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Abstract

As Nb superconducting radio-frequency cavities are now
approaching the theoretical limits of the material, a variety of
different surface treatments have been developed to further
improve their performance, although no fully understood
theory is yet available. Small superconducting samples are
studied to characterize their material properties and their
evolution under different surface treatments. To study the RF
properties of such samples under realistic SRF conditions at
low temperatures, a test cavity called quadrupole resonator
is currently being fabricated. In this work we report the
status of the QPR at Universitidt Hamburg in collaboration
with DESY. Our device is based on the QPRs operated at
CERN [1] and at HZB [2] and its design will allow for testing
samples under cavity-like conditions, i.e., at temperatures
between 2 K and 8 K, under magnetic fields up to 120 mT
and with operating frequencies of 433 MHz, 866 MHz and
1300 MHz. Fabrication tolerance studies on the electromag-
netic field distributions and simulations of the static detuning
of the device, together with a status report on the current
manufacturing process, will be presented.

INTRODUCTION

Niobium (Nb) is the material of choice for the construc-
tion of superconducting radio frequency (SRF) cavities in
modern particle accelerators. Since the accelerating fields
in these SRF cavities are reaching their theoretical limit, ma-
terials such as Nbs3Sn [3, 4], multilayer structures (SIS) [5],
and treatments like N-doping [6], N-infusion [7] and mid-T
bake [8] of bulk Nb cavities have been shown to increase
quality factors and the maximum fields they can support.
However, further research is required before a cavity made
from these materials goes into operation. An improved ver-
sion of a device called Quadrupole Resonator (QPR), origi-
nally developed and operated at CERN and HZB, has been
further developed and built in a cooperation between Ham-
burg Universitdt and DESY. It will allow for the systematic
study of small superconducting samples over a broad pa-
rameter space defined by the resonance frequency, cryostat
temperature, and applied magnetic field.
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THE QUADRUPOLE RESONATOR

The Quadrupole Resonator (Fig. 1) was developed at
CERN in 1998 [9]. In the mid-2010s, the results of an opti-
mized QPR were reported by Helmholtz-Zentrum Berlin
[10]. A redesign of the CERN QPR was announced in
2017 [11] and reported new results in 2019 [12]. In a col-
laboration between Hamburg Universitit and DESY and
Universitit Rostock [13], an improved version of the res-
onator has been further developed and built. SRF sample
properties will be measured in the parameter space defined
by the resonance frequency f, cryostat temperature 7, and
applied magnetic field B. It will allow for systemic investiga-
tions of the sample’s surface resistance Ry, critical magnetic
field H,., and superheating magnetic field Hy;,. The previous
data make it possible to determine the following material
properties: London penetration depth 1;, mean free path €,
and critical temperature T.
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Figure 1: Cross-sectional view of a QPR (left) with the
parametrized model of the pole shoes (right) [2].

The QPR has the following operational range specifica-
tions: temperatures between 1.5 K and 8 K, maximum ap-
plied field on sample Hy,,00, max Up to 120 mT, and the
resonant frequencies f =433, 870 and 1310 MHz.

Calorimetric Measurement Principle

The calorimetry chamber (Fig. 2) has the functionality to
thermally isolate the sample from the rest of the resonator to
ensure the stable sample’s temperature. Inside this chamber,
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Figure 2: Cross-sectional view of the calorimetry chamber.

CERNOX T-sensors and a heater are placed at the sample’s
bottom surface. These auxiliary devices are connected in
a closed-loop controller, which is driven to perform a DC
power compensation measurement of the sample’s surface
resistance (Fig. 3). The technique is explained in the follow-
ing steps:
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Figure 3: Illustration of the calorimetric measurement prin-
ciple [2].

First, a) the heater increases the temperature of the sam-
ple from the temperature of the LHe bath 7}, to a desired
value 7;,,<T,.. b) The required heating power Py, in the
controller is recorded. Then, c) the RF system is turned on
and RF dissipation leads to a further increase of the sam-
ple’s temperature due to Joule heating. d) The controller
decreases the power to compensate for this Joule heating un-
til the temperature of the sample reaches 7}, again. Finally,
e) the changed heating power Pp, -, is recorded.

Assuming a spatial constant R, across the sample, the
previous process can be summed up in Eq. (1):

:2*(PDC1_PDC2). )
* [ 1HP aa
sample
Advantages of the QPR

The SRF community has developed a variety of devices
for the characterization of superconducting samples. Since
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testing of new materials in coated cavities can be expensive
and time consuming, it is preferable to study small samples
with a controlled set of parameters. For example, TE Host
cavities, Sapphire Loaded Cavities, SIC, and Hemispher-
ical cavities require mounting samples between 5 cm and
13cm [14]. The QPR (Fig. 4) offers the following advan-
tages over other sample characterization systems: It allows
for a direct measurement of the surface resistance, while
other devices measure relative to a reference sample. The
measurements can be performed at RF frequencies f and
cryogenic temperatures 7 typical for SRF cavities. For ex-
ample, in the QPR the surface resistance of samples can
be studied at 1.3 GHz, which is the frequency at what Nb
SRF TESLA shaped cavities operate in XFELs. An easier
sample preparation and exchange and turn-around time at
a lower cost are possible. The device can operate in the
low frequency domain (first two subharmonics) to study the
contributions of the residual and BCS resistance [15] or to
study frequency-dependent effects [16]. Finally, there is
the capacity to add a magnet system to study flux pinning
effects, since material properties such as the efficiency and
sensitivity to trapped flux of a sample are also important to
determine.

Figure 4: Finalized QPR at Zanon Research & Innovation
Stl.

STATIC DETUNING STUDY

The resonator and the calorimetry chamber form a coaxial
gap below the sample that damps the electromagnetic fields
for the quadrupole modes. Therefore, defects that modify
the symmetry of the resonator (detuning) may excite un-
wanted neighboring modes, such as the monopole or dipole
modes, which might travel into the coaxial gap, leading to
an unaccounted heating of the sample. This effect causes
an overestimation of the residual resistance since Ppy is
lower to further compensate this additional heat source.

In practice, microphonics, deformations after pumping
down, and/or fabrication errors induce angle deviations of
the Nb rods which could result in a simultaneous excitation
of more than one mode. For instance, a bridge coordinate
measurement of the QPR performed at Zanon R. I. showed
a deviation of the pole shoes with respect to the nominal
design (Fig. 5).

To study such a phenomenon in our device, simulations
of the static detuning were carried out using CST MI-
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Figure 5: Parallelism of the pole shoes measured at Zanon
Research & Innovation Stl. The deviations with respect to
the nominal plane are within our tolerance values.

CROWAVE STUDIO® varying the angle of the right rod,
both rods (Fig. 6), and both pole shoes. In the case of the
bending of both rods, a spread of the quadrupole modes on
the f-axis was observed. This phenomenon might explain
the differences in the operational frequencies of the HZB
QPR compared to our simulated values [17].

a)

Figure 6: Schematic diagram of the angle variation of the
Nb rods. The rotation of the rods was done around the y-axis
with an angle 6 that is a) positive when the rods get closer
and b) negative when the rods draw apart.

We observed that an exchange between the third
quadrupole mode and the previous dipole mode happened
for an angle deviation of 0.4° (Fig. 7).

COMMISSIONING OF THE QPR

The construction of the QPR was finalized in April at
Zanon Research & Innovation Srl and was delivered in the
beginning of May. A series of post-production tests were
performed at Zanon R. I. to ensure the parallelism of the parts
and the same will be carried out at DESY. The following
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Figure 7: Quality factor vs. Frequency of the QPR at room
temperature with a rotation of the rods around the y-axis
with an angle 0 between -0.4° and 0.4°.

tests are planned for the commissioning: 1) Wall thickness
of the vessel and pole shoes (Ultrasonic measurements),
which is an important preparation measure for the chemical
surface treatment of the QPR (more about this below). 2)
Bridge coordinate measurement, to check the parallelism of
the QPR and the sample holder. 3) Spectrum of response to
mechanical excitations. 4) RF spectrum and other properties.

Later, tests number two and four will be repeated after
evacuating the QPR to check for deformations of the struc-
ture.

After the previous measurements, the QPR will undergo
a standard surface treatment typical for Nb SRF cavities to
ensure both high quality factors and high accelerating fields.
The following surface treatment is going to take place at
Zanon R. I.: i) Coarse buffered chemical polishing (BCP) to
remove 150 pm from the damaged inner layer of the Nb walls
due to the mechanical preparation. ii) An 800 °C bake for
3 hours to avoid a quality factor degradation phenomenon
named “Q-disease”. iii) A fine BCP to remove an extra
20-40 pm from the Nb walls’ surface. Finally, iv) a 120 °C
bake for 48 hours that will lead to a reduction of the QPR’s
surface resistance and to the disappearance of the sudden
drop of the quality factor (Q-drop) at high fields [2].

CONCLUSION

The QPR at Hamburg Universitit and DESY will allow
for further studies of SRF properties of superconducting
materials. Sample characterization is important as a step
before coating an entire cavity and to assist the development
of the theory of new materials and treatments.

ACKNOWLEDGMENTS

The authors would like to thank O. Kugeler, S. Keckert
and J. Knobloch (HZB), W. Ackermann (TU Darmstadt),
M. Arzeo (CERN), C. Miiller, T. Biittner, D. Kostin and R.
Bosspflug (DESY) for their effort and support in this project.

This project is funded under BMBF Grant Number
05H18GURBI.

This work was also supported by the Helmholtz Associa-
tion within the topic Accelerator Research and Development
(ARD) of the Matter and Technologies (MT) Program.

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

1 MOPAB376
@ 1160

MC7: Accelerator Technology
T07 Superconducting RF

[0)



12th Int. Particle Acc. Conf.
ISBN: 978-3-95450-214-1

(1]

[2]

[3]

(4]

[3]

[6]

[7]

[8]

[9]

REFERENCES

T. Junginger, “Investigations of the surface resistance of
superconducting materials”, Ph.D. thesis, Ruprecht-Karls-
Universitit, Heidelberg, Germany, 2012.

R. Kleindienst, “Radio Frequency Characterization of Super-
conductors for Particle Accelerators”, Ph.D. thesis, Univer-
sitdt Siegen, Siegen, Germany, 2017.

A. M. Valente-Feliciano, “Superconducting RF materials
other than bulk niobium: a review”, Superconductor Science
and Technology, vol. 29, no. 11, p. 113002, 2016.
doi:10.1088/0953-2048/29/11/1136002

S. Keckert, “Characterization of Nb;Sn and Multilayer Thin
Films for SRF Applications”, Ph.D. thesis, University Siegen,
Siegen, Germany, 2019.

A. Gurevich, “Enhancement of rf breakdown field of super-
conductors by multilayer coating” Appl. Phys. Lett., vol. 88,
p. 012511, 2006. doi:10.1063/1.2162264

A. Grassellino et al., “Nitrogen and argon doping of nio-
bium for superconducting radio frequency cavities: a pathway
to highly efficient accelerating structures”, Superconductor
Science and Technology, vol. 26, no. 10, p. 102001, 2013.
doi:10.1088/0953-2048/26/10/102001

A. Grassellino er al., “Unprecedented quality factors at accel-
erating gradients up to 45 MV/m in niobium superconducting
resonators via low temperature nitrogen infusion”, Supercon-
ductor Science and Technology, vol. 30, no. 9, p. 094004,
2017.doi:10.1088/1361-6668/aa7afe

S. Posen, A. Romanenko, A. Grassellino, O. S. Melnychuk,
and D. A. Sergatskov, “Ultralow Surface Resistance via Vac-
uum Heat Treatment of Superconducting Radio-Frequency
Cavities”, Physical Review Applied, vol. 13, p. 014024, 2020.
doi:10.1103/PhysRevApplied.13.014024

E. Brigant, E. Haebel, and E. Mahner, “The Quadrupole Res-
onator, Design Considerations and Layout of a New Instru-
ment for the RF Characterization of Superconducting Surface
Samples”, in Proc. 6th European Particle Accelerator Conf.

MC7: Accelerator Technology
T07 Superconducting RF

IPAC2021, Campinas, SP, Brazil
ISSN: 2673-5490

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

JACoW Publishing
doi:10.18429/JACoW-IPAC2021-MOPAB376

(EPAC’98), Stockholm, Sweden, Jun. 1998, paper TUP042B,
pp. 1855-1857.

R. Kleindienst, J. Knobloch, and O. Kugeler, “Development
of an Optimized Quadrupole Resonator at HZB”, in Proc.
16th Int. Conf. RF Superconductivity (SRF’13), Paris, France,
Sep. 2013, paper TUPO74, pp. 614-616.

V. del Pozo Romano, R. Betemps, F. Gerigk, R. Illan Fi-
astre, and T. Mikkola, “Redesign of CERN’s Quadrupole
Resonator for Testing of Superconducting Samples”, in
Proc. 18th Int. Conf. RF Superconductivity (SRF’17),
Lanzhou, China, Jul. 2017, pp. 420-422. doi:10.18429/
JACoW-SRF2017-TUPBO16

M. Arzeo, “Design, manufacturing and evaluation of the
2nd CERN quadrupole resonator”, in Quadrupole Resonator
Workshop, Berlin, Germany, 2019.

P. Putek, S. G. Zadeh, M. Wenskat, and U. van Rienen, “Multi-
objective design optimization of a Quadrupole Resonator
under uncertainties”, 2020. arXiv:2004.09470

P. Goudket, T. Junginger, and B. P. Xiao, “Devices for SRF
material characterization”, Superconductor Science and Tech-
nology, vol. 30, no. 1, p. 013001, 2016. doi:10.1088/
0953-2048/30/1/013001

H. Padamsee, J. Knobloch, and T. Hays, RF Superconductivity
for Accelerators, 2nd Ed. Weinheim, Germany: Wiley-VCH
Verlag, 2008.

M. Martinello et al., “Advancement in the Understanding
of the Field and Frequency Dependent Microwave Surface
Resistance of Niobium”, in Proc. 18th Int. Conf. RF Supercon-
ductivity (SRF’17), Lanzhou, China, Jul. 2017, pp. 364-367.
doi:10.18429/]ACoW-SRF2017-TUYAA02

S. Keckert, T. Junginger, J. Knobloch, and O. Kugeler, “The
Challenge to Measure nQ2 Surface Resistance on SRF Sam-
ples”, in Proc. 9th Int. Particle Accelerator Conf. (IPAC’18),
Vancouver, Canada, Apr.-May 2018, pp. 2812-2815.
doi:10.18429/]ACoW-IPAC2018-WEPML0O49

MOPAB376
1161

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

©



