity vacuum was allowed to pump for 72 hours 
reaching a pressure of 8.6 e-8 torr.  The cavity was cooled 
to 4.2 K with care taken to limit the time spent between 
50 and 165 K to about 45 minutes; even with the 
hydrogen degassing.  The cavity was conditioned using 
up to 10 watts of RF power to remove the low-level 
multipacting barriers over ~2 hours and then 5 minutes of 
pulsed power processing at 4.6 K with 4 kW of forward 
power.  Following this conditioning the performance 
given in figure 2 was observed with no measurable field 
emission up to Eacc = 13.5 MV/m. 

Note that the residual resistance of the cavity at low-
fields is less than 4.5 n  at 4.6 K and 2.5 n  at 2 K.  The 
gradients presented in figure 2 were not limited by any 
fundamental phenomena, e.g., defect-initiated quench or 
field emission.  The results were limited administratively 
to avoid exceeding the ANL limits on x-ray production.  
The cavity is only partially shielded behind a high-density 
concrete wall and is not in a complete cave-like 
enclosure.  This allows considerable x-ray shine to reach 
experimenters.  To reduce the average x-ray production 
the cavity was operated with a 1.6% duty cycle to safely 
comply with ANL radiation safety guidelines.  The data 
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points measured in this manner are highlighted in green 
and are the three highest gradient 2 K measured data 
points.  Please note that the cavity dissipated power 
measurement accuracy decreased due to measuring these 
data points in the over-coupled limit but the relative 
accuracy of the field amplitude is unchanged.   The 
highest data point measured was repeatable and 
corresponded to a voltage gain of 7.4 MV and peak 
surface fields of 166 mT and 117 MV/m.  The best 9-
elliptical cell cavities built for the ILC program reach 
surface fields of 175 mT and 84 MV/m [9].  The quarter-
wave cavity tested here reached comparable peak surface 
magnetic fields relative to the best 9-cell cavity and 
exceeds the peak surface electric field by 40%.  The 
previous best low-beta cavity was a spoke cavity tested at 
FNAL which reached 127 mT and 85 MV/m at 2 K and 
many of the spoke cavities which followed performed 
very well in their own right [14, 15]. 

At no point was the QWR tested here quenched.  The 
high field data points do not represent a fundamental limit 
on the cavity performance. 

FUTURE APPLICATIONS 
Low-beta cavities have served their applications very 

well for over 3 decades.  However, future large heavy-

ion/proton accelerators will benefit from cost reductions 
due to the improved design and performance of the front 
ends.  High-performance low-beta cavities can 
significantly reduce the front-end cost of the accelerator 
by reducing component count and linac lengths. 

At ANL we are developing compact cryomodules for 
two separate projects: one for Project-X at FNAL and two 
for SARAF Phase-II at Soreq-NRC.  The cryomodules for 
these projects will house superconducting half-wave  
resonators which require similar layouts but differ in 
operation modes and dimensions.  To reduce risk and 
optimize the cost of the cryomodule fabrication we are 
developing the three designs together.  All designs are 
modifications and improvements on box-cryomodules 
fabricated at ANL in the past 5 years [16].  Our most 
recent cryomodule houses seven 72 MHz,  = 0.077, 
quarter-wave resonators identical to the one discussed 
earlier.  The test results of these cavities are presented in 
[11] and exceed expectations.  This cryomodule was 
designed, conservatively, to provide 17.5 MV of voltage 
gain over 5.2 meters giving a 3.4 MV/m real-estate 
gradient, with current results suggesting that we may 
reach 4 MV/m real-estate gradient.  Building upon this we 
have developed several new cryomodule designs for 
Project-X and SARAF Phase-II. 

Figure 3: Project-X half-wave resonator cryomodule model.  The cryomodule contains 8 superconducting 162.5 MHz,  
 = 0.112, half-wave resonators and 8 superconducting solenoids with beam position monitors rigidly attached to each 

solenoid.  (Top) The cryomodule with a section cut out to show the inside.  (Bottom) A single focusing period 
containing a solenoid, beam position monitor and half-wave resonator. 
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Project-X is a high intensity, 1 mA, H- linear 
accelerator facility being developed at FNAL.  A single 
half-wave resonator cryomodule will house 8  = 0.11 
162.5 MHz superconducting cavities, 8 superconducting 
magnets and will operate at 2 K.  A model of this 
cryomodule is shown in figure 3.  The cryomodule 
accelerator lattice comprises 8 cavity/solenoid/beam-
position monitor units each of which occupies 63 cm 
along the beam axis.   

The SARAF Phase-II project is an upgrade of the 
current SARAF accelerator to accelerate >5 mA, 
40 MeV/u, proton/deuteron beams.  Four cryomodules are 
required of two types, all of which will operate at 4 K.  
The first type, the low-beta cryomodule, contains 7  = 
0.09 176 MHz superconducting cavities and 7 
superconducting magnets.  The second type, three high-
beta cryomodules, each housing 7  = 0.16 176 MHz 
superconducting cavities and 4 superconducting magnets.  
These cryomodules are identical to the Project-X 
cryomodule with slight differences for 4 K operation, e.g., 
no J-T valve and sub-cooled heat exchanger. 

CONCLUSIONS 
There is no fundamental reason why low-  resonators 

should not perform at the limits of niobium.  The front-
end of future ion linacs can benefit substantially by 
investing the time and cost required to optimize the linac 
lattice and to build it using high performance SRF cavities 
arranged in compact lattice geometries.  This can enable 
new SRF applications where SC linac technology was too 
expensive to support in the past.  Examples of this include 
accelerators for basic science (e.g., isotope production 
driver linacs, neutron sources, high-intensity machines for 
high energy physics research), national security, 
accelerator driven systems, and nuclear medicine. 
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DEVELOPMENT AND PERFORMANCE OF 325 MHz SINGLE SPOKE 

RESONATORS FOR PROJECT X* 

L. Ristori
#
, M. H. Awida, P. Berrutti, C. Ginsburg, I. V. Gonin, T. N. Khabiboulline, M. Merio, 

T. H. Nicol, D. Passarelli, A. Rowe, D. A. Sergatskov, A. I. Sukhanov, V. P. Yakovlev, Fermilab, 

Batavia, USA

Abstract 
Two types of single-spoke resonators will be utilized 

for beam-acceleration in the low energy part of the Project 

X linac [1]. Single Spoke Resonator of Type-1 (SSR1) 

and Single Spoke Resonator of Type-2 (SSR2) will 

operate at 325 MHz with an optimal beta of 0.22 and 0.51 

respectively.  

After an initial phase of prototyping, a production run 

of ten SSR1 resonators was recently completed in US 

industry. During manufacturing, some issues were 

encountered and valuable experience was gained as a 

result. The processing and heat-treatment procedure has 

been optimized. The qualification of this group of 

resonators at the “bare” stage (without helium vessel) is 

proceeding successfully in the Fermilab Vertical Test 

Stand (VTS). Seven resonators have already been 

qualified with performance exceeding Project X 

requirements. A summary of the cold tests performed on 

the bare resonators is presented in this paper. 

Recent efforts have been focused on reducing the 

sensitivity of SSR resonators to helium-pressure 

fluctuations. The first SSR1 has been outfitted with a 

helium vessel and several tests were performed on this 

resonator at room-temperature to investigate its behavior 

and measure its sensitivity.  

INTRODUCTION 

Development of SSR1 resonators at Fermilab began 

several years ago [2]. Two prototypes for the SSR1 

resonator were tested with successful results at the bare 

stage and with the helium vessel (jacketed stage) [3], [4]. 

An order for ten SSR1 resonators was placed with C.F. 

Roark [5].  The purpose was to produce resonators for the 

first SSR1 cryomodule of Project X (containing eight 

cavities), which will be initially tested as part of the 

Project X Injector Experiment (PXIE) [6]. 

All ten resonators have been manufactured, delivered to 

Fermilab, and inspected. Chemical processing, heat-

treatment and testing of this batch of bare resonators is 

nearly complete. The first qualified resonator was 

outfitted with a helium vessel at Meyer Tool [7] (see 

Figure 1) and is now undergoing extensive testing to 

evaluate several aspects of its performance.  

The experience gained in the development of SSR1 

resonators is being utilized now to feed the design of 

SSR2, which is nearly complete [8] and prototyping 

efforts are expected to begin soon. 

 

 

Figure 1 : The first jacketed SSR1 resonator for Project X. 

DESIGN 

The main parameters for these resonators are 

summarized in Table 1. With maximum magnetic and 

electric surface fields not to exceed respectively 70 mT 

and 40 MV/m, accurate geometrical optimizations 

produced very low peak field ratios allowing excellent 

nominal accelerating gradients of 10 MV/m and 11.2 

MV/m respectively.  

Table 1 : Main Parameters of SSR1 and SSR2 

Parameter SSR1 SSR2 

β 0.222 0.515 

Ep/Eacc 3.84 3.53 

Bp/Eacc 5.81 mT/(MV/m) 6.25 mT/(MV/m) 

Aperture 30 mm 50 mm 

Diameter 492 mm 560.8 mm 

Effective Length 205 mm 475 mm 

G 84 Ω 118 Ω 

R/Q 242 Ω 275 Ω 

Oper. Gradient 10 MV/m 11.2 MV/m 

Q0 at Eacc > 0.5 1010 > 1.2 1010 

Maximum B 58 mT 70 mT 

Maximum E 38 MV/m 40 MV/m 

Tuning constant 40 N/kHz 90 N/kHz 

Sensitivity < 25 Hz/torr < 25 Hz/torr 

Mechanical Design 

The design of SSR1 was obtained by first optimizing 

the RF performance and later addressing the structural 

integrity of the resonator by adding an adequate system of 

stiffeners to the outside surfaces without any modification 

to the RF shape. The design of SSR2 was developed by 

considering RF, structural and manufacturing 

 ___________________________________________  

*Operated by Fermi Research Alliance, LLC, under Contract DE-

AC02-07CH11359 with the U.S. DOE 
#leoristo@fnal.gov                
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requirements simultaneously. Multipacting issues were 

also evaluated from the initial phases (see Figure 2). 

 

 

Figure 2 : Sectioned views of SSR1 (left) and SSR2 (right). 

Niobium components are rendered in gray, steel 

components are rendered in green. The rounded end-walls 

in SSR2 require fewer stiffeners than SSR1. 

Pressure-safety requirements are of great importance 

and determine the need to qualify each type of resonator 

to a certain maximum allowable working pressure 

(MAWP). For operational reasons and to avoid a 

catastrophic failure in the event of a severe malfunction 

(for example the loss of beam vacuum during operation), 

Project X spoke resonators are required to be rated at 2 

atmospheres of external pressure with room-temperature 

material properties and 4 atmospheres with cryogenic 

properties. At Fermilab, this consists mainly in 

demonstrating compliance with the ASME Boiler and 

Pressure Vessel Code, which allows different approaches. 

For complex structures such as spoke resonators, it is 

advisable to follow a method based on finite-element 

analyses (Section VIII, Division 2).  

 

 
 

Figure 3 : Von Mises stress distribution in a spoke 

resonator subject to 2 atmospheres of pressure in the 

helium space. Values above the yield limit are shown in 

red.  

The distribution of Von Mises stresses in the SSR1 

cavity subject to a helium pressure of 2 bar can be seen in 

Figure 3. This cavity was qualified according to the 

ASME code for such pressure with room-temperature 

material properties. Away from singularities and stress-

concentration areas, the stress values are below the yield 

limit. However it can bee seen that in certain areas, stress 

is above the yield limit of niobium.  

 

Several tensile tests were performed to fully 

characterize the raw material utilized to manufacture 

SSR1 resonators. The yield limit for this material is 75 

MPa and the allowable limit was set to 47 MPa. 

Sensitivity to Helium Pressure 

For continuous-wave ion accelerators, for 

considerations based on RF power consumption, it is of 

great importance to have resonators that operate reliably 

within a small resonance bandwidth, typically in the order 

of 10 Hz. A feed-back tuning system should be present on 

the resonator having coarse and fine tuning capabilities 

but the stability of the resonator should rely only in part 

on this system. Resonators should be designed having low 

sensitivity to perturbations. Variations in the pressure of 

the liquid helium bath comprise the most predictable 

source of perturbations to the frequency of the resonator 

and may result in the largest perturbations seen by the 

resonator. 

Spoke resonators for Project X are required to have a 

sensitivity of less than 25 Hz/torr. A systematic approach 

to evaluate this sensitivity and guide the design efforts 

was developed and is discussed in [9]. 

Among various methods of reducing the sensitivity, we 

describe one which is based on modifying the system of 

stiffeners on the resonator. In this way, one may influence 

the shape of the deformed profile (see Figure 4) when the 

resonator is subject to external pressure. In virtue of 

Slater’s theorem [10], the resultant shift in frequency will 

depend on opposing contributes from regions having high 

magnetic fields and high electric fields. An accurate 

design may achieve self-compensating behavior that 

reduces such sensitivity. 

 

 

Figure 4 : A schematic view of a resonator subject to an 

increase in liquid helium pressure. Different stiffening 

systems produce different deformations. Inward 

deformations in high B areas (left) or high E areas (right), 

generate positive or negative frequency shifts respectively.  

MANUFACTURING 

Successful manufacturing of the bare cavity will rely 

for the most part on the quality of electron-beam welding 
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of the niobium components. The outcome of welding will 

depend principally on the optimization of welding 

parameters and on the accuracy of fit between parts to be 

joined. Gaps between parts shall be kept below 100 μm. 

Mating surfaces shall have uniform thickness and offsets 

should be smaller than 0.5 mm. This is achieved by 

accurate development of forming-dies and by use of 

elaborate welding tooling allowing fine adjustments in the 

joint areas. 

Deep-drawing is used to produce the two end-walls and 

the two spoke-halves. The outer conductor is rolled and 

seam-welded and ports are created by pulling a male die 

outwards, through an elliptical hole. All four flanges are 

made of stainless steel and brazed to niobium ports at a 

stock stage. After brazing, flange assemblies are finish-

machined and joined to their cavity counterparts by 

electron-beam welding. 

Frequency Targets 

In order to achieve the desired resonant frequency in 

the operating conditions, intermediate goals are set for the 

frequency by estimating shifts due to major operations 

such as welding, chemical processing, cool-down and so 

on (Table 2). It is worth mentioning that in the specific 

case of SSR1, final electron-beam welding of the two 

end-walls to the outer conductor showed negligible shifts. 

Welding of the transition ring instead caused a shift of 

500 kHz and was observed in both resonators which 

received the ring as of today. 

Table 2 : Intermediate Goals for Frequency 

Operation Shift (kHz) Freq. (MHz) 

End-wall Welding Negligible 323.975 

BCP (120-150 μm) + 160 324.135 

BCP (20-30 μm) + 40 324.175 

Ring + Jacketing + 500 324.675 

BCP (20-30 μm) + 40 324.715 

Cool-down + 385 325.100 

Tuner Engaged - 100 325.000 

Manufacturing Issues 

Certain issues became apparent only after having 

manufactured most resonators of the production batch. In 

four resonators, while performing full-penetration 

electron-beam welds, a hole (or blow-through) appeared 

in the weld seam (see Figure 5) without any apparent 

reason. 

 

 

Figure 5 : A typical blow-through viewed from the outside 

(left) and from the inside of the cavity (right). 

Parameters for the process were producing a 

cosmetically excellent weld seam for all electron-beam 

joints, but the long-term stability of the process was not 

acceptable, producing roughly a defect every two 

resonators, equivalent to about one defect every 45 

minutes of welding. Initially, the welding equipment and 

power supply were investigated and determined not to 

have impact on the issue. It is thought that the weld seam 

produced with the original parameters, although 

cosmetically excellent, was too wide (~ 8 mm) and 

therefore very sensitive to any type of geometrical 

variation in the joint (thickness, gap and offset) and 

susceptible to disruption at locations where mismatch was 

largest. An extensive set of tests was performed to 

develop a new set of parameters allowing the weld bead 

to be thinner and no holes were observed in the last four 

resonators completed. Defects were repaired by 

machining the holes to a known regular shape and 

thickness and inserting a niobium plug, which is later 

completely consumed. 

Another issue encountered was an unacceptably low 

success rate for vacuum seals on the cavity flanges. Such 

sealing surfaces appeared leak-tight during initial 

inspections and their failure rate increased to about 25% 

for each of the four flanges in clean-room conditions. All 

four vacuum flanges on SSR1 are ConFlat (CF) type. 

Each face of the two mating CF flanges has a knife-edge 

which cuts into the softer metal gasket, providing an 

extremely leak-tight, metal-to-metal seal. The issue was 

attributed to the low quality of machining of the sealing 

surfaces aggravated in some cases by mechanical 

damages caused by handling. Initial leak-checks are 

performed by sealing the flanges using silver-plated 

screws having a lower friction coefficient with steel, than 

silicon-bronze screws, used thereafter. Silver-plated 

screws are capable of transmitting a larger axial thrust to 

the sealing surface and is thought to be the most plausible 

explanation for the increased failure rate. 

Additionally, it was discovered that the roughly 

machined knife-edges have a tendency to detach 

particulates from the copper gasket when disassembled. 

This phenomenon alone was considered unacceptable for 

cryomodule assembly due to the serious implications in 

cavity performance. It was concluded to change the 

design of all vacuum flanges on SSR1 from CF to 

DESY/TeSLA aluminum seal, which employs flat 

surfaces on the mating flanges and an aluminum circular 

gasket having a diamond section. The completed cavities 

will be reworked to accommodate the new type of 

vacuum seal. 

CHEMISTRY AND HEAT TREATMENTS 

After initial inspection to verify compliance with 

mechanical and RF requirements, resonators undergo a 

series of operations involving cleaning, acid-etching and 

baking (see Table 3). The baseline recipe is aimed at 

obtaining the best performance in the VTS. 

Initially, resonators need to be cleaned to remove any 

residue left by the manufacturing process. This is done by 

degreasing all surfaces in an ultrasonic tank followed by a 

thorough rinsing with ultra-pure water. Next, a layer of 
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about 120-150 μm is removed with a buffered-chemical-

processing solution (bulk BCP). This is achieved through 

two sub-cycles interposed with a rotation of 180 degrees 

to improve uniformity. After another cycle of degreasing 

and rinsing, resonators are subject to a high-pressure-rinse 

(HPR) with a tool having a vertical water wand. 

Subsequently, resonators are baked at 600 °C with a 10-

hour plateau and a climb rate of less than 5 °C/min. This 

is referred to as hydrogen-degassing and serves the 

purpose of reducing the onset of Q-disease. After an 

intermediate step of RF measurements and frequency-

tuning, resonators are again degreased and rinsed and 

routed for a second cycle of chemistry only removing 20-

30 μm this time (light BCP). After another cycle of 

degreasing and rinsing, the resonator is subject to a 

thorough HPR performed on two different tools, one 

having the pressure wand in the vertical position, the 

other in the horizontal position. Utilizing both tools on the 

same resonator has been shown to improve the 

performance in the cold tests in terms of field emission 

(FE). Finally, resonators are evacuated, leak-checked to 

10
-10

 mbar-l/s or better and baked under vacuum at 120 °C 

for a minimum of 24 hours. This helps substantially in 

reducing the time necessary for processing through 

multipacting barriers which SSR1 resonators are known to 

suffer from. After the transition ring and the helium vessel 

are welded onto the qualified resonators, an additional 

cycle of light BCP and HPR will be performed. 

Table 3 :  Preparation Steps for Cold Tests 

Operation Details 

Bulk BCP 2 x 60-75 μm 

HPR Vertical 

Heat Treatment 600 °C, 10h 

Light BCP 20-30 μm 

HPR Vertical + Horizontal 

Assembly + Leak Check < 10-10 mbar-l/s 

Low-T bake 120 °C, 48h 

COLD TESTS 

The first cryomodule of SSR1 will be tested within the 

scope of PXIE and for experimental purposes, the 

requirement on the gradient of SSR1 is set to 12 MV/m, 

slightly above the Project X requirement (10 MV/m). 

A detailed description of all tests performed on SSR1 

resonators is reported in [11]. Seven resonators were 

qualified for use in the PXIE cryomodule (Figure 6). 

 

 

Figure 6 : Summary of the qualification process for SSR1 

resonators. All plots refer to testing at 2 K. 

Among these seven resonators, three were qualified 

after the first test (or pass), including resonator S113, 

which has a repaired hole. Other three were qualified after 

the second test after additional HPR or additional BCP 

and HPR. Finally, resonator S112 was qualified 

conditionally based on the gradient achieved at 4.4 K and 

Q0 achieved at 2 K at the multipacting barrier around 6.5 

MV/m, which was not surpassed. All resonators appear to 

perform similarly, exceeding the PXIE requirement of 

Eacc > 12 MV/m and Q0 > 0.5 10
10

. Resonator S110 shows 

a slightly lower performance and is expected to improve 

after additional processing and rinsing (see Table 4). 

Table 4 :  Summary of Qualification Process at 2 K 

Cavity EMAX – Q0 at 12 MV/m Status 

S105 19.5 MV/m  – 0.8 1010 Qualified at 2nd pass 

S107 21.7 MV/m – 0.8 1010 Qualified at 1st pass 

S109 19.6 MV/m – 0.98 1010 Qualified at 1st pass 

S108 21.3 MV/m – 1.2 1010 Qualified at 2nd pass 

S113 18.5 MV/m – 1.0 1010 Qualified at 1st pass 

S110 17.3 MV/m – 0.77 1010 Qualified at 2nd pass 

S112 17* MV/m – 1.2 1010 Qualified conditionally 
*at 4.4K, limited by multipacting 

JACKETING AND MEASUREMENTS 

A transition ring was developed at ANL [12] and 

electron-beam welded onto the resonator to allow 

structural coupling between cavity and helium vessel (see 

Figure 7). The ring is perforated to facilitate rinsing and 

processing operations and to allow cooling of the central 

area during operation. A shift of + 500 kHz was caused by 

the welding of this ring alone. 
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Figure 7 : S107 with the perforated transition ring. The 

outermost portion of the ring appearing shinier is made of 

stainless steel. 

Components of the helium vessel were made by spin-

forming, rolling and/or machining sheets made of 316L 

stainless steel having a thickness of 6 mm. Oxygen 

concentration, temperature and frequency were constantly 

monitored throughout the process. Due to the requirement 

of not exceeding 80 °C on niobium surfaces at any time, 

welding was conducted in small sections of about 20 mm 

causing the whole process to take three weeks. This is 

fairly normal for resonators of such complexity. An image 

of the cavity during the final stages of jacketing can be 

seen in Figure 8. 

In order to minimize the deformations induced on the 

resonator by the welding process, it is very important to 

estimate the amount of shrinkage for each weld joint. 

Extra material should be present where necessary. Also, if 

at all possible, the resonator should be left free to move 

within the assembly while performing the heavier welds. 

 

 

Figure 8 : Final stage of welding operations on SSR1. The 

transition ring at the top of the picture is not yet welded. 

Cables and tubes are used to monitor the frequency, 

temperature  and maintain low oxygen count. 

Despite having planned in this way, certain joints 

contracted more than expected and, as can be seen in 

Figure 9, the resonant frequency drifted non-negligibly in 

some occasions during the process requiring corrective 

actions. For example, during the welding of the two large 

ports, the process was interrupted and the joint area was 

trimmed to relieve the tension. This allowed recuperating 

almost 200 kHz. The total shift due to jacketing 

operations was about +250 kHz. For the next resonators, 

the process will be improved based on the experience 

gained and the frequency shifts should be reduced. 

 

 

Figure 9 : Plot showing the history of resonant frequency 

during welding operations. The overall shift was about 250 

kHz. 

Room-Temperature Measurements of Sensitivity 

The jacketed cavity was subjected to several tests. A 

leak check and a pressure test was performed at Meyer 

Tool where the helium vessel was welded. The helium 

space was pressurized to 115% of the MAWP. The 

pressure test at room temperature was repeated at 

Fermilab to investigate the sensitivity of the cavity to 

pressure variations. The pressure was cycled several times 

between vacuum and 1.4 atmospheres recording the 

frequencies and mechanical displacements at various 

steps. The setup for these tests can be seen in Figure 10. 

Tests were performed with the cavity free to move at the 

tuning interface and also with a dummy-tuning device 

having a rigidity of 30 kN/mm. The sensitivity measured 

in both conditions was 10 Hz/torr and 4 Hz/torr 

respectively.  

 

 

Figure 10 : Setup utilized for measuring the sensitivity of 

the resonator to helium pressure variations. The pressure in 

the helium circuit was cycled repeatedly using a nitrogen 
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bottle (left) and a vacuum pump (right) while recording the 

resonant frequency and mechanical displacements. 

SUMMARY 

Ten SSR1 resonators have been manufactured in US 

industry. Some issues were encountered during 

fabrication and lead to the development of a new electron-

beam welding process. Additionally, due to repeated 

vacuum leaks at the cavity flanges, the design was 

changed from ConFlat to the DESY-TeSLA aluminum 

seal. Cold tests for the ten resonators are proceeding well. 

Seven resonators have been qualified exceeding PXIE and 

Project X requirements. One resonator was outfitted with 

a helium vessel and its sensitivity to helium pressure was 

measured to be within the requirements. 
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DEVELOPMENT OF 650 MHz CAVITIES FOR THE GeV PROTON 

ACCELERATOR IN PROJECT-X 
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#
, P. Bhattacharyyay, A. Dutta Gupta, S. Gosh, A. Mandal, S. Seth,

Variable Energy Cyclotron Centre, 1/AF, Bidannagar, Kolkata-700 064, India 
 

Abstract 
Project X is a GeV range high intensity proton linear 

accelerator being developed at Fermilab, USA in 

collaboration with various American and Indian 

laboratories as well. In stage-1 of the project, the CW 

linac structures with different velocity factor (beta) 

accelerate proton up to 3 GeV at an average beam current 

of 1 mA.  For acceleration from 180 MeV to 480 MeV, 

the development of 650 MHz, beta 0.61, 5-cell elliptical 

SRF cavities has been taken up by VECC. The EM design 

and analysis of this cavity, carried out using 2D and 3D 

codes, will be discussed along with its structural and 

mechanical modal analysis. This design has been 

compared with the designs made by JLab and Fermilab. 

The presence of higher order modes (HOMs), for the said 

cavity has been thoroughly examined. The multipacting 

analysis will be presented using 2D code and also 3D 

CST Particle Studio code with due consideration of 

Furman model for secondary electron emission 

comprising of true, elastic and rediffused secondary 

electrons. The prototype development and low power 

testing of this cavity will be discussed here. The talk will 

be concluded with the probable SRF challenges to be 

faced in the development of the cavity. 

 

INTRODUCTION 

A schematic layout of Project X Reference Design 

Accelerator [1] complex has been shown in Fig. 1 and 

SRF technology map for CW proton linac of Project X 

has been shown in Fig. 2. Acceleration of proton beam 

from the energy of 177 MeV to 3 GeV will be provided 

by two families of five-cell superconducting RF (SRF) 

cavities operating at 650 MHz and designed to 

geometrical  factor (G) 0.61 to 0.9. The criterion for the 

SRF cavity shape optimization is to decrease the field 

enhancement factors, magnetic and electric, in order to 

improve the interaction between the beam and the 

cavities. The cavity aperture needs to be designed to make 

as small as possible provided the considerations of very 

good field flatness, minimum beam losses, very good 

mechanical stability, reliable surface treatment and 

processing facility for the cavity inside surface are 

maintained. This paper focuses especially on the low beta 

cavities (LB650) operating with =0.61 at the resonant 

frequency of 650 MHz. 

LB650 SRF CAVITY  

The working accelerating gradient for LB650 cavity 

has been chosen as 17 MV/m in order to keep the peak 

surface magnetic field (BP) within a limit that allows 

operation below high-field Q-slope. Bp should be 

restricted to 70 mT (as shown in Fig. 3) for the operation 

of the cavity at 650 MHz.  Moreover, in order to get rid of 

the risk of strong electric field emission, the peak surface 

electric field (EP) has been restricted to 4050 MV/m.  

According to linear perturbation theory, for a given 

relative error in the frequencies of the cavity cells, the 

field flatness is determined by the frequency deviation 

(f) between the operating frequency (f) in accelerating 

mode and the frequency of the neighbouring mode. 

 

 

Figure 1: A schematic layout of Project X reference 

design accelerator complex [1]. 

 

 

Figure 2: SRF technology map for CW proton linac of 

Project X [1]. 

 

If the number of cells is "N" and the cell-to-cell 

coupling coefficient is "kc", the field flatness factor at the 

operating frequency is, 
  

  
≈
  

  
. Therefore a cavity with a 

fewer cells shows a smaller coupling coefficient for a 

given flatness. For the 5-cell elliptical SRF cavity 

operating at 650 MHz, the value of 
  

  
= 5. 10   

corresponds to kc=1.25%.  The aperture of the cavity is 

selected considering the trade-off between cell-to-cell 

coupling and beam loss. The experiences with other 
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laboratories determine that these cavities can operate 

within 100 mm. aperture with tolerable beam loss. So, the 

aperture of 96 mm. for the LB650 cavity has been 

adopted. 

 

Figure 3: Plot of high field Q-slope vs. Frequency [1]. 

 

Figure 4: Cavity cell geometry. 

Cavity Simulation Results 

The 5-cell elliptical shape cavity simulation has been 

carried out by using 2D SUPERFISH code and also 3D 

CST MICRWOWAVE STUDIO code and the results are 

shown in Table 1, where a comparative chart [2] of design 

parameters of LB650 cavity from various laboratories has 

been tabulated. The field flatness is very good and the 

cell-to-cell coupling coefficient is 1.24%. For the mid-

cells (as shown in Fig. 4), the equator ellipse aspect ratio, 
 

 
=
     .

     .
 , the iris ellipse aspect ratio, 

 

 
=
  .     .

  .     .
, 

equator diameter, D=394.8 mm., Iris diameter 96 mm., 

the cell length, L=140.67 mm. The ratio 
 

 
 =296, which is 

reasonably good in terms of cryogenic loss is concerned 

and also the geometrical factor (G=200) is good enough. 

Two major parameters, electric field enhancement factor 

(
  

    
 =3.00) is fairly good value and the magnetic field 

enhancement factor ( 
  

    
 =4.84) is also quite good. 

A small cavity wall slope () gives more freedom to 

decrease the field enhancement factor. However,  value 

is limited by the considerations of surface processing and 

mechanical stability requirements. In mid-cells,  is 

chosen as 2.4 degree, in order to maintain low field 

enhancement factor.   

 

 

Table 1: Comparative Chart of Design Parameters of 650 MHz, =0.61 Cavity from various laboratories 

Name 

of the 

lab 

designed 

 

 

 
 

 

(mm./ 

mm.) 

 

 
 

 

(mm./ 

mm.) 

Equator 

radius 

D/2 

 

(mm.) 

Iris 

radius 

Riris 

 

(mm.) 

Half 

cell 

length 

(L/2) 

(mm.) 

 

 
 

 

 

() 

G 

(=Q.R) 

 

 

() 

     
 

 

(MV/ 

m) 

  

    
 

 

 

  

    
 

 
(mT/ 

MV/m) 

   

Mode 

 

 

(MHz) 

Remarks 

 

 

 

Fermilab 
  

  
 

  

  
 194.95 42 70.335 378 191 17.0 2.26 4.21 650 

2D SLANS Code 

L/2=71.385 

(endcell) 

=2.0deg.(midcell) 

    =2.7deg(endcell) 

E = 92.7 J 

JLab 
  .   

  
 

  

  
 192.10 50 65.456 297 190 17.3 2.71 4.78 650 

2D SUPERFISH  

Equator flat 

=0.976  (midcell) 

=0.5047 (endcell) 

=0.0deg.(midcell) 

   =0.0deg.(endcell) 

E = 118.8 J 

VECC 
  

  
 

  .   

  .   
 197.40 48 70.335 296 200 17.0 3.00 4.84 650 

2D SUPERFISH, 

3D CST  MWS 

=2.4deg.(midcell) 

    =4.5deg(endcell) 

(
 

 
)
         

 

 

=
  .   

  .   
 

E = 118.8 J 

 

 

 

 

 

__________________ 

#ssom@vecc.gov.in 
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Furthermore, end-cell modifications have been carried 

out to achieve very good field flatness. For end-cells, the 

iris ellipse aspect ratio has been modified to  

(
 

 
)
         

=
  .  

  .  
, while the equator ellipse aspect ratio 

has been kept unchanged. The wall slope angle has been 

increased to 4.5 degree.  

Cavity Shrinkage 

The cavity is designed at room temperature and it will 

be operated at 2 K. The niobium cavity will shrink due to 

thermal contraction of the material. It is necessary to 

adjust the dimensions of the cavity by taking into account 

the 150 m of material removal (𝑡   ) due to buffered 

chemical polish (BCP) and thermal shrinkage from room 

temperature (293 K) to 2 K. The aperture and equator 

radius is decreased by 150 m. The ellipse centres and 

half cell length do not change appreciably. Half axis in 

Iris area are increased by 150 m, while that in equator 

area are decreased by the same quantity. Although the 

thermal expansion/contraction coefficient (𝛼  ) of 

niobium is actually non-linear (as shown in Fig. 5) with 

respect to temperature (in K), the linear approximation 

gives, 𝛼  = 142 x 10
-5

 / K. If the inside dimension of the 

cavity under cold and warm condition are 𝐿    and 

𝐿    , the relation between them is established as 

follows. 

𝐿    =
(𝐿    + 𝑡   )

(1 + 𝛼  )
 

The cold and warm dimensions of the cavity are tabulated 

in Table 2.  

 
Figure 5: Thermal expansion of niobium. 

Higher Order Modes (HOMs) 

The existence of transverse and longitudinal HOMs of 

the cavity has been investigated using CST Microwave 

Studio code.  However, it is observed (from Fig. 6 & Fig. 

7) that there is no trapped mode (transverse or 

longitudinal) with high effective impedance. Hence, 

HOM dampers are not necessary for the cavity operating 

at the beam current of around 2 mA. 

Table 2: Cold and Warm Dimensions of Cavity 

Dimensional 

Parameters  

COLD  

Dimension 

(inside) 

(Designed)  

(mm.)  

COLD 

Dimension  

Pre- BCP 

treatment 

of 150 m  

(mm.)  

WARM  

Dimension 

inside  

(Fabricated)  

(mm.)  

Equator 

radius  
197.400  197.250  197.53  

Iris radius  48.000  47.850  47.92  

A  54.000  53.850  53.93  

B  58.000  57.850  57.93  

a  13.680  13.830  13.85  

b  30.820  30.970  31.01  

a  

(for end cell)  
10.670  10.820  10.84  

b  

(for end cell)  
24.020  24.170  24.21  

Half cell 

length (L/2)  
70.335  70.335  70.44  

 

 
Figure 6: Effective impedance for transverse HOMs. 

 

Figure 7: Effective impedance for longitudinal HOMs. 

Multipacting Analysis 

The possibility of cavity multipacting has been 

investigated initially by using 2D MultiPac 2.1 code. The 

impact energy (as shown in Fig. 8) is less than 50 eV for 

all peak electric fields except a small region between 30 

to 35 MV/m, where it is around 200 eV. For mid-cells and 

end-cells, even after 30 impacts of electrons at the equator 

region (at the radius 197 mm) of the cavity, the final 

impact energy is 28.4364 eV, which is well below 50 eV. 

Based on 2D analysis, it is unlikely to cross secondary 

electron emission yield for producing multipacting, as the 

relative enhanced electron counter function is less than 

unity for the whole range of peak electric field up to 60 

MV/m.  

Proceedings of SRF2013, Paris, France FRIOB03

07 Cavity design

O. Cavity Design - Accelerating cavities

ISBN 978-3-95450-143-4

1195 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

Figure 8: Results for end-cell cavity. 

The 3D analysis for the same cavity has been carried 

out extensively for further investigation using CST 

Particle Studio code that takes into account Furman 

Model [3] for three types of secondary electron emission, 

true secondary, back scattered and rediffused electrons. 

Here, 30 mm. of equator region has been simulated with a 

minimum mesh size of 0.37 mm. Multipacting takes place 

at electric field between 5.8 MV/m and 11.5 MV/m and 

the rate is very fast at 6.8 MV/m (shown in Fig. 9 & Fig. 

10). At 11.5 MV/m, the rate of increase in particle due to 

multipacting is very low. There is no occurrence of 

multipacting below 4.5 MV/m and beyond 22.5 MV/m. 

 

Figure 9: Particle vs. time (ns) at 6.8 MV/m. 

 

Figure 10: Particle after 6 ns at 6.8 MV/m. 

Mechanical Modal Analysis 

The mechanical modal analysis (as shown in Fig. 11) of 

the cavity determines that the frequencies of mechanical 

modes without stiffener are below 100 Hz, which is not 

desirable for operation. However, with stiffener, the 

frequencies are increased beyond 100 Hz. The stiffener 

needs to be placed at the radius of 133 mm. (as shown in 

Fig. 12) in order to raise the mechanical mode above 100 

Hz. 

 

Figure11: Mechanical modes without stiffener. 

 

Figure 12: Mechanical modes vs. Stiffener position.  

Structural Analysis 

The structural analysis [4] of the cavity has been 

carried out using 3D ANSYS code, assuming operating 

temperature at 2K and external pressure of 3 atm, with 

boundary conditions of both ends being fixed.  Various 

stress plots indicate that they are within allowable limit. 

The stress integral (as shown in Fig. 13), comprising of 

primary membrane, bending and secondary stress, of 4 

mm. thick niobium sheet has been obtained as 131 MPa, 

which is well within the allowable limit of 309 MPa, as 

per ASME code.  

 
Figure 13: Plot of stress vs. thickness of the cavity wall. 

 

Prototype Cavity Fabrication and Testing 

The half cells of the prototype aluminium LB650 cavity 

has been fabricated after the design and development of 

the necessary die-punch assembly. The inside dimensions 

of the half-cell has been measured using Laser Faro 
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Coordinate measuring machine (CMM) and the maximum 

deviation of the order of 0.4 mm is found and further 

improvement is being tried. Two half cells have been 

joined to fabricate a single cell cavity as shown in Fig. 14. 

The low power RF test has been carried out using Vector 

Network Analyzer (VNA) on this cavity. The transmission 

scattering parameter (S21) measurement (as shown in Fig. 

15) shows that the resonant frequency of the cavity is f0 = 

645.86350 MHz and -3dB frequencies are,  f1 = 

645.84860 MHz and  f2 = 645.87980 MHz. The half- 

power (-3dB) bandwidth of the single cell cavity is 

  =    =  1.       . The quality factor is 

calculated as   =
  

  
 =20700. The electric field gradient 

on the axis of the cavity is being carried out using bead-

pull measurement set up [5] already developed at VECC. 

 

 

Figure 14: VNA Measurement of single cell cavity. 

 

Figure 15: S21 measurement of single cell cavity. 

CONCLUSION 

The LB650 cavity development activity has been 

carrying out by VECC in collaboration with Fermilab, 

USA and the funding has been provided by the DAE, 

Government of India. The electromagnetic design of the 

5-cell cavity has been done with 96 mm. aperture and 

aimed at accelerating gradient of 17 MV/m. The end-cell 

modification incorporated in the design to achieve very 

good field flatness. The problem of HOMs is not 

anticipated in this cavity operating at around 1 mA of 

beam current. The extensive analysis using Furman 

Model indicates that strong multipacting is likely to occur 

in the cavity at the field between 5.8 MV and 11.5 MV.  

The stiffener is required at the appropriate position to 

keep mechanical modes above the safe value of 100 Hz. 

The cavity structure appears to be failsafe with stress 

values well within the allowable limits for 4 mm. wall 

thickness. A prototype single cell aluminium cavity has 

been fabricated with dimensional accuracy of around ±0.4 

mm. as measured with laser Faro CMM. The low power 

RF test with VNA shows fairly good results with resonant 

frequency around 646 MHz under warm condition. The 

measurement of electric field gradient on the cavity axis 

is being carried out using Bead=pull set up.  Better 

dimensional accuracy (±0.2 mm.) is being tried in actual 

niobium cavity, where many other challenges on 

fabrication and surface treatment etc. are involved.  
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J. Chambrillon, F. Gerigk, R. Garoby, M. Guinchard, T. Junginger, M. Malabaila, L. Marques 
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Abstract 
The Superconducting Proton Linac (SPL) is an R&D 

effort coordinated by CERN in partnership with other 
international laboratories. It is aiming at developing key 
technologies for the construction of a multi-megawatt 
proton linac based on state-of-the-art RF superconducting 
technology, which would serve as a driver in new physics 
facilities for neutrinos and/or Radioactive Ion Beam 
(RIB). Amongst the main objectives of this R&D effort, is 
the development of 704 MHz bulk niobium beta=1 
elliptical cavities, operating at 2 K with a maximum 
accelerating gradient of 25 MV/m, and the testing of a 
string of cavities integrated in a machine-type 
cryomodule. The cavity together with its helium tank had 
to be carefully designed in coherence with the innovative 
design of the cryomodule. New fabrication methods have 
also been explored. Five such niobium cavities and two 
copper cavities are in fabrication. The key design aspects 
are discussed, the results of the alternative fabrication 
methods presented and the status of the cavity 
manufacturing and surface preparation is detailed. 

INTRODUCTION 
A first proposal for building a Superconducting Proton 

Linac (SPL) at CERN to replace some of the existing 
accelerators was reported about 17 years ago [1], with the 
potential for evolving towards very high beam power, 
which would support new physics facilities for neutrinos 
and/or radioactive ion beams [2]. Later, the design of the 
SPL evolved towards a low-power 4 GeV version (LP-
SPL), with potential use as a new injector chain for the 
LHC, with the Linac4, presently under construction, as a 
low energy front-end linac, and having the potential to be 
up-graded to a multi-MW proton injector [3].  

A synoptic of the high energy/superconducting part of 
the SPL is shown in Figure 1. 

 

 

Figure 1: Schematic Layout of the SPL. 

 
Following changes in the mid-term plan strategy at 

CERN, the construction of the LP-SPL has been stopped, 

but the continuation of the R&D effort towards a high-
power version of the SPL has been endorsed.  

The motivations of the actual SPL R&D effort are 
multiple. One aim is to update the CERN competencies in 
superconducting RF. The effort is also bringing an 
important contribution to the upgrade of CERN 
infrastructure for superconducting RF like cleanroom 
upgrade including high pressure water rinsing facility, 
high power RF, diagnostics for SC RF, new electron-beam 
welding machine as well as an electropolishing 
installation. The key technologies developed in the frame 
of SPL R&D effort could be used for the construction of a 
multi-megawatt proton linac based on state-of-the-art RF 
superconducting technology, which would serve as a 
driver in new physics facilities for neutrinos and/or 
Radioactive Ion Beam (RIB). A tentative layout of a 
neutrino factory complex on the CERN site is sketched in 
Figure 2. 

 

Figure 2: Draft layout of a neutrino factory at CERN. 

The technologies developed will also preserve the 
possibility of new injectors for the future accelerators 
chain upgrade at CERN. Last but not least, SPL R&D 
presents synergy with other possible applications at 
CERN (LHeC electron linac, LEP-3) as well as outside 
CERN (ESS, ADS) towards which SPL developments 
could also be transferred. 

As one of the priorities of this program, 704 MHz bulk 
niobium elliptical cavities are under development and will 
be tested in a fully equipped cryo-module (CM) at CERN 
by the end of 2015. 
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Figure 3: General Assembly View of the SPL Short Cryo-module (courtesy of IPN Orsay). 

 

CRYO-MODULE 
Amongst the main objectives of this effort, are the 

development of 704 MHz bulk niobium beta=1 elliptical 
cavities operating at 2 K and providing an accelerating 
field of 25 MV/m, and the test of a string of cavities 
integrated in a machine-type cryo-module. In an initial 
phase, only four out of the eight cavities of the SPL cryo-
module (Figure 3) will be tested in a half-length cryo-
module developed for this purpose, which nonetheless 
preserves the main features of the full size cryo-module 
[4, 5]. The four cavities, made in bulk-niobium, are 
housed independently in a stainless steel helium tank 
designed to match the tuning requirements when making 
use of the CEA-Saclay lever-arm type tuners. This cryo-
module is being developed in the frame of a collaboration 
between CERN and the French institutes CEA-Saclay and 
IPN-Orsay. 

Innovative Concept 
To keep the potential heat sources in the cryo-module 

small, the novel SPL cavity supporting scheme does not 
rely on tie-rods or space frame: it only consists of the 
external conductors of the main RF power couplers and 
inter-cavity supports. The innovative concept featuring 
the main RF coupler acting also as the main mechanical 
support of the cavities, has now evolved to a mature 
design which is detailed in [6] and illustrated in Figure 4. 

CAVITY 
The SPL superconducting accelerating cavities are five-

cell standing wave structures whose fundamental TM 
mode has a frequency of 704.4MHz. Two versions have 
been developed. The beta = 1 version, based on a 
development from CEA-Saclay [7], has an active length 
of about 1m. The = 0.65 version, developed by IPN Orsay 
[8] is correspondingly shorter. The cryo-module under 
development at CERN will host, in an initial phase, four 

β=1 cavities that will be tested together as they would 
operate in a machine-type cryo-module. 

 

Figure 4: Double walled tube of the power coupler as 
supporting system. 

The main design properties of the β=1 cavities are 
summarised in Table 1, for a 50 Hz pulsed operation, 20 
mA current and 0.8 ms beam pulse length. 

 
Table 1: β=1 Cavity, Main Design Properties & Operation 

Property units Value 

Cavity material - bulk niobium 

Gradient MV/m 25 

Quality factor* Q0 - 5 ∙109 

R/Q Ohms 570 

Operating Temp. K 2 

Cryo duty cycle % 8.22 

Dynamic heat load  W 20.4 

*worst case assumption 
 
The cavities are made from solid niobium, and are bath-

cooled by super-fluid helium at 2 K. Each cavity is 
equipped with: a helium tank; a tuning system as designed 
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by CEA-Saclay [9]; a coaxial RF power coupler [10]; a 
pickup probe; and two higher-order mode (HOM) 
couplers, one on each side [11]. Depending on the beam 
characteristics, the HOM couplers may be omitted under 
certain conditions, and they will only be installed in a 
second phase of the cryo-module tests.  

The superconducting resonators are fabricated from 
bulk niobium sheets by electron-beam (EB) welding of 
spun half cells. The tubes for the beam pipes and the 
coupler ports are made by back extrusion and are joined 
to the cavity by EB welds. Figure 5 presents the cavity 
together with its helium tank, the main coupler, the HOM 
coupler, the tuner and the cold magnetic shielding, in the 
configuration that will be tested at CERN in the cryo-
module.  

 

 

Figure 5: SPL β=1 cavity with helium tank, tuner, main 
coupler, HOM coupler to be tested at CERN in cryo-
module. 

The cavity is asymmetrical: the drift tube at the right of 
the figure has a diameter of 140 mm, necessary to receive 
the fundamental power coupler which has a 100 mm 
diameter. The second drift tube, hosting the tuning 
system, has a 130 mm diameter. The diameter is reduced 
at both sides to 80 mm for the connection between two 
adjacent cavities, provided by flanges.  

The mechanical design of the cavities ensures their safe 
use under maximum loading condition during its entire 
lifecycle, and minimizes their sensitivity to the Lorenz 
force during operation in the pulsed mode [12].

Two copper cavities, with the same geometry as the 
niobium cavities, have been manufactured at CERN to be 
used for ancillary tests, for real-scale HOM 
measurements, to set all the manufacturing parameters 
and to identify possible difficult steps. One monocell and 
four five-cell niobium cavity are manufactured by 
industry (Research Instruments, Germany), and one five-
cell cavity is manufactured at CERN.

The material specification and manufacturing process 
for the cavities were detailed in [12]. We will focus in the 
next paragraph on some additional developments as well 
as challenges we had to face during the manufacturing 
process. 

Material
High purity niobium (RRR > 300) in the form of sheets 

and tubes has been supplied by two firms with confirmed 
experience working with high purity niobium: Plansee 
Metal GmbH (plates and tubes) and Ningxia Orient 
Tantalum Industry Co (plates only). Once arrived at 
CERN, the quality control of the supply consisted in the 
characterization of one random plate of each batch to 
assess the conformity with the technical specification 
specially written for the procurement of this material. 

After non-destructive testing was proven successful (no 
continuity faults and attenuation < 20 %), mechanical 
testing was carried out at room temperature, yielding the 
results summarised in Table 2, 3 and 4. 
 
Table 2: Mechanical Properties from Tensile Tests in 
Rolling Direction, Supplier A Plates 

Plate UTS 
[MPa] 

A % Rp 0.2 
[MPa] 

HV10 

A plate 1 166 56.0 67 43 

A plate 2 180 54.8 74 43 

A plate 3 166 51.6 66 48 

A plate 4 167 60.0 75 50 

A plate 5 166 48.7 71 47

 
Table 3: Mechanical Properties from Tensile Tests in 
Transverse Direction, Supplier A Plates 

Plate UTS
[MPa] 

A % Rp 0.2
[MPa] 

HV10

A plate 1 168 45.8 71 45 

A plate 2 173 51.9 64 44 

A plate 3 165 54.5 73 49 

A plate 4 166 48.9 72 49 

A plate 5 168 56.6 72 46 

 
Table 4: Mechanical Properties from Tensile Tests, 
Supplier B Plates 

Plate UTS 
[MPa] 

A % Rp 0.2 
[MPa] 

HV10 

B plate RD 202.6 43.1 129.0 64 

B plate TD 205.1 50.4 115.0 62 

 
Supplier A material is fulfilling the specification (UTS 

> 140 MPa A% > 30%, 50 MPa < Rp0.2 < 100 MPa and 
HV10 < 60). The material from supplier B is also 
fulfilling the specification in terms of UTS and elongation 
at break, but it has slightly superior hardness and yield 
strength. This fact can have consequences during the 
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spinning of the half cells and also for the tuning 
operations. 

Additionally, tensile tests at 4.2 K were carried out on 
two samples coming from Supplier A. The stress - strain 
curve of the sample extracted in the transverse direction 
can be seen in Figure 6, exhibiting the so called 
discontinuous plastic flow or serration just after the 
elastic limit. The results for both tests are summarized in 
Table 5. 

 

Figure 6: Tensile test on niobium sample from Supplier A 
plate 2 at 4.2 K. 

 
Table 5: Mechanical Properties from Tensile Tests at 4.2 K 

Sample UTS [MPa] A % Rp 0.2 [MPa] 

A plate 2 in TD 771 24.0 480 

A plate 2 in RD 808 22.5 520 

 
For the grain size, it was evidenced the difficulty of 

controlling it with a material of such a high purity and 
hence such a low number of centres for nucleation of the 
grains. The results of the grain size measurements 
together with a metallography from each firm are shown 
in Table 6 and Figure 7. 

 

       

Figure 7: Metallographic observation of Supplier A plate 
2 (left) and Supplier B (right). 

Table 6: Summary of the Metallographic Observations of 
the Material from Supplier A and Supplier B 

Plate Homog
eneous 

Gmin Gmax Ømin 
[μm] 

Ømax 
[μm] 

A plate 1 Yes 6.0 44.9 

A plate 2 Yes 5.3 58.5 

A plate 3 No 3.0 4.3 127.0 80.2 

A plate 4 Yes 5.0 63.5 

A plate 5 Yes 5.3 58.5 

B plate No 6.5 9.5 37.8 13.3 

 
For a better understanding of the behaviour of the 

material when submitted to stress and in particular to 
assess the increase of the strength of the material due to 
plastic deformation, the strain hardening coefficient (n) 
was calculated by representing real strength vs real strain 
in a logarithmic scale (Figure 8) and calculating the slope 
of the curve as established in ASTM E646 – 07.  

 

 

Figure 8: True stress vs. true strain curve in a logarithmic 
scale used for the determination of n. 

The values were once again calculated for a plate of 
every batch (only for Supplier A) and the results show to 
be very homogeneous, as summarized in Table 7. 
 
Table 7: Summary of the n values calculated from tensile 
tests for the plates of Supplier A 

Plate n value 

A plate 1 0.37 ± 0.01 

A plate 2 0.35 ± 0.02 

A plate 3 0.35 ± 0.02 

A plate 4 0.32 ± 0.01 

A plate 5 0.36 ± 0.01 

 
One of the main stages of the quality control consisted 

in the measurement of the residual resistivity ratio (RRR), 
capital for a good performance of the cavity. The values 
obtained are summarized in following Table 8. 
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Table 8: RRR Measurements at 10 K (1) or 9.5 K (2)  

Plate Rolling Transverse 

A plate 1 (1) 319 330 

A plate 2 (1) 317 324 

A plate 3 (1) 287 283 

A plate 4 (1) 259 260 

A plate 5 (1) 285 276 

B plate (2) 275 280 

 
For the correct interpretation of these values, it has to 

be kept in mind that the measurements at cryogenic 
temperature were done at 10 K for the samples of 
Supplier A and at 9.5 K for the ones of Supplier B. If 
going strictly to the definition (ratio between resistivity at 
room temperature and resistivity at 4.5 K), all the values 
would be above the required 300. 

In order to complete the quality control of the material 
and for improving the visual inspection of superficial 
defects and or inclusions of foreign material, anodising 
tests were proposed. Anodising is an electrolytic 
passivation process used to increase the thickness of the 
natural oxide layer found in the surface of metals. By 
controlling the parameters of the electrolytic process, 
different surface colours can be obtained (Figure 9), and 
this is the principle which underlies for the use of 
anodising as a process for the visual inspection of 
surfaces. With a set of controlled parameters, the colour 
of the niobium surface is known so that anything with a 
different colour can be interpreted as an inclusion of 
foreign material. 

 

Figure 9: Anodised niobium at different voltages. 

For our application, it was decided that the best contrast 
would be obtained with 10 and 20 V, so for every type of 
inclusion, two samples were contaminated with inclusions 
of typical materials found in a workshop and some of the 
typical impurities found in niobium. Samples were then 
anodised (Figure 10) and visually inspected. 

 

Figure 10: Contaminated and anodised samples for visual 
inspection. 

The result was that the inclusions appear the same size 
as they were originally, so, apart from a negligible gain in 
contrast, the detection of the inclusions was as difficult as 
in non – anodised samples, requiring in most of the cases 
the use of a microscope to identify them. For this reason, 
and because the risk of damaging the plates during 
handling was higher than the advantages in the detection 
of superficial foreign inclusions, it was decided that 
anodising will not be used for the quality control of the 
SPL material. 

Manufacturing 
Spinning has been chosen as shaping technique for the 

half-cells as can be observed in Figure 11. 
 

 

Figure 11: Niobium cavity extremity and half-cell done 
by spinning. 

Copper half-cells have been machined by turning the 
entire inner surface (RF surface) after the spinning 
process, resulting in average final shape accuracy as good 
as ± 0.15 mm. The inner part of the niobium half-cells 
were not machined after spinning since the resulting final 
thickness would have been too low for mechanical 
integrity of the cavity during transients and operation 
conditions. Sheets thicker than the available ones would 
have been necessary. While extremely good shape 
accuracy was achieved for copper cavities, achieving 
good tolerances for the niobium half-cells was a 
significant challenge. The shape accuracy obtained for 
niobium is up to the millimetre range, and alternative 
shaping techniques are under study for future 
manufacturing optimisation. 

Spinning has also been used to shape the conical part of 
the end groups for the cavities manufactured at CERN 
(two copper and one five-cell niobium) as shown in 
Figure 11. The end groups for the niobium cavities 
produced by RI were manufactured from seamless 
niobium tubes described below. Stainless steel flanges 
(316 LN) are then assembled by brazing. The half cells 
are electron beam welded with full penetration at the iris 
(Figure 12) both from inside and outside in order to 
decrease the energy deposition. A cross section of a 
copper weld at the iris can be seen in Figure 13. 
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Figure 12: Layout of the pieces for electron beam weld of 
the iris. 

   

Figure 13: Metallography of a weld cross section of the 
iris (left) and equator (right). 

Reinforcement rings are then fully penetration welded 
with a weld of 2.4 mm depth. Then the equatorial welds 
are carried out. The equator weld is the most difficult as it 
has to be fully penetrated of 2.4 mm, done only from the 
outside, and present a very smooth surface in the inside. 
A cross section of one copper weld at the equator can be 
seen in Figure 13. 

Welding suitable settings for the requirements of the 
different niobium linear and circular welds are also 
studied with satisfactory results as presented in Figure 14. 

 

Figure 14: Metallography of a cross section of a linear 
niobium weld test presenting no defects. 

Challenges with Seamless Niobium Tubes  
Seamless niobium RRR300 tubes have been used to 

manufacture the cavity extremities as well as coupler 
ports. The combination of purity and tight dimensional 
tolerances made the production of these parts a 
technological challenge for the supplier. The tolerances 
were hardly achieved in the first trials, what translated to 
important delays in the reception of the material. On top 
of that, during different steps of the manufacturing, 
material discontinuities were detected, reason why a 
deeper investigation was carried out to try to better 
understand their origin. 

 

   

Figure 15: Metallographic observation of a defect found 
in the inner surface, submitted to electropolishing (left), 
and in the outer surface, not submitted to electropolishing 
(right). 

 
Two different pieces were studied, both coming from 

the same supplier. It has to be underlined that US tests 
were carried out in all the tubes and no remarks were 
done. The first part which was studied in more depth was 
a cut-off tube coming from the monocell cavity which, 
after an electropolishing treatment, showed evidence of 
discontinuities on its inner and outer surfaces. After x-ray 
analyses confirmed lack of material all around the tube, 
metallographic examinations of the cross section of 2 
inner discontinuities together with an external one were 
carried out. 

The study of several defects of the internal surface 
shows that they are confined in a depth of around 100 μm, 
presenting a round aspect in their edges (Figure 15). This 
last feature is most distinctive when comparing them with 
the defect observed in the outer surface (Figure 15). The 
interpretation that can be derived from this comparison is 
that superficial discontinuities, present in the tube due to 
its production process and/or to scratches due to handling 
operations, have been enlarged by chemical processes, 
especially the electropolishing. 

Other piece which was analysed comes from a tube of 
99.8 mm internal diameter. The defect was detected by 
the manufacturer of the cavities after machining of the 
surface (Figure 16). A cross section of the defect was 
ground and polished to a mirror – like finishing. It was 
then etched with #160 etchant according to ASTM E407 – 
93 to reveal the grain boundaries. Observations showed 
that the defect progresses in a transgranular way to a 
depth of approximately 500 μm (Figure 17). 
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Figure 16: Material defect observed after machining of 
the surface. 

In order to have more detailed information of it, SEM 
observations of the cross section of the defect were 
carried out in the same cross section mentioned above. As 
it can be seen in Figure 18, the branches which grow from 
the defect have the aspect of chemical dissolution. 

From the results herein presented, it seems that the 
defect observed is an isolated and rare phenomenon of 
uncertain origin. From the dendritic aspect of the cross 
section in Figure 17 and the detailed image of Figure 18, 
it looks like a case of stress – corrosion cracking which 
will need to be studied in more detail as this kind of 
damage has never been documented in literature for 
niobium. 

 

Figure 17: Metallographic observation of a cross section 
of the defect. 

 

Figure 18: SEM image of one of the branches of the cross 
section of the defect. 

For the manufacturing of the end groups, a necking – 
out process is carried out. It consist in perforating a series 
of ellipses where the different ports are placed in order to, 
with the help of a specially designed tooling, pull out of 
the tube the extra length to which the ports (with their 
corresponding brazed flanges) will be welded. Like this, 
the difficulty of the EB welding is highly decreased. The 
length of the axis of the ellipses is in direct relation with 
the final diameter of the port and the height which will be 
protruded from the end group in order to weld it. During 
this necking – out process problems of excessive 
deformation in the material were detected (Figure 19).  

This was mainly the case for necking out from seamless 
tubes, the same geometry being successfully achieved 
when the end group was produced from sheets (rolled or 
spun). 

 

Figure 19: Fractures observed after the necking – out of a 
port in an end group. 

Material characterization was carried out even if the 
fracture surface indicated excessive deformation as the 
cause of the break. Fully recrystallized equiaxial grains 
were found and a hardness of 57.1 HV10 was measured, 
what fulfils CERN specification for RRR 300 niobium. A 
comprehensive analysis of the situation ended with the 
recalculation of the necking – out parameters in order to 
have the least deformation to make the EB welding 
possible. New trials with the optimized size of the ellipses 
were carried out at CERN with successful results. 

Niobium to Stainless Steel Transitions 
The titanium solution for helium tank material has been 

investigated first. Several developments have been done 
related to it and are reported in [12]. 

The stainless steel solution for the helium tank has also 
been investigated and represents the baseline solution for 
the β=1 cavities that will be tested in a cryo-module at 
CERN. The transition to the adjacent components in 
stainless steel is straightforward since stainless steel to 
stainless steel ConFlat flanges are extensively used at 
cryogenic temperature. For the transition of niobium to 
stainless steel, two different solutions were assessed: 
brazing and electron beam welding, using for both of 
them OFE copper as interlayer. 

Brazing of niobium and stainless steel is a key 
technology developed at CERN which has been proven 
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successful on multiple occasions [13, 14]. Nevertheless, 
it was decided to study it in depth with the new available 
techniques and also to determine if it fulfilled the 
mechanical requirements intended for its use. 

Before the brazing operation, an extremely careful 
preparation of the samples is of paramount importance. 
For this, a small groove of 1.1 mm diameter is machined 
in the flange to host the brazing metal (OFE copper). 
Moreover, the differences in thermal expansion 
coefficients call for a special layout of the pieces by 
inserting a stainless steel plug in intimate contact with the 
internal diameter of the niobium tube as in Figure 20. The 
reason for this is to ensure that the 20 μm of maximum 
clearance between the stainless steel flange and the 
niobium tube, capital to guarantee a good filling of the Nb 
– SS interface, is respected. 

 

Figure 20: Layout of the pieces before the brazing 
operation. 

The pieces are then brazed under vacuum (10-5 mbar) at 
a temperature slightly above the melting point of copper 
for a short period of time in order to avoid as much as 
possible the diffusion processes that could jeopardize the 
quality of the joint. After the brazing operation is finished, 
the plug is machined out. 

Two types of tests were carried out. One oriented to 
determine if the joint was fulfilling the mechanical 
requirements for which it is designed and a second one 
which is more focused in a comprehensive study of the 
interfaces between the materials. 

For the first one, ultrasonic examination was carried out 
to assess the continuity of the interfaces before and after 
mechanical loading of the joint (2 sets of 5 thermal 
shocks in liquid nitrogen, a heat treatment at 600 °C for 
24 hours and a shear test of 3 tons, which means 10 times 
the actual mechanical solicitations intended for the 
cavity). Leak-tightness test after each ultrasonic 
examination was done, plus an extra analysis after the 
electropolishing stage. Both test campaigns produced 
satisfactory results, proving the high robustness and 
reliability of the joint. 

For the second purpose, metallographic cuts of the 
cross section, SEM + EDS analyses together with a 
fractographic analysis were carried out. As it can be 

noticed in Figure 21, there is a very clear affinity of the 
stainless steel and the copper, infiltrating the last one 
inside the grain boundaries of the first one thus enhancing 
the strength of the brazed joint. On the other hand the fact 
that the copper has not diffused to the niobium was rather 
expected as in some applications (e.g. superconductive 
wires), niobium is used as a diffusion barrier for copper. 

 

Figure 21: Metallographic observation of the brazed joint 
with Stainless steel on top, copper in the middle and 
niobium in the bottom. 

When observing this interface at higher magnifications 
(Figure 22) with the help of the SEM, we detect via EDS 
analysis a layer rich in chromium and iron (Figure 23) 
coming from the diffusion of these elements from the 
stainless steel. 

The fractographic analysis confirmed the formation of 
brittle intermetallic compounds in the mentioned 
interface. Figure 24 shows very clearly the characteristic 
faceting found in brittle fractures. This kind of behaviour 
was both expected and, for the mechanical requirements 
of the cavity, not dangerous as it was proven by the 
mechanical tests. 

 

Figure 22: SEM images taken with AsB detector, more 
sensitive to composition of the samples. 

Figure 23: EDS qualitative analyses showing higher 
concentration of Cr an Fe in the Nb – Cu interface. 
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Figure 24: Fractography of the Nb – Cu interface 
observed in the Nb side. 

In parallel to these studies which are targeted to the 
determination of the feasibility and usability of the 
junction, another important challenge which showed up 
was the potential detrimental effect of the buffered 
chemical polishing to which the cavity will be submitted. 

For this study, a niobium plate was brazed to a stainless 
steel one using copper OFE as brazing metal, and it was 
then cut into 10 pieces (Figure 25) which were introduced 
in a chemical bath [(1:1:2) in volume of 40% HF, 65% 
HNO , 85% H3PO ] under different stir and cooling 
conditions. 

 

Figure 25: Nb – SS brazed samples for chemical testing. 

The results revealed that, in average, 200 μm of the 
brazing metal were removed as a consequence of the 
submission of the pieces to the chemical bath (Figure 26), 
and in the worst case, up to 300 μm were removed. 

 

 

Figure 26: Nb – SS brazed samples after chemical testing. 

Eventhough these figures represent roughly 2 % of the 
brazed surface, what is far below the specified values, it 

was decided to avoid damaging the joint. To accomplish 
this goal, a polymer invulnerable to the chemical agents 
present in the bath will be used to mask the interfaces, to 
guarantee their integrity. 

FIELD MAPPING AND TUNING OF THE 
SPL CAVITIES 

To achieve cavity operation at the required RF 
frequency, there are three main steps to be followed for 
adjusting the cavity frequency: 

 First step is during the manufacturing process, by 
trimming the equators of each dumb-bell at a target 
frequency prior to cavity final assembly.  
 Second step is done at room temperature on the 
finished cavity and consists in tuning each cell by 
plastic deformation to adjust the cavity frequency as 
well as the field flatness in the cavity.  
 The third step is adjusting the cavity frequency at 
operating temperature (2K in our case) using a “cold 
tuner” by deforming elastically the entire cavity in 
the longitudinal direction. 

After the final equatorial welding, the five-cell cavity 
should have the design frequency and the corresponding 
field flatness of the accelerating Pi-mode within the range 
of the tuning machine. The flatness of the electric fields 
located in the cell centres is quantified by: 

 . (1) 

Where FF stands for the field flatness and  
indicates the electric field amplitude of the Pi-mode 
located in the centre of cell j (j=1…5). According to the 
specification the SPL cavities should achieve final field 
flatness below 2.5 %. 

For the purpose of field distribution mapping an 
automated bead-pull test stand was designed and 
commissioned (Figure 27).  

 

 

Figure 27: Automated bead-pull test stand for SPL 
cavities. 

3 4
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Figure 28: Bead-pull results of the SPL copper mock-ups. 

The measurement method is based on Slater’s 
perturbation theorem. Two (as-manufactured) five-cell 
copper cavities were tested so far (Figure 28). SPL1 has 
an initial field flatness of 9.68 % ±0.6 meanwhile SPL2 
showed a worse initial performance with 24.77 % ±1.1. 

The field inhomogeneity of the cavity assembly is due 
to mechanical imperfections resulting in individual cell 
shape deviations. A flat field profile can be achieved by 
applying a permanent mechanical deformation to each 
cell. For this purpose a tuning machine was developed 
(Figure 29) to adjust the frequency for each cell of the 
cavity. The tuning machine can be used together with the 
bead-pull test stand.

 

 

Figure 29: Tuning machine. 

A method based on circuit model will be used to 
mathematically pre-tune the cavity hence reducing the 
number of iteration in tuning. The required corrections 
per cell can be calculated from the data collected by the 
bead-pull measurement of all the resonant modes of the 
cavity in the first band and finally can be converted to Pi-
mode frequency shifts. 

The bead-pull results of the copper cavities show the 
essential importance of quality assurance by RF 
measurements in the mid-process of the production chain. 
In case of SPL1 the ideal frequency adjustment of the 
dumb-bells was implemented by trimming the overall 
length symmetrically on both sides. In most cases the 
correction resulted in a shorter length compared to the 
design hence the dumb-bells were over-trimmed. There 
were no corrections for frequency in case of SPL2, the 

dumb-bells were trimmed at the nominal length. The 
niobium dumb-bells will be trimmed to an intermediate 
frequency such that in the final assembly after tuning they 
will have the right length and frequency. 

RF and mechanical measurements have been carried 
out on one copper cavity during tuning of each cell in 
both directions (stretching and squeezing). It resulted in 
relatively important dispersion in tuning sensitivity for the 
measured cells. The results have still to be consolidated 
with measurements on another cavity as well as for a 
larger deformation range of each cell. Figure 30 shows 
the measured tuning sensitivity during deformation of cell 
no. 4. 

 

Figure 30: Measured Pi-mode frequency change vs. 
mechanical deformation of cell no 4. 

HELIUM TANK 
The helium tank contains saturated superfluid helium at 

2 K cooling the cavity and allowing the extraction of the 
heat dissipated into the bulk niobium wall by the RF 
electromagnetic field, as well as the heat injected by all 
the adjacent components such as the main power coupler. 
The geometry of the helium tank has thus to allow this 
heat extraction while minimising the quantity of the 
helium to be used. 

The helium tank has also a structural role since it 
transmits the effort applied by the tuner to the cavity, its 
rigidity being thus very important in the tuning process. 
The stiffness of the helium tank has a direct impact on the 
Lorentz detuning, defining the boundary conditions of the 
cavity. The helium tank design has been carried out to 
ensure a longitudinal stiffness higher than 100 kN/mm. 

Detail information about the main features of the 
helium tank design and the related developments has been 
published in [12]. 

Five stainless steel helium tanks designed by CERN are 
under manufacturing by CEA Saclay and will be 
assembled on the niobium cavities at CERN during 2014. 

COLD TUNER 
Frequency variation of the cavity at cold might be 

induced by several factors: the remaining error of the 
room temperature tuning, the effect of the last chemical 
treatments, the differential shrinkage of materials of the 
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cavity, He vessel and tuner, helium pressure fluctuation as 
well as detuning due to Lorentz forces. The differential 
shrinkage of materials of the cavity, He vessel and tuner 
can be coped with within the tuning strategy for series 
cavities after the full test of the first prototype. All the 
remaining sources of errors have to be compensated by 
using a tuner able to adjust the cavity frequency at cold 
within a suitable tuning range. 

The cavities to be installed in the SPL cryo-module will 
be equipped with a tuner that will be able to adjust the 
cavity frequency at cold within approximately 3 mm, 
representing a total of adjustable frequency range of about 
500 kHz for our cavities. The tuner has been developed 
by CEA Saclay and has already been successfully used in 
the past [9].  

Eight tuners have been manufactured by CEA and 
delivered to CERN, on which several tests have already 
been performed. 

 

Figure 31: Tests of cavity deformation during tuning with 
CEA Saclay cold tuner. 

Cavity deformation and tuner load distribution was 
measured in a dedicated set-up (Figure 31), for the total 
tuning range of about 2.7 mm. For the copper cavity, the 
measured load applied by the three rods of the tuner 
(Figure 32) to deform the cavity for the total tuning range 
is summarised in Table 9.  

 

 

Figure 32: Load position measurement on tuner. 

Table 9: Tuning Loading for Maximum Cavity Deformation 

Position Load at max range (2.7 mm) 

Force 1 2.3 kN 

Force 2 2.3 kN 

Force 2 4.4 kN 

The load values measured for the copper cavity are 
estimated to be slightly higher than the ones expected for 
the niobium cavity due to a slightly higher material 
thickness for copper than for niobium, the relevant 
material properties being significantly similar. 

The total deformations of the set-up as well as each half 
cell deformation for the entire tuning range have been 
measured on a copper cavity and the results are 
summarised in Figure 33 and Figure 34. 

 

 

Figure 33: Measurement position. 

 

Figure 34: Measurement position. 
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Asymmetric deformation of each cell by up to 0.2 mm 
has been measured for the total tested tuning range. This 
asymmetry in cell deformation is probably due to the 
shape obtained by manufacturing (thickness variation, 
shape accuracy,… ), as well as to the asymmetric 
actuation of the tuning via one rod on one side and two on 
the other side. 

Asymmetric geometry ends, in particular different 
diameters for the two cut-off tubes induce asymmetric 
deformation of the extremity cells up to several tenths of 
millimetres of difference in between the two.  

On the other hand, for symmetric geometries such as 
the three inner cells, the measured deformations 
differences are less than 0.1 mm. 

The effect of the cavity asymmetric deformation on the 
cavity field profile change is planned to be measured in 
the coming weeks. 

ELECTROPOLISHING 
In preparation for the processing of the 704 MHz high-

beta SPL cavities a new vertical electropolishing facility 
has been assembled at CERN [15]. Figure 35 presents the 
facility during the treatment of the niobium monocell 
cavity. 

 

Figure 35: Electropolishing of niobium monocell cavity at 
CERN. 

Working Principle 
The electropolishing bath is pumped in a closed loop 

from a storage tank into the cavity (bottom to top) and 

back. The bath temperature is monitored inside the 
storage tank and at the outlet on the top of the cavity; a 
cooling circuit inside the storage tank compensates the 
heating of the bath by the input process power. The bath 
flow is controlled and monitored at the inlet of the cavity. 

Molecular nitrogen (N ) will be introduced inside the 
storage tank in order to vent H  out, but this must be 
limited to avoid losing free hydrofluoric gas (HF). A 
secondary pump allows pumping the bath back to the 
storage tank as gravity flow is not possible. A 
demineralised water inlet is connected to the circuit in 
order to rinse the cavity after the electropolishing. Storage 
tank bath feeding and draining is done by a single point. 
The action is defined automatically. The DC power is 
supplied to the cavity by external contacts to the cavity 
surface (anode) and by the cathode which is placed inside 
the cavity. 

Working Parameters 
The setup was designed taking into account two 

interdependent parameters, bath flow and temperature. 
The flow should not be turbulent in any active part of the 
cavity in order not to disrupt the viscous layer and 
therefore guarantee homogeneous electropolishing 
conditions. It should however be sufficiently high to 
avoid a large temperature differential between the input 
and the output. Presently and for SPL beta=1 monocell, 
flow rate is limited to 20 lpm and the temperature 
difference between inlet and outlet is 1 °C. 

Results 
The resulting surface is bright and smooth which is 

proof that the SRF structures are within the limiting 
current range and therefore within the good 
electropolishing parameters. Some macrostructures are 
apparent, as shown in Figure 36, some are from the 
shaping of the SRF structure, but others are probably 
related to gas bubbles evolving at the surface of the SRF 
structure.  

 

Figure 36: Niobium surface after 220 microns removal by 
electropolishing. 

2
2
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OPTICAL INSPECTION 
The cavities control process was completed by the 

acquisition of an optical inspection system as shown in 
Figure 37. This system has originally been developed at 
KEK/Kyoto University and is composed of a cylinder 
fitting the iris of the cavity, onto which an illumination 
system and a CCD camera are installed. It is a powerful 
tool that allows the characterization of surface defects at 
locations hardly accessible such as the equator zones for 
example. Figure 38 shows the high quality image of the 
copper cavity equator weld. 

 

 

Figure 37: Optical inspection bench. 

 

Figure 38: Equator welding inspection of copper cavity. 

CLEANROOM 
Manufacturing high gradient SRF cavities requires a 

good control of the cleaning and assembling procedure. 
CERN cleanroom facilities are now about 20 years old 
and it has been decided to refurbish the existing SM18 
test facility to comply with the required gradients of 
25 MV/m. Improvement of the existing cleanroom class, 
construction of a new clean space and acquisition of a 
new high pressure rinsing system are the essential parts of 
the upgrade [16]. New control procedures and new 
instrumentations will help to monitor each step of the 
cleaning and assembling procedure. 

This upgrade will provide a cleaner environment for 
high gradient component, but also, it will benefit other 
projects such as LHC spare cavities, by upgrading their 
manufacturing and assembling process. 

Figure 39 presents the layout of the cleanroom facility 
in SM18 that will be refurbished by the end of 2013. 

 

 

Figure 39: SM18 cleanroom refurbishment. 

COLD TEST 
An existing vertical cryostat has been adapted to host 

an SPL cavity for 2K tests for validation prior to assembly 
of the helium vessel. Figure 40 shows the SPL monocell 
installed in its vertical cold test set-up. 

 

 

Figure 40: Vertical cryostat for cavity cold test. 

A first cold test has been performed on the monocell 
cavity manufactured by RI. Even if limited performance 
was measured due to field emission (Figure 41), the 
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results are encouraging since the cavity was not fully-
processed when tested.  

 
Figure 41: First test results of the monocell tests at 2K. 

After the first measurement, one extremity of the cavity 
presenting the defect mentioned in section “Challenges 
with the seamless niobium tubes” was cut and repaired at 
CERN. The cavity has been fully re-processed and will be 
cold tested during the following weeks. 

SUMMARY AND OUTLOOK 
A string of four SPL 704 MHz =1 superconducting 

cavities assembled in a so-called Short cryo-module, will 
be tested by 2015 at CERN in a machine-type 
configuration, powered by high-power RF. 

Extensive studies and investment have already been 
done with respect to the dressed cavities, cryo-module, 
and equipment for cavity processing as well as needed 
infrastructure.  

Two copper cavities and one bulk-niobium monocell 
have been produced. One five-cell bulk niobium cavity is 
under manufacturing at CERN and other four five-cell 
cavities will be completed by industry (RI) by end of 
2013. In the frame of the SPL R&D study, innovative 
mechanical solutions have already been explored and a 
number of R&D studies are still on-going with several 
promising results already obtained. 
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DESIGN OF THE 352 MHz, BETA 0.50, DOUBLE-SPOKE CAVITY 
FOR ESS 

P. Duchesne, S. Bousson, S. Brault, P. Duthil, G. Olry, D. Reynet, IPN Orsay, CNRS/IN2P3, France 
S. Molloy, ESS, Lund, Sweden

Abstract 
The ESS proton accelerator contains a superconducting 

sector consisting in three families of superconducting 
radiofrequency (SRF) bulk niobium cavities, operating at 
a nominal temperature of 2 K: a family of Spoke cavities 
for the medium energy section followed by two families 
of elliptical cavities for higher energies. The 
superconducting Spoke section, having a length of 58.5 m, 
consists in 14 cryomodules, each of them housing two 
352.2 MHz beta=0.50 Double-Spoke Resonators (DSR). 
The operating accelerating field is 8 MV/m. The choice of 
the Spoke technology is guided by the high performances 
of such structures. Benefitting from 10 years of extensive 
R&D experience carried out at IPNO, the electromagnetic 
design studies came out with a solution that fulfils 
requirements of beam dynamics analysis and 
manufacturing considerations. Pursuing the same 
objective, the mechanical design of the cavity and its 
helium vessel were optimized by performing intensive 
coupled RF-mechanical simulations. In this paper, we 
present a review of the RF and mechanical design studies 
of the Spoke cavity. We will conclude with the 
integration of the Spoke cavity with its ancillaries inside 
the cryomodule. 

SUPERCONDUCTING SPOKE CAVITIES 
The superconducting spoke section of the linac 

accelerates beam from the normal conducting section to 
the first family of the elliptical superconducting cavities 
(Fig. 1). 28 spoke cavities, grouped by 2 in 14 
cryomodules, are needed to accelerate beam from 78 MeV 
up to 200 MeV (total length of 58.5 m) Details of the ESS 
accelerator layout are specified in [1] and are now being 
optimized to meet the cost objectives. Acceleration will 
be performed by a single family of β0.50 bulk niobium 
double spoke cavities (3 accelerating gaps), operating at 2 
K and a frequency of 352.2 MHz. The chosen operating 
accelerating field is 8 MV/m (the accelerating length is 
defined as (n+1) βλ/2 with n = number of spoke bars). 
The required RF peak power is about 300 kW for 50 mA 
beam intensity, corresponding to 10 kW of average 
power. 

 
Figure 1: Schematic of the ESS accelerator layout. 

The choice of spoke cavities for ESS linac is guided by 
the potential of high performances and intrinsic 

advantages. In addition to all well-known advantages of 
superconducting cavities - high efficiency, large beam 
aperture and high reliability - spoke cavities also: 

 have multi-gap capabilities  
 are compact and stiff 
 exhibit high cell-to-cell coupling 
 are less sensitive to HOM or trapped modes 
 have no dipole steering effect 
 have a wide  range  
 exhibit a high longitudinal acceptance 

ELECTROMAGNETIC (EM) DESIGN 
Spoke cavity EM design is guided by the frequency, the 

optimum beta and then the optimization of the peak 
surface fields. Whereas the most important parameter for 
the beam is the accelerating field or the voltage seen by 
the particles, one of the most important criteria of the 
optimization is the peak surface fields to accelerating 
gradient ratio; that is to minimize the electric and 
magnetic peak surface fields for a given accelerating 
field. Another important factor to optimize is the cavity 
overall length: a spoke cavity has re-entrant end-cups 
which can be increased to give more volume to stored 
energy, thus leading to peak surface fields’ decrease. Of 
course, the drawback is a lower real-estate gradient due to 
the higher longitudinal space taken by the cavity for the 
same voltage. 

Following the beam dynamics simulations, a set of 
parameters was established in order to fulfil the 
requirements. These are summarized in Table 1. 

 
Table 1: Double Spoke Parameters and Requirements 

Beam mode Pulsed (4% duty cycle)  

Frequency 352.2 [MHz] 

Optimal beta 0.50  

Temperature 2 [K] 

Gradient Eacc 8 [MV/m] 

Lacc (= x nb 
of gaps x λ /2) 

0.639 [m] 

Bpk/Eacc <8.75 [mT/(MV/m)] 

Epk/Eacc <4.38  

Beam tube 
diameter

50 (min) [mm] 

Peak power 300 (max) [kW] 
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Preparation of the Simulations 
CST Microwave Studio (MWS) software has been used 

to design and optimize the cavity. 
The cavity has been modeled directly by using the 3D 

CAD tools of MWS. The first mode which is calculated 
for a Spoke cavity is the fundamental mode TM010 used 
for acceleration. In order to save cpu-time, we have 
performed calculation of this first mode only and we have 
used ¼ of the model (see Fig. 2) with magnetic boundary 
condition (Htangential=0) for both symmetry planes.  

 
Figure 2: Boundary conditions and symmetry planes. 

A benchmark has been performed to determine the 
number of meshcells which will be used for the iterative 
calculations with the hexahedral mesh type. We observed 
a convergence of both Epk/Eacc and Bpk/Eacc ratios for 
approximately 100000 meshcells. 

The main goal of the RF design is to get both Epk/Eacc 
and Bpk/Eacc ratios, less than respectively, 4.38 and 8.75 
mT/(MV/m). The optimization procedure has been 
divided in three parts: 

1/ Optimization of the geometry without any additional 
ports (like RF coupler port) on the cavity body 

2/ RF coupler integration on the cavity body and Qext 
calculation 

3/ Final calculation with all ports: RF coupler, pick-up 
probe ports and ports dedicated to the cavity preparation 
(chemistry and rinsing) 

Feedback from Former Spoke Cavity 
Fabrication at IPNO 

Since 10 years by now, three Spoke-type cavities (two 
Single-Spokes and one Triple-Spoke) have been designed 
by IPNO, prepared and tested in vertical and horizontal 
cryostats at 4 K and 2 K. Our experience in designing 
spoke resonators and the feedback from the manufacturers 
have led us neither to use the cylindrical nor the racetrack 
shape for the spoke base geometry (=connection between 
the Spoke bar and the cavity body). The cylindrical shape 
led to too high magnetic field and the racetrack one brings 
too many difficulties for the forming but, above all, for 
the welding of the spoke bases to the cavity body. As a 
consequence, for the ESS DSR optimization, we decided 
to start the optimization of the spoke base by using a 
conical shape. 

Parameterization of the Model 
Mainly 13 parameters have been studied to determine 

their impact on the Epk/Eacc and Bpk/Eacc values and 
thus, to optimize the cavity overall shape (see Fig. 3). 

 
Figure 3: Parameters list for spoke optimization. 

Final Geometry 
After varying all parameters, we ended up with a set of 

parameters which gave us good results (see Fig. 4).  

 
Figure 4: Electric (left) and Magnetic (right) fields 
distributions. 

The second mesh type (tetrahedral) has been used to 
cross-check the results. The discrepancies vary from ~4% 
for Bpk/Eacc to ~10% for Epk/Eacc whereas the G factor 
and r/Q values are in perfect agreement (see table 2). 

One can note that the Epk/Eacc ratio is slightly higher 
than the target value of 4.38. It is the result of a 
compromise between the cavity length, the end-cap shape 
feasibility and the tuning sensitivity. 

 
Table 2: Double Spoke Parameters (Cavity without Ports) 

Mesh type 
Hexahedral 

(1.2 millions) 
Tetrahedral 

(650000) 

Beta optimal 0.50 0.50 

Epk/Eacc 4.96 4.47 

Bpk/Eacc 
[mT/(MV/m)] 7.03 6.74 

G [Ohm] 133 133 

r/Q [Ohm]  428 427 

 

RF coupler sizing 
It has been decided to fix the inner diameter of the 

coupler to 100mm (see [2]). For a 50 Ohms impedance 
line, it gives an antenna diameter of 43.43 mm.
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Taking these values into account, we have calculated 
the Qext value which can be achievable by varying the 
antenna tip penetration by a 20 mm overall range(see Fig. 
5) and we have checked the peak surface E and B fields’ 
values on the antenna for different location of the coupler 
port with respect to the cavity centre. 

 
Figure 5: MWS model of the cavity with antenna. 

Taking 1.5 105 as a reference for the Qext, it can be 
achieved by setting the coupler port centre to 120mm 
from the cavity centre with a 5mm antenna tip penetration 
into the cavity. Epk antenna/Epk cavity is around 7% and 
Hpk antenna/Hpk cavity is less than 5%. 

Last Results 
The fabrication of 3 cavities has started this summer. 

Taking into account some technical issues which 
appeared during internal reviews and discussions with the 
manufacturers and some new requirements from ESS, we 
needed to adjust some parameters: cavity diameter, 
rounded edges, coupler port location, and antenna tip 
penetration. The last results are shown hereafter in Figure 
6 and Table 3: 

 
Figure 6: Electric (left) and Magnetic (right) fields 
distributions. 

Table 3: RF Parameters with the Final Geometry 

Mesh type 
(nb of meshcells 
or tetrahedrons) 

Hexahedral 
(2.2 millions) 

Tetrahedral 
(600000) 

Beta optimal 0.50 0.50 

Epk/Eacc 4.51 4.33 

Bpk/Eacc 
[mT/(MV/m)] 6.99 6.89 

G [Ohm] 131 130 

r/Q [Ohm]  425 426 

 

MECHANICAL DESIGN 
The mechanical design of the double spoke resonator 

and its helium vessel was performed taking into account 
several criteria: a good accessibility for the preparation of 
the cavity, taking into account all loads from the 
manufacturing phase to the operation phase, most of the 
geometric shapes compatible with the manufacturing 
constraints. We performed a complete mechanical 
optimization of the cavity and its helium vessel from 
static calculations to RF-mechanical coupled simulations. 

General Description of the Geometry 
The cavity (total length of 994mm) is made of high-

RRR (>250) bulk niobium and is composed of a 
cylindrical outer conductor (inner diameter 480 mm), two 
spoke bars and two re-entrant end-cups (see Fig. 7). The 
walls thickness is fixed to a minimum of 4 mm based on 
the mechanical calculations and manufacturing 
considerations. In order to improve the High Pressure 
Rinsing (HPR) process, four ports (inner 
diameter=28 mm) are added on one of the end-cups. Some 
ribs are welded on each end-cup in order to have Von 
Mises stresses below 50 MPa during the leak test 
operations at 300 K. The design of these ribs has evaluated 
from initially a donut to a simple disc with a ring to 
facilitate the manufacturing and assembly processes. In 
order to stiffen the top of the spoke bars where the most 
important stresses concentrations appeared under 
fluctuation pressure, some ribs were finally added (n°5 in 
Fig.7). 

 
Figure 7: View of the Double Spoke cavity with its 
helium vessel (1: cavity, 2: helium vessel, 3: HPR ports, 
4: disc rib, 5: spoke bar rib, 6: ring rib). 

 
The helium vessel is made of 4mm-thick titanium 

sheets. The similar thermal expansion coefficients of 
titanium and niobium, allow us to connect the vessel to 
the cavity by electron beam welding and by consequence 
to increase the stiffness of the cavity. Thus, all ports of 
the cavity are welded to the vessel. To limit some stresses 
concentrations on these welding areas and at the same 
time to reduce considerably the sensitivity to helium 
pressure, some ring ribs have been connected to the end-
cups of the vessel and to those of the cavity (see Fig. 7). 
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The assembly is achieved by the use of some end-cups 
realized in two parts for the helium vessel. 

Mechanical Studies 
Numerical simulations were performed with the multi-

physics finite element code ANSYS. Different load cases 
were studied taking into account the life cycle of the 
cavity: the leak tests during the fabrication phase, the cool 
down and the nominal operation inside the cryomodule. 

 
The risk of plastic deformations of the cavity could 

appear at room temperature because of the low yield 
strength limit of the Niobium at 293 K, around 50 MPa. 
This is especially the case during the leak test of the bare 
cavity and during the cool down. The design of the cavity 
in term of thickness and stiffeners was defined in order 
not to exceed 50 MPa (see Fig. 8 & 9). According to the 
pressure test result, the critical pressure, limited by the 
stresses areas around the spoke bars, can be estimated to 2 
bars (see Fig. 9). 

 
Figure 8: Von Mises stresses for leak test of the bare 
cavity-Max. stress of 35MPa on the end cups. 

 
Figure 9: Von Mises stresses for pressure test 
( P=0.1MPa) with the jacketed cavity- Max. stress of 
18MPa on the top of the Spoke bar. 

The mechanical eigenmodes of the cavity could be 
excited by some external sources (pumping and cryogenic 
systems). This phenomenon can affect the resonant 
frequency 352 MHz of the cavity and produce some 
problems of microphonics. The first critical mode that 
deforms the inner volume of the cavity (265 Hz) is much 
higher than 50 Hz (see Fig. 10). 

 
Figure 10: First critical mode of the cavity at 265 Hz. 

 
Evaluating the frequency sensitivity of the cavity 

during its operation was performed with some 
mechanical-electromagnetic coupling simulations with 
Ansys software. To check the finite element model, the 
RF results from Ansys were first compared with those 
from MWS. To be as realistic as possible, the numerical 
model consists in an half of the cavity with its helium 
vessel. 

 
Moreover, the boundary conditions have to reflect the 

cryomodule configuration, in particular to take into 
account the Cold Tuning System (CTS) stiffness. Indeed, 
the CTS, fixed on one of the end-cups of the helium 
vessel, pulls on the beam tube by the mean of a stepping 
motor and two piezoelectric actuators for respectively, the 
slow/coarse and fast/fine tuning (Fig. 11) [3]. As a 
consequence, the RF sensitivity of the cavity to the 
pressure fluctuation and to the Lorentz Forces Detuning 
depends on the CTS stiffness. The calculations were 
realized according to two extreme boundary conditions 
cases: 1/ without CTS: the beam tubes are free, 2/ with 
infinitely stiff CTS, one beam tube is fixed to the CTS 
supports (on the helium vessel) along the beam axis. 

 

 
Figure 11: View of the Cold Tuning system on the 
cavity/helium vessel assembly. 

 
All results of frequency sensitivities of the cavity are 

presented in the table 4. 

18MPa 

35MPa 
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Table 4: Frequency Sensitivities of the Cavity 

Stiffness of the cavity 20 [kN/mm] 

Tuning sensitivity f// z 135 [kHz/mm] 

Sensitivity to helium pressure KP [Hz/mbar] 

Without CTS 
With CTS 

16.5 
26 

 

Lorentz detuning factor KL 
Without CTS 
With CTS 

 
-5.13 
-4.4 

[Hz/(MV/m)²] 

 
Among the different versions of the cavity designed 

during the optimization phase, the version with some ring 
ribs between the cavity and the helium vessel provides the 
best sensitivity results: the sensitivity to the helium 
pressure KP is estimated in a range between 16.5 and 25 
Hz/mbar, the Lorentz factor is defined in the range of [-
5.13, -4.4] Hz/(MV/m)². For the last case, the Lorentz 
radiation pressures are calculated for an accelerating 
gradient of 8MV/m (Fig. 12). The maximum frequency 
shift due to Lorentz forces, 328 Hz, is four times less than 
the frequency bandwidth 1530 Hz. 

 

Figure 12: Lorentz radiation pressures (Pa) for an 
accelerator field of 8MV/m. 

From the tuning sensitivity estimated to 135 KHz/mm, 
the tuning range at low temperature has not to exceed 173 
kHz. It corresponds to a Von Mises stress value of 400 
MPa at 2 K. 

The RF sensitivity of the cavity can be expressed as a 
function of the CTS stiffness. Indeed, the frequency shift 
induced by any mechanical loading can be written as a 
linear combination of the frequency shift obtained with an 
infinitely stiff CT and that induced by the longitudinal 
sensitivity. For example, the Lorentz factor KL can be 
defined as a function of the CTS stiffness (Fig. 13): 

2)( accCTScav

z
LL  EKK

u.F
z
f

KK
Kz

f
K

u  

This formula was checked by simulation for some 
specific CTS stiffness values (CTS simulated as a spring). 

 
Figure 13: Lorentz factor KL as a function of the CTS 
stiffness. 

Then, taking a CTS stiffness equals to 100 kN/mm 
(=calculated value), the sensitivity to helium pressure 
fluctuation can be estimated to 24 Hz/mbar and the 
Lorentz Forces Detuning factor to -4.5 Hz/(MV/m)². 

INTEGRATION IN THE CRYOMODULE 
Each cryomodule houses a couple of Double Spoke 

Resonators. Each cavity, rinsed by High Pressure Rinsing 
in a ISO 4 clean room, is assembled with its RF power 
coupler. Two assemblies (cavity + power coupler) are 
then coupled together via a stainless steel beam line 
bellow. Two UHV gate valves are positioned at each end 
of this string to form a fully clean enclosure for future RF 
operations. Each cavity is oriented so that the 
maintenance operations of the cold tuning systems are 
facilitated after insertion in the vacuum vessel (Fig. 14). 

 
Figure 14: String of two double spoke cavities. 

Outside the clean room, the cavities string is dressed 
with the magnetic shield, mounted around each resonator, 
the cryogenic piping, the cold tuning system and the 
thermal shield. The detail of the cryomodule assembly is 
specified in [4]. 

Taking into account the weight and the total length of 
the cavities’ string, the assembly and alignment methods, 
the static heat load, a supporting system based on rods 
was chosen. This already proven solution is consistent 
with a simple and precise alignment performed from 
outside the vacuum vessel and allows a possible 
adjustment after the cooling down. The vertical and 
lateral position of each cavity is adjusted by 8 identical 
antagonist tie rods, placed by 4 in a vertical plane. The 
position of the cavity string along the beam axis is 
provided by 4 tie rods and invar rods placed in a

FEM result for a specific 
CTS stiffness value 
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horizontal plane. The detail of the supporting system is 
specified in [4]. 

CONCLUSION 
Since March of 2013, three prototypes have been 

launched in production: one is manufactured by SDMS 
(France) and two others by ZANON (Italy). Up to now, 
some issues have been identified, especially the forming 
of the spoke bars and the end cups. The delivery of these 
prototypes is planned for May 2014. 
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G. Costanza, Electrical and Information Technology, Lund University, Lund, Sweden

Abstract 
The accelerator of the European Spallation Source 

(ESS) is a 5 MW proton linac to be built in Lund Sweden. 
Its superconducting section is composed of 3 cavity 
families: double spoke resonators, medium beta and high 
beta elliptical multi-cell cavities. This paper presents the 
electromagnetic and mechanical design of the elliptical 
cavities. Both elliptical families are housed in 4-cavity 
cryomodules which share a common design and set of 
components which will be described here. 

INTRODUCTION 
The superconducting linac of the ESS operating at 2 K 

is composed of a spoke resonator section running at 
352.21 MHz which brings the proton beam energy up to 
220 MeV, followed by two 704.42 MHz elliptical cavity 
sections. The first one, based on 6-cell =0.67 cavities 
accelerates the beam to 570 MeV. The higher energy 
section is using 5-cell =0.86 cavities to increase the 
proton energy to 2 GeV [1]. 

 
Figure 1: Cut view of the high beta cryomodule. 

 
In both medium and high beta sections, cavities are 

hosted in 6.6 m long cryomodules grouping 4 units as 
shown on figure 1.Using a single type of cryomodule was 
made possible thanks to the similar length of the medium 
and high beta resonators. Their design is detailed in [2]. 

ELLIPTICAL RESONATORS 
Table 1: RF Requirements of Elliptical Cavities 

 Medium High 
Geometrical  0.67 0.86 
Frequency (MHz) 704.42 704.42 
Number of cells 6 5 
Operating temperature (K) 2 2 
Maximum surface field in 
operation (MV/m) 

44 44 

Nominal Accelerating 
gradient (MV/m) 

< 16.7 < 19.9 

Q0 at nominal gradient > 5e9 > 5e9 
Qext 7.5 105 7.6 105 

High Beta Cavity 

Figure 2: The first bare high  prototype. 
The RF design of the high beta cavity and the study of 

its coupled RF-mechanical behaviour have been presented 
in [3]. Recently, requirements on the cavity have been 
made stronger, with a 10% increase on the beam current 
and accelerating gradient (table 1)  

Table 2: RF Properties of High  Cavity 

Iris diameter (mm) 120 
Cell to cell coupling  (%)  1.8 
 and 4/5 mode separation (MHz) 1.2 
Epk/Eacc  2.2 
Bpk/Eacc (mT/(MV/m)) 4.3 
Maximum. r/Q () 477 
Optimum  0.92 
G () 241 

An important design driver is the RF power transmitted 
to the beam which amounts to 1.2 MW maximum through 
the fundamental power coupler (FPC). A large beam tube 
diameter is needed to be able to reach the required Qext 
with a single FPC while limiting the coupler antenna 
penetration in the beam pipe. The 140 mm diameter 
adopted for the cavity beam pipes has the benefit of 
lowering the cut-off frequency which favours the 
propagation of high order modes (HOM) from one cavity 
to normal conducting (NC) components of the beam pipe 
like bellows, or to the power coupler of an adjacent 
cavity. This way, a better damping of HOMs is achieved 
in addition of what is already obtained by RF dissipation 
on a single cavity power coupler NC parts and by 
transmission to the RF waveguide. Different scenarii have 
been studied to check that combinations of Qext and Q0 
estimates and non-propagating longitudinal mode 
impedances were not the cause of significant cryogenic 
loads. The highest risk is for the first longitudinal HOM at 
1420.7 MHz. If arbitrarily set at 1 MHz from the nearest 
machine line (instead of a theoretical 11.8 MHz), its RF 
dissipation would amount to a maximum of 10 mW. 
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Two prototypes of the =0.86 cavity are being 
manufactured from high purity Nb (measured RRR>300). 
These prototypes include extra RF ports on the beam 
tubes which were fitted in place of hypothetical HOM 
couplers. Despite HOM couplers have been discarded for 
future cavities, the ports have been kept on prototypes for 
RF measurement purposes. The first bare cavity has been 
completed in industry (fig. 2). The first steps of the RF 
frequency monitoring on dumbells have been tested 
during this first production. The helium vessel will be 
welded after the preparation and vertical tests which will 
be performed at Saclay.  

Medium Beta Cavity 
The number of cells of the medium  cavity has been 

changed to 6 recently in order to make better use of space 
while having medium and high beta cryomodule designs 
converging to a single design. 

 
Figure 3: 6-cell =0.67 cavity 3D model. 

 
The medium  cavity RF design is more constrained 

due to the relative steeper wall angle compared to the 
high beta cavity. The wall angle has been kept greater 
than 7° in order to limit the detrimental effects on the 
mechanical stability and cavity preparation. The cell-to 
cell-coupling  was chosen at 1.8% for the high  cavity 
as a trade-off between efficiency and mode separation. 
For the  cavity, it was limited to 1.22% to prevent 
a dramatic reduction the cavity efficiency with increasing 
. 

Table 3: RF Properties of Medium  Cavity 

Iris diameter (mm) 94 
Cell to cell coupling  (%)  1.22 
 and 5/6 mode separation (MHz) 0.54 
Epk/Eacc @optimal.  2.36 
Bpk/Eacc @ optimal.  (mT/(MV/m)) 4.79 
Maximum. r/Q () 394 
Optimum  0.705 
G () 196.63 

The FPC-side end-group RF design is dominated by the 
technical challenge of placing the FPC port (100 mm in 
diameter) not closer than 35 mm from the cell iris. The 
beam pipe diameter was chosen at 136 mm in order to 
ensure the required Qext could be obtained in this 
condition. The RF parameters of the optimized cavity 
pictured on fig. 3 are summarized in table 3.  

The HOM have been studied using COMSOL to check 
that no longitudinal modes exist near multiples of beam 
frequency (352.21 MHz). 

 
Figure 4: r/Q with respect to the proton =v/c for 
fundamental and first longitudinal HOM passbands. 
 

The variation of non-propagating longitudinal modes 
r/Q over the whole range of proton reduced velocity 
=v/c in the medium beta section is shown on figure 4 
between the two vertical red dashed lines. As far as the 
longitudinal HOMs are concerned, only the first passband 
L1 was found to be non-propagating. The characteristics 
of its 6 modes are shown in table 4.  
 

Table 4: L1 HOM Passband Characteristics 
Frequency (MHz) r/Q (Ohm) QL estimate 
1506.48 0,444 13000 
1509.32 0.0021 7000 
1515.76 0.0020 5000 
1524.86 0,127 3000 
1534.57 0.0001 2000 
1542.20 0.0032 3000 

The listed r/Qs correspond to the maximum in the cavity 
range of use mentioned earlier. The QL has been 
estimated with HFSS on a single cavity surrounded by 
two normal conducting bellows and equipped with a 50  
terminated coaxial power coupler (fig. 5).  

 
Figure 5: HFSS model used to estimate the QL of HOMs 
showing the 1506.48 MHz mode of the =0.67 cavity. 
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The model includes the RF window, so that its 
transmission characteristics are taken into account. This is 
also required to check that no resonance occurs in the 
ceramic disk for any of the HOMs. The simulations 
indicate that the natural damping of the L1 modes is 
adequate. The accurate study of higher frequency 
longitudinal HOM passbands requires the simulation of a 
full cryomodule and has been started. 

Mechanical/RF Aspects 
The cavity wall thickness is determined taking into 

account both the mechanical loads related to pressure or 
tuning, but also the cavity sensitivity to Lorentz force 
detuning (LFD). The cavity wall thickness of 4 mm is 
chosen, combined with stiffening rings 70 mm in radius. 
It has been found that the sensitivity of the static LFD 
coefficient KL to the exact ring radius is rather weak. 

Figure 6 shows the variation of KL with respect to the 
external stiffness Kext (combined stiffness of the He vessel 
and the cold tuning system) for three values of the ring 
diameter. Kext is expected to be 21 kN/mm in our case, 
combining expected 30 and 75 kN/mm stiffness of the 
tuner and tank respectively. For Kext<10-2 kN/mm the 

cavity can be considered in the free ends condition. For 
Kext > 103 kN/mm, the fixed ends condition is met. The 
mechanical parameters of the cavity are summarized in 
table 5. The maximum working pressure in the helium 
circuit of the cryomodule is chosen at 1.5 bar absolute, 
and it therefore used as a reference in the table. This has 
been done in an effort to limit the impact of European 
directive on Pressure Equipment on the certification 
process of the cryomodules. 

Mechanical Design 
Medium and high  cavities include the following 

characteristics, most of them being typical of the X-FEL 
technology: 
 A Ti helium vessel including a hydro-formed bellow 

on the tuning system side 
 NbTi flanges for use with Al alloy hexagonal seals. 
 The main cylindrical part of the helium vessel is 

connected to the two-phase line of the cryomodule 
through a welded joint. This helps minimizing the 
required opening in the magnetic shield located near 
the cell equators. The two-phase line is located above 
the cavity (see fig. 7). 

 The alignment tools are anchored on the beam 
flanges on which reference boreholes are machined. 

 
The helium tank is attached to the FPC-side beam 

flange and reinforced on this side using four winglets. On 
the opposite side, a titanium cone closes the helium and 
supports the tuning system. This cone is welded directly 
to a Nb ring which is part of the beam pipe, without 
resorting to an additional NbTi transition part. The actual 
implementation of the tank design for the medium and 
high beta cavity has only minor differences, the only 
significant ones being the longitudinal extension of the 
main cylinder of the vessel and the position of the helium 
inlet 

The feasibility of most of the technological aspects of 
the cavity fabrication has already been tested beforehand 
on the very similar SPL type =1 5-cell cavity of the 
Eucard R&D programme [4]. 

 MAGNETIC SHIELD 
We decided to limit the contribution of the trapped flux 

to the surface resistance to 4 n(half the expected low 
field surface resistance) , and thus to limit the external 
static field to Bext = 1.4 T =14 mG. Since the earth 
magnetic field is 500 mG, this corresponds to a required 
shielding efficiency equal to 35. 

The design calculations were performed with a material 
permeability equal to 20000, corresponding to the 
estimated expected value for cryogenic shield materials. 
Indeed the chosen solution is a cold magnetic shield 
enclosing the helium tank. The target value for the 
magnetic field on the cavity walls is reached for a shield 
with 1.5 mm thickness, provided that an appropriate 
cylinder of magnetic shield is placed around the pipe 
connecting the helium vessel to the two-phase line. 

Figure 6: Sensitivity curve for KL. 

Table 5: RF/mechanical Properties of Medium  Cavity 

Cavity wall thickness (mm) 4 
Tuning sensitivity (kHz/mm) 217 
Stiffness (kN/mm) 1.47 
KL static Lorentz coefficient 
(Hz/(MV/m)2) (fixed ends) 

-0.71 

KL static Lorentz coefficient 
(Hz/(MV/m)2) 

-21.1 

KL static Lorentz coefficient 
(Hz/(MV/m)2) for Kext=21 kN/mm 

-2.06 

Maximum pressure (bar) in He vessel at 
300K limited by Von Mises stress in 
cavity wall < 40 MPa (fixed ends) 

2.2 

Maximum Von Mises stress (MPa) in 
cavity wall with 1.5 bar in helium vessel 

28 
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Figure 7: Arrangement of a pair of cavities in the 4-cavity string showing the bottom position of the power coupler, cold 
tuning system, inter-cavity bellow, TA6V tie-rods which are part of the cavity supporting systems, magnetic shields and 
two-phase cryogenic pipe connected to the top of the helium vessels. 

The magnetic shield has been broken down into 7 parts 
to enable the pre-assembled cavity string, on top of the 
MLI surrounding the helium vessel (fig. 8). 

COLD TUNING SYSTEM 
The cold tuning system (CTS) is based on the proven 

mechanical design principles of Saclay tuners (fig. 9). It 
combines lever arms and excentric shafts actuated by a 
motor gear box and main screw assembly to provide the 
slow mechanical tuning action. The motor and the 
gearbox are working under vacuum at cryogenic 
temperatures. It is an evolution from the previous tuners 
for pulsed proton cavities [4] and includes the additional 

possibility to use one or two piezo actuators 
simultaneously for fast Lorentz force detuning 
compensation. 

The already existing high  cavity tuner design has 
been modified to fit both medium and high beta, taking 
into account the integration of such elements as the 
magnetic shield and cavity supporting system. The tuner 
provides a maximum slow tuning range of +/- 3mm. Its 

Figure 8: Elements of the magnetic shield. Figure 9: 3D model of the CTS. 
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use will be restricted to cavity elongation. The 
corresponding tuning range will be of 650 kHz and 
590 kHz for the medium and high  cavities respectively. 
The cavities will be pre-tuned in such a way that bringing 
them to the operation frequency will require a positive 
frequency tuning with the CTS of about 100 kHz. This 
way, all plays in the mechanical system will be closed, 
enabling the CTS to achieve its design stiffness. Based on 
pneumatic bench measurement on existing Saclay tuners 
of the same type, we expect the tuning system to reach a 
minimum stiffness of 30 kN/mm. 

The piezo support and preload frame is customized for 
each family of  according to the cavity stiffness. Let 
alone their task of holding the 30 mm long piezo stacks in 
place, the role of these supports is to apply a preload on 
the actuators. This load is set up at room temperature, 
using a set screw. The frame design is aiming at 
maintaining the correct preload at the working 
temperature of the tuner which lies between 2 and 30 K. 
The support is designed such that its stiffness is ten times 
greater than the cavity stiffness. This way, the piezo load 
is maintained within a 10% variation throughout the full 
slow tuning range irrespective of the reaction force of the 
cavity. 

FUNDAMENTAL POWER COUPLER 
 The power coupler (fig. 10) design is an adaptation of 

the 704 MHz, 1.2 MW peak power FPC developed in the 
framework of the European program CARE/HIPPI. The 
later has been tested on a conditioning bench up to full 
power at a duty factor of 10%. It has also been tested in 
full reflection on superconducting cavities in the 
horizontal test cryostat Cryholab at Saclay [5]. The peak 
power requirement is also 1.2 MW for ESS, the RF duty 
factor being lower at 4.2%. 

The room temperature window of this coupler is 
derived from the KEK-B ceramic disk window. The 
design has been modified to obtain RF matching at a 
frequency of 704.42 MHz, and adapted to a 50  coaxial 
line, 100 mm in diameter. 

A new coaxial to waveguide doorknob transition has 
been designed to add a high voltage (HV) biasing 
capability to the existing coupler. Both HV connection 
and water cooling connection are located at the antenna 
en on the waveguide side. In order prevent the RF leaks in 
the coupler surroundings through the kapton capacitor, the 
new transition includes a RF trap. The presence of water 
in the cooling hoses has been taken into account in the 
design. Resistors have also been integrated in the HV 
connection to provide RF attenuation and protect the HV 
power supply. 

The cooling scheme of the HIPPI coupler has been 
retained with 3 parallel supercritical helium cooling 
spiralling channels in the cold outer conductor and 
improved water cooling for the inner conductor of the 
window and the antenna. 
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Figure 10: Model of the fundamental power coupler. 
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