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     Foreword 
 
 
The 9th European Workshop on Beam Diagnostics and Instrumentation for Particle 

Accelerators (DIPAC) was held at Hotel Mercure in Basel, Switzerland, from May 25-27, 2009. It 
was a great pleasure for the Diagnostics Section of the Paul Scherrer Institute (PSI) to have 
organized this event and a privilege to have hosted an unprecedented 210 participants. 

DIPAC 2009 provided a unique forum for both experts and novices to share their experience 
and to exchange information and opinions in the field of beam diagnostics. The conference centre at 
Hotel Mercure together with the comfortable ambience of the roof garden created a workshop 
atmosphere that fostered lively discussions regarding latest developments and new concepts in 
instrumentation at particle accelerator facilities worldwide, ranging from low energy gun and 
injector test facilities to high energy, high intensity hadron accelerators and colliders. Diagnostics 
and instrumentation issues at synchrotron radiation user facilities, accelerator-based cancer therapy 
centers and next generation LINAC-based single pass FELs were also been incorporated as an 
integral part of the DIPAC 2009 program. 

The Scientific Program included ten invited talks, fourteen contributed orals and a record 
number of 115 poster contributions divided into three poster sessions.  Oral sessions were followed 
by half-an-hour of questions and informal discussions, adding to the workshop atmosphere of 
DIPAC 2009. The Program Committee and the Workshop organizers would like to express their 
full appreciation for the high quality of oral and poster contributions, which were absolutely crucial 
for the overall success of this event. 

A two-day industrial exhibition was arranged in the midst of the conference centre allowing 
participants to readily maintain their contacts to instrumentation companies and to remain informed 
of the latest developments and technological achievements. 

The workshop banquet took place at the historic site of Schloss Bottmingen on the outskirts 
of Basel. Quite apart from the delightful ambience and the high gastronomical standard of Swiss 
cuisine, workshop participants were also able to appreciate the Swiss public transportation system 
by undertaking a Tram journey to and from the banquet venue. 

A visit to Paul Scherrer Institute with guided tours of the synchrotron radiation facility 
Swiss Light Source (SLS) and the Proton Cancer Treatment Facility (PROCSAN) completed the 
workshop, providing a comprehensive overview of accelerator and instrumentation activities at PSI. 

Finally, this Workshop would not have been possible without the tremendous efforts and 
support of many around me. I take this opportunity to express my sincere gratitude to members of 
the Programme Committee, the Local Organizing Committee, the Workshop Staff and the Editors 
of these Proceedings.  Thank you to each and every one of you! 

 

            
Volker Schlott , DIPAC 2009 Chair      

DIPAC09 – Basel, Switzerland
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INSTRUMENTATION REQUIREMENTS FOR DIFFERENT 
ACCELERATOR TYPES  

B.J. Holzer, CERN, Geneva, Switzerland 

 
Abstract 

At present more than 15000 particle accelerators exist 
worldwide, being built and optimised to handle a large 
variety of particle beams for basic research and 
applications in industry and medicine. Diagnostic tools 
have been developed and optimised according to the 
special requirements of these machines and to meet the 
demands of their users. Storage rings for ultra cooled 
heavy ion beams, third generation synchrotrons for the 
production of high brilliant radiation, super conducting 
protons machines working at the energy frontier and 
finally linear electron accelerators for FEL applications or 
high energy physics are just the most prominent 
representatives of the large variety of accelerators. Each 
of them needs highly sophisticated tools to measure and 
optimise the corresponding beam parameters. 
Accordingly the issue addressed here is not to cover in 
full detail the different diagnostic devices but rather to 
concentrate on the aspects and needs as seen by the 
accelerator physicists and machine designers.  

 

GENERAL CONTEMPLATIONS 
The considerations presented here try to give a general 

overview about the needs in beam diagnostics for quite 
different machines. Clear enough there are beam 
parameter “standards” as orbits, beam intensity and 
lifetime that have to be measured, controlled and 
displayed in any machine. But given the large variety of 
accelerators optimised for different purposes there are 
also quite special needs and beyond the standards we will 
mostly outline the requirements of these beam parameters 
that need highly sophisticated measurements devices.  

The spectrum of up to date accelerators covers a wide 
range: Proton or heavy ion storage rings running at the 
energy frontier as HERA, TEVATRON, RHIC and clear 
enough the LHC, and on the other side the low energy 
proton or heavy ion machines that are optimised for 
medical therapy. Then clear enough there are the special 
requirements of the electron machines that are optimised 
for synchrotron light production - be it as 3rd generation 
light sources or as FEL linacs.  And in the end the planned 
high energy linear colliders that are not yet in their 
construction phase but already now set requirements for 
beam stability and control that have not been reached yet.  
These examples represent the extremes at least concern-
ing the diagnostic tools that had to be established and we 
hope that talking about these, the large variety of 
accelerators that exist today like betatrons, cyclotrons, 
proton linacs are automatically included. 

  

HIGH ENERGY PROTON MACHINES 
The most prominent one today is clearly the Large 
Hadron Collider LHC [1] at CERN whose main para-
meters are listed in Table 1. 

 
Figure 1: The LHC storage ring at CERN, Geneva. 

Beam Parameters: The Standards 
As in any (circular) accelerator the standard beam 

parameters that have to be measured are first of all the 
orbit and the tune in the two transverse planes. The 
requirements here differ not too much from other proton 
of heavy ion machines: beam sizes in the order of a 
millimetre or a certain fraction of it, and the usual golden 
rule to measure and control the orbit on the level of a 
tenth of the transverse beam dimension does not impose 
strong conditions on the beam position monitor system.  

Table 1: LHC Main Parameters 

LHC   

proton energy 7 TeV 
particles per bunch 1.2*10 11 
number of bunches 2808 
beam current 0.582 A 
stored beam energy  362 MJ 
beam size (arc)   1.2mm ... 0.3 mm 
bunch length  8 cm 

 
Figure 2 shows one of the very first LHC beam orbits 

that were obtained during the beam commissioning in 
2008. Before correction, the proton orbit in LHC in both 
planes was in the order of 5-10 mm, still to high for 
intense beams and clearly beyond the level that is 
required for high energy operation. After a few correction 
cycles however the required level of 1-2 mm rms had 
already been obtained.  
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Figure 2: The very first beam steering in LHC. 

An example for a tune signal in such a machine is 
shown in Fig. 3: It has been taken at the HERA collider 
[2] and shows the horizontal (left) and vertical (right) tune 
signal  during luminosity operation: The tunes are set to 
their ideal values and - most important for these machines 
they are perfectly uncoupled.   

 
Figure 3: HERA tune measurement during luminosity 
operation. 

More relevant than the bare measurement of the tunes 
in these high energy proton rings is the stability of the 
working point: The tunes have to be kept close to the 
design values during the complete machine cycles. Strong 
dynamic effects during the acceleration and decaying 
eddy currents during the injection and luminosity 
operation lead to intolerable drifts in the tune frequencies 
that have to be compensated [3]. A precise tune detection 
is needed that disentangles the two peaks even during 
operation close to the coupling resonance where these 
machines usually have to be operated. Unlike to electron 
machine however a strong beam excitation is excluded as 
it would destroy the beam quality. Therefore a very 
sensitive tune measurement is required combined with a 
sophisticated peak detection algorithm to control the tunes 
even at the coupling resonance. Figure 4 shows as an 
example the tune controller of the HERA proton ring: The 
trim quadrupoles used to control the working point are 
addressed bitwise allowing tune scans/control on a very 
precise manner and as demonstrated in the plot the 
diagnostics and control worked without problems even if 
the two tunes were interchanged during the operation [4].  

 
Figure 4: HERA tune controller: clear distinction of the 
working point even when crossing the tunes. 

The Non-Standards 
Beam quality in hadron machines is always a critical 

issue as scattering effects, instabilities and mismatch of 
orbit or optics during the beam transfer can easily lead to 
intolerable growth of the beam emittance and unlike to 
electron machines no damping effect due to synchrotron 
radiation can cure it. The emittance budget - especially 
during beam transfer - in these machines therefore is in 
general very tight: As an example we list in Table 2 the 
tolerances that are foreseen for the LHC pre-accelerator 
chain: Only small emittance growth is allowed and 
especially during the injection into the LHC the beam 
quality has to be guaranteed. 

Table 2: Emittance Budget for the LHC Pre-accelerators 
 
 
 
 
 
 
 
 
 To illustrate the problem, the effect of an offset Δa 

during beam injection is shown schematically in Fig. 5: 
Due to filamentation the original offset smears out in 
phase space and leads to emittance that is - as a rule of 
thumb - increased quadratically with the error [5].     

 
 
 
 
 
 

 
Figure 5: Schematical illustration of beam filamentation 
in phase space.  

Similar effects exist for mismatched beam optics. To 
avoid these problems the beam position and angle as well 
as the optics mismatch have to be measured and 
eventually corrected. The well known keywords for the 
beam diagnostics in this context are (OTR)-screens, wire 
scanners and residual gas monitors.  

In the case of LHC the beam energy is already high 
enough that even the synchrotron light emitted by the 
beam can be used as diagnostic tool [6]. The problem lies 
in the high energy and intensity of the stored beam. In 
LHC up to 2808 bunches are filled with 1011 protons each 
and carry an energy of up to 362 MJ. Diagnostics based 
on material interacting with the beam like wires or 
screens can not be applied anymore. Tests have been 
performed in the context of machine safety where a SPS 
beam of nominal energy (450 GeV) was dumped on a 
fixed target (Fig. 6).  
Even at this relatively low energy severe damage occurs 
on any material that is hit directly by the beam.  
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Figure 6: beam dump tests of a 450 GeV proton beam, 
being extracted from the SPS and dumped on a Cu target.  

 Wires or screens (Fig. 7) used so far in other machines, 
therefore are limited to very low beam intensities and the 
diagnostic tools foreseen in these cases are synchrotron 
light and residual gas monitors. 

 
 
 
 
 
 
 
 
 

Figure 7: OTR and scintillating screens as diagnostic 
tools for low energy beams [7].  

 
The strongest requirement for any high energy storage 

ring is related to the machine protection system: Given 
the LHC beam parameters any uncontrolled beam loss 
can easily lead to a quench of the super conducting 
magnets or even lead to severe damage of the storage ring 
components. Fig. 8 shows the result of an analysis that 
has been performed, studying magnet errors in the LHC 
and the resulting beam losses. In case of a severe magnet 
failure the damage level for machine components is 
reached already after 2 ms - corresponding to  25 turns in 
the machine.  

 
Figure 8: particle losses in LHC after a severe magnet 
failure: The damage level for machine components is 
reached already after 25 turns [8].  

A very sensitive and at the same time fast beam loss 
monitoring system has to be established and completed by 
direct diagnostics of the hardware components [9]. At the 
same time fast beam current monitors are needed to detect 
beam losses on the level of ΔI/I =10-6 on a turn by turn 
basis [10].    

 HADRON THERAPY MACHINES 

 Compared to the big super conducting storage rings 
discussed before, these machines are in a certain sense 
representing the other extreme. The typical beam energies 
of some  MeV represent for the control and safety issues 
of the machine not really a problem.  Typical beam 
parameters like several millimeter beam size and 
intensities of some 1010 particles per cycle neither set 
strong requirements for the beam diagnostics.   The real 
challenge in this case lies in the control of the beam 
stability: Both concerning beam orbit and intensity the 
tolerances are tight and given by the medical application. 
These devices are driven typically by cyclotrons [11] or 
nowadays synchrotrons as e.g. in the case of the HIT 
project (Fig. 9) whose parameters are listed in Table 3:  

 
 
 
 
 
 
 
 
 
 
 

Figure 9: Layout of the Hadron Therapy Complex HIT 
 

In the case of synchrotron based concepts the beam 
extraction in general is performed by a typical slow 
extraction scheme where the beam is put close to the third 
integer resonance (schematically shown in Fig. 10) and a  
smooth rf excitation is applied to increase the emittance in 
a controlled way and to obtain a constant extraction 
intensity. 

Table 3: Typical Parameters of a Hadron Therapy Machine 

HIT project    

particles p, C, He, O 
beam energy 50-430 MeV/u 
beam size 4-10 mm 
extraction time 1-10 s 
extraction intensity 10 6 - 4*10 10 ions/spill 
beam power 360 W dc 
 
 
 
 
 
 
 
 
 
 

 
Figure 10: Schematical view in phase space of the slow 
extraction mechanism.  
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 In the case of the HIT project the stored beam intensity 
of 1010 particles has to be extracted within a time span of 
typically ten seconds and the obtained intensity during 
this process should be constant on a level of 1 %. As a 
consequence the diagnostic elements have to measure 
beam currents in the order of fractions of nA in a non-
destructive manner. The technique applied here in general 
is based on secondary emission monitors [12] and an 
example is shown in Fig. 11. 

 
Figure 11: Measured particle flux during the slow 
extraction in HIT. The spill intensity corresponds to 
fractions of nA and has to be kept constant on a level of 
percent.  

SYNCHROTRON LIGHT SOURCES 
 
The modern 3rd generation synchrotron light sources 

represent for the case of electron accelerators again an 
extreme in beam quality and parameters and 
correspondingly in the requirements for the diagnostic 
tools. Here the standards like energy, tunes and beam 
intensity do not set severe restrictions to the diagnostic 
designers. The big challenge in this case is the 
measurement and control of the beam size and orbits. 
Both are closely related to the emittance and so of major 
importance for the brillance of the synchrotron light. 

The brilliance of a synchrotron light source is given by  
 
 
 
where BW indicates the bandwidth of the emitted light. 

Beside the beam intensity, the transverse emittances εx 
and εy are the main quality factor for these machines and 
usually these values are much smaller than those obtained 
in the high energy colliders as LEP or HERA-e. In Table 4 
the beam energy and emittances are listed for a number of 
modern light sources. Values in the range of some nano 
meters are obtained.  

Table 4: Energy and Emittance of Modern Light Sources 

  εx 

(nmrad) 
E 
(GeV) 

 εx 

(nmrad) 
E 
(GeV) 

PETRA 3 1 6 SLS 4.4  2.4 

SPRING 8 3.4 8 ELETTRA 7 2.4 
APS 3 7 BESSY 2 6 1.9 
ESRF 3.9 6 SPEAR 3 18 3 
DIAMOND 2.5 3 MAX 2 9 1.5 
SOLEIL 3 2.5 ANKA 90 2.5 

Again the golden rule for orbit stability and control is a 
required BPM resolution in the order of 10 % of the beam 
size. Referring now e.g. to the PETRA 3 light source [13] 
which is in the commissioning phase at present, we have 
to deal with beam sizes in the order of micro meters. 220 
electrostatic beam position monitors (BPMs) are forseen 
in this storage ring that are supposed to measure  the 
closed orbit with a resolution of 0.3 μm (rms). Beside this 
high quality BPMs the synchrotron light itself is clearly 
used as diagnostic tool in these machines. However again 
the requirements are extreme and the beam parameters 
demand state of the art techniques.  

 
Figure 12: Synchrotron light image of the electron beam 
in the  APS accumulator ring. 

 
Applying Heisenberg s uncertainty principle to the 

synchrotron light diagnostics [14] we obtain an equation 
that relates the resolution for position measurements to 
the opening angle Δψ=1/γ of the light cone: 

                     ψλσ Δ=Δ 2*  
Assuming e.g. an electron beam of 1 GeV and a 

wavelength of the emitted light of λ = 500nm we obtain 
for the uncertainty of the position measurement Δσ = 500 
μm, by far not small enough to meet the requirements. 
Any position measurement in modern light sources 
therefore is principally limited by this diffraction effect. 
To overcome this problem interferometric techniques are 
applied and pinhole cameras [15].   

 
SASE FELS  

Referring to the measurement of “standard parameters” 
that we already discussed in the previous examples, for 
the FEL machines we are allowed to state that there are no 
standards. The beam parameters are pushed to new limits 
and completely new techniques are needed to diagnose 
them. As an example the European X-FEL project [16] 
under construction at present at the DESY institute is 
sketched in Fig. 13: The 3.4 km long device consists of 
several linear accelerator parts, 2 bunch compressors and 
finally a 250m long undulator section where the SASE 
process takes place.    

 
 
 
 
 
 

 
Figure 13: The European X_FEL project at DESY. 
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The parameters of this machine are listed below (Table 
5); the special requirements marked in red. Again, 
according to the special parameters of the particle beam in 
these machines and the characteristics of the emitted light, 
dedicated measurement devices have to be developed: 
The SASE process is principally of statistical nature and 
so the properties of the single bunches have to be 
measured. Therefore any diagnostic tool has to be non 
destructive, based on single pass -single bunch signals 
and very fast to provide input for the control system 
within a bunch train. 

Table 5: Parameters of the European X-FEL Project  

Euro X-FEL    

light wave length 1  
beam energy 20 GeV 
normalised emittance 1.4 mm mrad 
undulator length 250 m 
beam pulse length 650 �s 
number of bunches 3250 
bunch spacing  250 ns 
bunch length  70 fs 
brilliance (photons/0.1%BWmm2mrad2s) 5*10 33  
absolute emittance 4*10 -11 m*rad 

 
Especially the orbit stability within the undulator is of 

crucial importance as here the electron beam has to 
overlap with the light fan produced. A stability of the orbit 
in the order of 3 μm for the rms orbit is required inside 
the complete undulator length of 250 m. To achieve these 
constraints a so-called intra bunch feedback system is 
required that can measure the orbit of a single bunch 
within a conversion time of 200 ns, analyse the 
measurement and apply correction settings for the 
upstream bunches within the bunch train.  Those 
requirements cannot be fulfilled by standard button pick 
up monitors. To achieve the high precision/ resolution and 
even more the fast response time required by the Intra 
Bunch Train Feedback System, new techniques had to be 
developed and the keywords here are resonant strip line 
BPMs and re-entrant cavity monitors. Beside the 
measurements of the beam orbit, the emittance of the 
bunches are of major importance for the SASE process. 
Being defined - much like in a proton machine - by the 
properties of the particle source the beam emittance has to 
be kept constant over the complete beam transport system 
and acceleration procedure. Even more it is the so-called 
slice emittance that determines the SASE process: During 
its path along the undulator the bunch interacts with the 
emitted light and micro bunches (slices) are formed that 
define the coherent emission. The measurement of these 
slice emittances requires time resolutions of smaller than 
pico seconds. In general it is based on transverse 
deflecting RF structures that shear the bunch e.g. into the 

vertical plane to project the horizontal versus longitudinal 
bunch profile onto a screen and a streak camera. Using 
this technique a time resolution of sub-pico seconds is 
achieved and the emittance of the micro bunches can be 
obtained. An example of such a measurement, obtained at 
FLASH is shown in Fig. 14. The length of the slices in 
this case corresponds to 30 femto seconds. 

Figure 14: Slice emittance measurement at FLASH.   
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PERFORMANCE OF AND FIRST EXPERIENCES WITH THE LHC BEAM 
DIAGNOSTICS 

O. R. Jones*, CERN, Geneva, Switzerland 
 

Abstract 
During the 2008 LHC injection synchronisation tests 

and the subsequent days with circulating beam, the 
majority of the LHC beam instrumentation systems were 
capable of measuring their first beam parameters [1]. This 
included the two large, distributed, beam position and 
beam loss systems, as well as the scintillating and OTR 
screen systems, the fast and DC beam current transformer 
systems, the tune measurement system and the wire 
scanner system. The fast timing system was also 
extensively used to synchronise most of this 
instrumentation. This presentation will comment on the 
results to date, some of the issues observed and what 
remains to be done for the next LHC run. 

THE LHC BTV SYSTEM 
There are a total of 37 TV beam observation systems 

(BTV) of 7 different types installed in the LHC. Each 
BTV station is equipped with two screens; a 1mm thick 
alumina plate (scintillator) and a 12μm thick titanium foil 
to produce Optical Transition Radiation OTR. The 
alumina plates are very sensitive and can observe single 
bunches of well below 109 particles, but due to their 
thickness significantly perturb the beam. The number of 
photons emitted by the OTR is much less than that of the 
alumina screen, on the other hand the perturbation to the 
beam is minimal allowing multiple monitors to be used at 
the same time as well as multi-turn observation. 

First Results from the LHC BTV System 
During commissioning the beam was initially steered 

through the transfer lines and different sections of the 
machine using the alumina screens, producing very clear 
but completely saturated images (See Fig. 1). 

 

  

Figure 1 : The first full turn in the LHC as seen by the 
BTV system (10/9/2008). 

After this first step the OTR screens replaced the 
alumina screens as they reduced the blow-up of the beam, 
reduced the radiation due to beam losses and produced 
images well suited for analysis with good linearity and no 
saturation. The possibility of observing OTR emission for 
even the lowest intensity pilot bunches (2×109 protons) 
was due to the high sensitivity of the standard CCD 
cameras. 

The BTV monitors performed well and were 
extensively used during all the synchronization tests and 
for the first circulating beam in the LHC. They provided a 
quick, reliable tool for the operators in this initial 
commissioning phase. 

Outlook for the LHC BTV System 
Due to the expected radiation levels in the injection 

regions a gradual replacement of the standard CCD 
cameras with less sensitive radiation hard cameras is 
foreseen. This will result in losing the possibility to 
observe single pilot bunches in OTR mode.  

THE LHC BLM SYSTEM 
The purpose of the LHC BLM system is threefold: to 

protect the LHC equipment from damage; to avoid beam 
induced magnet quenches; to observe losses for machine 
parameter tuning such as the adjustment of collimators. 
The protection requirements led to the placement of 
detectors at all likely loss locations, resulting in over 4000 
installed monitors mainly around the quadrupole magnets 
and in the collimator regions. These are either 1.5 litre N2 
filled ionisation chambers or 10cm long Secondary 
Emission Monitors (SEM). The signals of almost all 
monitors are compared with pre-defined threshold values 
which, if exceeded, result in a retraction of the beam 
permit signal and consequently a beam dump. The BLM 
monitor acquisition systems for both half sectors served 
by a given access point are concentrated on the surface, 
with a redundant link to the beam interlock system 
transmitting the beam permit signal to the dump system.  

Early Performance of the LHC BLM System 
Fig. 2 shows the readings of all ionisation chambers 

around the ring during single turn operation with Beam 1. 
The bias level of the acquisition is given by the current 
injected into each channel to continuously test their status. 
A variation in this test current can be seen for the 
individual channels as a result of different settings in the 
front-end electronics. This will have to be better adjusted 
in all front-end cards before the next running period. The 
large reading left of IP1 is due to the dump of the beam 
on the TCT collimator. 

The signal to noise level can be better assessed if this 
bias current level is subtracted, giving a noise level two 

 ___________________________________________  

*Rhodri.Jones@cern.ch 
 

MOOA02 Proceedings of DIPAC09, Basel, Switzerland

07 Hadron Accelerator Instrumentation

6



orders of magnitude smaller than the signal from a pilot 
bunch of intensity 2×109 dumped on a tertiary collimator. 
This signal to noise level should be sufficient to use the 
loss patterns from a single pilot bunch of 5×109 to allow a 
subsequent safe, quenchless injection of a total intensity 
up to 5×1011. 

There were two beam induced triggers of the Quench 
Protection System (QPS) during the injection tests which 
allowed an attempt at quench reconstruction using the 
BLM system. The loss patterns observed were located 
near the centre of a bending magnet, in the dispersion 
suppressor right of IP2 and left of IP3. The impact angle 
was 250 μrad in one case and 730 μrad in the other. In 
both cases the area had sufficient BLM coverage to allow 
an attempt at reconstruction. Knowing the bunch 
intensity, impact location and loss distribution widths it 
was possible to constrain the simulations to give an 
estimate of the energy deposited in the coil. This was 
found to be ~15 mJ.cm-3 compared to the 30 mJ.cm-3 
expected.   

Outlook for the LHC BLM System 
The incident in sector 3-4 implies that almost all BLMs 

in sector 3-4 will have to be dismantled. The subsequent 
consolidation required around the LHC means that in the 
other warmed sectors, at every other quadrupole magnet, 
some BLMs and cable trays have to be dismounted, while 
in the sectors remaining cold the new cable tray 
installation for the upgraded QPS will impact BLM 
installations. In addition to this unforeseen work, some 
consolidation was already planned to improve the system 
after the experience with first beam in the machine: 

• Separation of the high voltage supply cables for the 
SEM and ionisation chambers. This aims to reduce 
the observed cross talk between the two systems. 

• Implementation of a system to allow a full remote 
reset of the front-end electronics. This will involve 
the addition of a small mezzanine card to all front-
end electronics cards. 

• Noise check of the signal cable network. Any poor 
connections or cables will be repaired. 

Some additional work is also foreseen on the BLM 
software, notably: 

• The design of an application to allow the BLM 
threshold settings to be loaded and checked in the 
database. 

• The test of a software package for handling machine 
critical settings along with the definition of 
procedures for manipulation of those settings. 

THE LHC BPM SYSTEM 
The LHC BPM system is comprised of 1054 beam 

position monitors, the majority of which (912) are 24mm 
button electrode BPMs located in all arc quadrupole 
cryostats (SSS). The remaining BPMs are enlarged 
(34mm or 40mm) button electrode BPMs mainly for the 
stand alone quadrupoles, or stripline electrode BPMs used 
either for their directivity in the common beam pipe 
regions or for their higher signal level in the large 
diameter vacuum chambers around the dump lines. 

The beam position acquisition electronics is split into 
two parts, an auto-triggered, analogue, position to time 
normaliser [2] which sits in the tunnel and an 
integrator/digitiser/processor VME module located on the 
surface. Each BPM measures in both the horizontal and 
vertical plane, resulting in a total of 2156 electronic 
channels. 

First Results from the LHC BPM System 
The beam threading mode was used to provide the first 

turn position data to the operator GUI. This is a totally 
asynchronous acquisition mode, where any triggers 
obtained within a specified gate are stored, processed & 
published. From the very first shot into LHC the BPM 
system gave excellent results whilst operating in this 
mode. Combined with the powerful on-line optics 
software available it allowed quick diagnostics to be 
made on BPM polarity and machine optics errors. 

Figure 2 : BLM readings along the ring (logarithmic scale). In green the integrated signal from each ionisation 
chamber over the last 5.2 seconds updated every second. In red the corresponding threshold setting for each monitor. 
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Test of the Intensity Limit for the BPM System 
The LHC BPM system can work in one of two 

sensitivity ranges – high or low. The threshold for the 
sensitivity change is conceived such that any reflections 
at the level of -20dB do not retrigger the system. In the 
high sensitivity setting the BPM system was foreseen to 
work correctly with bunch intensities in the range 2×109 
to 2×1010 protons, with the low sensitivity working from 
2×1010 to 2×1011 protons. In order to test the lower limit 
for auto-trigger detection the bunch intensity was varied 
from below 1×109 to around 3×109, while counting the 
number of correctly triggered BPMs in the arc of Sector 
2-3. Fig. 3 shows the results obtained, along with the 
predicted performance of a typical electronics channel 
measured in the laboratory. The lower limit for correct 
BPM functioning can therefore be stated as being 1.5×109 
protons per bunch. 

Early Performance of the LHC BPM System 
The performance of the LHC BPM system has been 

characterised for very low intensity, single bunch 
operation both in trajectory and orbit mode. From the 
trajectory analysis of 31 injections during the 
synchronisation tests for Beam 1 the overall rms variation 
in position over a timescale of some ten minutes was 
generally seen to be between 150-400μm. This order of 
magnitude is consistent with the electronic noise 
estimations shown in Fig. 3 for bunch intensities in the 
range 2×109 to 5×109 protons. 

Once the beam started to circulate for more than 1 
second, the asynchronous orbit acquisition of the BPM 
system (IIR mode) could be used. This provides an update 
of the average orbit over the last few thousand bunch 
positions every second. The data for this mode is routed 
via the orbit feedback controller, which republishes it to 
external clients. This allowed much of the acquisition 
module of the orbit feedback system to be tested and 
debugged with real data. The operator GUI was capable 
of retrieving and displaying this data, providing a 
continuous update of the orbit at 1Hz. 

Fig. 4 shows the results of some 15 minutes worth of 
horizontal orbit data, with similar results obtained in the 

vertical plane. It can be seen that the rms noise on the 
measurement for the majority of the machine is between 
5μm and 15μm. The alternating high/low noise peaks 
follow the beta function (with 45° BPM sampling), 
indicating that a large fraction of this noise results from 
the beam itself, induced by the known corrector dipole 
power converter current ripple. The resolution of the 
BPM system in orbit mode with a single pilot bunch is 
therefore better than ~5μm. 

An oscillation of the position in Point 2 and a drift of 
the position in Point 4 are also clearly visible. These 
variations were traced to changes in the air temperature of 
the surface electronics racks in these locations and may be 
unacceptable for nominal LHC operation. Investigations 
are therefore underway to try to eliminate this problem. 

Outlook for the LHC BPM System 
The main consequences of the Sector 3-4 incident are: 
• The dismounting, test and re-installation of the 

BPMs and electronics in the damaged area. 
• The test of all BPM electrodes in-situ for 

contamination after cleaning. 
• The addition of spring clamps on the BPM ports for 

all sectors remaining cold, which implies the 
disconnection & re-connection of over 2000 
external BPM cables. 

Due to these interventions, over half of the machine 
will have to be re-commissioned. A BPM intensity card 
[3] will also be installed throughout the machine to allow 
each BPM to give intensity information. 

THE LHC TUNE, CHROMATICITY AND 
COUPLING MEASUREMENT SYSTEMS 
The LHC base-line tune, chromaticity and coupling 

measurement system consists of three independent 
acquisition chains per beam and relies on the diode-based, 
base-band-tune (BBQ) technique developed for the LHC 
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and now also used in all CERN synchrotrons. The layout 
of these systems is described in detail in [4]. 

Of the three systems per beam, the first is dedicated to 
passive beam spectra observation and ensures a 
continuous data logging for post-mortem analysis, passive 
beam quality monitoring and fixed displays in the control 
room. This passive system observes any residual beam 
oscillations or externally produced beam excitation. 

The second system is intended for ‘on-demand’ tune 
measurement, with excitation provided using dedicated 
tune kickers or fast frequency sweeps (‘chirp’ signals) via 
the LHC transverse damper. 

The third system is dedicated to Phase Locked Loop 
(PLL) tune operation, again using the transverse damper 
as excitation source. 

While the PLL hardware has been commissioned, the 
limited time did not permit a PLL setup with beam. 
Excitation via the tune kickers was also not attempted. 

First Results from the LHC Q, Q’ & |C| Systems 
An extensive report on all the initial results from these 

systems can be found in [5]. Fig. 5 shows the tune spectra 
and corresponding turn-by-turn data before and after 
correction of the horizontal tune for beam 2, which was 
initially close to the half-integer resonance. The shift in 
the horizontal tune and increased number of detected 
turns (i.e. lifetime) after the tune trim are clearly visible. 
The availability of this system at a very early stage, 
capable of tune measurement with a limited number of 
turns, provided a means to quickly adjust the injection 
tunes. This allowed the beam to circulate long enough to 
attempt the first RF beam capture. 

 

This system was also used in conjunction with chirp 
excitation via the transverse damper giving a first 
estimate for coupling in the LHC, which was found to be 
|C| ≈ 0.07. 

Outlook for the LHC Q, Q’ & |C| Systems 
The next step required to fully commission the LHC 

tune, chromaticity and coupling systems will be to turn on 

and optimise the PLL tune systems. This will allow 
chromaticity measurement via RF modulation and also 
the first attempts at tune, coupling and chromaticity 
feedback. 

The other special transverse and longitudinal monitors, 
namely the head-tail/instability monitors, the wall current 
monitors and the Schottky monitors remain to be fully 
commissioned.  

THE LHC BCT SYSTEM 
Beam current transformers of two different kinds 

provide intensity measurements for the beams circulating 
in the LHC rings, as well as for the transfer lines from the 
SPS to LHC and from LHC to the dumps. 

The LHC BCTDC Systems 
The DC current transformers (BCTDC) measure the 

mean current of the circulating beam. Because of their 
operational importance, two independent systems are 
installed per ring. Four ranges, provided simultaneously, 
are used to cover the entire beam dynamic range from a 
few 109 to 5×1014 protons (~3μA to ~900mA) [6].  

First Results from the LHC BCTDC System 
The main application used to view the BCTDC 

acquisition was a fixed display which was refreshed once 
per second. Fig. 6 shows such an acquisition for Beam 2 
on September 12th 2008, with 4 successive injections of a 
single pilot bunch ranging in intensity from 3.5×109 to 
6×109 protons and circulation times of 100 seconds to 40 
minutes. The BCTDC used for this measurement was the 
operational system (A) while the spare (B) was kept for 
test and development. The automatic range selection was 
set to the highest sensitivity with a full scale of 5×1011 
protons. 

The noise on the signal corresponds to an rms of 7×108 
protons for a one second integration time, which is 
equivalent to 1.3µA. A similar value is found for the slow 
fluctuations observed over several hours. This result is 
very good and meets expectations, although it is also a 
reminder that the BCTDC can only measure single pilot 
bunches with a limited accuracy of around 20%. A small, 

Trim of QH

Figure 6 : First circulating beam in ring 2 seen by 
BCTDC A (12/9/2008). 

Figure 5 : First measurement and correction of tune using 
the LHC BBQ system. 
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negative offset of ~2.5×109 (4.5µA) was also observed 
and will be automatically corrected for in the future. 

The LHC Fast BCT (BCTFR/BCTFD) Systems 
The LHC fast BCT systems are capable of measuring 

bunch to bunch intensity on a turn by turn basis [7]. Four 
such systems are installed in the LHC ring – one 
operational system and a hot spare for each beam. Each 
system has two parallel measurement bandwidths 
acquiring simultaneously with two different gains. 
Similarly two systems per beam are installed in the LHC 
dump lines. The dump line fast BCTs do not measure 
bunch to bunch, but give only the total intensity. 

First Results from the BCTFR System 
During the early injection tests where the beam passed 

through LSS4R, and in the subsequent commissioning 
with circulating beam the fast BCT was used in capture 
mode, triggered by the RF pre-injection pulse, to observe 
the LHC pilot bunch with intensities ranging from 2×109 
to 6×109 protons. 

This short time with beam in the LHC was very useful 
to verify the correct functioning of the complete 
acquisition chain from detector to the operator GUI. 
There are still numerous things to be addressed before the 
full functionality of the system is reached, including 
commissioning of the lifetime algorithm and items related 
to the machine-protection system such as safe beam flag 
transmission and fast beam current decay monitoring. The 
detectors and acquisition chains of the fast BCTs in the 
dump line still remain to be commissioned.  

THE LHC WIRESCANNER SYSTEMS 
A total of 8 linear wire scanners are installed in the 

LHC for measuring the transverse density profile of the 
beam. Each beam is equipped with 2 wire scanners in 
both horizontal and vertical planes, with one available for 
operation and the other intended as a fully functional 
back-up. The scanning speed of these systems is 1 ms-1. 

First Results from the BWS System 
Only beams with very low intensity were available for 

testing the LHC wirescanners (2×109 to 6×109 protons 
circulating at 450 GeV). The first profiles were obtained 
with the electronics working in turn by turn mode, which 
does not distinguish between individual bunches. Due to 
the low intensity the measured profiles are quite noisy, but 
still well defined. Shown in Fig. 7 is the vertical profile 
acquired for Beam 2. 

Outlook for the LHC Wirescanner System 
It is intended to implement the individual bunch 

acquisition mode ready for use during the next LHC run. 
This will use the standard BI Digital Acquisition Board 
(DAB64x) fitted with the 40MHz integrator mezzanine 
cards of the fast BCT system. In this mode a profile can 
be produced for one or several arbitrarily selected 
bunches. 

SUMMARY 
The first few days of LHC running proved to be a very 

successful time for all the Beam Instrumentation systems. 
This was in no small part thanks to the years of planning, 
installation, testing and hardware commissioning carried 
out by all members of the BI Group with the help of many 
other Groups & external collaborators. 

There is still a lot of work remaining to be done, 
however. A near complete re-commissioning of the BPM 
and BLM systems will be required after major 
interventions both in sector 3-4, and in the other sectors 
being consolidated as a result of the sector 3-4 incident. 
There are significant improvements being made to the 
synchrotron light monitor optical layout after the initial 
installation experience and it is also foreseen to install the 
three remaining US-LARP collision rate monitors (fast 
ionisation chambers) for the high luminosity interaction 
regions. 
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Abstract 
 We present the design and the performance of the 

beam diagnostic system of XFEL/SPring-8. The XFEL 
facility requires sub- m resolution beam position 
monitors (BPM), screen monitors with less than 10 m 
resolution, high-speed beam-charge monitors and a 
temporal structure measurement system with less than 10 
fs resolution. We developed an rf cavity BPM system that 
uses the TM110 mode at 4760 MHz. The estimated 
position resolution was 0.2 m. For the screen monitor, 
we designed a custom lens system having 2.5 m 
resolution and variable magnifications from 1 to 4. For 
the charge measurement, we developed a high-speed 
differential current transformer (CT). The rise time of the 
CT signal was 0.2 ns and common-mode noise was 
considerably reduced. To measure the temporal beam 
structure, we developed a C-band (5712 MHz) transverse 
deflecting cavity that has a disk-loaded backward 
traveling wave structure. This cavity can resolve a beam 
into a few fs fragments. Thus, the beam-diagnostic system 
satisfies the demands of the XFEL accelerator. 

INTRODUCTION 
An x-ray fre-electron laser facility at SPring-8 

(XFEL/SPring-8) [1] is under construction to generate 
coherent and extremely intense x-rays, where various new 
applications are expected in life sciences, material 
sciences, etc. The target wavelength is less than 0.1 nm. 
The XFEL light is generated by a self-amplified 
spontaneous emission (SASE) process. 

A schematic layout of the XFEL facility is illustrated in 
Fig. 1. An electron beam with a normalized emittance of 
0.6  mm mrad is generated by a thermionic electron gun. 
The beam is accelerated to 8 GeV by the following series 
of rf accelerator cavities: 238 MHz pre-buncher, 476 MHz 
booster, L-band (1428 MHz), S-band (2856 MHz) and C-
band (5712 MHz) accelerators. In the mean time, the 
bunch length is shortened from 1 ns to 30 fs by using a 
velocity bunching process of the sub-harmonic 
acceleration cavities and a bunch compression process of 
the three magnetic chicanes. Finally, the peak current 
becomes 3 kA without substantial emittance growth. The 
electron beam is finally fed into in-vacuum undulators, 
and an XFEL light is generated. The undulator period is 
18 mm and the maximum K-value is 2.2.  

In order to maintain the high gain SASE process at an 
x-ray wavelength, we need to monitor the beam position, 
the transverse beam profile, the beam charge, the beam 
arrival timing and the temporal bunch structure at each 
acceleration stage. The resolution of the beam-position 

monitor in the undulator section is required to be less than 
0.5 m so as to maintain an overlap between the electron 
beam and radiated x-rays with 4 m precision. The 
transverse beam profile should be measured with a spatial 
resolution of less than 10 m. The required resolution of 
the temporal bunch structure is less than 10 fs. 

In this paper, firstly we show an overview of the beam 
diagnostic system, and then we describe the design and 
the performance of each diagnostic device.  

OVERVIEW OF THE BEAM 
DIAGNOSTIC SYSTEM 

The diagnostic system of XFEL/SPring-8 [2,3] consists 
of high-resolution rf cavity beam position monitors (RF-
BPM), precise screen monitors (SCM), high-speed 
differential current transformers (CT) and a transverse rf 
deflector system. The quantities of these monitors are 
summarized in Table 1, and are shown in Fig. 1. A detailed 
description of each monitor is given in the next section.  

 

DESIGN AND PERFORMANCE OF EACH 
DIAGNOSTIC DEVICE 

RF Cavity BPM 
Since the details of the RF-BPM are reported in Ref. 

[4], we summarize the performance of the RF-BPM. The 
RF-BPM cavity consists of two cylindrical cavity 
resonators: a TM110 dipole resonator for the position 
detection and a TM010 monopole resonator for the phase 
reference and the bunch charge measurement. We 
designed an RF-BPM cavity with a resonant frequency of 
4760 MHz and a detection electronics equipped with an 
IQ (In-phase and Quadrature) demodulator. We tested the 
RF-BPM system in the SCSS test accelerator [5] with a 
250 MeV electron beam and a 0.3 nC bunch charge. The 
position resolution was 0.2 m and the beam arrival 
timing resolution of the TM010 cavity was 25 fs. 

Screen Monitor 
The transverse beam profile is monitored by a SCM. 

We use a fluorescent screen, such as Ce:YAG for a low- 

Table 1: Summary of the Number of Beam Monitors 

 Number of Monitors 

RF cavity BPM 56 

Screen Monitor 43 

Current Transformer 30 

Transverse RF Deflector 1 

 ___________________________________________  
#maesaka@spring8.or.jp 
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energy beam (less than 100 MeV) and an optical 
transition radiation (OTR) screen for a high-energy beam.  

To achieve the required spatial resolution of less than 
10 m, we newly designed an imaging system [6] 
comprising a custom lens system and a motorized zoom 
mechanism from 1x to 4x. Figure 2 shows a photograph 
of the imaging system. The OTR light from the screen 
passes through the lens, and forms an image on the CCD 
camera. The lens and the camera are mounted on 
motorized stages so that both the magnification and the 
focus can be adjusted remotely. The optical resolution 
was 2.5 m from a measurement of a grid distortion 
target. 

 We prepared a thin stainless-steel screen (0.1mm-
thick) for an OTR radiator, as shown in Fig. 3, to reduce 
the radiation damage to other components due to the 
beam divergence. The central elliptical part is the 0.1mm-
thick radiator and it is supported by a 1mm-thick frame. 
This screen is a stack of ten 0.1mm-thick foils processed 
by a photo-etching technique, and these foils are unified 
by a diffusion bonding method. The surface roughness of 
the screen is several 10 nm and the flatness is 3 m. 

The SCM system was installed into the SCSS test 
accelerator and tested with an electron beam. Figure 4 (A) 
shows an OTR image of an electron beam horizontally 
squeezed by Q-magnets. The horizontal width of this 
image was evaluated to be 13 m (standard deviation), 
which is consistent with the natural divergence due to the 
beam emittance. Almost the same image as OTR was 
observed with a Ce:YAG screen, as shown in Fig. 4 (B).  

Current Transformer 
The main purposes of the CT are beam charge 

measurements to monitor the appropriate beam 
transportation and the beam arrival timing measurement 
to adjust the timing of accelerator components. In the 
SCSS test accelerator, some commercial CTs are used for 
these purposes. However, we found that the CT signal 
was influenced from substantial noise coming from the 
thyratron of a klystron power source. Therefore, we 
developed a high-speed differential CT [7] so as to reduce 
the noise and to improve the temporal response. 

A schematic view of the differential CT is shown in Fig. 
5. The CT has four outputs: two are positive and the 
others are negative. By subtracting a negative signal from 
a positive one, we can remove any common-mode noise. 
Since the pickup coil is of single turn, the rise time of the 
output pulse is expected to be small. The beam-position 

Figure 1: Schematic layout of the XFEL facility.  The number of monitors for each section is also shown. 

Figure 4: Beam images taken by (A) an OTR screen 
and (B) a Ce:YAG screen. The magnification of the 
lens is 4. The horizontal beam size is minimized by Q-
magnets. 

(A) OTR (B) Ce:YAG 

13.4 m 
(std.dev.) 15.8 m 

(std.dev.) 

Figure 2: Photograph of the screen monitor. 

Figure 3: Thin stainless steel OTR screen. 

Figure 5: Schematic view of the differential CT. 
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dependence is eliminated by averaging the signals from 
all four ports. 

We tested the differential CT in the SCSS test 
accelerator. Some waveforms of the signals are plotted in 
Fig. 6.  A sharp pulse signal was obtained, and the rise 
time was 0.2 ns. External common-mode noise was 
reduced to 1/10. Thus, the design performance of the 
differential CT was confirmed. 

Transverse RF Deflecting Cavity 
We use a transverse rf deflecting cavity (RFDEF) to 

measure temporal bunch structures of an electron beam, 
such as the slice emittance and the energy-vs.-time 
distribution. An electron beam is swept by transverse 
deflecting rf fields and the temporal profile is converted 
to a transverse distribution. When we set the center of the 
bunch to rf phase of zero-crossing, we can linearly stretch 
the temporal structure. 

An RFDEF cavity, named RAIDEN [8], was newly 
designed as illustrated in Fig. 7. The structure of 
RAIDEN is a periodically disk-loaded waveguide that has 
race-track-shaped irises to separate horizontal and vertical 
modes. The resonant frequency is selected to be the C-
band (5712 MHz) so as to fully utilize the C-band 
accelerator resource and to obtain a higher deflecting 
voltage. The resonating mode is the HEM11-5 /6 mode 
of backward travelling-wave type. The basic performance 
of the RAIDEN cavity was confirmed by a low-level rf 
measurement of a 7-cell model. 

The RFDEF system will be installed downstream of the 
third bunch compressor. We use two 1.7m-long RAIDEN 
tubes powered by a 50 MW klystron and generate a 
deflecting voltage of 40 MV at the crest phase. The 1.4 
GeV electron beam can be resolved with a few fs 
precision by the RFDEF. The transverse distribution of 
the stretched beam is recorded by the above-mentioned 
SCM after a 5 m drift space. Although we have the 
RFDEF at the third bunch compressor only, we can 
measure the temporal structure at the first and second 
bunch compressors by using bypass lines of second and 
third bunch compressors.  

SUMMARY AND PROSPECTS 
We developed an rf cavity BPM, a screen monitor, a 

current transformer and a transverse rf deflector for 
XFEL/SPring-8. The position resolution of the RF-BPM 
system was 0.2 m. The optical resolution of the OTR 
screen monitor was 2.5 m. The rise time of the CT 
output pulse was 0.2 ns and common-mode noise was 
eliminated. The performance of a C-band RAIDEN cavity 
for the transverse rf deflector system was confirmed by a 
low-level rf measurement. Thus, the performance of the 
developed beam-diagnostic system is sufficient to monitor 
the electron beam of the XFEL facility. 

The design work of the beam diagnostic system is 
almost complete, and mass-production has just started. 
Installation of accelerator components will start from July 
2009. The first XFEL light will be generated in  2011. 
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Figure 7: Schematic drawing of the C-band RAIDEN 
cavity. A photograph of a cell piece is also shown. 

Figure 6: Waveforms of the differential CT. 
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HIGHLIGHTS FROM BIW08 

F. Sannibale, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Abstract 
The 13th edition of the Beam Instrumentation Workshop 
(BIW08) took place at the Granlibakken Conference 
Center on the beautiful shores of Lake Tahoe in 
California during the first week of May 2008. About 130 
participants registered for the workshop. Included in the 
program during the three and a half days were three 
tutorials, eight invited and seven contributed oral 
presentations, and more than 50 poster contributions. A 
discussion group session and the vendor exhibition 
simultaneously held with the single day poster session, 
afforded many opportunities for informal discussion and 
idea exchange between attendees. During the workshop, 
the 2008 Faraday Cup Award that recognizes innovative 
achievements in beam diagnostics was also presented. In 
this talk, I will present the highlights from BIW08. The 
overall quality of the contributions was notably high, 
which made the selection of the topics for this talk quite 
difficult. Although I endeavoured to produce a balanced 
choice of highlights, the final list is surely incomplete due 
to time limitations of the talk, and also it unavoidably 
reflects my personal point of view and preferences. 

INTRODUCTION 
When the DIPAC09 Programme Committee proposed 

me to present a talk and write this contribution on the 
highlights of the 2008 edition of the Beam 
Instrumentation Workshop (BIW08), the first question I 
asked myself was: why a highlights talk? 

 Several answers came soon to my mind. First, it could 
be a good way to inform people in the community that did 
not attend BIW08 on what happened and on what 
interesting was presented during the workshop. Second, it 
could stimulate a tighter link between the two main 
international workshops on beam diagnostics and 
instrumentation that alternates every other year between 
Europe and USA. Last but not least (for me), the 
preparation of the talk and paper would give me a unique 
chance and opportunity to read and learn from the large 
number of contributions presented during the workshop. 

 So I decided to accept the challenge and soon started to 
work on it. Of course, as everything in this world, there 
are always drawbacks in every situation, and this one was 
not an exception. The quality of most of the contributions 
was significantly high and for obvious time and space 
limitations only a limited number of highlights could be 
picked. This made the selection process very difficult. 
Additionally, even for the selected contributions, only few 
slides and paragraphs could be used. The forced choice 
was to describe only general concepts without many 
details in the attempt of stimulating the reader interest and 
to refer to the BIW08 proceedings for deeper information. 

The selection criteria used in the highlights choice 
included novelty, originality, broadness of interest, quality 

of the work and so on. At the same time, when possible 
and reasonable, an attempt of spreading the choice over 
different fields, particle species, and geographical 
locations was done. 

Unavoidably, personal interest and bias played a role in 
the selection as well, and I apologize in advance to the 
authors of those contributions that have been 
undeservedly excluded from this incomplete list of 
highlights. 

OLD & NEW IN BIW08 
With BIW08, the Beam Instrumentation workshop was 

at its 13th edition. The structure of the workshop gradually 
evolved over the years into the present shape that has 
been pretty much constant over the last editions. BIW08, 
during the three and half days included 3 tutorial talks, 8 
invited and 7 contributed oral talks, plus two special talks. 
The single poster session included ~ 50 contributions and 
was held simultaneously with the vendor exhibition in 
order to facilitate informal discussion and information 
exchange. The workshop also included a more formal 
discussion session and the presentation of the 10th 
Faraday Cup Award, sponsored by Bergoz 
Instrumentation and assigned by the BIW Program 
Committee to the authors of innovative beam 
instrumentation [1]. 

BIW registered ~ 130 attendees and 9 vendor exhibitors 
and for the first time in this edition two new initiatives 
were introduced. Partial financial support for graduate 
and under-graduate students was offered, and the 
proceedings of the workshop were published on the 
JACoW open World Wide Web database [2]. With these 
initiatives, the BIW Program Committee tried to boost the 
interest to beam diagnostics in new generations of 
engineers and physicists, and to facilitate a free and wider 
diffusion of the workshop publications.  

More information on BIW08 can be found elsewhere 
[3]. 

CONTRIBUTIONS HIGHLIGHTS 
The selected highlights will be presented by loosely 

following the contribution category, starting with the 
Faraday Cup Award, going through tutorial, invited and 
oral contributions, and finishing with posters.  

Faraday Cup Award 
The 10th Faraday Cup Award was assigned to Suren 

Arutunian of the Yerevan Physics Institute of Armenia for 
the invention, construction and successful test of the 
diagnostic system "A Vibrating Wire Scanner" [4]. 

Figure 1 shows a 3D view of the core part of the 
instrument. A metallic wire is stretched through a region 
where the magnetic field due to a couple of permanent 
magnets situated on the wire support itself is present. 
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An oscillating current is then applied to the wire that 
due the presence of the magnetic field starts to oscillate. 
The wire is part of a tuned oscillator circuit that drives the 
oscillation on the natural mechanical resonance of the 
wire (typically at few kHz). If the cable is now scanned 
through the beam under measurement, the interaction of 
the cable with the beam ultimately generates heating with 
consequent temperature change and dilation of the wire. 
Such dilation causes a variation in the wire mechanical 
resonance with frequency shift proportional to the number 
of particles in that part of the beam that is interacting with 
the wire. By scanning the wire and recording the 
frequency shift at each position it is then possible to 
measure the beam profile. 

 

 
Figure 1: Vibrating wire scanner. Courtesy of 
S. Arutunian. 

The vibrating wire monitor presents a relatively slow 
response time (tenths of seconds per single position 
measurement when the system is in air, seconds when in 
vacuum). On the other hand, it is very sensitive, showing 
its best performance when measuring low intensity beams 
and halos. The system has been already successfully 
tested with ion, proton, electron and photon beams. In a 
particularly interesting application at the Advanced 
Photon Source in Argonne, the vibrating wire monitor 
was used with hard x-ray synchrotron radiation to 
perform quality beam profile measurements [5]. In such 
application the monitor was installed in air downstream a 
thick flange of the storage ring vacuum chamber. The 
flange absorbed all the synchrotron radiation apart for 
hard x-ray photons with energy sufficient to go through 
the thick vacuum flange. 

Tutorials 
Tutorial talks are a unique characteristic of BIW. The 

long time allocated for the presentation (75 min plus 15 
min of discussion) makes of these contributions 
something more close to a lecture than to a talk. Speakers 
are selected among experts on the topic and are requested 
to explain the matter starting from basics. Tutorials target 
mainly newcomers and experts from other fields that are 
interested to learn more about the presented topic, but are 
actually welcomed and appreciated by most of the 
attendees. 

At BIW08 the three tutorial topics included lasers in 
beam diagnostics, vacuum technology in accelerators, and 
digital signal processing using field programmable gate 

arrays (FPGA). It was quite difficult deciding among the 
three excellent contributions, but at the end I selected the 
tutorial on FPGAs by Javier Serrano [6] for the complete 
and exhaustive presentation and for the importance that 
the FPGA technology is being assuming in accelerator 
physics. As a proof of this, a significant number of FPAG 
applications were presented during the BIW08 poster 
session [7-10]. 

In his tutorial Serrano historically introduces the 
argument, explains the main components and architecture 
of FPGAs and their functionality. All the design phases 
and steps that allow transforming abstract ideas into a real 
digital circuit are clearly described. The focus of the 
tutorial is concentrated on digital signal processing using 
FPGAs, which plays a central role in beam diagnostics 
and instrumentation applications. Special emphasis is also 
given to the design techniques for a “safe design” that 
avoids undetermined and/or inconsistent states. 

In summary, the tutorial was a comprehensive and clear 
presentation of the subject, useful to beginners, curious 
ones but also to the more experts. 

Invited Talks 
The invited talks were selected by the BIW08 Program 

Committee at the time when the LCLS, the hard x-ray 
free electron laser at SLAC, was in the initial part of the 
commissioning, and the LHC teams at CERN were 
refining their tools and instruments in preparation for the 
incoming commissioning. The talks reflected such a 
situation with an invited by J. Frisch dedicated to the first 
beam measurements at the LCLS [11], and a couple of 
talks on two among the “hottest” issues in the design of 
the CERN collider, “LHC machine protection” by B. 
Dehning [12], and “radiation damage in detectors and 
electronics” by R. Lipton [13]. The future of the high 
energy physics based on accelerators was presented by a 
motivating talk by M. Zisman with title “future 
accelerator challenges in support of high-energy physics” 
[14], while the talk “The CLIC Test Facility 3 
instrumentation” by T. Lefevre [15] described the activity 
of the group at CERN working for demonstrating the 
technology for future high energy colliders. Two of the 
talks were reviews of beam diagnostics techniques with 
are receiving great attention in the community, “electro-
optic techniques in electron beam diagnostics”, by J. van 
Tilborg [16] and “transition, diffraction and Smith-Purcell 
radiation diagnostics for charged Particle Beams”, by R. 
Fiorito [17]. The last invited was presented by the author 
of this paper presenting some new measurement 
techniques and instrumentation developed at the 
Advanced Light Source (ALS)  in Berkeley [18]. The 
remaining part of this section includes more details on 
four of these invited contributions. 

In his talk, Frisch, presented a number of impressive 
measurements at LCLS showing an already high level of 
beam characterization after a relatively short period of 
commissioning. Figure 2 shows an example of such 
measurements where the longitudinal phase space 
occupied by the beam was measured using in combination 
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a transverse deflecting cavity and a spectrometer. The 
results were already showing the beam quality that would 
allow the LCLS to successfully lase at Angstrom 
wavelengths in spring 2009.  

An unexpected presence of coherent radiation at the 
OTR screens along the linac made those profile monitors 
diagnostics unusable, and indicated the presence of 
longitudinal structures in the bunch with characteristic 
length comparable (and probably shorter) than visible 
wavelengths. Beam profiles measurements were 
performed by using wire scanners. 

 

Figure 2: Beam longitudinal phase space measured after 
the first LCLS bunch compressors. The vertical is the 
time axis and the horizontal is the energy one. Courtesy of 
J. Frish. 

In his complete and clear review of electro-optic 
techniques in beam diagnostics, van Tilborg started with a 
theoretical introduction followed by an extensive 
description of the different schemes, including time and 
frequency domain, scanning and single shot applications. 
Numerous experimental data per each of the schemes 
were also included.  

 

 
Figure 3: Inductive beam position monitor with 100 nm 
resolution under development at CTF3. Courtesy of 
T. Lefevre. 

 
CTF3 facility at CERN has been primarily built to 

demonstrate by 2010 the key technological challenges for 
the construction of CLIC a high luminosity 3TeV e+-e- 
collider based on the “two-beam” accelerator scheme. 

Lefevre in his talk pointed out that another major task 
of CTF3 is to develop and demonstrate the challenging 
beam diagnostic for the main linac of CLIC. For example, 
beam position monitors with 100 nm resolution, 

femtosecond synchronization techniques and high 
dynamic range beam imaging systems with up to 5 orders 
of magnitude dynamic range are required. Figure 3 show 
one of the high resolution beam position monitor under 
characterization at CTF3. 

A novel bunch length monitor developed at the ALS 
was presented by the author of this paper. In all real 
accelerator, the longitudinal bunch distribution is never 
completely smooth and shows a random modulation of 
the profile. Due to different reasons (longitudinal 
dispersion, shot to shot variations, etc.) such a modulation 
changes turn to turn in circular machines, or shot to shot 
in linear ones. These randomly changing modulations are 
ultimately responsible for the incoherent radiation emitted 
by the bunch. If the intensity of the radiation is measured 
passage to passage it will show random fluctuations as 
well. It has been shown [19] that the absolute length of 
the radiating bunch can be measured by measuring the 
passage-to-passage variance of the radiation intensity in a 
part of the spectrum where the emission is fully 
incoherent. The ALS monitor implements this idea in a 
simple, non-destructive scheme that can be used with any 
kind of radiation, in both circular and linear accelerators, 
including those cases where the very short length of the 
bunches makes difficult the use of other techniques. The 
monitor was successfully tested at the Advanced Light 
Source using synchrotron radiation from a dipole [20]. 

Contributed Orals 
Among the contributed oral talks, the one by P. 

Evtushenko on profile measurements using optical 
diffraction radiation (ODR) performed at CEBAF [21] is 
representative of the increasing interest on ODR for 
performing non-desctructive beam profile measurements. 
Indeed at BIW08, three contributions concerning ODR 
based diagnostics were presented. The invited talk by 
Fiorito [17] offered a complete review of OTR, ODR and 
Smith-Purcell based diagnostics systems, from both the 
theoretical and experimental point of view. The 
mentioned oral contributed by P. Evtushenko, presented 
instead a number of ODR measurements with a 4.5 GeV 
and several tens of μA beam at CEBAF. The results 
showed the potential use of ODR as relative beam size 
monitor.  

 
 

 
Figure 4: OTR vs. ODR comparison measurement 
performed at the Advanced Photon Source. Courtesy of A. 
Lumpkin. 
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Because of the diffraction radiation characteristics, a 
significant number of photons in the visible range can be 
obtained only at high beam energies and high average 
currents. In their poster contribution [22], A. Lumpkin 
and collaborators investigated the possibility of using 
ODR as diagnostic for beams with relativistic gamma 
factor “down” to the thousand range. Figure 4 shows an 
example of the ODR measurements performed at the 
Advanced Photon Source at Argonne. 

Posters 
Choosing the poster highlights was surely the most 

difficult task. Among the large number of contributions, I 
made a first selection that included ten posters [23-32] 
followed by another one that brought down the number to 
three. 

The contribution by J. Munson and collaborators was 
selected because of two reasons. First, as the longest 
paper title I ever saw: “Injection of Direct-Sequence 
Spread Spectrum Pilot Tones into Beamline Components 
as a Means of Downconverter Stabilization and Real-
Time Receiver Calibration”. Secondly and more seriously, 
because of the particularly interesting content. They 
describe a successful bench test at TJNAF of a technique 
that allows combining a reference/calibration tone with a 
beam signal without deteriorating the beam signal. In 
order to do that, a special technique was used. Pseudo-
random numbers were generated and used to code the 
tone signal expanding it into a large number of normal 
components with individual intensities at the noise level. 
The coded signal was then combined with a simulated 
beam signal and sent to a receiver. The signal at the 
receiver can be used as it is for the beam signal analysis, 
or by reversing the coding process the tone can be 
extracted from the signal and used for calibration 
purposes. 

The contribution by T. Hoffman and co-authors, “Beam 
Quality Measurements of the Synchrotron and HEBT of 
the Heidelberg Ion Therapy Center”, is representative of 
the significant activity devoted worldwide to the study 
and development of cancer therapy accelerators. Beam 
diagnostics in cancer therapy facilities plays a very 
peculiar role. Reliability, calibration and precision are 
obviously mandatory and of paramount importance in 
such machines. The poster describes the measurements of 
the carbon beam slow extraction (“spill”) at the 
Heidelberg facility in Germany. The spill structure is 
redundantly measured by using ionization chambers, 
scintillators and beam loss monitors. A “spill pause” is 
important and used to minimize undesired healthy tissue 
exposure. If the spill pause does not work properly a fast 
“RF knock-out” kills the beam within a spill. 

The last poster contribution that I want to mention is 
“Creating a Pseudo Single Bunch at the ALS — First 
Results” by G. Portmann. In 3rd generation light sources, 
users performing experiments requiring a long relaxation 
time are usually satisfied by dedicated special runs where 
few buckets are filled and several hundreds of ns gaps 
separate the bunches each other. Portmann and 

collaborators developed and installed in the ALS ring a 
fast kicker capable of kicking a bunch every turn (~ 1.5 
MHz repetition rate). The kicker pulse duration is less 
than 80 ns FWHM and allows kicking a single bunch in 
the middle a ~ 100 ns gap. In this way, such a bunch can 
be stably set on a displaced orbit. By collimating out the 
synchrotron radiation from the other bunches on the the 
regular orbit, a pseudo single bunch operation can be 
obtained in those beamlines where the displacement is 
sufficiently large. The paper describes the successful test 
of the scheme performed at the ALS. Multiple kicker 
schemes are also presented together with some interesting 
alternative modes of operation where the beam is kicked 
every n-th turn. 
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Abstract 
PETRA III is a new hard x-ray synchrotron radiation 
source which will be operated at 6 GeV with an extremely 
low horizontal emittance of 1 nmrad. This new facility is 
the result of a conversion of the existing storage ring 
PETRA II into a light source. The conversion comprises 
the complete rebuilding of one eighth of the 2304 m long 
storage ring, which will then house 14 undulator beam 
lines, the optical and experimental hutches, and the 
modernization and refurbishment of the remaining seven 
eighths. In addition two 100 m long damping wiggler 
sections have been installed which are required to achieve 
the small design emittance. Construction, installation and 
technical commissioning have been finished middle of 
March and then the commissioning with beam started. In 
this paper we present the results that have been achieved 
during commissioning with special emphasis on the role 
of diagnostic systems. 

INTRODUCTION 
At DESY the former storage ring PETRA II with a 

circumference of 2304 m has been converted into a 
dedicated light source PETRA III [1], [2]. This new 
source is a third generation, hard x-ray facility similar to 
APS,  ESRF and SPRING8 and serves as a supplement to 
the X-FEL which will be build at DESY. The basic 
parameters are given in table 1. 

Table 1: PETRA III parameters 

Parameter PETRA III 

Energy / GeV 6 

Circumference /m 2304 

Total current / mA 100 

Number of bunches 960 40 

Lifetime / h  24 2 

Emittance (horz. / vert.) /nm 1 / 0.01 

Number of insertion devices 14  

 
The emphasis of the conversion was on achieving a 

very small horizontal emittance and to solve the stability 
problems that are usually connected with high brightness 
beams. 

The number of insertion devices is rather modest for a 
machine of this size but this due to the fact that the 
conversion should be cost effective.  

PETRA II consisted of eight almost identical parts 
which are usually called octants. One of the octants has 
been completely removed and replaced by a new 
experimental hall of almost 300 m length and 30 m width 
(see  1). 
 
Damping wiggler sectionsDamping wiggler sections

New experimental hall

 
Figure 1: Ground Plan of the DESY site with the PETRA 
ring. The new experimental hall (purple) is situated 
between the PETRA halls North-East and East and the 
damping wiggler sections are in the North and West. 

This new hall houses the experimental huts and 
supplies 9 straight sections in a DBA lattice to install 
insertion devices. The concept of canted undulators has 
been applied so that PETRA can be equipped with 14 
undulators. Presently 3 two meter long undulators have 
been installed. 

The geometry and the lattice of the remaining seven so 
called old octants have been kept. The existing hardware 
was reused if possible but refurbished and modernized to 
fulfil the high demands on reliability of a light source.  

The emittance of the combination of the seven old 
octants and the new octant is roughly 4 nm rad, well 
above the design goal. Damping wigglers have been 
installed to enhance the radiation damping of the machine 
and thereby reduce the emittance to the required value 
[3]. These damping wigglers [4], [5] have been 
accommodated in the long straight sections in the North 
and West.  

The conversion was finished middle of March and then 
the commissioning of PETRA III started. 

___________________________________________  
#klaus.balewski@desy.de 
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Commissioning of an accelerator requires lots of 
different diagnostics. The instrumentation for PETRA III 
has been described in detailed elsewhere [6], [7]. In the 
following the commissioning procedure and the role of 
diagnostics will be presented. 

COMMISSIONING OF THE TRANSFER 
LINE 

The transfer line is a 190 m long transport channel 
between DESY and PETRA. It consists basically of a 
very long straight part of about 160 m length, including a 
drift space of almost 100m and a short arc in front of 
PETRA that ends at the injection septum.  

The essential elements for commissioning were the 10 
screen monitors and two current monitors close to the 
beginning and the end of the transfer line. Screen 
monitors have been chosen in addition to eight normal 
BPMs because they have the obvious advantage of 
measuring both the position and the profile. With the help 
of the screen monitors it was easy to get the beam through 
the channel within about 3 hours. Additional time was 
devoted to improve the transfer efficiency and to roughly 
check the optics.  

A computer model of the transfer line has been set up 
which allows to calculate different beam parameters and 
in particular the beam profile at the different screen 
monitors. By comparing the theoretical profiles with the 
measured it could be verified that the profiles agree 
within 10 % which is sufficient for the time being.  

The above mentioned straight section contains a long 
drift space where three screen monitors have been 
installed which will allow the determination of the DESY 
beam emittances and the optics at the end of the drift 
space. These parameters will then serve as input for 
matching the optics of the transfer line to the required 
values at the end. 

The eight BPMs of the transfer line, three at the 
beginning and five at the end, have been commissioned as 
well [8]. The BPMs worked well right from the beginning 
and the readings agree with the measured positions of the 
screen monitors. With the help of these BPMs the 
trajectory in the transfer line will be checked in the future 
since efficient injection into PETRA requires stable 
conditions in particular the stability on vertical position 
and angle is rather critical. A feedback to control these 
parameters can be installed. 

In addition two scrapes have been installed in the 
transfer line. They can be used to tailor the beam from the 
synchrotron if necessary.  

 

COMMISSIONING OF THE STORAGE 
RING 

The first commissioning phase of the machine was 
done without damping wigglers simply to reduce 
complexity. The primary objectives were to store and 
accumulate beam and to set up part of the bunch by bunch 
feedback system to condition the vacuum system with as 

high current as possible. In addition first tests of different 
diagnostic elements should be carried out which are for 
example necessary for the future operation with wigglers 
and undulators.  

First Turn and Stored Beam – BPM System  
The first goal was to get the beam around and to store 

beam.  
To set up the septum amplitude and timing two screen 

monitors have been installed one just behind the septum 
and the other 90° in horizontal betatron phase behind the 
septum. Apart from these two screens no more have been 
installed to avoid possible (vacuum) problems in the long 
run. The success of the first goal depended completely on 
the reliable operation of the BPM system in particular on 
the turn by turn capability. 

Because of the importance of the BPM system the 
specifications have carefully worked out [9]. It has been 
decided to purchase the latest version of the BPM 
electronics from I-Tech (Libera brilliance) and it has been 
checked, if possible, at other storage rings that the 
electronics fulfils the requirements [10].  The 
commissioning of the BPM system is described in a 
companion paper to this conference [11].  

The survival of the beam could be easily checked with 
the sum signals of the BPMs which serve in this case as a 
huge number of intensity monitors. If one got stuck 
somewhere the position information easily helped to 
correct the trajectory so that the beam was transported 
further. The first turn was completed on Easter Sunday 
after two quadrupoles with the wrong polarity had been 
identified and the optics was locally changed in order to 
circumvent a problem with another quadrupole. The first 
and even a tiny bit of the second turn could be also seen 
on an AC current monitor.  

In order to store the beam the trajectory in the new 
octant, where all the small gap chambers are located, had 
to be corrected empirically so that the beam survived for 
up to a few hundred turns. The next step was to turn on 
the rf-system, to set the rf-phase correctly and then about 
10% of the initially injected particles were stored. 

Preparation for Accumulation  
Next it was aimed to get the optics of the machine as 

close as possible to the theoretical values. The integer part 
of the tune was determined by analysing difference orbits 
in the vertical and horizontal plane. To determine the non- 
integer part of the tune and other important machine 
parameters such as chromaticities a reliable tune 
measurement is absolutely necessary. The non-integer 
part of the tune was first measured with a special monitor 
being just dedicated to run in the turn by turn mode. But 
in most cases the tune was measured by exciting the beam 
with white noise by the kicker magnets of the bunch by 
bunch feedback and measuring the response with the 
transverse feedback detector.  

In this way the tunes and chromaticities could be set 
close to the design values and the orbits could be 
corrected within 2mm horizontally and 1.5 mm vertically. 
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Orbit correction was limited by the fact that the position 
of the BPMs was just known within ± 1.5 mm. 

After these corrections the on-axis injection efficiency 
was close to 100%. 

In order to improve the aperture of the storage ring the 
machine was scanned with bumps at those locations 
where aperture limitations are likely to be expected i.e. 
close to the small gap undulator chambers in the new 
octant and the synchrotron light absorbers in the damping 
wiggler sections.  

After having empirically centred the beam at the critical 
positions accumulation was set up.  First up to 1 mA was 
piled up in a single bunch. The current was deliberately 
limited to this value because for higher single bunch 
currents the peak current could be so high that the 
corresponding peak voltage could damage the front-end 
of the monitor electronics [12]. In addition to the current 
limitation attenuators have been installed to protect the 
front-end of the monitor electronics. This problem will be 
relaxed in the future because the bunches will be longer 
when operating with wigglers so that even the attenuators 
can be removed. Operation with wigglers will allow 
reaching the design single bunch current of 2.5 mA. 

As the next step the kicker timings were set up 
correctly so that multi-bunch fillings are possible. 
Presently 40 bunches are evenly filled and at that time the 
current was limited to about 5 mA due to transverse 
coupled bunch instabilities. 

Increasing the Current – Bunch by Bunch 
Feedback  

For efficient conditioning of the vacuum system 
currents of at least 40 mA should be stored. It was 
expected that the current in PETRA III would be limited 
by coupled bunch instabilities [13]. That’s why the old 
PETRA II transverse bunch by bunch feedback system 
[14] has been reinstalled and a new transverse and 
longitudinal system has been installed. The new system 
has a bandwidth of 62.5 MHz allowing to evenly fill up to 
960 bunches (distance between bunches 8ns) whereas the 
old system has just a bandwidth of 5 MHz so that even 
fillings of up to 80 bunches are possible.  

The old system was put very quickly into operation, 
since it is known very well, in order to get rid of 
transverse instabilities. A current of up to 20 mA was 
achieved and now the current was limited by longitudinal 
instabilities. During the next commissioning phase the 
longitudinal system will be activated to overcome this 
limitation. 

In addition to the deliberately set limit for the single 
bunches a limit on the total current was also applied. 
Because of HOM heating there exists the danger to 
damage the BPMs. Limiting the HOM power due to 
transient heating to 5 W the resulting current limit is [15] 

NmAItot ⋅≤ 6.3  

where N is the number of bunches. For an even filling of 
40 bunches the limit for the total current is approximately 
23 mA. In case of operation with wigglers the situation is 

relaxed because of the longer bunches. For the next 
commissioning phase temperature measurements at 
selected monitors have been prepared so that the above 
mentioned limit can be checked. 

Above the importance of tune measurements was 
already mentioned. Tune measurement via external 
excitation under feedback operation is obviously difficult 
because of the strong damping. Already in the past an 
alternative way was found to measure the tune with 
feedback and this method was applied at HERA and is 
applied at DORIS [16], [17]. Looking at the signal just 
behind the analogue detector of the feedback system (DS) 
it can be seen that the noise level is reduced close to the 
tunes (see fig.2 and 3).  

 

 
Figure 2: Schematic layout of a feedback system: Beam 
dynamics is described by H(ω) and the feedback effect by 
G(ω). The feedback detector is denoted by D and the 
noise associated with the detector by ФDN. The signal 
behind the detector is denoted by DS. External 
disturbances of the beam are indicated by ξ. 

 

  

Figure 3: Signal measured behind the detector (DS). The 
dips in the noise spectrum at the tunes are clearly visible.  

This result can be understood if one assumes for 
simplicity that the beam dynamics is given by a harmonic 
oscillator and the feedback effect is a differentiator 
leading to damping. The detector signal is then given by 

 
 
 
 
 
 
 
At the tunes ω= ω0 the detector signal is reduced if the 

damping of the feedback Γ is non zero. Observation of 
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these signals shows (i) if the feedback is working and (ii) 
offers the possibility to measure the tunes. 

Preliminary Parameter Studies of PETRA III  
With the help of the orbit as well as the tune 

measurement several properties of PETRA III can be 
determined. During the first commissioning phase several 
of these measurements have been performed as 
preparations for the next phase and to test procedures. 

The circumference of the machine has been determined. 
For each of the four sextupole families, the dependence of 
the tune on variation of the rf-frequency was measured for 
three different current settings of the sextupoles. The 
results were three different lines “rf-frequency vs. tune” 
for each sextupole family. These lines intersect for zero 
momentum error and the corresponding frequency is the 
centre frequency. This frequency determines also the 
circumference of the machine or precisely the orbit that 
passes on average through the sextupoles. Fig.4 shows an 
example of such a measurement. 
 

 
Figure 4: Tune vs. momentum error (rf-frequency) for one 
sextupole family. The lines intersect for zero momentum 
error and the corresponding frequency defines the 
circumference of the machine. 

 
As a by-product of the above measurement the 

dispersion is determined. For the time being both the 
horizontal and the vertical dispersion are considerably 
distorted. Actually this is not really a surprise but simply 
reflects the fact that the orbit is not well enough corrected. 
The measured dispersion distortions of up to 10 cm are in 
accordance with the orbit distortion of 2 mm horizontally 
and 1.2 mm vertically. 

During the first commissioning phase it did not make 
sense to correct the orbit to a level better then 1 or 2 mm 
since the position of the monitors was only known within 
± 1mm. To make progress beam based alignment (BBA) 
is mandatory and this is foreseen for the next phase. The 
BBA procedure has already been tested with a single 
power quadrupole and found to be working. 

Another important procedure is the determination of the 
orbit response matrix (ORM) and the latter analysis for 

example with loco. This procedure has been tested with a 
small number of horizontal and vertical correctors and 
analyzed. No principle optic error has been identified but 
there is a small deviation from theory. This will be 
analyzed in more detail during the next phase. 

 

TESTS OF DIFFERENT INSTRUMENTS  

Current Monitors 
A fast current monitor which is able to measure the 

current of individual bunches has been installed and 
tested. In combination with a marker system it allows to 
identify bunches and their individual current. This 
information is important for top-up operation. Basically 
top-up operation has been prepared and can be applied 
during this year. 

A DC monitor to measure precisely the current and 
lifetime of the beam has also been successfully tested. 

Temperature Sensors 
Temperature sensors are installed at several places in 

particular to survey the temperature of the absorbers in 
the new octant and in the damping wiggler sections. The 
temperatures of these elements are available in the control 
system. If the temperature of some of these sensors 
exceed a predefined threshold an alarm is sent to the 
machine protection system to prevent the destruction of 
the controlled vacuum component. For details on the 
machine protection system see the contribution to this 
conference [18].  

Movement Detection of the BPMs  
The stability of the BPM locations, especially those 

close to the undulators, are critical because the measured 
beam position enters into the orbit feedback. Any kind of 
misreading will result in mis-steering of the beam. The 
location of the BPMs in the new octant is therefore 
detected with a special wire system. Basically the position 
of a wire firmly fixed to the BPM is measured against 4 
electrodes which are connected either to the ground or the 
girder.  

Some of the monitors have been successfully tested. 
The position information of the BPMs will enter the orbit 
feedback system. 

EMITTANCE MEASUREMENT  
Two diagnostic beamlines and a laser wire-scanner 

were built up for longitudinal and transverse emittance 
measurements. They will be commissioned in the next 
phase. The following subsections give a short overview, 
details can be found in Ref. [6]. 

X-Ray Diagnostic Beamline  
A diagnostic beamline for x-ray bending magnet 

synchrotron radiation was installed at the end of the new 
octant to image the beam spot onto a high resolution CCD 
camera system. Imaging will be performed with two 

Current rf frequency : 499666500Hz 
Δf = -1.900 Hz ±  100Hz necessary to centre beam in sextupoles 

MOOB02 Proceedings of DIPAC09, Basel, Switzerland

01 Overview and Commissioning

22



interchangeable x-ray optics: (i) a high resolution 
compound refractive lens (CRL) system (31 beryllium 
lenses, ≈ 2 μm resolution), and (ii) a pinhole camera 
system (0.5 mm thick tungsten blade with circular hole of 
20 μm, ≈ 20 μm resolution) for lower resolution in 
standard operation. A Si monochromator crystal (311 
reflection in Laue geometry) will be used to reflect 20 
keV photons onto the detector system (Hamamatsu AA50 
beam monitor) which is installed outside of the vacuum 
system.  

Optical Beam Line 
The optical beamline for bunch length diagnostics uses 
visible synchrotron radiation from a standard dipole 
magnet in the old octants. A water cooled Cu mirror 
extracts the optical part of synchrotron radiation from the 
dipole, and an optical relay system guides the light about 
25 m to a streak camera system (Hamamatsu C5680 
Streak Camera) which is housed in an experimental hut 
outside the tunnel. To be prepared for measurements of 
the transverse beam size in the optical spectral region as 
well, all optical elements are designed and proven to be as 
precise as possible (peak to valley wavefront aberration of 
λ/20 at 632 nm). 

Laser-Wire Scanner 
A laser-wire scanner is providing horizontal and vertical 
profile measurements within tens of seconds with a sub-
percent accuracy. For such a resolution the laser-wire 
diameter has to be below 10µm which is verified by in-
situ calibrations (see Fig. 5). The laser light will be 
transported from the laser hut 6 m above the PETRA 
tunnel to a vertical and horizontal optical table positioned 
around the vacuum chamber. Both tables are equipped 
with scanning, focusing and diagnostics optics [6]. All 
installations are finished and the commissioning will 
follow as soon as stable beam conditions will be 
achieved.  
 

Figure 5: A sample of laser spot size measurement at 
focus. A knife-edge scan is differentiated to obtain a 
beam profile.  

SUMMARY 
The first commissioning phase of PETRA III went 

smoothly and very fast. No major problem was 

encountered. Detailed investigation of the machine will 
be part of the next phase. The success of the first phase is 
certainly due to sufficient diagnostics that worked well 
right from the beginning.  At this point also the support 
and commitment of those who took part in the 
commissioning is greatly acknowledged.  
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SSRF BEAM DIAGNOSTICS SYSTEM COMMISSIONING* 

Y.B. Leng#, K.R. Ye, W.M. Zhou, Y.Z. Chen,  
SSRF, SINAP, Jiading, Shanghai 201800, P.R. China

Abstract 
SSRF is a 432 m-circumference synchrotron light 

source with a 150MeV linac, a 3.5GeV full energy 
booster, and a 3.5GeV storage ring. Principal diagnostics 
systems have been installed and nearly all have been 
commissioned during past two years. Data have been 
obtained on beam position, beam profile, current, and 
synchrotron radiation diagnostics beamline on the storage 
ring. Multi bunch transverse feedback system has been 
applied on the ring. Results for the 150MeV electron 
beams in the linac, up to 3.5GeV in the booster, and 
3.5GeV in the ring will be presented. 

INTRODUCTION 
SSRF is a 3.5 GeV energy dedicated electron 

synchrotron radiation source. Recently the commissioning 
performance goals of the whole facility were met. Multi-
bunch beam intensity of the ring has reached 200mA. At 
200 mA, the lifetime is larger than 10 hour with all ID 
gaps closed. The commissioning process went very 
rapidly. Instrumentation played a critical role [1]. 

Table 1 shows the primary specification of the various 
diagnostics systems. 

Table 1: SSRF Beam Instrumentation Specifications 

Location Measurement Specification 

Beam position Resolution 100μm@1.67MHz 

Beam profile Resolution 200μm@2Hz 

Bunch charge Relative accuracy 2% 

Energy Relative accuracy 0.1% 

Emmitance Relative accuracy 10% 

DC current Resolution 50μA@10kHz 

Injector 

Tune Resolution 0.001@200Hz 

Beam position Resolution 10μm@694kHz 

Resolution 1μm@10Hz 

Beam profile Resolution 10μm 

Beam length Resolution 2ps 

DC current Resolution 10μA@1Hz 

Ring 

Tune Resolution 0.0001 

To meet above requirements a beam instrumentation 
system, consisting of 61 stripline BPMs, 152 button 
BPMs, 2 DCCTs, 11 Wall Current Monitors (WCM), 3 
ICTs, 1 faraday cup, 18 screen monitors, 2 tune monitors, 

3 transport line slits, 2 ring scrapers, 1 multi bunch 
feedback system and 1 dedicated diagnostics beam line, 
has been developed, implemented and commissioned 
during past 4 years.  

The data acquisition system for beam instrumentation is 
designed on EPICS platform, which follows “standard 
model” architecture. Five kinds of IOCs were used in this 
system: VME bus IOC, Libera embedded IOC, PXI bus 
IOC, scope embedded IOCs, and soft IOC [2]. 

BEAM POSITION MONITORS 

Position Measurement 
Beam position monitor system fully equipped with 

Libera EBPM processors, which provides raw ADC data, 
turn by turn (694kHz @ ring, 1.67MHz @ booster) data, 
fast application (10kHz) data and close orbit (10Hz) data 
at the same time, is the most powerful tools during the 
commissioning and machine study of SSRF.  

Beam position in the LINAC is calculated from raw 
ADC data of Libera. 40um position resolution and 3pC 
bunch charge sensitivity have been reached during 
commissioning. Calibrated by ICT, the sum signal of 
BPM has been use to give a fast estimation of bunch 
charge and transport efficiency of LINAC during daily 
operation. 

For the booster raw ADC data and turn by turn 
(1.67MHz) data are much useful than others. 
Synchronized by gun-shot trigger the raw ADC data 
could deliver first turn information. In this way 30 BPMs 
around the booster ring acted as beam arriving monitor to 
help operator tuning the machine to store injected beam 
during the day one commissioning. Decimated turn by 
turn data from all BPMs is used to present dynamic beam 
orbit during energy ramping. 

For the Ring first turn information derived from raw 
ADC data help operator to determine beam loss location 
and tuning machine to store the first beam very quickly 
(few hours). SA data (10Hz), which position resolution 
reaches hundred nm level, resents precise closed orbit of 
the ring. Calibrated by DCCT the sum signal of SA data 
also could be used to present beam current and calculate 
beam lifetime. The beam spectrum (FFT of fast 
application data) is ideal tools to identify orbit noise 
source. With one million samples the frequency range of 
beam spectrum could cover from .1 Hz to 5 kHz. Current 
dependent instability has been observed with this tool. 
Global turn by turn capability and 3 um position 
resolution provides a powerful platform for accelerator 
physicists and operators to perform Response matrix 
measurement, Optics optimization, global and local phase 
advance measurement and phase space measurement.  ____________________________________________ 

*Work supported by Chinese Academy of Science 
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Figure 1 shows position resolution test result for COD 
measurement of the Ring. 

 

Figure 1: Ring BPM COD resolution test. 

Tune Measurement 
The Ring and Booster share the same tune monitor 

design, which is based on continuous harmonic excitation 
method. The measurement system employs a LAN based 
function generator, which output, after splitting and 
amplification, is fed to a strip line kicker. A dedicated 
BPM pickup equipped with Libera processor is used to 
observe the beam spectrum and betatron peaks. The 
betatron tunes and beam sizes have been measured under 
various configurations of function generator to figure out 
the best setup. The resolution of tune measurement is 
better than 0.001. Fig. 2 shows the Booster tune drift 
during ramping. 

 

Figure 2: Booster tune drift during ramping. 

Filling Pattern Monitor 
A filling pattern monitor, which consists of a dedicated 

BPM pickup, a PXI based IOC and waveform recorder 
module (Acquiris DC252, BW 2GHz, sampling rate 
8GHz), has been developed to perform bunch charge 
measurement and filling pattern observation in the Ring. 
By summing the BPM pickup voltage signals of four 
buttons in RF combiners, the position sensitivity is 
considerably reduced.  Calibrated by DCCT readings the 
filling pattern monitor reaches 1pC resolution at 1nC 
range for bunch charge measurement. 

DIAGNOSTICS BEAM LINE 
The ring synchrotron radiation diagnostics beam line 

works with visible light, which consists of five branches 
for different measurements: an imaging system focused 
on source point to monitor electron beam profile; two SR 
interferometers (horizontal and vertical) to perform the 
precise beam size measurement; a 2D streak camera 
(HAMAMAZU C5680) for bunch length measurement 
and multi bunch instability study; a fast gated camera 
(gate width 3ns) for injection optimization [3]. 

The imaging system was ready on day one and the first 
stored beam was confirmed with this device. The 
interferometers have been online since June 2008. 
Experiments with high current beam (larger than 30mA) 
shows the beam size measurements deviation is about 
1μm. The beam sizes have been measured with this 
device under various beam current conditions, which is 
shown in Fig. 3.  

 

Figure 3: Beam size measured by interferometer. 

The primary tests of streak camera and fast gated 
camera showed the performance of them agreed with the 
FAT report from producers. Both of them will be put 
online soon. Another Xray pinhole camera is in 
manufacture stage and will be installed in the same 
location to measure beam profile and position for cross 
checking.  

TRANSVERSE FEEDBACK 
The SSRF ring transverse feedback is a digital system 

based on Spring8 board. Two dedicated ID BPMs located 
in the second straight section are used to detect transverse 
movement. Separate horizontal and vertical stripline 
kickers, located in injection straight, are used to apply 
base band correction kick to the beam. The kicker 
electrodes are individually driven with opposite polarities 
by 100 kHz - 250 MHz, solid-state, commercial BONN 
amplifiers.  

Beam size blow-up introduced by multi bunch 
instability is observed with interferometer in both vertical 
and horizontal plane. The current thresholds of instability 
are around 45mA and 190mA respectively (Fig. 3). After 
applying transverse feedback, the beam size is minimized 
down to normal level. The attenuation for betatron 
oscillation is larger than 40dB, which is proved by beam 
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spectrum calculated from Libera turn-by-turn data. Fig. 4 
shows measured beam sizes with feedback on & off. 
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Figure 4: Measured beam size @ feedback on & off. 

BEAM INTENSITY MONITORS 
3 integration current transformers (ICT) manufactured 

by Bergoz are placed at the end of Linac, low energy 
transport line and high energy transport line respectively. 
Outputs of ICTs are fed to a scope embedded IOC (TEK 
DPO7054). Bunch charge information is derived from 
sampled ICT waveform. With this configuration Linac 
bunch charge and Booster transfer efficiency have been 
measured. A faraday cup is employed as a reference at the 
end of LINAC. 

11 Wall current monitor (WCM) manufactured by 
TOYAMA is chosen to present the longitudinal 
distribution of the beam in the Linac (2), low energy 
transport line (2), Booster (1) and high energy transport 
line (3). 

Stored beam current in the Ring and Booster is 
measured using parametric current transformer (DCCT) 
manufactured by Bergoz. A mounting, cooling and 
shielding system has been fabricated based on SPEAR3 
design for installation of NPCT toroid. Both offline test 
and online test indicate that the resolution of DCCT 
system is better than 2μA @ 1Hz for the Ring and 30uA 
@ 10 kHz for the Booster. Fig. 5 shows resolution 
evaluation result of the Ring DCCT. 

 

Figure 5: Ring DCCT resolution evaluation result. 

PROFILE MONITOR 
Fluorescent screen / OTR beam profile monitors are 

installed in the Linac (5), low energy transport lines (3), 
Booster (4), high energy transport line (3), and Ring (2) 
for visual observation of beam profile and position. The 
luminescent screen is instrumented with a gated CCD 
camera, which is synchronized with “Gun fire” events via 
main timing system. Video signals will run through video 
cables and video multiplexer into PXI IOC.  

SCRAPER & SLIT 
A horizontal and vertical combined scraper is installed 

in the injection section to get information about the 
transverse beam distribution, to eliminate possible beam 
halos and to establish an alternative method for measuring 
beam life time in the storage ring. Scraper motion control 
is implemented in a dedicated PXI-based diagnostics 
IOC. Ten microns repeatability of blade motion is 
achieved. The same design was used for transport line 
slits. 

SUMMARY 
The diagnostics system has passed commissioning 

stage and been online for regular operation. Sub-micron 
level position resolution and turn by turn measurement 
capability make BPM system the most important toolkits 
in commissioning and daily operation. All other beam 
instruments such as DCCT, tune monitor, multi bunch 
transverse feedback and so on work well and have 
demonstrated the required performance. Fast orbit 
feedback system and Xray pinhole camera will be 
commissioned in the soon future.  
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GLOBAL ORBIT FEEDBACK SYSTEMS DOWN TO DC USING FAST AND  

SLOW CORRECTORS 

N. Hubert*, L. Cassinari, J-C. Denard, A. Nadji, L. Nadolski,
Synchrotron SOLEIL, Gif-sur-Yvette, France  

Abstract 
Beam orbit stability is a crucial parameter for 3rd 

generation light sources in order to achieve their optimum 
performance. Sub-micron stability is now a common 
requirement for vertical beam position. To reach such 
performance, Global Orbit Feedback Systems are 
mandatory. This paper describes the different design 
approaches for Global Orbit Feedback Systems. A few 
machines can use a single set of strong correctors. Most 
of them have their strong corrector bandwidth limited by 
eddy currents in aluminum vacuum chamber, or power-
supply speed together with the required digitization 
granularity. Then, a second set of fast correctors is 
required for high frequency correction. But Fast and Slow 
Orbit Feedback Systems cannot work together with a 
common frequency range, they fight each other. An 
earlier solution has been to separate fast and slow systems 
by a frequency dead-band. This approach does not allow 
correcting efficiently the orbit shifts due to the gap 
movements of the increasingly sophisticated insertion 
devices that are installed on new machines. The different 
solutions that have been recently implemented are 
reviewed. 

INTRODUCTION 
Third generation light sources are built for producing 

high brilliance photon beams. Brilliance improvements 
have mainly been achieved by emittance reduction in both 
planes. The vertical emittance and beta functions define 
the beam size and divergence, which leads to the beam 
stability requirements. Commissioned in 1987, Super-
ACO had a design vertical beam size of 230 µm in its 
straight sections. This parameter for NSLS II, to be 
commissioned in 2013, is ~2 µm, which is 100 times 
smaller. Position and angular stability requirements, 
usually one tenth the rms beam size σz and beam 
divergence σ’z respectively, call for position stabilities of 
20 µm for Super-ACO and 0.2 µm for NSLS II. Sub-
micron stability is a formidable challenge that can only be 
achieved by implementing global orbit feedback systems. 
These systems are increasingly sophisticated in order to 
combine slow and fast corrections at the required speed 
and stability levels. Machines presently in operation with 
only a slow orbit feedback system should be able to profit 
at reasonable cost of the addition of a fast system using a 
set of cheap fast correctors that works together with the 
slow ones. The same scheme will also provide a cheaper 
solution to the new machines with very small beam sizes. 

 
 

BEAM STABILITY REQUIREMENTS 
 
For most beamlines, beam stability implies photon flux 

stability. They select the photon flux through a slit. The 
slit defines a beam size aperture for beamlines equipped 
with a focusing optics and an angular aperture for those 
equipped with a non-focusing optics. The flux variation is 
worse with smaller slits. Then the usual requirement 

zΔz σ/ or zΔz '/' σ ≤ 10% leads to ΔI/I ≤ 0.5%. Let’s note 

that the photon beam size is diffraction limited and the 
beam divergence is that of the bending magnet or ID 
photon source; these effects convolved with the electron 
beam emittance gives the resulting photon beam an 
emittance larger than that of the electron beam, especially 
for low energy beamlines. However, for hard X-ray 
beamlines the electron beam dominates both beam size 
and divergence. 

The effect of the beam position noise on the photon 
flux depends also on the integration time Ti of the 
experiment. The position noise components at frequencies 
higher than 1/Ti appear as an emittance growth, not as a 
photon flux fluctuation.  Then the emittance ellipse εc 
describing the electron beam position and angle 
fluctuations can be added quadratically with the stable 
photon beam emittance ε0 for obtaining an effective 
photon beam emittance εeff: 

εeff
2 = εc

2 + ε0
2   (1) 

In this case, high frequencies instabilities do not really 
affect the stability of the photon flux; they only decrease 
its intensity in a stable way. One can consider as noise 
source only the part of the position spectrum that is at 
frequencies F < 1 / Ti. 

PERTURBATION SOURCES 
To fulfil their tight stability requirements, great care is 

taken in the design and construction of the new machines. 
Nevertheless, there are still some remaining perturbations 
to be suppressed by global orbit feedback systems. 
Perturbation sources can be sorted in decreasing order of 
their time period [1]. 

 
Long Term 

With time periods comprised between a few hours and 
a few minutes, air and cooling water temperatures are 
important [2]. Changes in air temperature affect the 
position of Beam Position Monitors (BPMs) and of 
magnets. In the first case, only the beam position readings 
are affected. In the latter one, there is an amplification of 
magnet movements on the beam orbit. Phenomena like 
sun and moon tides may have an impact of 10 to 30 µm.  

 

____________________________________________ 
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Medium Term 
Experimental Hall activities often introduce beam orbit 

perturbations with a time period of a few seconds. 
Typically, a moving crane can create orbit distortions of 1 
to 100 µm peak-to-peak, which is incompatible with user 
operation. Fast switching magnets for dichroism 
experiments for example, create perturbations coming 
from the experimental hall. It can cause position noise of 
10 µm and 5 µm respectively in H and V planes [3].  

Changes in insertion device settings are also sources of 
orbit change. Even with feedforward corrections for each 
ID that strongly reduce orbit changes, perturbations of a 
few micrometers remain. This is even larger if the 
feedforward power-supplies involved are not perfectly 
synchronized [3]. 

 
Short Term 

Typical Booster cycling frequencies, between 1 and 10 
Hz, may affect beam stability. Moreover, vibrations from 
the ground, cooling water circuits or rotating machinery 
are transmitted to the vacuum chamber and magnets. It 
gets amplified at the girder resonance frequencies. The 
girder vibration modes lie between 10 and 60 Hz, 
depending on the design. Finally, the 50 or 60 Hz mains 
and their harmonics usually appear in beam spectra. 

 

 
Figure 1: Spectral representation of perturbation sources 
in a storage ring. 
 

The beam spectrum is machine dependent. A 
measurement at ELETTRA in shown in Fig. 2. Vibration 
of quadrupole magnets at 23 Hz as well as the 50 Hz 
mains frequency and its harmonics are clearly apparent 
[4]. Fast orbit correction systems are mandatory to 
suppress those perturbations. 

 
Figure 2: Plot of ELETTRA BPMs amplitude spectra.  

 

GLOBAL ORBIT CORRECTION 
The most commonly used algorithm for beam position 

correction is based on Singular Value Decomposition 
(SVD) [5]. It provides the inverse response matrix R-1 to 
be used for computing the corrector additional current ΔI:  

 
ΔI = R-1 * ΔU   (2) 
 

ΔU is the difference between actual and reference orbits.  
The correction method is global since it uses all (or a 
large part of) BPMs and correctors. Local feedback 
systems are efficient, but a limited number of them can be 
implemented on a Storage Ring because residual 
imperfections of a few percent outside the local correction 
areas add up and spoil the beneficial effects of each local 
system. Global feedback systems are often preferred with 
the increasing number of user controlled IDs that perturb 
the beam orbit.  

CORRECTOR SPEED ISSUES  
The performance of automatic orbit correction 

systems, and in particular their bandwidth, will directly 
depend on the bandwidth of the power-supplies and 
correctors used for this correction. The important part of 
the correction spectrum lies between 0 and 150 Hz.  

Storage rings are equipped with a set of dipole steering 
magnets for correcting the closed orbit. Their iron-core 
makes the magnetic field stronger. Their power supplies 
must be very stable. In some SR facilities like 
DIAMOND [6], ESRF-U [7], ELETTRA [8], SLS [9], or 
SPEAR3 [10], those strong correctors are also used for 
fast correction. But for one or more of the following 
reasons, these correctors might not be able to perform fast 
corrections: 
• DAC granularity: On the one hand, the strong 
correctors must have a large dynamic range for correcting 
long term alignment drifts; on the other hand, fast 
corrections need a very fine granularity but over a small 
amplitude range. As an example, NSLS II stability 
requirements would imply a granularity of 3 nrad over a 
full scale of 0.8 mrad if applied to the strong correctors.  
Choosing two different sets of correctors has been 
preferred for avoiding power-supplies that at the same 
time are fast, strong, and have a high granularity [11]. The 
lower cost is also a motivation. 
• Bandwidth limitations: Corrector inductance and power 
supply rise-time can limit the speed of the correctors. But 
most often, the limitation comes from the eddy currents in 
the vacuum chamber that suppress the magnetic field on 
the beam trajectory. With strong correctors located over 
aluminum vacuum chambers (or any high conductivity 
material), those eddy currents will reduce the feedback 
bandwidth to a few Hertz, incompatible with fast orbit 
correction. In this case other correctors dedicated to fast 
correction, can be added. At SOLEIL and NSLS II 
dedicated power-supplies drive air coil magnets installed 
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over stainless-steel bellows. In this way, bandwidths over 
2 kHz are achievable, as shown in fig. 3. 

 
Figure 3: Bandwidth of dedicated power supply + fast air-
coil corrector over a stainless steel bellow measured at 
SOLEIL.

 
• Historical reasons: older machines with slow corrector 
power supplies or with correctors installed over 
aluminium vacuum chambers can implement a fast global 
orbit feedback at relatively low cost by adding air 
correctors over stainless steel sections of their vacuum 
chamber. 

 FAST AND SLOW ORBIT 
CORRECTIONS WORKING TOGETHER 

We now consider orbit feedback systems with two 
different sets of magnets for fast and slow corrections. If 
the two systems are active within a common frequency 
range they will fight against each other causing quickly a 
power supply saturation of the weakest system, usually 
the fast one. A test at SOLEIL showed that the Fast Orbit 
FeedBack (FOFB) could reach saturation after only ten 
cycles of the Slow Orbit FeedBack (SOFB). Different 
approaches have been used over the years, in order to 
keep up with the increasingly tight stability requirements.   
 
Frequency Dead Band 

The first approach was to separate the frequency domains 
of the 2 systems. This method was used at ESRF, limiting 
its FOFB bandwidth to 0.1 Hz on the low frequency side 
[12]. The SOFB had a typical frequency range, from DC 
to 0.02 Hz. The main advantage is to keep completely 
independent the two systems. The dead-band needs to be 
wide enough [13]. The problem with this solution is that 
all beam spectrum components into the deadband are not 
corrected and that this frequency range is not always quiet 
(insertion devices, crane, etc…) 
With the increasing number of exotic insertion devices 
controlled by the users in a wide speed range together 
with tighter beam stability requirements, this frequency 
domain cannot be left without correction. 
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Figure 4: Frequency dead-band between slow and fast 
orbit feedback systems. 
 
Fast Correction Alone, Down to DC 
Then, another approach is to use a Fast Orbit Feedback 
System alone, with an active frequency range down to 
DC. It solves the problem of uncorrected perturbations at 
low frequencies, but presents a limitation due to the 
relative weakness of fast correctors. They are generally 
designed to correct small perturbations at high speed 
(thanks to their low inductance), but have a limited 
amplitude range of correction (~20 µrad) that brings the 
correctors into saturation after a few hours or days. The 
problem can be solved by periodically downloading the 
DC part of the fast correctors into the slow ones as 
follows: 
Read first the DC-current profile ΔIFOFB of the fast 
correctors. From this profile and the response matrix 
RFOFB one computes the difference orbit ΔV: 
 

Δ V= RFOFB * ΔIFOFB  (3) 
 

 Then this orbit can be corrected with the slow correctors 
using their inversed response matrix R-1

SOFB: 
 

ΔISOFB =R-1
SOFB * ΔV  (4) 

 
When applying this new setting ΔISOFB to the slow 
corrector, the fast orbit feedback will automatically 
compensate the transient perturbation and bring the DC-
current in its correctors down to 0. This download process 
can be applied manually or done automatically at a 
defined rate or after detecting that the fast correctors are 
close to saturation. This method was used in operation for 
a few months at SOLEIL with one download a day at the 
beginning and later a download rate of 10 seconds (fig 5). 

 

Figure 5: Trend (9 hours operation) on two SOLEIL fast 
correctors with DC download algorithm. 
 

With this approach, the orbit stabilization efficiency 
depends on the fast corrector placement. But because of 

ID perturbations 

Booster cycling perturbations 
(top up operation) 
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the lack of space, they are generally less numerous than 
the strong correctors and are installed at the ends of the 
straight sections where stability requirements are the 
tightest.  Fewer correctors do not correct as many spatial 
modes and the long term stability in the arcs is affected.  

A similar downloading process can be applied 
periodically to the RF frequency for correcting the orbit 
circumference drifts. An external process extracts the 
dispersive part from the corrector pattern and calculates 
the new frequency to apply to the RF master oscillator. 
DIAMOND [14] and SOLEIL [15] correct the dispersion 
part of the orbit in this way, every ~10s. 
 
Interaction between Fast and Slow Orbit 
Feedback Systems 

This approach makes the slow and fast systems work 
together in the low frequency range. It combines the 
advantages of the two systems: very good long term 
stability for every source point and correction in the 
whole frequency spectrum. 

Frequency (Hz)1 1010-110-2DC

SOFB FOFB

Frequency (Hz)1 1010-110-2DC

SOFB FOFB

 

Figure 6: Slow and Fast Orbit Feedback System on a 
common frequency domain. 

 
As previously mentioned, a common correction 

frequency range quickly leads to fast correctors 
saturation. An interaction between the two systems can 
actually solve the problem. 

APS developed a FOFB system that, although not 
correcting down to DC, has nevertheless a frequency 
overlap with the SOFB. To make the two systems work 
together, the slow system predicts the slightly different 
orbit at its next iteration and transfers it as a new 
reference to the fast system. As a consequence the Fast 
System will not see the perturbation created by the slow 
correction and will not try to compensate it [16]. ALS 
adopted a similar algorithm, extending the FOFB 
bandwidth down to DC [13]. But in those two machines, 
the fast correctors are a subset of the slow ones. At 
SOLEIL with a set of fast correctors different from the 
slow ones the combined system was not stable. The 
different sets of correctors lead to different residual orbits. 
Even if their contributions are small, those errors 
accumulate and the current in the fast correctors go to 
saturation after a few minutes of operation. 

The solution presently in operation at SOLEIL consists 
in combining the orbit prediction algorithm with the DC 
download algorithm. At each iteration, the SOFB does the 
following: 

• Calculate the new setting ΔI1SOFB to apply to the slow 
correctors in order to cancel the difference ΔU between 
actual and golden orbits: 
 

ΔI1SOFB = R-1
SOFB

 * ΔU  (5) 
 

• Predict the orbit change ΔW after correction: 
 

ΔW = RSOFB
 * ΔI1SOFB  (6) 

 
Because of the residual orbit, ΔW is not equal to ΔU. 
• Calculate the new setting ΔI2SOFB to apply to the slow 
correctors to cancel the DC part of the fast corrector 
currents. From (3) and (4) we have: 
 

ΔI2SOFB =R-1
SOFB * RFOFB * ΔIFOFB  (7) 

 
• At the same time subtract the orbit change ΔW from 
the reference orbit of the FOFB system and apply the 
new setting ΔISOFB to the slow correctors given by (5) 
and (7): 
 

ΔISOFB= ΔI1SOFB + ΔI2SOFB  (8) 
 
In short, the slow system corrects two defects: i) the 

difference between actual and golden orbits and ii) the 
orbit created by the fast correctors DC component. The 
FOFB system, running simultaneously, is automatically 
relieved of the DC part in its correctors and does not fight 
the slow correction thanks to the periodic change of its 
reference orbit. 

 
Efficiency 

The beam stability benefits greatly from the 
combination of the two systems. At SOLEIL one of the 
important improvements has been the long term stability 
at the bending magnets (BM) source points. Indeed, as the 
fast correctors are located upstream and downstream of 
each straight section, the stabilization in the arcs was not 
efficient enough with the FOFB alone. On the BM photon 
beam slow drifts up to 15 µm could be observed in the 
vertical plane. With the two feedback systems working 
together, those drifts have been reduced to about 2 µm 
(Fig. 7). 

 

 
Figure 7: Vertical orbit stability at a BM source point 
measured by an e-BPM (grey) and a photon-BPM (orange 
and green).  

FOFB only FOFB + SOFB 
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ORBIT FEEDBACK SYSTEMS STATUS 
This section presents a description of the FOFB 

implementations in several storage rings worldwide 
(Table 1). Depending on the machine specific criteria 
(stability requirements, technical possibilities, historical 
or cost reasons) a solution with one or two sets of 
correctors has been implemented. It influences the 
correction bandwidth; it is generally greater with systems 
with specific fast correctors (150 Hz to 500 Hz) than with 
systems using strong correctors for fast corrections (60 
Hz to 130 Hz). Nevertheless, at lower frequencies both 
solutions give an equivalent efficiency. One common 
characteristic for all systems is the continuous frequency 
range of efficiency from DC to the 0 dB point without any 
frequency dead band. This has become mandatory with 
the increasing number of user controlled insertion devices 
installed on today’s light sources. 

Table 1: Fast Orbit Feedback implementations in 
storage rings: 

 SR 
Facility 

FB type 
(users 

operation) 

Number of 
sets of 

correctors 
Bandwidth 

ALBA* Fast 1 DC-130 Hz 

ALS Slow + Fast 
1 (fast corr. 
are a subset 

of slow ones) 
DC-60 Hz 

APS Slow + Fast 
1 (fast corr. 
are a subset 

of slow ones) 
DC-100 Hz 

DIAMOND Fast 1 DC-130 Hz 
ELETTRA Fast 1 DC-150 Hz 
ESRF Slow + Fast 2 DC-150 Hz 
ESRF-U* Fast 1 DC-150 Hz 
NSLS II* Slow + Fast 2 DC-500 Hz 

PETRA III* 
Slow + Fast 

or 
Fast 

2 
Dead-band 

or 
DC-500 Hz 

SLS Fast 1 DC-100 Hz 
SOLEIL Slow + Fast 2 DC-250 Hz 
SPEAR3 Fast 1 DC-100 Hz 
SSRF* Slow + Fast 2 DC-100 Hz 

*   Feedback systems that are not yet commissioned 

CONCLUSION 
Several machine implemented a scheme with the fast 

correction performed by strong correctors. Such a scheme 
applies mainly to new machines in the design phase, but 
with some conditions on old ones (stainless steel vacuum 
chambers, power-supplies at high update rate, and 
laminated corrector yoke). It has been demonstrated that 
slow and fast orbit feedback systems with different sets of 
correctors can work together. That solution applies to new 
machines by solving the power supply granularity 
problem posed by the increasingly tight stability 
requirements and also to many old machines to 
implement fast correctors over stainless steel bellows at 
the end of the straight sections. Then, it becomes possible 

for many machines to implement a stability upgrade at a 
reasonable cost. 
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DIGITAL BPM SYSTEMS FOR HADRON ACCELERATORS∗

J. Belleman† , S. Bart-Pedersen, G. Kasprowicz, U. Raich, CERN, Geneva, Switzerland

Abstract

The CERN Proton Synchrotron has been fitted with a
new trajectory measurement system (TMS) [2]. Analogue
signals from forty beam position monitors are digitized at
125 MS/s, and then further treated entirely in the digital
domain to derive the positions of all individual particle
bunches on the fly. Large FPGAs handle all digital process-
ing. The system fits in fourteen plug-in modules distributed
over three half-width cPCI crates. Data are stored in circu-
lar buffers of large enough size to keep a few seconds-worth
of position data. Multiple clients can then request selected
portions of the data, possibly representing many thousands
of consecutive turns, for display on operator consoles. The
system uses digital phase-locked loops to derive its beam-
locked timing reference. Programmable state machines,
driven by accelerator timing pulses and information from
the accelerator control system, direct the order of opera-
tions. The cPCI crates are connected to a standard Linux
computer by means of a private Gigabit Ethernet segment.
Dedicated server software, running under Linux, knits the
system into a coherent whole.

INTRODUCTION

The CERN Proton Synchrotron (PS) is a 200 m diameter
26 GeV alternating-gradient synchrotron built in 1959. It
is part of the injector complex that prepares protons and
208Pb ions for the LHC.

The PS is equipped with forty electrostatic BPMs, each
delivering three analogue signals: A horizontal and vertical
displacement signal, Δx, Δy and an overall sum Σ. The
120 BPM signal channels are digitized using LTC2255,
14 bit, 125 MS/s ADCs, and the digital sample streams are
then further processed into per-bunch positions using Xil-
inx Virtex-4 FPGAs. Results are stored into a memory
large enough to store several seconds worth of data (Fig. 1).

Nine channels, corresponding to three BPMs, are com-
bined on a single cPCI digitizer module. This module is the
only board that has been custom designed for this applica-
tion. Fourteen of these modules are distributed over three
half-width cPCI crates (Fig. 2). Each crate also contains
a standard, off-the-shelf Concurrent Technologies PP410
module controller. A private Gigabit Ethernet segment con-
nects the module controllers to a Supermicro Core TM i7,

∗We acknowledge the support of the European Community-Research
Infrastructure Action under the FP6 ”Structuring the European Research
Area” programme (DIRAC secondary-Beams, contract number 515873)

† Jeroen.Belleman@cern.ch
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Figure 1: Signal processing block diagram for one BPM.
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Figure 2: TMS block diagram.

model 5046-XB system controller. The system controller
also acts as a BOOTP server and NFS file server for the
cPCI processor boards. The three module controllers and
the system controller all run Fedora Linux. A server dae-
mon running on the system controller provides an RPC-
based interface through which the whole system appears as
a coherent single instrument. The server can handle multi-
ple simultaneous independent clients. The system was built
to CERN’s specification by British industry [1].

For reasons of standardization and uniformity, a
server based on CERN’s Front-End Software Architecture
(FESA) mediates between the TMS and control room ap-
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plications. The FESA server is responsible for informing
the TMS of the accelerating cycle to be treated at the ap-
propriate time, and for collecting and publishing data re-
quested by the control room operators. It also controls
BPM pre-amplifier settings, maintains and applies calibra-
tion data and provides access to diagnostic information.
It runs on a processor installed in a separate VME crate,
with network connections to both the TMS private segment
and to the accelerator control network. The VME crate
furthermore contains the hardware to generate the various
timing pulses and interrupts, and to control the BPM pre-
amplifiers.

SIGNAL PROCESSING

The system determines the position of the centre of
charge of each particle bunch by integrating each of the
BPM signals, Σ, Δx and Δy over the length of the bunch
and normalizing against Σ [2][3].

X = Sx
Δx

Σ
+ Ex (1)

The integration is implemented as a simple addition of
the samples belonging to a given bunch. The integrals are
then piped into a circular buffer. The actual position calcu-
lation (1), which also involves scaling (Sx) and a correction
for BPM alignment errors (Ex), is deferred to the time at
which data is actually requested for display.

Due to the high-pass frequency response of the BPMs,
the base line of the signal droops so that the integral over
a full bunch period would tend to zero. To fix this, base
line restoration is applied before integration. This is done
by passing the ADC data through a numerical filter with a
response complementary to the high-pass characteristic of
the BPM channel (Fig. 3). The base line is then nominally

in outfilter

Regulator

BLR

Figure 3: Principle of Base Line Restoration.

flat, but at an indeterminate value, potentially very large. A
Base Line Restoration timing signal (BLR), is used to col-
lect samples from the baseline to be pumped into a feed-
back regulator that drives the baseline toward zero.

Beam-synchronous Timing

The bunch-wise processing of the input signals requires
beam-synchronous timing signals. The task is complicated
by the use of bunch splitting or merging, changing the har-
monic number of the machine, possibly several times in a
single cycle.

Each of the BPM processing channels implements a nu-
merical Phase Locked Loop (PLL) algorithm, locking a
Numerically Controlled Oscillator (NCO) to the revolution
frequency Frev prior to beam injection, and to the BPM Σ
signal afterward (Fig. 4). All required beam-synchronous
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error
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Figure 4: Principle of beam-synchronous signal genera-
tion.

signals are then derived from this PLL. The LO signal is
needed to compare the phase of the Σ signal with the re-
constructed reference frequency to close the loop. A Gate
signal designates the samples belonging to each bunch. A
BLR signal is generated for Base Line Restitution.

Event Sequencing

From the point of view of the TMS, the acceleration cy-
cle is punctuated by six events produced by the accelerator
timing system (Fig. 1). The events mark the start and end
of an acceleration cycle, the beginning and end of a calibra-
tion period, beam injection, and the instants at which bunch
splitting occurs. Some events may happen more than once
in a given acceleration cycle. None of these events are un-
der the control of any of the clients of the TMS, thus de-
coupling the system’s behaviour from the clients’ whims.

The events drive a state machine that can be freely pro-
grammed to traverse any desired sequence (Fig. 5). A few
states are reserved as Start, End, or Error states. Each state
has an associated internal signal routing –the switches in
Fig. 4–, and tables for the generation of LO, Gate and BLR
signals. The appropriate state machine program is selected
and loaded prior to the start of each acceleration cycle. The
state machine programs are kept in a number of small text
files, one for each type of acceleration cycle. Loading one
takes about 20 ms.

Of the six timing events used, only one, the injection
trigger (INJ), needs to be accurate to within one RF period,
thus marking the first RF bucket to be filled. All the other
timing pulses are synchronized using the site-wide 10 MHz
standard clock. The ADC sampling clock and all of the
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Figure 5: A state machine controls the system’s behaviour
according to the occurrence of accelerator timing events.

signal processing are also locked to this standard, so the
whole system marches to the same beat. The effect of an
event is delayed according to the azimuthal position of each
BPM with respect to the injection point, thus ensuring the
same data structure in every channel.

SOME MEASURED RESULTS

While no in-depth comparison of the new TMS with the
old system has yet been completed, it has delivered a num-
ber of interesting results. The possibility of the TMS to
acquire over many, many turns is very useful for injection
and ejection studies. The system will also deliver data to
the Automatic Beam Steering (ABS), which calculates field
corrections in order to optimize the beam injection trajec-
tory. A few examples of P+ beam acquisitions are shown
in Figs. 6, 7 and 8.
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Figure 6: A 1000-turn injection trajectory of a single-bunch
P+ beam. The beam is injected in section 43. During the
first few-hundred turns, it makes large excursions around
its equilibrium orbit.

CONCLUSION

The new trajectory measurement system delivers both
individual bunch trajectories and averaged orbits, over a
large number of consecutive turns [4]. It advantageously
replaces the old CODD trajectory measurement system,
which could only measure a single two-turn trajectory ev-
ery 5 ms, and which was blind during bunch splitting.

The TMS has been running since September 2008. Soft-
ware to allow convenient use by the control room crew is
nearing completion. Measurements that previously needed
painstaking collection of small parcels of data spread over
many successive acceleration cycles can now be acquired
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Figure 7: A 25-turn trajectory of a single-bunch P+ beam
a few thousand turns after injection. The beam now follows
the same trajectory turn after turn.
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Figure 8: The position of a P+ bunch in PU43 over 1000
turns starting from injection, showing injection oscillations
and the collapse of the injection bump.

in a few seconds and in a single shot. The system has been
demonstrated to have no trouble delivering over 700000
points of contiguous trajectory data, or full-cycle turn-by-
turn positions from selected BPMs. However, network
bandwidth, post-processing power and FESA overhead im-
pose a limit of 200000 points delivered to the end user.
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FEM SIMULATIONS – A POWERFUL TOOL FOR BPM DESIGN

P. Kowina, P. Forck, W. Kaufmann, P. Moritz, GSI Darmstadt, Germany
F. Wolfheimer, T. Weiland, TU Darmstadt, Germany

Abstract

This contribution focuses on extensive simulations based
on Finite Element Methods (FEM) which were success-
fully applied for the design of several Beam Position Mon-
itor (BPM) types. These simulations allow not only to
reduce the time required for BPM prototyping but open
up new possibilities for the determination of characteris-
tic BPM features like signal strength, position sensitivity
etc. Since a precise visualization of the signal propagation
along the BPM structure is possible, effects like field in-
homogeneities or cross-talks between adjacent electrodes
can be controlled. Moreover, modern simulation programs
enable to define a charge distribution moving at non rela-
tivistic velocities, which has an impact on the electromag-
netic field propagation. It is shown that for slow ion beams
the frequency spectrum of the BPM signal depends on the
beam position. Simulation methods are discussed in the
context of different BPM realizations applied in hadron ac-
celerators. All simulations described in this paper were per-
formed using CST Suite R© [1].

LINEAR-CUT BPM

Proton and ion synchrotrons are usually operated at the
bunching frequency frf in the order of few MHz. In these
accelerators bunches typically have a length of a several
meters. For such beam parameters linear-cut BPMs are
preferred due to its excellent linearity of the position de-
termination and the independence of the measurements in
the orthogonal directions [3]. Moreover, the full transver-
sal coverage by the electrodes allows precise position mea-
surements even for the beams with transversal large and
complex charge distribution. An example of such a BPM,
sometimes called “shoe-box” due to its cuboid shape, is
shown in Fig. 1. Also other geometrical realizations,

Figure 1: An example of the linear-cut BPM [2].

having e.g. elliptic cross section, show the same electro-
magnetic properties, see [4] and references therein.

The most important BPM parameter is its position sen-
sitivity, defined as an response of the BPM on the beam
displacement [3].

Assuming the bunches much longer than the BPM itself,
the electric field propagation in the BPM can be well ap-
proximated with TEM wave traveling on a wire. The even-
tual influence of effects caused by non-relativistic beams is
minor and can be neglected. Based on this assumption the
BPM position sensitivity can be experimentally determined
using so called stretched wire method, see e.g. [5]. In this
method the amplitude changes of the signals induced in the
electrodes are measured as a response on the changing wire
position.

Similarly, position sensitivity can be obtained by means
of FEM-based simulations that allow optimization of the
BPM design entering in the time consuming prototyping
phase. Since simulations enable three dimensional field vi-
sualization, the field inhomogeneities or distortions effect-
ing BPM linearity caused by e.g. structure discontinuities
can be found and eliminated.

The optimizations performed for linear-cut BPMs with
rectangular as well as elliptic cross sections and different
electrode arrangements are described in Refs. [2, 4, 6]. It
was investigated how the presence of different BPM com-
ponents like e.g. guard ring influence the position sensitiv-
ity and linearity of the position determination. In order to
investigate the influence of the whole environment on the
position readout, the complete BPM was modeled together
with the surrounding vacuum chamber [7]. All components
were defined with realistic material permittivity and con-
ductivity. The volume was divided in 3-dimensional hexa-
hedral meshes with typically 106 to 107 cells – depending
on the model complexity. The number of meshes is mainly
blown-up by small curved parts or elements oriented diag-
onally with respect to the main coordinates. The beam was
simulated as a traveling wave on a wire using the CST Time
Domain Solver and thus reproducing the stretched wire
method. An excitation was defined as a Gaussian shaped
pulse with length of 5 μs corresponding to the bandwidth
of 200 MHz. The position sensitivity was calculated from
S-parameters expressed in frequency domain as described
in [2]. The goals in optimization of the BPM design were:
i) enlarged position sensitivity, ii) linearity of the position
determination, ii) reduction of the offset between electrical
and geometrical center of the BPM and iv) independence
of measurements with respect to the orthogonal directions.

Here we concentrate on the aspect of cross-talk between
adjacent BPM electrodes that decreases the difference of
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Figure 2: The charge distribution of the bunch moving with β = 0.1 for 8 mm displaced beam (left). Corresponding
signals induced in BPM electrodes (middle) and their frequency spectra (right), for further parameters see text.

signal amplitudes and, in consequence, diminishes BPM
position sensitivity. The cross-talk can be measured as re-
sponse through BPM using network analyzer connected
to both electrodes. The result are frequency dependent
S21 parameters. Similar cross-talk determination was per-
formed by means of FEM simulations for the geometry
shown in Fig. 1 and two different realizations: based on
metal coated ceramic or using metal plates. The results are
summarized in Table 1.

Table 1: Cross-talk for Geometry from Fig. 1 and Realiza-
tions Based on Ceramics and Metal Plates

ceramics metal plates

no guard ring, -8.1 dB -10.8 dB
2 mm gap

with guard ring -20.8 dB -22.5 dB

The advantage of the ceramics based solution is its high
mechanical stability and relatively easy positioning even
of the very complex geometries that consist many ele-
ments [4]. The ceramic plates are coated from the inner
side with thin metal sheet (typical thickness 50 μm). The
shape of electrodes, guard rings etc. is formed by cut-
ting out the fragments of metallization. However, a dis-
advantage of such solution is the significantly larger (com-
pared to metal plates) coupling capacitance between adja-
cent electrodes caused by a large relative permittivity of ce-
ramics εr = 9.6. The better separation could be achieved
by increasing the spacing between electrodes. However,
for the investigated geometry this distance can not be ex-
tended much beyond 2 mm without significant distortion
of the electric field in the gap neighborhood. The inser-
tion of the separating ring in the gap between adjacent elec-
trodes, see Fig. 1 improves electrodes separation by more
than 10 dB,see Table 1 resulting in an increase of the po-
sition sensitivity by factor of two. The maximal reduc-
tion of cross-talk would be possible for a geometry based
on metal plates equipped with separating ring but is hard
due to complicated mechanical alignment of many sepa-
rate BPM parts. In addition, simulations showed that such
a small change in the geometry makes the position sensi-
tivity less frequency dependent [2]. Similar results were
obtained for the BPM with elliptic cross section [6].

LOW β EFFECTS FOR BUTTON BPM

In contrast to the assumptions in the previous section for
bunch length comparable to the BPM length an influence of
the effects due to non relativistic beams on the signal regis-
tered in the electrodes becomes more significant. An exam-
ple for such an accelerator is FAIR proton linac presently
under design at GSI [8, 9]. Its accelerating cavities will be
driven with a frequency of 325 MHz. In this accelerator
BPMs will be installed in several locations over 30 meters
of the p-Linac. The beam energy varies along the p-Linac
from 3 MeV to 70 MeV corresponding to a beam velocity
0.1 ≤ β ≤ 0.37. A button type BPM geometry was chosen
due to its compact mechanical realization and short inser-
tion length to fit into the short inter-tank sections of the CH-
cavities [8]. An additional problem that has to be faced is
the rf–power leakage from accelerating cavities, that is es-
pecially disturbing in the inter–tank sections, where some
BPMs are supposed to be installed. This may require anal-
ysis of the beam position on higher rf harmonics.

The position sensitivity of the BPM for non relativistic
beams was theoretically investigated by R. Shafer in [10].
The author showed that the BPM sensitivity depends on its
geometry, beam energy end frequency on which beam posi-
tion is analyzed. However, this 2-dimensional formula can
not be directly applied to the 3-dimensional BPM geome-
try, especially for button type BPMs.

The numerical simulations for low β beams were per-
formed by means of CST PARTICLE STUDIO R© [1] us-
ing the wake-field solver. As a source of excitation a pencil
like beam was defined with a Gaussian-shaped longitudinal
charge distribution that moves with 0.1 ≤ β ≤ 0.3. The
length of bunches was σ = 150 ps at a bunch frequency
of 325 MHz. The simulated BPM model consists of four
planar buttons of Ø 14.4 mm mounted within a beam pipe
of Ø 30 mm. The position of the simulated beam was var-
ied in 2 mm steps within the transverse plane in a range of
±10 mm. The positions in vertical and horizontal direction
were calculated from amplitudes of the signals induced in
the opposite BPM electrodes using the ’delta over sum’-
method (see Ref. [2]).

For non relativistic beams the electromagnetic field
propagation is faster than the beam itself. Since the elec-
tric field distribution has a significant longitudinal com-
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ponent [10] the distribution of the induced charge in the
BPM electrodes depends on the relative distance between
beam end electrode as shown in Fig. 2 (left): For the closer
electrode the longitudinal charge expansion is more nar-
row than for more distant electrode. It means that signals
registered in the closer electrode will have not only higher
amplitude but also will be much shorter than that measured
on the opposite BPM side, see Fig. 2 (middle). In this fig-
ure the signals registered in the electrodes obtained in the
simulations for single bunch moving with the velocity of
β = 0.1 are presented. Note that the amplitudes of the
both signals Fig. 2 (middle) were normalized to unity for
better visualization. The results of Fourier Transformation
on these signals are shown in Fig. 2 (right). In the fre-
quency spectrum of the signal registered in the distant elec-
trode high frequency components are strongly suppressed.
In consequence, the position calculated form both signals
depends strongly on evaluation frequency. The response
of the BPM was compared for the first three harmonics
of the accelerating frequency, i.e. at 325 MHz, 650 MHz
and 975 MHz and for β = 0.1 and β = 0.3 are shown
in Fig. 3. For β = 0.1 the position sensitivity, given by
the slope of the displayed curves, is significantly higher
for the higher frequencies, what is in line with theoreti-
cal predictions of Shafer [10] and simulations presented in
Ref. [11]. However, it is worth to be emphasize, that the
sensitivity at the higher frequencies is larger only close to
the BPM center but drops rapidly already for few millime-
ter beam displacement. For higher beam velocities i.e. for
β ≥ 0.3 the electric charge distribution squeezes [10] ap-
proaching more TEM wave. Thus the difference between
longitudinal expansion of the signals registered in the op-
posite electrodes become negligible. Therefore, the posi-
tion sensitivities for β = 0.3 is almost constant regardless
the frequency at which they are analyzed. The effects de-
scribed above are even stronger in the two dimensional po-
sition map. In Fig. 4 each node of grid corresponds to sim-
ulated beam position. The reconstructed beam positions
show nonlinearities of the position readings. The strength
of these distortions grows with the beam displacement typ-
ically for button type BPMs [3]. However, for the beam
with β = 0.1, the position maps for first three rf harmon-
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Figure 3: Reconstructed horizontal beam position calcu-
lated using ‘delta-over-sum’ algorithm from signal regis-
tered in horizontal buttons for zero vertical beam displace-
ment.
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Figure 4: BPM response on variation of transverse beam
position for β = 0.1 (left) and β = 0.3 (right).

ics significantly diverge from each other. These differences
vanish for β ≥ 0.3, Fig. 4 (right). This has to be taken into
account when installing BPMs in different locations along
the p-Linac: for each location a separate table with correc-
tion parameters specific for the given harmonic number and
beam velocity have to be prepared. Moreover, BPMs are
only usable for limited beam displacement. For this par-
ticular case for β = 0, 1 and 3rd harmonics BPM is com-
pletely insensitive for the beam displacement larger than
±5 mm i.e. exceeding ∼30 % of BPM aperture. Therefore,
it should be kept in mind, that the choice of the rf harmon-
ics is always trade between reduction of the influence of rf–
leakage on the BPM signals and reduction of usable BPM
aperture.

SUMMARY

The simulations based on finite element methods are
very helpful to test different BPM approaches without
time consuming prototyping. An 3-dimensional visualiza-
tion of the field propagation allows to understand complex
processes which simplifies optimization of BPM design.
Moreover, simulations are successfully used for cases that
could not be investigated using a test bench, i.e. for the non
relativistic beams.
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STATUS OF BEAM IMAGING DEVELOPMENTS FOR THE SNS TARGET 

T. J. Shea, C. Maxey, T. J. McManamy, ORNL, Oak Ridge, Tennessee, USA 
D. Feldman, R. Fiorito, A. Shkvarunets , UMD, College Park, Maryland, USA

Abstract 
The Spallation Neutron Source (SNS) continues a ramp 

up in proton beam power toward the design goal of 1.4 
MW on target. At Megawatt levels, US and Japanese 
studies have shown that cavitation in the Mercury target 
could lead to dramatically shortened target lifetime. 
Therefore, it will be critical to measure and control the 
proton beam distribution on the target, in a region of 
extremely high radiation and limited accessibility. Several 
sources of photons have been considered for imaging the 
beam on or near the target. These include a freestanding 
temporary screen, a scintillating coating, Helium gas 
scintillation, optical transition radiation, and a beam-
heated wire mesh. This paper will outline the selection 
process that led to the current emphasis on coating 
development. In this harsh environment, the optics design 
presented significant challenges. The optical system has 
been constructed and characterized in preparation for 
installation. Optical test results will be described along 
with predictions of overall system performance. 

MOTIVATION 
The design of targets for megawatt class accelerators is 

generally limited by material issues such as radiation 
damage, the ability to adequately cool the structures and 
the stresses generated by thermal profiles, coolant 
pressures and short pulse effects.  Performance usually 
improves with more compact targets, while the 
engineering challenges increase.  A key parameter for 
design is the beam profile and peak current density for a 
given beam energy since this drives the peak radiation 
damage rate, the peak volumetric heating in the target and 
the peak heating in any window system the beam passes 
through.  The containment structure for liquid metal 
targets are also subject to cavitation damage for short 
pulse operation and studies for SNS and JSNS mercury 
targets have shown this may be a sensitive function of 
peak current density [1]. Generally, targets that are 
designed for high performance are close to the 
engineering limits and subject to potential damage if the 
beam density or power increases.  Development of 
diagnostic systems which give accurate beam profile 
information during full power operation would allow 
targets to be safely designed with less engineering margin 
and with improved lifetime estimates based on radiation 
damage.  Rapid detection of high beam density could be 
used to trip the beam for target protection. 

As shown in Fig. 1, the SNS will operate at beam 
powers exceeding 1 MW by late 2009. Currently, from a 
location 9.5 meters upstream of the target, a harp provides 
the last profile measurement. This multi-wire device and 
upstream instrumentation provide data that help predict 
the properties of the beam at the target. Unfortunately, the 

estimated uncertainty of the current density prediction 
exceeds 25%. Assuming that the target’s damage rate 
scales with the fourth power of the peak current density, a 
30% increase in this parameter would reduce the target 
lifetime by over 60%. At J-PARC, another high power 
facility with a liquid metal target, the situation is 
significantly better. Their multiwire monitor sits much 
closer to the target and recent studies have demonstrated 
agreement between this device and image plate activation 
analysis [2]. During commissioning at the SNS, the 
situation was also better. A temporarily installed 
Al2O3:Cr screen provided a full 2 dimensional image of 
the beam at the target [3]. This uncooled device was 
removed in 2006 before high power operation began.  
Due to the valuable data provided by the temporary 
system, and in anticipation of high power levels, a new 
beam on target imaging system is being developed.  

IMAGING OPTIONS 
Several sources of photons were considered. Their 

relative yields were calculated and are summarized in 
Table 1. In this table, the screen refers to a typical 
Chromium doped alumina material that was used in the 
temporary target imaging system. For the future, one 
option is to install a similar screen for low power tune-up 
after each target replacement. Before the pulse repetition 
rate is ramped up to achieve full power, the target would 
have to be retracted, the screen robotically removed, and 
the target reinserted. This procedure could take over one 
week and therefore impact operations. 

Since a water-cooled shroud surrounds the target, a 
second option is to coat this shroud with a thin 
luminescent material. Heating of the scintillator would be 
limited, and it could be used during full power operations. 
As this option was selected for the initial deployment, it 
receives a detailed treatment in the next section.  

Optical transition radiation is produced at the 
unmodified target surface. For 1 GeV protons, photon 

 

Figure 1: Ramp-up of SNS beam power. 
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yield is very low, but still may produce a detectable 
signal. Helium at a pressure of one atmosphere surrounds 
the target, leading to another source of photons. Excited 
by energy deposition from the incoming protons, this 
99.9% pure gas will scintillate primarily in the shorter 
wavelengths of the visible spectrum. Helium fills the 2-
meter long flight path between the target face and the 
proton beam window (which separates this region from 
the upstream accelerator vacuum). Therefore, to measure 
an accurate beam profile, optics with a shallow depth of 
field must be employed. Table 1 shows the estimated 
photon yield from a 10 mm thick slab of gas. When other 
sources are used to image the beam, Helium scintillation 
from a much thicker section could contribute a noticeable 
background. 

At LANL in July of 2008, experiments were performed 
to observe both OTR and He scintillation with an 800 
MeV proton beam. For this experimental configuration, a 
single pulse of 2.7·1013 protons should have produced 
3·108 visible photons within the imaging system’s 
acceptance. Unfortunately, this initial test did not produce 
a discernable image. This was primarily due to two 
factors. The experiment was performed parasitically to a 
target test experiment and this led to severe constraints on 
the optical performance. In addition, a high gamma dose 
caused large background in the camera system. Follow-on 
experiments are anticipated. 

Not shown in the table is the option of thermal 
incandescence. The most relevant example of this 
technique is employed for the SINQ target at PSI [4]. 
Although the light intensity is not proportional to beam 
current density, the system’s sensitivity to off-normal 
conditions makes it an excellent input to a machine 
protection system. 

Table 1: Photon Yields from the 1 GeV SNS Beam 

Source Photon Yield 
(photons/proton/steradian) 

Screen (Cr:Al2O3) 2*10+2 

Coating (Cr:Al2O3) 2*10+1 

Optical Transition Radiation 3*10-4 

Helium scintillation (10 mm) 3*10-3 

Coating Development 
Due to some early success and a tight schedule, a 

flame-sprayed Al2O3:Cr coating has been selected for the 
first replacement targets. During the LANL experiment 
mentioned above, several coating samples were tested and 
the results are shown in Fig. 2. To understand these 
results and further develop the coating process, 
collaboration was forged between SNS, ORNL’s Material 
Science and Technology Division, and SUNY Stony 
Brook’s Center for Thermal Spray Research. 

Samples were analyzed with X-Ray diffraction and 
electron microscopy to determine the coating structure. 
These results were correlated with luminescent intensity 
measured by laser spectroscopy. UV excitation, and in 
some cases, proton beam excitation. The samples that 

were flame sprayed with large particle sizes retain enough 
alpha phase alumina to efficiently scintillate. Higher 
temperature and velocity processes (D-gun and plasma 
spray) fully melt the particles and produce a less porous 
coating, but would require an undesirable high 
temperature anneal to restore the alpha phase. With the 
goal of depositing a functional coating without 
overheating the expensive target assemblies, the 
collaboration continues to map the parameter space of 
material properties and spray conditions. 

 

 
Figure 2: Test at LANL. Lower right quadrant: D-gun 
coating. Other quadrants: lower temperature flame 
sprayed coatings. Upper left: 1% Chromia. Upper right: 
5% Chromia. Lower left: 0.5% Chromia. 

 
At high beam power, the peak target surface 

temperature could approach 150 degrees C. Because the 
luminescent efficiency and decay time constant are both 
temperature dependant, gated imaging is being explored 
to simultaneously measure the beam profile and the 
temperature distribution. 

OPTICAL SYSTEM 

 
Figure 3: Optical path. Solid lines depict the reflective 
path and the dotted line depicts the beginning of the 11.5 
meter long fiber bundle. 

Imaging System Description 
The proton beam imaging system was designed around 

a 25 mm viewport that extends 1.1 m vertically through a 
shielding plug above the proton beam window (PBW).  A 
convex diamond-turned aluminum mirror mounted to the 
top surface of the proton beam flight tube (Fig. 4) serves 
as the input aperture of the imaging system.  

The image from the convex mirror is reflected upward 
through the viewport, to a 45-degree flat diamond-turned 
aluminum mirror, that directs the light into a custom high-
purity fused silica triplet lens.  The turning mirror and 
lens are housed in a robust optics block securely mounted 
to the top of the PBW shielding plug (Fig. 4).  The image 
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from the triplet lens is formed on the front face of an 11.5 
m high-purity fused silica fiber optic imaging bundle 
(10,000 fibers) that terminates in a custom C-mount lens 
for attachment to a digital camera.   
 

   
 
Figure 4: Left: Parabolic imaging mirror in PBW, 
reflecting viewport (illuminated). Right: Optics block, 
located 1 meter above parabolic mirror, with imaging lens 
and imaging fiber attached 

Imaging System Design Considerations 
The imaging system was designed to ensure that the 

necessary field of view would be preserved in the 
presence of several alignment uncertainties.  In addition, 
the imaging fiber bundle was a long-lead-time item being 
manufactured in parallel with the other design activities 
and the manufacturer’s specification on the input aperture 
of the fiber was nominally 1.1 mm with a +/- 10% 
tolerance.  The design of the imaging system was based 
on the minimum fiber aperture of 1.0 mm with the goal of 
producing an image that was about 35% smaller than the 
minimum fiber diameter, to account for various alignment 
uncertainties.  If the fiber were delivered at nominal 
aperture diameter (as expected) this margin would 
increase to about 42%.  The resolution of the imaging 
system would be dictated by the projected size of the 
individual fiber elements.  At the nominal fiber aperture 
diameter, the projected diameter of each individual 
imaging fiber onto the surface of the scintillator target 
would be 2.5 mm. 

The use of an off-axis aspheric mirror as the input optic 
for the imaging system was motivated by field of view 
and imaging performance considerations but produced 
some distortion in the raytrace models (Fig. 5). 
 
 

   
 
Figure 5: Left: optical modelling result showing 
anticipated image distortion. Right: Imaging system test 
target showing region of interest bounded by rectangle. 
 

The optical throughput of the system is a function of 
the geometric loss from the scintillator to the input 
aperture, geometric loss within the imaging system itself, 
reflective losses at each optical element, packing fraction 
loss at the fiber and attenuation within the fiber itself.  
When all of these were taken into consideration, the 
system loss from the scintillator to the camera was 
calculated as 69 dB.  

Imaging System Performance 
Measurements of the assembled optical system were 

conducted using imaging targets with the 70 mm by 200 
mm region of interest bounded by a rectangular border.    
The images produced (example shown in Fig. 5) indicated 
that the image was about 42% smaller than the fiber 
aperture, suggesting that the fiber bundle was delivered at 
near nominal diameter and that the resulting field of view 
is about 9.5º.  The image geometry correlates reasonably 
well with the predicted distortion from the optical model, 
as shown in Fig. 5.  Optical throughput of the system was 
measured using an illuminated integrating sphere at the 
object plane of the system with the output of the C-mount 
lens coupled into a silicon detector/amplifier.  The optical 
loss was found to be approximately 65 db, which 
correlates well with the calculated loss of 69 db.   

OUTLOOK 
Installation of the optics and coating of a new target are 

both scheduled for Summer of 2009. Although significant 
risk remains, the goal is to achieve pulse by pulse imaging 
during the next run. An R&D program will continue to 
support development of more advanced coatings and 
optical components. Other applications are also under 
consideration. 
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NON-DESTRUCTIVE BEAM POSITION MEASUREMENT IN A PROTON 
THERAPY BEAM LINE* 

D.T. Fourie, L. Anthony, A.H. Botha, J.L. Conradie, J.L.G. Delsink, J.G. de Villiers, P.F. Rohwer, 
P.A. van Schalkwyk, iThemba LABS, P.O. Box 722, Somerset West 7129, South Africa 

J. Dietrich#, Forschungszentrum Jülich, D-52425 Jülich, Germany

Abstract 
Non-destructive beam position monitors (BPMs) have 

been in use at iThemba LABS for several years in the 
neutron therapy and radioisotope production beam lines, 
as well as in the transfer lines between the two K8 
injector cyclotrons and the K200 separated-sector 
cyclotron. The sensitivity of these BPMs is limited by 
noise and pickup from the RF systems to about 300 nA in 
the high-energy beam lines. For proton therapy, using the 
scattering method, position measurements at beam 
currents as low as 20 nA have to be made. A new and 
more sensitive BPM as well as the electronic measuring 
equipment, using RF pickup cancellation and improved 
filtering, have been developed and installed in the proton 
therapy beam line. The BPM, the electronic equipment 
and the results of measurements at beam currents down to 
10 nA for 200 MeV protons are described. 

INTRODUCTION 
Variable energy beams of light and heavy ions from 

ECR ion sources, as well as polarized protons, are used 
for nuclear physics research at iThemba LABS [1]. A high 
intensity 66 MeV proton beam can be switched between 
vaults for neutron therapy and radioisotope production for 
medical and industrial purposes. Proton therapy has been 
practised since 1993 with a 200 MeV beam at beam 
intensities of between 20 nA and 70 nA, using gas-filled 
multi-wire and segmented ionization chambers for beam 
position measurements. Non-destructive BPMs [2,3] that 
can fit in any of the standard beam diagnostic chambers 
together with other diagnostic elements were developed 
and installed in the high intensity beam lines. The 
sensitivity of these BPMs is not sufficient for use in the 
proton therapy line, owing to the dimensional restrictions 
on their length, noise in the solid state multiplexers and 
pickup from the main and the two flat-topping RF 
systems, that operate at the third and fifth harmonics, as 
well as from the rebunchers, that operate at the second 
and fourth harmonics. 

The usefulness of the existing BPMs, not only for beam 
alignment and position monitoring, but also for detecting 
sources of beam instability, provided the incentive to 
investigate the possibility of building BPMs with greater 
sensitivity. Since beam phase measurements [4] in the 
separated-sector cyclotron could be made at beam 
currents in the nA range by cancellation of the relatively 
large pick-up signal, it seemed feasible that the same 

technique could be used for BPMs in the beam lines, 
where the level of the pick-up signals is much lower, to 
improve the sensitivity to such an extent that they can be 
used in the proton therapy beam line and perhaps also in 
the nuclear physics beam lines, where low intensity 
beams with variable energy are used. Tuned BPMs [5] 
were not considered because of the variable frequency 
operation of the accelerators. A new BPM, and a test set-
up for signal processing electronics, similar to that which 
is used for beam phase measurements, was designed and 
built from available amplifiers, filters and measuring 
equipment. From past experience with the BPMs it is 
known that the level of the pick-up is the lowest at the 
third harmonic, i.e. at 78 MHz, for the 200 MeV proton 
beam. At 66 MeV the pick-up signal that is caused by the 
flat-topping system of the light-ion injector cyclotron is 
the lowest at the fifth harmonic, i.e. at 81.8 MHz. The 
third harmonic flat-topping system of the separated-sector 
cyclotron causes a much larger disturbance. The signal 
processing equipment was therefore built to operate in a 
10 MHz band centred at 80 MHz. 

THE BPM 
The influence of the electrode dimensions on the signal 

level and harmonic content for different beams was 
calculated according to the method described by Timmer 
et al. [6]. The BPM electrodes are considered as 
capacitors that are charged by the beam and discharged 
through a resistor connected to ground. To verify the 
order of magnitude of the calculated value, a simpler and 
less accurate method, which assumes that charge appears 
only on the inside of the electrodes when the beam enters 
the BPM, and similarly disappears from the inside when 
the beam leaves it, was used to calculate the beam pulses 
with Laplace transforms. With the second method the 
pulse form differs, as can be expected, significantly from 
those of the first, but there is good agreement between 
pulse and harmonic amplitudes. The main BPM 
dimensions are shown in Fig. 1. To obtain larger harmonic 

Figure 1: Cross-sectional views of the BPM. 

___________________________________________  
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amplitudes than with the existing BPMs it was found 
necessary to deviate from the previous design by 
increasing the length of the electrodes to 170 mm, which 
is the physical length of the 200 MeV proton beam pulses. 
The BPM can therefore no longer fit into the standard 
diagnostic vacuum chambers and has to be installed 
separately from these chambers. A further increase in the 
length would result in an increase in the amplitudes of the 
first few harmonics of the beam pulses but was not 
implemented to take future space requirements into 
consideration. Each electrode extends over an angle of 68 
degrees and has an inner radius of 45.5 mm to prevent 
interception of beam. The inner diameter of the beam pipe 
where the BPM is installed is 73 mm. SMA connectors on 
both sides of each electrode provide the facility to 
terminate the electrodes on both sides. Numerical field 
analyses, using finite element methods with the program 
TOSCA [7], showed that for a beam diameter of 10 mm 
the image charge on an electrode is 23.5% of the beam 
charge. The calculated rms signal levels, with only one 
termination on each electrode, for 1 nA proton beams are 
10.7 nV for the fifth harmonic (81.86 MHz) at 66 MeV 
and 7.1 nV for the third harmonic (78 MHz) at 200 MeV, 
assuming homogeneous charge distributions in the beam 
pulses and pulse lengths of 13 and 9 degrees, based on 
previously determined beam pulse lengths as measured 
with capacitive phase probes, respectively. The calculated 
height of the beam pulses depends strongly on the 
assumed pulse length but the amplitudes of the harmonics 
do so to a much smaller degree. For heavy ion beams the 
signal levels are appreciably higher than that of the 66 
MeV proton beam. The amplitudes of the lower 
harmonics are not sensitive to the inner probe radius and 
capacitance.  

SIGNAL PROCESSING 
Figure 2 shows a simplified block diagram of the 

electronic equipment for processing the beam signals. 
Because of the occasional high radiation dose in the area 
where the monitor is installed the multiplexer, comprising 
of electromechanical RF switches, and the first two 
amplifiers were installed in a separate electronics area and 
connected to the BPM through 20 m long cables, with 
solid outer conductors. The remaining equipment in Fig. 2 
was installed in the control room, about 40 m away from 
the first two amplifiers. The overall attenuation in the 

cables is 1.57 dB. Included in the gain of the first 
amplifier, which has a noise figure of 1.2 dB, is the loss of 
the 1 dB attenuator at its input, which is essential for 
stability when connecting the input to a long cable. The 
overall amplification factor, including the cable loss and 
the 3.3 dB attenuation in the signal combiner, is 71.9 dB, 
which means that for 1 nA proton beams an amplitude of 
42.4 μV for the fifth harmonic at 66 MeV and 28 μV for 
the third harmonic at 200 MeV can be expected at the 
input of the lock-in amplifier. Included in the final 
amplifier stage are an amplifier that limits the output 
signal level and an attenuator for protection of the final 
amplifier. To cancel the pick-up signal from the RF 
systems the beam signal is combined with the appropriate 
harmonic generated by a synthesizer with a signal of the 
main RF system as a reference. The phase and amplitude 
of the harmonic can be adjusted by computer control. This 
can be done by using previously measured calibration 
data of the synthesizer, or by measuring the phase and 
amplitude of the combined signals and those of the 
synthesizer signal separately. From these values the 
required phase and amplitude settings of the synthesizer 
can be calculated, provided that the amplitude and phase 
of the pick-up signal are stable. Noise in the output signal 
of the combiner is filtered in the lock-in amplifier, which 
provides filters with time constants ranging from 0.1 ms 
to 30 ks with 6, 12, 18 and 24 dB/octave roll-off. The 
effective time constant is approximately equal to the 
selected time constant, times the number of dB/octave 
roll-off as a multiple of 6 dB. 

RESULTS OF MEASUREMENTS 
Measurements were made mainly on the 66 MeV 

proton beam since it was the most often available. In 
terms of pickup it is the worst case since one of the RF 
systems, the flat-topping system of the injector cyclotron 
for light ions, operates at the measuring frequency. For 
200 MeV only harmonics from the main RF systems 
contribute to pickup.  

For the 66 MeV proton beam the measured amplitude 
of the fifth harmonic, after amplification, is 37 μV/nA. 
The calculated value is about 11% higher. For the 200 
MeV proton beam the measured amplitude is 26.5 μV/nA. 
These measurements were made after pickup cancellation 
and at such high beam intensities and long time constants 
that the resultant pick-up signal and noise were 
insignificant. 

The beam pulse amplitude of the 66 MeV proton beam 
has been measured at a beam current of 10 μA, with both 
ends of the electrodes terminated with 50 Ω resistors, one 
of these being the input resistance of a 40 dB wideband 
amplifier. The measured amplitude is 170 mV and the 
calculated value is 127 mV. The amplitude of the beam 
pulses is enhanced by the inductance in the leads that 
connect the electrodes to the feedthroughs. The effect of 
the inductances can also be seen in the presence of 
oscillations in the tail of the measured pulses. Since the 
electrodes are essentially transmission lines and not 

Figure 2: A simplified diagram of the signal processing
equipment. 
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capacitors, it is to be expected that the measured 
amplitudes will be higher than the calculated ones. This, 
and the effect of the inductances have been verified by 
modelling the BPM electrodes with a circuit analysis 
program. The use of a different type of feedthrough, 
which will allow connections with much less inductance, 
is planned. 

The amplitude of the pick-up signal varies from week 
to week since the amplifiers of the RF systems are 
retuned during beam energy changes. The pick-up signal 
level during operation with the 66 MeV proton beam is 
typically below 10 μV.  For a nominal signal level of 7 
μV the amplitude varied, partly due to noise, by plus and 
minus 1 μV over a 6-hour period. Variations in the 
amplitude and phase of the signal from the synthesizer are 
negligible compared to those of the pick-up signal. The 
combined pick-up and synthesizer signals can be reduced 
in a single step to below 1 μV by measuring the amplitude 
and phase of the synthesizer and the combined signals and 
adjusting the synthesizer signal to newly calculated 
settings.  For the 200 MeV proton beam the amplitude of 
the pick-up signal, without cancellation with the 
synthesizer signal, is typically 2.4 μV.  

The overall limitation to the lowest beam intensity at 
which the BPM can be used is determined by the time 
constants of the filters for noise reduction that are 
acceptable and measurement accuracy that is required. To 
keep the measured noise level below 2 μV, a time 
constant of 3 s and 24 dB/octave roll-off were selected. 
For a time constant of 1 s and the same roll-off, the noise 
level increases to above 3 μV. 

Figure 3 shows measured BPM signals as well as 
estimated beam positions, based on measured and 
calculated beam signals as a function of the actual beam 
position. The difference between the estimates, based on 

measurement and calculation, is due to the different beam 
sizes and the dispersion in the beam directly downstream 
from the switcher magnet. From figure 3 it is clear that 
the BPM has to be calibrated, as was done with the BPMs 
that were built previously. 

CONCLUSION 
 
The lower beam current limit at which the BPM and the 

signal processing equipment described above can be used 
is a function of the acceptable measurement time and the 
required positional accuracy. At a beam current of 10 nA, 
the measurement time is estimated at fifteen seconds per 
electrode for a positional accuracy of 1 mm, provided 
there are no beam current variations during the 
measurement of the signals on the four electrodes. To 
eliminate the effect of such variations further averaging of 
the measured values is required. 
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Figure 3: The calculated and measured beam position 
estimates as a function of the beam displacement. The
measured beam position is the difference over the sum of 
the measured electrode signal s, multiplied with the inner 
radius of the BPM electrodes. For the calculated beam 
position, the signal levels on the electrodes were 
determined with the computer program TOSCA, for 
different positions of a 10 mm diameter beam. The actual 
beam positions in the BPM were calculated from the 
excitation current of the switcher magnet. 

Figure 4: The calculated BPM signals as a function of 
horizontal displacement of a 10 mm diameter beam.
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Abstract

XFELs require high precision orbit control in their long
undulator sections. Due to the pulsed operation of drive
linacs the high precision has to be reached by single bunch
measurements. So far only cavity BPMs achieve the re-
quired performance and will be used at the European
XFEL, one between each of the up to 116 undulators [1].
Coupling between the orthogonal planes limits the per-
formance of beam position measurements. A first proto-
type build at DESY shows a coupling between orthogonal
planes of about -20 dB, but the requirement is lower than
-40 dB (1%). The next generation cavity BPM was build
with tighter tolerances and mechanical changes, the orthog-
onal coupling is measured to be lower than -43 dB. This re-
port discusses the various observations, measurements and
improvements which were done.

INTRODUCTION

A cavity BPM consists of a coaxial dipole resonator with
four symmetric arranged slots and a reference resonator,
see Fig. 1. A charged particle beam excites electromag-

Reference
resonator

Dipole resonator

Slots
Beam

Figure 1: Design view of a cavity BPM, here only the vac-
uum parts are shown.

netic fields. Antennas in the slots and the reference res-
onator observe a voltage. The signal used from the dipole
resonator is the TM11 mode (the dipole mode is spatial fil-
tered due to the slots), which is proportional to the beam
offset times charge. Charge and phase normalization are
done with the signal from the reference resonator (TM 01

mode which is proportional only to the charge), see Fig. 2,
such that the beam position is observed. The phase relation

∗ dirk.lipka@desy.de

between dipole and reference resonator is used to deter-
mine the sign of the displacement.
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Figure 2: Time domain response signal from reference res-
onator with visible reflexion after about 14 ns.

Both transverse beam displacements are measured by us-
ing two orthogonal feedthroughs (ports) of the dipole res-
onator, the other two ports are terminated by 50 Ω loads.
When the beam is only shifted in one direction with re-
spect to the electromagnetic axis of the BPM only one port
should show an offset. With a coupling of both planes the
other port will give a signal too, see Fig. 3. If the result-
ing coupling is larger than requested this limits the BPM
performance.

This paper shows the investigation of the coupling for
two prototypes (one of the first and one of the second gen-
eration) with two methods. The reason of the coupling is
evaluated and possible improvements are named.

FIRST CAVITY BPM GENERATION

Three prototypes have been produced at DESY. The de-
sign originally developed at SPring-8 [2] was changed ac-
cording to the boundary conditions of the European XFEL
with a resonance frequency of 4.4 GHz. One prototype
was installed at FLASH in 2008, see Fig. 4. The BPM
can be moved in both transverse directions by stepper mo-
tors. The ports are connected with 1.5 m long cables (H&S
SUCOFORM SM141) followed with 120 m long cables
(RFS LCF 78-50JA 7/8” CELLFLEX) each. The signals
are taken with an oscilloscope, 20 GSamples/s. In Fig. 3
the signal from the orthogonal port shows a different de-
cay time compared to the correct port. This leads to the
assumption that the loaded quality factor is increased. The
signals shown in Fig. 2 and Fig. 3 top indicates a reflexion
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Figure 3: Time domain response signal of dipole resonator.
Top: with beam offset of 1.08 mm, bottom: from the or-
thogonal port. Note the different vertical scales.

Figure 4: Photo of the installed cavity BPM first generation
at FLASH.

after about 14 ns which could influence the quality factor.
The reflexion is caused by the interface between the 1.5 m
and 120 m long cables. The Fourier transformed signal of
Fig. 3 shown in Fig. 5 gives a smaller bandwidth of the cou-
pled signal at the same frequency, an indication of a larger
quality factor too.

To estimate the amount of coupling the maximum level
at the resonance frequency is taken as a function of beam
offset in one transverse direction, see Fig. 6. With increas-
ing offset both ports show an increasing level, the coupling
is about -20 dB (10%) which is above the requirement of
1%. Therefore this signal influences the performance of

f / GHz
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Figure 5: Fourier transformation of signals shown in Fig. 3.
Monopole mode leakage at 3.5 GHz is observed too. The
first quadrupole mode (TM21) at 5.2 GHz and the second
dipole mode (TM12) at 7.6 GHz are visible.
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Figure 6: Maximum level at dipole resonance frequency as
a function of beam offset for both ports. Error bars are the
standard deviation of several measurements.

the BPM.

The transmission of the orthogonal ports of the BPM
was measured with a network analyzer without long ca-
bles shown in Fig. 7. Here one can see the same level of
coupling.

To derive the reason of the coupling CST simulations [3]
are performed with shifting non-cylinder-symmetric com-
ponents of the BPM. An agreement of the transmission
measurement was found (see Fig. 7) by shifting one slot
by 0.09 mm with respect to his center position (the de-
fined tolerance was ±0.2 mm). The resonance frequency of
the measured BPM was 4.408 GHz, therefore the measured
data are shifted, which is within the accepted tolerance of
±10 MHz. The dipole mode is on the shoulder of the first
quadrupole mode therefore the baseline of the transmission
is increasing with frequency in Fig.7. But this quadrupole
mode has only negligible influence to the measured offset
position.
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Figure 7: Transmission between orthogonal ports of at
FLASH installed BPM without long cables: measurement
and simulation (shift of slot position: 0.09 mm).

SECOND CAVITY BPM GENERATION

The next prototypes have been produced with a reso-
nance frequency of 3.3 GHz. The lower resonance fre-
quency was chosen to be able to design cavity BPM with
larger beam tube and the same performance like the un-
dulator cavity BPM. This gives the possibility to use the
same electronics at different positions of the beam distribu-
tion system. The mechanical tolerance of the slot position
is tightened to ±0.05 mm and the vacuum tube connection
of the slots are closed (compared to the origin design [2]).
Due to the lower resonance frequency the baseline trans-
mission is increased. The closed vacuum tube connection
decreases the baseline transmission again, shown in Fig. 8.
A small peak is observed at the resonance frequency, but
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Figure 8: Measured transmission of the second generation
cavity BPM between orthogonal ports.

not significant like in Fig. 7, note the different scales. One
BPM of the second generation was used to replace the first
generation prototype in FLASH, see Fig. 9. The same
measurement as a function of beam offset was done, see
Fig. 10. The orthogonal port gives a small peak at the res-
onance frequency but it does not increase with larger beam
offset (a larger beam offset range was used compared to
Fig. 6). Therefore from this data one can estimate an upper
limit of the coupling of -43 dB.

Figure 9: Photo of the installed cavity BPM second gener-
ation at FLASH.
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Figure 10: Maximum level at dipole resonance frequency
of second prototype as a function of vertical mover posi-
tion for both ports. Error bars are the standard deviation of
several measurements. BPM center is at about -6.08 mm.

SUMMARY

The first cavity BPM generation for the European XFEL
showed a coupling of orthogonal port signals measured
with beam and verified with transmission measurement of
-20 dB. The reason was a too loose tolerance of the posi-
tion of the slots. By tightening the tolerance the coupling
is reduced and measured to be lower than -43 dB. It turns
out that coupling is sensitive to geometric errors of a cav-
ity BPM. Thus it can be used as one measure in the quality
control process of the series.
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Abstract

Currently an X band traveling wave accelerator structure
is under development in a collaboration between CERN,
PSI and ELETTRA. At PSI and ELETTRA, it will serve
for longitudinal phase space compensation at the respec-
tive FEL projects, where CERN will use it to test break
down limits and rates in the high gradient regime. The de-
sign employs a large iris, 5π/6 phase advance geometry,
which minimizes transverse wake field effects while still
retaining a good efficiency. In addition, we plan to use an
active monitoring of the beam to structure alignment and
to include two wake field monitors coupling to the trans-
verse higher order modes. These allow steering the beam
to the structure axis giving a higher precision than mechan-
ical alignment strategies. Of special interest is the time do-
main envelope of these monitor signals. Local offsets due
to bends or tilts show up as distinct patterns, which should
be easily detectable via basic measurements.

INTRODUCTION
Within the context of the GLC and NLC projects, a con-

siderable effort has been going on in developing high power
X band RF systems for high energy e+e− colliders[1]. Af-
ter the conclusion of these projects, the recent decision by
CLIC to change their principal RF frequency from 30 GHz
to an European X band frequency near 12 GHz has given a
renewed push to X band development. A big RF structure
fabrication and testing program involving major laborato-
ries around the world is under way.

A relatively new application for X band technology is in
free electron lasers. LCLS compensates nonlinearities in
the longitudinal phase space with an X band structure in
order to improve bunch compression. The European FEL
projects SPARC, FERMI@ELETTRA and PSI-XFEL also
plan to employ it for the same purpose. In that context, a
collaboration between CERN, PSI and ELETTRA has been
set up to develop suitable structures. While being operated
at the PSI-XFEL and the FERMI FEL, an ultra long perfor-
mance test also important for CLIC, these are also going to
be submitted to break down tests at CERN.

Looking at the PSI-XFEL, beam voltages up to 30 MeV
are required using only a limited power in the order of 40
MW at the structure, which means a fairly efficient struc-
ture. On the other hand, the beam has a relatively modest
energy of 250 MeV, so that we are relatively sensitive to
transverse wakes. So we need to make a good compromise
between a high shunt impedance, generally associated with
low apertures, and a low transverse kick, demanding the

opposite. The structure will have no HOM damping. But
two wake field monitors are foreseen to align the structure
to the beam and to minimize transverse kicks.

The monitor use TE type coupling to the dipole modes
in the structure to reject the fundamental as well as higher
order longitudinal modes. A special feature is, that we also
make use of the fact that wave propagation inside the RF
structure is relatively slow at a few percent of the speed
of light. The spread out pulse response of the wake moni-
tors not only contains information about the offset but also
about higher order misalignments as structure tilts. So ba-
sic measurement procedures using only the envelope of the
output signal are possible.

FUNDAMENTAL MODE PROPERTIES

Figure 1: Cut through X band accelerating structure.

For both ELETTRA and PSI specifications, a single
structure with 750 millimeter active length is the most ap-
propriate solution. The NLC structure type H75 (5π/6
phase advance) has been chosen as the most suitable candi-
date for the testing program. The original H75 design, with
all iris aperture, thickness and ellipticity of the iris vary-
ing along the structure, provides an accelerating gradient
of 65 MV/m for 80 MW input power and was successfully
tested up to 100 MV/m with a SLAC mode launcher [2, 3],
which we also use here. The relevant parameters are sum-
marized in Table 1.

Table 1: Structure Specifications
Beam Voltage 30 MeV
Max. Power 29 MW
Iris diameter 9.1 mm (avg.)
Wake field monitors up/downstream
Operating temp. 40 deg. C
Fill time 100 ns
Repetition rate 100 Hz

WAKE FIELD MONITOR
To measure the beam offset inside the structure, we cou-

ple to the lowest dipole mode. Minimum perturbation of
the fundamental mode and maximum information in the
output signal, easily post processed, are the principal de-
sign criteria. Where and how to couple, what to expect as
a signal is shown in the following.
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Figure 2: Limits of lowest dipole band and synchronous
frequency versus cell number. Also shown the location of
the wake field couplers with their respective bandwidths.

The distribution of bandwidths and synchronous fre-
quencies of the lowest dipole band inside the whole struc-
ture (Fig. 2) shows three characteristic frequency bands.
Dipole modes in the region of 15.3 to 16.1 GHz will be
trapped modes, localized in the inside of the structure,
where there are cells propagating these frequencies. These
trapped modes start in an upstream cell with a field dis-
tribution corresponding to a π mode and continue with a
decreasing phase advance to the downstream cell, where
it goes to zero. The coupling with the beam is most pro-
nounced in the cell, where the resonance corresponds to
the synchronous frequency and phase. Resonances below
15.3 GHz (π mode of cell 1) extend from the input coupler
to the cell where the phase advance goes to zero. Most of
these modes will have weak kick factors, since their fre-
quency does not correspond to one of the synchronous fre-
quencies. The last region contains high kick modes above
16.1 GHz, their fields extend into the output coupler.

With this in mind and assuming, that introducing the
monitors will not distort this modal pattern, we are able
to choose suitable locations for the wake field monitors.
Dipole wakes excited by offsets in the upstream half of the
structure correspond to modes which are concentrated in
the middle of it. Actually, if we put a monitor in cell 36, it
will have a bandwidth of 14.8 to 15.7 GHz (the width of the
dipole band in cell 36), the corresponding modes have their
synchronous phases in the upstream half and will signal
offsets there. For the downstream coupler, we are restricted
by the width of the dipole band – a reasonable compromise
is cell 63, which sees wakes excited in cells 40-63.

What are the design criteria for the monitor? In order to
effectively measure offsets, the wake monitor should reject
signals coming from all monopole modes, fundamental as
well as higher ones. These are best suppressed by selec-
tively coupling to the transverse electric components of the
hybrid dipole modes, something achieved by a suitable ori-
entation of the coupling waveguide.

One option is to use radially oriented waveguides cou-
pling head-on to the cell and a second to have a waveguide
in parallel to the beam axis being side coupled, similar to
the design of the damped detuned structure, but coupling
only to one select cell. Side coupling has the advantage,

Figure 3: Cut through structure showing the geometry of
the downstream wake monitor cell.

that we can have a longer waveguide damping down any
residual signal from the fundamental mode, which may en-
ter due to mechanical misalignments. Also, there is enough
space to integrate a transition from the waveguide to coax-
ial and use a standard 50 Ω vacuum feedthrough to connect
the front end. We chose this option, the coupler design is
similar to the HOM coupled cells of the damped detuned
structures, the difference being that we couple only to one
cell and have the wave guide electrically shorted on one
side (Fig. 3).

The coupling strength corresponds to a loaded Q of
around 800 for a zero phase advance of the dipole and gives
sufficient signal amplitudes. The effect on the fundamen-
tal mode parameters is only minor: A 10 % drop in group
velocity and Q, the R/Q stays virtually unchanged.
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Figure 4: Output signals from up- and downstream moni-
tors vs. frequency.

The wake monitor signals shown in the following were
obtained from a dual resonator equivalent circuit, where
the elements of the resonators describing the TE and TM
components of the hybrid dipole mode and their mutual
couplings are fitted from the results of numerical compu-
tations. (See [4] for more details, and [5] for special modi-
fications used). Figure 4 shows the signal spectra computed
for the up- and downstream couplers. As can be expected
from the previous discussion, we see two distinct frequency
bands corresponding to the synchronous frequencies in the
two parts of the structure.

Of special interest is the time domain evolution of the
transverse wakes. A given dipole mode is excited by the
beam dominantly in the ’synchronous’ cells, where his res-
onant frequency corresponds to the synchronous one. The
mode does not build up instantaneously, but the energy de-
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Figure 5: Signal envelope from up- and downstream moni-
tors vs. time.

posited by the beam in this synchronous cell needs time
to get distributed in the structure – the distance between
the synchronous cell and the wake field monitor leads to a
time delay, before the signal shows up in the monitor sig-
nal. Signals from different part of the structure have a dif-
ferent delay. In the output signal (Fig. 5), this results in an
initial rectangular pulse (with some beating on top) of 2-3
nanoseconds length.
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Figure 6: Signal envelope up- and downstream monitors
vs. time assuming structure axis tilted to beam axis.

The beam offset in individual parts of the structure is
correlated to different synchronous frequencies and this in
turn with different delays in the time domain signal. So it
is a valid question, whether we can identify also tilts with
respect to the beam. A tilted structure is aligned with the
beam in the middle, whereas the extremities are offset gen-
erating a transverse signal. The resultant wake monitor sig-
nals are shown in Fig. 6. The upstream monitor is the more
significant one in this case, it sees the total front half of the
structure. Where a constant offset gives a more or less rect-
angular pulse like in fig. 5, we now have a ramp starting at
zero (no offset in the middle) and growing linearly to the
peak (high offset at beginning). The downstream signal is
similar but not as pronounced, since it sees only part of the
structure. In the case of bends, dispersion effects smearing
out the signal are too strong to see a clear pattern.

What is the effect of mechanical tolerances on the res-
olution of the monitors? The beam passes through the
structure, sees random non correlated offsets of individual
cells and will, independent of the global offset, excite wake
fields and wake signals showing up as noise in the measure-
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Figure 7: Signal envelope up- and downstream monitors
vs. time assuming random, uncorrelated misalignment of
individual cells in the structure.

ment. We implemented a model for that into the equivalent
circuit model and simulated it [5]. Figure 7 shows an ex-
ample for the output. The peak random offset signal in the
first four nanoseconds is roughly a factor two larger than
the equivalent signal for a constant offset (Fig. 5). Said
otherwise, a structure with a random cell offset of 1 μm
rms creates a signal proportional to a systematic offset of
2 μm – we would have a resolution limit of 2 μm. Resolu-
tions below 10 μm, corresponding to a mechanical cell to
cell alignment of better than 5 μm, seem entirely realistic.

CONCLUSION AND OUTLOOK

An X band structure for the new CLIC reference fre-
quency has been designed, used for high gradient test-
ing at CLIC and as a prototype structure for the PSI-
XFEL/FERMI projects. It offers an efficient fundamental
mode performance with a wide aperture minimizing trans-
verse wake field effects. Two wake monitors in the struc-
ture giving information about offsets and tilts of the struc-
ture allow a high quality alignment to the beam. The RF
design and mechanical construction is nearly finished, we
are currently in the transition into fabrication. Structures
for high power testing are expected to be ready toward the
end of 2009.
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INSTALLATION AND COMMISSIONING OF A COMPLETE UPGRADE OF 
THE BPM SYSTEM FOR THE ESRF STORAGE RING 

B.K. Scheidt, F. Epaud, ESRF, Grenoble, France

Abstract 
The ESRF Storage Ring has, over the last 3 winter 

months, been fully equipped with new electronics for its 
BPM system while causing a minimum disturbance to its 
large community of X-ray beam-line users. The Libera-
Brillance is now doing the treatment of the weak RF 
signals on all 224 BPM stations, and has replaced the old 
RF-Multiplexing system that had served reliably for 17 
years. This paper describes the precautions that had been 
taken to make the whole transition as smooth as possible, 
with regards to the reliability for the SR operation and the 
positional stability of more than 40 X-ray beams. 
Information is given on the network & computer control, 
based on the Tango distributed control system and its 
device-servers and tools. Results will be presented to 
demonstrate the strongly improved performance and 
functionality in every field of application, and that will 
make this new BPM system the key component in the 
near future’s upgraded orbit stabilization system. 

HISTORY, MOTIVATION , CHOICE OF 
TECHNICAL SOLUTIONS 

The agreed upgrade program of the ESRF light source, 
including that of the accelerator complex [1], has created 
an opportunity to modernize drastically the old BPM 
system of the SR. For its orbit control and beam 
stabilization (incl. feedbacks) the ESRF SR depended on 
2 separate and independent systems, both of in-house 
design & conception : 1) The slow BPM system of 224 
stations that had been conceived 20 years ago, and 2) the 
fast-BPMs with only 32 stations and 16 (vert.) & 32 (hor.) 
correctors for fast-feedback.  

Both BPM types use blocks with 4 buttons for vacuum 
wall-current pick-up of the RF signal. At the time of 
conception (i.e. before 1990) of the slow system it was 
believed that fast & high-resolution beam position 
measurements would not be possible with the button-type 
of BPMs (and its RF electronics for signal treatment) and 
that instead X-BPMs, installed on numerous X-ray beam-
lines would satisfy those fast needs. However, such X-
BPMs suffered from intrinsic limitations and have never 
satisfied these requirements.  

To overcome this, additional, independent BPM blocks 
were installed with electronics for fast measurements. 
Their purpose and usage has evolved progressively over 
the years, from first pure local fast feedbacks to finally a 
pure global SR ring feedback system to which very recent 
improvements were made to cover the full frequency 
band of the needed orbit stabilization [2].  

The slow BPM system had an addition to its basic 
functionality with a high-resolution ‘quasi’ Turn-by-Turn 
measurement mode [3] that, with a stable & reproducible 

synchronization to an orbit kicker, allows the precise 
measurement of the SR lattice parameters. But it does not 
have a genuine single turn capacity, and for injection 
studies or for coping with severe injection problems, this 
old system requires certain conditions (4 strong injection 
currents for a single measurement) that are today no 
longer compatible with operation needs, nor with 
restrictions imposed by  radiation safety regulations. 

The satisfaction of today’s requirements on the 
performance and functionality of a BPM system is no 
longer realistic through an ‘in-house’ design because of 
the technical complexity of different fields inside such 
system like RF signal treatment, digital signal 
conditioning through FPGAs, and interfacing with 
computer networks. This argument applies also to the 
ability to exercise the rigorous quality-control that is 
needed for production of a large series of units.  

A few years ago the BPM needs of the new synchrotron 
light sources DLS and Soleil [4,5] had been satisfied 
successfully, in collaboration with them, by a commercial 
product called ‘Libera-Electron’ of the Instrumentation 
Technologies company [6].  Subsequently this product has 
provided more light sources for their BPM needs. [7,8,9] 

This original product, after being fully employed & 
analysed by the DLS and Soleil [10,11], was improved in 
2007 by a successor called ‘Libera-Brilliance’. A total of 
8 units of this product were procured at the end of 2007 
and tested at the ESRF, during the first half of 2008, for 
full compatibility with the ESRF needs and the ESRF 
particularity of (multiple-) single bunch fillings. 

VERIFICATIONS ON PROTOTYPES 
These single bunch fillings yield an electric signal from 

the pick-up buttons that reaches a high peak voltage (upto 
100V), and is very rich in harmonics (at 355KHz 
revolution frequency) in the frequency spectral domain. 
Both aspects can pose a problem to the Libera in terms of 
degradation of its performance, notably its low noise 
characteristic and its reproducibility for different SR 
currents & filling patterns : a) the input electronics may 
not have fully linear transmission characteristics for such 
high peak voltage, and b) certain spectral lines of the 
input signal may mix in an un-expected way with some of 
the Liberas ‘internal’ frequencies (the rates of the ADC 
convertors and the RF ‘cross-bar’ switches for internal 
calibration purposes) or some of its harmonics.  

The old ESRF system had employed, directly after the 
pick-up buttons , RF bandpass filters (352 MHz, 40MHz 
bandwidth) and our long experience of their robustness, 
reliability and stability is such that we rely on these same 
components, now employed just in front of the Libera RF 
inputs, i.e. after ~20m of RG223 RF cable. 
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This solves the peak-voltages’ question, but is of no 
remedy to excess noise in the output results due to a 
combination of small intrinsic ADC dislinearities and the 
internal mixing of the many frequency components that 
un-avoidably enter the system and that randomly fall in or 
out the bandwidth of the output signal, and that is 
generally made worse under the following conditions : 1) 
rich RF input spectrum (i.e. single bunch filling), 2) non-
identical phase of the 4 RF inputs (i.e. due to un-equal RF 
cable lengths), 3) operating the ADC in the upper half of 
its dynamic range. 4) operating with the 4 RF inputs of 
strongly different amplitudes.  

These problems had already been experienced with the 
original Libera-Electron and found a satisfactory solution 
in applying so-called ‘offset-tuning’ [4,10], a technique 
that allows to put the exact ADC’ sampling rate at a 
slightly different value from an exact harmonic (304 for 
ESRF) of the orbit revolution frequency.  

We did extensive verifications on the spectral contents 
of the so-called FA output (10KHz) that ultimately serves 
for fast orbit feedback and therefore the most sensitive to 
such spurious noise. Such noise lines clearly appear in the 
FA spectrum if the bad conditions are sufficiently 
fulfilled, but can then be ‘moved’, by adjusting the offset 
tune value, out of the bandwidth of interest.  

Moreover, attention was paid to getting the new RF 
cables of reasonable good equal length (the average (over 
224 BPMs) is 21mm maximum difference in a set of 
four), and we run the ADCs (by using the standard Libera 
AGC) in the lower half of their full dynamic range.  

INSTALLATION & COMMISSIONING 
The SR is divided in 32 cells of 7 BPMs each, and a 

first full cell was equipped in sept 2008 with exclusively 
Liberas, and 2 more full cells in dec. just 2 weeks before 
the 4 weeks winter shutdown. This allowed to gain 
confidence with the both the system and with the work & 
tools for this transition. This was important since the re-
cabling and re-organisation of electronics in the receiving 
cabinets was irreversible. The 4 weeks shut-down 
therefore could be used to do a maximum of 13 more cells 
meaning that (a possibly) delicate re-start was now faced 
with 2 equal halves of the SR under a different BPM 
system.  The remaining half was done at a rhythm of 3 
cells per week, on its MDT day with about 4 hours of 
beam cut and subsequently ~8 hours more of  new beam-
based BPM offset measurements. The latter was needed to 
compensate for a change of positional offset between the 
old and the new electronics, and so the ensure that, after 
each stage of installation, the beam-lines would endure a 
minimum of X-ray beam displacement. 

COMPUTER CONTROL & READ-OUT 
The interfacing software that controls the 224 Liberas 

and acquires their data is based on the Tango control 
system [12] that is now widely used at both the ESRF and 
a few other European light sources.  So far we have been 

using the original Tango device server of the Soleil 
Liberas that was  developped  more than 2 years ago.   

We have at present one device server per Libera. 
Embedding this server, in principle possible since the 
Libera is a Linux based computer, has so far not been 
achieved mainly due to the modest floating point 
performances of the ARM processor. This may be 
reconsidered now with the new release firmware 2.0 but 
is not of high priority. Instead we have 224 device servers 
running on 4 dedicated Linux computers that each are 
equipped with powerful configurations (Dual core 
Pentium 4 running at 2.5 GHz with 3 GBytes RAM) and 
connected to a dedicated Ethernet VLAN with 1 GBits 
links. The 32 cells hosting each 7 Liberas are connected 
with 100 Mbits links. 

On top of these 224 device servers is another Tango 
device server which collects the X and Z positions data 
using Tango Group calls : each read command is sent in 
parallel to all of the 224 lower level devices within 15 
milli-seconds. This higher level device server also 
performs many other tasks like the positions corrections 
according to the SR current, the periodic storage into the 
ESRF History Database of the X & Z positions, the RMS 
values of scalable fast and slow buffers, and a number of 
maintenance & survey parameters.  

The reliability of this dense and complex software 
structure was a serious challenge, also because it was 
based on the Soleil Tango server that we had limited 
familiarity with ourselves and to which we had to make a 
number of modifications in order to include both 
particular requirements for the ESRF and new 
functionalities that became available in new Libera 
firmware releases. This challenge was meet despite the 
little time available for testing purposes as the SR 
continuously depends on this BPM system to satisfy the 
light source users without interruption. 

As to Liberas’ firmware : All units were delivered 
(Nov. 2008) with the 1.82 release, and in Jan. 2009 we 
started to test the 2.00 release. At the time of editing this 
paper we have nearly half of the units upgraded to a 
subsequent  2.02 release that patches a discovered bug 
(the PM crashing the DSC daemon), includes some 
improvements and now also has the Communication 
Controller [15] (for FA data distribution, original design 
DLS ) integrated & supported by the company.  

Another major task was the development of the tools to, 
from a central point, properly install new firmware 
releases to all units and to subsequently upgrade the 
associated device-servers with it. Despite the optimization 
of these tools, the whole procedure of upgrading the full 
Libera system to a new firmware (in particular for the 1.8 
to 2.0 releases) is very time consuming, also since the 
system is in quasi-continuous use for  SR orbit control.  

In addition to this, a restructured Tango device server, 
that is planned to replace the old Soleil Tango server next 
month, is being prepared and tested. Next to that higher 
level applications are being developed to allow the 
operation crew to more fully benefit from the new & high 
performance features of this new BPM system, and to 
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allow an adapted control & read-out for beam dynamics 
studies like injection and lattice measurements. 

RESULTS & PROSPECTS 
A total of 15 Liberas units (out of 230 procured) needed 

repair action on the site of the manufacturer. Only a few 
of these problems arrived while in active use for orbit 
measurement & control, the majority had been trouble-
shooted by simple & quick verifications with RF test 
signals strait after installation in their cabinets. 

Presently only the SA (10Hz) output is used for 
continuous and routine beam orbit monitoring and control 
in the SR.  The performance of the Libera system has 
been verified in terms of precision, resolution and 
reproducibility to satisfaction.  On average a few out of 
the 224 stations are out-of-use, mainly because of 
recurrent problems with the quality of an SMA connector 
or an RF-cable, or some un-explained variation of the 
signal obtained from a button. The Tango device server 
scrutinizes the quality of a position result by verifying the 
‘coherency’ between the 4 signals of each BPM, and an 
automatic rejection is carried-out in case a single signal 
drifts or fluctuates in excess of a small threshold. 

The DD output for Turn-by-Turn measurement needs 
precise adjustments of the timing signals & internal delay 
values so to ensure that in an acquisition each station is 
strictly synchronised on the same turn, and with a 
minimum of leakage or smearing with neighbouring 
turns. [13] This adjustment was easy to achieve with 
single shot injections and measuring the Sum signal. 
However, for even more stringent T-b-T measurements a 
so-called MAF filter can be installed that is free of such 
smearing [14]. The use of this special filter, and its 
preceding timing adjustments was so far done (i.e. tested) 
to satisfaction on 3 cells only. 

The timing signals for the PM buffer, for analysis after 
a beam-loss or some other triggerable event, have been 
installed and tested. This revealed a software problem in 
the 2.00 release that has been corrected since. 

The Interlock function is activated on only 8 stations 
and only in the vertical plane with a +/- 0.7mm threshold. 
A new software release soon will allow to avoid the 
systematic triggering on a beam-loss which causes 
unnecessary confusion to our existing accelerator 
interlock & protection system.  

The Sum signal (of the 4 button signals) shows a very 
good stability that allows its exploitation at different data-
rate outputs. On the SA data a beam lifetime measurement 
averaged over the large number of Libera units shows a 
better resolution than that obtained with the PCT current 
monitors.  On the DD data the same Sum signals allow a 
precise measurement & study of accumulation & injection 
efficiency. 

The rudimentary air-conditiong & temperature control 
of the technical galleries where the cabinets, housing the 
7 Libera units, are situated have made necessary the 
installation of new doors, plates and ventilators to avoid 
the ventilators inside the Libera itself reaching the 

maximum rates. This work has been done sofar on 5 cells 
with the remainder to be finished before this summer. 

A large network of fibre-optics is already installed and 
ready to be connected-up for the distribution of the 
10KHz FA data between all Liberas and a small number 
of feedback processors. This distribution is handled by a 
so-called Communication Controller [15] that runs in 
parallel on the FPGA in each Libera, and facilitates its 
exploitation in the near future’s complete upgrade of the 
SR orbit stabilization system.  
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DESIGN STATUS OF BEAM POSITION MONITORS FOR THE
IFMIF-EVEDA ACCELERATOR

I. Podadera∗, B. Brañas, A. Ibarra, CIEMAT, Madrid, Spain
J. Marroncle, CEA-Saclay, Gif-sur-Yvette, France

Abstract

The IFMIF-EVEDA accelerator [1] will be a 9 MeV,
125 mA CW deuteron accelerator which aims to validate
the technology that will be used in the future IFMIF accel-
erator. Non-interceptive Beam Position Monitors pickups
(BPMs) will be installed to measure the transverse beam
position in the vacuum chamber in order to correct the
dipolar and tilt errors. Depending on the location, the re-
sponse of the BPMs must be optimized for a beam with an
energy range from 5 up to 9 MeV and an average current
between 0.1 and 125 mA. Apart from the broadening of
the electromagnetic field due to the low-beta beam, specific
issues are affecting some of the BPMs: tiny space in the
transport line between the RFQ and cryomodule (MEBT),
cryogenic temperature inside the cryomodule, phase and
energy measurement in the diagnostics plate (DP), and de-
bunching and big vacuum pipe aperture at the end of the
high energy beam transport line (HEBT). For this reason
different types of BPMs are being designed for each loca-
tion (MEBT, cryomodule, DP and HEBT). In this contri-
bution, the present status of the design of each BPM will
be presented, focusing on the electromagnetic response for
high-current low-beta beams.

INTRODUCTION

The design of the beam position monitors for the high-
current low-energy accelerator IFMIF-EVEDA is facing
important challenges due to the broadening of the electro-
magnetic detectors, the radiation environment and the de-
bunching along the line, as described in [2]. The main use
of the beam position monitors will be the monitoring of the
transverse position of the beam centroid along the acceler-
ator by calculating the differential signal from the vertical
and horizontal pair of electrodes of the device. This param-
eter will be used to correct the dipole errors of the different
elements and transport safely the beam along the accelera-
tor. In addition, the bunch phase will be also measured in
order to tune the rebuncher and the superconducting cavi-
ties. Last but not least the beam position monitors in the
diagnostics plate will be in charge of measuring the mean
energy of the particles by using the Time of Flight tech-
nique. The BPMs are expected to provide sufficient phase
accuracy (using the sum signal) for this measurement.

The main beam parameters in which these monitors will
work are summarized in Tab. 1. In normal operation, the
accelerator will work with CW beams but during commis-

∗ ivan.podadera@ciemat.es

sioning time the beam will be mostly pulsed with low duty
factors. Therefore, both CW and pulsed operation has to
be foreseen during the design phase. For a proper design of
the monitors a first rough estimation can be done by imple-
menting simple analytical models. However, powerful 3D
electromagnetic software should be used for a more careful
optimization of the geometry, the monitors response and
the coupling to the beam. Presently these tools are being
used for the design of the monitors all along the accelera-
tor. The status of the design will be presented hereafter.

Table 1: Range (approx.) of the Beam Properties for the
BPMs at IFMIF-EVEDA

Beam parameter Min. Value Max. Value

Energy E (MeV) 5 9
β = v/c 0.0727 0.0975
Peak current Ib (mA) 10 125
Average current 〈I0〉 (mA) 0.1 125
Pulse length Tp (ms) 1 CW
Duty factor (%) 0.1 CW
Bunch length σz (ns) 0.1 1.7
Transverse size σx,y (mm) 1 20

LAYOUT AND REQUIREMENTS

Global Layout

Figure 1 sketches the distribution of the different types
of beam position monitors inside the accelerator. A total of
18 monitors will be placed on the accelerator, distributed
in at least four types of monitors (see Tab. 2) due to the
different requirements at each section as detailed hereafter.

QT1

Diagnostics plate

ScDTL

QD2

Q
T

3

Concrete

shielding

MBPM

SBPM

CBPM

HBPM

SBPM

SPEC
C1S1 C2S2 C3S3 C4S4 C5S5 C6S6 C7S7 C8S8

QT1 QD1B1 B2

MEBT

HEBT

Figure 1: Distribution of the Beam Position Monitors along
the accelerator.
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Table 2: Summary of BPMs at IFMIF-EVEDA

Beamline Aperture Number

MEBT 48 mm 4
scDTL 50 mm 8
D-Plate 100 mm 3
HEBT 130 − 200 mm 3
TOTAL 18

Matching Section

Due to the beam dynamics requirements and the com-
pactness of the beamline, the Beam Positions in the line
between the RFQ and the cryomodule (MBPMs) will be
located inside each quadrupole, like done for the SPIRAL2
project [4]. To maximize the charge induced in the elec-
trodes, lobes are used instead of buttons. The mechanical
assembly is simplified by using capacitive electrodes in-
stead of striplines (either shorted or matched). The latest
will make more complex the design and assembly of the
monitor inside the quadrupoles. Small coaxial connectors
-i.e. SMA- will be used as electrical vacuum feedthroughs
to limit the mechanical interference with the poles of the
quads.

Cryomodule

The BPMs inside the cryomodules (CBPMs) are located
between each superconducting Half Wave Resonator and
superconducting solenoid. The most important criteria to
choose the proper monitor in this area is the reliability of
the assembly. For this reason, button feedthroughs used for
other accelerators will be installed in this area. To maxi-
mize this criteria the same button feedthroughs installed at
the LHC [5] have been chosen as first option. They provide
a 60◦ subtended angle in the center of the button (button
diameter of 24 mm and the same vacuum aperture.

Diagnostics Plate

Apart from helping to the transport of the beam, the
BPMs in the DP (SBPMs) are devoted to measure accu-
rately the beam phase in order to tune the rebuncher cavities
and the superconducting cavities during the different com-
missioning phases of the elements in the accelerator. The
other main goal of the beam position monitors in this region
is the measurement of the Time of Flight between the mon-
itors. Three monitors will be used for that purpose. Two
of them will be located as far as possible from each other,
and the third one very close to one of the other two. The
goal of the last monitor is to limit the a priori knowledge
of the mean energy of the beam. In this way the number
of bunches between the monitors is known. The distance
between the first two monitors can be evaluated by assum-
ing a certain phase accuracy of the BPMs -2◦- and length
accuracy -100 μm-. A distance of monitors between 2 m
and 3 m is chosen. That gives an energy resolution of less

than 10 keV for 5 MeV and 20 keV for 9 MeV. In addition,
the distance gives a safe margin in case the accuracies are
worse than expected.

HEBT

Three are the main issues for the monitors in this region
(HBPMs): 1) the debunching of the beam coming from
the last superconducting cavity [2], 2) the big beam pipe
aperture and 3) the transverse beam size [6]. The first two
decrease the output signal level and the resolution of the
monitors. Only the fundamental harmonic -175 MHz- will
be left at the end of the beamline. The last one modifies the
sensitivity of the monitor and an analytical expression has
to be used as given in [7].

ELECTROMAGNETIC SIMULATIONS

To evaluate the signal response of the monitors to the
IFMIF-EVEDA beam and optimize the design, several
codes are being used. For a realistic 3D simulation of
the model with a low-beta particle beam as excitation
source, the wakefield solver inside the code CST PARTI-
CLE STUDIOTM is used. It provides the time response of
the monitor to a certain pencil beam. The main results ob-
tained are summarized in the following.

CBPMs

The sensitivity of the BPMs is simulated with the
3D solver by moving horizontally the excitation (particle
beam) and evaluating the response at each of the four but-
tons. Figures 2 and 3 show the results of those simulations
for the ΔH/Σ, SΔH/Σ, and log-ratio, SdB , method respec-
tively for the fundamental frequency and the first harmonic
(175 and 350 MHz) for horizontal x = 0 and diagonal
x = y beam movements.
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Figure 2: Simulation of the real part of the ΔH/Σ method
for the CBPM at β = 0.0728 with σz = 15 mm for the
fundamental and first harmonic.

To crosscheck the results of the electromagnetic simula-
tions an estimation of the log-ratio sensitivity can be given
with the approximative analytical formula as given in [8].
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Figure 3: Simulation of the real part of the log-ratio method
for the CBPM at β = 0.0728 with σz = 15 mm for the
fundamental and first harmonic.

Table 3 summarizes the calculated horizontal sensitivities
of the first CBPM at β = v/c = 0.0728 for different trans-
fer function methods (Δ/Σ and log-ratio) [7]. The agree-
ment between the simulated and analytical expressions is
reasonable. It has to be noticed that the analytical expres-
sion is given for a cylindrical electrode and not for a button
one. That could explain the slight discrepancy between the
simulated and the analytical values.

Table 3: Comparison of Simulated and Analytical Sensitiv-
ities of the First CBPM for Different Transfer Fuctions

Energy E 5 MeV
Bunch length σb 15 mm

Simulated SΔ/Σ@175 MHz 0.0489 mm−1

Simulated SdB@175 MHz 1.6394 dB/mm
Analytical SdB@175 MHz 1.57984 dB/mm

Simulated SΔ/Σ@350 MHz 0.0621 mm−1

Simulated SdB@350 MHz 2.2098 dB/mm
Analytical SdB@350 MHz 2.1856 dB/mm

SBPMs

In this section the monitors require the best resolu-
tion and accuracy to achieve the best beam characteri-
zation. Stripline monitors are the present choose due
to the high mechanical stability and good phase re-
sponse for different beam offsets [3]. The geometry of
the four lobes coaxial lines are simulated to match the
dipolar and geometrical mode of the line to the exter-
nal load Z0 = Zdip = Zgeom =

√
ZsumZquad = 50 Ω. In

this way the monitors could be used not only with nar-
rowband electronics but also with broadband [9, 10]. Fig-
ure 4 shows the optimization of the angular geometry of the
striplines to match the dipolar and geometrical impedances
with the external load as function of the body radius (exter-
nal radius of the coaxial line). The angle of the electrodes
is fixed to two values: 45◦ and 60◦, and the internal radius

of the line to 50 mm. For 60◦ angle, the optimum is found
between 64 and 66 mm.
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Figure 4: Optimization of the geometry of the four short-
end stripline monitor.

CONCLUSIONS

Beam Position Monitors will be essential devices for
the tuning and operation of the IFMIF-EVEDA accelera-
tor. Although the low-energy affects the quality of the mea-
surement, the simulations of the BPMs presented here have
shown that they perfectly adapted for the measurement of
the IFMIF-EVEDA beam. After finishing the design op-
timization of all the devices, some prototypes will be con-
structed in the next future and will be characterized in a test
bench to verify the results obtained in the simulations.
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DEVELOPMENT OF THE RF CAVITY BPM OF XFEL/SPRING-8 
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Abstract 
We describe the design and performance of the rf cavity 

beam position monitor (RF-BPM) for the x-ray free- 
electron laser project at SPring-8 (XFEL/SPring-8). The 
required position resolution is less than 0.5 m. To 
achieve this demand, we designed an RF-BPM that has a 
TM110 cavity to detect the beam position and a TM010 
cavity to obtain the beam charge and phase reference. The 
resonant frequency is 4760 MHz for both cavities. We 
designed a detection circuit equipped with IQ (In-phase 
and Quadrature) demodulators. We installed the BPM 
system into the SCSS test accelerator and performed a 
beam test. We observed a position sensitivity of 
approximately 0.1 m and a position resolution of less 
than 0.2 m at a 0.3 nC bunch charge. We evaluated the 
resolution of the beam arrival timing measurement with 
the phase being between the TM010 resonator and a 
reference rf signal. The temporal resolution was 25 fs. 
These results are sufficient for the beam tuning of 
XFEL/SPring-8. 

INTRODUCTION 
The x-ray free-electron laser project at SPring-8 

(XFEL/SPring-8) [1] is underway to open a new era of 
life sciences, material sciences, etc. The XFEL/SPring-8 
facility consists of an electron injector with a thermionic 
cathode, C-band high-gradient accelerators and short- 
period in-vacuum undulators. XFEL/SPring-8 is designed 
to generate a coherent x-ray beam at an angstrom 
wavelength by a self-amplified spontaneous emission 
(SASE) process. 

One of the most important technical issues is to overlap 
the electron beam with radiated x-rays throughout the 
undulator section with high precision. The position 
difference between the electron beam and the x-rays must 
be less than 4 m [2]. Therefore, we require the resolution 
of the beam position monitor (BPM) to be less than 0.5 

m. Among various types of BPMs, only an rf cavity 
BPM (RF-BPM) can achieve this demand, because of its 
high beam-cavity coupling. There exist some past 
experimental reports with nanometer-level resolutions [3-5]. 

It is also important to monitor the time difference 
between a beam and a reference rf signal. The temporal 
precision of the XFEL accelerator is demanded to be less 
than 50 fs [6]. An RF-BPM has a capability to detect 
beam arrival timing from the phase of an excited rf signal. 

We designed a BPM system comprising an RF-BPM 
cavity and a detection circuit in order to achieve the 
required resolution. This system was installed into the 
SCSS test accelerator, which was built to demonstrate the 

feasibility of XFEL/SPring-8, and has been operating as 
FEL at extreme ultraviolet (EUV) FEL since 2006. Our 
BPM system was tested with a 250 MeV electron beam. 
In this paper, we describe the design of this system and 
the results from beam tests. 

DESIGN OF THE RF-BPM SYSTEM 
The RF-BPM uses a TM110 dipole resonant mode in a 

cylindrical cavity to measure the beam position. The 
longitudinal electric field, 𝐸𝑧 , of TM110 is expressed as 𝐸𝑧 = 𝐸0 𝐽1 𝜒11 𝑟𝑎  cos 𝜑 𝑒𝑗𝜔𝑡 ,                   (1) 

where 𝐸0 is a constant that represents the field amplitude, 𝐽1  is a first-order Bessel function of the first kind, 𝜒11 ≃ 3.8 is the first root of  𝐽1(𝑟) = 0, 𝑎 is the cavity 
radius and 𝜔  is the resonant angular frequency. Since 𝐽1(𝑟) can be approximated by a linear function near the 
axis, the amplitude of the TM110 field excited by an 
electron beam is proportional to beam displacement. 

The voltage amplitude of the output signal from the 
TM110 cavity can be written as [7] 𝑉 = 𝑉1𝑞𝑥 + 𝑗𝑉2𝑞𝑥′ + 𝑗𝑉3𝑞 + 𝑉𝑛 ,                (2) 
where 𝑞, 𝑥 and 𝑥′  are the beam charge, the beam position 
and the slope of the beam trajectory, respectively. 𝑉1𝑞𝑥  is 
the in-phase component proportional to the beam position, 𝑗𝑉2𝑞𝑥′  is the quadrature-phase component coming from 
the beam slope, 𝑗𝑉3𝑞  is also the quadrature-phase 
component due to leakage of the parasitic TM010 
monopole mode and 𝑉𝑛  are the other components, such as 
a thermal noise. To obtain beam position information, we 
have to scale the signal with the beam charge and 
determine the sign with a phase reference. Therefore, we 
prepared an additional TM010 mode cavity in the same 
cavity block to provide charge and phase information.  

Based on concepts mentioned above, we designed the 
RF-BPM illustrated in Fig. 1. For the TM110 cavity, the rf 
signal is picked up through a coupling slot that is 
decoupled to the TM010 monopole mode in order to 
minimize the third term of Eq. 2 (𝑗𝑉3𝑞). The resonant 

 ___________________________________________  
#maesaka@spring8.or.jp Figure 1: Drawing of the RF-BPM cavity. 
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frequency is 4760 MHz for both TM110 and TM010 
cavities. Although the acceleration rf frequency is 5712 
MHz, the BPM frequency is intentionally shifted so as to 
avoid any background due to the dark current 
synchronized with the acceleration rf. Some other 
parameters of the RF-BPM are summarized in Table 1. 

The RF-BPM signal is processed by an IQ (In-phase 
and Quadrature) demodulator (IQ-DEM), as shown in Fig. 
2. In order to improve the resolution in the SCSS test 
accelerator, where a different electronics with a 
logarithmic amplifier is used [8], we newly developed IQ-
DEM type electronics. The rf signal from the RF-BPM is 
fed into an attenuator switch so as to extend the dynamic 
range, because the required value is 100 dB (sub- m – a 
few mm), while the dynamic range of the IQ-DEM is 60 
dB. The baseband signal from the IQ-DEM is recorded by 
a 12-bit VME A/D converter [9]. The basic performance 
was verified with a CW rf signal. The amplitude linearity 
error was less than 1% and the phase error was less than 1 
degree when the input rf voltage was more than 10% of 
the full scale (100 mV). The obtained performance is 
sufficient for beam-position measurements in 
XFEL/SPring-8. 

RESULTS FROM THE BEAM TEST 
We tested the RF-BPM system in the SCSS test 

accelerator. A photograph of the installed RF-BPM is 
shown in Fig. 3. The cavity was mounted on a movable 
stage to align the cavity along the beam axis and to 
confirm the beam position dependence of the signal. The 
beam energy was 250 MeV and the beam charge was 0.3 
nC. The transverse beam diameter was approximately 0.2 
mm (FWHM). We measured the position sensitivity, the 
position resolution and the beam arrival timing resolution. 
We describe the results in the following subsections.  

Position Sensitivity 
We obtained the position sensitivity by moving the 

BPM position while the electron beam trajectory was 
fixed. One of the plots of ADC counts versus BPM 
positions is shown in Fig. 4. The sensitivity was measured 
to be more than 20 ADC counts per 1 m. Since the ADC 
noise is a few counts, the position sensitivity is 
approximately 0.1 m. 

Position Resolution 
The position resolution can be measured by using three 

adjacent RF-BPMs. The first and third BPMs predict the 
position at the second BPM, assuming a straight beam 
trajectory. The position resolution is determined from the 
residual, which is the difference between the detected 
position of the second BPM and the expectation. 

A resolution measurement was performed with the 
three BPMs illustrated in Fig. 5. All of the electromagnets 
between the BPMs were turned off so that the beam 
trajectory would be straight. The distribution of the 
residual in the horizontal direction is shown in Fig. 6. The 
width of this histogram is the convolution of the position 

Figure 4: ADC count of the RF-BPM at each position. 
The error bars show the standard deviation of the 
histogram of the ADC data. A linear function fitted to 
the data is also plotted. 

Table 1: Parameters of the RF-BPM Cavity 

 TM110 cavity TM010 cavity 

Resonant Frequency 4760 MHz 4760 MHz 

Loaded Q factor 50 50 

Number of ports 4 (X: 2, Y: 2) 1 

Signal amplitude at 
the 50 ohm port 

14 mV/ m/nC 
(peak) 

200 V/nC 
(peak) 

Figure 5: Arrangement of the three BPMs for the 
resolution measurement. 

Figure 2: Block diagram of the RF-BPM electronics. 

Figure 3: Photograph of the RF-BPM cavity. 
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uncertainties of the three BPMs. Assuming that the 
resolutions of the three BPMs were same, the position 
resolution, 𝜎BPM , was calculated by the following 
equation by means of an appropriate error propagation: 𝜎BPM = 𝐿1+𝐿22(𝐿12+𝐿1𝐿2+𝐿22) 𝜎res ≃ 0.773 𝜎res  ,      (3) 

where 𝐿1 and 𝐿2 are the distance between the BPM 1 and 
2 and that of the BPM 2 and 3, respectively, and 𝜎res  is 
the standard deviation of the residual distribution. Since 
we found that the conversion coefficient of the ADC 
counts to the beam position had a systematic error of 10%, 
we increased 𝜎BPM  by 10%. Finally, the position 
resolution of the RF-BPM was measured to be less than 
0.2 m, as tabulated in Table 2. 

Beam Arrival Timing Resolution 
The beam arrival timing can be measured by the phase 

of the TM010 resonator. In the SCSS test accelerator, the 
beam arrival timing jitter was measured to be 
approximately 50 fs [6] with this method. However, the 
temporal resolution of the RF-BPM, itself, was not 
evaluated at that time. Therefore, we measured the 
temporal resolution by using the two neighboring BPMs 
(the BPM 2 and 3 in Fig. 5). 

Figure 7 shows the distribution of the phase difference 
between the two TM010 cavities. The standard deviation 
is 0.0459 degree of 4760 MHz, corresponding to 27 fs. 
The temporal resolution is 1/√2  of this value if the 
resolutions of the two BPMs are same. We found that the 
beam arrival timing jitter of the BPM 2 was 30% different 
from that of the BPM 3. Therefore, we increased the 
resolution by 30% as a systematic error. Consequently, the 
temporal resolution of the RF-BPM was obtained to be 25 
fs (= 27 fs / √2 × 1.3). 

CONCLUSIONS 
We designed an RF-BPM system to achieve a sub- m 

resolution required for the XFEL facility. The 
performance of the RF-BPM system was confirmed by an 
electron beam of the SCSS test accelerator. The position 
sensitivity was 0.1 m and the position resolution was 
less than 0.2 m. The temporal resolution on the beam 
arrival timing was evaluated to be 25 fs. These results are 
sufficient for the XFEL facility. 
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Figure 7: Phase difference between the TM010 cavities 
of the BPM 2 and 3. The histogram was fitted by a 
Gaussian. 

Figure 6: Residual distribution of the position 
resolution measurement. The histogram was fitted by a 
Gaussian. 

Table 2: Position Resolution of the RF-BPM 

 Horizontal Vertical 

Position resolution 0.198 m 0.171 m 
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BUNCH BY BUNCH FEEDBACK SYSTEM USING iGp AT KEK-PF 
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KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

Abstract 
A transverse bunch-by-bunch feedback system using 

iGp feedback signal processors has been tested at the 
KEK-PF. The system consists of a bunch position 
detection system using 1.5 GHz components of the beam 
(3 x fRF), iGp feedback signal processors, and a transverse 
feedback kicker with a high power amplifier. It shows 
sufficient performance to suppress instabilities completely 
up to a beam current of 450 mA. Results of the mode 
analysis of the instabilities using the grow-damp function 
of the iGp are also shown. 

INTRODUCTION 
Photon Factory electron storage ring (PF-ring) has been 

operated in a single- or multi-bunch mode of 2.5 GeV. In 
the multi-bunch operation, several coupled-bunch mode 
instabilities are observed in both transverse and 
longitudinal planes as a stored beam current increases. As 
for the transverse instabilities, we have suppressed them 
by using a bunch-by-bunch feedback system developed 
based on that of SPring-8 [1]. Although this feedback 
system had worked without major problems since the 
installation of 2005, we are now planning to replace it to 
that using “integrated General purpose signal processors 
(iGp)”, which have been developed by the collaboration 
of KEK, SLAC, and INFN-LNF [2]. The iGp is equipped 
with not only a greater flexibility for the change of tunes, 
but also many GUI panels that enable us to remotely 
change various parameters on digital processing such as 
coefficients of an FIR filter. It has already been used in 
the longitudinal bunch-by-bunch feedback system of PF-
ring, and succeed in suppressing longitudinal dipole 
oscillations sufficiently [3]. In order to confirm its 
effectiveness for transverse instabilities, we have 
constructed the transverse feedback system using the iGp, 
and tested its basic performance. The details and some 
experimental results of the tentative feedback system are 

presented herein. 
The main parameters of PF-ring are listed in Table 1. 

FEEDBACK SYSTEM 
The transverse bunch-by-bunch feedback system is 

mainly composed of three sections, an analogue front-end 
detection, a digital signal processing, and a beam 
correction. The block diagram of the whole system is 
shown in Fig. 1. 
 

 

Figure 1: Block diagram of the transverse feedback 
system using the iGp. 

Front-end Detection Section 
The beam signals picked up by a 4-button BPM are 

processed individually via a 1.5 GHz bund-pass filter 
(BPF) which consists of a power combiner/splitter and 
three delay cables. The output signals are summed by 
hybrid circuits (M/A-COM, H-183-4) and converted into 
three signals, Horizontal, Vertical, and Total Sum. After 
offset components in Horizontal and Vertical are 
cancelled by using Total sum, the transverse position of 
each bunch is detected by a synchronous detection at the 
3rd harmonic of the RF frequency (3 x fRF). The timing of 
the signal processing is precisely adjusted with line 
stretchers while a single bunch is stored. 

Table 1: Main Parameters of PF-ring 

Beam energy 2.5 GeV 

Circumference 187 m 

RF frequency  fRF 500.1 MHz 

Harmonic number 312  

Revolution frequency  frev 1.603 MHz 

Betatron tune  νx / νy 9.6 / 5.28  

Damping time  τx / τy 7.8 / 7.8 ms 

Stored current (single/multi) 50 / 450 mA 
 

__________________ 
#ryota.takai@kek.jp 
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Signal Processing Section 
A key component of the iGp is a FPGA board including 

8-bit 1GSPS ADCs, one FPGA chip (Xilinx, Vertex-II), 
and 12-bit 1GSPS DACs. The FPGA functions as a 16-
tap FIR filter designed so as to have a maximum gain at a 
betatron frequency and achieve a phase shift of 90 ∘ 
between the pickup and the feedback kicker. Figure 2(a) 
and 2(b) show frequency responses of the horizontal and 
vertical FIR filters used in the experiment, respectively. 
These responses can be easily changed through the GUI. 
 

 

Figure 2: Frequency responses of the horizontal and 
vertical FIR filters. 

The detected signal from the front-end section is 
digitised by ADCs operated at the RF frequency of 500 
MHz, and then applied the FIR filter and a 1-turn delay 
function inside the FPGA. The processed signal is 
converted to analogue by DACs operated at 500 MHz, 
and summed to that of another transverse degree by an 
external hybrid. 

Figures 3(a) and 3(b) are the input and output signals of 
the iGp measured at the single-bunch operation, 
respectively. The extraction of the betatron-frequency 
component and the DC-offset cancelling are implemented 
simultaneously with the 500 MHz clock signal. 
 

 

Figure 3: Input and output signals of the iGp for a single 
bunch. 

Corrector Section 
The correction signal from the iGp is amplified with a 

75 W broadband amplifier (Amplifier Research, 75A400), 
and fed to a stripline kicker whose length is 45 cm. One 
of the ends of the stripline electrode is connected to a 
high-power attenuator. The attenuated signal from the 
stripline is used to monitor the correction signal 
associated with the beam-excited signal. 

EXPERIMENTAL RESULTS 

Overview 
In order to prevent the onset of the transverse ion-

trapping instabilities, test experiments of the iGp 
feedback system are performed with 280 out of 312 
buckets filled. The bunch spacing is 2 ns. We apply the 
longitudinal bunch-by-bunch feedback and the RF phase 
modulation so as to suppress the longitudinal dipole and 
quadrupole oscillations. According to past experience, the 
transverse instabilities are excited more strongly as the 
magnet gap of in-vacuum undulators (ID gap) becomes 
narrow [4]. Therefore, in the first stage, we fix the ID gap 
to the maximum value of 45 mm. 

Under such conditions, we injected the beam with the 
iGp feedback system working. As a result, the feedback 
system showed sufficient performance to suppress the 
transverse instabilities, and we succeeded in storing a 450 
mA current which is the typical value for user operation. 
Without the transverse feedback, the stored beam was not 
lost, but the severe horizontal oscillations were observed. 
We could also confirm that the transverse instabilities 
were damped immediately if we closed the feedback loop 
again. 

Figures 4(a) and 4(b) show the transverse beam profile 
measured by a CCD camera for the open- and closed-loop 
conditions, respectively. We can see that the horizontal 
beam size is reduced by closing the feedback loop. To 
quantify the effect, we performed Gaussian fits to 
horizontal projections of the profiles, and compared them 
as shown in Fig. 4(c). In this case, the horizontal beam 
size decreases by approximately 20 %. 
 

 

Figure 4: Transverse beam profiles measured by a CCD 
camera. 

Mode Analysis of Instabilities 
The iGp can hold two FIR filter coefficient sets in an 

internal memory of the FPGA, and switch them with 
arbitrary timing. This function enables us to perform the 
transient-domain analysis of instabilities for the 
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horizontal and vertical plane, individually [5]. In Figs. 
5(a) and 5(b), results of the transient-domain analysis for 
the horizontal plane are illustrated. The time interval from 
the start of data acquisition to the resumption of the 
horizontal feedback was set to be 12.5 ms. The stored 
beam current at this time was 370 mA. 

Mode 311 (-1), which is the highest order mode, is 
most strongly excited among all modes in the horizontal 
plane. It is also shown that this mode is recaptured easily 
when we resume the horizontal feedback after the 12.5 ms 
interval, and suppressed immediately. Fitting exponential 
functions to the growing part of mode 311, we can 
estimate the growth time of 4.1 ms. This value changes 
depending on various parameters such as the stored beam 
current and the vacuum pressure. In the case of a 450 mA 
current, although the most strongly excited mode is 311, 
its growth time shortens to 3.7 ms. On the other hand, the 
damping time of mode 311 is sufficiently short in both 
currents, approximately 0.1 ms (160 turns). 

We performed the same measurement for the vertical 
plane. Noticeable instabilities were, however, not 
observed in this plane even if the vertical feedback was 
turned off completely. 

ID-gap Dependence 
When we narrowed the ID gap with a 370 mA current, 

the growth time of instabilities decreased obviously, 
while the excited modes did not change. The growth time 
of horizontal mode 311 was measured for several values 
of the ID gap and the result is shown in Fig. 6. It shows us 
that the instability grows rapidly in smaller gap less than 
10 mm. According to the intuition, the observed 
instabilities seem to have been excited by the resistive-
wall instability. The resistive-wall instability should, 
however, occur in the vertical plane as observed at 

SPring-8 and ESRF [6,7]. In this case, we could not 
observe any instabilities in the vertical plane even with 
the minimum gap of 4 mm. In addition, we cannot also 
explain that the highest order mode is most strongly 
excited, because the transverse impedance of the 
resistive-wall instability should be inversely proportional 
to the square root of the frequency [8]. Further 
investigations are required to identify the cause of these 
phenomena. 
 

 

Figure 6: Dependence of the growth time of horizontal 
mode 311 on the ID gap. 

SUMMARY AND FUTURE PLAN 
We have constructed and tested a transverse bunch-by-

bunch feedback system using the iGp at PF-ring. The 
feedback system has shown sufficient performance to 
suppress the transverse instabilities up to a beam current 
of 450 mA. We have also performed the transient-domain 
analysis of instabilities, and determined that the highest 
order mode 311 of the horizontal plane grows most 
rapidly among all instability modes. The growth time of 
this mode has changed depending on a stored beam 
current and a magnet gap of in-vacuum undulators. It has 
shown a drastic decrease especially in smaller magnet gap 
less than 10 mm. 

We are now constructing the transverse feedback 
system using the iGp for ordinary use, which has two 
feedback loops, aiming at the installation within this year. 
After the installation, we continue the study to identify 
the cause of the transverse instabilities at PF-ring. 
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Figure 5: Time evolution of the modes of the horizontal 
instabilities. 
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THE MEASUREMENT OF BUNCH INTENSITY 
USING THE LHC BPM SYSTEM 

J.L. Gonzalez*, E. Calvo, D. Cocq, R. Jones, CERN, Geneva, Switzerland

Abstract
A convenient way of having beam bunch intensity 

information available all around the LHC ring is to use 
the beam position monitor (BPM) system. The principle is 
to add the BPM signals, process them and make the result 
compatible with the time-modulation method used for 
transmitting the position over a fibre-optic link. In this 
way the same acquisition system can make both position 
and intensity data available. This paper describes the 
technique developed and presents the first intensity 
measurements performed on the CERN-SPS and LHC. 

INTRODUCTION
The LHC beam position system is comprised of more 

than 1070 beam position monitors, the majority of which 
are electrostatic button electrode pick-ups. Each BPM 
provides both position and intensity information. The 
acquisition electronics is split into two parts, an analogue 
front-end, which sits in the tunnel, and an integrator/digi-
tiser/processor VME module located on the surface [1]. 
Transmission from tunnel to surface is carried out using a 
time-encoded signal over a single mode fibre-optic link. A 
digital multiplexer, located in the position to time nor-
maliser board [2], allows for either position or intensity 
selection, eliminating the need for a separate optical trans-
mission system and digital acquisition boards for the 
intensity measurement. A WorldFIP fieldbus is used to 
control the tunnel stations.  

THE LHC BPM SYSTEM 
The LHC BPM system is foreseen to work with bunch 

intensities ranging from 1.5×109 to 2×1011 protons, using 
two sensitivity settings (low or high). Figure 1 shows the 
basic layout of the system. Each normaliser module gets 
the high frequency beam signals of the horizontal or the 
vertical electrodes and filters them using a pair of 
matched, 70 MHz, low-pass filters in order to signifi-
cantly reduce any bunch length dependence due to the 
shortening of the bunch during acceleration. The filter is 
followed by a passive combiner, which makes the ana-
logue sum of these signals available for further processing 
in the beam intensity board. Intensity information can 
actually be transmitted either directly using the optical 
output of the intensity module or via the normalisers, 
since the signal produced is compatible with the time-
modulation method used for encoding the beam position. 

Intensity Measurement Principle 
Figure 2 depicts the intensity measurement principle.  

An analogue input multiplexer selects for which of the 

two counter-rotating beams the intensity will be 
measured. The input signal is the combination of the 
horizontal and vertical sum signals from the two asso-
ciated normalisers. Detecting the zero crossing of the 
BPM signal triggers both the laser “Start” pulse and the 
constant current discharge source after a predefined delay.  

Figure 1: LHC position and intensity measurement system 
layout. 

Figure 2: Intensity measurement principle and related 
waveforms. 

The sensitivity control input adapts the gain to the 
beam dynamic range. The resulting signal is then inte-
grated twice and a fast comparator produces the laser 
“Stop” pulse when the output voltage of the second inte-
grator reaches zero, due to the constant current discharge. 
The Start and Stop pulses have a duration of 1ns and the 

___________________________________________  
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intensity information is encoded in the time tm between 
the two pulses, which can vary from 8.5ns to 11.5ns. 

Laboratory Measurements and Simulations 
700 Intensity modules have been installed throughout 

the LHC ring. Each of them has been tested and calibrated 
on a dedicated test bench, using a PC-driven “intensity 
beam simulator” to emulate the sum-outputs of a pair of 
normalisers. The measured linearity is better than ±4%. In 
order to verify that the accuracy is within the 10% speci-
fied for the system, further measurements in both fre-
quency and time-domain were carried out on the whole 
analogue front-end, including the LHC button pick-up, 
the flange, actual cabling and the normaliser. 

A unit Gaussian pulse excitation signal (909ps full 
width at half maximum) was used for time-domain 
network analyzer measurements. Such pulse response 
analysis had already previously been used to correct 
PSpice® simulation models to fit acquired data [3]. 

Figure 3: Measured pulse response of the LHC button 
pick-up and the electronic PSpice® simulation model. 

The differentiated pick-up response and the simulation 
model are presented in Figure 3. A set of parameters are 
used to identify both the button electrical characteristics 
and the input-pulse charge content and duration. 

Since the pick-up introduces around 40dB attenuation, 
any subsequent measurements were noisy. The normaliser 
and the associated wiring were therefore measured sepa-
rately from the pick-up. Figure 4 shows the sum response 
to the same unit Gaussian pulse and the hardware equiva-
lent PSpice model that fits the acquisitions. 

The normaliser sum signal is produced by a passive 
combiner that adds the signals of two identical branches 
composed of input couplers, constant-resistance low-pass 
filters and matching attenuators. External wiring is simu-
lated using another filter and the resulting losses are 
included in the input attenuator. Model parameters have 

been adjusted to obtain the same pulse response as the 
reference measurement. 

Figure 4: Network analyzer time-domain measurement of 
the normaliser sum-output and partial schematic of the 
equivalent simulation model. 

Figure 5: Simulated normaliser sum signal responses to 
the LHC bunch at 450 GeV and 7 TeV. 

The results of full system simulation, from button to 
normaliser sum-output are presented in Figure 5. Notice 
that the sum signal variation, due to bunch length effects 
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in going from beam injection to collision, is only 24mVpp
(about 2%), while the bunch length  changes from 375ps 
to 252ps. The sum signal can therefore be considered as 
linearly proportional to the bunch intensity and its transfer 
function versus the number N of bunch protons is: 

NSum 9
mV 1006.6

pp

This is used to scale the internal calibrator of the nor-
maliser and that of the test bench beam simulator to give 
bunch intensities. 

Figure 6: Linearization graph from the test bench. 

Figure 7: SPS (top) and LHC (bottom) measurements. 

The 48dB range of the “intensity beam-simulator” 
extends from 1.2×109 to 3×1011 protons per bunch. The 
intensity module covers it using two sensitivity ranges of 
35dB each, with an overlapping region. The high sensi-
tivity mode guarantees a linearity around ±2%, as illus-
trated with the example in Figure 6, while that of the low 
sensitivity is close to ±4%. 

FIRST BEAM MEASUREMENTS 
The first beam acquisitions showed a systematic offset 

of the intensity reading [4]. This was found to come 
mainly from the final cabling layout and small neglected 
electronics effects and led to the time-domain analysis 
previously discussed. Figure 7 presents actual proton 
beam measurements on both the CERN-SPS and from 
first beam in the LHC. The SPS trace shows the bunch by 
bunch intensity profile of a 72 bunch LHC type batch, 
taken on a single turn. It can be seen that the intensity 
module and the fast beam transformer are in reasonable 
agreement to within the accuracy possible due to the 
bandwidth limitations of the transformer. The LHC plot 
shows a comparison of the SPS DCCT data and a BPM 
intensity module at the end of the first LHC sector for 
single, very low intensity, pilot bunch injection over a few 
hours. Even working close to its detection threshold the 
intensity module can be seen to give a reliable 
measurement of the bunch intensity injected in the LHC. 

CONCLUSION 
An intensity module has been designed and built to 

provide bunch intensity measurements from each beam 
position monitor located in the LHC. As this was added at 
an advanced stage in the beam position project, the inten-
sity module had to encode the intensity information using 
the same pulse modulation technique as the beam position 
system. Despite this tight constraint the BPM intensity 
card has shown to perform remarkably well, with a 
linearity of around 2% and an accuracy better than the 
10% requested for the system. 
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EXPERIMENTAL VERIFICATION OF PARTICLE-IN-CELL
SIMULATION RESULTS CONCERNING CAPACITIVE PICKUP

DEVICES∗

M. Ruf† , L.-P. Schmidt, University of Erlangen-Nuremberg, Germany
S. Setzer, Siemens AG, Healthcare Sector, Erlangen, Germany

Abstract

For beam position monitoring purposes, three different
approaches have been applied to investigate and compare
pickup button and electron beam spectrum characteristics.
Results on this simulative approach are presented. Induced
pickup currents have been calculated both with an analyt-
ical and a numerical method. An experimental validation
of these simulation results has been conducted with the 6-
MeV electron beam from a linear accelerator for medical
purposes. The measurements were conducted under non-
vacuum conditions. Good agreement between particle-in-
cell simulation and experimental data was achieved con-
cerning pickup power spectral distribution and dependence
from beam current and beam displacements although non-
negligible electron spread during air passage of the electron
beam cannot be avoided.

INTRODUCTION

Multi-energy particle accelerators are widely used in
cancer treatment facilities [1]. High efforts are being
made to ensure precise generation of the beam as well as
high precision irradiation and thus to minimize the risk
of harming the patient. However, in a clinical environ-
ment, unavoidable effects can influence beam position.
For multiple-angle treatment, medical accelerators usu-
ally comprise rotatable gantries, where the effects of mass
and earth’s magnetic field can cause beam displacements.
Moreover the vicinity of magnetic resonance systems, even
if positioned in a different treatment room, was found to be
responsible for minor misalignments to the intended beam
path. Besides other measures to monitor and stabilize the
beam profile, position measurement and correction of the
beam is advantegeous for radiation stability.
In this paper, investigations on capacitive pickup devices
are presented. A comparison between analytically calcu-
lated pickup characteristics and simulation results obtained
with the software package CST PARTICLE STUDIO (CST
PS) is given. Moreover, particle-in-cell (PIC) simulation
results are compared to measurements conducted with test
probes and the 6-MeV electron beam from a Siemens med-
ical linear accelerator. In contrast to usual beam position

∗Work supported by Bayerische Forschungsstiftung in the project
“MEDieMAS - Effiziente Bestrahlungsgeräte für Krebstherapie (Efficient
radiation systems for cancer therapy)”, file number AZ-735-07

† marcel@lhft.eei.uni-erlangen.de

monitoring, these measurements have been conducted un-
der non-vacuum conditions, as in therapy applications par-
ticles propagate through a certain distance in air before
reaching the patiet.

SIMULATIVE APPROACHES

To calculate the induced current on pickup probes and
their spectral distribution, two alternative approaches based
on different calculation methods have been applied:

Analytic Calculation in Matlab

An analytic approach for calculating the beam induced
currents on capacitive pickups has been implemented in
Matlab software. The developed tool is based on a numer-
ical analysis given in [2]. The induced current on a pickup
probe is calculated from the displacement current across
the area of the pickup device. The influence of different
bunch shapes is accounted for by the useage of weighted
point charges. Therefore, the point charge is spread over
a normalized distribution describing the bunch shape. The
induced current on the button is then obtained by integra-
tion of the individual weighted point charge contributions
at every sample of a given time interval. The total current
can be calculated by considering the total number of parti-
cles and thus, the total charge in the bunch.
For spectral analysis of the pickup signals, the developed
tool applies a Fast-Fourier-Transformation (FFT) to the sig-
nal in time domain which comprises the currents induced
from a selectable number of bunches in a bunch train. The
power levels contained in the beam spectrum fundamental
and a number of bunch harmonics are then derived.

Particle-in-Cell Analysis in CST PS

To introduce pickup geometry parameters not covered by
the Matlab analytic approach, like metal thickness and RF
feed, PIC simulations [3] have been conducted in the full
3D electromagnetic solver software package CST PARTI-
CLE STUDIO. Open boundaries have been chosen to avoid
reflections of beam generated fields in the simulation vol-
ume. The induced currents are observed by mode selec-
tive time domain monitors in the vicinity of the waveguide
ports. Further data processing is done in CST’s postpro-
cessing toolbox.
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Comparison of Calculation Methods

To validate the later experiment, Matlab analysis and
PIC simulations were applied to a setup also used in the
conducted measurements. The test setup consists of disk-
shaped pickup plates connected to a 50 Ω semi-rigid coax-
ial line (see below). Plate geometry as well as beam charac-
teristics were chosen as the input parameters of the Matlab
tool. The complete test pickup geometry was fully modeled
in CST PS as indicated in Fig. 1.

Perfectly Matched Layers

Beam Emission Surface

Probe
Waveguide

Port

Coaxial

Line

Figure 1: 3D model of CST PS simulation setup showing
two opposite circular pickups as well as emission surfaces
for the beam.

Figure 2 shows the induced currents on a 3 mm diameter
pickup plate calculated both analytically and numerically
and the basic agreement between the two. The Matlab gen-
erated curve shows the expected derivation of the Gaussian
bunch shape, which is not as obvious in the PIC generated
plot due to the high β of the beam. The reason for the oscil-
lation following the main peak in the PIC plot can be found
by mode separation of the CST signal monitor in time do-
main: The ringing is due to higher order modes excited in
the coaxial line [4].
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Figure 2: Comparison of pickup current signals in time do-
main gathered with Matlab analysis (dashed) and PIC code
(solid) for a circular pickup with diameter d=3 mm and a
6 MeV electron beam. The curves have been normalized
to the maximum induced current obtained by the Matlab
calculation.

EXPERIMENTAL VERIFICATION

The application of a charged particle beam to the patient
in the case of cancer therapy requires the beam to propa-
gate through a certain distance of air. To validate the calcu-
lated pickup behavior, measurements have been conducted
with the multi-energy, high-β electron beam generated by
a Siemens medical linear accelerator. The measurements
have been conducted in an area where in treatment applica-
tions the beam already propagates through air towards the
patient.
As space is limited in a medical accelerator environment,
pickup buttons have been preferred over stripline pickups
due to the smaller dimensions of the buttons. The test
probes have been manufactured as flat, disk-like extensions
of the inner conductor of a 50 Ω semi-rigid coaxial line
which was DC-decoupled by means of a Bias-T. The ac-
celerator employs a 3 GHz RF source, thus the pickup cur-
rent was investigated with a spectrum analyzer covering the
frequency range up to 40 GHz.

Spectral Distribution of Pickup Power

In Fig. 3, a comparison between the simulated and mea-
sured harmonic content of the pickup signal is given for
the first three beam harmonics. For spectral analysis of the
simulated time signals, a bunch train of 40 electron bunches
has been taken into consideration. The side lobes of the
main spectral peaks in Fig. 3 are artefacts of the FFT which
was applied to the bunch train in time domain.
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Figure 3: Comparison of spectral power distribution be-
tween Matlab simulation (fine), PIC simulation (bold) and
measurement (dots). Despite beam spreading, the mea-
sured values are in close vicinity to the simulation results.

The figure reveals a mismatch between the power spectra
obtained with Matlab and PIC code simulation. The devi-
ation between the two curves can be attributed to different
time signals. For generation of Fig. 3, the distance of the
probe to the beam center has been increased compared to
Fig. 2, which results in time domain signal deviations. The
measured pickup power values at the fundamental and the
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2nd and 3rd harmonic are indicated as bold circles in the fig-
ure. The degradation compared to the PIC-generated val-
ues is most probably due to beam spreading which occurs
when the electron beam propagates through air. However,
the measured power levels are still in acceptable vicinity to
the simulated values.
It was validated that smaller disk probes lead to a higher
sensitivity as stated in [5]. The measured sensitivity of a
3 mm diameter probe was 1.7 dB/mm, whereas the sensi-
tivity of a 12.5 mm probe was measured to be 0.8 dB/mm.
As promised by PIC simulations, the beam harmonic with
the highest contained power was 6 GHz for the smaller disk
and 3 GHz for the larger disk.

Pickup Current vs Beam Current

Figure 4 shows the rising pickup current when the beam
current is increased. In the measurement, the beam current
was increased by a factor of ten, causing the pickup current
to increase by the same amount as expected. The inset of
Fig. 4 compares the measurement results to PIC simula-
tions, where the beam current increase was introduced by
a rise in total bunch charge. Simulation and measurement
are in good agreement. The 6 GHz harmonic of the beam
spectrum is the highest component in the pickup spectrum
due to button geometry (3 mm diameter in this case).

Figure 4: Comparison of PIC simulation and measurement
concerning pickup current versus beam current. Both sim-
ulation and measurement data are normalized to the maxi-
mum ocurring pickup current showing nearly the same lin-
ear dependence in the plot.

Pickup Current vs Beam Displacement

Investigations have been conducted concerning the de-
pendence of the pickup current from beam displacements.
The distance between the probe and the beam center can
easily be varied in simulation. In the test measurements,
beam displacement was emulated by displacing the probe
instead of displacing the beam.
Figure 5 shows the outcome of both simulations and mea-
surement of the 6 GHz component of the displaced beam.

Although non-negligible beam spreading during air pas-
sage can be assumed, good agreement between measure-
ment and simulation is achieved.
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Figure 5: Simulation and measurement results on 6 GHz
beam harmonic as a function of beam displacement.
“0 mm” refers to the initial distance of the probe to the
beam center (15 mm). The plots have been normalized to
the respective currents at the initial position.

CONCLUSION

Analytical, numerical and experimental approaches have
been applied to investigate the properties of capacitive
pickup buttons, to be used for particle beam position moni-
toring. A Matlab tool has been developed based on the inte-
gration of induced currents of weighted point charges. The
simulation results have been compared against particle-in-
cell simulations conducted in full 3D electromagnetic sim-
ulation software. To validate simulation results, measure-
ments with test pickups have been carried out employing
the electron beam of a 6- to 25-MeV medical linac. Good
agreement was achieved between the two simulation ap-
proaches and the measurements, although the beam passed
a certain distance in air environment. Consequently, the
applied codes represent promising tools for further investi-
gations in this field.
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INVESTIGATION OF PRECISE PIPELINE-TYPE ADCS 
IN A BURST REGIME FOR A SINGLE-SHOT BPM* 
A. Kalinin, ASTeC Daresbury Laboratory STFC, Warrington, UK 

S. Artinian, Bergoz Instrumentation Ltd, Saint Genis Pouilly, France

Abstract 
In the EMMA Accelerator turn-by-turn BPM, the ADC 

should execute several successive fast rate measurements 
with a clock burst triggered by the bunch on each turn. 
We investigated a work of some fast pipeline-type ADC 
ICs in a burst regime where a minimal burst length is 
decided by the ADC latency. The results show that 
pipeline-type ADCs a main merit of whose is a high 
precision are usable in a beam-triggered single-shot BPM 
as well as in other event-triggered systems. The set-up 
used for the investigation illustrates the measurement 
arrangement in the EMMA BPM. The employed 
technique described can be used for detailed investigation 
of a single shot BPM noise. 

INTRODUCTION 
On the EMMA Accelerator [1], the bunch trajectory is 

to be measured on each turn in 84 circumference points. 
The turn is ns.255.T =  The bunch executes up to ten 
turns, and its trajectory is spirally enlarging in the 
horizontal plane, sweeping about a half of the pickup 
aperture. For machine tuning, the bunch can be made 
circulating larger number of turns on a stationary orbit.  

Aiming at a compact and inexpensive EMMA BPM 
system, we, first of all, use in it a multiplexing of two 
pickup signals in each plane into a single channel where 
the second signal is delayed by ns.8134 ./T =  The BPM 
synchronous detector output is a pair of spaced as above 
single polarity pulses about 5ns length each. On each 
turn, the ADC measures these two beam pulses and then 
makes two measurements of the DC pedestal.  

Next, in the system, as a time reference signal for 
synchronous detection and clocking the ADC, the beam 
signal itself is used. [2] This approach allows first, to 
avoid a cumbersome network of external reference 
distribution from BPM to BPM, and second, to use a 
single synchronous detector (and a single ADC) instead of 
the I/Q scheme where a double set of each is required. 

Trying to find optimal solutions for the EMMA BPMs 
in particular, and for the single shot BPMs that are now in 
demand, in general, we had tended towards ADC of the 
pipeline type. Being sufficiently fast, consuming low 
power, being comparatively inexpensive, a pipeline ADC 
has a solid advantage of high accuracy in comparison to a 
flash ADC.  

We saw also that with ability to work in the burst 
regime, the pipeline ADCs could make possible precise 
measurements in any event-triggered system, for instance, 
in accelerator-based high energy particle detectors. 

In this paper we report results of some initial burst 
regime investigation. Our investigation has not covered a 
broad range of modern ADC ICs available on market. We 
have not made chip-to-chip statistic measurements for 
that ADC that fits the purpose. Our immediate result is 
that an ADC has been identified for which the regime is 
feasible albeit with use of some additional facility. 

TEST SET-UP 
We used commercial ADC Evaluation Boards. A 

differential burst was directly fed into the ADC clock 
inputs. The burst was taken from a generator 81150A 
(Agilent Tecnologies). The clock period was 14ns. 

At the ADC analog inputs, three circuits were used: (1) 
the ADC inputs were short to the ADC internal reference; 
(2) the inputs were connected to the differential outputs of 
an operational amplifier (differential gain 12 =dG ) 
whose inputs were short to GND; and (3) the ADC inputs 
were connected to the same amplifier one input of which 
was fed from a non-inverting preamplifier ( 41 =G , 
50Ohm input impedance). Amplifiers AD8000 and 
ADA4939 (both from Analog Devices) were used.  

A preamplifier input pulse signal of about 13bit 
resolution was taken from another output of the 81150A 
generator. A DC pedestal that in the case of single polarity 
input pulse makes a full ADC range usable was 
introduced in the preamplifier.  

The ADC output was observed using a logic 
oscilloscope DL9505L (from Yokogawa Electric Corp.). 
For each kind of measurements, a 64-shot array was 
recorded, using manual trigger. For the ADC latency of m 
clock periods, the readings of the samples of number 

,jm +   1,2,...,4=j  were recorded by setting the 
oscilloscope logic cursor at these samples. 

ADC TEST 
We tested two ADCs: MAX1427 (15bit, 80MHz, 

cycles 3=m , from MAXIM) and AD6645ASQ (14bit, 
105MHz, cycles 3=m , from Analog Devices). 

A response of the first ADC (with the inputs short to the 
ADC reference) to a clock burst is shown in Figure 1 
where a full horizontal size is about μs.7  The burst is 
shown on the upper trace DRY (it is the ADC’s Data 
Ready signal). After the start, one can see that the ADC 
readings have a long transient: from big (negative) values 
through some ringing to a noise floor at four least bits (on 
the right from the cursor line which is distanced from the 
start by μs44. ). Obviously, this ADC is not suitable for a 
single shot BPM. 

___________________________________________  

* The work was done within a BASROC/ CONFORM/ /EMMA
Project, and was supported by the UK Science and Technology
Facilities Council, and by Bergoz Instrumentation Ltd. 
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Figure 1: A screenshot of MAX1427 readings. 
 

The AD6645 transient lasts one clock period. It was 
measured with the inputs short to the ADC reference. 
Table 1 gives mean values and standard deviation values 
in the decimal units (a full ADC range is 16384) for the 
samples  1,2,...,4=j . Histograms of the readings (mean 
is subtracted) for the last three samples are shown in 
Figure 2 left (the colours used are given in Table 1). 

 
Table 1: AD6645 transient 

j 1 2 3 4 
mean 92 4.0 4.6 4.5 

std 25 0.90 0.99 0.87 
colour – blue yellow green 

 
Note both the mean and the std of the first sample are 
unstable and change significantly from day to day, with a 
change of PS voltages, etc. 
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Figure 2: Histograms of AD6645 readings. Left/right,   
without/with awakening pulse. 

 
One can see that from the sample 2=j  forth, the ADC 

has a resolution that appears to be its ultimate resolution. 
Accuracy of the first sample can be improved using an 
obvious idea to ‘awake’ the ADC with an additional clock 
pulse in advance to the burst. The effect of the pulse can 
be seen in Table 2 and Figure 2 right (sample 1=j  is 
red). With an awakening pulse, the AD6645 really gets 
ready for a burst measurement. 

 
Table 2: Effect of awakening pulse 

j 1 2 3 4 
mean 5.3 5.4 5.6 5.0 

std 0.89 0.79 0.86 0.87 
 

For the case above, the pulse was 50ns length, and the 
advance was ( )  μs.1−  We investigated the awakening 
effect by changing the pulse length in the range 10ns to 

100ns and the advance in range ( )  μs10.− to ( )  μs.4− No 
indication of resolution deterioration was observed. It’s 
worth to note that with increase of the advance over about 
( )μs54.−  the resolution steeply got deteriorated.  

A pulse in some advance to the beam is usually easily 
available at accelerators. Pulse distribution to a set of 
BPM cards can be made using some common wire in the 
backplane bus.  

ADC INPUT CIRCUIT TEST  
The noise, pedestal, and signal measurements discussed 

below were all done with a 50ns awakening pulse in 
advance ( )  μs1− to the burst. 
Noise 

An ADC readings noise of a circuit with a differential 
amplifier (DA) (whose inputs are short to GND) is given 
in Table 3 and in Figure 3 left. 

 
Table 3: Noise with differential amplifier 

j 1 2 3 4 
mean 6.6 6.3 6.4 3.4 

std 1.57 1.57 1.58 1.72 
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Figure 3: ADC readings noise with differential amplifier 
(left) and of full circuit (right). 

 
Averaging standard deviations in Table 2 and 3 as 

,42
3.2,32 ∑= /stdstd j  one gets −=

2

3DA stdstd  

μV.183371
2

2 ==−= .std  That is 1.25 times larger than 
output noise estimation μV148  calculated using the 

datasheet amplifier output noise density  HznV9 /  and 
the datasheet ADC bandwidth 270MHz.  

An ADC readings noise of a full circuit with a 
preamplifier is given in Table 4 and in Figure 3 right. 
Calculating 1934 .std = , and using , 6113 .std =  one can 
estimate the preamplifier output noise as μV370  which is 
 

Table 4: Noise of full circuit 
j 1 2 3 4 

mean 8.3 8.4 7.9 5.6 
std 3.42 3.13 3.06 3.15 

 
about 2 times larger than a datasheet estimation μV.190  
What causes this excess it is necessary to investigate. 
Here we take the noise 1934 .std =  merely as a reference 
in the pedestal and signal measurements below. 
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Pedestal 
The pedestal differential magnitude was 1V.−=P The 

ADC input AIN was shifted down to ,2/P−  the input 
AIN was shifted up to ,2/P+  close to the range ends 

V.550.m With a positive pulse at the preamplifier input, 
each ADC input goes to its opposite range end. This 
arrangement makes a full ADC range 2.2V usable. 

The pedestal magnitude was measured as ( )V9860.−  
(mean value), well within the ADC gain error (<10%). 
The histogram was similar to the histogram of a full 
circuit in Figure 3. 

 The average standard deviation was .203P .std =  

Comparing it to 1934 .std = , one can conclude that a DC 
pedestal had not brought an additional noise. 

Signal 
The circuit total gain 4t =G  was chosen to match the 

synchronous detector output range (about 0.5V max) and 
the ADC range. In the measurements below, we kept the 
preamplifier input pulse magnitude well within the range, 
how it will be with a beam, namely, about half of it. We 
used a 13bit generator pulse 5V attenuated with a resistive 
attenuator 26dB.  

First, we measured a 22ns length pulse that covered 
both 1,2=j  samples.  The pulse had a flat top, so, if 
some sampling time jitter was there, no additional 
magnitude noise should be generated. The mean pulse 
magnitudes and their standard deviations are given in 
Table 5. The histograms are similar to the pedestal 
histograms. 

 
Table 5: A 22ns pulse  

j 1 2 3 4 
mean, V 00410.+  01650.+  9780.−  9870.−  

std 3.48 3.59 123P5 .std =  
 

Next, we measured a pair of identical 7ns pulses 
(shown in Figure 4 left) that were similar to BPM output 
pulses. As pulse tops were not ideally flat, we adjusted the 
clock signal delay to have maximal readings, i.e., to 
sample a pulse apex. The measurement produced results 
given in Table 6 and Figure 4 right, and in Figure 5 where 
shot-to-shot samples are shown. 

One can see that the pulse magnitude distribution has 
got some tails. Besides, some drift-like noise component 
has appeared that is common for both 1,2=j  samples. 
Indeed, calculating a correlation coefficient =12ρ  

( )( ) ( )212211 stdstd/meansmeans kk ⋅−−=  where k is the 
sample number, one gets 26012 .+=ρ  whereas for the 
22ns pulse the coefficient is about .050.−  For the 
pedestal it lies typically within .10.±  

Most probably, a common noise component is caused 
by a clock delay drift. Distribution broadening may occur 
due to a clock jitter. For the 81150A generator a datasheet 
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Figure 4: Left, the signals at the ADC inputs (top), the 
CLK signal (pink), and the DRY signal (green). Right, the 
pulse magnitudes (means are subtracted). 

Table 6: Two identical 7ns pulses  
j 1 2 3 4 

mean, V 00310.+  00560.+  9830.−  9870.−  
std 4.07 3.82 173P6 .std =  
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Figure 5: Shot-by-shot samples (means are subtracted).   

 
jitter amounts to 25ps. We observed its contribution 
directly, by moving the sample moment from the apex by 
1ns. On the slope, the standard deviation of each pulse 
had got doubled. This experiment shows importance of 
providing flatness of the BPM output pulse top, discussed 
in [2]. 

SUMMARY 
We advertise an ADC AD6645 (from Analog Devices) 

that can be used in a burst regime for precise 
measurements in a single shot BPM as well as in other 
event-triggered systems, provided with an awakening 
pulse. 

We’ve described a simple set-up for pipeline-type ADC 
tests. An employed technique can be used for detailed 
investigation of a single shot BPM noise. 
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DESIGN OF A RESONANT STRIPLINE BEAM POSITION PICKUP FOR
THE 250 MEV PSI-XFEL TEST INJECTOR

A. Citterio, M. Dehler, D.M. Treyer, B. Keil, V. Schlott, L. Schultz, PSI, Villigen PSI, Switzerland

Abstract

The 250 MeV PSI X-FEL Test Injector will use resonant
stripline beam position monitor (BPM) pickup as standard
BPMs to reach the desired single bunch resolution in the or-
der of 10 μm in a charge range of 10 to 200 pC. This paper
presents the electromagnetic design of the pickup that was
performed with Microwave Studio. The pickup was opti-
mized in terms of the main radiofrequency (RF) character-
istics - frequency, shunt impedance, unloaded and loaded
Qs - of the resonant modes of interest, in order to obtain
the signal characteristics required by the electronics, that
samples the pickup signals directly at 5 GSamples/s [1].
Mechanical aspects of the design are also presented, with
particular attention to the tuning pin solution for stripline
alignment. Based on the simulated geometry, one pickup
prototype was built and tested and the correct characteris-
tics of the resonant modes were verified.

OVERVIEW

To provide the desired position resolution in the ten
micrometer range along the 250 MeV PSI-XFEL injector,
about 25 standard beam position monitors are foreseen to
measure and stabilize the beam position within ~10% of the
final beam size. The choice of a 500 MHz resonant stripline
pickup and a 5 GSample/s direct sampling electronics [1]
based on existing PSI designs [2] allowed a cost-efficient
solution and fast prototyping of pickups and electronics as
well as of the digital signal processing firmware and soft-
ware. At the desired bunch charge range from 200 pC down
to 10 pC, resonant striplines are superior e.g. to button pick-
ups since they concentrate the output signal spectrally at
a high signal-to-noise ratio, thus enabling higher position
resolution with narrowband processing, even for single shot
operation and low bunch charges [3]. The main advantage
over cavity pickups is the significantly reduced cost and de-
velopment time especially for the electronics, since the low
Q and comparatively low frequency allow direct sampling
by the 5 GSample/s Domino Ring Sampler (DRS) chip of
the BPM electronics, without the need for an analog mixer
scheme or a low-jitter clock distribution [1]. A schematic
sketch of four resonant stripline electrodes (two per plane)
is depicted in Fig. 1.

This BPM topology supports four independent TEM
eigenmodes of operation V0 = (V1, V2, V3, V4):

• sum mode, or monopole mode: V0,M = 1
2 (1, 1, 1, 1)

• two delta modes, or dipole modes: V0,Dx =
1√
2
(1, 0,−1, 0) and V0,Dy = 1√

2
(0, 1, 0,−1)

• quadrupole mode: V0,Q = 1
2 (1,−1, 1,−1)

Figure 1: Resonant stripline pickup, one plane only.

The ratio of the signal voltages from opposing electrodes
depends on the transversal beam position:

x ∼ Δ
Σ with Δ = (V3 − V1) and Σ = (V3 + V1)

Each mode has a characteristic impedance and frequency
spectrum that influences the BPM performance, represent-
ing the criteria for the pickup selection [4]. The pickup sen-
sitivity, defined as the ratio of opposite voltages per beam
offset in [dB/mm], is determined by the normalized shunt
impedances and the loaded Qs:

Sx [dB/mm] ∼ 20 log(1 + 2sx· 1mm), (1)

sx [1/mm] ∼
√

2
(R/Q)Dx

(R/Q)M

Ql,Dx

Ql,M

∣
∣∣
∣
∣
x =1mm

(2)

The detection method employed is signal stretching by
ringing filter, followed by direct sampling and digital en-
velope detection. To maintain high sensitivity of signal en-
velope voltage to beam position for the complete duration
of the signal, the following conditions must be satisfied:
at the appearance of the output signal Ql,D/Ql,M ≥ 1,
and the dipole and monopole frequencies must coincide,
i.e. fD = fM ± 1 MHz. The frequency of the resonant
stripline pickup was chosen equal to 500 MHz, which is
well in the bandwidth range of the DRS4 sampler chip.
The frequency choice also enabled easy adaptation of the
design already used at the SLS linac and transfer lines [2],
allowing electronics development and tests with existing
SLS linac pickups while the new spectrally and mechani-
cally improved pickup was being developed.

CONCEPTUAL DESIGN AND RESULTS
Prototype Design

Figure 2 shows geometry and mechanical solutions
adopted for the prototype pickup.
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Figure 2: Pickup prototype for the PSI-XFEL Injector.

The beam pipe dimension of 38 mm was maintained as
inner diameter of the stripline. To have a maximum re-
sponse magnitude at the resonance, the stripline length
must be equal to a quarter resonant wavelength, i.e. l =
150 mm. Once the overall adopted geometry was tuned,
this length was reduced to 138.4 mm. A first tuning of the
pickup was performed on the width of the stripline slots.
Because the loaded Qs must be lower than that of the ring-
ing filter (max. 30), but not too low to keep the spec-
tral energy density high at 500 MHz, an initial width of
11 mm was chosen for the slots, resulting in eigenmodes
with Ql ∼ 8. Moreover, because longer slots correspond
to a closer proximity of the resonant modes, the length of
the slots was made equal to the length of the stripline itself.
This ensures a few MHz difference between monopole and
dipole frequencies. Afterwards, according to the design
described in [5], each slots was modified and the initial
width of 11 mm was reduced to 9.3 mm for the first half
of the stripline, which now presents two different widths.
In fact, this configuration corresponds to add a capacitive
load, which will only affects the electrodes at different po-
tentials, as e.g. for the dipole mode case. Consequently the
dipole and quadrupole modes will move down in frequency
towards the sum mode. The final tuning of the frequency
spectra was obtained by adjusting the position of the ports.
The feedthroughs (50 Ω line impedance) are put in the re-
gion where the magnetic field of the modes is mostly con-
centrated. Simulations show a sensitivity of the port posi-
tion with the frequency modes of about +1 MHz/mm in the
beam direction, depending also on the geometry of the rest
of the structure. The contact with the electrodes is guaran-
teed by means of Cu-Be screws fixed on the feedthrough
antennas. Concerning the pickup alignment with respect to
the beam pipe, a tolerance of 10 μm was considered for the
concentricity, giving a tolerance of 5 μm for the electrical
center.

Four ceramic screws of 4 mm diameter put at 5 mm from
the open end of the stripline allow the alignment of the

Figure 3: Details of the feedthroughs (left) and tuning pins
(right).

stripline (with a satisfying precision). A detailed view of
the feedthroughs and tuning pins complex are shown in
Fig. 3.

Simulation Results, Measurements and Redesign

The BPM prototype was tested for both S-parameters
and beam measurements and the results were compared
to the simulations. Table 1 shows the eigenmode frequen-
cies and their obtained Q factors. Microwave Studio was
used to compute the eigenmodes both directly (second col-
umn in Table 1) and the mode group delay analysis (third
column). With this method the S-parameters are obtained
at first by a frequency sweep of the pickup. Then they
are suitably combined to obtain the four mode reflection
coefficients Smode, i.e. the eigenvalues of the scattering
matrix S. Finally, the group delay of mode reflection co-
efficients corrected for the single pass delay of feed lines
(dSmode/dω) − 2τ is computed. The frequency where the
mode group delay is maximal is the mode resonance fre-
quency. The agreement of the two simulation methods is
better than 1 MHz for the frequencies, and also quite good
for the Q factors. The condition Ql,Dipole ≥ Ql,Monopole

previously described is satisfied. Since in the simula-
tions a magnetic symmetry plane has been defined longi-
tudinally, the two dipole modes are identical. From the
shunt impedance values computed, (R/Q)M = 10.6 Ω and
(R/Q)D = 44 mΩ at 1 mm, the expected sensitivity is
S = 1.57 dB/mm. Using a model of pickup, electronics,
and detection algorithm, this results in an estimated posi-
tion resolution of 5.5 μm for 200 pC beam charge.
While the loaded Qs measured match very well with the
estimated values, the measured frequencies are larger than
expected: ~ +9 MHz for the monopole and ~ +6 MHz for
the dipole modes. To explain this difference, further MWS
simulations were performed: imperfections of the simu-
lated geometry explain in fact part of the frequency error.
These imperfections concern an approximated geometry of
the flanges at the feedthroughs and of the tank near the tun-
ing pins, and a wrong dielectric constant value used for the
ceramic alignment screws. A sum of these effects can jus-
tify ~ +6 MHz for the monopole mode and ~ +5 MHz for
the dipole and quadrupole modes. The cause of remain-
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Table 1: Simulated and Tested Mode Frequencies and Quality Factors

MWS Eigenmodes MWS S-params. Measurements
Mode f0 [MHz] Qu Ql f0 [MHz] Qu Ql f0 [MHz] Ql

Monopole 499.82 1067 6.3 500.31 ∞ 5.7 509 6.4
Dipole X 500.23 1159 7.5 501.03 ∞ 7.3 507 7.7
Dipole Y 500.23 1159 7.5 501.03 ∞ 7.3 506 7.4
Quadrupole 500.35 1145 8.2 501.39 ∞ 8.4 506 8.2

ing error could be identified in an imperfect stripline align-
ment. In the mechanical alignment procedure, a rod with
the same diameter as the beam pipe away from the elec-
trode was inserted through the pickup. The tuning screws
were adjusted inwards until the torque increased and then
the rod was removed. Because of the force from the tun-
ing screws, the electrodes could be bent away from the
beam pipe inner surface even further when the road was
removed, reducing the capacitive load between tank and
stripline. This fact is confirmed by the simulations: 0.1 mm
misalignment of the all four electrodes away from the beam
pipe inner surface increases the eigenmode frequencies by
a few megahertz. Finally, the crosstalk measured among
orthogonal dipole modes is in the order of 0.1%.
The prototype was installed at the Linac of SLS and then
tested with an electron beam. Figure 4 shows the amplitude
for one of the four filtered pickup electrode voltage for un-
known offset beam position and 0.85 nC bunch charge.

Figure 4: Lowpass filtered pickup electrode voltage at the
end of cables. Filters used: Mini-Circuits SLP-1000.

Average initial amplitude is 5.25 V peak to peak. Ac-
counting for cable attenuation and rescaling for the bunch
charge of interest, the electrode voltage from fundamental
resonance of monopole mode is ~2.11 Vpp at 0.2 nC. This
is 0.7 dB more than the predicted value of 1.94 Vpp.
Because of the the error found in the frequency modes, the
stripline was redesigned, changing in length of the elec-
trodes by few millimeter and in widths of the slots by a
few tenths of millimeter. To make the alignment of the
feedthroughs easier, the gap width between bushing and in-
ner surface of the coaxial coupler was increased from 0.5
to 1.25 mm. The mechanics of the tuning pins itself was
simplified, allowing a faster mounting and minimizing in

the same time the effect of the depth of the recess around
the tuning pin on the fields.
The new specifications after the upgrade of the pickup are
shown in Table 2. Frequencies and loaded Qs refer to
MWS simulated S-parameters analyzed according to the
mode group delay, and match well with the simulated val-
ues obtained by looking directly for the eigenmodes.

Table 2: Simulated Mode Frequencies and Quality Factors
for the New Design Of the Resonant Stripline Pickup

Mode f0 [MHz] Qu Ql

Monopole 500.31 1358 6.15
Dipole X,Y 499.95 1461 7.59
Quadrupole 499.95 1493 8.71

The sensitivity decreases from 1.57 dB/mm to
1.53 dB/mm; however, the ratio Ql,Dipole/Ql,Monopole is
5% larger. The theoretical resolution limit for the chosen
BPM electronics remains unchanged at 5.5 μm. The signal
levels are 0.6 dB larger.

CONCLUSIONS

The obtained results indicate that the designed resonant
stripline pickup allows to reach the desired position resolu-
tion in the order of 10 μm in the PSI FEL test injector. The
fabrication and the test of a prototype allowed to identify
and solve, also by means of mechanics improvements, crit-
ical aspects, thus optimizing the eigenmode spectrum and
resulting BPM performance.
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IMPLEMENTATION OF AN FPGA-BASED LOCAL FAST ORBIT
FEEDBACK AT THE DELTA STORAGE RING
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Abstract

The beam orbit of the 1.5 GeV electron storage ring
DELTA showed a variety of beam distortions with a
pronounced frequency spectrum mostly caused by girder
movements and ripples of the magnet power supplies. In
order to enhance the orbit stability to at least 300 Hz band-
width a global fast orbit feedback (FOFB) is under con-
sideration. As a prototype an FPGA based local fast orbit
feedback at a 10 kHz data acquisition rate has been de-
veloped. The digitized orbit data are distributed from I-
Tech Libera and Bergoz MX-BPMs [1] to an FPGA board
via a fibre interconnected network based on the Diamond
Communication Controller [2]. The correction algorithm is
written in VHDL and the corrections are applied with digi-
tal power supplies connected to the FPGA board through
RS485 links. The first operational tests of the system
achieved an effective damping of orbit distortions up to
350 Hz. The paper will give an overview on the layout
of the FPGA-based local orbit feedback system, will re-
port on the results of the measured uncorrected orbit distor-
tions at DELTA and the stability enhancements that could
be achieved by the local feedback system.

INTRODUCTION

The beam stability at the storage ring Delta is affected by
low frequency distortions during the ramp of our booster
BoDo and beam oscillations caused by mains power sup-
plies generating distortions with the frequency of 50 Hz
and its harmonics up to approx. 350 Hz. Furthermore
girder movements at their resonance frequencies, excited
by ground vibrations, lead to displacements of magnetic el-
ements of the accelerator, particularly the quadrupoles and
therefore detoriate the photon beam stability at the beam
lines. In order to supply higher brilliance synchrotron radi-
ation a global fast orbit feedback is under consideration in
connection with the existing slow orbit feedback working
at frequencies at about 0.1 Hz. For this reason a local fast
orbit feedback in the vertical plane (see Fig. 1) has been
developed to prove the feasibility of the planned feedback
and to test designated methods and components.

LOCAL ORBIT BUMPS

The dependency between the corrector strength θj at the
corrector j and the orbit zi at position i can be described

∗patryk.towalski@udo.edu

bpm14 bpm15

vcor1
vcor2 vcor3 vcor4

Figure 1: Setup of the vertical fast local orbit feedback at
DELTA consisting of an undulator (U250), two beam posi-
tion monitors (BPMs) and four vertical correctors (vcor).

using the orbit response matrix R:

Rij =
∂zi

∂θj
(1)

The calculation of the expected orbit �z can be achieved by
superposing the effects of all corrector θj :

�z = R �θ. (2)

Using the technique of singular value decomposition
(SVD) the calculation of a pseudoinverse is possible even if
R is a singular matrix. The corrector strength θj for given
orbit �z is then directly derived from the pseudoinverse R+

of the response matrix R via:

�θ = R+ �z. (3)

The vector �z represents the required orbit, the vector �θ
represents the best approximation of the appropriate cor-
rector strength to apply. Appropriate in the sense of being
the best solution is achieved by the method of a least square
fit. The superposition of two orbit bumps using four correc-
tors allows for the adjustment of the orbit at bpm14 and 15.
The bumps are created with the correctors vcor1 to vcor4
(see Fig. 1) mounted at appropriate positions [3].

A response matrix R for all of the 54 BPMs and four
correctors was measured with beam. In a next step the
pseudoinverse of R was used to calculate the corrector co-
efficients for the two orbit bumps using four correctors. Or-
bit bump induced crosstalk between bpm14 and bpm15, as
well as the influence on the orbit outside the feedback sec-
tion was less then 10 %, verified at 7 control BPMs.

ORBIT DISTORTIONS

To identify the typical orbit distortions, a frequency
spectrum was created from decimated turn-by-turn data
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Figure 2: Spectral rms orbit deviation versus frequency.
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taken by an I-Tech Libera electronic [4] installed at bpm14.
The experimental results are shown in Fig. 2. Apart from
distinctive distortions at 50 Hz and its harmonics, caused
by the mains power supplies, low frequency perturbations
in the range of 5 Hz have been observed.

Girder oscillation has been measured using geo-
phones [5] during regular beam operation to identify the
source of these low frequencies. One geophone capable to
measure in three dimensions was attached to a quadrupole,
a second one (measuring in one dimension) was mountend
vertically on the floor. The geophones create a voltage pro-
portional to the speed of their movement. This voltage was
amplified and then recorded using a “LeCroy WaveSurfe
454” oscilloscope at a sampling frequency of 500 Hz.

MATLAB [6] was used to calculate the spectral power
density (PSD), to apply a Hamming window function and
to convert the velocity data to real displacement. Figure 3
shows the experimental results. Excitation frequencies of
5.3 Hz, 10.6 Hz and 12.5 Hz are caused by girder reso-
nances. These oscillations lead to a time dependent trans-
verse misalignment of the quadrupoles [7], influencing the
orbit.
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Figure 4: Block diagramm of the correction system of the
local fast orbit feedback implemented in VHDL.

IMPLEMENTATION OF THE LOCAL
FAST ORBIT FEEDBACK SYSTEM

The fast local orbit correction has been implemented as a
classic control loop. Each element of the loop can influence
the control dynamics by delay or bandwidth.

The orbit position has been measured at bpm14 and 15
with I-Tech Libera Electron [4] BPMs, equipped with the
Diamond Communication Controller allowing to distribute
the fast orbit position data over a glas-fibre network at a
rate of 10 kHz.1 The BPMs digital filters have a latency
time of about 300 µs at a bandwidth of 2 kHz.

The data processing takes place on the Xilinx XUP-
Virtex-II Pro Development Board [8], available through
the Xilinx University Program. It is, similar to the I-Tech
Liberas, equipped with a Virtex-II Pro FPGA. The cor-
rection system was implemented using the hardware de-
scription language VHDL. It is controllable using a con-
nected standard-PC. The data processing is done in mod-
ules, which can be seen in Fig. 4.

The position data sent to the network from bpm14 and
bpm15 (see Fig. 1) is received from the Diamond Commu-
nication Controller [DCC in Figure 4] in a first step. During
a settable time window (60 µs in our case) received posi-
tion data is passed to a moving average filter/low pass filter
[MA]. In this way the dc-part and therefore the interfer-
ence with the existing slow orbit correction is eliminated.
Calculation of the correction values is done by a standard
proportional, integral and derivative controller [PID]. The
D-fraction is set to zero to minimize the influence of data
noise. In a next step the desired orbit is converted into
corrector currents using equation (3) to create a superpos-
tion of the two four corrector bumps [BUMP]. The new de-
sired current values are converted into a serial data stream
[RS485] and are distributed via the RS485 interface to the
corrector magnet power supplies. The time for correction
calculation on the board is approximately 0.2 µs and there-
fore negligible.

The power supplies BE548 from the company iTest are

1Future plans include the connection of existing analog Bergoz BPMs
into the fast orbit positition data network. For reference please see G.
Schuenemann [1].
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used as four-quadrant power supplies (±24 V, ±10 A).
They are connected to the four corrector magnets vcor1 to
vcor4 (see Fig. 1 and 4). The minimum time delay after
reception of new desired values is 40 µs. The additional
delay to reach steady state depends on the desired current
variation and the coils inductance. In our case 5 A can be
applied in approx. 220 µs. This corresponds to a slew rate
of 20833 kA/s.

The magnetic field of the corrector magnets varying in
time induces eddy currents in the vacuum chamber. The
frequency response was measured using an inductance coil
inside the chamber. The vacuum chamber cut-off fre-
quency (-3 dB) was estimated to 1.7 kHz.

The minimum latency for the control loop is about
400 µs resulting in a controller resonance frequency of
about 1.25 kHz. Assuming oscillations with a current
change of 5 A the total delay increases to 620 µs causing
a shift of the resonance frequency of the control loop to
800 Hz.

Increasing this resonance frequency and thereby increas-
ing the attainable cut-off frequency is in principle possible
by further reducing the delay.

RESULTS

The frequency response being the ratio of distortion am-
plitudes with and without orbit feedback was measured
with beam at bpm14 and 15. The experimental results are
shown in Fig. 5. The amplitude ratios have been deter-
mined at strong distortion frequencies only, intermediate
values have been interpolated linearly. The cut-off fre-
quency at bpm14 turned out to be 355 Hz, bpm15 has a
cut-off frequency of 370 Hz. A total damping of −20 dB
at a frequency of 50 Hz has been obtained with the con-
troller.

Figure 6 shows the integrated rms amplitude with and
without orbit feedback obtained at bpm14 (averaging over
multiple spectra). Due to strong intensity fluctuation of the
girder movements in the lower frequency range the inte-
grated rms amplitude would be spoiled by this random ef-
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Figure 6: Integrated rms ampl. with feedback on and off.

fect. To avoid this, frequencies below 40 Hz were removed
from the spectrum.

In summary a substantial overall reduction of the orbit
distortions below 350 Hz has been achieved in a first ap-
proach. Based on this results a future global orbit feedback
will be designed and installed at the DELTA storage ring in
the near future.
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A RESONANT FIRST TURN BPM FOR THE POSITRON INTENSITY 
ACCUMULATOR (PIA) AT DESY 

M. Hüning#, R. Jonas, J. Lund-Nielsen, F. Schmidt-Föhre, DESY, Hamburg, Germany 

Abstract 
The Positron Intensity Accumulator PIA at DESY is 

used to accumulate the intensity and damp down the 
emittance of the positrons produced in the Linac II before 
they are injected into DESY II. Up to 13 shots are 
collected and damped. During the damping process the 
(base band) peak current is increased by about a factor 4. 
Therefore the signal from the circulating beam can be up 
to 50 times bigger than the injected beam and hence 
overload any first turn detectors. The injected beam 
however is bunched by the 3 GHz RF of the linac. By 
filtering the 3 GHz component of the antenna signal and 
subsequent demodulation it is possible to set up a BPM 
system detecting exclusively the injected beam. 

INTRODUCTION 
The Linac II at DESY is an electron-positron linac 

delivering beams of 450 MeV. In order to reduce the 
transversal and longitudinal emittances of the beam it is 
injected into the accumulator and damping ring PIA [1]. 
PIA is a small ring with approximately 28 m of 
circumference. The revolution frequency therefore is 
10.4 MHz. It is an octagon with 2 stretched and 2 
shortened straights. Injection takes place in one of the 
short straights. The eight dipoles are combined function 
magnets and in addition there are 4 horizontally focusing 
and 4 horizontally defocusing quadrupoles. Each of the 
dipole chambers contains a button BPM. These BPMs and 
their readout however are optimized for measuring the 
closed orbit with 10.4 MHz bunches. Sufficient 
accumulations and damping are required in order to 
obtain a usable signal. 

For monitoring the energy at the end of the Linac it is 
desirable to measure the beam position of the injected 
beam at a position with large dispersion. A suitable 
position for this is the first long straight, approximately 
7 m from the injection septum. Here the dispersion is the 
largest and there is sufficient space to install a new BPM. 
It was decided to use a BPM of the PETRA III type [2]. 
This is a button type BPM with a large bandwidth. 

SETUP 
In order to separate the signal of interest from noise and 

the low frequency signal of the circulating beam, the 
pickup signal is first band-pass filtered (Figure 1). With a 
cavity-type BPM this could have been achieved directly 
at the source. But this would have required a completely 
new design while the PETRA III type BPM could be used 
with only minor modifications. The BPM has a diameter 
of approximately 98 mm. 

The buttons are arranged with an angle of 45° to the 
usual coordinates of x and y. In this way the electrodes 
are less likely to be hit by stray particles from the low 
energy tail of the injected beam. The beam position then 
has to be calculated from a linear combination of the 
rotated coordinates. 

By mixing with a 3.375 GHz reference the signal is 
converted to 375 MHz. The exact frequency and phase of 
the reference is not important as long as it is the same for 
all buttons. The signal is further improved by low-pass 
filtering and subsequent amplification. Finally it is fed 
into the actual BPM electronics. 

The beam position is processed by readout electronics 
of the AM/PM type [3]. It was originally designed for the 
FLASH linac. In the AM/PM electronics a difference in 
voltage is translated into a phase difference of two 
normalized signals. In this way the BPM signal becomes 
independent of the beam current over a large dynamic 
range. 

Given the high operating frequency of 3 GHz a phase 
shift between the individual buttons is likely. With a 
simplified model of the BPM it was calculated that a 
phase shift between corresponding buttons causes a 
reduction of the linear range of the BPM. The tolerable 
phase shift however was found to be up to 60° which can 
be achieved with a careful setup. With this phase shift the 
deviation of the measured from the real beam position 
increases from 1 mm to 2 mm at a beam position of 
10 mm. 

 

 
Figure 1: Block diagram of the BPM readout. 
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CHARACTERIZATION 
Before beam operation the BPM was tested with a 

network analyzer connected to various pairs of buttons. It 
was found that the buttons have a high-pass characteristic 
with a cut-off at approximately 300 MHz. Because of the 
large diameter of the beam pipe the RF can propagate into 
the pipe above a frequency of 1.87 GHz, the lowest 
waveguide mode. While this will not influence the direct 
interaction of the beam with the electrode, it allows 
parasitic modes and wakes from nearby parts of the 
machine to couple to the electrodes. A great deal of 
ringing has to be expected. 

In order to preserve the large acceptance of the ring it is 
not possible to change for a smaller beam pipe radius. 
This prevents the most obvious way to suppress 
interaction with signals from other parts of the machine. 

 

 

Figure 2: Frequency Response of the BPM.

The raw signals of the buttons have been investigated 
with a spectrum analyzer in zero span mode (Figure 3). 
The spectrum analyzer was triggered with a PIA trigger 
and the sweep was set to 320 ms, a full cycle of the PIA 
accumulation. The center frequency was first set to 
2.998 GHz, the linac frequency. This way the 13 
injections are clearly visible with a spacing of 20 ms. The 
power at the peak of one such pulse was measured with 
-57 dBm. Switching to 125 MHz one sees the 
accumulation of intensity in the ring. After 13 injections 
-47 dBm are measured. At the end of the accumulation 
cycle the 12th harmonic system is switched on for better 
bunch compression. At this point the intensity increases 
by approximately 8 dB. 

The second measurement was taken at 125 MHz 
because the high-pass characteristics of the buttons 
suppress the lower frequency signals. The difference 
between 2.998 GHz and 125 MHz amounts to 10 dB at 
the last injection. Considering that there is a factor of 13 
between the injected and the accumulated beam one 
would expect a difference of approximately 20 dB. Indeed 
this is the case after compression when the power 
spectrum shifts towards higher frequencies. 

It was also checked that the signal at injection really 
correlates with beam. When the trigger of the linac gun is 
removed, the signal is gone. Noise sources like the kicker 
magnet nearby the BPM continue pulsing in this case. 
The signal-to-noise ratio therefore can be assumed to be 
at least 10 dB. 

 

 

 
Figure 3: Frequency selected response of a single button, 
photographed from a spectrum analyzer in zero span 
mode. Two frequencies are shown, 125 MHz and 3 GHz. 

 
 

MEASUREMENTS 
The Beam Position Signal was measured with a 

positron beam. In the electron case the situation is more 
favourable. Therefore it was assumed that it would surely 
work if the positron case did. 

Figure 4 shows the response of the BPM to an injected 
pulse of 8⋅108 positrons. As expected there is considerable 
ringing visible. The beam pulse has a maximum duration 
of 50 ns. The following single values were taken circa 
30 ns from the onset of the pulse. 

During the measurement there was a timing jitter of a 
few nanoseconds. Therefore the measurements were post 
processed by shifting them to an equal rising edge. With 
the timing jitter removed the signal had a RMS variation 
of 13 mV. 

 
Figure 4: Beam Position Signal. 
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Figure 5: Vertical movement by a steerer magnet 5 m 
upstream the BPM. Outsize this range beam loss occured. 

Since the coordinates of the BPM are rotated by 45° 
from the machine coordinates each pair of buttons is 
equally sensitive to horizontal and vertical movement. 
First the BPM was calibrated with a vertical steerer 
approximately 5 m upstream. Figure 5 shows the result. 
The steerer moves the beam 1.5 mm/A at the position of 
the BPM. So the total displayed range is 19 mm. Beyond 
this range the beam intensity is reduced by beam loss. The 
corresponding measurements were ignored. 

 
Figure 6: Energy variation by adjusting two acceleration 
sections of the linac. The nominal setting is 45. 

 

The slope is 63 mV/A, hence 42 mV/mm. This is the 
calibration regarding the actual vertical displacement of 
the beam. Along the axis of the BPM the displacement is 
actually larger. The RMS jitter of 13 mV mentioned 
above then translates into 300 μm. This is not the 
resolution of the BPM but includes actual beam jitter. 

The same calibration constant can be used for the 
horizontal axis. With this and together with the known 
dispersion at the location of the BPM it is possible to 
measure the energy variation of the injected beam. The 
beam energy is adjusted with the so called “servo”. This 
is a phase shifter moving the phases of the two last 
acceleration sections of the linac against each other. The 
abscissa in figure 6 is the setting of the servo, by 
coincidence it is close to the actual phase-shift. At the 
time of the measurement the optimal setting of the servo 
was 45. As can be seen the linac is operated close to the 
maximum of the servo. All measurements were cross-
checked with a nearby viewscreen. 

In figure 4 a slope can be observed on the BPM signal 
in the range of interest between 50 ns and 80 ns. This was 
attributed to an energy chirp of the beam pulse. Indeed the 
pulse is cropped when the energy is moved towards the 
acceptance limits of PIA. 

CONCLUSION 
A first turn BPM has been installed in PIA. By RF-

filtering it cleanly separates the injected from the stored 
beam. Due to the necessary large aperture of the BPM the 
cut-off frequency of the beam pipe is lower than the 
bunch frequency and hence the operating frequency. It 
does – however – deliver reasonable results that are good 
enough to be used for setting up the machine and possibly 
for automating the energy control of the linac.  
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COMPARATIVE STUDIES OF RF BEAM POSITION MONITOR 
TECHNOLOGIES FOR NSLS II* 

O. Singh#, I. Pinayev, NSLS-II Project, BNL, Upton, NY 11973, U.S.A. 
G. Decker, B.X. Yang, APS, ANL, Argonne, IL 60439, U.S.A.

Abstract 
Sub-micron beam stability is a necessary performance 

requirement for the NSLS II light source, a substantial 
challenge testing the limits for currently available RF 
beam position monitoring methods. Direct performance 
comparisons between commercially available BPMs and 
Advanced Photon Source in-house developed BPM were 
made at the APS storage ring. Noise floor, fill pattern 
dependence, and intensity dependence were investigated 
and correlated with photon diagnostics at the beam 
diagnostic beamline at APS sector 35. Key results are 
presented. 

INTRODUCTION 
The comparative tests of different BPM receivers were 

performed at APS. The key features of the experimental 
arrangement are shown in Figure 1. The Libera Brilliance 
receiver [1] was connected to the S36A:P0 BPM station 
in the diagnostics straight. An in-house built APS FPGA-
based BPM receiver [2] was connected to the S35B:P0 
BPM station. Both stations use 4-mm diameter pick-up 
electrodes mounted on an 8-mm high vacuum chamber of 
a diagnostics undulator. Horizontal separation of the 
buttons is 9.6 mm center-to-center. Separation between 
35B:P0 and 36A:P0 is about 4 meters. Bergoz electronics 
[3] was used for S35B:P1 and S36A:P1 equipped with 10-
mm buttons mounted on the approximately 4x8 cm 
elliptical vacuum chamber.  

At a distance of 30.045 meters from the center of the 
ID straight is a vertically moveable horizontal slit, and at 
29.5 meters is a horizontally moveable vertical slit. Both 
the slit size and center are adjustable with high accuracy 
using stepper motors. The beamline uses an hourglass-
shaped beryllium window to separate the ring vacuum 
from the beamline vacuum. By using this shape, heat is 
more efficiently removed, albeit at the expense of 
transmogrifying the transverse profile of any transmitted 
photon beam.   

The slit assemblies are accessible and their motion can 
easily be calibrated against a reference dial indicator to 
quantify mechanical motion. Preliminary measurements 
indicate backlash at the level of 20 microns, although 
there are indications that repeatability is significantly 
better than this, below 5 microns. 

Both horizontal and vertical calibrations were 
performed at 35-ID. The main idea was to independently 
determine the absolute calibration of S35B:P1 and 
S36A:P1 from the slit/flux monitor combination, and 

compare the results with the lattice model. 
Because S35B:P0 and S36A:P0 used experimental 

electronics, they have not been calibrated against the ring 
model. Instead, the local bump scans provide absolute 
calibration data for these electronics, in addition to 
supplying absolute calibration data for the front-end 
photon BPMs. 

 
Figure 1: Diagnostics arrangement for 35-ID source point. 
Distances are approximate. 

OBSERVING NOISE SPECTRUM OF 
CIRCULATING BEAM 

During studies the Libera Brilliance signal level was 
manually set and direct measurement (no switching) was 
selected. The APS FPGA-based BPM receivers were in 
routine configuration. 262144 data points at a revolution 
frequency of 271.6 kHz were collected for both devices 
and the observed horizontal beam motion spectra are 
shown in Fig. 2.  

 
Figure 2: Overlaid spectra of beam motion in the 
horizontal plane. The data are from both Libera Brilliance 
and FPGA based receiver. 

Excellent agreement of the two sets of data was found. 
The finest details are a perfect fit (see Fig. 2-4). 
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As can be seen from Figures 3 and 4, Libera Brilliance 
has less noise than the APS FPGA-based receiver. 

 
Figure 3: Synchrotron motion line observed by Libera 
Brilliance and FPGA-based receivers. 

 

 
Figure 4: Details of horizontal beam motion in 30 kHz 
region observed by Libera Brilliance and FPGA-based 
BPM receivers. 

INJECTION TRANSIENT STUDIES 
The injection trigger signal was split and used to start 

simultaneous data acquisition for both the APS FPGA-
based BPM receiver and Libera Brilliance. Final fine 
alignment on the time axis was done during post 
processing. The relative delay was the same for both 
planes. The transients are shown in Fig. 5 and Fig. 6. 

 
Fig. 5: Horizontal transient caused by the injection 
kickers. There is remarkable agreement in the two curves 
except for a small offset observed towards the end of the 
transient.  

The vertical transient has good agreement but not as 
good as for the horizontal plane. 

 
Figure 6: Vertical transient caused by injection kickers. 

FILL PATTERN DEPENDENCE 
Fill pattern dependence was considered as a perceptible 

intensity dependence seen when a gap in the 324 bunch 
fill pattern is present while maintaining constant total 
circulating charge.  A single button was attached to a 
four-way splitter at the input to the Libera Brilliance 
module. Intensity dependence was simulated by large 
horizontal steering. For the uniform fill of 90 mA beam in 
324 bunches was used.  

The beam was refilled to 102 mA and then with a 
mismatched kicker (IK2 had 9 kV instead of normal 6 
kV), part of the beam was blown away. 270 bunches had 
full charge and 10-15 bunches on each side had reduced 
charge. Again dependences of beam position and 
measurement noise on signal intensity were found. The 
process of refill and cleaning followed by measurements 
was repeated to obtain a fill pattern with 75 mA and a 
larger hole.  

For the more direct study of the dependence of position 
and noise on signal intensity, all readbacks associated 
with a certain level were averaged and the standard 
deviation was found. The peak-to-peak position variations 
did not exceed 80 nm for both planes (see Fig. 8). The 
noise levels are shown in Fig. 7.  

With a high level signal for all three patterns the noise 
was around 5 nm in the horizontal plane and 10 nm in the 
vertical plane (due to the difference in the programmed 
sensitivities). Reduction of the signal level increased 
noise in both planes by a factor of 3. In the medium 
range, change of the beam position readback with fill 
pattern was about 80 nm for both planes.  

For the Bergoz BPM receivers in similar conditions, 
drift was 50 nm in the horizontal plane and 170 nm in the 
vertical plane. For the APS FPGA-based receivers, drift 
was 240 nm in the horizontal plane and 680 nm in the 
vertical plane. So, the Bergoz and Libera Brilliance had 
comparable performance, while the APS FPGA-based 
module was a factor of 3 worse. 

Table 1 shows results from data logged for 24 hours 
while top-up was running with the 24-bunch (154 ns 
spacing) fill pattern. A single button was connected to a 
4-way splitter and then into the Bergoz inputs, and a 
second button was sent into a second splitter and routed to 
the Libera Brilliance. For both receivers the simulated 
electron beam was on center (i.e., after splitter signals 
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were directly connected to inputs). The Libera data rate is  
9.82 Hz with 2 Hz low-pass filtering. The Bergoz is one 
sample per minute, with a 20-second time constant 
filtering. In general, the variation in the vertical plane is 
larger due to the calibration factor difference for the 
unrotated button geometry (for Libera Kx/Ky=0.407). 

 
Figure 7: Libera Brilliance beam position measurement 
noise dependence on intensity for different fills. 

 
Figure 8: Beam position measured by Libera Brilliance 
vs. intensity for different fills. 

The performance was also verified for beam with a 
simulated “offset” by the installation of a 4 dB attenuator 
into one of the four inputs for both receivers.  

The drift performance of the Bergoz unit is somewhat 
better than the first data set; perhaps the rack temperature 
was more stable. The Libera Brilliance rms values seem 
to have increased by about 70% for the horizontal plane, 
and 33% for the vertical plane and now their ratio is more 
in line with the ratio of calibration factors. The 
summarized data are shown in Table 1. As mentioned 
before, the signal bandwidth was different for the two 
units. To make comparison more direct, the position 

signals from the Libera Brilliance were averaged using a 
20 sec Hanning window: the corresponding noise is 
shown in parentheses. 
Table 1. Summarized data for BPM receivers drifts during 
24 hours of top-up operation. 

Bergoz Libera 
Brilliance 

 

X, nm Y, nm X, nm Y, nm 
Rms motion for 
centered beam 

54.0 90.6 7.6 
(4.1) 

27.1 
(22.1) 

Rms motion for 
beam with offset 

44.0 49.5 12.8 
(6.1) 

36.6 
(25.2) 

BPM CALIBRATION USING SLIT 
The flux monitor installation was completed in 

December, 2008 and first measurements with beam were 
conducted on December 22. Local steering of the 
undulator beam across a slit provides a very clean profile 
measurement. By displacing the slit by a known 
calibrated amount and repeating the local bump scan of 
the particle beam, the measured profile is displaced. 
Determination of the amount of displacement by 
extrapolation from the source RF BPMs provides a cross-
calibration relating measured electron beam position to 
slit position. For each of the data sets, a straight line fit 
was made. For the FPGA BPM receivers, the residuals to 
the fits of the data are ±1 micron out of a full-scale range 
of about half a mm, or ±0.2% nonlinearity. It was found 
that calibration factors for FPGA electronics were 16.6% 
off in the vertical plane and 22.9% in the horizontal plane. 

For the Libera Brilliance, the loaded internal calibration 
factors were Kx = 2778000 nm and Ky = 6831000 nm. It 
was found that vertical calibration factors should be 
decreased by 3.9% for the vertical plane and by 2.1% for 
the horizontal plane. 

CONCLUSION 
There is excellent agreement between observations of 

beam motion with a Libera Brilliance and APS FPGA- 
based receiver, with the Libera Brilliance unit having less 
noise in the high-frequency part of spectrum. For fill 
pattern dependence, Libera Brilliance outperformed both 
the APS FPGA-based unit and the Bergoz BPM receiver. 

Calibration factors for Libera Brilliance found from the 
numerical calculations are in good agreement with photon 
slit scans, while FPGA receivers are off by as much as 
20%. 
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PERFORMANCE OF EXPONENTIAL COUPLER IN THE SPS WITH LHC
TYPE BEAM FOR TRANSVERSE BROADBAND INSTABILITY ANALYSIS∗

R. de Maria, BNL, Upton, New York, J.D. Fox, SLAC, Menlo Park, California, USA
W. Höfle, G. Kotzian, G. Rumolo, B. Salvant, U. Wehrle, CERN, Geneva, Switzerland

Abstract

We present the performance and limitations of the SPS
exponential coupler [1] for transverse instability measure-
ments with LHC type beam. Data were acquired in 2008
in the SPS in the time domain with a bandwidth of up to
2.5 GHz. The data were filtered to extract the time evolu-
tion of transverse oscillations within the less than 5 ns long
LHC type bunches. We describe the data filtering tech-
niques and show the limitations of the pick-up due to prop-
agating modes.

INTRODUCTION

Two types of transverse instabilities limit the single
bunch intensity of proton beams in the SPS. On the one
hand with multi-bunch beams such as the LHC nominal
beam with 25 ns bunch spacing the electron-cloud insta-
bility limits the maximum intensity per bunch [2]. On the
other hand for very high bunch intensities the single bunch
transverse mode coupling instability (TMCI) is a limitation
as well [3]. Common to both instabilities is the appearance
of high frequency signals caused by oscillations within the
bunch. Diagnostics to probe the nature of the instabilities,
their spectral components and time evolution must be able
to resolve oscillations within the bunch.

Due to the relevance of the electron cloud driven instabil-
ity and its adverse effect on the transverse emittance (blow-
up) and because some of the LHC upgrade scenarios be-
yond ultimate luminosity call for bunch intensities higher
than the LHC ultimate bunch intensity of 1.7 × 1011 pro-
tons per bunch where the TMCI may limit performance,
an R&D program was launched to optimally diagnose and
possibly cure these transverse single bunch instabilities by
a wide band transverse feedback system [4].

The quest to adequately diagnose the instabilities mo-
tivated the analysis of existing pickup/kicker structures in
the SPS and to evaluate their performance.

Exponential couplers were built and installed in the
SPS [1] and are readily available. A fast digital oscillo-
scope was used to acquire the data from the pick-up with
offline post processing to correct for imperfections, in order
to evaluate the pick-up performance and provide the means
to accurate diagnose the instabilities.

In the following we present the results of these activi-
ties, explain the elements of the acquisition chain, show
some sample measurements and discuss the post process-
ing methods. Conclusions are drawn and future plans out-
lined.

∗Work supported by DOE and CERN

EXPONENTIAL PICKUP AND
ACQUISITION CHAIN

The main component of the acquisition chain is a
stripline pickup where the stripline has s-dependent (s be-
ing the coordinate in beam direction) width that translates
in an s-dependent coupling constant. The distance of the
stripline from the vacuum chamber diminishes as the width
decreases such as to preserve a constant line impedance of
50 Ω. If the coupling, i.e. the electrode shape, is expo-
nential the resulting transfer function is almost flat in am-
plitude instead of having the typical notches of a constant
width stripline pick-up. The absolute value of the transfer
function in frequency domain is [1]

|F (ω)| =
Kωl/c

√
a2 + 4ω2l2

c2

√
1 + e−2a − 2e−a cos (2lω/c)

(1)
and the phase is

Arg{F (ω)} = arctan

[
2ωl

c sin 2ωl
c + a

(
ea − cos 2ωl

c

)

2ωl
c

(
ea − cos 2ωl

c

) − a sin 2ωl
c

]

(2)
where l is the kicker length, K a coupling constant and a is
describe the exponential tapering ([1]). We assumed ultra-
relativistic beams, v = c. Normally the pick-up is installed
with the beam passing the wide end of the strip first, we
will call this forward installed. A backward installed cou-
pler has the beam interacting the narrow end of the strip
first. Note that the coupler is directional and signals are
always extracted at the upstream ports.

A drawback of the exponential coupler is its nonlinear
phase response, but it can either be corrected by numer-
ically filtering the data or in the case of a pickup-kicker
combination one can take advantage of the mirrored phase
response for a backwards installed coupler. With one cou-
pler (kicker or pick-up) installed backward and the other
forward we expect to compensate for an overall linear
phase response.

The pickup has four electrodes at ±45 degrees to the hor-
izontal plane which allow to measure both bunch intensity,
as well as horizontal and vertical displacement. In the SPS
there are a total of four such pickups installed, two usually
cabled for horizontal operation and two for vertical oper-
ation. The tests concentrated on the vertical observations,
plane in which the electron cloud effect causes a high fre-
quency instability.

The pickup could not be tested on a bench, but we mea-
sured with a network analyzer the properties of the elec-
trodes, cables and hybrids. The installation orientation of
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the pickup cannot be tested without beam, the stripline be-
ing a matched 50 Ω system. A dedicated experiment with
short bunches showed that one of the four pickups under
test was installed backwards, opposite of what would be
the expected default orientation, a relict from past opera-
tion with anti-protons, see Fig. 1. Another critical part
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Figure 1: Measured pick-up response to single short bunch
(backward installation).

are the long cables that bring the signals to the surface.
While the attenuation was as expected and not a major
concern, we found, rather unexpected, the nonlinear de-
pendence of phase with frequency in these corrugated ca-
bles [5] to further spoil the performance of the pick-up
when signals were observed in the time domain: with short
bunches and long cables a “ringing” can be observed. This
is illustrated in Fig. 2 where we compare the calculated
time domain response of the pick-up to a gaussian bunch
of length 4σ = 1 ns, in forward (solid blue line) and back-
ward (dashed) installation direction with and without the
required cable, as actually installed. The bunch is shown
for comparison (red curve) and the responses have been
normalised to have a peak value of 1.

Resistive combiners were used to sum signals from the
two pairs of electrodes and an Anzac H-9 hybrid was used
to produce sum and delta signals. Care must be taken not to
saturate the hybrid. In the final set-up used the hybrid was
installed on the surface, with cables from the tunnel pre-
cisely matched in length. The attenuation from the cables
(5 dB to 20 dB in the frequency region of interest) gives
additional protection to avoid saturation of the hybrid—the
attenuation is in any case in the signal chain. 6 db and
3 dB attenuators were further installed at the cable ends
and 20 dB for the sum signal to equalize the voltage level
to the delta signal in the scope. With this setup the signal
levels were oscillating between 10 mV to 1 V depending
on the bunch intensity.

For data acquisition we used a Tektronix DPO7254 dig-
ital oscilloscope capable of a maximum sampling rate of
40 GS/s. For most of the measurements two channels (sum
and delta) were recorded reducing the maximum sampling
rate to 20 GS/s. Bunch synchronous triggering was avail-
able (each turn) allowing efficient use of the memory of
the oscilloscope. With the installed memory of 20 M sam-
ples per channel, one batch of LHC beam (� 8μs) could
be recorded for hundreds of turns or a single bunch for
� 20′000 turns.
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Figure 2: Pick-up response to gaussian bunch without and
with cable. Red line represents the bunch intensity, blue
and dashed line the signal distorsion of a forward and back-
ward pickup installation respectively.

MEASUREMENTS

We acquired data during machine development study
sessions in the SPS in 2008 at injection with LHC beam
and up to nominal LHC beam intensity (> 1 × 1011 pro-
tons per bunch) subject to the electron cloud instability
(Fig. 5) and single bunch beam with and without RF
(Fig. 3-4) for TMCI diagnostics and to search for machine
impedance [6].

Figure 4 shows the frequency content of one single
bunch demonstrating the flatness of the response com-
pared to a traditional stripline. A multi bunch measure-
ment shows that the stripline picks up in the delta signal
experiences high Q resonances above �1.6 GHz. The fre-
quency of 1.6 GHz can be associated with the TE11 mode
cut-off frequency of 1.64 GHz (calculated for a vacuum
pipe diameter of 107 mm). For the sum signal the sig-
nals of the related resonance in the pick-up cancel due
to the symmetry of the mode. Careful inspection of the
sum signals reveals the presence of spectral components
close to the TM01 mode (2.1 GHz calculated, 2.2 GHz ob-
served) and the TE21 mode (2.7 GHz calculated, 2.4 GHz
observed). Analysis of delta signals from a single cap-
tured bunch show the absence of a line at the TM01, as
expected (monopole mode), but the 2.4 GHz signal is again
observed. Note that the TE21 is of quadrupolar symmetry
and both, delta and sum signals can be excited with the
beam not centered in the pick-up.
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Figure 3: Debunching in the SPS, time domain data recon-
structed and spectrum of sum and difference signal from a
vertical pick-up. Bunch is unstable and lost.

Delta signals show some distortions, which are suppos-
edly due to strip line imperfections. In order to extract the
interesting oscillatory part these distortions can be removed
by a comb filter (1-tap notch).

CONCLUSIONS

We demonstrated the performance of the available wide
band exponential couplers in the SPS and outlined the sig-
nal processing necessary to extract the relevant bunch os-
cillations. The pick-up worked as expected, but a num-
ber of shortcomings such as a systematic distortion of the
delta signal due to non-equal electrodes remains to be un-
derstood and efficiently removed from the data through cal-
ibration. During the 2009 SPS run we plan to continue the
measurements for instability analysis. One of the couplers
will also be equipped with high power hybrids and loads
(200W range) allowing it to be used for excitation purposes
and to measure beam transfer functions.

Figure 4: Evolution of spectra (sum and difference) for cap-
tured single bunch, transversely unstable.

Figure 5: Evolution of spectra (sum and difference) for one
LHC bunch in a bunch train subject to e-cloud transverse
instability.
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DESIGN OF THE STRIPLINE AND KICKERS FOR ALBA

U. Iriso∗, T.F. Günzel and F. Pérez
CELLS, Ctra. BP-1413 Km 3.3, 08290 Cerdanyola, Spain

Abstract

The design of stripline kickers shall be adapted to match
the line impedance, maximize the effective beam kick, re-
duce the heat load and minimize the transverse coupling
impedance. These kickers are used for either tune mea-
surements or transverse feedback. We describe the ALBA
design of these kickers for the Storage Ring.

INTRODUCTION

The term “striplines” refers to a configuration of longitu-
dinal electrodes that may be used either as beam pickup (to
extract information about the beam motion), or beam kick-
ers (to change its motion). Their design should be taken
with due care. The electrodes must be adapted to match the
line impedance, reduce heat load, and minimize the trans-
verse coupling impedance. Moreover, when used as active
devices, we shall maximize the beam kick efficiency.

ALBA has designed different stripline kickers. In the
following we use the word “striplines” to the combination
that allows the dual purpose of beam pickup and beam exci-
tation, and “kicker” to the one used only to excite the beam.
The two designs are:

• Storage Ring Stripline: only one unit is installed in the
machine. Its purpose is to provide the beam excitation
for tune measurements. In early phases of the com-
missioning, this unit will be also used for tune mea-
surements. Thus, its length is λ/4, being λ the bucket
length (λ =2 ns in our case). See Fig. 1, left.

• Feedback Kickers: in order to cure the fast transverse
instabilities, we will install two of these kickers (hor-
izontal and vertical). See Fig. 1, right. Since their
purpose is only beam excitation, their length is λ/2.

In this report we describe the steps followed for the de-
sign of these devices.

Ground bar

Figure 1: Stripline (left) and hor and ver kicker (right).

∗ ubaldo.iriso@cells.es

STORAGE RING STRIPLINE

In this case, we design a four-electrodes striplines for
either beam measurement or beam excitation. We describe
the line impedance matching, the effective kick produced
by the stripline, and its coupling impedance.

Line Impedance Matching

First, the electrodes shall be matched to the line
impedance. A four-electrode stripline supports 4 indepen-
dent TEM eigenmodes: sum, dipole horizontal, dipole ver-
tical, and quadrupole modes (see Fig. 2. left). Typically,
when the purpose of a stripline is the beam position mea-
surement, these devices are designed using the traditional
sum-mode matching with wide electrodes to maximize the
beam signals [1]. For the dual purpose case, we have
adopted the compromise relation [1]:

ZL = Zdipole =
√

ZsumZquad . (1)

where ZL = 50Ω, and we have assumed that the hor and ver
dipole modes are identical (which, as seen “a posteriori”, is
a good approximation).
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Figure 2: Independent modes in a four-electrode stripline
(left), and geometry of one forth of it (right).

For symmetry reasons and because of the low coupling
between the strips, the differences between the 4 aforemen-
tioned modes can be neglected and it is common to focus
the study on one forth of the vacuum chamber [2]. As
the results will show (see Table 1), this is not a bad ap-
proximation. Each of these eigenmodes has a character-
istic impedance that can be easily computed with simple
transverse 2-d electrostatic codes (in this case, we use SU-
PERFISH). The final geometry for one forth of the vacuum
chamber is shown in Fig. 2, right.

The results for the 4 modes are shown in Table 1. Note
that

√
ZsumZquad = 51.16Ω, and so the last condition in

Eq. 1 is fulfilled with ∼ 2% of discrepancy.
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Table 1: Impedance of the SR Stripline for Each Eigen-
mode

Sum
Dipole Dipole

Quad
Hor Ver

Z(Ω) 52.78 50.89 50.05 49.59

Effective Kick

The shunt impedance Zsh of a kicker made out of two
electrodes of length l and spaced with a distance d is [4]

Zsh = 2Z0

(2gβc
dω

)2
sin2(ω l

c
) , (2)

where Z0 is the vacuum impedance, ω refers to the kick
angular frequency, c is the speed of light, and g is the geo-
metrical factor [4]. Figure 3 shows the shunt impedance for
the stripline and the vertical feedback kicker (which will be
seen in the next Section). Note the difference between the
nodes position (corresponding to λ /4 and λ /2, respectively)
and the significant difference between shunt impedances at
ω = 0 GHz (1.3 kΩ vs 45 kΩ). Since the purpose of the
stripline is just the beam excitation for tune measurements,
this shunt impedance is sufficient.
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Figure 3: Shunt impedance of the stripline and vertical
feedback kicker.

Coupling Impedance

Since the loss of a stripline is inversely proportional
to the bunch length of only 4.6mm, the losses are quite
high, namely 23W. Under the assumption that above the
cutoff-frequency most wake fields propagate away from
the stripline, the remaining losses at the device are slightly
above 15W. But it can be even a bit more if the modes
trapped at the feedthroughs do not couple well to propagat-
ing modes. Figure 4 shows the stripline impedance spec-
trum, where on distinguishes two separate parts: the char-
acteristics of a stripline (below ∼ 6 GHz) and of a BPM
button (around 10 GHz).

On the other hand the vertical and horizontal transverse
impedance of 180Ω/m and 263mΩ/m are small compared
to the storage ring transverse impedance budget.
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Figure 4: Spectra of the longitudinal impedance.

STORAGE RING FEEDBACK KICKERS

As in the ALBA storage ring resistive wall coupled in-
stabilities are expected already at moderate currents a ded-
icated feedback kicker is needed for each transverse plane.
Our design is based on the one of SLS/Elettra[3]. Since its
purpose is to damp the coupled bunch instabilities, the elec-
trodes length is λ/2. The drawback of this solution is the
significant geometrical impedance these devices produce.

Line Impedance Matching

In this case we will only use the dipole configuration
(+ -), and the line impedance matching is straightforward.
Figure 5 shows both vertical and horizontal kickers di-
mensions. The ver kicker consists of two parallel plates
placed inside a cylindrical chamber, where the distance be-
tween them is equal to the vertical dimension of the SR
beam pipe. The hor kicker follows the general SR cham-
ber geometry, where we have introduced a ground plate
between the two electrodes to reduce the transverse beam
impedance (see below).
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Figure 5: Transverse geometry of the vertical (right, half-
geometry) and horizontal kickers (right).

Effective Kick

In this case, the goal is that the effective kick can cure
the CBI, i.e. feedback damping time τF should be faster
than CBI growth time.

The maximum kick Δθk produced by the feedback sys-
tem shall correspond to the maximum beam transient xmax.
With the proper phase advance between the kicker and the
pickup, the feedback damping time τF is [4]:

1/τF =
Δθk

2xmax
f0

√
βpβk (3)
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where f0 is the revolution frequency, β p and βk are the beta
function at the pick-up and kicker.

The kick produced to a elementary particle crossing be-
tween two electrodes is:

Δθk = e
√

2PZsh/E , (4)

where Zsh for the hor and ver kickers are shown in Fig. 3
and Table 2, P=100 W is the amplifier power and E=3 GeV
is the beam energy.

On the other hand, the (fastest) resistive wall (RW) in-
stability growth time τ as a function of the beam intensity
I is:

1/τ =
I

2E/e
f0(〈β 〉R⊥)

√
(1−Q0) f0

, (5)

where 〈β 〉 is the beta function, Q0 is the fractional betatron
tune, and R⊥ is the transverse rw impedance for f=1 GHz.

Figure 6 shows the instability growth time as a function
of the beam intensity using the parameters in Table 2, com-
pared to the feedback damping time assuming a maximum
transient of xmax = 1 mm.
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Figure 6: Damping rate needed for both planes for different
machine configurations at zero chromaticity.

Table 2: Parameters Determining Feedback Damping and
rw Instability Growth Times

Parameter unit Hor Ver
βp, βk m 8.9, 8.6 5.6, 5.1

Zsh kΩ 45.7 10.1
〈β 〉R⊥ (w.o. IDs) kΩ

√
GHz 210 600

〈β 〉R⊥ (with IDs) kΩ
√

GHz 290 750

Coupling Impedance

The geometrical coupling impedance of the hor and ver
feedback kickers are calculated with GdfidL and shown
in Table 3. The ceramical supports in the electrodes pro-
vide mechanical stability, and a slight improvement in the
impedance in both cases. The power loss of the hor kicker
could be reduced by almost a factor 4 with the introduction
of the ground plate and now is only 56 W.

As for the vertical kicker, a countermeasure to reduce
this power loss is currently being investigated. First anal-
ysis show that the power loss in the ver kicker can be re-
duced by about a factor of 2-3 by reducing the gap between
the edge flanges and the electrodes (from 5mm to 1mm).

Table 3: Geometrical Coupling Impedance of the Kickers

ZV [ kΩ
m ] ZH [ kΩ

m ] κ‖[ V
pC ] P[W]

ver kicker 1.67 0.78 0.57 179

hor kicker 0.43 0.55 0.18 56

The longitudinal impedance spectra contain many reso-
nances. The analysis of the eigenmode vertical kicker spec-
trum shows that the shunt impedances of the resonances
remain below the threshold of LCBIs. Around 4 GHz, the
shunts reach values of already half of the threshold.

Whereas the values of transverse impedance are accept-
able within the storage ring impedance budget, the power
loss is of larger concern. By summing up the individual
loss factors of the resonances below the cutoff frequency of
the beam chamber (

<∼ 6 GHz), a better appreciation of the
power dissipation was achieved. A power loss of around
100 W for the vertical kicker is calculated, the horizontal
one is only 33 W. The endplates, the feedthroughs and oc-
casionally the ground plate were identified as parts of high-
est heat load. We plan to perform a finite element analysis
to evaluate the temperature rise along the vertical kicker.

SUMMARY

Striplines and kickers at ALBA are presented. The anal-
ysis of their designs show that they are properly adapted
to the line impedance, and their design fulfills the goals
of tune excitation (for the stripline) and feedback damping
(for the kickers). A potential concern can be the power loss
in the vertical kicker, for which a first countermeasure is
being investigated.
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HIGH RESOLUTION BPMS  
WITH INTEGRATED GAIN CORRECTION SYSTEM* 

M. Wendt#, C. Briegel, N. Eddy, B. Fellenz, E. Gianfelice, P. Prieto, R Rechenmacher, D. Voy, 
Fermilab, Batavia, IL 60510, U.S.A. 

N. Terunuma, J. Urakawa, KEK, Tsukuba, Japan

Abstract 
High resolution beam position monitors (BPM) are an 

essential tool to achieve and reproduce a low vertical 
beam emittance at the KEK Accelerator Test Facility 
(ATF) damping ring. The ATF damping ring (DR) BPMs 
are currently upgraded with new high resolution read-out 
electronics. Based on analog and digital down-conversion 
techniques, the upgrade includes an automatic gain 
calibration system to correct for slow drift effects and 
ensure high reproducible beam position readings. The 
concept and its technical realization, as well as 
preliminary results of beam studies are presented. 

INTRODUCTION 
The generation and preservation of low emittance 

beams is mandatory to achieve a high luminosity in the 
next generation linear acceleration-based lepton collider 
for high energy physics (HEP). Therefore, the damping 
and extraction of electron beams with ultra-low vertical 
emittance of < 2 pm is a mission critical goal [1], and has 
to be demonstrated at the damping ring of the KEK 
Accelerator Test Facility (ATF) [2]. This requires various 
optimization methods to steer the beam along an optimum 
(“golden”) orbit with minimum disturbance of non-linear 
field effects. A high resolution BPM system is one of the 
important tools; it needs to meet as initial specifications 

• A resolution of ~100-200 nm in a “narrowband” 
mode. 

• A high resolution (some μm) turn-by-turn 
measurement option.  

• An automatic gain correction system, to compensate 
slow drift effects in the analog part of the read-out 
electronics – e.g. due to temperature variations, aging 
effects of components, etc. 

The BPM concept was initiated as 
KEK/SLAC/Fermilab collaboration [3] in frame of the 
Global Design Initiative (GDE) of the International 
Linear Collider (ILC) activities. Today this ATF DR BPM 
upgrade collaboration is backed by Japan-US funds, with 
Fermilab as core partner. 

As proof of principle prototypes and beam studies are 
performed on 20-of-96 BPM stations with new read-out 
hardware: 

• 714MHz-to-15MHz downmix / calibration module 
(located in the ATF accelerator tunnel) 

• VME-based digital signal processing and timing 
electronics, currently based on the commercial 
Echotek digital receiver (will be replaced by in-house 
digitizers).  

• Various FPGA-firmware, control and diagnostics 
drivers and software (C++, VxWorks, Linux) and an 
EPICS interface to the ATF controls (V-system).  

THE ATF DAMPING RING 
The 1.2 GeV ATF damping ring is equipped with 96 

button-style BPM pickups, and part of the Accelerator 
Test Facility (ATF) complex, which includes an S-Band 
electron linac, and an extraction beam-line (ATF2). 

Table 1: ATD DR Machine and Beam Parameters 

beam energy E = 1.28 GeV 

beam intensity, 
single bunch ≈ ~1.6 nC ≡ 1010 e- 

 (≡ Ibunch ≈ 3.46 mA) 

beam intensity, 
multibunch (20) ≈ ~22.4 nC ≡ 20 x 0.7 1010 e- 

 (≡ Ibeam ≈ 48.5 mA) 

fRF = 714 MHz (≡ tRF ≈ 1.4 ns) 

frev = fRF/330 ≈ 2.16 MHz  
(≡ trev ≈ 462 ns) 

bunch spacing tbunch = 2/ fRF ≈ 2.8 ns 

batch spacing = trev/3 = 154 ns 

repetition freq. frep = 1.56 Hz (≡ trep = 640 ms) 

beam time tbeam = 460.41 ms (≡ 996170 turns) 

vert. damping time τ ≈ 30 ms 

hor. betaron tune (typ.) ≈ 15.204 (≡ fh ≈ 441 kHz) 

vert. betaron tune (typ.) ≈ 8.462 (≡ fv ≈ 1 MHz) 

synchrotron tune ≈ 0.0045 (≡ fs = 9.7 kHz) 

 
Table 1 lists some relevant machine and beam 

parameters of the ATF damping ring. In standard 
operation a single bunch is injected on axes from the S-
Band linac. After ~200 ms all injection oscillations are 
fully damped, and the beam stays for another ~400 ms in 
the ring, before being extracted. Optional multi-batch / 
multi-bunch operation can be set up on a cycle-by-cycle 
basis (no extraction), with up to three equally spaced 
batches, each containing 1…20 bunches, spaced by 2.8 
ns. 
 

___________________________________________  

* This work supported by a high energy physics research program of 
Japan-USA cooperation, and by the Fermi National Accelerator 
laboratory, operated by Fermi Research Alliance LLC, under contract 
No. DE-AC02-07CH11359 with the US Department of Energy. 
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THE ATF DR BPM UPGRADE 
The currently installed read-out system for the 96 

button style BPMs does not meet the requirements in 
terms of resolution, reproducibility, intensity 
independence and turn-by-turn measurement capabilities 
to tune the ATF damping ring to the ultimate low vertical 
emittance goal of < 2 pm. In the past (2006–2008) several 
upgrade efforts have been made, testing new read-out 
electronics on 20 button-style BPMs. Recently (2009) an 
improved analog downmix unit with integrated 
calibration system has been investigated at six BPM 
locations. 

 
Figure 1: ATF Damping Ring BPM upgrade system. 

Figure 1 shows an overview of the upgraded read-out 
system for a single BPM location. The downmix and 
calibration units are located inside the accelerator tunnel, 
converting 714 MHz beam signals from the four button-
style BPM electrodes to an IF of 15.145 MHz. The digital 
receiver (commercial Echotek VME-board) and most of 
the auxiliary hardware (timing, VME processor, CAN-bus 
controller, power supplies, etc.) are located outside the 
tunnel. 

Button-style BPM Signal Processing 

 
Figure 2: BPM signal processing schema. 

The button-style BPM pickup, which is the only 
unchanged component of the upgrade project, utilizes 
four “button” electrodes, arranged symmetrically under 
450 into the vacuum chamber of 24.4 mm diameter. 
Figure 2 shows the signal processing schema, which is 
based on a two-step down converting process: 

1. Analog: 714 MHz to 15.1 MHz 
2. Digital: 15.1 MHz to DC (baseband, I/Q) 

The filtered (CIC & FIR) I/Q signals of each electrode 
are summed in quadrature, and the magnitude results of 
the A, B, C and D pickup signals are arranged as 
normalized horizontal or vertical displacement 
information (Fig. 2). Some of the pickup non-linearities 
are taken into account by applying a 5th order polynomial 
to fit the calculated equipotentials.  

Analog Downmix and Calibration Unit 

 
Figure 3: Analog downmixer (1-of-4 channels). 

An analog downconverter is required to match the 
high-pass transfer impedance of the button electrode (0.74 
Ω @ 714 MHz) to the pass-band (~40 MHz) of the 
Echotek digital receiver (105 MSPS). Figure 3 shows the 
simplified block schema of one downmix channel; 
bandpass filters, gain-stages and attenuators are used for 
signals conditioning. The 15.1±1.5 MHz IF band-pass 
defines the signal waveform at the output, which decays 
within ~400 ns to allow time resolved turn-by-turn 
measurements (Fig. 4, left). The circuit offers a >90 dB 
dynamic range, plus 40 dB by gain switching element 
(Fig. 4, right). 

 
Figure 4: Measured performance of the downmix unit. 

A 10 dB directional coupler at the input is used to apply 
an internally generated calibration signal (Fig. 1), which 
is used to compensate slow drift effects in the analog 
signal path, e.g. due to temperature changes or component 
aging effects. The calibration signal is generated by a 
fractional PLL from the 729 MHz LO-signal, the 
frequency is ~400 kHz above/below the 714 MHz beam 
signal, within the pass-band of the analog processing 
chain. The simultaneous detection of reflected and 
transmitted (through the button BPM) calibration signals 
is performed only in narrowband mode, by utilizing 
separate down-converters in the digital receiver. For each 
channel (X: A, B, C or D) a correction term: 
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CalCalCalCal
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X

4
+++

=  

MOPD19 Proceedings of DIPAC09, Basel, Switzerland

02 BPMs and Beam Stability

90



is derived from the detected calibration signals, and 
multiplied to each of the beam signals. 

Digital Signal Processing 
A commercial 8 channel digital receiver (Echotek  

ECDR-GC814) VME-board, based on 14-bit 105 MSPS 
Analog Devices AD6645 A/D converters, is currently 
used for the digital signal processing. Each channel is 
equipped with a 4-channel direct downconverter (DDC) 
ASIC (GC-4016 Graychip), which holds the I/Q mixer, 
NCO, digital filters (CIC & FIR), and other signals 
processing elements. Two fundamental operating modes 
are programmed for the ATF DR BPM signal processing: 

• Wideband (turn-by-turn, TBT) mode 
5-stage CIC: decimate by 4 
CFIR: 7-tap boxcar, decimate by 2 
PFIR: 1-tap, no decimation 

• Narrowband mode 
5-stage CIC: decimate by 2746 
CFIR: 21-tap raised cosine, decimate by 2 
PFIR: 64-tap raised cosine, decimate by 2 

In case of the narrowband mode, two additional 
Graychip channels, for the detection of reflected and 
transmitted calibration signals, have to be activated. Their 
NCO frequencies are tuned to the corresponding 
calibration frequencies (15.14545 MHz ± 400 kHz). In 
the final ATF BPM system configuration the Echotek 
digital receiver will be replaced by an equivalent, in-
house designed VME digitizer board. 

All required reference signals (LO, clock, trigger, etc.) 
are locked to the 714 MHz damping ring RF, generated by 
an in-house developed VME timing board (Fig. 1). The 
69.24 MSPS clock frequency defines 32 data samples per 
turn, which are decimated by 8 in wideband, turn-by-turn 
mode. The given 5-stage CIC filter limits the bandwidth 
to ~1 MHz. In narrowband mode the decimation is set to 
10984, which results in samples spaced by 158 μsec, and 
a bandwidth of ~500 Hz. All data post-processing and 
control activities are handled in a VME Motorola 5500 
processor board, which also controls the local CAN-bus. 

   PRELIMINARY RESULTS 
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Figure 5: Calibration system test at BPM # 46. 

Figure 5 shows a proof-of-principle beam test of the 
automatic gain correction system. Gain errors in the 
analog signal processing stages may occur due to 
temperature drifts or component aging effects, a typical 
0.1 dB gain error in one channel corresponds to a 27 μm 
displacement error (position offset). Introducing an 
extreme gain error of 4 dB in a single channel, results in a 
~1.3 mm offset error in the uncorrected case, which is 
corrected to  <50 μm using the reflected calibration 
signal. 
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Figure 6: BPM resolution in narrowband mode. 

The narrowband mode resolution of the upgraded BPM 
read-out electronics has been analyzed by taking 1280 
consecutive data samples (~200 msec), starting at turn # 
400,000, i.e. the beam is fully damped. A 126 tap box-car 
filter is applied on the data to reject the 50 Hz power 
ripple, followed by an SVD analysis to decompose the 
beam motion from the systematic noise of the BPM 
hardware. As Figure 6 indicates, the resolution seems to 
be <200 nm, after applying a reasonable cut of the first 
three modes.. 

 
Figure 7: Comparison of measured and theoretical β-
functions. 
 

The TBT mode was tested by Fourier analyzing the 
BPM response (2048 turns) to coherent beam oscillations 
[4], excited by a kicker. The single pass resolution is 
found to be <10 μm RMS. Figure 7 compares theoretical 
and measured (TBT kicked beam and quad scan methods) 
β-functions at the 20 BPM locations. 
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BPM SYSTEM UPGRADES IN THE PETRA III PRE-ACCELERATOR 
CHAIN DURING THE 2008 SHUTDOWN 

F. Schmidt-Föhre, A. Brenger, G. Kube, R. Neumann, K. Wittenburg  
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany.

Abstract 
The new synchrotron light source PETRA III is 

powered by a chain of pre-accelerators including Linac II, 
PIA, transfer lines, and DESY II. The whole chain is 
equipped with upgraded versions of diagnostic systems 
that were installed during the 2008 shutdown. This paper 
presents the upgrade of the beam position monitor (BPM) 
systems at PIA together with the transfer lines and DESY 
II. All systems rely on the ‘Delay Multiplex Single Path 
Technology’ (DMSPT). It is demonstrated that the self-
triggered design of the BPM electronics is specifically 
suited to the different needs of such a heterogeneous pre-
accelerator chain. Structures and dependencies of the 
BPM systems will be described in detail. 

INTRODUCTION 
With the decision at DESY in 2004, to upgrade the 

injector storage ring PETRA II to a new high-brilliance 
3rd generation synchrotron light source PETRA III, it was 
also decided to refurbish and upgrade the whole existing 
pre-accelerator chain during the 2008 shutdown [1]. This 
upgrade process also included the diagnostics systems in 
the pre-accelerators. Using different bunch patterns at a 
design beam current of 100mA, PETRA III will deliver 
brilliant synchrotron light for up to 14 user undulator 
beamlines. Minimum bunch spacings of 8ns (optional 
4ns) are foreseen with 40ps long bunches in the multi 
bunch mode consisting of 960 equally spaced bunches 
(fRF = 499.6645 MHz, frevolution = 130.1 kHz).  

To ensure stable top-up operation for PETRA III, the 
chain of pre-accelerators has to maintain stable conditions 
for bunch injection including controlled high timing 
accuracy and reasonably low emittance in the transfer line 
(E-Weg). This was accomplished by the refurbished and 
partly renewed pre-accelerator diagnostic systems, in 
particular using upgraded versions of DMSPT-type 
button-type BPM systems in most of the sections. This 
article gives an overview over these upgrades in the 
individual pre-accelerator sections, which were upgraded 
specifically taking into account their specific demands. 

PREACCELERATOR BPM SYSTEMS 
The PETRA injector chain is illustrated in Fig. 1. It 

consists of five different sections: (i) the injector Linac II 
(450MeV, 2,998GHz) which is used for positron and 
electron acceleration, (ii) the Positron Intensity 
Accumulator ring PIA (10,4 MHz/125 MHz, 450 MeV) 
which serves for intensity accumulation and re-formation 
of the linac time structure to match the subsequent 
synchrotron DESY II, (iii) the intermediate transfer line 
(L-Weg), (iv) the booster synchrotron Desy II which is 

used to accelerate single bunches up to a particle energy 
of 6 GeV, and (v) the transfer line (E-Weg) towards 
Petra III. 

BPM UPGRADE DESIGN GOALS  
Prior to the upgrade in 2008, 
the DESY II booster 
synchrotron already used 24 
BPM systems, while all 
other preaccelerator sections 
were not equipped with 
BPMs for regular operation 
before. Therefore an 
implementation of 
electrostatic button BPMs at 
certain accelerator and 
transport in positions 
defined by the accelerator 
optics was desired. The 
schedule for the upgrade of 
DESY II contained the 
refurbishment of the 24 
existing button-type BPM 
chambers, buttons, cabling, 

and discrete signal conditioning front-end electronics.  
In addition, the accumulation in PIA and the energy 

ramping in DESY II put high demands on the dynamic 
measuring range of the associated BPM systems. Before 
the upgrade, the existing BPM system of DESY II was 
designed to measure the maximum BPM signal level in 
the upper ADC count range with fixed input signal 
attenuation. Therefore low level input signals could not be 
measured. The upgraded BPM electronic system is 
intended to be able to cope with the high dynamic BPM 
signal ranges, enabling measurements in the full dynamic 
range of the BPM input signal.  

For control of the injection process, the accumulation 
and energy ramping procedures in the circular 
accelerators, other types of measurements called '1st-turn' 
and 'turn-by-turn' were desired. Those kind of 
measurements store the BPM button signal information at 
each of the BPMs for a certain number of individual 
turns, delivering a turn-by-turn beam position history 
when reading the turn buffers of the BPM electronics. 
This operation mode can also be used for tune 
measurements.  

 

Figure 1: Petra III 
preaccelerator chain at 
DESY (Linac II, PIA, L-
Weg, DESY II, E-Weg). 
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IMPLEMENTATION 
 Tree types of new BPM 

vacuum chambers were 
installed at PIA (1 monitor 
chamber), L-Weg (5 + 8), and 
E-Weg (8). They have  
different cross sections 
depending on the vacuum 
chamber cross section at the 
corresponding BPM position 
(Fig. 2).  

5 new BPMs were installed 
in the transfer line between 
LINAC II and PIA,. The 
corresponding electronics use 
resonant signal detection 
schemes due to the special 
beam properties (2,998 GHz 
prebunched, quasi-continuous 
beam) of the LINAC II and are 
covered by another article [2].  

The remaining BPM 
systems in PIA and the 

following pre-accelerator sections use BPM detector 
electronics of the DMSPT type for data acquisition as 
shown in Fig. 3.  

 
This technology, originally developed in 1986 for the 

HERA accelerator (R. Neumann, DESY), chains all four 
button pickup signals on one analog processing channel 
by use of a delayline-combiner network, delivering 
individual electrode signal data. The use of only one 
single processing channel equalizes most dominant 
channel parameters (attenuation, frequency and phase 
response, inherent and induced noise). This reduces signal 
processing differences only to the well-adjusted passive 
delayline-combiner-cabling network (located in the 
vicinity of the pickups) and to the system-inherent 
stochastic ADC phase- and amplitude jitter. Thus, the 
pulse-chaining principle results in high accuracy, low 
drifts, and a high common-mode-rejection (CMRR). The 
BPM pickup signal acquisition stage uses a simple self-
triggered diode clipping peak-hold detector to sample the 
low pass filtered peak-held signal by an 8-bit Flash-ADC. 
An auto-reset of the charge-memory after the ADC 

sampling completes the self-trigger process, eliminating 
typical external jitter problems. Together with the ADC 
the analog front-end module holds the acquisition logic 
for compilation of all of the 4 sampled peak BPM input 
signal values into a stream of two clocked output data 
words.  

 In the following step, the sampled button signal data 
are processed in an ADD/RAM timing-control module as 
shown in Fig. 4 (main signal acquisition path is marked 
by bold lines). This module incorporates an FPGA logic 
with enhanced averaging-adder functionality (up to 128  
stages) and state processing circuitry for timing and 
memory storage (e.g. RAM mode for PIA and DESY). In 
addition, the design variants for PIA and DESY storage 
rings contain the digital ALC loop controller for increased 
dynamic input signal acquisition capability.  

The ADD/RAM timing-control module receives a serial 
revolution-clock-synchronized, so called multi trigger 
signal that carries encoded injection- and ejection-time-
frame information. This information is delivered by a 
centralized trigger module that utilizes the central timing 
information of the accelerator section for arming of the 
BPMs.  

As a special feature, for increased reliability and 
reduced repair time (MTTR) for the whole accelerator 
chain, front-end test pulse generation was added for all 
BPM channels in all pre-accelerator sections except 
Linac II, enabling online testability throughout the whole 
measuring chain. All BPM modules mentioned above use 
an upgraded version (Fast, 32bit) of the DESY in-house 
SEDAC fieldbus for data, status and control 
communication.  

The upgraded BPM electronics at PIA and DESY offer 
'1st-turn' and 'turn-by-turn' measurement features by the 
so called ‘RAM mode’, as well as facilitating single-pass 
measurements in the so-called ‘live mode’. They also 
contain a fast, hardware-controlled automatic-input level 
control logic (ALC, implemented by a digital input 
attenuator control loop), to enable correct ADC dynamic 
range levelling over nearly the whole BPM input signal 
level range (typ. factor 50 at PIA - where the lowest two 
accumulation steps cannot be measured due to sub-

 

Figure 2: Vacuum 
chamber cross sections 
for the new BPMs. 

 

Figure 3: delay-multiplex single path technology 
(DMSPT) BPM signal acquisition principle [3].  

 

Figure 4: modular BPM single channel system setup.  
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threshold suppression) and to prevent overload of the 
detectors [2]. For configuration purposes, the acquisition 
starting point  (DESY II segment, PIA accumulation cycle 
and turn number) for live and RAM mode and the number 
of acquisition windows and window length can (RAM 
mode only) can be selected. Channel configuration is 
completed by the number of turns used for averaging and 
the input level damping mode (automatic or manual, 
enabling selectable damping values). 

The upgraded BPM systems in the transport lines 
measure the position of single bunches passing by in live 
mode only, armed by the ejection triggers of the preceding 
accelerator stages (PIA, DESY II). First tests in this mode  
show, that the required resolution of  < 300μm (RMS) for 
a single bunch of 1010 particles at certain BPM positions 
in the E-Weg is fulfilled (e. g. E-Weg BPM at 178m 
provides a theoretical resolution of < 300μm driven by an 
input signal intensity of 7% of full scale – detailed 
measurements are currently under investigation) .  

In addition to the BPM hardware upgrade, the whole 
control system software was renewed and upgraded to 
provide a PETRA III compatible control system 
environment (TINE/CDI, Java). All upgraded BPM 
control system software is designed using modular 
server/client architecture. It ensures hardware timing-
related readout of BPM button signal and status data from 
the ADD/RAM modules via the SEDAC fieldbus with the 
required 6,25 Hz update rate, an example of which is 
shown in the BPM client application snap-shot example 
in Fig. 6. After attenuation-correction of the delayline-
combiner-netzwork, position calculation from the 
individual button signals is accomplished by software 

using the well-known Δ/Σ equation [4]. Generation and 
import of reference files can be used for orbit difference 
evaluation, whereas periodic logging of BPM position 
and status data into common control system archives 
serves as a commonly used data backup that can be 
viewed and analyzed offline using available control 
system archive analysis tools.  

 CONCLUSION AND OUTLOOK 
 The comprehensive and specific upgrades of all 

preaccelerator sections were discussed. The usage of a 
small number of different BPM chamber types for all 
sections in combination with a commonly established and 
upgraded BPM electronics system design is successfully 
adapted to the specific needs of the related pre-accelerator 
sections. It was demonstrated that the BPM electronics 
system upgrade enhancements (ALC, RAM mode) fulfil 
the section-specific requirements of the pre-accelerators, 
and facilitate a stable and reliable operation for 
PETRA III. Integration of the RAM mode of the BPM 
electronics into the control system software is planned for 
second half-year of 2009. 
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Figure 5: typical modular BPM system crate example (4 
BPM channels).  

 

Figure 6: BPM application program example (client).  
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SNS BEAM DIAGNOSTICS: PRESENT STATUS AND FUTURE PLANS  

A. Aleksandrov, Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA 

 
Abstract 

The Spallation Neutron Source accelerator systems will 
deliver a 1.0 GeV, 1.4 MW proton beam to a liquid 
mercury target for neutron scattering research.  The 
accelerator complex consists of an H- injector, capable of 
producing one-ms-long pulses at 60 Hz repetition rate 
with 38 mA peak current, a 1 GeV linear accelerator, an 
accumulator ring and associated transport lines. The 
accelerator systems are equipped with variety of beam 
diagnostics. The beam diagnostics played important role 
during beam commissioning, they are used for accelerator 
tuning and monitoring beam status during production 
runs. The requirements to the various diagnostics systems 
are changing in the process of beam power ramp up. This 
talk will give an overview of the evolution of the major 
SNS beam diagnostics systems: commissioning, 
operation, power ramp up, and power upgrade. 

INTRODUCTION 
The SNS accelerator complex consist of an H- injector, 

capable of producing one-ms-long pulses with 38 mA 
peak current, chopped with a 68% beam-on duty factor 
and a repetition rate of 60 Hz to produce 1.6 mA average 
current, an 87 MeV Drift Tube Linac (DTL), a 186 MeV 
Coupled Cavity Linac (CCL), a 1 GeV Super Conducting 
Linac (SCL), a 1 GeV Accumulator Ring (AR), and 
associated transport lines. After completion of the initial 
beam commissioning at a power level lower than the 
nominal, the SNS accelerator complex is gradually 
increasing the operating power with the goal of achieving 
the design parameters in 2009. Results of the initial 
commissioning and operation experience can be found in 
[1]. The SNS Power Upgrade Project (PUP) [2] aims at 
doubling the beam power by increasing SCL and AR 
beam energy to 1.3 GeV and peak current in the linac to 
59 mA. The SNS baseline design included diverse suite of 
beam diagnostics [3], which, in main part, were brought 
on line simultaneously with other accelerator systems and 
played crucial role in fast and successful SNS 
commissioning and power ramp up.  As the SNS 
operation is shifting more and more toward neutron 
production for users the roles and requirements for the 
beam diagnostics are changing as well. This paper 
describes the status and development plans for the major 
beam instrumentation systems.         

BEAM INSTRUMENTATION ROLES 
The beam time in the SNS operational schedule is 

divided in free parts: neutron production, machine tune up 
for production, and machine study periods.   

Neutron Production Period 
The neutron production period currently takes 80% of 

the scheduled beam time and this fraction is increasing 
steadily. The most important performance metric during 
this period is beam availability. Therefore only systems 
directly involved in beam delivery are of high importance. 
Beam instrumentation systems triggering the Machine 
Protection System (MPS) fall in this category. These 
include the Beam Loss Monitors (BLMs), distributed 
along the accelerator, the beam-in-gap detector 
(CHUMPS) in the Medium Energy Beam Transport 
(MEBT) line responsible for detection of the MEBT 
chopper failure, the Differential Beam Current Monitor 
(DBCM) protecting the MEBT chopper target, the beam 
dump current detectors (NCDs) protecting beam dumps 
from excessive power, and the beam current on target 
monitor (BCM25) monitoring beam power delivered to 
the neutron target. These systems have to operate at the 
beam rate up to 60 Hz and if any one fails the beam in the 
machine is inhibited.     

 Machine Tune Up Period 
The machine tune up period is required after each 

maintenances period and currently takes about 10% of the 
scheduled beam time. If any one or even several systems 
fail operation is still possible. The most important 
performance metric during this period is accuracy of data, 
easy of use (user friendliness), and speed. Operators 
should be able to perform tune up as quickly as possible 
with as little support from diagnostics experts as possible. 
The main systems for machine tune up are the Beam 
Position and Phase Monitors (BPMs) and the Wire 
Scanners (WSs). These systems have to operate at a 
reduced pulse rate of 1-2 Hz. The BLMs are also used for 
the fine tuning of the losses. 

Machine Study Period  
About 10% of the scheduled beam time is dedicated for 

the machine study. All available diagnostics could be used 
during this period.  If any one or even several systems fail 
operation is still possible. The most important 
performance metric during this period is accuracy of data. 
Physicists usually do measurements often with help from 
diagnostics experts. Some of the diagnostics systems for 
machine study can be of experimental nature or in 
prototype stage of development. Beam halo and 
transverse profile measurements in the ring are examples 
of such systems. These systems are required to operate at 
a reduced pulse rate of 1-2 Hz.  
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Figure 1: SNS Beam Diagnostics.

Beam Loss Monitors 
   The SNS BLM system consists of 362 radiation 

detectors measuring secondary radiation due to beam loss. 
BLMs are used as MPS device to shutdown the beam if 
the integral loss is above threshold. SNS uses ionization 
chambers (IC) as its main BLM device. This is due to 
their simple design and immunity to radiation damage. In 
addition to ICs we use several type of PMT based 
detectors.  The data acquisition system is VME based. 
The BLM system has been quite reliable and caused less 
than 10 hours of beam down time during last year.  To 
further improve reliability we are developing new front- 
end electronics with independent hot swappable modules 
with individual high voltage power supplies in each 
module.  

Beam Position and Phase Monitors 
Beam phase measurements are the main tool for linac 

tune up. Position measurements are used for trajectory 
correction in the linac, ring injection set up and centering 
beam on dumps and target. BPM system utilizes strip line 
pick up electrodes in all parts of the accelerating complex. 
Narrow band RF front-end electronics is used in the linac 
and the HEBT, base band front-end electronics is used in 
the ring and the RTBT. All BPM systems use PCI digital 
interface. In the near term we plan to add more BPMs in 
the transfer lines and upgrade timing system. In longer 
term we plan to redesign the data acquisition electronics 

to mitigate part obsolescence and PC compatibility 
problems. 

Transverse Beam Profile Measurements 
Conventional stepping wire scanners are used for 

measuring transverse beam profile in the normal 
conducting linac and beam transport lines. The wire 
scanners deliver reliable profiles with dynamic range of 
about 100, which is sufficient for the beam core matching 
bunt not sufficient for beam halo and loss study. We are 
investigating possibilities to increase the dynamic range to 
103 - 104  by upgrading the front-end electronics and/or by 
modifying the wire scanner design. 

A laser based transverse profile measuring system, or 
Laser Wire (LW) is used in the SCL.  The LW delivers 
reliable data on a quite day but often suffers from laser 
beam position jitter due to environmental noise. A typical 
variation of the laser beam position during a day is shown 
in Fig. 2. We have identified the main sources of the 
vibrations and will implement mitigation measures during 
the next shutdown. The LW has a capability of measuring 
profiles with high time resolution allowing observing 
beam size variation within a single mini-pulse as shown in 
Fig. 3.   

There was no base line diagnostics for measuring beam 
profile in the SNS ring. We installed and successfully 
tested a prototype of non-perturbing Electron Beam 
Profile Monitor EBPM [4]. The EBPM has a capability of 
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measuring profiles with high time resolution allowing 
observing beam size variation within a single turn in the 
ring mini-pulse as shown in Fig. 3. An ionization profile 
monitor is under development as an alternative device of 
measuring transverse beam size in the ring.  

A conventional slit/grid device is used for measuring 
transverse phase space footprint of the beam in the 
Medium Energy Beam Transport (MEBT) line. Its 
performance has been improving steadily. 

A non-perturbing laser wire based transverse emittance 
measuring station will be installed in the High Energy 
Beam Transport line by the end of 2009 [5].  

Measuring the beam halo is considered to be important 
for increasing beam power and reducing beam loss. There 
is no a dedicated beam halo measuring device at the 
moment. We developed a current measuring system for 
HEBT scrapers capable of measuring an intercepted beam 
charge down to 10-5 level. This system can be used for 
transverse halo evaluation or can become a basis for a 
dedicated halo monitor.  
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Figure 2: Laser beam position (arbitrary units) vs. time (1 
sec/count) in the SNS Laser Wire system.   

 
Figure 3: Transverse beam profile in the SCL measured 
with 20 nsec steps within a single mini-pulse.  

Longitudinal Beam Profile Measurements 
There are two types of diagnostics in use for 

longitudinal bunch profile measurements. A Laser Bunch 
Shape Monitor (LBSM) is installed in the MEBT, four 
Bunch Shape Monitors (BSMs) are installed in the CCL, 
and two BSMs are installed in the HEBT [6]. These 
measurements proved to be useful for linac set up, 
troubleshooting and machine study. The BSMs have very 
large dynamics range up to 104-105 as illustrated by a 
typical bunch profile measurement shown in Fig. 4 and 
Fig. 5 

 
Figure 4: Longitudinal bunch profile measured in CCL. 

 
Figure 5: Longitudinal beam profiles measured in the 
HEBT compared to simulation. 

 
Figure 6: Bunch profile measurements in the SNS MEBT.  
Plots on top are for the buncher phase shifted from the 
nominal set point. Bottom left is for the nominal buncher 
setting. Bottom right is comparison of RMS bunch width 
vs. buncher phase dependence with the PARMILA 
simulation.  
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EMITTANCE MEASUREMENT DEVICES IN THE 

P. Kyberd, School of Engineering and Design,Brunel University,UK (for the MICE Collaboration)

Abstract

The Muon Ionisation Cooling Experiment (MICE) at
the ISIS[1] accelerator located at the Rutherford Appleton
Laboratory will be the first experiment to study muon cool-
ing with high precision. The proposed operation of the ex-
periment is described, and performance measurements on
the crucial detector components are presented.

THE MICE EXPERIMENT

Introduction

The MICE experiment is designed to measure the per-
formance of a cooling channel based on the design from
Study II for a Neutrino Factory[2].

In this design the muon beam is passed through a series
of absorbers of low atomic number to reduce the muon en-
ergy, each absorber followed by a set of RF cavities work-
ing at 201.25 MHz which accelerate the beam to the orig-
inal energy. In MICE a small part of this cooling channel
will be tested by measuring precisely the momentum and
position of each muon as it enters and leaves the chan-
nel. From these measurements an input beam of given
emittance can be synthesised[3] and the emittance of the
resulting output beam measured. The results will allow a
reliable prediction of the performance of the full channel.
A set of plates of variing thickness (diffuser) placed just
before the first emittance measurement is used to vary the
incoming beam characteristics and allow a wider range of
input beams to be synthesised.

The experiment runs parasitically in ISIS, by dipping a
titanium target into the beam. The structure of the ISIS
beam imposes constraints on the operation of the MICE
target and beamline. ISIS runs at 50Hz and during each
cycle a few×1013 protons are injected into the ring and
accelerated over the following 10ms to 800 Mev. If the
titanium target enters the beam too early very few pions
are produced and the beam is severely disrupted by energy
loss and multiple scattering; thus the target can only in-
tersect the beam during the last one to two milliseconds.
The target is only dipped once per second, to minimise the
disruption to other ISIS users. The required event rate of
600 muons per second then requires a readout and detector
system capable of operating at MHz. We must be able to
determine the phase of the RF in the cavities as the muons
pass through the cavities, which requires sub nanosecond
timing.

Overview

A schematic of the MICE beam and cooling channel is
shown in Figure 1. The interactions of the protons with the
target produce a spray of pions. The pions at 25◦ are fo-
cussed by a triplet and then bent to enter a superconducting
solenoid which projects through the wall of the machine
hall. Muons produced by pion decay in the solenoid are
captured by the field and enter the MICE hall, where they
are bent, focussed by two additional triplets and then enter
the MICE cooling channel. Two Cerenkov counters, used
for particle identification, are placed before the channel; a
scintillator based timing system is placed before and after
the channel and used as part of the particle identification
system and for the timing with respect to the RF phase. Fi-
nally a ranger is used to confirm the identity of particles
which traverse the full channel.

Figure 1: Schematic of MICE beam and cooling channel.

Muon Production

Once per second the MICE target is dipped into the
beam. It was a titanium blade of length 35 mm
which presents a target 1 mm wide and 10 mm deep.
Simulations[4] show that 1.4×1012 protons must intercept
the target in order to generate a flux of 600 good muons
per target dip. (Good muons refer to those which are cap-
tured by the MICE beam line and traverse the whole cool-
ing channel). Studies in 2006 allowed us to measure the
external diameter of the beam and show that the target was
capable of intercepting the beam during the last two mil-
liseconds of the cycle and still clear the beam envelope be-
fore the next pulse. The number of muons produced can be
varied by adjusting either the timing of the start signal or
the depth of travel.[5]

MUON IONIZATION COOLING EXPERIMENT
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Pions produced and captured by the upstream magnets
are bent through a hole in the ISIS vault where they enter
an eight metre superconducting solenoid with a field of five
Tesla. The pions decay into muons which are captured by
the field and emerge to be bent and foccused into the MICE
experiment.

Superconducting Spectrometer

The measurement of beam cooling, relies on the accu-
rate determination of particle position and momentum both
before and after the cooling channel. To make this mea-
surement MICE have built a pair of identical spectrometers.
To make an accurate measurement of both position and
momentum without disturbing the trajectory of the muons,
MICE needs a system with low mass, high efficiency and
good resolution. This is provided by scintillating fibre de-
tectors sitting, radius 30 cm, in a four Tesla superconduct-
ing magnet whose field is uniform to the level of 3 parts per
mil. The tracker is read out by visible light photon counters
(VLPCs)[6, 7] held at 9K, using the D0 central fibre tracker
read-out and electronics system[8]. The tracker consists of
five stations, each one consists of three doublet layers at
120◦ to each other to provide a space point (Figure 2a).
They are held in a carbon fibre space frame with an overall
length of 110cm. In order to measure position without dis-
turbing the muon trajectory thin fibres must be used (350
microns in diameter). Such fibres produce very little light
and so visible light photon counters are used. The VLPC
combination of very high efficiency with low background
allow good track measurement even with these slender fi-
bres. The fibres are laid up in doublet layers Figure 2b to
ensure complete coverage. The position resolution achiev-
able in such a setup is actually better than that required for
the measurements and since the most expensive part of the
the system is the readout system, the individual fibres are
bundled together in groups of seven (as shown in the Fig-
ure 2b and each bundle feeds one channel. Increasing the
size of the fibres would ease the construction of the detec-
tors, but the resulting fibre thickness leads to unacceptable
multiple scattering.

Figure 2: a) Three views per station. (b) Doublet layer
shaded fibres bundled to form one channel (all distances in
microns).

Five modules were then mounted onto a carbon fibre
frame and their positions accurately measured using a co-
ordinate measuring machine to produce a tracker. The

tracker was then placed inside a black carbon fibre cylin-
der and supported on an aluminium space frame with the
beam axis pointing vertically upward. A cosmic ray tele-
scope was created using a trigger scintillator just above the
tracker and a four inch layer of lead blocks followed by a
second trigger scintillator. The lead ensured that the sys-
tem only triggered on muons of momentum 130 MeV/c or
greater. Data was taken using this arrangement between
July 2008 and November 2008. The second tracker has
since been completed and testing has just restarted on both
trackers.

Figure 3: Completed tracker.

Results from the first tracker were analysed by: creat-
ing clusters from one or two neighbouring channels in each
view and clusters with greater than two photo-electrons are
kept. Space points are defined as a cluster in each view
from a given station, where the distance between two pair-
wise intersections is small enough. Any remaining clusters
are used to create space points. Sets of three space points
from distinct stations are tested for collinearity; the tracks
of those that pass are extrapolated to the other two stations
and the closest space point to the extrapolated track is taken
as part of that track as long as it lies inside a small road
around the extrapolation. Finally each set of 3, 4 or 5 points
is passed to the Kalman filter track fit [10] and the combi-
nation with the smallest χ2 per degree of freedom is kept.
The points thus used are removed from consideration and
the process repeated until all the space points have been
removed or no more tracks are found. From these tracks
the light yield and the resolution of the tracker can be de-
termined. Figure 4 shows the mean light yield is eleven
photo-electrons. The yield of individual layers varies from
8.6 to 11.2 p.e. Figure 5 shows the diffference between
the extrapolated track and the hit position in x, y is similar.
The values of 583 microns in X and 597 microns in Y and
consistent with the design goal of 470 microns, once the
extrapolation errors are taken into account.
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Figure 5: Residuals.

TOF Counters

A TOF detector is made of two layers of scintillator
slabs. The first layer has vertical slabs and the second has
horizontal slabs. Each slab is equipped with two PMTs,
one at each end and each feeding a TDC to measure the
absolute time of the hits. The system has a very fast and
precise response time but corrections still need to be ap-
plied to obtain our design resolutions. First light propaga-
tion down the scintillator: this can be estimated both by
the time difference between the two PMTs which define a
single hit; and by the position measured in the orthogonal
view in events with only a single hit in each view. Next be-
cause a leading edge discriminator is used the time at which
the discriminator registers a hit is dependent on the size of
the pulse (time walk). Finally the propagation time down
the readout cables has a dispersion which must be removed
by measurement. During running in December 2009[11] a
small amount of data was taken, concentrated in the area in
the centre of the counters and which allowed the calibration
of 9 pixels in TOF0 and 2 pixels in TOF1. The corrected
time of flight distributions (Figure 6) shows a clean separa-
tion between pions and muons and approaches the design
resolution.

Future Work

The second tracker is currently being measured using
cosmic rays. Runs later in 2009, with the decay solenoid
powered will allow a complete calibration of the TOF sys-
tem and the measurements on the emittance of the input
beam will commence towards the end of the year.

Figure 6: Time of Flight between the TOF counters for a
positron (red) and pion (blue) beam.
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AN OVERVIEW OF THE PROPOSED BEAM DIAGNOSTIC FOR ASTRID2  
J.S. Nielsen#, N. Hertel, S.P. Møller 

ISA, Aarhus University, Ny Munkegade 120, 8000 Aarhus C, Denmark.

Abstract 
This paper presents an overview of the proposed beam 

diagnostics for ASTRID2, the new 580 MeV 3rd 
generation low-emittance synchrotron light source to be 
built in Aarhus, Denmark. ASTRID2 will use the present 
ASTRID1 as booster, permitting full energy injection and 
thereby top-up-operation. The diagnostics will include 
viewing screens, beam current monitors, electronic beam 
position monitors, striplines, etc. The description includes 
both the storage ring and the transfer beam line. 

INTRODUCTION 
There has been a tremendous development of 

synchrotron radiation sources over the last two decades 
since ASTRID1 [1-3] was built. The biggest quantum leap 
possible came with the introduction of undulators, 
whereby the photon rate on a target increased by many 
orders of magnitude. ASTRID1 was not original equipped 
with insertion devices, although one undulator has been 
retrofitted. Therefore we have wanted to build a modern 
machine in Aarhus for several years. This has now 
become possible through a grant from the Danish 
government. 

 
Table 1: Main parameters of the ASTRID2 storage ring 
compared to ASTRID1 

 ASTRID2  ASTRID1 

Energy [MeV] 580 580 

Circumference [m] 45.704 40.00 

Current [mA] 200 200 

Revolution time [ns] 152.45 133.40 

Length of straight sections [m] 2.7  

Number of straight sections 4 1 

Horizontal tune 5.23 2.22 

Vertical tune 2.23 2.63 

Natural emittance [nm] 13 140 

 
The main parameters of the ASTRID2 storage ring are 

shown in Table 1, together with the corresponding 
parameters for ASTRID1 as comparison. The major 
differences are the emittance, which is about ten times 
smaller for ASTRID2, and the number and length of 
straight sections. ASTRID2 will allow for 4 insertion 
devices, as opposed to ASTRID1’s single. 

The other marked difference is that ASTRID2 will have 

full-energy injection, and hence top-up operation will be 
employed. This will in many ways make the machine 
much more stable. The current will be stable, which 
means that the Synchrotron Radiation (SR) intensity will 
be constant. And since the heat load will also be constant, 
it will be much easier to keep the beam parameters stable, 
such as the beam positions. 

TRANSFER BEAM LINE 
The primary purpose of the beam diagnostic in the 

transfer beam line is to facilitate easy steering of the beam 
through the beam line, with good transfer efficiency. 
Since ASTRID1 has not been designed as a rapid cycling 
booster, the injection rate will be slow (≤0.1 Hz). It is 
therefore even more essential to have the proper diagnos-
tic and tools to help steering the beam from ASTRID1 to 
ASTRID2. 

 

Figure 1: Layout of the transfer beam line from ASTRID1 
to ASTRID2. 

___________________________________________  
#jsn@phys.au.dk 
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To verify proper extraction from ASTRID1 we will 
soon after the Astrid extraction septum install a viewing 
screen. This will either be of the optical transition 
radiation type, or a fluorescent screen. The fluorescent 
screens have a higher sensitivity, but can have problems 
with saturation (and thereby problems with proper 
representation of the beam) at higher intensities. At the 
end of the beam line another viewing screen will be used 
to centre the beam at the ASTRID2 injection septum 
channel, and to verify that be beam has not been cut. 
Using quadrupole scans this viewing screen can also be 
used to measure the emittance of the extracted beam, and 
to verify the optical properties of the beam and the 
transfer beam line. 

Since the transfer beam line has to cross the ASTRID2 
storage ring, there will be 4 vertical magnets to bring the 
beam above the ASTRID2 ring. After each of these 
magnets and after the 30° horizontal magnet we will 
install cameras to monitor the emitted Synchrotron 
Radiation. This SR light can be used to monitor the beam 
properties (primarily the position). 

To quantity the transfer efficiency a number of current 
transformers will be installed along the beam line. To 
keep cost down, these will probably be homemade, 
consisting of a ferrite ring with a small coil mounted in a 
flange. 

Automatic Beam Steering 
With the low injection rate, the initial commissioning of 

the transfer beam line will be somewhat time consuming 
if done manually. We therefore plan to implement an 
Automatic Beam Steering (ABS) system to assist 
commissioning and the daily operation of the transfer 
beam line. The ABS will take beam positions from the 
two viewers (beam destructive) and the 5 SR cameras 
located after the 5 bending magnets (4 vertical and 1 
horizontal), and use these positions to calculate new 
corrector settings. 

In the initial phase the system will just sequentially 
centre the beam on each camera/viewer using the nearest 
upstream corrector. In phase 2, when the beam has been 
threaded to the end, the system should measure the 
response matrix. This will allow position correction to be 
performed in all of the transfer line in one go. In the third 
phase the beam will be centred in the quadrupoles, using 
the quadrupole variation method. 

STORAGE RING 
The beam diagnostic in the storage ring should not only 

facilitate the initial storage of the beam, but should more 
importantly allow for sufficient characterisation of the 
stored beam (current, positions, emittance, stability, etc.).  
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Figure 2: An overview of the ASTRID2 storage ring showing the locations of diagnostic elements. The small circles are 
pillars in the building. 
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Initial Storage 
To facilitate the initial storage, two viewing screens 

will be installed. One dual-stroke viewing screen will be 
installed just after the injection septum. Fully inserted this 
will allow monitoring the beam coming out of the septum. 
Partly inserted it will permit monitoring the beam after 
one turn. Opposite the injection straight in the RF and 
diagnostic straight, another viewing screen will allow 
monitoring the beam after half a turn. 

To quantify the injection efficiency a Fast Current 
Transformer (FCT) will be installed just after the 
injection septum. This will allow determining the injected 
current, and the turn-by-turn loss. Since we here have 
much higher requirements for bandwidth, accuracy, and 
vacuum compatibility, this will most likely be a high 
quality commercial product. 

Current 
One of the most important parameter of the stored 

beam is the current. We plan to install a commercial DC 
Current Transformer (DCCT) in the diagnostic straight. 

Beam Positions 
Absolute control of the beam position is of course 

essential to the Synchrotron Radiation user. In order to 
facilitate this, we will install Beam Position Monitors 
(BPMs) of the button type at the end of each arc. With 6 
arcs, we will have a total of 12 BPMs.  

The read-out electronics will be of the multiplexed 
analog type. We are presently testing a card developed at 
MAX-lab [4]. The MAX-lab card is designed for 300 
MHz, which is their 3rd harmonic. At 315 MHz, which is 
our 3rd harmonic there is 3 dB attenuation in the input 
filters. It is possible to change the input filters and make 
the card operate at other frequencies (say 105 MHz or 210 
MHz).  

Quadrupole Shunts 
In order to perform offset calibration of the BPMs and 

for beta function measurement, all of the quadrupoles will 
be equipped with quadrupole shunts. Copying the 
MaxLab solution, we plan the shunts to be power resistors 
in series with solid state relays. For each magnet we will 
have a few circuits, say at 1% and 2%. By having 
individual control of each shunt, we will with two shunts 
have the possibility of 3 shunt currents (say for instance 
1%, 2%, and 3%). 

Tunes 
We will install two sets of striplines at 45° for tune 

measurement. One set will be installed in the injection 
straight and another set will be installed in the RF and 
diagnostic straight. Tunes will be measured using a swept 

spectrum analyser. The output from the tracking generator 
will be connected to one stripline through an amplifier, 
and input of the spectrum analyser will be connected to 
another stripline. 

Initially we will not install any transverse feedback 
systems, but we will install a set of striplines at 90°, for 
future use. For use as a longitudinal pickup we will install 
a short circular tube in the diagnostic straight. Two extra 
BPMs will be installed, one in the injection straight, and 
one in the RF and diagnostic straight, for various 
diagnostic purposes. 

Emittance 
At two places (at the first bending magnet after 

injection, and at a bending magnet opposite injection) we 
plan to install Synchrotron Radiation (SR) cameras to 
monitor the beam properties. Besides giving an easy 
visual inspection, the pictures can also be analysed in real 
time (up to some tens of Hz), and a number of electron 
beam properties can be extracted. By measuring the beam 
size we will have a measure of the emittance of the stored 
electron beam, and the position of the SR-light on the 
camera will directly be a measure of the position of the 
electron beam. The visual representation of the beam, can 
often be very useful, for example in diagnosing 
instabilities. 

TIMELINE 
The project has been approved, and we are presently 

preparing for contract negotiation. The timeline of the 
project is given in ble 2. 

Table 2: Timeline of the project 

Year  

2009 Design and order 

2010 Delivery and installation 

2011 Commissioning of the ring and installation (transfer) 
of the first beam lines 

2012 Transfer of the remaining beam lines 

2013 Full operation 
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Abstract

The laser driven RF photo-injectors are recent candidates
for high-brightness, low-emittance electron sources. One
of the main beam dynamics issues for a high brightness
electron source is the optimization of beam envelope be-
havior in the presence of the space charge force in order
to get low emittance. Within the framework of the second
Joint Research Activity PHIN of the European CARE pro-
gram, a new photo-injector for CTF3 has been designed
and installed by collaboration between LAL, CCLRC and
CERN. Beam based measurements have been made dur-
ing the commissioning runs of the PHIN 2008 and 2009
including measurements of the emittance, using multi-slit
technique. The demonstration of the high charge and the
stability along the long pulse train are between the goals
of this photo-injector study as also being important issues
for CTF3 and the CLIC drive beam. In this work the
photo-injector will be described and the first beam mea-
surement results will be presented and compared with the
PARMELA simulations.

INTRODUCTION

A photo-injector was proposed as a new electron source
for CTF3 (CLIC Test Facility 3) and later for the CLIC
(Compact Linear Collider) drive beam [1, 2]. After the in-
stallation of the PHIN photo-injector at CERN, the longi-
tudinal and the transverse properties of the commission-
ing beam have been measured in a range of parameters. In
laser-driven RF photo-injectors the transverse phase space
dynamics are influenced by several issues like time depen-
dency of the RF field, space charge effects and transverse
focusing. The adjustment of the laser properties such as
spot size, radial and temporal distribution can effectively
be used to control the properties of the beam in both di-
rections. During the high charge operation at low energies,
the space charge force is the dominating effect for emit-
tance growth. The space charge effect can be compensated
with the field created by a focusing magnet. The laser spot
size dependence of the transverse size and emittance of the
beam has been investigated for the laser spot sizes of 2 mm,
3 mm and 4 mm. The transverse emittance was measured
with the multi-slit method in a range of focusing magnet
current to study the emittance compensation. This method
is applicable to the low energy, space charge dominated
beams [3, 4].

Figure 1: The PHIN photo-injector layout.

SET-UP

The beamline consists of three sections, cathode trans-
fer chamber, RF gun and the beam measurements section
(see Fig 1). A semiconductor Cs2 Te cathode was intro-
duced on one end of a 2+1/2 cell RF gun in order to ex-
tract the electrons. The cathode has been studied at the
CERN photo-emission laboratory and demonstrated a life-
time to allow >100h run at a 3% quantum efficiency for a
262 nm laser wavelength. The so called “bucking coil” was
installed in parallel to the cathode surface to maintain zero
magnetic field in this location. This is to prevent the back-
bombardment of the electrons onto the cathode surface that
decreases the cathode lifetime and the achievable amount
of extracted charge. Another magnet follows in the exit of
the gun as a transverse focusing element and ensures the
emittance compensation. A Nd:YFL oscillator produces
the laser pulses at a repetition rate of 1.5 GHz with an aver-
age power of ∼300 mW. The oscillator has the fundamental
wavelength of λ∼1047 nm and a pulse width of τ∼8 ps [5].
The laser diagnostics was placed close to the gun as shown
in Fig. 1 providing the alignment of the laser and the cath-
ode after the laser table. The third section of the beamline
consists of several diagnostics tools: a wall current mon-
itor (WCM) and a beam position RF monitor (BPR) have
been included. A set of corrector magnets have been also
installed for horizontal and vertical corrections in addition
to the focusing magnet. For the emittance measurement
a 2 mm thick tungsten multi-slit mask was utilized. The
mask has 25 slits each having a width of 100 µm. FLUKA
[6] simulations showed that the mask is able to totally stop
a 5.5 MeV electron beam allowing the electron transmis-
sion only through the windows while 20% of the incom-
ing electrons are backscattered. An OTR (Optical Transi-
tion Radiation) screen was used in the system to image the
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Figure 2: Focusing magnet scans for the transverse beam
size measurement for different laser spot sizes.

beamlets after the slits. A Faraday cup was placed after
the emittance-meter for charge measurements. The energy
spread measurement has been done with a spectrometer,
installed in the end of the beamline. The spectrometer con-
sists of a dipole magnet placed before the Faraday cup, a
ceramic screen and a CCD camera. When the dipole is
active the beam is transmitted to the spectrometer line in-
stead of dumping in the Faraday cup. In the second PHIN
run (March 2009), the CCD camera in the emittance-meter
has been replaced by a intensified CCD camera allowing to
use a aluminum OTR screen. It has been chosen as a bet-
ter solution than using a more sensitive ceramic screen that
often saturates in the usual operation electron intensity. A
segmented dump has been also installed and tested in the
second PHIN run allowing the measurement of the time re-
solved longitudinal beam properties .

MEASUREMENTS

For the beam size measurements, simulations depend on
the assumption of a round electron beam with a gaussian
distribution since the initial properties of the beam resem-
bles the laser properties. As the result of the first run we
have observed an asymmetric behavior between the verti-
cal and horizontal components of the beam size. Investiga-
tions on the laser alignment and positioning on the cathode,
and the background field by the magnetic components in
the set-up have been considered as possible sources for this
asymmetry. During 2009 run beam size scans have been
performed with respect to different laser spot sizes of 2, 3,
and 4 mm at 5.5, 5.2 and 5.7 MeV, respectively. The asym-
metry was no longer present. The results for that scans
are shown in Fig. 2 in comparison with the PARMELA[7]
simulations. The simulations and the measurements agree
rather well with the exception of the focus region. Al-

Figure 3: The transverse beam size measurement along the
1.2 µs long train.

Figure 4: The transverse normalized rms emittance vs fo-
cusing magnet current for laser size of 3 mm (left) and
4 mm (right).

though the discrepancy is still under investigation, it could
be related to the limited resolution of the optical system or
a saturation effect. The transverse emittance and the min-
imum spot size are scaling with the laser spot size as ex-
pected. Since the stability of the beam parameters along a
long pulse train is very important for CTF3, the beam size
has been measured as a function of time along the train by
using a gated camera. The measurement was done with
the steps of 100 ns. The gentle increase of the spot size
could be explained with an imperfect beam loading com-
pensation during the measurement. The result can be seen
on Fig. 3 for different magnet settings. Emittance mea-
surements have been performed over wide a range of fo-
cusing magnet current and laser spot size. The emittance
scan at energy of 5.7 MeV and 5.2 MeV for the laser spot
sizes of 3 mm and 4 mm can be seen in Fig. 4 and compared
with the PARMELA simulation. It has been shown that the
transverse emittance scales with the laser spot size with the
values of around 7 mm mrad at 3 mm and 12 mm mrad for
4 mm laser spot sizes at the focusing region.

The reconstructed phase space can be compared to the
PARMELA simulations in Fig. 5. This phase space has
been measured as the laser spot size was 3 mm and with
the 1.28 nC charge per bunch at 5.2 MeV. The RMS nor-
malized transverse emittance has been measured as 7.3
mm mrad for this given single shot measurement. Time re-
solved energy of the beam was measured by using a seg-
mented dump. The energy spread was not reliably measur-
able since a fixed screen in front of the dump caused elec-
tron scattering which lead to a factor of 9 widening in the
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Figure 5: The reconstructed phase space from the measure
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Figure 6: The intensity distribution in the centre of the seg-
mented dump.

transverse size. The screen will be changed to a thin alu-
minum foil for the next run to avoid this effect. Simulations
with GEANT4 [8] showed that the value of energy spread
is up to a few percent. Regarding the time resolved aspect
of the measurement, the goal was to measure the time vari-
ation of the energy along the pulse train. Figure 6 shows the
current in the dump for each segment as a function of time.
The measurement shows that the energy along the train is
stable confirming the stability of the RF system. The beam
loading compensation was also studied and optimized by
adjusting the timing of the beam versus the RF pulse. Fig-
ure 7 shows the successful beam loading compensation. In
the presence of the beam, a flat top RF pulse has been ob-
tained resulting in a mono energetic beam. The reflected
power is well matched at this point confirming that the in-

Figure 7: Beam loading. Left: RF power in the gun (1a)
and reflected power (2a) when no beam is present. Right:
RF power in the gun (1b) and reflected power (2b) when
beam is present.

put coupler has been adjusted to the correct over-coupling.
The beam was consisted of 300 bunches with a charge of
1.28 nC during the measurements with a laser spot sizes of
3 and 4 mm. The measurements, at 2 mm laser spot size,
have been done with a charge of 1.09 nC per bunch. The
highest achievable charge was 2.53 nC per bunch during
the operation.

CONCLUSION

The beam measurements revealed the expected behav-
ior agreeing with the simulations within some error ranges.
The envelope behavior at the small beam sizes has to be
investigated considering the possible limitations from the
instrumentation and the laser spot size. The emittance mea-
surements have been improved with respect to the previous
run by replacing the CCD camera with an intensified one
enabling the usage of an aluminum OTR screen. The simu-
lations for the beam size measurements are consistent with
the measurements within a 10% error band of the laser spot
size. For the segmented dump, simulations showed that
elements in the beamline such as the alumina screen sig-
nificantly increases the transverse size of the beam, due
to multiple scattering and energy loss, to the point this
contribution is much larger than the dispersion due to en-
ergy spread. Although a reliable energy spread measure-
ment was impossible under this condition, the issue will be
solved easily in the next commissioning run by replacing
the alumina screen with a thin aluminium OTR screen.
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HIGH ENERGY DISPERSIVE SECTION AT PITZ∗

S. Rimjaem† , J.Bähr, Y. Ivanisenko, M. Krasilnikov, J. Rönsch, F. Stephan,
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Abstract

Research activities at the Photo Injector Test facility at
DESY, Zeuthen site, (PITZ) aim to develop and optimize
high brightness electron sources for Free Electron Lasers
(FELs) like FLASH and the European XFEL. To demon-
strate the XFEL operation, an electron bunch train contain-
ing 3250 pulses of 1 nC charge at 10 Hz repetition rate
is required. The spectrometers and related equipments for
studying the longitudinal phase space for such long pulse
trains do not yet exist at PITZ. Design and construction of
a new high energy dispersive arm (HEDA2) is currently in
progress. Besides the requirement to handle long electron
bunch trains, the HEDA2 setup is designed to allow high
resolution measurements of momentum distribution up to
40 MeV/c, a longitudinal phase space measurement with
slice momentum spread down to 1 keV/c and transverse
slice emittance measurements at off-crest booster phases.
The status of the physics design and technical considera-
tions of this dispersive section will be presented.

INTRODUCTION

The test facility PITZ was built and is developing as a
pilot photo injector source for the FELs like FLASH and
the European XFEL. The research goal is to produce, opti-
mize and characterize the small transverse emittance elec-
tron beam of ≤ 1 mm-mrad with a bunch charge of 1 nC
and an energy spread of smaller than 1%. In order to fulfill
the characterization of high brightness electron beam, the
PITZ beam line is continuously upgraded towards the final
design (PITZ2) in parallel to the beam operation. The fu-
ture PITZ2 set up (see Fig.1) will consist of a photocathode
RF-gun, a booster cavity, and several diagnostics systems
including 3 emittance measurement systems, 3 dispersive
arms, an RF deflector, a phase space tomography module,
and bunch length diagnostics. One of the key components
which will be installed in the PITZ2 beamline is a new cut
disk structure (CDS) booster cavity for emittance conser-
vation corresponding to the peak field at the cathode of
60 MV/m [1]. The CDS booster can accelerate electron
beams to reach higher energy than the current PITZ setup.
This leads to the upgrade of the diagnostics components
downstream the booster cavity for supporting the measure-
ments with higher energy electron beams.

∗This work has partly been supported by the European Community,
contract RII3-CT-2004-506008 and 011935.

† sakhorn.rimjaem@desy.de

To fulfill the beam characterization, besides the intensive
measurement program for the transverse phase space opti-
mization the longitudinal phase space is studied using the
low energy dispersive arm (LEDA) to measure beam mo-
mentum downstream the RF-gun, the first high energy dis-
persive arm (HEDA1) and the second high energy disper-
sive arm (HEDA2) to measure the beam momentum behind
the booster. The upgraded LEDA and the new HEDA1 have
been installed in the current PITZ setup [1]. The old high
energy dispersive arm from the previous set up, which is
able to measure the beam momentum up to about 16 MeV/c
[2], was moved to the end of the beam line. Design and
construction of the new HEDA2 is ongoing under the col-
laboration between DESY and LAL and it is planned to be
installed at PITZ in the middle of year 2010.

SETUP

The HEDA2 setup is designed for high resolution mea-
surements of momentum distribution up to 40 MeV/c, a
longitudinal phase space measurement with slice momen-
tum spread down to 1 keV/c, and a transverse slice emit-
tance measurements. The contradictory between the mea-
surements of the longitudinal phase space and the trans-
verse slice emittance is the operation at different booster
phases. The on-crest or nearly on-crest booster operation is
required in the longitudinal phase space measurement for
a small momentum spread, while in the transverse slice
emittance measurement, the off-crest booster phases con-
duct the large momentum spread. Since the resolution of
the transverse slice emittance measurement at the existing
HEDA1 setup is expected to be very good [3], the good res-
olution of the longitudinal phase space measurement has
higher priority in HEDA2 design.

To demonstrate an operation of electron bunches of 1 nC
charge for the long bunch train up to 7200 pulses for the
FEL at FLASH (720 μs pulse, 10 Hz) and 3250 pulses for
the European XFEL (650 μs pulse, 5 Hz), the large beam
dump with the size of about 2×2×2 m3 is required and the
existing beam dump in the PITZ straight section is planned
to be upgraded to fulfill this requirement. The same size
of the beam dump is also needed at the end of the HEDA2
section, but the space in the PITZ tunnel is limited. Thus,
the transportation of the beam back to the beam dump in
the straight section is foreseen. Three dipole magnets are
used for this purpose. The HEDA2 setup (see Fig.2) will
consist of 3 dipole magnets, 2 screen stations, a quadrupole
magnet, 3 beam position monitors (BPMs) and 2 integrated
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Figure 1: Layout of the future Photo Injector Test facility at DESY, Zeuthen site, (PITZ).

current transformers (ICTs). For characterization of a sin-
gle bunch out of the long pulse trains, a kicker magnet
will be placed in the straight section before the first dipole
magnet. The longitudinal phase space will be measured at
HEDA2 by using the combination of a spectrometer and a
Cherenkov radiator equipped with a streak camera readout
or an RF-deflector together with a screen in the dispersive
section.

Since the RF-deflector deflects the beam in vertical
plane, the first dipole (DISP3.D1) bends the beam in
the horizontal direction and functions as the spectrome-
ter for longitudinal phase space measurements using the
first screen station (DISP3.Scr1). The second dipole
(DISP3.D2) serves in transverse slice emittance measure-
ments using a quadrupole (DISP3.Q1) and the second
screen station (DISP3.Scr2) and transports the beam back
to the straight section. The third dipole (DISP3.D3) trans-
ports the beam to the beam dump. The deflecting angle (α),
the input and the output pole face rotation (βin, βout) and
the bending radius (ρ) of these dipoles are listed in Table 1.
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Figure 2: Layout of the foreseen HEDA2 setup.

Table1: Specifications of Dipole Magnets in HEDA2 Setup

dipole α (o) βin (o) βout (o) ρ (mm)

DISP3.D1 60 0 0 600
DISP3.D2 -120 0 9 400
DISP3.D3 60 0 0 400

SIMULATIONS AND DESIGN

Reconstructed Longitudinal Phase Space
In momentum and momentum spread measurements,

electrons with different momenta are deflected by a dipole
magnet with different deflecting angles and resulting in dif-
ferent positions at the dispersive screen as x = R11x0 +
R12x

′
0 +R16

Δp0
p0

, where the matrix elements R11, R12 and

R16 are defined by the matrix transportation from the ini-
tial position through the dipole magnet until reaching the
dispersive screen. In order to have good resolution for mo-
mentum spread (Δp0

p0
), the influence of the particle position

(x0) and divergence (x′
0) should be small compared to the

momentum contribution.
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Figure 3: (a). Longitudinal phase space, (b). momentum
spectrum and (c). charge profile of simulated particle distri-
butions at the reference screen (blue) compared to its recon-
structed distribution at the dispersive screen (red). Top-row
pictures show the results from the simulated measurement
using the quadrupole focusing at the reference screen and
bottom-row pictures show the results in case of without the
quadrupole focusing.

For the design of the first dipole as a high resolution
spectrometer using the RF-deflector, a reference screen was
defined to be the focus position in order to reduce the influ-
ence of the beam size. The last screen in the tomography
module (PST.Scr5) was chosen to be the reference screen
for the longitudinal phase space measurement at the disper-
sive screen (DISP3.Scr1). The drift lengths from the refer-
ence screen to the dipole entrance and from the dipole exit
to the dispersive screen were optimized from simulations
and they are chosen to be 1950 and 650 mm. The focus-
ing optimization using the first three quadrupole magnets in
the tomography module as the triplet quadrupole has been
studied and the results are shown in Fig.3. It can be clearly
seen that the measurement with the quadrupole focusing
should have better resolution. The resolution of the mea-
surement is affected mainly by the initial beam size and the
vertical focusing of the beam on the dispersive screen be-
fore turning on the RF-deflector is required to gain a good
resolution.
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The reconstructed slice momentum spread (prms,slice)
for different quadrupole focusings have been simulated for
the initial particle mean momentum, momentum spread,
minimum slice momentum spread and mean slice momen-
tum spread of 32.07 MeV/c, 106.15 keV/c, 0.77 keV/c and
2.88 keV/c, respectively. The results in Fig.4 show that the
focusing corresponding to the minimum horizontal beam
size (0.06 mm, blue curve) at the reference screen gives
better resolution than other cases. The reconstructed distri-
bution fits very well in the center part of the bunch which
contains the major part of charge. There is some discrep-
ancy at the head and the tail of the bunch due to the focus-
ing of a certain energy range at the required position. The
minimum slice momentum spread of the simulated mea-
surement using the RF-deflector down to 0.96 keV/c can
be expected for this focusing condition.
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Figure 4: Simulated slice momentum spread compared
to its reconstructed at the dispersive screen for different
quadrupole focusing corresponding to the rms horizontal
beam sizes at the reference screen. The abbreviations u.f.,
f, and o.f. present the under-focused, focused and over-
focused conditions at the reference screen.

Beam Size Calculation

The beam size in the dispersive section will be large due
to the large dispersion from the dipole magnet, especially
in cases of far off-crest RF phases. Beam sizes along the
dispersive section have been studied with the gun and the
booster on-crest for the measurement with and without us-
ing the RF-deflector. The calculation results in Fig.5 con-
clude that the aperture of all the components in HEDA2
should be about or larger than 80 mm depending on the
locations and the reasonable design for each component.
The transverse beam size before and after the exit of the
DISP3.D3 dipole can be controlled by using the DISP3.Q1
quadrupole magnet.
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Figure 5: Calculated beam sizes along the HEDA2 section.
The position numbers correspond to the numbers indicated
in HEDA2 setup in Fig.2.

Dispersive Screen Stations

The DISP3.Scr1 is a multi-purpose screen station for
momentum distribution measurements using a YAG and
an OTR screen, bunch length measurements using an OTR
screen and an aerogel radiator as Cherenkov radiators and
a vertical slit for the transverse slice emittance measure-
ments. The design configurations of this screen station are
shown in Fig.6. Since the beam spot size in the dispersive
section will be large due to the large dispersion, the large
screen sizes are needed. The effective screen size of about
80 mm×60 mm for the YAG and OTR screens was cho-
sen and this leads to the large screen actuator. The idea
to include the screen actuator inside the actuator bellow
has been studied. In order to keep the effort vacuum force
that the linear translator needs to take (3000 N), the bellow
size of 160 mm diameter will be used. According to this
constrain, the OTR screens will have the off-set of about
50 mm from the desired position. Simulation results con-
firm that this off-set is acceptable for the high resolution in
the longitudinal phase space measurements.

AXMO table

Ion pump

DN160 bellow

DN100 viewport
TV readout

Streak camera
readout

Aerogel box 
pumping port

Aerogel box

OTR screen

YAG screen

Copper slit

Figure 6: The first screen station in HEDA2 (DISP3.Scr1)
including details of screens and slit configurations.

SUMMARY

The HEDA2 spectrometers and related diagnostics,
which are foreseen to be installed at PITZ at about the mid-
dle of year 2010, will allow the analysis of long bunch
trains including measurements of the longitudinal phase
space and the transverse slice emittance. The slice momen-
tum spread resolution down to 0.96 keV/c is expected to
be resolved using this dispersive section diagnostics. The
physics design for the dipole magnets and the simulated
measurement conditions are ongoing in parallel to the tech-
nical design. An optical system for the longitudinal phase
space measurements is under development.
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Abstract 

The future SPIRAL2 facility will be composed of a 
multi-beam driver accelerator (5 mA/40 MeV deuterons, 
5 mA /14.5 MeV/u heavy ions) and a dedicated building 
for the production of radioactive ion beams (RIBs). RIBs 
will be accelerated by the existing cyclotron CIME for the 
post acceleration and sent to GANIL’s experimental areas. 
The injector constituted by an ion source a 
deuteron/proton source a L.E.B.T. and a M.E.B.T. lines 
and a room temperature R.F.Q. will produces, transports 
and accelerates beams up to an energy of 0.75 MeV/u. An 
Intermediate Test Bench (B.T.I.) is being built to 
commission the SPIRAL2 injector through the first re-
buncher of the M.E.B.T. line in a first step and the last re-
buncher in a second step. The B.T.I. is designed to 
perform a wide variety of measurements and functions 
and to go more deeply in the understanding of the 
behaviour of diagnostics under high average intensity 
beam operations. A superconducting LINAC equipped 
with two types of cavity will allow reaching 20 MeV/u 
for deuterons beam. This paper describes injector 
diagnostic developments and gives information about the 
current status.  

INTRODUCTION AND GENERAL 
DESCRIPTION OF THE FACILITY  

The SPIRAL2 project aims at producing Radioactive 
Ion Beam (R.I.B.) by ISOL as well as low-energy in-
flight methods. A collaboration of several French 
laboratories is now constructing the SPIRAL2 facility [1] 
composed of an injector including two E.C.R. sources, a 
R.F.Q. operating at 88.05 MHz, a LINAC based on 88.05 
MHz superconducting independently phase quarter wave 
superconducting cavities able to accelerate high intensity 
(5 mA) deuteron beam up to 20 MeV/u and light heavy 
ion (Q/A= 1/3) beam (1 mA) up to 14.5 MeV. Finally the 
H.E.B.T. lines will distribute those beams to a beam dump 
or to the experimental stable ion beam experimental areas 
or transported to the 200 kW target ion source system. 
The expected rate of fission is 1014/s 

THE SPIRAL2 INJECTOR DIAGNOSTICS 
The general layout of the L.EBTs and M.E.B.T. is 

shown in Fig. 2. The first E.C.R. source produces 20 
keV/u light heavy ions (Q/A/=1/3). The second E.C.R. 
source produces deuterons beam (40 keV) and now 
according to a new experiment needs proton beam (20 
keV) with characteristics very similar to those of the 
deuteron beam. The two lines merge in the shared 
L.E.B.T. which goal is to correctly match the beam to the 
entrance of the R.F.Q. [2]. 

 

Figure 1: General layout of the SPIRAL2 injector. 

Beam Characteristics 
The maximum power of the beam under the nominal 

C.W. mode operation reaches 7.5 kW at the exit of the 
M.E.B.T. In order to lower the beam average power, Low 
Duty Factor Pulsed mode operation is also planned for 
commissioning periods. For this purpose, the operation of 
the source may be pulsed. A slow chopper located in the 
shared LEBT may pulse the beam in order to obtain duty 
cycle as low as 0.1 %. This mode of operation allows also 
the interceptive diagnostics to withstand the beam during 
the tuning of the injector. At last, a fast chopper located in 
the MEBT line removes selected bunches from the beam 
according to special experiment needs.  

Destructive Beam Intensity Measurements 
They are carried out by copper made water cooled 

Faraday Cup in the L.E.B.T and in the M.E.B.T. (end of 
the line). The first one following the E.C.R. ion source is 
specially devoted to the tuning of the source. The Faraday 
cups are designed for a 100 mm aperture in the LEBT and 
60 mm in the M.E.B.T. The maximum beam power  
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 2: Photograph of the Faraday Cup of the L.E.B.T. 
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sustained by the Faraday Cup is then 1.2 kW ( LEBT) and 
1.5 kW (MEBT) corresponding to a maximum 
temperature of 350° K (MEBT). The design has been 
optimized by thermal simulation under ANSYS software.  

Non Destructive Beam Intensity Measurement 
A  D.C.C.T. (New P.C.T. from Bergoz Company) is 

located just at the entrance of the R.F.Q. in the L.E.B.T.  A 
home made three layers shielding (Armco, mu metal and 
copper) protects the sensor from the external leakage 
magnetic field solenoid.  

Extensive tests have been carried at Ganil to check the 
sensitivity of the D.C.C.T. in the vicinity (7 cm) of the 
leakage field of a solenoid. It has been measured that the 
shielding lowers the offset drift from 1 µA/Gauss down to 
0.1 µA/Gauss. Results concerning the other main 
parameters such as bandwidth, drifts with temperature, 
linearity are in good agreement with the nominal 
manufacturer specifications. 

An A.C.C.T. will be coupled with a D.C.C.T in the 
M.E.B.T. line in order to fulfil all the foreseen mode of 
operation of the accelerators. An identical couple of 
transformers will be installed at the exit of the LINAC to 
measure as accurately as possible (≤ 1%) the LINAC 
efficiency transmission. These measurements are required 
for safety reasons during the daily operation.  

Transverse Beam Profiles Measurements 
Even during low duty Factor pulse beam operation, 

SPIRAL2 beams deposit a large amount of energy in any 
sensor and may reach several hundred W/cm2 in the 
LEBT. The evolution of the temperature has been 
estimated by a crude resolution of the heat equation. An 
example is given in Fig. 3 in the case of a 150 µm 
diameter tungsten wire impinged by a 2 cm diameter, 5 
mA, 1.5 MeV proton beam,  pulse duration: 500 µs,  
repetition rate: 1 s. The average temperature reaches 
nearly 900° K after 1 s. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Evolution of the temperature of a 150 µm 
diameter tungsten wire (see text). 

 
The grid of the sensors is divided in to two categories 

according to the beam size to be measured: 47 wires of 
150 µm diameter tungsten with a spacing of 1 mm for the  

 
Figure 4: View of the secondary emission beam profiler. 

 
first one and 47 same diameter tungsten wires (spacing  is 
variable from 1 mm up to 3 mm) for the second category 
[2]. These wires are welded on an alumina board to obtain 
a maximum out-gassing rate of 1.10-8 Pa.m3.s-1. 

The complete tuning of the beam transport in the 
L.E.B.T. needs 16 secondary emission beam profiler 
(variable spacing) and 4 (spacing 1mm) for the M.E.B.T. 

Transverse Beam Emittance Measurements 
The full transverse characterisation of the beam needs 

to measure the transverse beam emittance. Water cooled 
scanner emittancemer also named Allison Scanner has 
been selected. It is schematically depicted in this Fig. 5.  

 

 

Figure 5: Schematic of the Alison emittancemeter of the 
L.E.B.T. and M.E.B.T.  
 

 

Figure 6: Ion beam emittance measured at the exit of the 
SPIRAL2 Phoenix source. Beam:  Ar 4+, 60 KeV, 15 µA. 
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The beam current impinges on the narrow slit (width: 0. 
2 mm) of the scanner pod. The emerging beamlet passes 
between a pair of electric deflection plates driven by a 
linear ramp generator: ± 1.4 kV max (LBET) and ± 4 kV 
max (M.E.B.T.). For ions passing through the rear slit 
there is a simple relationship between the initial angle and 
the instantaneous ramp voltage. The maximum 
measurable angles are ±100 mrad (L.E.B.T.) and ± 30 
mrad (M.E.B.T.). The scanner pod is stepped across the 
beam to complete the measurement as a function of x and 
x’ (full stroke: 120 mm in the L.E.B.T.). The intensity of 
the beamlet is measured at each step of the pod.  

The prototype of the emittance-scanner has been 
already tested on the ion source to be installed on 
SPIRAL2. The result is shown on Fig. 6 in the case of Ar 
4+ beam. 

Longitudinal Measurements 
A fast coaxial Faraday cup, previously used on the 

Intermediate Test Bench (B.T.I.) will be installed in the 
M.E.B.T. following the commissioning to measure the 
bunch lengths. A Fast Faraday cup is under design in 
collaboration with a manufacturer. This new design may 
allow the Faraday Cup to withstand a 400 W beam power 
and the bandwidth is expected to reach 2 GHz in order to 
measure accurately the bunch length (rise time < 200 ps). 
This Fast Faraday Cup will be tested at Ganil during the 
last quarter of this year. 

 A Fast Current Transformer (upper cut-off frequency: 
1.6 GHz) will be installed in the M.E.B.T. upstream of the 
Linac for beam phase measurements.  
 

COMMISSIONNING OF THE SPIRAL2 
INJECTOR 

 
The first step of the commissioning of the SPIRAL2 

injector consists to install in the French C.N.R.S. 
laboratory “L.P.S.C.” located at Grenoble, the E.C.R. ion  

 
 

Figure 7: 3D view of the Intermediate Tests Bench 
(B.T.I.). 

 
source followed by the first part of the ion L.E.B.T. in 
order to check the operation of the source at the nominal 

beam power and to test the behaviour of the diagnostics: 
Faraday cup, beam profiler,  emittancemeter.  

In a second step, following the installation of the 
injector at GANIL, an “Intermediate Tests Bench” named 
B.T.I. will be assembled as part of the injector 
commissioning plan. The B.T.I. will be positioned 
directly after the first re-buncher of the M.E.B.T in order 
to fully characterize the following beam properties: 

• Beam current: D.C.C.T. and A.C.C.T. 
• Beam transverse profiles: Secondary emission 

monitor and residual ionization gas monitor in order 
to compare the obtained profiles. 

• Transverse emittance. 
• Longitudinal emittance: Measurement of the bunch 

length variation with a fast Faraday cup against the 
variation of the voltage of the re-buncher. 

• Phase and energy: A classical arrangement of three 
P.U. electrodes determines the number of bunches 
and the energy by time of flight. 

• Beam Position: Two Beam Position Monitors will be 
a copy of the Linac P.U. (length: 39 mm, inner 
diameter: 48 mm, subtented lobe angle: 60°). Their 
primary function is to steer the beam to the beam 
stop. The latter will be used to measure the phase and 
the beam energy using the time of flight method 
(cross-check with the previous measurement). 

 
All the diagnostics used on the B.T.I. will be identical 

to the accelerator ones. The non-intercepting 
measurements can be made at nearly full duty factor as 
the beam stop is planned to withstand the beam full power 
of the M.E.B.T. A second set of measurements with the 
B.T.I. positioned just downstream of the third re-buncher 
of the M.E.B.T. is planned. 
 

CONTROL SYSTEM OF THE INJECTOR 
EPICS has been selected for the SPIRAL2 control 

system and therefore for the SPIRAL2 injector. 
Consequently the architecture is based on industrial 
adapted solutions VME cards to control the different 
devices. The EPICS drivers have already been written. 
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Abstract

The two-beam acceleration scheme foreseen for CLIC
and the associated radio-frequency (RF) components will
be tested in the Two-beam Test Stand (TBTS) at CTF3,
CERN. Of special interest is the performance of the power
extraction structures (PETS) and the acceleration structures
as well as the stability of the beams in the respective struc-
tures. After the recent completion of the TBTS, the first
12 GHz PETS has been tested with beam, using so-called
recirculation of the RF power inside the PETS. The TBTS
allows precise measurement of beam parameters before and
after the PETS as well as RF power and phase. Measure-
ments of transverse kick, energy loss and RF power with
recirculation are discussed and compared with estimations,
including first measurements of pulse shortening probably
due to RF breakdown.

INTRODUCTION

The Two-beam Test Stand (TBTS) is a unique and ver-
satile facility devised to test key components of the two-
beam acceleration concept that is the basis of the CLIC
project [1]. Worldwide it is the only facility where CLIC
type power production (PETS) and accelerating structures
can be tested with beam. The TBTS is part of the CTF3
complex at CERN [2] that creates a high power drive beam
which is then decelerated in order to generate the RF power
needed to accelerate a second, probe, beam which is pro-
vided by a another linac. The drive beam has a time
structure suitable for power generation at all harmonics
of 1.5 GHz but is optimised for the nominal CLIC fre-
quency of 12 GHz. It can reach beam intensities up to
30 A, pulse lengths up to 1500 ns and beam energies up
to 150 MeV. The probe beam can reach beam intensities up
to 0.9 A, pulse lengths up to 150 ns and beam energies up
to 170 MeV.

Commissioning of the TBTS drive beam line started last
year. As the available drive beam current will be some four
times lower than in the CLIC design, the installed PETS
has a modified design. It has increased length to 1 m from
0.215 m and is equipped with external RF recirculation [3]:

∗Work supported by the Swedish Research Council, the Knut and
Alice Wallenberg Foundation, the Research Council of Norway and the
Commission of the European Communities under the 6th Framework Pro-
gramme Structuring the European Research Area, contract number RIDS-
011899.

† Erik.Adli@cern.ch

the PETS operates as an amplifier feedback ring driven by
the drive beam power. Up to 30 MW of 12 GHz RF power
has been produced from a 5 A beam.

THE TWO-BEAM TEST STAND

The TBTS consists of two parallel beam lines for the
drive and probe beam and a two meter long test area in
each. The layout of the two beam lines is almost identical
[4]. The experiments described in this report are performed
on the drive beam line. The layout of the line with PETS
installation is shown in Figure 1.

Two quadrupole triplets are used to vary and optimise the
beam size inside the PETS and on an OTR screen following
a spectrometer dipole in order to maximise the energy res-
olution. Moreover, four steering magnets are available to
adjust the orbit inside the PETS with a closed bump. Five
inductive BPMs [5] are installed for intensity and position
measurements. Their bandwidth allows to observe the po-
sition within a bunch train and this is used to determine
kicks and energy loss of the beam during normal operation
and when a RF breakdown occurs inside the PETS. The
achievable resolution to determine the kicks is in the order
of a few micro radians and 4×10−4 for the energy [6].

The PETS RF recirculation loop contains a variable
splitter to control the amount of power in the loop and a
phase shifter to tune the loop’s length. The RF power and
phase are measured through directional couplers connected
to 12 GHz diodes and I&Q demodulators.

RECIRCULATION

In the recirculator a fraction of the field g (product of the
splitter ratio κ and the round-trip ohmic losses) is coupled

Figure 1: Sketch of the Two-beam Test Stand’s drive beam
line (not to scale).
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back into the PETS with an eventual phase-shift φ with
respect to the beam generated field [7–9]. For a rectan-
gular pulse, neglecting system bandwidth limitations, and
keeping all parameters constant one can calculate the peak
electric field at the PETS output after M full recirculation
cycles, EM , as [9]

EM = Ebeam

M

Σ
m=0

gejφ (1)

where Ebeam is the peak electric output field generated by
the beam before the recirculation starts to act. Using the
same assumptions the beam energy loss, 〈UM 〉, can be cal-
culated as [10]

〈UM 〉 = �(EM )LF (λ) − 1
2
EbeamLF (λ) (2)

where L is the structure length and F (λ) the form factor.

RECONSTRUCTION

Extending Eq. (1) to arbitrary beam pulse intensities,
while keeping other parameters constant, we use BPM in-
tensity measurements to reconstruct the PETS output peak
field, E, the phase of the total field with respect to the beam
generated field, θ, and the output power, P . The relative
field phase was measured using I and Q demodulator chan-
nels on the signal from the PETS output RF window, indi-
cated in Figure 1.

For the 2008 run the recirculator parameters g and φ
were unknown, and as part of the reconstruction process
these parameter had to be identified. A continuous series
of 200 logged pulses were used to fit the unknown parame-
ters by comparing the power and phase reconstruction with
the RF measurements yielding g = 0.75, φ = -18 deg [9].
No precise bunch length measurements were available for
the run, and an overall scaling factor had therefore to be
fitted as well.

The rms difference of the measured and reconstructed
power pulses lies within 10% for 75% of the pulses in the
series used for the fit. Figures 2 and 3 show examples of
reconstructed and measured power and phase.
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Figure 2: Reconstructed RF power from intensity measure-
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Figure 3: Reconstructed relative field phase from intensity
measurements in black (+), measured relative field phase
in green (o), BPM intensity in magenta (-), for a nominal
pulse.

The beam intensity was gradually increased during the
2008 run, and in specific time intervals the measured RF
power pulse was significantly shorter than the power recon-
structed from the intensity measurements for a given pulse,
as shown in Figure 4. The dynamics of such pulses can be
modelled by varying the recirculation gain and phase [8]
during the pulse, or, alternatively, by varying the bunch
arrival phase [11]. This work is ongoing and the instru-
mentation of the TBTS proves to be very useful for the
understanding of the dynamics of the PETS. The analysis
software will be incorporated in the on-line analysis soft-
ware and will serve as an indicator for breakdown, such
that interesting pulses can be automatically stored for fur-
ther post-processing at a later time.

ENERGY LOSS MEASUREMENTS

The PETS transfers part of the drive beam energy into
RF power. In [10] three different approaches for estimating
of corresponding beam energy loss are presented. First, we
can determine the energy loss from the BPM in the spec-
trometer [6]. Second, the loss can be deduced from the
power measurements in addition to the intensity measure-
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Figure 5: Energy loss estimates based on spectrometer
measurements, 〈U〉H , in blue (x), PETS power combined
with BPM intensity measurements 〈U〉Pmeas, in green (o)
and BPM intensity measurements alone, 〈U〉Pmod, in black
(+).

ments. Third, we can can use the intensity measurements
alone, combined with Eq. (2). The rms difference between
the three estimates lies within 20% for 75% of the pulses in
the series used for the fit. Figure 5 shows an example of the
mean voltage seen by the beam, along the pulse, estimated
using these three approaches.

KICK MEASUREMENTS

For the design of a future two-beam accelerator and its
stability it is also important to know if the beam receives
any kick on its way through the PETS. Any such kick can
be determined using the horizontal and vertical BPM mea-
surements. For simplicity in the commissioning phase we
assume here that such a kick would originate in the longitu-
dinal centre of the PETS. From simulations we expect that
the kick due to transverse dipole wakes in the PETS should
be less than 100 μrad if the incoming beam offset is 1 mm
parallel along the PETS centre line. Due to mechanical and
electrical BPM offsets, not yet precisely identified, it was
not possible to resolve the absolute angle and kick mea-
surements accurately at this stage of operation. We there-
fore consider only relative changes along the pulse.

Figure 6 shows the estimated vertical offset (y), angle
(yp) and kick in the middle of the PETS, for the pulse pre-
sented in Figure 4. During the time period that corresponds
with the build up of the RF field in the PETS and the exter-
nal RF power, the kick angle changes with approximately
0.5 mrad. From 250 ns on the kick angle changes with more
than 1 mrad in the opposite direction. This could possi-
bly indicate a relation between the beam kick and the field
inside the PETS when pulse shortening is observed, and
will be studied further during the next run. The horizontal
measurements of the same pulse do not show a significant
change in kick angle.

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 50 100 150 200 250 300 350 400 450

y 
[m

m
],

  y
p

 [
m

ra
d

] 
an

d
 v

er
. k

ic
k 

[m
ra

d
]

pulse nr. 4-1,       time [ns]

y
yp

kick

Figure 6: Estimated beam centroid offset, y, in blue (y),
beam angle in the PETS, yp, in green (o) and kick angle, in
black (+). All quantities are estimated in the middle of the
PETS.

CONCLUSIONS

The first beam tests of a PETS in the TBTS have proven
the extensive possibilities to correlate beam and RF mea-
surements. Using a simple constant parameter model, a
good agreement has been reached between estimations and
measurements of the RF power production and beam en-
ergy loss. Being in the commissioning phase, work is on-
going to improve the quality of the modelling and measure-
ments and extend their scope. The first results presented
here demonstrate already that the TBTS is an excellent tool
for studying the PETS dynamics.
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BEAM DIAGNOSTICS FOR SPIRAL2 RNB FACILITY  

P. Anger, T. Andre, A. Delannoy, E. Gueroult, B. Jacquot, C. Jamet, G. Ledu, A. Savalle,  
F. Varenne, J.-L. Vignet, GANIL, Caen, France, J-M. Fontbonne, N. Orr, LPC, Caen, France

Abstract 
The SPIRAL2 project is based on a multi-beam driver 

facility in order to allow both ISOL and low-energy in-
flight techniques to produce intense radioactive ion beams 
(RIB) in a new Facility. A superconducting linac capable 
of accelerating 5-mA deuterons up to 40 MeV is used to 
bombard both thick and thin targets. These primary beams 
will be used for the RIB production by several reaction 
mechanisms (fusion, fission, etc.) The production of high 
intensity RIB will be based on fission of uranium target 
induced by neutrons. 

These exotic particles will be produced, ionized, 
selected in a dedicated production building and 
transported to the existing CIME cyclotron for post 
acceleration. After this, they will be used in the present 
experimental area of GANIL. The construction phase of 
SPIRAL2 was officially started in 2005. 

The beam diagnostics for the production facility allow 
a pre-tuning with a stable beam followed by an 
extrapolation to the radioactive beam. Some diagnostic 
devices may also provide for equipment protections and 
for the safety systems. 

An overview is presented of the diagnostics which will 
allow tuning and control of the RIB in this new 
production facility. 

SPIRAL2 RNB FACILITY  
 

Figure 1: RNB general scheme. 
 

The RNB facility will produce, from a high intensity 
primary beam, radioactive ion beam in a red radiological 
cave. The production of high intensity RIB will be based 
on fission of uranium target induced by neutrons. The 
mono-charged secondary beams will be selected in the 1+ 
beam line, used for low energy experiment or multi 
ionized to be post accelerated in the existing Ganil. 

TUNING  AND CONTROL METHODS 
The tuning principle of the SPIRAL2 beams consists of 

pre-tuning with a stable beam followed by an 
extrapolation to the radioactive beam. 

 

Figure 2: Stable beam tuning and R.I.B. tuning. 

PRELIMINARY TUNING IN STABLE 
BEAM 

Beam Intensity Measurement 
Measurement of the beam intensity in the lines is based 

on the use of Faraday cups (Fig. 3) and a linear current to 
voltage converter. Their measurement dynamics extends 
from 109 pps up to Imax (P<50W) with an absolute 
accuracy of a few percent. 

Figure 3: Faraday cup. 

Beam Profile and Position Measurement 
The measurement of the beam transverse profile in the 

lines is carried out by secondary emission multiwire 
profilers (Fig. 4). The principle is based on electron 
emission under the impact of the beam on wires. The 
range measurement is 109 pps – 1013 pps for energy from 
some keV to 25 MeV/A and the absolute positional 
accuracy is better than 1 mm. 

It gives transverse profile dimensions and the gravity 
centre of the beam along a horizontal and vertical axis. 
This information will be distributed via electronic 
processing according to Ethernet or MODBUS protocol 
with the Spiral2 Command-Control. 
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Figure 4: Secondary emission multiwire monitor, 
principle and picture. 
 

For Spiral2 facilities, electronics components will be 
far away from the sensor to be protected from the 
radiation. Studies will therefore have to be conducted on a 
new electronic device with a length of approximately 
20 m of cables (Fig. 5). 

 
Figure 5: Spiral2 profiler acquisition principle. 

RADIOACTIVE ION BEAM TUNING 

Low Beam Intensity Measurement 
Electrical Measurement. The intensity measurement 

will have to be carried out using a Faraday cup with 
logarithmic current/voltage converter, like that used on 
the SPIRAL1 facility. Their measurement dynamics 
extend from some 107 to 1014 pps. This Faraday cup has 
electric shielding to measure weak beam intensity over a 
large dynamic range. 

 

Figure 6: Faraday Cup views and logarithmic converter 
for low beam intensity.  

Beam Radiation Measurement. In the case of “routine 
intensity measurement” in beam lines, it will be possible 
to use devices containing implantation foil and 
semiconductors to measure the beam radioactivity 
(gamma radiation) and control the transmission in the 
beam line.  

 
Figure 7: CdTe detector. 

These interesting devices are under development at 
Ganil (resolution: 0.8 % FWHM at 662 keV). 

Beam Profile Measurement 

Secondary Emission Foil Profiler. Profilers with 
emissive foil and micro-channel plates will also allow 
measurement of the transverse profile after CIME, with 
no lower energy limit. This is a low intensity beam 
profile monitor. The principle is a collection of the 
secondary electrons in a drift space which are amplified 
with an MCP stage and collected on an x-y grid for a 
required resolution of 1 mm. They are currently under 
development at GANIL (Fig. 8). 

 

 
Figure 8: Secondary emission foil profiler: principle and 
view. 

The last Ganil tests results show good performance 
with high energy beam (5 Mev/A) with a wide range of 
intensities (10 to 1011 pps). The tests will also have to 
show that this device can measure with a low energy 
beam in the 1+ and n+ lines of Spiral2 (E < 10 keV/A). 
Consequently, the configuration of the electric and 
magnetic fields will have to be extensively optimised to 
ensure correct guidance of the detected electrons. 

Very Low Intensity and Low Energy Profiler. To 
control the radioactive beam in the low energy line of 
Spiral2, beam localisation and beam quantification should 
be carried out.  When there is no stable beam pollution, 
beam detection with electric charge measurement is 
possible. One solution with weak beam energy would 
consist in direct interaction of the beam with a micro-
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channel plate without emissive foil. This development 
will start in 2010. 

Secondary Emission Multiwire Profiler with Gas 
Circulation for Post Accelerated Beam. Transverse 
beam profile measurement in the lines after existing 
CIME cycloton will be carried out, in most cases, by 
profilers with gas circulation. The principle is like a gas 
ionisation chamber. The low limit for this profiler is due 
to the thickness of the input window. This sensor is under 
development and the results are very good: Résolution 
better than 1mm for 102 to 106pps with a gas pressure of 
10mbar of C4H10 or C3F8 and with an input window 
thickness of 6um of Mylar. 

 
 

 

Figure 9: Gas Profiler: view and principle. 

DIAGNOSTIC FOR RADIOLOGICAL 
DOSE CONTROL BY BEAM INTENSITY 

MEASUREMENT 
Beam intensity measurement by electric charge 

measurement is a possibility which has been studied. If 
the pollution by a stable beam is not too high, it would be 
interesting to use electric charge measurement to take a 
flow measurement on line, thereby limiting the activity 
downstream. For this, three solutions are studied. 

Beam Current Transformer 
It is designed for non-destructive measurement. 
The coil transformer only measures magnetic field 

variations so beam modulation is necessary. Since the 
best measurement resolutions at GANIL for these sensors 
are of the order of nAe (≈1010 pps), an absolute threshold 
under all conditions lower than ≈1011 pps cannot be 
guaranteed. 

Pick-Up  
For this measurement, beam modulation is necessary 

too. The best measurement resolutions for these sensors at 
low energy (20 keV) are of the order of 10nAe (≈1011 
pps), an absolute threshold under all conditions lower 
than ≈1012 pps cannot be guaranteed. 

 

 
Figure 10: Views of the GANIL pick-up. 

Faraday Cup Associated With a Fast Electro-
static Deflector 

In order to provide users with a beam which is as 
continuous as possible, a device equipped with an 
electrostatic deflector in front of a low intensity Faraday 
cup which integrates the average intensity could be 
installed. This electrostatic deflector could deflect, for 
example, at a frequency of 1 kHz, with a useful ratio for 
measurement of 5 %, leaving 95 % of the continuous 
beam for the users (Fig. 11).  

Figure 11: Faraday cup associated with a fast electrostatic 
deflector. 

In this case, a Faraday cup resolution of 2 pAe, by 
guaranteeing the "deflector" function, provides an indirect 
resolution of 36 pAe on the beam users. This device could 
control and guaranty in all circumstances a user beam 
threshold of about 360 pAe (2*109 pps). It is sufficient. 

CONCLUSION 
The feedback of the Ganil and Spiral1 operation is a 

major factor contributing to optimum design of the 
Spiral2 facility and definition of the beam tuning 
methods. The beam diagnostic definition benefits from 
this feedback. Some Spiral1 diagnostics will be reused; 
others are in development.  

However all diagnostics will have to answer:  
• new and strong nuclear environment requirements 

(remote handling, simplicity, robustness, reliability), 
• requirement for behaviour at high vacuum (low 

degassing rate at a pressure of 10-8 mbar in order to 
limit the beam losses in the n+ line). 
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Abstract 
The CNAO, the first Italian synchrotron for deep 

hadrontherapy [1-2], is presently in its final step of 
installation. It will deliver beam of both, Protons and 
Carbon ions, in three treatment rooms in order to treat 
solid tumours with active scanning technique.  
CNAO beams are generated by two ECR sources [3], able 
to produce both particle species,  and transferred to a RFQ 
and a LINAC through a Low Energy Beam Transfer line 
(LEBT) at 8 keV/u and then accelerated up to 7 MeV/u 
before being injected in the synchrotron ring [4]. 

A compact and versatile tank containing a complete set 
of beam diagnostic tools has been intensively used for the 
LEBT line commissioning successfully concluded in 
January 2009. In a length of 390mm, the tank houses two 
wire scanners, aimed to measure vertical and horizontal 
beam position and transverse profile, a Faraday Cup, for 
beam current measurement, and two vertical and 
horizontal metallic plates for beam halo suppression, 
emittance measurements, beam collimation and particles 
selection. 

Using one tank only, phase space distribution 
reconstruction can be quickly performed as well as 
synchronous profiles and intensity measurements. 
Five identical tanks are installed in the LEBT line [5], as 
consequence of a standardization strategy to improve 
diagnostic monitor knowledge and make maintenance 
easier. 

LEBT LINES GENERAL DESCRIPTION 

LEBT lines Beam Diagnostic (BD) elements are 
schematized in figure 1: the two sectors, called O1 and 
O2, are dedicated to the respective source and are both 
equipped with two diagnostic tanks and one 90° dipole 
spectrometer in order to make the tuning of each source 
independent from the use of the second one. When one of 
the Faraday cups upstream the first quadrupole triplet is 
inserted, the source can be monitored without interfering 
with the operation of the other one. Beam parameters can 
be measured also before the spectrometer dipole. The two 
sectors called L1 and L2, common for both the lines, 
include the beam injection chopper and a special Faraday 
cup (CFC) for beam current intensity monitoring. 

BD INSTRUMENTATION 

Slits 
Four Copper plates compose the slits: working two by 

two the plates create vertical and horizontal slits 

dedicated to beam scanning, phase space distribution 
measurements and particle specie selection (downstream 
the spectrometer). 

 

Figure 1: LEBT BD Instrumentation Layout with 
elements names. SLA are Slits, BWS are Wire Scanner 
in both planes, FCA is Faraday Cup, CFC is the Chopper 
Faraday Cup, PIA is Profile Grid and GCT is a current 
transformer. 

 
 

Moreover, the plates positioning around the beam allows 
the beam halo suppression. Slits plates are 1mm shifted 
longitudinally in order to allow their overlapping; they are 
also water cooled to dissipate the large beam power 
(360W). Each plate is driven by a brushless motor at the 
maximum velocity of 250 mm/s with a position accuracy 
of about 20 µm: absolute position is read through a linear 
potentiometer. Secondary electrons emitted as a result of 
interaction between the beam and the plates can be 
suppressed by polarizing the plates up to 1kV.
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Wire Scanner (WS) 
Each 390 mm LEBT tank houses two WSs, one 

horizontal and one vertical, which can be used to get the 
beam profile, and in consequence its barycentre, in 
scanning mode or to measure the beam position stability 
in watch-dog mode once positioned at the beam border. 
Beam profiles are computed after having synchronously 
acquired wire position versus wire current: the motion 
mechanics is identical to the slits one so the same kind of 
potentiometer is acquired with the same results in terms 
of accuracy and resolution. The wire is made of 0.1 mm 
diameter tungsten wire: one of the two ends is connected 
to a custom multi-gain amplifier which measures current 
signals from 1 nA to 1 mA at the maximum frequency of 
400 Hz.   
 

Faraday Cup (FC) 
The last installed element in the LEBT 390mm tank is a 

FC made with a Copper round 135 mm diameter cup 
moved by a pneumatic actuator: it can be used as beam 
stopper to close, for example, line O2 when the particle 
specie coming from O1 is required or to measure the 
beam current and ripple. If coupled with the upper stream 
slits the FC can performs profiles as well. A repeller ring 
electrode in front of the cup pushes back secondary 
emitted electrons while an extra grounded metallic ring 
between the repeller and the cup avoids that leakage 
currents deteriorate the beam intensity measurement. 
LEBT beam is continuous and its intensity is up to 15mA, 
before species selection; by consequence, the cup is water 
cooled in order to dissipate the beam power which can be 
up to 360W. The cup is directly connected to a custom 
multi-gain amplifier which has a bandwidth up to 15 kHz 
and a dynamic range from 100 nA to 100 mA.  
 

 

 

EXPERIMENTAL RESULTS 

Faraday Cup (FC) 
The primary use of the FC is the beam current 

measurement, which is reliable once the effect due to the 
electrons back scattering is suppressed applying a voltage 
to the repeller ring. Figure 2 reports the beam current read 
on the FC versus the voltage applied to the ring: the 
correct intensity measurement is made by setting the 
voltage at -350V (or above). 

A 390mm tank is also mounted downstream the 
chopper (tank called L2-014 in Figure 1) where the beam 
is normally pulsed by the electrostatic chopper. The 
electronic chain connected to all the FCs has been 
designed in order to follow the nominal chopped signal as 
well: one pulse of 100 µs duration every 2 seconds 
(Figure 3).   

 
 
 

The FC called O1-023F-FCA just downstream the 90° 
dipole can be used to measure the source spectrum in two 
different ways: one is moving the upstream horizontal slit 
acquiring the current on the FC at all the positions; the 
other method is the acquisition during the dipole ramping 
current. Figure 4 reports the spectrum using this second 
procedure. 

Wire Scanner (WS) 
The two horizontal and vertical WSs, mounted on the 

390mm tank, are used for beam profile, beam position 
and emittance measurements (once accomplished with the 
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Figure 3: Chopped beam on FC acquired at 25 kHz. 
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Figure 4: Carbon source spectrum obtained ramping the 
spectrometer during FC acquisition.  
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upstream slits): in order to increase the statistic, profile 
measurement consists of two scans, one entering and one 
coming out the tank. Figure 5 reports the two overlapped 
scans of the same measurement. 

 
Another use of the WS mounted in the 390mm tank is 

the watch-dog mode where the wire stays in a fixed 
position, normally at beam border. In case the wire stays 
always at the beam centre at the maximum current, the 
measured wire temperature never exceeds 300 °C which 
is far from the Tungsten wire melting threshold. 

Slit 
The four plates of the 390mm tank are used as beam 

halo suppressor, as collimator for particle selections or as 
slits for emittance measurements. In order to minimize the 
effect of the secondary electrons emitted once hit by the 
beam, the copper plates are all connected to a high 
voltage power supply (0÷1000V, 30mA). Figure 6 reports 
the comparison of two horizontal profiles taken with the 
same WS having slit plates of the same tank polarized at 
0V and at 50V. Exceeding 100V polarisation introduces 
distortions in beam trajectory and profiles.  

CONCLUSION 

In a single 390mm tank fully equipped with two WSs, 
four plates and a FC measurements of beam intensity, 
profile and source ripple can be performed. Moreover, 
combining different detectors of the same tank like WS 
and plates,  horizontal and vertical emittance can be 
quickly measured. During LEBT line commissioning, the 
emittance was computed from a sequence of WS profiles 
for different positions of the upstream 1mm slit. With a 
slit step of 1 mm the measure, on one single axis, takes 15 
minutes time. Figure 7 shows the vertical phase space 
distribution at the level of O1-023 tank. By using 
statistical emittance definition, RMS Twiss parameters 
and emittance value at 1 sigma are retrieved. The 
corresponding ellipse is draft on the plot with solid line. 
The dashed line ellipse is a reference ellipse the user can 
fix.  
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Figure 5: H3
+ beam horizontal profile in the tank  O2-

023 with the horizontal plates positioned in ± 5mm 
respect to the vacuum pipe centre.  
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Figure 6: Zoom of two horizontal WS left end profiles 
for different Slit plates polarisation voltage with 
Carbon ions beam. 

 

Figure 7: Vertical emittance (x, x’) measurement 
obtained moving vertical slit from -30mm to  +30mm 
and keeping horizontal plates  at -5mm  and +25 mm  in 
order to select H3

+ peak and stop all the other species. 
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BEAM DIAGNOSTICS AT THE ALBA LINAC

Abstract

The commissioning of the ALBA Linac (Autumn 2008)
required a careful measurement of the beam parameters.
This paper describes the diagnostics devices installed at the
ALBA Linac and our experience with them.

INTRODUCTION

The ALBA Linac was supplied by Thales Communi-
cations and installed in Spring 2008 at the CELLS site.
The installation of the first part of the transfer line Linac
to Booster (LTB) and the Diagnostics Line (Lidia) was
done simultaneously under the CELLS responsability. The
Linac beam commissioning was performed in Autumn
2008. More details about the Linac installation and com-
missioning are found at Refs. [1, 2].

The Linac is designed to work in two operational modes:
Single and Multi Bunch Mode (SBM and MBM, respec-
tively). In SBM, the Linac delivers up to 8 pulses with a
bunch spacing that can range between 6 and 50 ns, and a
maximum charge of 2 nC total. In MBM, it provides a train
between 112 and 1024 ns length with a maximum charge
of 4 nC and a fixed bunch spacing of 2 ns. The Linac spec-
ifications are listed in Table 1.

Table 1: Linac Parameters. The acronym “ptp” refers to
“pulse-to-pulse” variation (rms).

Parameter SBM MBM
# of bchs 1 ... 8 56 ... 512
pulse length, ns ≤ 1 112 - 1024
bch spacing, ns 6 - 50 2
charge, nC ≥ 1.5 ≥ 3
Bunch purity ≤1% ...
pos. stability* ptp ≤0.2 mm ≤0.2 mm
energy, MeV ≥100 ≥100
energy spread ≤0.5% ≤0.5%
energy var. ptp ≤0.25% ≤0.25%
norm. emit, μrad ≤30π ≤30π

Figure 1 shows a sketch of the Linac, LTB and Lidia with
the diagnostics systems. Thales respons bility ends af-
ter the diagnostics elements installed downstream the sec-
ond accelerating structure. All components installed after
that are CELLS responsability and their goal is to check
whether the Linac fulfills the required specifications.

This paper shows the diagnostics components installed
at the LTB and Lidia to check the main beam parameters,
that is: beam charge, position, and size. Description of
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Figure 1: Sketch of Linac and LTB, with the diagnostics
location.

FCUP

BPM BCMFCT

AE FSOTR

Figure 2: Diagnostics components at the Linac and LTB.

the emittance, energy and energy spread measurements is
shown in Refs. [2, 3]. Figure 2 shows a picture with the
diagnostics devices in the Linac and LTB, which will be
seen throughout the text.

BEAM CHARGE MEASUREMENTS

Beam charge measurements are done using the commer-
cially available Fast Current Transformer (FCT) and Beam
Charge Monitors (BCM) [4], and with in-house designs
manufactured by Cinel: Annular Electrode (AE) and Fara-
day Cup (FCUP).

Fast Current Transformers

Fast Current Transformers (FCT) are installed after each
active element in the Linac and LTB (see Fig. 1). In total,
we have 8 FCTs to monitor the transfer efficiency along
the line, and they all have been very useful throughout the
Linac commissioning.

Our model is the FCT-CF4”1/2-34.9-40-10:1, with a fre-
quency range 5 kHz - 1.4 GHz. This limited frequency
range implies that: 1) precise beam charge measurements
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should not be performed with this device, but use the BCM
instead; and 2) the influence of the 3 GHz bunching system
cannot be precisely distinguished. For this, we will better
use the AE – see next.

Beam Charge Monitors

The Beam Charge Monitors (BCM) measure the charge
of very fast pulses with high accuracy (resolution at the pC
level) by means of a capacitively shorted transformer cou-
pled to a fast readout transformer in a common magnetic
circuit [4].

The BCM is composed by an Integrating Current Trans-
former (ICT) installed at the vacuum chamber and the in-
tegrating electronics card. The ICT model is ICT-CF4”1/2-
34.9-40-05:1, the electronics card model is BCM-IHR-E.
Both components are “off-the shelf” units calibrated to-
gether to allow charge measurements with pC precision.

Their commissioning required due care with the timing
signal, and filter out the klystron noise. The latter was a
cumbersome task. Figure 3 shows the noise in the ICT
with no beam in the Linac but with the klystron “on”. This
signal is produced by ground loops from/to klystrons, and
as a result, the charge inferred by the BCM has an rms
noise 150 pC. These ground loops were finnally suppressed
wrapping the signal cable around a ferrite coil. Only then
the rms noise could be decreased then to 4 pC – see Fig. 4.

Figure 3: BCM signal with klystrons off (left) and on
(right). The pink trace shows the raw ICT signal (before
integration by the BCM-IHR-E). Integration by the BCM
card the klystron noise produces the 150 pC rms noise
shown in Fig. 4.

Annular Electrode

The advantage of the AE with respect to the Current
Transformers is its sensitivity and larger bandwidth, which
allows to distinguish low beam charges. However, they
must be calibrated using the BCM. The AE signal is con-
nected to a 4 GHz scope to see the 3 GHz Linac component
in case of phase mismatch. In any case, the scope uses a
10 dB attenuator because the AE signals can be larger than
10 V.

The large AE signals are used to perform bunch purity
measurements. Unfortunately, they are limited by ripples
and cable reflections to a 2.5%.
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Figure 4: BCM measurements with no beam in the Linac
and with klystrons “on”, with and without noise sup-
presion. The rms variation without noise suppression is
±150 pC, with noise suppression is only ±4 pC.

Faraday Cup

The FCUP is the last component at the Diagnostics Line
and it is mainly designed as beam stopper. Therefore, it is
optimized for charge collection efficiency rather than band-
width.

The charge measured from this device is calibrated ac-
cording to the measures of the BCM. The peak-to-peak
voltages measured with both AE and FCUP are about a
factor 5 larger than the ones measured by the FCTs (see
Fig. 5). As the AE, the FCUP signal was attenuated by
10 dB to protect the scope.

Figure 5: FCUP measurements compared with FCT sig-
nals. The FCT-Lidia signal is inverted because the coil is
installed backwards.

BEAM TRANSVERSE PROFILES AND
POSITION

The Linac specifications required a beam position stabil-
ity “within a 10% of beam size”. Transverse size and posi-
tion are measured with the Fluorescent Screen and Optical
Transition Radiation monitors (FSOTR). Beam position is
measured as well with the Beam Position Monitors (BPM).
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Fluorescent Screen and OTR

The transverse beam spatial distribution is measured us-
ing the “FSOTR”. This setup allows to introduce into the
beam’s path two kind of screens, which emit light upon col-
lision with the electron beam. The first screen is a YAG:Ce
screen that emits light by scintillation, the second is an
Al-foil that emits transition radiation. The light is finally
brought to the CCD camera using an optical system. More
details about this monitor can be found at Ref. [5].

The optical calibration was set individually for each
FSOTR monitor using reference marks at the screens. Typ-
ically, this was 1 pixel = 20μm. However, the absolute
position inside the vacuum chamber could not be precisely
calibrated. An example image of the beam out of the Linac
with the downstream quadrupoles “off” is shown in Fig. 6.

Figure 6: Image of the beam out of the Linac. The picture
size is ∼20x16 mm.

Figure 7 shows two histograms of the vertical beam cen-
troid’s position (left) and the corresponing vertical beam
size (right) inferred using the FSOTR. The absolute ver-
tical position is not properly calibrated and an arbitrarly
offset has been substracted.

We can see that the rms displacements in the vertical di-
rection are ±0.04 mm (rms). For an average beam size of
σy = 1.94± 0.02 mm (see Fig. 7, right), we conclude that
the vertical stability is 2%, much lower than the specified
10%. A similar analysis in the horizontal plane results in a
position stability below 1%.
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Figure 7: Variation of beam centroid (left) and size (right)
inferred using the FSOTR after 700 samples.

Beam Position Monitors

Beam transverse position using the FSOTR are found
with good precision, but its drawback is that it is a destruc-

tive method. It is therefore convenient to measure the beam
position using the 4-buttons BPM.

Most difficulties regarding the BPMs commissioning
were related to the proper electronics timing. Once this
was achieved, horizontal and transverse position were ob-
tained with an rms noise of ± 70μm – see Fig. 8. However,
this noise can increase by about a factor 3 in case of for low
charge beams (around 0.25 nC).
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Figure 8: Beam position variation measured with the BPM
after 2500 samples with a MBM of 4 nC.

SUMMARY

The experience with the diagnostics components at the
ALBA Linac and LTB are presented. All in all, our expe-
rience with these devices and their commissioning is good
and they allow a proper beam Linac commissioning. Only
the bunch purity could not be measured with the proper
precision. We would like to highlight that:
1) The charge measurements using the BCM is set to
± 4 pC after noise suppression.
2) Relative position pulse-to-pulse are better obtained with
the FSOTR (± 40 μm) than with the BPM (± 70 μm).
3) Due care shall be taken with the FCUP and AE because
their large signals compared with the FCT signals can dam-
age the scope.
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DIAGNOSTICS OVERVIEW FOR THE TAIWAN PHOTON SOURCE 

K.T. Hsu, C. H. Kuo, K. H. Hu, C.Y. Wang, NSRRC, Hsinchu 30076, Taiwan

Abstract 
 A new high brilliant 3 GeV storage-ring-based light 

source - Taiwan Photon Source (TPS), is planned to be 
built at National Synchrotron Radiation Research Center. 
Various diagnostics will be deployed to satisfy stringent 
requirements for commissioning, operation, and top-off 
injection of the TPS. Specifications and overview of the 
planned beam instrumentation system for the TPS are 
summarized in this report. The efforts including 
diagnostic devices and subsystems will be addressed also. 

INTRODUCTION 
The TPS project will be a state-of-the-art synchrotron 

radiation facility featuring ultra-high photon brightness 
with extremely low emittance. It consists of a 150 MeV 
S-band linac, linac to booster transfer line (LTB), 0.15–3 
GeV booster synchrotron, booster to storage ring transfer 
line (BTS), and 3 GeV storage ring. Latest generation 
diagnostic systems will equip TPS to fulfill its design 
goals. The storage ring has of 24 DBA lattices cells. It is a 
6-fold symmetry configuration. The main beam 
diagnostics related parameters for the storage ring are 
shown below in Table 1. 
 
Table 1: Major Parameters of the TPS Booster 
Synchrotron and the Storage Ring 

 Booster Synchrotron Storage Ring 

Circumference  (m) 496.8 518.4 

Energy  (GeV) 150 MeV – 3 GeV 3.0 

Natural emittance (nm-rad) 10.32 @ 3 GeV 1.6 

Revolution period (ns) 1656 1729.2 

Revolution frequency (kHz) 603.865 578.30 

Radiofrequency (MHz) 499.654 499.654 

Harmonic number 828 864 

SR loss/turn, dipole (MeV) 0.586 @ 3 GeV 0.85269 

Betatron tune νx/νy 14.369/9.405 26.18 /13.28 

Momentum compaction (α1, α2) - 2.4×10-4, 2.1×10-3 

Natural energy spread 9.553×10-4 8.86×10-4 

Damping partition Jx/Jy/Js 1.82/1.00/1.18 0.9977/1.0/ 2.0023 

Damping time τx/τy/τs (ms) 9.34/ 16.96 / 14.32 12.20/ 12.17 / 6.08 

Natural chromaticity ξx/ξy -16.86/-13.29 -75 / -26 

Dipole bending radius ρ(m) - 8.40338 

Repetition rate (Hz) 3 - 

 
To realize the benefits of the high brightness and 

small sizes of TPS sources, photon beams must be 
exceedingly stable both in position and angle to the level 
of better than 10% of beam sizes and divergence. Table 2 
provides the electron beam sizes and angular divergences 
for selected TPS sources. The most stringent beam 
measurement and stability requirement will be for the 

vertical position at the 7 m straight for ID source (σy = 
5.11 μm); this will require special consideration for 
measuring both electron and photon beams.  
 

Table 2: The Electron Beam Sizes and Divergence 

Source point 
σx 

(μm) 

σx’ 

(μrad) 

σy 
(μm) 

σy’ 

(μrad) 
12 m straight center 165.10 12.49 9.85 1.63 
7 m straight center 120.81 17.26 5.11 3.14 

Dipole (1o source point) 39.73 76.11 15.81 1.11 

LINAC DIAGNOSTICS 
The TPS 150 MeV linac system was contracted to the 

RI Research Instruments GmbH (former ACCEL 
Instruments GmbH) in December 2008 [1]. The delivery 
schedule is around the border of 2010/2011. Beam 
instrumentation comprises five YAG:Ce screen monitors 
for beam position and profile observation, two fast current 
transformers (FCT) to monitor the distribution of charge 
and one integrating current transformer (ICT) for 
monitoring total bunch train charge. Wall current 
monitors (WCM) formed by equally spaced broadband 
ceramic resistors mounted on a flexible circuit board, 
wrapped around a short ceramic break, will also give 
information on beam charge as well as longitudinal 
profiles of electron bunches. Linac diagnostics are 
summarized in Fig.1 and Table 3.  All of these mentioned 
diagnostics will be provided by the vendor. Acceptance 
test of the linac system will be performed at a temporary 
site near the TPS main building before its completion and 
move to the TPS building later. It is also planned that 
beam position monitors (BPM) might be added between 
accelerator sections are also planned. These BPMs will be 
useful for RF phasing monitoring, feedback control and 
on-line beam position jitter observation. 
 

 

Figure 1: Functional block diagram of the linac diagnostic 
devices. 

Table 3: Linac Diagnostics 

Monitor Quantity Beam parameters 
YAG:Ce screen 5 Position, profile 
WCM 1 Intensity distribution 
FCT 2 Intensity distribution 
ICT 1 Charge at exit of the 

linac 
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TRANSFER LINE DIAGNOSTICS 
Planned diagnostics for the LTB and the BTS [2] are 

summarized in Table 4 and 5 respectively. The YAG:Ce 
fluorescence screens will provide information on beam 
position and profile. The OTR screens are also considered 
to be used for high precision of beam emittance and 
energy spread measurement at the diagnostic branch of 
the LTB and at selected position of the BTS to avoid 
saturation of YAG:Ce screens. Integrating current 
transformer will provide information of beam charge pass 
LTB and BTS and hence on the beam losses during the 
injection cycle. The beam trajectory will be monitored 
with beam position monitors equipped with Libera 
Brilliance Single-Pass [3], its functionality is similar as 
the BPM electronics for the booster and the storage ring 
but is equipped with high gain analogue board to improve 
its performance for single pass measurement. 

 
Table 4: LTB Diagnostics 

Monitor Quantity Beam parameters 
YAG:Ce/OTR 
screen 

6 
 

Position, profile 
(1 at diagnostic branch). 
OTR screen will be 
adopted for the site of 
high precision profile 
measurement to avoid 
saturation of YAG:Ce 
screen. 

FCT 2 Beam intensity 
ICT 1 Beam charge 
BPM and single 
pass electronics 

7 Beam position 

Energy define slits 1 1 pair of horizontal blade 

Table 5: BTS Diagnostics 
Monitor Quantity Beam parameters 
YAG:Ce/OTR 
screen 

3 Position, profile, booster 
extraction beam 
emittance. 

FCT 1 Beam intensity 
ICT 1 Beam charge 
BPM and single 
pass electronics 

6 Beam position, relative 
intensity. 

BOOSTER DIAGNOSTICS 
Booster [4] diagnostics will provide beam parameters 

including orbit, working tunes, circulating current and 
filling pattern, emittances for both planes, bunch length. 
Planned diagnostics are summarized in Table 6. 
Fluorescent screens will be installed at injection and 
extraction section and at the other lattice cells to facilitate 
booster commissioning, troubleshooting and psychology 
needing – to see is to believe. The screen material will be 
YAG:Ce, which has excellent resolution of the beam 
image and exhibits high sensitivity and high radiation 
hardness. Booster orbit will be monitored with 60 BPMs 
with turn-by-turn capability. The BPM electronics will be 
the same as in the storage ring to simplify maintenance. 
The sum signal from the receivers can be used to monitor 
fast history of the beam current. 

Circulating current will be measured with Bergoz’s 
NPCT, while bunch pattern will be monitored with a fast 
current transformer. For tune measurement, the electron 
beam will be excited with white noise using striplines. 
The beam response will be observed with a real-time 
spectrum analyzer connected to the dedicated BPM 
buttons with the front end. There will be an extra set of 
striplines for a bunch cleaning system, for users who need 
a specific filling pattern in the storage ring. Synchrotron 
radiation from a dipole will be used to observe the beam 
profile during energy ramping and emittance 
measurements. The capability to monitor bunch length 
with a streak-camera will be also provided. 

 
Table 6: Booster Synchrotron Diagnostics 

Monitor Quantity Beam parameters 
NPCT 1 Averaged beam current 
FCT 1 Filling pattern 
BPM (4 button 
pick-ups) 

60 Beam position 

Set of striplines and 
amplifiers 

2 Betatron tune, bunch 
cleaning system. 

YAG:Ce screen 
(Fluorescent 
screen) 

6 Beam profile and 
position at injection,  
extraction, and every 
lattice cells. 

Synchrotron light 
monitor, profile 
and streak camera 
(visible light) 

1 Beam size (emittance), 
bunch length. 

Bunch cleaning 
system 

1 - 

 

STORAGE RING DIAGNOSTICS 
The beam diagnostics system is designed to provide a 

complete characterization of the beam and the TPS 
storage ring [5], including beam closed orbit, size, tune, 
circulating current, filling pattern, lifetime, chromaticity, 
beam loss pattern, beam density distribution, emittance, 
and bunch length. A large number of beam monitors and 
devices will be installed in the storage ring. The types and 
quantities of these devices are given in Table 7. 

A high precision DC current measurement will be 
provided by Bergoz’s NPCT. The NPCT device provides 
a resolution of better than 1 mA/Hz1/2 and has large 
dynamic range/ bandwidth, making it a versatile device 
for measuring lifetime and injection efficiency. Filling 
pattern of the storage ring observed from the sum signal 
of BPM buttons by wide bandwidth fast digitizer 
sampling at RF or a multiple of RF frequency, will enable 
measurement of the fill charge distribution of each bunch 
to better than 0.5% accuracy. This information is 
sufficient for filling pattern control in top-up operation 
and various studies. Each cell will have five standard RF 
BPMs mounted on elliptical chambers, up to two primary 
RF BPMs located in the ID straight section mounted on 
racetrack chambers; and up to two X-ray photon BPMs 
(XBPM) per beamline. To achieve the highest level of 
orbit measurement resolution, the optimization of the 

MOPD33 Proceedings of DIPAC09, Basel, Switzerland

01 Overview and Commissioning

126



button geometry to obtain a high level of BPM resolution 
for both standard and primary BPMs is in progress. 
Prototype BPM equipped with 6.5 mm button diameter 
and 17.7 mm separations on the 60x30 mm elliptical 
chamber has been implemented. The BPM constant is 
around 13 mm in both planes were achieved with 
adequate linearity. The primary BPM is planned to install 
in 20 mm height racetrack chamber with monitor 
constants around 9 mm. BPM mounted on 11 mm small 
gap ID chamber is also considered. Striplines and a 
bunch-by-bunch feedback system is also in design phase. 

 
Table 7: Storage Ring Diagnostics 

Monitor Quantity Beam parameters 
NPCT 1 Averaged beam current 

Beam lifetime 
Sum signal of BPM 
buttons 

1 Filling pattern 
Bunch current 

BPM (4 button 
pick-ups) 

168 7 BPM/cell 

Set of striplines and 
amplifiers 

2 Betatron tune, bunch 
cleaning system 
2 sets, 1 set = 4 
electrodes. 

YAG:Ce screen 
(Fluorescent screen) 

1 Beam profile and 
position just after 
injection septum 

PIN diode type 
beam loss monitors 

2 per cell Beam loss pattern 

Scintillation loss 
monitor 

10 High counting rate or 
integrated type beam 
loss monitor 

Scrapers 2 sets per 
plane 

1 set = 2 blades 

 
TPS will utilize a distributed beam loss monitoring 

system based on p-i-n diodes, which are commercially 
available. For the temporal distribution of the loss 
particles (on the scale of one turn) scintillation detectors 
will be used. These can also be used for monitoring the 
losses of injected electrons near the injection and RF 
straights. 

Two pairs of two-plane adjustable-position scrapers 
will be installed on the ring to be used both as protective 
devices as well as diagnostics instruments for accelerator 
studies. One set of scrapers (H/V) will be installed in the 
dispersive section to measure the energy distribution of 
the electron beam. Another set will be installed in a 
straight section with zero dispersion in order to have 
information on the transverse size of the electron beam, 
and to eliminate possible beam halos capable of affecting 
the insertion devices. 

The photon diagnostics for the TPS storage ring will 
utilize visible and X-ray synchrotron radiation generated 
in a bending magnet. Planned photon diagnostics devices 
are summary in Table 8. Visible light beamline will be 
built to measure various beam parameters by streak 
camera, CCD camera and interferometer. One or two X-
ray pinhole cameras imaging the electron beam from 
bending magnets is the baseline design for the TPS 
emittance measurement. As they offer the required 

resolution and the dynamic range to accurately measure 
the electron beam size, typically 40x15 μm2 for 1% 
coupling, at all currents from below 1 mA to 400 mA. 
Optimization of the X-ray pinhole system will give the 
possibility to measure very small beam sizes in a few 
microns typically. Its main function will be measurement 
of the electron beam energy spread and monitoring 
vertical beam size. Measuring the filling pattern by using 
time correlated single photon counting (TCSPC) method is also 
considered. 
 

Table 8: Storage Ring Synchrotron Diagnostics 
Monitor Quantity Beam parameters 
X-ray pinhole 
camera 

1 Emittance vertical and 
horizontal planes. 
Equilibrium profile 
Single turn profile 
Bunch-by-bunch 
profile. 

Time correlated 
single photon 
counting system 
(Visible light or X-
ray) 

1 Filling pattern 
Isolated bunch purity 

XBPM 1 or 2 per 
beamline 

Position and angle of 
ID radiations 

Visible light 
synchrotron light 
diagnostic station, 
Imaging and streak 
camera  

1 Alternative beam size 
measurement 
(emittance), either 
imaging the vertical 
polarized synchrotron 
light or 
interfereometer. 

Streak camera 1 Bunch length 

SUMMARY 
Beam diagnostics plans for the TPS project are 

summarized in this report. Detailed design is underway. 
The critical diagnostic systems, addressing beam stability 
and low emittance monitoring, are being investigated in 
the design phase. Delivering a best diagnostics system to 
satisfy stringent requirements of TPS is the goals. 
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“BUNCHVIEW” 
A FAST AND ACCURATE BUNCH-BY-BUNCH CURRENT MONITOR 

F. Falkenstern, F. Hoffmann, P. Kuske, J. Kuszynski,  
Helmholtz Zentrum Berlin, Germany

Abstract 
 BunchView is a system for the direct measurement of 

the current from each bunch circulating in a storage ring 
based on the analysis of the RF-signals delivered by a set 
of striplines. This paper describes the development, 
achievements, operation, and results of this fast and 
accurate bunch current monitor built for the BESSY and 
MLS storage rings. 

Using a combination of a 14/16Bit analog to digital 
converter (ADC), a high-speed FIFO, ECL technique, and 
FPGAs, a real-time measurement of the fill-pattern with 
high accuracy and bunch-by-bunch resolution was 
achieved. The results are identical to the fill-pattern 
determined by time correlated single photon counting 
based on synchrotron radiation detected with an 
avalanche photo diode. 

BunchView is fully integrated into the EPICS control 
system. The data provided by the BunchView monitor 
give accurate bucket position in the ring and bunch 
current over a wide dynamic range. The smallest 
measured single bunch current is less than 100nA. In the 
future the system will be used in the top-up mode of 
operation in order to inject beam into the emptiest buckets 
and thus keep the fill-pattern stable over longer periods of 
time. 

INTRODUCTION 
 The BESSY machine is a third-generation light source 

operating at energy of 1.7 GeV with a stored current up to 
300 mA. In the storage ring, electrons might be stored in 
any pattern consisting of up to 400 bunches. Knowledge 
of the fill-pattern of the buckets in a ring is very 
important, especially as more sophisticated time-resolved 
experiments are considered. At the time, BESSY has three 
modes of operation with special fill pattern: 1st the multi 
bunch (MB) mode with 350 consecutive filled buckets 
and a gap of 100 ns for ion-clearing, 2nd the single bunch 
mode (SB) with up to 20 mA, and 3rd the hybrid mode 
where a single bunch of 10 mA is injected in the middle 
of the gap. The operation in top-up mode [1] requires a 
real-time, high resolution determination of the current 
stored in each individual bucket. 

DIAGNOSTIC TASK 
 We looked for a detection system, which monitors the 

current in each bucket with more than 12 bit accuracy and 
updates the whole fill-pattern of 400 bunches in less than 
100 ms. Moreover, the system must be synchronized to 
the timing control at BESSY and thus gets the bunch 

number and its corresponding current value as shown in 
Figure 1. 
 

 
Figure 1: Fill-pattern in the storage ring. 

 
Unfortunately, all commercial oscilloscopes have less 

than 8 bit amplitude resolution at the 500 MHz analog 
bandwidth.The best ADC-cards reach at best 10 bit 
resolution. The main reason is the track-and-hold (T/H) 
amplifier in the front-end of the ADC where the analog 
value is stored during the digitalisation process [2]. The 
hold time is essential for the amplitude resolution of the 
ADC. At present, many ADCs with a 14/16 bit amplitude 
resolution and an analog bandwidth of more than 500 
MHz are on the market. But they all have a sampling rate 
below 130 MHz. Operating many ADCs in parallel would 
overcome this limit, however, would also lead to a more 
complicated design and a larger size. An alternative 
method for the data acquisition based on only one ADC 
and undersampling is used in our monitor and will be 
described in detail below.  

PRINCIPLE OF MEASUREMENTS 
 In the storage ring the bunches circulate with a well 

defined revolution time which is 800 ns in case of the 
BESSY storage ring. Thus every revolution time the same 
bunch passes by the monitor. It is not necessary to detect 
all the bunch currents during just one revolution because 
the distribution of electrons distributed over the buckets 
does not change that fast. In addition we wanted to 
average the bunch current values over longer times in 
order to get a better resolution. Therefore, we decided to 
use signal undersampling  [3]. 

For a better understanding, first consider a model of the 
storage ring with only 16 bunches as shown in Figure 2. If 
only every fifth bunch is sampled we catch all bunches in 
5 revolution times and we get the following array of 
digitized bunch intensities: 
 “1,6,11,16, 5,10,15, 4,9,14, 3,8,13, 2,7,12”. 
 
 
 
 

1  2   3   4         400    200 

Current 
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Figure 2: Simplified model with 16 bunches. 
 

With 400 bunches we can not sample every 5th bunch, 
because we will not catch all bunches in this case.  

For 400 and 80 we decided to take a divisional number 
7, and so we sample each seventh bucket in the storage 
rings. In this way we have in 800*7 ns (BESSY) the 
complete fill-pattern (the whole current information from 
each bunch) as shown in Fig. 3 and thus the sample rate is 
reduced to 71.4 MHz (500 MHz/7) well within the 
specifications for our ADC . 
 

 
Figure 3: If every 7th bunch is sampled it takes 7 
revolution times to acquire the information from each 
bunch once. 

HARDWARE AND SOFTWARE 
 The original charge of each bunch can be converted in 

an electric pulse with different special current sensors in 
the vacuum pipe of the storage ring. We have knob-type 
BPM pick-up electrodes, a ring electrode and a set of 4 
striplines at BESSY. The pick-up electrodes are not used, 
because they deliver a rather low signal. The ring 
electrode provides a 1.5 V peak to peak signal for a 
charge of 0.8 nC corresponding to 1 mA current in the 
bunch. This sensor is immune to orbit fluctuations in the 
ring and requires only one vacuum feed through in the 
vacuum pipe. We have achieved the best results with a set 
of 15 cm long striplines. They provide a 4.5 Volt signal 
for 1 mA bunch current. As shown in Fig. 4 the signal has 
a very good time response with 50 ohm input impedance. 
 

 

 
 
Figure 4: Voltage signals from stripline (in green) and 
ring electrode (in blue) for a single bunch (0.4 mA) 
circulating in the storage ring BESSY acquired by a real-
time oscilloscope with bandwidth of 500 MHz. 
 

A fast current sensor with high sensitivity and low loss 
cables are very important for accurate measurements. Bad 
cables and poor connections to the ADC-board lead to 
impedance mismatch and cause reflections. A major 
problem of the current sensor is the time response. The 
signal from bunches in a train should not overlap. Even 
with the stripline electrodes the signal of a single bunch 
extends over 2.3 ns. Note, the bunch spacing could be 2 
ns. In order to compensate that, we reshaped the pulse 
response with a 500MHz low pass filter (LPF) so that 
influences from neighbouring bunches on the signal are 
minimized (Fig. 5). 
 
 
 
 
 
 
 
 
 
 
Figure 5: Sampling of the signal from equally populated 
neighbouring bunches. Signal interference has been 
reduced with a LPF. 
 

The assembly of the electronics system consists of three 
main parts. The evaluation board ADC from the Analog 
Divices, Inc., our control development system and one 
PXI PC with a FPGA card from the National Instruments, 
Inc. (Fig. 6).  

The power combiner makes the signal less sensitive to 
the beam position. The filtered bipolar and attenuated sum 
signal is digitized with the ADC. The sample clock signal 
for the ADC is derived from the RF master  
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Figure 6: Hardware of the measurement system 
BunchView. 
 
clock (500 MHz). A low jitter ECL divider and an ECL 
delay [4] are used in order to create the appropriate 
sampling times for the acquisition of the top of the signal 
amplitudes (Fig 3 and 5). The digital data delivered by the 
ADC are stored in the FIFO. In the 32K*16 bit FIFO up 
to 80*400 values can be stored. In the next step the data is 
transferred into the FPGA card (Fig. 7). 

 

 
 
Figure 7: PXI Chassis containing an Embedded System 
Controller, the BunchView module and the FPGA card. 

 
The fast digital processing in the FPGA card under 

LabVIEW averages the bunch current for each of the 400 
buckets and stores them in the system controller. The 
LabVIEW host program sorts the data in the right order of 
bunch number, converts the ADC bits to  current (Fig.8), 
calculates the injection rate, life time, etc. and updates the 
corresponding EPICS variables. 

 
 
Figure 8: Typical Hybrid fill-pattern at BESSY  measured 
with the BunchView system. 

SENSITIVITY AND LINEARITY 
 For the test of the sensitivity and the linearity of the 

BunchView system, a current of 1 mA was injected into 
the storage ring and a scraper was used to reduce the 
current gradually over a period of two hours. During this 
time, the SB current was measured simultaneously with 
our two DCCTs, a photodiode of the PTB [5],  and the 
BunchView system. The results are shown in Figure 9. 
 

 
Figures 9: Confirmation of the very good linearity and 
high sensitivity of the BunchView system between 0.7 
mA and 700 nA. 

SUMMARY 
 BunchView, a bunch-by-bunch current diagnostics 

system, based on digital sampling of beam induced 
stripline signals with a 14/16Bit ADC, has been 
developed at BESSY and was installed successfully in the 
BESSY and MLS storage rings. The visualization of 
details of the fill-pattern already during the injection 
process gives the operator important information: like 
false SB position and poor SB purity, poor gap clearing 
efficiency, etc, which can be immediately corrected. The 
system is also an indispensable tool for low intensity 
studies during machine development runs. 
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IMPACT OF ENVIRONMENTAL VARIABILITY ON VIBRATING WIRE 
MONITOR OPERATION 

S.G. Arutunian, M.A. Davtyan, I.E. Vasiniuk, Yerevan Physics Institute, Yerevan, Armenia 
J. Bergoz, Bergoz Instrumentation, Saint Genis Pouilly, France  
G. Decker, Argonne National Laboratory, Argonne, IL, USA 

G.S. Harutyunyan, Yerevan State University, Yerevan, Armenia 

 

Abstract 
The Vibrating Wire Monitor (VWM) was developed 

for precise transversal profiling/monitoring of charged 
particle/photon beams. The extremely high sensitivity of 
VWM is achieved by sensitivity of wire natural 
oscillation frequency to wire temperature. Due to the 
rigidity of the wire support structure, the VWM is also 
sensitive to the environmental parameters. In this paper, it 
is shown that the main parameter of influence is the 
ambient temperature. The magnitude and 
character of this influence is investigated along with the 
effect of electromagnetic interference on the VWM 
electronics in an accelerator environment. 

INTRODUCTION 
VWMs for accelerator beam instrumentation are based 

on the change in the natural oscillations frequency of a 
vibrating wire depending on the temperature of the wire 
and environment in which oscillations take place [1]. 
During operation these conditions (VWM sensor and 
electronics temperatures, electromagnetic interference 
from high power accelerator elements, hyper-radiation, 
presence of high electric and magnetic fields etc) can 
change, leading to shifts in measurements.  

In vacuum the dominant effect is the sensor 
temperature since the resonant frequency in first 
approximation depends exceptionally on the mechanical 
properties of resonator and weakly depends on 
electronics.  

 

 
Figure 1: VWM005 reacts to the current change in APS. 

Experiments at the APS ANL [2], [3] showed that a 
five-wire VWM005 reacts to electron beam current even 
in the case when beam synchrotron radiation does not 
touch the vibrating wire. In this experiment, a VWM was 

mounted at terminating flange of APS storage ring. We 
explained this behaviour by shifts of copper flange 
temperature. In Fig. 1 we present the time dependence of 
the VWM005 first wire frequency shift (right axis) that 
correlates with beam current (left axis). At right axis we 
also present the calculated wire temperature with shifts of 
about 2 K and 30 min relaxation time. 

EXPERIMENTS 
VWM Dependence on Ambient Temperature 

To decrease VWM dependence on ambient temperature 
normally we choose wire material and housing material 
with the same thermal expansion coefficients. But to 
accent the question we analyze a sensor with wires and 
housing made by different materials (housing – bronze, 
first wire – Kanthal, second wire – stainless steel). As a 
reference thermometer we used Platinum resistive 
temperature detector Pt100 (RTD) with 0.03 °C accuracy. 
Measurements were done by Eurotherm model 2416 PID 
controller. Calibration of VWM is presented in Fig. 2. 

 
Figure 2: Calibration of two-wire VWM: magenta – 
Kanthal, blue –stainless steel. 

The mean dependences on ambient T are 12.540 Hz/K 
(in range 6600-7100 Hz) for Kanthal wire and 11.785 
Hz/K for stainless steel wire. The frequency measurement 
accuracy was about 0.01 Hz corresponding to 0.8 mK 
temperature drift. This value is extremely small so the 
long-term temperature measurements require detailed 
investigations to determine the stability of the VWM 
measuring system. Measurements with VWM and with 
Pt100 have some essential differences: 
• The sensitive element of VWM has a mass of about 2 

mg that is less massive than Pt100 (about 50 mg) 
although VWM contains housing of about 100 g 
surrounding the wire. 
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• The autogenerator current for VWM does not exceed 
1 mA so the self dissipative power for VWM is about 
10 mW which is at least one order smaller than for 
Pt100. 

• The VWM frequency measurement scheme in fact is 
numerical in contrast to analogue scheme of 
measurements via Pt100. 

• In case of air usage VWM wire is affected by air 
pressure and humidity and it seems that this problem 
is less essential for Pt100. 

Mercury Thermometer Regulated Thermostat 
For long-term drift measurements we prepared a 
thermostat on the basis of a mercury contact thermometer 
that regulates the absolute level of temperature. By tuning 
of the power supply driving the heater on/off control, we 
achieved reasonable oscillation of the temperature about 
0.6 0C by Pt100 thermometer. The oscillation amplitude 
measured by VWM was 0.1 0C because of greater 
thermal inertia. The typical temperature paths collected 
by Pt100 and VWM are presented in Fig. 3. 
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Figure 3: Thermostat on mercury thermometer base: 
signals from Pt100 and VWM are presented. 

Temperature oscillation period was about 3 min and 
because of different thermal inertia the phase shifts 
between Pt100 and VWM readings are seen. 

Dependence on the Electronics Temperature  
To compare measurements of temperature via VWM 

and Pt100 we placed the sensors in mercury thermometer 
controlled thermostat and put both electronic units in a 
box that slowly thermocycled in range 10 0C...65 0C.   
The time resolved signals are presented in Fig. 4. Notable 
is the difference in temperature scales. The Pt100 
readings show mean temperature shifts about 1 0C when 
mean temperature of the VWM readings remain stable. 
We also calculated the differences in subsequent readings 
of Pt100 and VWM. Because of very slow drift of mean 
temperature these values represent the measurements 
errors. Ninety three % of all readings for the VWM lies in 
range ±0.0015 K while the same fraction for Pt100 lies in 
range ±0.06 K.  The dependences of Pt100 and VWM 
temperature measurements on the temperature of sensor 
electronics are presented in Fig. 5. The drift of VWM 
measurements is essentially absent and for Pt100 we have 
about -0.02 K_of_readings/K_of_electronics. 

 
Figure 4: Thermometers are in mercury thermostat and 
the electronics are thermocycled. 
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Figure 5: Comparison of the Pt100 and VWM readings 
dependences on electronics temperature.  

Same VWM Sensor and Few Electronic Units 
To investigate how large is VWM temperature 

dependence on the electronic unit components we 
prepared the following experiment. We placed the 
VWM005 in mercury thermostat and used one of the 
wires as reference. The measurements  of frequency we 
provided by 3 electronic units with different essential 
components (the operational amplifier in autogeneration 
circuit was chosen from OP37 and NE5534 with different 
slew rate, the field-effect transistors used in amplitude 
stabilisation scheme were chosen from 2N3819, 2N5459 
and КП305Е). The electronic units were thermocycled in 
the range 20 0C...60 0C.  Each electronic unit contains a 
separate quartz generator IQXO-22C 4.0000M type. 
Measurements were provided subsequently by specially 
developed PC controlled multiplexer. For each unit 
switch on new generation of oscillations by 
autogeneration scheme about 1 s was needed so for every 
polling 8 s was chosen. This time was enough to prepare 
4-6 correct 1 s measurements.  Readings were written to a 
file every second with a special program that extracted 
unwanted points. The results of the experiment are 
presented in Fig. 6. In red the box temperature that 
contained electronic units is marked. As one can see, very 
small shifts between units are observed. The readings 
from the fourth (magenta) unit were shifted at 0.1 Hz in 
room temperature but this shift remained constant at units 
heating compared to the fifth unit (green). The shift 0.1 
Hz can be explained by the different quartz generators. 
And vice versa the readings of the fifth unit at 
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temperatures near 60 0C decreased compare to the third 
one (blue). 

 
Figure 6: Comparison of the different electronic units 
with the same VWM sensor. 

VWM Regulated Thermostat 
To improve the mercury thermometer thermostat we 

prepared a thermostat on the VWM basis. The 2-wire 
VWM was used and PID (proportional, differential, 
differential) control was applied according to one of the 
VWM wires signals. Simultaneously the second wire 
frequency was measured and for reference the 
temperature by Pt100. Sensor Pt100 was mounted on the 
top side of VWM housing.  

 
Figure 7: Results of thermostat regulated by VWM 
thermometer. 

The results of 2.5 days of data collection are presented 
in Fig. 7. Since the readings from first VWM wire 
(magenta) was used in control by PID-algorithm as 
reference the time drift of this signal is absent. The 
second wire measurements show small drift about -0.005 
K/day as compared to 0.02 K/day for Pt100 
measurements. 

Electromagnetic Interferences 
For an experiment at the APS in Jan 2008, the 

electronics of the VWM was placed in the accelerator 
tunnel in immediate vicinity of magnets. The algorithm 
for frequency calculation in the VWM is based on the 
counting of periods of oscillation inside of a one second 
interval. Count of periods by PIC family microcontroller 
was provided by external interrupts of measuring signal 
edge rising. Electromagnetic interferences can create 
signal edges counted as additional period of oscillations. 

Each error produces a constant shift of about 1 Hz in 
frequency measurement. This produced divisible to 1 Hz 
jumps in data. Effect also depends on specific 
microcontroller parameters. Typical situation for 
VWM005 is presented in Fig. 8. The problem can be 
solved mathematically by special software that past 
together split data (see Fig. 9). It is preferable to solve this 
problem by dividing the electronic units of the VWM into 
two parts: an autogenerator unit and a measurement unit. 
The first one must be placed in tunnel in which the 
sinusoidal amplified signal is produced and transfer to the 
control panel. At the input of measurement unit with 
microcontroller a special block of low frequency filters 
must be installed to remove high frequency disturbances.  

 
Figure 8: Electromagnetic disturbances 1.04 Hz steps. 

 
Figure 9: Mathematical treatment of split signal. 

CONCLUSIONS 
Experiments show that the parameters of absolute 

stability of VWM temperature measurements are superior 
to RTD so the VWM can be used not only for beam 
diagnostics but also for precise and stable thermometry, 
e.g. for precise measurement of the magnet cooling water 
temperature with a resolution of 0.01°C [4].  

REFERENCES 
[1] S. Arutunian, Vibrating wire sensors for beam instrument-

ation, BIW08. 
[2] G. Decker, S. Arutunian, M. Mailian, G. Rosenbaum, First 

vibrating wire monitor measurements of a hard x-ray un-
dulator beam at the Advanced Photon Source, DIPAC07. 

[3] G. Decker, S. Arutunian, M. Mailian, I. Vasiniuk, Hard x-
ray synchrotron measurements at the APS with vibrating 
wire monitor, BIW08.  

[4] T. Fukui et al., High precision temperature measurement 
system, ICALEPCS99. 

Proceedings of DIPAC09, Basel, Switzerland MOPD41

06 Beam Charge Monitors and General Diagnostics

133



PROFILEVIEW - A DATA ACQUISITION SYSTEM FOR BEAM INDUCED
FLUORESCENCE MONITORS∗

R. Haseitl, C. Andre, F. Becker, P. Forck, GSI, Darmstadt, Germany

Abstract

Along the GSI linear accelerator, several Beam Induced
Fluorescence (BIF) monitors are installed. Due to the
non beam-intercepting measurement principle, multiple
BIF monitors can be active simultaneously to observe the
beam at different locations. For this novel possibility, the
software called ProfileView has been developed, allowing
users to view beam profiles coming from several BIF moni-
tors. This contribution describes the different hardware de-
vices of the GSI BIF monitor installation and the according
software to control these devices.

MOTIVATION

Beam Induced Fluorescence monitors determine the
transversal beam profiles without beam disturbance [1].
Therefore, they are well suited to observe the beam at sev-
eral positions in the accelerator at the same time. Presently,
two BIF monitors are installed in the GSI linear accelera-
tor. In the next two years, a final number of seven BIF
monitors will be installed to observe the beam throughout
the linear accelerator and in the transfer line to the syn-
chrotron. The readout of the two image intensified cameras
of a BIF monitor has formerly been realised with outdated
LabView programs. Just one camera could be monitored
at a time, so horizontal and vertical profiles had to be mea-
sured successively. The new software called ProfileView
overcomes these limitations and allows machine operators
to view multiple BIF monitors at the same time through
an easy-to-use graphical user interface (GUI) which can be
seen in Fig. 1. Up to three different BIF monitors can be
observed and compared at once. By default, the pressure
is the only parameter to tweak the signal strength. For ad-
vanced users, every parameter of the system can be fine-
tuned in a password protected ‘Expert mode’.

HARDWARE

The hardware of the BIF system is in wide parts similar
to the hardware of the BeamView system for scintillator
screens [2]. Each BIF monitor consists out of the following
hardware components depicted in Fig. 2:

• two FireWire cameras (for the horizontal and the ver-
tical profile) with multi-channel plates (MCPs) for im-
age intensification and remote-controllable irises

• a National Instruments Compact Vision System
(CVS) [3] or standard PC for camera readout and dig-
ital image processing

∗Work supported by EU, project FP6-CARE-HIPPI

Figure 1: ProfileView graphical user interface.

• Ethernet connected DAC electronics for iris and MCP
amplification control

• pressure control unit to inject defined gas pressures
into the beam pipe

• timing decoder to trigger the cameras and the image
intensifiers

• remote controllable power plugs to reset system com-
ponents

• a computer running ProfileView to display images and
projections and control all hardware devices

Image Acquisition System

To acquire images, standard FireWire cameras (Basler
A311f) have been equipped with custom made image in-
tensifiers (Proxitronic) for single photon detection. The
cameras are connected to dedicated image processing hard-
ware, acting as middle layer between the camera and the
computer running the GUI. For this purpose, an embed-
ded system (National Instruments Compact Vision Sys-
tem 1456 [3]) can be used. This embedded computer is
equipped with FireWire interfaces, an FPGA with digital
I/Os, network connectivity, a 733 MHz CPU, 128MB RAM
and 256MB non-volatile storage. The CVS is capable to
control up to 16 cameras connected via FireWire hubs, with
four of them running simultaneously. It is programmed via
LabView Realtime, FPGA and Vision packages. It is also
possible to use a standard Windows PC with FireWire ports
and an FPGA card instead of the CVS to achieve higher
system performance. Besides some minor adaptations, the
software for the CVS and the PC is the same.
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Figure 2: Schematic of the BIF monitor hardware.

Supplemental Hardware

Every device in the BIF system is controlled via Ether-
net. To trigger the cameras and the MCPs with respect to
the beam pulse, a programmable timing interface is used.
The camera iris and the MCP amplification are controlled
by a simple DAC electronics. A commercial pressure con-
trol unit (Pfeiffer RVC300) creates the pressure bump in-
side the beam pipe for gas excitation. The typical pressure
range for BIF operation is between 10−7 and 10−5mbar,
using nitrogen as working gas. For remote reset capabili-
ties, all devices are connected to remote controllable power
plugs. In case of malfunction, each device can be reset sep-
arately. To minimize radiation damage, most of the active
electronics is placed outside the accelerator tunnel.

SOFTWARE

The software of the whole BIF system is split into two
parts: The image acquisition software is written in Lab-
View and running on the CVS (or PC). The other part called
ProfileView is written in C++, displays images and controls
all system devices. The CVS and ProfileView communi-
cate with each other via standard Ethernet.

Software on the CVS

The part of the software running on the CVS is respon-
sible for acquiring images and performing calculations on
the image data like the computation of projections or his-
tograms. This data is sent across the network to the PC run-
ning ProfileView. A specification of the requirements for
the CVS software has been created and given to an external
company which developed the LabView application and a
C++ application programming interface (API) for Profile-
View [4]. It has been implemented to serve both use cases,
scintillator screens and BIF monitors. The CVS software
offers the following features:

• control up to four cameras simultaneously
• calculate histograms and projections of the incoming

images

• buffer data in case of heavy network traffic or unavail-
ability of the client

• disable triggers in the FPGA in case the camera is
busy processing the last frame

• send the results via Ethernet
• XML interface for CVS and camera control

The functionality is realized with independent image ac-
quisition threads, each controlling one active camera. The
default behaviour is sending of projections only (without
the original images) to save network bandwidth. If the user
wants to observe and save the original images too, it can
be enabled in the Expert Mode. The typical bandwidth of
uncompressed images with 5 Hz is around 24 MBit/s per
BIF monitor. The system is controlled by human readable
XML commands, sent over the same socket connection as
all other data. To deliver images, processed data and com-
mand responses, an application layer protocol is used to
distinguish between XML and binary data. The API allows
easy access to the arriving data and command submission.
Communication takes place over standard Ethernet sock-
ets using the TCP/IP protocol. Since Ethernet is a non-
deterministic technology, buffers are implemented on the
CVS. When there is heavy network traffic or the client is
not ready to receive data, the CVS stores all data in a con-
figurable ring buffer. The submission is continued as soon
as the network is not overloaded any more or the client ac-
knowledges the reception of the last data package.

ProfileView

The software part called ProfileView is responsible to
receive data from one or more CVS systems and to control
all supplemental hardware devices. To understand the in-
teraction of the different classes, a typical startup of a BIF
monitor and the following data flow is described:

As soon as a detector is selected in ProfileView, the
startup sequence initializes the horizontal and vertical cam-
era of the BIF monitor. The startup procedure sets cam-
era specific attributes, e.g. integration time, gain or video
mode. When the cameras are initialized and waiting for
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triggers, the CVS is informed to calculate projections of
the images arriving in the future and to forward them to the
computer running ProfileView.

After camera initialisation, the value for the demanded
pressure is sent to the pressure hardware. The pressure
control class is implemented as a separate thread, which
requests the current pressure in the beam pipe every three
seconds. When the user wants to set a pressure, the new
value is sent to the hardware and the valve opens to adjust
the new pressure accordingly. To avoid flooding the accel-
erator with atmospheric pressure, only predefined values
can be set. An arbitrary value can be entered in the pass-
word protected ‘Expert Mode’.

A network connection is established to the DAC elec-
tronics controlling the camera iris and the MCP. For rea-
sons of hardware protection, the connection has to remain
open and the demanded values have to be sent every few
seconds. In case of an unexpected disconnection, the hard-
ware closes the iris and shuts down the amplification volt-
age. This way the MCPs will be left in a safe state in case
of a network or software error. For reliability and safety
reasons, the GSI-built DAC electronics will be replaced by
a commercial programmable logic controller in the future.

Finally the timing hardware is initialized. As soon as
the desired event occurs on the GSI timing bus, the timing
hardware sends a trigger to the camera to start acquisition
of an image and a gate to activate the MCPs.

Once an image arrives at the CVS over the FireWire bus,
the projections are calculated and stored in a buffer. A
‘network sender’ thread takes the oldest buffer element and
sends it to the computer running ProfileView. Projections,
histograms and images are transferred as binary data, error
messages and commands as XML strings.

The complete programming of ProfileView is done in
C++ using the Qt framework [5] for platform indepen-
dent GUI, thread, network and XML functionality. For
data processing, extensive use of the Qt signal/slot mecha-
nism is made. When data has been read from the network,
a Qt signal, comparable to an interrupt, is raised, with a
pointer to the new data as an argument. The GUI layer re-
ceives this signal and updates itself with the new data. To
avoid read/write concurrency issues, memory locking and
acknowledge mechanisms have been implemented. Each
hardware device is represented as separate Qt class. A class
called gsiBifMonitor combines all device classes into a vir-
tual representation of the physical hardware setup.

USER EXPERIENCE

Typical frame rates in operation are between 5 and 10
Hz. The maximal achievable frame rate of the system de-
pends on the hardware and the data rate (see Table 1). If
just the projections are sent to the client, the frame rate is
between 50 and 66 frames per second (fps). If the orig-
inal images of one or both cameras are requested addi-
tionally, the maximal frame rate drops considerably and a
PC should be used. The data rate of a BIF monitor trig-

Table 1: CVS vs. PC Performance Comparison

Requested data CVS 3 GHz PC

projections only ∼50fps ∼66fps
proj. with one image stream ∼14fps ∼52fps
proj. with two image streams ∼8,33fps ∼37fps

gered with 20 Hz grows from 0.8 MBit/s (projections only)
over 50 MBit/s (projections and one image stream) to ∼110
MBit/s when both original images are requested. The CVS
systems are used for historical reasons, easy system setup
and their reliability in operation due to the real-time op-
erating system and the robust hardware. A Windows PC
is faster and cheaper, but the non-deterministic operating
system can cause an error in very rare occasions.

Figure 3: Comparison between a false-color image of BIF
and a secondary electron emission grid (SEM).

The results of BIF measurements show the functionality
of the measurement principle for different ions in the en-
ergy range from 1.4 to 750 MeV/u [1]. For lower energies,
secondary electron emission grids (SEM) are the standard
diagnostic device at GSI. To validate the measurements of
the BIF monitors, data of both systems has been compared.
The profiles (average of 5 beam pulses) of a high current
(4.5 mA) Ar1+ beam with 1.4 MeV/u show good agree-
ment in width and shape between BIF monitors and SEM
grids (see Fig. 3 [6]).
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IMPLEMENTATION OF THE ELECTRONICS CHAIN FOR THE BUNCH
BY BUNCH INTENSITY MEASUREMENT DEVICES FOR THE LHC

D. Belohrad∗, O. R. Jones, M. Ludwig, J. J. Savioz, S. Thoulet, CERN, Geneva, Switzerland

Abstract

The fast beam intensity measurements for the LHC
are provided by eight Fast Beam Current Transformers
(FBCT). Four FBCTs installed in the LHC rings are
capable of providing both bunch-by-bunch and total turn-
by-turn beam intensity information. A further four FBCTs,
two in each of the LHC dump lines, are used to measure
the total extracted beam intensity. In addition to providing
intensity information the ring FBCTs also send signals
to the machine protection system. This increases the
complexity of both the RF front-end and the digital
acquisition parts of the signal processing chain. The aim of
this paper is to discuss the implemented hardware solution
for the FBCT system, in particular with respect to the
signal distribution, FPGA signal processing, calibration,
and interaction of the FBCTs with the machine protection
chain.

INTRODUCTION

The fast BCT measurement system consists of a Bergoz
type transformer with a bandwidth from 400Hz to 1.2GHz.
This is followed by an RF front-end consisting of an
RF distributor, analogue integrator and beam circulating
flag (BCF) detector, before entry into a 14bit digital
acquisition system.

A simplified block schematic of the fast intensity
measurement system is depicted in Fig. 2. In order to
maintain the compatibility of the CERN-SPS and the LHC
FBCT systems it was decided to use a digital processing
chain based on the CERN-SPS system. This uses a
DAB64x acquisition card developed by TRIUMF (Canada)
on which are mounted two Individual Bunch Measurement
System (IBMS) mezzanine cards [1]. The mezzanine cards
are used to integrate the incoming signal using a 40MHz
integrator ASICs developed for the LHCb experiment. The
integrated signal is then digitized and processed on the
DAB64x card to produce bunch-by-bunch intensity values.

Four channels (2 DAB64x boards) are used to provide
measurements in two dynamic ranges: high gain with full
scale=2 × 1010 and low gain with full scale=2 × 1011

particles. For each dynamic range the measurements can
be acquired with a high bandwidth (HIBW, 200MHz)
for bunch to bunch measurements and a low bandwidth
(LOBW, 2.5MHz for low gain and 1.5MHz for high gain)
for a timing insensitive total intensity measurement.

∗ david.belohrad@cern.ch

SIGNAL DISTRIBUTION

The purpose of the RF distributor is to split the beam
signal appearing at the output of the transformer [2] into a
total of six outputs. Four of these outputs are used for the
measurement, and are connected via appropriate protection
circuitry to the IBMS mezzanines. The remaining outputs
are used for the BCF detector and an oscilloscope.
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Figure 1: High gain amplifier with offset suppressor.

The signal coming from the transformer is divided by a
resistive splitter, is separately amplified and then filtered.
The signal amplification for the measurement outputs
is dependent on the dynamic range and the bandwidth.
Regardless of the bandwidth, the low gain range does not
require any amplification as even the LOBW signal creates
almost a full scale response at the output of the integrator.
An amplification of 30dB and 40dB is required for the
HIBW and the LOBW channels respectively for the high
gain range.

Maintaining the required bandwidth with high gains
is difficult to achieve using voltage feedback operational
amplifiers (VFOA). Current feedback operational
amplifiers (CFOA) were therefore used. These exhibit
higher offset voltages, hence an active feedback to suppress
the input offsets was developed (Fig. 1). The implemented
method is based on the fact that the measured signal has
no DC value. An AC coupled amplifier was designed, and
its output actively low-pass filtered, inverted, and injected
back to the input of the amplifier. The time constant of
the filter is much longer than the one corresponding to the
low-frequency cut-off of the measurement transformer.

All filters implemented in the RF distributor are of
Gaussian type to ensure that no overshoot occurs in the
response to the input signal. The HIBW filters are passive
2nd order LC circuits, and their goal is to reduce the peak
amplitude of the incoming beam signal. Fourth order
filters consisting of two Sallen-Key blocks were used to
implement the LOBW channels.

The entire RF distributor was designed as a VME
card. In order to control the impedance of the tracks
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Figure 2: Schematic of the signal processing during the calibration and the intensity measurement.

it was manufactured using four layer composite material.
The RF tracks were implemented on a Neltec NY9220
0.256mm thick substrate, which forms the top and the
first interior layer of the PCB. The bottom and the second
interior layer use standard FR4 material (0.8mm), which
is melted by 0.4mm thick prepreg onto the RF substrate.
The entire design is protected by a brass shielding. The
measured S11 using such a configuration was found to be
s11=-25dB at 800MHz and s11=-20dB at 1.2GHz.

THE BCF DETECTOR

The LHC Beam Interlock System (BIS) needs the
FBCTs to provide information about whether or not there
is beam circulating in the LHC. In order to provide this
a detection method was implemented using a constant
fraction discriminator (CFD) with offset shifting as seen
in Fig. 3. By setting the Vofs the threshold at which the
CFD triggers can be modified. In order to catch very short
pulses appearing at the output of the CFD an ECL flip-flop
was connected between the CFD and the processing FPGA.
This permits the FPGA, which is clocked at 50MHz, to
capture even short signals. The FPGA algorithm for
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Figure 3: Principal description of the BCF detector for the
LHC.

the detection is based on counting the number of events
reported by the CFD. A counter value is increased every
time the CFD triggers and it is decreased every 100μs.
As the LHC turn period is ≈ 89μs, the presence of
even a single bunch will slowly increase the value of the
counter. By exceeding a given count threshold the presence
of circulating beam is presumed and this information is

passed to the BIS. Once the counter is saturated, it stays
in the saturation as long as the CFD triggers at least
once per 100μs. When the CFD triggers disappear the
counter automatically decrements until the threshold value
is reached. At this moment the counter value is reset to
zero and the BCF detector reports no circulating beam. The
value attributed to the beam presence counter threshold will
affect the hysteresis of the detector.

For the LHC start-up a four bit counter depth was chosen
and the count threshold set to 75% of the maximum value.
The Vofs voltage was trimmed to trigger when 2.5 × 109

particles having σ = 680ps appear at the input of the CFD.
The noise of the electronics limits the CFD threshold to
some 2 × 109 particles for this bunch width.

CALIBRATOR

The calibrator for the LHC FBCTs must generate
currents to calibrate all four measurement channels. Two
point calibration (offset and gain) is used, implying the use
of three currents - 750mA, 40mA and 7.5mA. Both HIBW
and LOBW channels for the low gain use the 750mA and
40mA, while the HIBW high gain channel uses the 40mA
and 7.5mA. The LOBW high gain channel can only use the
7.5mA, with the offset assumed to be zero.

The operation of the calibrator is depicted in Fig. 4.
The calibrator consists of a source of high voltage (HV),
a variable current sink (Ic) and switches (Q1, Q2). The
operation of the calibrator is monitored by an ADC, which
measures the voltage over the reference resistance Rm

and the DC value of the HV. The calibrator functions in
the following way. In the idle mode the HV switch is
turned on with transistors Q1 and Q2 in the off state. This
permits the capacitors Cc to charge via the current passing
through the path Rc-Cc-Rd as shown in the picture by the
orange arrow. Both capacitors are charged at the same
moment. When the calibration is triggered a set of timings
is generated. Firstly, the HV switch is turned off and Q1

opens (current flows). The disconnection of the HV is
time consuming, and it takes 8μs to switch off the 200V
source. Once this is done, switch Q1 is opened and with
the HV disconnected from the Rc, the current starts to
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flow from the lefthand Cc into the current sink Ic (blue
arrow). This stabilizes the feedback of the Ic and charges
all internal capacitances. Once Ic is stabilized, switch Q1

is quickly closed while opening Q2. The current now no
longer flows through Q1 and the dummy resistance Rd, but
via the righthand Cc, Rl and the calibration winding Lx

(green arrow). As the current sink is already stabilized,
concurrent switching of Q1 and Q2 provides a very sharp
negative current pulse. Under laboratory conditions, using
a short cable to connect to a resistive load, a fall time of 4ns
was measured for a current of 800mA (SR=1000V/μs).
The calibration cycle is completed by closing switch Q2

and reconnecting the HV. This permits both capacitors Cc

to charge again. The precision with which the current can
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RlRel

Rc
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Icalib
Vcalib

LoadInPrecharge
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Figure 4: Principle of operation of the LHC BCTF
calibrator.

be set is limited by the input offsets of the operational
amplifiers (OA) used. As the current sink Ic must quickly
react to changes of the load, it is implemented using fast
OAs. These limit the uncertainty of the setting of the Ic

to ≈1.9mA. This value was not acceptable and therefore a
measurement of the voltage over a reference resistance Rm

was implemeted. By using low offset OAs and a precision
component network for this measurement the uncertainty
on the knowledge of the actual current generated is limited
to 650μA (9% at 7.5mA).

Figure 5 displays the results of the measured linearity
error of the complete calibration and acquisition chain. The
values are calculated for a single calibration shot per given
calibration current. The calibration pulse is measured by
LOBW channels on both gain ranges, digitized and passed
via look-up tables correcting the offset and gain of the
integrator. The error is calculated with respect to the best
linear fit. The value of the error increases towards lower
calibration currents. This is caused by worsening of the
signal to noise ratio and can therefore be partially reduced
using statistics, i.e. calculation of an average for each
desired current. This is especially true for the high gain
LOBW channel which exhibits increased noise due to the
heavy amplification. A single VME card houses both the
calibrator and the BCF. All settings, including the BCF
threshold value, are stored in a local memory and protected

Figure 5: The error of the linearity of the calibration chain
for LOBW channels.

against accidental overwrite. The BCF detector connection
to the BIS is doubled to ensure redundancy. The calibrator
is connected to the calibration turn on the transformer via
≈30 metres of 7/8” air-dielectric Heliflex cable. This type
of cable is also used to transfer the beam signal to the
RF distributor.

LHC START-UP

The FBCT system as described here was installed in
the LHC tunnel in time for the start-up in September
2008. Special attention was paid to install the cables
and electronics far from any sources of pulsed currents.
The first measurements of the FBCTs with circulating
beam did not show any perturbation due to neighbouring
equipment. The FBCTs for the dumps, however, do acquire
noise induced by the extraction kicker magnets. The
performance of these monitors will depend on the relative
position in time of this signal with respect to the beam
signal.

The complete system was tested during the first few
days with LHC beam. The acquisition chain, software and
implementation of the control system worked flawlessly.
Minor problems were detected in the algorithm used for
calibration. These issues are now being solved on a test
facility using the SPS fast transformer equipped with the
same LHC electronics. The functionality of the BCF
detector was not tested due to the very small intensity of
the beam which was circulating in the LHC.
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CHARGE AND LASER BEAM ENERGY MONITOR FOR SPARC LINAC* 

L. Cultrera#, F. Anelli, M. Bellaveglia, G. Di Pirro, D. Filippetto, E. Pace, C. Vicario, INFN National 
Laboratories of Frascati, Via E. Fermi 40, Frascati, Italy

Abstract 
The experimental setup implemented in the SPARC linac 
control system used to monitor the laser beam energy and 
to measure the beam charge by means of a Faraday Cup 
will be illustrated and discussed. The experimental setup 
makes use of National Instruments 2 GS/s 8-Bit digitizer 
board. This tool has been shown to be useful in order to 
monitor the laser beam energy stability and to evaluate 
the quantum efficiency of the cathode. 

INTRODUCTION 
Within the goals of the SPARC high brightness 

photoinjector [1] the stability of the electron beam plays a 
crucial role. For this reason a new instrument of measure 
has been included in SPARC control system: the SPARC 
beam diagnostic system allows now monitoring 
continuously the laser energy delivered to the cathode and 
thus the quantum efficiency of the cathode itself. This 
new tool allowed us to keep under control the cathode 
performances in terms of its emission properties (QE 
mean value and uniformity of emission). The tool, now 
completely integrated inside the SPARC control system 
allows also to reconstruct the quantum efficiency map of 
the cathode surface. 

EXPERIMENTAL SETUP 
In the following paragraph the experimental setup for 

monitoring the laser energy and the beam charge and its 
implementation inside the SPARC control system [2] will 
be illustrated.  

Laser Energy Monitor 
The SPARC laser beam energy is measured by means 

of a fast photodiode (Thorlabs mod. DET210). The signal 
generated by the photodiode consists in a sharp current 
pulse with duration of approximately ten ns. The area of 
the photodiode signal results to be linearly dependent 
from the energy of the laser pulse. In order to deduce the 
energy carried out by laser beam, an accurate calibration 
is carried out by relating the area of the photodiode signal 
with respect to the laser energy measured by a 
commercial joulemeter (Molectron mod. J3-05).  

 A typical calibration curve is reported in Fig. 1. In this 
figure is evident that the photodiode response can be 
considered linear, and its slope represents the conversion 
factor that should be used to convert the area of the 
measured photodiode signal to the energy of the laser 

beam pulse. 
 

 

Figure 1: Typical calibration curve for the laser 
photodiode. 

 
Due to the sensitivity of the photodiode with respect to 

the relative laser beam position with respect to the 
detector area the calibration factor is usually verified each 
time that the operators prepare the laser beam for the 
SPARC run.  Moreover, a pointing procedure of the laser 
beam to the centre of the cathode is performed by means 
of a motorized mirror at the end of the optical transfer 
line. Thus the final path of the laser beam is frequently 
changed and this affects also the calibration constant. In 
order to avoid this problem we choose to sample the laser 
energy before the motorized mirror by means of a beam 
splitter as shown  in Fig. 2 [3]. 

 

 

Figure 2: Layout of the final part of the laser beam 
transfer line. The position of the beam splitter and 
photodiode is also shown. 

With this beam splitter and photodiode configuration, 
when the motors of the last mirror are used to move the 
laser spot over the cathode surface, the influence on the 
measurement of the laser energy pulse became negligible. 

__________________________________________  
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Beam Charge Monitor 
In order to measure the beam charge two different 

techniques are currently used in the SPARC photo-
injector. The first one make use of a Faraday cup placed at 
1.2 m downstream the cathode surface. The second one is 
based on Integrating Current Transformer (ICT) that take 
place at the beginning and at the end of the three 
accelerating structures that boost the energy of the 
electron beam up to 150 MeV. We will focus our 
description to the Faraday cup and on its use in measuring 
the emission uniformity of the cathode surface. We will 
describe the use of the ICT as monitor of the bunch 
charge during routine operation of the SPARC linac. 

In Fig. 3 a picture of the SPARC Faraday cup is shown. 
 

 

Figure 3: Faraday cup picture. 

Signals Acquisition 
The analogue signals obtained from the photodiode and 

from the Faraday cup are sent, one for each channel, 
through coaxial cables to a an high speed digitizer board 
(National Instruments NI PCI 5152 2 Gs/s Digitizer 
Oscilloscope). 

The waveforms acquired from the digitizer can be 
directly manipulated by the local software that runs on the 
front-end CPU located in the SPARC bunker or can be 
transferred and analysed at the console level CPUs 
located in the control room by running dedicated 
software. The trigger of the digitizer board is achieved 
through a 10 Hz TTL signal of the SPARC timing system 
being so independent on the amplitude of the signals on 
the photodiode or Faraday cup dedicated channels. 

ICT are connected using an electronic conditioning 
from Bergoz (BCM-IHR) that is read using the National 
Instrument board NI PCI 4070 DIMM. 

At this moment the software for two control panels has 
been written with the aim to characterize the SPARC 
photocathode.  The first one is used to keep constantly 
under control the laser energy sent to the cathode, the 
electron beam charge (by using ICT) and thus the 
quantum efficiency at the photo-injector working point. 

The second one is used to study the emission uniformity 
of the cathode by collecting the quantum efficiency map 
(by using the Faraday cup). 

RESULTS 
In the following paragraph some preliminary results 

obtained by integrating the laser energy monitor and the 
Faraday cup reading inside the SPARC control system 
will be illustrated.  

 
QE Stability Results 

Fig. 4 and 5 reports the result obtained over 24 hours of 
continuous QE measurement during a typical running 
shift of the SPARC photo-injector, including some 
shutdown periods. 

 

 

Figure 4: QE monitor results over approximately 24 
hours. 

 

Figure 5: Histogram of the measured QE values during a 
typical shift. 

Experimental data reported in Fig. 4 shows that some 
fluctuations can be detected in the efficiency of the 
cathode. We expect that the use of this new tool can be 
very useful to keep under control any variation of the 
quantum efficiency. 
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While in Fig. 4 a small decrease in the QE of the 
cathode has been revealed, the distribution of the same 
QE values reported in Fig. 5 shows that the standard mean 
value and standard deviation were respectively 2.5x10-5 
and 1.8x10-6.  

We plan to use this QE monitor with the aim to build a 
slow feedback system dedicated to adjust the laser beam 
energy in order to prevent long term drifts of the electron 
bunch charge. 

QE Uniformity 
One of the key parameters of the SPARC photo-injector 

is the photocathode emission uniformity [1]. By using the 
Faraday cup and the photodiode, to measure respectively 
the electron bunch charge and the laser energy, the 
quantum efficiency can be deduced in a very small area 
(typically having 150 micron diameter). In order to 
deduce the QE map the laser beam spot size is tightly 
focused by means of a suitable fused silica lens and the 
quantum yield is determined from the slope of the 
emission curves (collected charge vs. laser energy) far 
from the space charge saturation regime. By moving the 
laser spot over the cathode surface the QE map of the 
cathode can be evaluated [4]. 

Figure 6 reports a picture of the front end software panel
 used to elaborate the waveforms acquired from NI 5152 

board and related to the photodiode and Faraday cup 
readings 

 

 

Figure 6: Picture of the front end software at console level 
used to acquire the emission curves of the photocathode. 

 

Figure 7: Quantum efficiency map of the SPARC 
photocathode obtained by data automatically collected 
through photo-injector control system. 

CONCLUSIONS 
In this work we have reported the implementation of 

the laser energy monitor and of the Faraday cup readings 
within the SPARC control system. The opportunity given 
by the insertion of this new devices are strongly related to 
the investigation of electron emission uniformity and to a 
future realization of a feedback system that will correct an 
eventual drift of the emission due to the degradation of 
the quantum efficiency properties of the photocathode. 
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Figure 7 reports the quantum efficiency map recorded 
after the laser cleaning process that was performed in 
order to restore the uniformity of emission together with a 
high value of quantum efficiency. Laser cleaning was 
performed by rastering the laser beam over an area of 3x3 
mm2 [4]. The acquired map shown in figure 6 clearly 
identify the squared area where the laser cleaning has 
been carried out giving also a measure of the emission 
uniformity achieved inside the irradiated area. 
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THE DCCT FOR THE LHC BEAM INTENSITY MEASUREMENT 
P. Odier*, M. Ludwig, S. Thoulet, CERN, Geneva, Switzerland

Abstract
The LHC circulating beam current measurement is 

provided by eight current transformers, i.e. two DC 
current transformers (DCCT) and two fast beam current 
transformers (FBCT) per ring. This paper presents the 
DCCT, designed and built at CERN, including the sensor, 
the electronics and the front-end instrumentation 
software. The more challenging requirements are the 
needed resolution of 1μA rms for a 1s average, and the 
wide dynamic range of the circulating beam intensity 
from a single pilot bunch (8μA) to the total ultimate beam 
current of 860mA. Another demanding condition is the 
high level of reliability and availability requested for the 
operation and for the machine protection of this highly 
complex accelerator. The measurement of the first RF 
captured beam in ring 2 will be shown to demonstrate that 
the system is close to meeting these specifications both in 
terms of resolution and stability. 

INTRODUCTION
The DCCTs, based on the fluxgate magnetometer 

principle [1], measure the mean current of the circulating 
beam. The DCCTs for LHC were designed according to 
tight engineering specifications [2] and built at CERN. 

HARDWARE 
General Layout 

The DCCTs are installed in the long straight section in 
Point 4 of the LHC on a long girder which also supports 
the FBCT [3]. 

Figure 1: General Layout. 

At this location the vacuum chamber is at room 
temperature and can be baked out to improve the quality 

of the vacuum. The front end electronics (FEE) is located 
in a shielded shelter under the girder and thus protected to 
some degree from beam induced radiation. An 
intermediate patch panel located in a parallel gallery 
housing the FBCT electronics provides an underground 
monitoring facility. The back end electronics (BEE), as 
well as the Front End Computer (FEC), are located in a 
surface building in Point 4 (Fig.1). The two systems 
named A, normally in operation, and B, normally kept as 
a spare, each contain one 1 DCCT per ring and 1 FEC. 

Sensor
Different elements are installed between the external 

diameter of the vacuum chamber (64mm) and the internal 
diameter of the DCCT (114mm) [3]. This includes an 
electrical heater for baking out the vacuum pipe at 200ºC, 
combined with a thermal insulator and a water cooling 
circuit to ensure a temperature below 60ºC at the level of 
the magnetic cores. 

The magnetic shielding is made of three layers of Mu-
metal plus one external layer of pure iron. The external 
diameter (265mm) is limited by the second ring vacuum 
chamber (at this location the 2 beam pipe axes are 
separated by 192mm). 

Figure 2: The DCCT with the connexions for the beam 
image current. 

The “heart” of the DCCT consists of three ring cores of 
nanocrystalline alloy (inner diameter 146mm, cross-
section 190mm2, μi >100000) installed in a copper 
shielding. To avoid mechanical stresses and vibrations 
inducing noise, the cores are fixed loosely by flexible 
clips. Two cores, carefully matched to have an identical 
magnetization curve, are wound to form the fluxgate 
sensor. The third core is wound to form the AC part 
providing the bandwidth extension [4]. A magnetic 
shielding is placed between AC and DC cores to reduce 
the modulation ripple crosstalk. Two windings of 4 turns 
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embracing the three cores are used for the feedback and 
calibration. Two temperature probes (PT100) are fixed on 
the cores to monitor the DCCT output signal temperature 
dependence and to provide an alarm in case of 
overheating during the bake-out phase. The external layer 
of the shielding, electrically connected to the vacuum 
chamber via four copper braids on each side, offers a path 
for the LF components of the beam image current (Fig.2). 
The HF components pass through the DCCT via a series 
of capacitors placed around the ceramic gap cancelling 
the magnetic field induced by the beam current at these 

B

articular elements and 
fo

odulation and any 

frequencies. 

ack End Electronics 
The BEE consists of separate modules placed in one 

NIM crate per DCCT (Fig.3). This modular approach 
allows for future improvement on p

r retrofitting on existing DCCTs. 
The SYNCHRO CLOCK generates both the 

modulation and demodulation clock (at twice the 
modulation frequency) with an accurate phase shift 
setting between them. A modulation frequency of 212Hz 
was chosen to avoid a very low frequency beat between 
the second harmonic of the m
harmonics of the mains frequency. 

Figure 3: DCCT simplified schematics. 

ion process is automatically launched at 
po

module also serves to remotely cancel 
th

he 12 bit ADC and 1.5 kHz for 
th

 ranges and 
4 

nt specialist to select 
ystem. 

F
eparate boards placed in one 

equency response limited to 
10

ge and will transmit the data 
to the BEE via a serial link. 

The MODULATOR generates the sinus wave used to 
modulate the two DC cores far into saturation. Small 
differences in the two cores are compensated by the 
amplitude balance and phase shift settings. A 
demagnetizat

wer on. 
The MULTIRANGE CALIBRATOR & OFFSET 

COMPENSATOR (CalPG) can generate a quick 
calibration sequence which consists of four successive 

calibrated current pulses sent into the sensor. This is 
performed on request and synchronously with the 
acquisition. The 

e static offset. 
The RECEPTION UNIT receives the analogue signal 

of four ranges, provided simultaneously, that cover the 
entire beam dynamic range from a few 109 to 5x1014

circulating charges (~3μA to ~900mA). After common 
mode rejection the 4 ranges are low-pass filtered before 
distribution to the various users. The cut off frequency 
ranges between 20Hz for t

e analogue signal users. 
The Acquisition and Control System consists of 4 VME 

boards served by a Central Processor Unit (CPU): the 
Timing Generator, the ADC, the Input/Output Registers 
and the Interface with the Safe Machine Parameter (SMP) 
System. The 12 bit ADC scans 16 channels (4

auxiliary signals per DCCT) every 20ms. 
The DIAGNOSTIC UNIT, which can be connected to 

the Input/Output Registers, will perform a crosscheck 
between systems A and B based on the comparison of the 
signals and statuses delivered by the DCCTs. The result 
of this check will help the instrume
the appropriate operational s

ront End Electronics 
The FEE consists of s

dedicated box per DCCT. 
The modulation current of the two DC cores contains a 
second harmonic proportional to the DC beam current. 
The DEMOD board performs a synchronous detection of 
the second harmonic by multiplying the difference of the 
two modulation currents by the demodulation clock. The 
resulting signal has its fr

 Hz by a low pass filter. 
The FBACK board adds the signals from the DEMOD 

board and from the AC winding and then generates the 
feedback current which, when passing through the sensor, 
cancels the magnetic field induced by the beam current. 
Measurement of the feedback current over a shunt 
resistor, taking into account the ratio of the number of 
turns, is a direct measurement of the beam current. The 
voltage drop across the shunt resistor is amplified by four 
different amplifiers providing in parallel the signals to the 
four ranges (spaced in sensitivity by a factor of 10) and to 
a fifth range dedicated to a 24 bit ADC. This ADC, soon 
to be added to the system, will have the highest resolution 
over the whole dynamic ran

FRONT END SOFTWARE 
The instrument front-end software runs on the CPU and 

reads out the ADC, selects an acquisition channel among 
the four ranges with optimum gain, averages data and 
controls the calibration. A common front-end software 
architecture is used to implement a set of real-time actions 
synchronized by events (acquire, publish). A structured 
shared memory (device) holds the data and provides the 
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uring which 
time th

decoupling between the synchronized real-time activity 
and the nearly asynchronous user communication. A 
communication process provides standard but 
nevertheless client specific communication interface. The 
real-time Unified Modeling Language (UML) diagram 
(Fig.4) shows the synchronized communication between 
the ADC and calibrator (hardware objects boxed), 
acquisition and machine protection link, device buffers 
and result publication and user control (software objects 
circled). During normal acquisition the ADC is triggered 
at 50Hz, read out and linked to machine protection at 
10Hz with the results published at 1Hz. In order to check 
the instrument precision before first injection into the 
LHC a quick calibration sequence (grey area) can be 
triggered. This acquires the noise and calibration signal of 
all four ranges and lasts some 4 seconds, d

e machine protection link is disabled. 

Figure 4: Real-time UML diagram showing hardware and 
software object invocation with time. 

In

 to 
the LHC machine protection system at a rate of 10Hz. 

fo

for between 100 seconds and 40 

Fi ure 5: First circulating beam in ring 2 seen by 
B

.3μA. There is a 
small negative offset of 2.5 109 (4.5μA) which should be 
automa

di

). Also still to be implemented 
is the DIAGNOSTIC UNIT and the 24 bit ADC covering 
the entire d

t. 
Thanks are also due to many colleagues in the CERN 
mechanical worksh  quality work. 

[2] f the 

[3] 
tensity Measurement 

[4] , “Beam current and charge measurement”, 
Beam instrumentation, ed.J.Bosser, CERN-PE-ED 
001-92. 

r a sufficient duration before the LHC incident on 
September 19th 2009. 

In Figure 5, one can see four successive injections of a 
single pilot bunch containing from 3.5 109 to 6 109

protons and circulating 
minutes. The DCCT used for this measurement was the 
operational system (A). 

g
CTDC A (12/9/2008). 

The noise and the slow fluctuation in the signal 
corresponds to 7 108 protons (rms value for a 1s 
integration time) which is equivalent to 1

tically corrected for in the future. 

CONCLUSION AND OUTLOOK 
Although the beam time was not sufficient to 

commission the whole system, the short time with beam 
d allow confirmation that the DCCTs work as expected 

and meet the specifications in terms of noise and stability. 
There are still numerous things to be commissioned 

with beam (DCCTs on beam 1, automatic range selection, 
transmission to the machine protection system and 
automatic offset correction

ynamic range. 

terfaces and Usage 
A standard software interface for general purpose 

provides the total beam intensity of each ring with a time 
resolution of 50Hz for the last 30s at an update rate of 
1Hz. Further specialist interfaces provide the functionality 
for calibration and access to special functions such as 
simulation and client programs within the technical 
network of the control system. A dedicated optical link 
provides intensity acquisitions and status information
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Abstract 

One of the key diagnostics techniques for the full 
characterization of beam parameters for LINAC-based 
FELs is the use of RF deflectors. With these devices it is 
possible to completely characterize both the longitudinal 
and the transverse phase space. In the paper we illustrate 
the main design considerations for time resolved (sliced) 
beam parameter measurements using RF deflectors 
(RFDs). Measurement setups for longitudinal pulse shape 
as well as phase space and transverse beam slice 
emittance characterizations are described. The main 
sources of error are discussed and the design criteria of 
these devices are presented. In particular the SPARC RF 
deflector and the related diagnostic lines as well as recent 
measurement results are shown. Measurement results 
obtained at LCLS and FLASH are then shortly illustrated. 

INTRODUCTION 
The characterization of the longitudinal and transverse 

phase space of the beam at the end of an injector is a 
crucial point in order to verify and tune all photo-injector 
parameters. With the use of an RFD it is possible to 
measure the bunch longitudinal profile and, adding a 
dispersive system, the longitudinal beam phase space 
[1,2]. Similarly, since the longitudinal beam distribution 
can be projected along a transverse coordinate, the 
transverse emittance of each longitudinal bunch slice can 
be measured using the quadrupole scan technique [3]. In 
the first section of the paper we shortly review the basics 
principles of the longitudinal and transverse beam phase 
space characterization using an RFD. The main properties 
of both SW and TW deflecting structures in term of 
electromagnetic field configuration and performances are 
discussed in the second section. In the third section we 
illustrate the typical measurement setups and, in 
particular, those installed in the SPARC photo-injector 
[4]. The main measurement results obtained at SPARC 
are discussed in the fourth section. The last section shows 
some relevant results obtained at LCLS [5] and FLASH 
[6] and new proposed techniques. 

BEAM DIAGNOSTICS USING RFD 
The different types of measurements that can be done 

with RFDs are based on the property of the transverse 
voltage (VDEFL) to introduce a correlation between the 
longitudinal coordinate of the bunch (tB) and the 
transverse one (vertical, in general) at the screen 

position (yS). The phase of the deflecting voltage is 
chosen in order to have a zero crossing of the transverse 
voltage in the center of the bunch, giving a linear 
transverse deflection from the head and the tail of the 
bunch itself. After the deflector the transverse kick results 
into a transverse displacement of each longitudinal bunch 
slice, proportional to its position with respect to the bunch 
center. The mechanism is illustrated in Fig. 1. 

 
Figure 1: Longitudinal to transverse correlation induced 
by the RFD transverse voltage. 

Since the beam has a finite transverse emittance, the 
distribution of the deflected bunch at the screen position 
is the superposition between the deflected beam profile 
and the transverse size of each bunch slice. In the plot we 
assumed that all longitudinal slices have the same 
transverse dimension on the screen ( yBσ ) and that there is 
a simple drift (L) between the RFD and the screen. The 

total vertical rms distribution ( Syσ ) at the screen is simply 
given by [2]: 

2222
BBS ytcaly K σσσ +≅  

(1) 

where ( ) LEVK RFDEFLcal ω= , RFω  is the angular 
frequency of the deflecting voltage and E is the beam 
energy in eV units. From this formula one can define the 

resolution length ( REStB _σ ) as the bunch length that gives, 
on the screen, a distribution with rms vertical size equal to 

yBσ2 . It is simply equal to: 
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where ε is the transverse normalized emittance of the 
beam, βS is the vertical β-function at the screen position 
and E0 is the electron rest energy. 
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Figure 2: resolution as a function of the transverse 
deflecting voltage VDEFL. Parameters: ε=1 [mm.mrad], 
fRF=2.856 [GHz], βS=1 m, σyB≅18 μm (@1.5 GeV), 
σyB≅58 μm (@150 MeV), L =4 m. 

The plot of the resolution as a function of the transverse 
voltage is reported in Fig. 2 for the set of parameters 
reported in the figure caption and for two different 
energies. In the SPARC case, as example, we have that 
VDELF≅1.5 MV, fRF=2.856 [GHz], σyB≅100 μm, E≅150 
MeV and L≅4m, the typical resolution is then ∼130 fs. 
From Fig. 2 it is possible to observe that resolution of the 
order of few ten of fs are reachable with standard 
deflecting structures in the case of a 1.5 GeV beam and 
below ten fs in the case of a 150 MeV beam. 

The other important characteristics of such system is 
that it is possible to self calibrate the measurements. The 
coefficient Kcal that relates the vertical coordinate at the 
screen with the time coordinate of the bunch can be, in 
fact, directly calculated measuring the bunch centroid 
position measSy  on the screen for different values of the 
RFD phase by the formulae: 

2_1_

2_1_

measmeas

measSmeasS

RFcal

yy
K

φφ
ω

Δ−Δ

−
=  

(3) 
Typical measurements of the calibration coefficient in 

the SPARC photo-injector are reported in Fig. 3 for 
different energies. 

A careful discussion of other source of errors in the 
measurements with RFD is reported in [1,2]. 

RF DEFLECTING STRUCTURES 
Different types of deflecting structures can be used for 

beam diagnostics. As in the case of accelerating sections, 
the main differentiation is between the travelling wave 
(TW) and standing wave (SW) cavities. In general RFDs 
are multi-cell devices working on the TM11-like mode 
[7,8]. In all type of structures both the electric (E) and the 
magnetic (B) field contribute to the total deflection. 
Figure 4 shows the two field components on axis (z is the 
propagation direction). In the plot we also reported the 
longitudinal electric field on the deflecting plane. From 

the plot it is possible to observe that the deflecting modes 
have non-zero derivative of the longitudinal electric field 
on axis. We will discuss later the effect of such 
component in the measurements.  

Since there are two possible polarities of the deflecting 
field, polarizing rod or holes are, in general, foreseen to 
introduce an azimuthal asymmetry in the structure fixing 
the working polarity itself [7,8].  

 
Figure 3: Typical measurements of the calibration 
coefficient in the SPARC photo-injector for different 
energies. 

 
Figure 4: Single cell deflecting structure E and B field 
vectors. 

Another important characteristic of the deflecting 
modes is that the transverse force is uniform over a wide 
region inside the iris aperture and is practically constant 
over a region with radius of a/2. 

In TW devices the iris aperture (a) is the most 
important parameter to fix the deflection efficiency, group 
velocity and the attenuation per unit length. Analytical 
expressions valid in the case of small pitch approximation 
(t<<D) [7,8] and can be very useful for a first evaluation 
of the deflecting structures parameters. Typical working 
mode is the 2π/3. A detailed analysis of such structures is, 
for example, reported in [2]. 

SW structures are-multi cell devices working, for 
example, on the π-mode. Theses structures have, in 
general a higher efficiency per unit length with respect to 
the TW ones but the maximum number of cells is limited 
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to few tens because of mode overlapping. Due to the 
resonant nature of their electromagnetic field, they 
requires, in general, circulators to protect the RF source 
from reflections and they have higher filling times 
compared to the TW case. 

Figure 5 shows, for example, the deflecting voltage and 
the maximum surface electric field for four types of 
structures working in S Band at 2.856 GHz. From the plot 
it is possible to observe that, because of the higher surface 
electric field, SW multi-cell devices can be used with 
input power below 10 MW giving VDEFL<7 MV. 

 
Figure 5: the deflecting voltage and the maximum surface 
electric field for four types of structures working in S 
Band at 2.856 GHz. 

An example of SW structure is the SPARC RFD [9]. It 
is a 5 cells SW structure working on the π-mode at 2.856 
GHz and fed by a central coupler with coupling 
coefficient equal to 1. Its transverse shunt impedance is 
≈ 2.5 MΩ  and gives a deflection of 3 MV with an input 
power of 2 MW. It is now installed in the SPARC injector 
(as shown in Fig. 6) for beam diagnostics. More detail can 
be found in [9]. 

Induced Energy Spread by RFD 
The TM11-like deflecting modes has a non-zero 

derivative of the longitudinal electric field on axis. This is 
a general property of the deflecting modes because the 
deflecting voltage is directly related to the longitudinal 
electric field gradient through the Panofsky-Wenzel 
theorem by the formula: 

∫∇= dzeEcjV
z

c
j

zyy

ω

ω
~~  

(4) 
Since this gradient is 90 deg out-of phase with respect 

to the deflecting voltage, it introduces an energy spread 
inside the bunch when the deflectors are used for beam 
diagnostics (in this case, in fact, the phase of the 
deflecting voltage is set to have zero crossing of the 
transverse voltage in the center of the bunch). 

The contribution of the RFD to the slice energy spread 
is not negligible and, to the first order depends linearly on 

the vertical slice size inside the RFD (σyB_RFD) and can be 
evaluated by the formula: 

RFDyBDEFL
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RFDE V
c __

ˆ σωσ ≅
 

(5) 
Typical values, in the case of SPARC, are of the order 

of 10-20 keV since σyB_RFD≅300 μm. 
The contribution of the deflector to the slice energy 

spread can be taken into account performing two 
measurements at two different deflecting voltages and 
using the following formulae to evaluate the sigma 
σyB_RFD of each slice. 
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(6) 
where σE_MIS_1,2 are the two measured slice energy 

spreads. 

 
Figure 6: SPARC RFD installed in the LINAC. 

MEASUREMENT SETUP 
Slice Emittance and Beam Profile 

The slice emittance is one of the fundamental parameter 
that defines the FEL process. It also contains important 
beam dynamics signature, revelling for instance if the 
emittance compensation process was performed at its best 
or not. The technique is similar to the usual quadrupole 
scan [3]. Because the RFD deflects the beam vertically a 
set of values for the quadrupoles must be find in advance 
to change only the horizontal dimension of the beam, 
keeping constant the vertical size in order to have the 
same longitudinal resolution.  

The typical measurement setup is reported in Fig. 7. 
The picture and dimensions are referred to the SPARC 
diagnostics at the end of the 150 MeV LINAC. In case of 
beam profile and transverse slice emittance measurements 
the beam image is taken on the screen 1 and the slice 
beam emittance is measured by the quadrupole scan done 
by the triplet before the RFD. To correctly choose the 
quadrupole currents one has to previously measure the 
projected emittance and the twiss functions before the 
triplet (through an usual quad scan technique) and find the 
correct set of quadrupoles knowing the model of the beam 
line from the triplet to the screen 1. 
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Figure 7: Typical measurement setup. The picture and 
dimensions are referred to the SPARC diagnostics. 

Longitudinal Phase Space 
The longitudinal phase space can be characterized 

using the combination of RFD and dipole as illustrated in 
Fig. 7. In this case the beam is projected into the screen 2 
and, also in this case, in order to have enough longitudinal 
resolution the vertical dimension at the screen position 
has to be taken under control. From the phase space 
picture the slice energy spread can be extrapolated by 
slicing the beam vertically and measuring the beam 
thickness in energy as function of time. Also the 
horizontal β-function at the screen 2 has to be reduced as 
much as possible in order to reduce the emittance 
contribution to the energy spread measurement. In any 
case the dominant systematic error is the energy spread 
induced by the RFD. 

MEASUREMENT RESULTS AT SPARC 
The SPARC project is an R&D photo-injector facility 

for the production of high brightness electron beams to 
drive SASE and SEEDED FEL experiments in the visible 
and UV light [10]. The high beam quality produced by 
SPARC will also allow investigations into the physics of 
ultra-short beams, plasma wave-based acceleration, and 
production of advanced X-ray beams via Compton back-
scattering. The study of the beam slice properties, such as 
slice emittance or slice energy spread, allow to deeply 
investigate the details of emittance compensation method 
and to tune the machine for best performance. Moreover 
the knowledge of the beam current, beam energy, slice 
emittance and slice energy spread gives a complete 
description of the FEL process. 

Beam Profile 
Several beam profile measurements have been done at 

SPARC in different operating condition. Here we report 
the results obtained during the velocity bunching 
experiment. The detail of the experiment is illustrated in 
[10]. The beam is injected in a long accelerating structure 
at the crossing field phase and it is slightly slower than 
the phase velocity of the RF wave. In this condition it 
slips back to phases where the field is accelerating, but at 
the same time it is chirped and compressed. 

The longitudinal beam profile measurements are crucial 
for this experiment because, while the bunch is 

compressed, it also change its longitudinal distribution. 
Figure 8 shows the measured compression ratios versus 
injection phase in the first travelling wave structure. The 
red curve has been obtained with PARMELA simulation. 
The error bars in figure have been computed over the 10 
images collected for each measurement, a more detailed 
study including jitters effects and systematic error will be 
the subject of future investigations. 

We have been operating with a quasi-Gaussian 
longitudinal laser profile ~7.5 ps FWHM long with 300 
μm transverse spot size. The bunch charge was 300 pC. 
The beam acceleration on crest corresponds to the phases 
around -75 deg. In this condition the measured 
longitudinal profiles compared with the PARMELA 
simulation are reported in Fig. 9 (a), the rms bunch length 
is length measured at the linac exit was ∼3.25 ps with 
energy of 150 MeV. The beam profile compared with 
simulation in the case of a compression factor equal to 3 
(inj. Phase=-87 deg) is reported in Fig. 9 (b).  

 
Figure 8: Compression factor versus injection phase, 
experimental points and PARMELA simulations (red 
curve). 

 
Figure 9: Beam profiles in the velocity bunch experiment 
@ SPARC; (a) not compressed beam, (b)compression 
ratio 3. 

Slice Emittance 
In the plot of Fig. 10 we compare the slice emittance 

measurement with a beam with 125 pC of charge and a 
laser spot on the cathode of 320X300 μm with a 
PARMELA simulation. In this plot we used a technique 
that we called RUS (Running Slice). It is very hard, 
especially on the beam tails, to determine the first and the 
last slice. This assumption however has impact on the 
position of all the other slices. To overcome this problem 
and resolve the ambiguity we fix a slice length (in our 
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case 200 μm) and move it along the bunch in step of 
about 500 fs. 

 
Figure 10: Comparison between slice emittance 
measurements and PARMELA simulation. 

Longitudinal Phase Space 
A typical longitudinal phase space measurements is 

reported in Fig. 11. From the plot the slice energy spread 
has been extrapolated and is given in Fig. 12, compared 
with simulations. The main discrepancy between the 
simulations and the experimental data is given by the 
RFD contribution that has been estimated by the formula 
(5) to be ∼15 keV. The emittance contribution has not 
been subtracted from the measurements, but it has been 
estimated to be less than 10%.  

 
Fig. 11: Longitudinal trace space at 140 MeV. 

EXPERIMANTAL RESULTS IN OTHER 
ACCELERATOR FACILITIES 

New important results have been also reached in other 
accelerator facilities like LCLS or FLASH. In the first 
case two TW deflecting structures (LOLA type) are 
installed in the LINAC and allow measurements at low 
(135 MeV) and high energies (13.5 GeV). By RFD 
structures several important measurement have been done 
like the measurement of the increment in the energy 
spread by laser heating, slice emittance, or verification of 
the effect of the X-Band cavity in the correction of the 
chirp in the energy distribution of the beam [5]. Several 
measurements have been also done at FLASH by a TW 
3.6 m long cavity at the end of the injector [6]. Beam 

profiles and slice emittances in different operating 
conditions have been done with resolution of the order of 
20 fs. Very promising results have been also reached few 
years ago with circular polarized RF deflectors. [11]. In 
this case with the same device it is possible to 
simultaneously measure the longitudinal phase space 
(without introducing energy spread errors) and the beam 
profiles. Recent interesting new techniques in the 
deflecting cavities fabrication adopting aluminium have 
been also explored [12]. 

CONCLUSIONS 
RFDs are crucial devices for both longitudinal and 

transverse phase space characterization allowing reaching 
resolution below 10 fs. The measurement setups and the 
experimental results, in the case of SPARC, have been 
shown and discussed. In particular the use of the RFD 
technique has been fundamental in the velocity bunching 
experiment at SPARC. A possible solution to take into 
account the contribution of the RFD in the energy spread 
slice has been also illustrated. Important new results have 
been also reached in other accelerator facilities like LCLS 
or FLASH and the use of the RFD technique allowed 
measuring laser heating effects or longitudinal phase 
space correction using X-Band cavities. 

 
Figure 12: Measurements of the slice energy spread. 
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Abstract

The characterization of the transverse phase space for
high charge density and high energy electron beams is de-
manding for the successful development of the next gener-
ation light sources and linear colliders.

Due to its non-invasive and non-intercepting features,
Optical Diffraction Radiation (ODR) is considered as one
of the most promising candidates to measure the transverse
beam size and angular divergence.

A thin stainless steel mask has been installed at 45o with
respect to the DR target and normally to the beam propa-
gation to reduce the contribution of synchrotron radiation
(SR) background. In addition, interference between the
ODR emitted on the shielding mask in the forward direc-
tion and the radiation from the DR target in the backward
direction is observed. This is what we call Optical Diffrac-
tion Interferometry (ODRI) which, better than ODR, al-
lows to separate the intrinsic ambiguity between the radi-
ation produced by a single particle passing through a slit
with an offset with respect to its center and a gaussian dis-
tributed particle beam with standard deviation of magni-
tude equal to such offset.
Results of an experiment, based on the detection of the
ODRI angular distribution to measure the electron beam
transverse parameters and set up at FLASH (DESY, Ham-
burg) are discussed in this paper.

INTRODUCTION

The development of high energy Linear Colliders
(LC) [1] and short wavelength Free-Electron Lasers
(FEL) [2, 3, 4] requires high quality electron beams, which
means small transverse emittance (< 1 mm mrad) and high
peak current (≈ kA). Due to the large power density of
this kind of beams, a non-intercepting diagnostics needs
to be developed and applied. In 1997 one of the authors
suggested a new method for the non-intercepting measure-
ment of transverse beam size [5]. The idea is based on
the observation of diffraction radiation (DR) emitted by a
charged particle beam going through a slit in a metallic foil
due to the interaction of the charge electromagnetic (EM)
field with the screen surface. The intensity of the radia-
tion increases linearly with the number of charges and is
proportional to e−

2πa
γλ , where a is the vertical slit aperture, γ

∗ Work supported by the European Community Infra-structure Activ-
ity under the FP6 “Structuring the European Research Area” program
(CARE, contract number RII3-CT-2003-506395)
† enrica.chiadroni@lnf.infn.it

the Lorentz factor and λ the emitted wavelength. The factor
γλ/2π, called as DR impact parameter, is the natural size of
the radial extension of the EM field, thus when a � γλ/2π
DR is emitted.

Since the beam goes through the slit, DR is a non-
intercepting diagnostics and, therefore, excellent to be used
parasitically without disturbing the electron beam.

The aim of our experiment is measuring the transverse
beam size and divergence, in order to calculate the trans-
verse emittance, by studying the angular distribution of
Optical Diffraction Radiation (ODR). The DR angular dis-
tribution is produced by the interference of radiation from
both edges of the slit. The visibility of the interference
fringes is correlated to the beam size (see Fig. 1, left).

(a) (b)

Figure 1: Theoretical calculation for the angular distribu-
tion of the vertical component of ODR for different trans-
verse beam sizes and vertical angular divergences. The
simulation has been performed assuming an electron beam
energy of 680 MeV, with interference filter (800 nm) and
0.5 mm slit width.

The effect is also affected, in a slightly different way, by
the angular divergence of the beam (Fig. 1, right): the ODR
angular distribution becomes wider and the intensity of the
minimum higher, when the beam divergence increases.

A dedicated analysis of the radiation angular distribution
allows then to separate the two effects. If the beam waist is
located in the plane of the DR screen, the transverse emit-
tance can be derived with a single non-intercepting mea-
surement.

EXPERIMENTAL APPARATUS

Our experiment is carried out at FLASH (DESY,
Hamburg)[7]. FLASH is an excellent facility for this ex-
periment, since it can drive long bunch trains, up to 800
bunches per macropulse allowing a high charge operation,
and it has a good long term stability, a small transverse
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emittance (∼ 2 mm mrad), and a high electron beam en-
ergy, approaching 1 GeV.

Our experimental set-up is placed in the by-pass beam
line (Fig. 2) very far (about 40 m) from the dipole magnets
in order to minimize the contribution of synchrotron light
coming from them.

Figure 2: FLASH layout and experimental site.

The experimental set-up consists of two aluminated sil-
icon screens (DR screen), one with the mask the other one
without it (cfr. Fig. 5). A motorized actuator allows to in-
sert the desired screen in the vacuum pipe under an angle
of 45o with respect to the beam direction. The target is of
fundamental importance for the success of the experiment,
since damaged edges and/or an uneven surface may change
the interference effects, resulting in a blurred angular dis-
tribution.

The DR screen is constructed by lithographic technique
starting from a silicon nitride wafer and opening two slits,
one of 0.5 mm and the other of 1 mm aperture, by means of
chemical etching. The slits on the DR screen are separated
by 2 cm, and this space between the slits on the second DR
screen without a mask, is used as a standard OTR (Optical
Transition Radiation) screen. The main advantage of the
silicon nitride with respect to SiO2 [8] is a much less etch-
ing rate which preserves the silicon substrate from damages
and makes the surface much more uniform. An aluminum
layer is deposited by sputtering on the target to enhance the
reflectivity.

ODR MEASUREMENTS

In the first phase of the experiment we had to cope with
a very strong background of synchrotron radiation pro-
duced not only by the last dipole but also by some strong
quadrupoles of the by-pass transport line. Although the dis-
tance of these optical elements was more than 40 meters far
from our ODR screen, the vacuum pipe acted as an optical
guide, producing the pattern shown in Fig. 3. The OTR
angular distribution was almost covered and could be dis-
tinguished with difficulty.

A big effort, both in beam handling and software devel-
opment, was required in order to reach a good background
subtraction and the elimination of the “salt-and-pepper”
noise produced by X-rays. At the end we were able to
prove a good qualitative agreement between the experimen-
tal data and the simulations, as shown in Fig. 4.

Figure 3: OTR angular distribution covered by the syn-
chrotron radiation background.

Figure 4: Experimental ODR profile, after background sub-
traction, and comparison with theory. Beam parameters:
680 MeV, 0.7 nC, 25 pulses, 2 s, 800 nm. Fit parameters:
610 MeV, 0.5 mm, σy=80 µm, σ

′
y=125 µrad.

OPTICAL DIFFRACTION RADIATION
INTERFEROMETRY

To reduce the synchrotron radiation background and to
distinguish the effects of rms beam size and beam offset
within the slit on the angular distribution, a stainless steel
shield with larger cuts (2 mm and 1 mm, respectively) is
mounted at 45o respect to DR target. The electron beam
direction is normal to the shield. The sketch of the screen
and the shield is in Fig. 5.

Figure 5: Sketch of the new screen together with its shield-
ing mask.

In our experimental conditions, with an ODR emitted
wavelength of 800 nm and 1 GeV electron beam energy,
the size of the 1 mm cut on the shield is not large enough to
prevent the production of ODR in forward direction. The
forward ODR from the shield is then reflected by the DR
screen and it interferes with backward ODR produced by
the DR screen itself. The amplitudes of the two sources,
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i.e. forward emitted DR from the 1 mm slit and backward
emitted DR from the 0.5 mm slit, are different both in inten-
sity and in angular distribution, thus the interference results
in the suppression of the central peaks and the enhancement
of the side maxima.

A complete transverse scan of the beam position in the
slit aperture has been carried out by moving the slit with
respect to the beam position from one edge of the slit to
the other edge. The results are shown in Fig. 6: the ODRI
angular distribution image for different impact parameters
is displayed on the left, the corresponding ODRI angular
distribution profile is plotted on the right. We moved in
steps of 25 µm around the slit center. Due to the fact that it
is very hard to align the two slits with a precision of frac-
tions of the emitted wavelength, a different behavior of the
experimental distributions was supposed while going from
the center of the slit to one edge or towards the other. For
these ODRI measurements, FLASH was operated with 13
bunches per macropulse, 0.8 nC per bunch, 2 s CCD expo-
sure time. Polarizer and interference filter to select the 800
nm wavelength were inserted.

(a) (b)

Figure 6: ODRI angular distribution image (left) and pro-
file (right) for different impact parameters.

Fig. 6 shows strong asymmetrical ODRI angular distri-
butions. This asymmetry can only be explained by assum-
ing that the two half planes of the 0.5 mm slit are parallel
but not perfectly coplanar. In this case, the field of a par-
ticle incident with angle α (in our case, α = π/4) will be
reflected by one half plane earlier than by the other. The
phase difference between the two fields, in the approxima-
tion of d << γλ and β ≈ 1, is φ0 = 4πd/λ cosα (d is the
longitudinal misalignment). A detailed discussion can be
found [9].

The scan has been repeated with a smaller transverse
beam size, σy=78 µm, in order to observe any slight change
of the ODRI angular distribution. Let us now focus the at-
tention on the ODRI angular distribution measured with the
beam in the center of the 0.5 mm slit. The ODRI angular

distributions for both transverse electron beam sizes (89 µm
and 78 µm) are compared in Fig. 7 demonstrating the sen-
sitivity of the experiment even on smallest variations of the
transverse beam size in the order of a few micrometer.

Figure 7: ODRI experimental angular distribution for two
different rms vertical beam sizes, σy=78 µm and σy=89
µm.

The analysis of the Optical Transition Radiation (OTR)
in both image and focal plane allowed the estimation of rms
electron beam size (Fig. 8), energy and vertical angular di-
vergence. Fig. 9 (left) shows the OTR angular distribution
obtained with an integrated charge of 16 nC (4 bunches of
0.8 nC per macropulse with 5 Hz pulse repetition rate and 1
s camera exposure time). The synchrotron radiation back-
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Figure 8: OTR beam image (left) and its vertical projection
(right). The estimated rms beam size is 89 µm.

ground is subtracted. The interference filter to select the
800 nm wavelength and the polarizer to select the vertical
component are inserted. From the fit of the OTR angular
distribution profile we estimate a beam energy of 870 MeV
and a vertical angular divergence of 150 µrad.

In order to validate our experimental results, the fitting
function has been modified with respect to the [6] formu-
las by the introduction of an additional phase term, which
takes into account the unavoidable non planarity of the two
halves of the slit at the level of fractions of wavelength.
Furthermore, since the distance between the two screens
is of the order of few centimeters, i.e. much less than
the formation zone at this energy and wavelength, inter-
ference between the forward DR produced by the first slit
and the backward DR coming from the second is observed.
Thus, both misalignment and phase difference between the
two slits are considered as additional fitting parameters. A
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(a) (b)

Figure 9: OTR angular distribution (left) and its vertical
profile, fit to retrieve beam energy and beam angular diver-
gence (right). The fit takes into account the contribution of
the angular divergence.

Gaussian distributed beam both in transverse beam size and
angular divergence is assumed.

The results obtained by the fit are presented in Fig. 10
and Fig. 11 for the two beam sizes considered, showing a
very good agreement with experimental data.
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Figure 10: ODRI experimental angular distribution and fit
which allows to retrieve beam and geometrical parameters.
Fit parameters: 860 MeV, σy=83 µm, σ

′
y=200 µrad, Δy=12

µm.
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Figure 11: ODRI experimental angular distribution and
fit which allows to retrieve beam and geometrical param-
eters. Fit parameters: 865 MeV, σy=70 µm, σ

′
y=263 µrad,

Δy=13µm.

CONCLUSIONS

A detailed and quantitative study of the ODRI angu-
lar distribution, together with the analysis of the OTR in

the image and focal plane, has allowed us to demonstrate
the feasibility of a single shot emittance measurement in a
phase space waist.

The advantage of using ODRI instead of ODR angular
distribution is the chance to distinguish the effect due to
the transverse beam size to the one due to the beam offset
from center of the slit, which, otherwise, are equivalent.
Furthermore, since the visibility of fringes is increased, the
sensitivity to the beam dimension is higher.
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ELECTRON SCANNER FOR SNS RING PROFILE MEASUREMENTS* 
W. Blokland, S, Aleksandrov, S. Cousineau, ORNL, Oak Ridge, TN 37831, U.S.A.  

D. Malyutin, S. Starostenko, Budker Institute of Nuclear Physics, Novosibirsk, Russia 

Abstract 
An electron scanner has been commissioned to non-

destructively measure the transverse profiles in the 
Spallation Neutron Source (SNS) Ring. The SNS Ring is 
designed to accumulate on the order of 1.6e14 protons 
with a typical peak current of over 50 Amps. The electron 
scanner works by measuring the deflection of 50-75 kV 
electrons by the electric field of the proton beam. Two 
electron guns, one for each plane, with dipole correctors, 
quadrupole magnets and deflectors to shape the electron 
beam have been installed. This paper describes the system 
and the initial results. 

INTRODUCTION 
The electron scanner is the first instrument to measure 

the transverse beam profiles in the SNS accumulator ring. 
Alternative profile monitors such as wire-scanners were 
planned but not installed due to budget restrictions. The 
electron scanner projects electrons accelerated up to 
75 keV through the proton beam as depicted in Fig.1. 

 

 
Figure 1: The deflection of the electrons. 

The transverse profile is derived from the angle of 
deflection of the electron beam according to the following 
formula, see also [1,2,3]: 

 
dθ
dx

= e
mv 2

L
∫ ⋅ δ(x, y)

ε0

dy               

 
where e, m are the electron charge and mass, respectively, 
ν is the velocity, δ(x,y) is the proton beam density 
distribution, and θ is the electron beam deflection angle. 

This assumes that the path of the electrons is 
approximately straight, the net energy change to the 

electrons by the proton beam is close to zero, and the 
effect of the proton magnetic field can be neglected.  

ELECTRON SCANNER HARDWARE 
The electron scanner layout is depicted in Fig. 2 The 

different parts are: (1) electron gun, (2) deflection scan 
system, (3) dipole correctors, (4) quadrupole magnets, (5) 
vacuum chamber for proton beam, and (6) the phosphor 
screen.  

 
Figure 2: Diagram of electron scanner.  

The electron gun produces a pulse of about 1usec of up 
to 75 keV electrons with a maximum current of 5 mA. 
The scan system applies a 20 nsec long ramp to the 
defectors to project the electrons on a diagonal line. The 
diagonal projection makes the deflection of the electrons 
by the proton beam visible as a deviation from a straight 
line. The first quadrupole extends the range of the 
deflection while the second quadrupole focuses the 
electron beam such that the electron beam is parallel. The 
electron gun is pulsed once a second but faster rep rates of 
up to 5 Hz are possible. The time line is shown in Fig. 3. 
To minimize the electron beam size, the cathode heating 
is turned off for a few milliseconds before the acceleration 
pulse. 

 
Figure 3: Time diagram  

One vertical and one horizontal scanner are installed in 
the tunnel, see Fig. 4. GigE Vision CMOS cameras 
acquire the images from the fluorescent screens. Because 
the scanners are located in a straight section of the ring, 
the radiation levels are low enough to not damage the 
cameras. A single PXI-based computer running LabVIEW 
controls the cameras, timing, pulse generators and power 
supplies of the electron scanner. * ORNL/SNS is managed by UT-Battelle, LLC, for the U.S. 

Department of Energy under contract DE-AC05-00OR22725 

.
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Figure 4: Electron scanner installation. 

ELECTRON SCANNER SOFTWARE 
The software for the electron scanner consists of four 

parts: 
• Control software that controls the electron scanner 

hardware, including the timing.  
• Simulation software that simulates the projection of 

the electrons and creates test images for the Analysis 
software. 

• Imaging software that acquires the image of the 
projected electrons and analyzes the curve to 
determine the transverse profile.  

• Scan software that manages the Control software and 
the Imaging software to perform multiple 
acquisitions and produces 3-dimensional images of 
the beam bunch, e.g. a longitudinally integrated 
profile. 
 

Both the Imaging and the Scan software interface to 
EPICS so that the physics applications on the consoles 
can readout the results. 

Image Analysis 
The analysis has to take the derivative, dy/dx, of the 

curve to determine the profile. Because taking the 
derivative of data, especially pixel data from the camera, 
can provide noisy results, different analysis methods were 
tested ahead of commissioning using the Simulation 
software. These methods were: (1) find the peak in each 
column of pixels to find an (x,y) pair and take the 
derivative of all (x,y) pairs, (2) find the peak of a 
Gaussian fitted to each column of pixels to get an (x,y,z) 
pair (with z the intensity of the peak), then fit these pairs 
with a spline and take the derivative of the fit, or (3) fit a 
spline to all pixels weighted by intensity, and take the 
derivative of the fitted spline, see Fig. 5. The smoothing 
provided by the spline and Gaussian fit in method (2) 
most effectively mitigated the image noise problem and 
thus yielded the most reliable results. The spline fitting 
can find a profile even if there are gaps in the electron 
curve due to low electron density. 

 
Figure 5: Simulated Electron projections, the generated 
image and the different profile analysis fittings. 

RESULTS 
An example of the horizontal projected electron curve 

is shown in Fig. 6. This data is taken at about 5uC. The 
bright spot on the right consists of electrons that are 
outside the 20 nsec deflection scan waveform but still are 
accelerated by the 1usec long accelerating pulse. 

 

 
Figure 6: Image of the electron curve. 

Because the length of the scan is short, 20 nsec, 
compared to the bunch length of 600 nsec, we can 
perform scans at different locations within the bunch. By 
performing scans at regular intervals throughout entire 
bunch length, we can create 3-dimensional plots of the 
bunch, as shown in Fig. 7. The double peak is in the 
longitudinal direction and is confirmed by the Ring 
Current Monitor waveform.  

 

 
Figure 7: Shown on right is the 3-D profile for a 4 uC 
bunch in the accumulator ring. The width axis represents 
the transverse axis of the beam and is given in pixels with 
0.3 mm per pixel. The time axis represents the 
longitudinal axis of the beam and is given in 25 nsec per 
count. Shown on left is the longitudinal profile as given 
by a ring beam current monitor. 
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In addition to viewing different profiles within a single 
turn, we can also view profiles for any turn during the 
accumulation cycle. Profiles from multiple accumulation 
turns, 50/100/200/300/400/500, are shown in Fig. 8. This 
figure also shows the projection in the longitudinal 
direction to show the equivalent beam current profile. For 
this proton beam configuration, the vertical range of the 
electron scanner is too small for the current proton beam 
accumulation and thus the profile is truncated. 

 
Figure 8: Multiple bunches from both the horizontal (red) 
and vertical plane (blue) are shown. Width is in pixels at 
0.3 mm per pixel. The time scale is in 25 nsec per count. 

Evaluation 
To verify the results of the electron scanner, we have 

performed an initial comparison of profiles with the 
profiles from a Harp located in a downstream transport 
line for a number of beam configurations, see Fig. 9.  

 

 
Figure 9: Integrated ELS profiles (purple) of 2.8μC (top) 
and 6.8μC (bottom) of beam at the 620th turn compared to 
Harp profiles (blue). Profiles are normalized in RMS and 
area in order to compare only the shape. 

For accurate comparison with Harp results, the ELS 
profiles were integrated over the full pulse length 
(600 nsec) in the manner described in the previous 

section. This comparison was performed for production-
style ring beams of various intensities. 

To account for optics differences between the ELS and 
the downstream wire scanners and Harp, the profiles were 
normalized to the same width and area. The shape of the 
profiles obtained from the ELS was generally in good 
agreement with downstream Harp data, especially at high 
intensity. At the lower intensity settings, the ELS profiles 
were somewhat broader, though the Harp data was rather 
noisy and possibly unreliable at these beam intensities.  

Individual profiles from 20 nsec slices were qualitative-
ly assessed for a number of beam configurations, 
including hollow beams and painted beams of various 
intensities.  The profile shapes consistently reflected what 
was expected for the configuration at hand. A few issues 
of concern, which are currently under investigation, are 
the absolute scale of the ELS profiles (in mm), and an 
artificial tilt of the profile floors. 

DISCUSSION 
Despite the aforementioned minor problems, the 

electron scanner has been successful in providing a means 
of parasitically measuring the ring beam transverse 
profiles. The ability to obtain profiles for individual 
20 nsec slices of beam anywhere along the 1 msec 
accumulation cycle is a useful feature unavailable in the 
downstream Harp and wire scanners.  

Already some improvements have been made to the 
electron scanner. The timing jitter has been reduced to 
improve the accuracy of the longitudinal dimension of the 
3-D profile. We replaced the cameras with more light 
sensitive cameras to improve the visibility of the 
projected electrons. We found that stray magnetic fields 
from the ring magnet’s bus bar and a nearby corrector 
dipole affected the path of the electrons. This likely is the 
cause of the tilt in the measured profile. We plan to 
magnetically shield the electron scanner. Also, the 
aperture for the vertical profile is too small and the next 
version of the electron scanner will remedy this. 

SUMMARY 
This paper described the successful commissioning of 

the prototype electron scanners with good qualitative 
results. Work is in progress to verify the absolute scaling 
of the profiles and install magnetic shielding. 
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ELECTRON BEAM DIAGNOSTICS FOR THE EUROPEAN XFEL 

D. Nölle, DESY, D-22607 Hamburg, Germany, on behalf of the XFEL Team

Abstract 
The European XFEL is an X-ray free-electron-laser that 

is currently being built in Hamburg. It is organized as an 
international project and will be a large scale user facility 
[1,2]. Based on superconducting TESLA technology 
electron beams of high average power will be sent to 
several undulator lines simultaneously to produce hard X-
rays with high average intensity and a peak brilliance by 
far superior to any 3rd generation light source. This paper 
will present the current status of the planning, the 
development and the prototyping process for the standard 
electron beam diagnostics of this facility. It will cover the 
main diagnostic systems, like the BPM system, beam size 
measurements, charge and beam loss measurements as 
well as the machine protection system. 

 

INTRODUCTION 
The European XFEL (E-XFEL) is a project to construct 

an international X-ray Free-Electron-Laser user facility 
close to DESY in Hamburg. The facility will be operated 
by a limited liability company with shareholders from the 
participating counties.  

 

 

Figure 1: Sketch of the layout of the E-XFEL. 

DESY will act as a host lab and leads the accelerator 
consortium, that is in charge for the construction of the 
accelerator. Like the FLASH facility [3] E-XFEL will also 
be based on superconducting TESLA RF technology. 
Therefore, this machine will provide much higher duty 
cycle as machines like SCCS and LCLS. An electron 
beam with a pulse length of 650 µs and a bunch rep rate 
up to 5 MHz will be accelerated up to 17.5 GeV at a 
repetition rate of 10 Hz. The shortest XFEL wavelength 
will be 0.1 nm or about 10 keV. To make optimum use of 
the high duty cycle, the long bunch trains can be 
distributed into 2 SASE undulator lines, which will be 
ramified into additional lines for “secondary undulators” 
that make use of the spent beam producing either FEL or 
spontaneous radiation. The time structure of the beam can 
be adjusted independently for both main SASE undulators 
(SASE I and SASE II) by means of a kicker septum 
scheme in the beam distribution system. 

While the contracts between the founder states of the 
XFEL Company are still in the phase of final negotiation, 
and the signature of the conventions can be expected for 
summer, the construction phase of the facility has already 
started. The contracts for civil construction are placed and 

groundbreaking took place in winter 2008/2009. Also the 
procurement of main components will start this summer. 
The construction is scheduled to take about 5.5 years. 
According to this planning commissioning should start 
2014.  SASE is expected to follow about 1 year later. 

 

STANDARD BEAM DIAGNOSTICS 
This paper focuses on standard beam diagnostics like 

beam position, charge, beam size and beam loss. These 
systems are currently in the design phase. First prototypes 
are under construction or will be available soon. A 
description of the more specialized diagnostic systems 
can be found in Ref.[4]. 

BEAM POSITION MONITOR SYSTEM 
Beam position monitors are the backbone of the 

diagnostic system. E-XFEL will distinguish between 
standard BPMs with moderate resolution and precision 
BPMs, where higher performance is required. For the 
standard BPMs mainly the button type will be used.  
About one third of the BPMs in the accelerator modules 
will be re-entrant cavity BPMs. About every third RF-
Section of the LINAC, consisting of 4 accelerator 
modules, will be equipped with monitors of this type to 
provide a better resolution if required.   

Cavity BPMs will be used mainly in and close to the 
undulator sections. One cavity BPM will be located in 
each undulator intersection. In addition before and behind 
the undulator sections there will be some of these cavity 
BPMs to allow for precise beam based alignment. Further 
high precision (cavity) monitors with a 40.5 mm beam 
pipe diameter will be used before the LINAC sections and 
in the collimation and distribution section.  This type will 
also be used for the Intra Bunchtrain Feedback System 
(IBFB) developed by PSI [5]. 

Table 1: Numbers and types of the E-XFEL BPMs 

BPM Type Number Diameter Single 
Bunch 

Resolution 

Standard Button 
BPM 

228 40.5 mm 50 µm 

“cold” BPM (Button,  
Re-entrant Cavity) 

101 78 mm 50 µm 

Precision BPM 
(Cavity) 

117 10 mm 1 µm 

Precision BPM 
(Cavity) 

12 40 mm 1 µm 

 

The BPM system for the E-XFEL will be provided by a 
collaboration of PSI, CEA and DESY. DESY will take 
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over the mechanics for all BPMs, except the re-entrant 
cavity BPMs. These monitors will be supplied by CEA, 
including monitor and RF-front-end. The BPM 
electronics, the firmware and embedded software for all 
BPMs will be provided by PSI, except for the cold re-
entrant cavity BPM, where the front-end is supplied by 
CEA.  

Button BPM 
Button BPMs will be used as standard BPM for all 

warm beamlines, except for the undulator sections. 
Furthermore, they will also be used in the XFEL cryo 
modules, rigidly connected to the quadrupoles at the end 
of an accelerator module string [6]. The button BPM 
electronics will be based on an analogue input stage that 
transforms the high-frequency broadband signals of the 
pickups into a low-frequency bandwidth-limited signal 
pulse of some 10ns length that is sampled directly by a 
fast ADC and post-processed by an FPGA. First 
prototypes are already under test at FLASH and PSI. 

For the cold variant of this BPM type the development 
of the BPM body is almost finished. The custom made 
feedthroughs have passed the cryogenic tests successfully. 
Only minor changes of the overall design are expected 
with respect to the current prototype due to system 
integration issues in the cryo-module. 

Re-entrant Cavity BPM 
The re-entrant cavity BPM has the potential of better 

resolution compared to the standard button type [7]. 
About 30% of the cold BPMs will be of this type. From 
the mechanical point of view, the interfaces to the outside 
world of the cryo-module are identical. Also for this BPM 
the development is quite advanced. The feedthroughs are 
qualified for the operation in the cold. A prototype is 
currently mounted in the first E-XFEL cryo-module 
prototype. The RF front-end based on a down conversion 
scheme with IQ detection is under development at CEA. 
The electronics will be integrated into the modular BPM 
framework developed and supplied by PSI. 

Cavity BPM  
The requirements on BPM resolution is at most places 

of the machine rather loose, tight requirements are mainly 
valid in and around the undulator sections, as well as for 
few places to steer the beam after the LINAC sections and 
in beam distribution system. In the collimation section 
they are also required for the IBFB that is using special 
low latency electronics. Two types of cavity BPMs will 
be used. Both types consist of a reference and dipole 
resonator. Special care is taken for the dipole cavity to 
optimize the coupling of the dipole mode to the coupling 
slots [8]. The version for the undulator sections has a 10 
mm beam pipe, while the other will be for the standard 
40.5 mm beam pipe diameter. From RF point of view 
both types have the same frequency (3.3 GHz) and Q 
(70). Therefore, the can be read out with the same type of 
electronics. The cavity BPM RF front-end, currently 

developed at PSI, will be based on down conversion and 
IQ detection. It will ensure high resolution and low drift. 

 

BPM Electronics 
The overall BPM electronics system concept developed 

by PSI follows a modular design approach that maximizes 
the amount of common hard- and software for the 
different BPM types in the machine. The BPM electronics 
will consist of analogue RF front-end (RFFE) modules 
that are specific for each pickup type, and a generic 
FPGA-based digital back-end carrier board with two 
ADC mezzanine modules that is used for all BPMs in the 
machine. The RFFEs and the digital back-end board with 
its ADC mezzanine modules are plugged into a common 
customized crate that contains one generic digital back-
end as well as either four button BPM RFFEs or two 
cavity or re-entrant BPM RFFEs. This generic modular 
hardware approach that is also employed for the IBFB-
specific low-latency BPM and signal processing hardware 
[9] allows minimizing the overall development and 
maintenance effort and provides a unified control and 
timing system interface for all BPMs in the machine.  

BEAM SIZE MEASUREMENTS 
Like for all other SASE machines emittance control is 

an important task for the diagnostics, since the 
optimisation of the emittance transport is essential for the 
FEL performance. Therefore, E-XFEL will have special 
sections after the injector, the two bunch compressors and 
in the collimation section to measure the projected and if 
possible also the slice emittance. These stations will 
combine 4 beam size measurements to determine the local 
twiss parameters as well as the emittance. This allows 
also controlling the optics and correcting its match to the 
following sections.  

Below 2 GeV (up to the second bunch compressor) the 
beam size measurements will be done by means of OTR 
screens. These screens will include on axis and off axis 
OTR targets. The off axis targets will be used in 
combination with kicker magnets that deflect a single 
bunch out of the 650 µs long bunch train onto the screen. 
In addition this bunch can also be streaked by a transverse 
mode structure to get access to slice parameters [4]. 
Resolution of the OTR stations has to be between 30 and 
10 µm depending on their location. Since LCLS has 
reported problems with coherent effects with their OTR 
systems due to the strongly compressed beam, the E-
XFEL OTR chambers provide ports for installation of 
additional wire scanners in case of such problems in a 
later stage. 

In the high energy sections the beam size is getting to 
small for OTR diagnostics, and wire scanners will be used 
for measurements. They have to provide fast scans, i.e. 
the wire is driven through the beam during one RF-pulse. 
Nevertheless, OTR systems will also be installed for 
commissioning purpose and single bunch operation.  

Proceedings of DIPAC09, Basel, Switzerland TUOA04

01 Overview and Commissioning

159



On-axis and off-axis operation of the screens requires 
two different focal spots. In addition imaging of a 
streaked beam requires large field of view. For both 
aspects it would be appropriate to focus onto the entire 
plane. The Scheimpflug’s principle, known from large 
format cameras, allows extending the depth of field by 
choosing appropriate angles between the object, the 
image and the lens plane. If these planes have a common 
intersection line, the entire screen plane is imaged well 
focused onto the image plane. Therefore an angle of 67.5° 
between beam axis and screen surface was chosen. A 
magnification close to 1:1 has to be used to achieve the 
required resolution. With large view fields large CCD 
chip cameras will be required. 

CHARGE MEASUREMENT 
To ensure proper beam transport the transmission has to 

be close to 100%. Therefore the charge of the bunches has 
to be measured at various places along the LINAC. 
Furthermore, charge has to be well controlled for stable 
SASE operation. The charge monitors will be on the same 
toroid (current transformer) type that is already in use at 
FLASH.  Significant change will be done for the 
electronics. Fast sampling ADCs using either numerical 
integration or data fitting schemes will be used for 
improved read-out. The electronics of a single toroid will 
be linked to their neighbours, so that the transmission 
between two monitors can be checked, and fast alarms 
can be released in case of problems.  The system will be 
based on digital electronics implemented on µTCA 
technology. The processing of the alarms will be done by 
an on-board FPGA of the ADC board.  

BEAM LOSS AND MACHINE 
PROTECTION 

Superconducting LINACs are able to transport a large 
amount of charge and energy due to the high duty cycle. 
The maximum beam power of E-XFEL is about 600 kW 
cw at 17.5 GeV. This number indicates that a machine 
protection system is required to prevent the machine from 
damage. In this context damage does not only mean 
mechanical damage of components but also their 
activation and degradation. Electronics will suffer from 
high radiation levels in the machine and the undulators 
will degrade in performance.   

Therefore a machine protection system will be 
installed. The system will process signals from all over 
the machine. Slow signals from magnets, RF, vacuum and 
screens will be used to check for the correct machine state 
and will block beam operation or allow for only single or 
few bunches depending on the status of the machine. Fast 
signals from e.g. beam loss monitors or transmission 
measurements will cause an interrupt of charge 
production or beam abortion by means of the dump kicker 
in case of imperfect transmission of the long bunch trains. 

The system will be an upgraded version of the FLASH 
system [10], using similar principles with updated 
technologies. The logic units collecting and evaluating the 

input channels and creating the alarms will be based on 
modern digital processing units. The beam loss monitors 
will still be based on photomultipliers, but with a readout 
using fast ADCs and digital signal processing. Both units 
will be implemented as AMC boards for the µTCA 
standard. 

 

SUMMARY 
The developments for the standard beam diagnostics 

for E-XFEL are in an advanced state. The design of the 
main systems is clear, and partners within E-XFEL 
collaboration are fixed. First prototypes are already under 
test at FLASH. 
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BEAM INDUCED FLUORESCENCE MONITOR & IMAGING
SPECTROGRAPHY OF DIFFERENT WORKING GASES∗

F. Becker† , C. Andre, P. Forck, R. Haseitl, A. Hug, B. Walasek-Hoehne, GSI, Darmstadt, Germany,
F. Bieniosek, P.A. Ni, LBNL, Berkeley, California, D.H.H. Hoffmann, TUD, Darmstadt, Germany

Abstract

Beam induced fluorescence spectra in the range of 300-
800 nm were investigated with an imaging spectrograph.
Wavelength-selective beam profiles were obtained for a
5.16 MeV/u sulphur beam in nitrogen, xenon, krypton, ar-
gon and helium at 10−3 mbar gas pressure. In this paper
calibrated BIF spectra of specific gas transitions were iden-
tified and corresponding beam profiles presented. The mea-
surement results are discussed for typical applications at
the present setup and the future FAIR facility.

MOTIVATION

As conventional intercepting diagnostics will not
withstand high intensity ion beams, Beam Induced
Fluorescence (BIF) profile monitors constitute a pre-
eminent alternative for online profile measurements [1]. At
present, two BIF monitors are installed at the GSI UNILAC
and several locations are planned for the FAIR high energy
beam transport lines [2]. For further optimizations accu-
racy issues like gas dynamics have to be investigated sys-
tematically. Especially the determination of focused beams
in front of targets with high line charge densities rely on a
careful selection of proper working gas transitions to keep
profile distortions as low as possible [3].

EXPERIMENTAL SETUP

Key issue of this experimental layout using an imaging
spectrograph with an area scan intensified CCD (ICCD)
camera (Fig. 1) was to have both, the spectral information
of specific beam induced gas transitions along the diffrac-
tion axis and the spatial information about the beam profile
width, transition wise along the imaging axis, see Fig. 2.
For 150 mm object distance, a chromatically corrected UV-
lens of f=50mm and f/2.8 was chosen. A CCD height of
4.9 mm and a total reproduction scale βtot=0.42 yield a
19.5 mm field of view.

Imaging Spectrograph & Gas Composition

The ∅ 70 mm spherical mirror with 140 mm focal length
is holographically etched and astigmatism corrected. 140
sinusoidal grooves per mm produce a spectral dispersion
of 50 nm/mm and an image field of 8x12 mm on the verti-
cal imaging axis and the horizontal dispersive axis, respec-

∗Work supported by EU, project FP6-CARE-HIPPI
† Frank.Becker@gsi.de

Figure 1: Top-view of the optical path in the diffractive
plane. Length of spectrum in the image plane is 10 mm.
1:1 imaging from slit to image plane. All refractive op-
tics adapted to UV-VIS [5]. ICCD performs single pho-
ton detection and has a ∅ 25 mm UV-enhanced photo-
cathode with a V-stack MCP [6] and digital VGA camera
[7] (bluish).

Figure 2: Spectrographic average image n=2000 of 3·1011

S6+ ions @ MeV/u in 10−3 mbar helium gas, σw=1.8mm.
Logarithmic gray-scale for better presentation.

tively. With an optical resolution of 33 lp/mm the ICCD
limits the spectral resolution to 1.5 nm for an entrance slit
≤ 30 μm. The total spectral system efficiency includes all
single component efficiencies as a convolution, see Fig. 3
(upper plot). Most limiting factors in the wavelength range
≥ 600 nm are the tri-alkali (Na2KSb)Cs photocathode and
the decreasing grating efficiency. Investigation of optical
gas spectra relays on a sufficient purity of the actual gas
species. In order to measure and control impurities, a resid-
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Figure 3: Optical Beam Induced Fluorescence spectra
of 3·1011 S6+ ions @ 5.16 MeV/u in 10−3 mbar residual
gases (Xe, Kr, Ar, He, N2). Most prominent transitions
are indicated and described in Table 1. Spectral efficien-
cies (upper plot) in descending order: lens (blue), grating
(green), photocathode (magenta) and total (gray).

ual gas analyzer (RGA) ’quadrupole mass spectrometer’-
type was used [8]. Base pressure of the unbaked vacuum
system was 10−7 mbar, with the typical fingerprint of hy-
drogen, water, nitrogen and traces of the previously intro-
duced rare gas species like krypton in an argon atmosphere.
Although the gas leak system was flushed carefully after
each gas exchange, a significant source of residuals was the
pressure reducing regulator. In order to keep relative impu-
rities below 5 %, the working pressure for all experiments
had to be set to 10−3 mbar N2-equivalent. For set pres-
sures, a gas leak system controls a motorized needle valve
so that gas flow rate versus the pump rate allows a dynamic
equilibrium. To overcome gas specific variations, the ion
gauge (5 % reproducibility) was cross-calibrated to a linear
temperature corrected capacitance gauge (0.2 % accuracy),
so that the relative error in gas pressure peff was ≤ 6 %.

DATA ANALYSIS - RESULTS

All optical spectra were recorded during 2000 beam
pulses for unchanged accelerator settings. Each single im-
age was recorded as 8-bit bitmap, with the ICCD in photon

Table 1: Residual gases (block-wise), observed charge
states, observed integral intensity I, Igas normalized to peff

and Igas&Z normalized to peff and the e−-density (upper
block line). Corresponding transitions as indicated in Fig.
3, central wavelength and relative intensity with respect to
the integral intensity (lower block line). Peaks indicated
with No.)∗ are superpositions of several transition lines.

gas species charge state
∑

I; Igas; Igas&Z [%]
No.) central-wavelength [nm], relative intensity [%]

Xenon Xe+/Xe 41; 86; 22
1) 363, 4; 2)∗ 407, 4; 3)∗ 424, 6; 4)∗ 438, 5
5) 450, 2; 6)∗ 462, 12; 7)∗ 484, 16; 8)∗ 530, 5

Krypton Kr+/Kr 45; 63; 25
1) 373, 4; 2)∗ 388, 3; 3) 407, 10; 4)∗ 434, 14
5) 447, 12; 6)∗ 463, 12; 7)∗ 477, 13; 8)∗ 505, 2

Argon Ar+ 50; 38; 30
1) 297, 3; 2)∗ 357, 5; 3)∗ 407, 11; 4) 427, 19
5)∗ 440, 8; 6)∗ 461, 15; 7)∗ 474, 8; 8)∗ 487, 7

Helium He 21; 4; 26
1) 364, 4; 2) 398, 16; 3)∗ 415, 3; 4)∗ 443, 7
5)∗ 470, 5; 6) 502, 48

Nitrogen N+
2 /N+ 100; 100; 100

1) 358, 4; 2)∗ 391, 45; 3)∗ 428, 29; 4)∗ 470, 9
5) 501, 3; 6) 560, 1; 7)∗ 776, 3

counting mode. To maintain the dynamic range, the av-
erage images were 32-bit float tiffs, see Fig. 2. Further
resolution improvement by a factor of ∼ 4 was achieved
with a cognitive algorithm that determined barycenters of
single photon spots and added them as single counts to
the VGA-sized matrix [9]. To discriminate spectral peaks
against spiky shot noise, Savitzky-Golay fits were applied.
Regions of interest (ROI) were chosen like 10 pixel or 40
μm at the beam center for the BIF-spectra in Fig. 3 and like
20 pixel or 16 nm for the transitions specific profile plots
in Fig. 4 (mid & bottom).

BIF-Spectra

All spectra were first calibrated to a Hg-Ar-standard and
then refined step by step with known transitions of the
recorded BIF-spectra. The accuracy for central wavelength
is ≤ 1 nm. The investigation was performed with 5 ms long
beam pulses of 3·1011 S6+ ions at 5.16 MeV/u, focused
to a σw of 1.8 mm. Obtained BIF spectra are depicted
in Fig. 3. They were not normalized to the spectral effi-
ciency of the optical components, which is therefore given
in Fig. 3 as well. In Table 1, the observed charge states, rel-
ative integral intensities and most prominent transitions are
listed. Different signal-to-noise ratios for the gas species
are determined by the observed integral intensity I. Beside
nitrogen and helium, where spectral lines of optical transi-
tions are separated, lines appear less intense and clustered
in groups. Although nitrogen shows the brightest transi-
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tions, gases like xenon and krypton show similar integral
intensities Igas, normalized with respect to peff . To ac-
count for the electronic stopping power, integral intensities
Igas&Z have been furthermore normalized to the electron-
density∝Z. This way, all rare gases show similar relative
integral intensities, except for nitrogen having a four times
higher integral intensity value. When the ROI was moved
from the center to the beam fringes, spectral intensity de-
creased homogeneously for all gases unlike helium which
showed an unequal decrease for different transitions. For
proton beams as well as for much heavier Ta beams, simi-
lar results were obtained. A more detailed description can
be found in [10].

Transition Dependent Profile Data

The spectrally resolved profile plots are presented in Fig.
4. In the upper plot, all gas-species show corresponding
profile width, besides helium that shows a factor 2.5 larger
σw . Transition-wise profile data is shown in Fig. 4 for
N2 (middle and He (bottom). In the case of nitrogen, the
transitions 1), 5) and 6) show a slightly increased profile
width that can be explained by an upscaling of noise in the
profile fringes due to the normalization to a common max-
imum. He-profile contributions by 1) and 6) show signifi-
cant shoulders but 2) and 3) do not. Since both He-cases
contain weak and strong contributions, noise scaling ef-
fects do not explain these results. Assuming excited states
of He 1), 2) might have large cross-sections for electron
excitation, an 8 mm halo is reasonable, as the mean free
path of secondary electrons is in the order of 10 mm, for
peff =4·10−3 mbar.

CONCLUSION

As first experimental outcome, optical spectra of nitro-
gen, xenon, krypton, argon and helium have been success-
fully recorded. They excellently agree with measurements
at lower energies ≤ 10 MeV/u in the case of nitrogen
[11, 12] and higher energies in the range of 50 MeV/u to
25 GeV/u for nitrogen and xenon [13]. Nitrogen seems to
be the most appropriate residual gas, because of its spec-
tral concentration between 390 and 430 nm. In addition,
nitrogen shows the highest integral intensities. Especially
the four times higher Igas&Z makes it the right choice, if
the stopping power is an issue. For electric fields in the
order of 10 kV/mm the trajectories of excited, charged
molecules like N+

2 , will be influenced by the beam’s space
charge and might falsify the profile reading [14]. There-
fore one might focus on different selection criteria as larger
molecule masses and shorter transition-lifetimes, provided
by rare gases like Xe and Kr. Helium is no alternative
due to its wrong profile image in the considered pressure
range. However, for most beam parameters N2 is the op-
timal choice because of its high light yield. Moreover it
was shown that all nitrogen profiles show the same profile
width. Once a residual gas is selected, optical components
can be further optimized.

Figure 4: Gas specific beam profiles (upper plot) and tran-
sition specific beam profiles for nitrogen (middle) and he-
lium (bottom) as indicated in Fig. 3.
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THE LHC SYNCHROTRON-LIGHT MONITORS 
A.S. Fisher*, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA 

A. Goldblatt and T. Lefevre, CERN, Geneva, Switzerland

Abstract 
Synchrotron-light telescopes will measure the profiles 

of the two LHC beams of protons or lead ions, and verify 
that the abort gap is clear. At collision energy (7 TeV), 
each telescope will image visible light from a super-
conducting dipole used to widen beam separation at the 
RF cavities. At injection (0.45 TeV), this source must be 
supplemented by a 2-period superconducting undulator 1 
m from the dipole. An optical “trombone” delay line will 
provide the large shift in focus. We discuss the optical 
design, diffraction, depth of field, and the expected 
signals over the energy ramp, for emission from the centre 
and edge of the dipole and from the undulator. 

INTRODUCTION 
The two LHC synchrotron-light telescopes (BRST [1]) 

will measure the transverse beam profiles. The abort-gap 
monitor (AGM or BRSA [2]) will verify that the 3-μs gap 
contains an acceptably small number of particles, since a 
partial kick during the rise of the abort kicker may drive 
them into a magnet and cause a quench. 

Protons will be injected at 450 GeV and ramped to 
collisions at 7-TeV, where they emit enough synchrotron 
light in superconducting dipoles for imaging. However, 
arc dipoles are interconnected in a long series of cryo-
stats, with no access to this light. In the IR-4 straight, a 
chicane of four 9.45-m dipoles widens the beam separa-
tion from 194 to 420 mm for RF cavities. As the beam 
exits the cavities, dipole D3 bends it by 1.57 mrad. In the 
62-m drift to the fourth dipole, light from the first 3 m of 
D3 diverges from the protons, reflects from an extraction 
mirror at 26 m, and passes through a fused-silica vacuum 
viewport to optics below the beamline. The dipoles ramp 
to 3.88 T at 7 TeV, bringing the critical wavelength λc 
from 0.23 mm to 61 nm in an orbit with radius ρ=6 km. 

At injection, since the dipole’s visible emission is 
negligible, a short superconducting undulator [3] with 
Nu=2 periods of λu=28 cm was added to the cryostat 937 
mm before D3. With Bu=5 T (not ramped), its spectrum 
for 450-GeV protons peaks in the visible, at 610 nm. 

The ALICE detector will study lead-ion rather than 
proton collisions. With fewer particles and a red-shifted 
spectrum, this experiment requires separate evaluation. 

Since ρ must be the same for proton and ion orbits, at a 
given dipole field the energy must scale with charge. 
Lead ions will collide at Z=82 times the 7-TeV proton 
energy (92 μJ/ion!). The relativistic factor γ scales by Z/A. 

EMITTED ENERGY PER PARTICLE 
For central dipole radiation, the energy per particle 

emitted (in both polarizations) into solid angle and fre-

quency dξdψdω (where the horizontal and vertical angles 
ξ/γ and ψ/γ are conveniently expressed in normalized 
form) is expressed using modified Bessel functions K [4]: 
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We model the dipole’s edge field as: 
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The edge radiation is then given by [5]: 
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Note that this expression diverges for ω << ωc; these low 
frequencies are emitted as the particle moves from the 
edge to the uniform field, and so edge and central 
radiation are not really distinct in this range. 

The energy from undulator radiation is given by [4]: 
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with undulator parameter Ku and first-harmonic ω1: 
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OPTICAL CONSIDERATIONS 
Depth of Field in the Dipole 

Due to the small bend angle, dipole light will be col-
lected over a long path. In the horizontal plane, rays are 
emitted tangent to the orbit (Fig. 1). They focus in the 
optical system as if originating at their intersection R with 
the focal plane. We see which ray angles from a point M *afisher@slac.stanford.edu 
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on the focal plane 
intersect the extrac-
tion mirror. Fig. 2(a) 
plots these positions 
and angles in phase 
space. We see that 
the mirror reflects 
light from the first 
3.2 m of the orbit in 
D3. The plot also 
shows the accep-
tance of a slit placed 

one focal length after the first focusing optic, in order to 
select a range of angles from the source plane. The focus 
is set in the middle of the path determined by the slit. 

The beam ellipses from different points along the orbit 
project onto the x axis with small shifts, but the shifts are 
minimized by focusing in the middle. A sum of the 
projections along the entire selected path confirms that 
the broadening is <2% for the full 3 m accepted here. 

In vertical phase space (Fig. 2(b)), the large radiation 
opening angle makes wide radiation phase ellipses that 
remain centered (since the orbit is straight) but rotate with 
distance in the dipole, widening the sum of projections. 
Blurring is again reduced by focusing in the middle of the 
path, but it becomes a problem for paths over 2 m. 
Diffraction 

A wide angular spread is needed for a small optical 
waist and hence for good size resolution. For a given 
angular width, the TEM00 mode has the smallest waist and 
so offers a lower bound on resolution. A TEM00 beam at 
400 nm with an RMS size of 330 μm, typical of a beam in 
D3, has an RMS angular spread of 100 μrad. The vertical 
angle of dipole radiation from 7-TeV protons is wider, 
182 μrad, and a 2-m path gives a (uniform) horizontal 
spread of 324 μrad. A ZEMAX [6] calculation at 400 nm 
finds an overall broadening of 5%. Ions, with a smaller γ 
and so larger angles, give less concern. 
Optical System 

To match the wide spectrum over the ramp, we focus 
with two metal-coated mirrors. A crowded rail under the 
beamline is being replaced by an optical table, allowing 
space for calibration and focusing (Fig. 3). The first 
mirror, F1, is 32 m from the source; to form its image on 
the table, it must demagnify. The second mirror, F2, 
raises the overall magnification to 0.3, so that the image 
covers multiple camera pixels. With incidence at 1° to the 
normal on both spherical mirrors, ZEMAX finds an RMS 
point spread on the image of 16 μm from aberration. 

A design improving on spherical optics was developed. 
Since any portion of the surface of an ellipse has perfect 
geometric point-to-point imaging, elliptical mirrors can be 
devised for any angle of incidence. Indeed, the spot size 
remains below 1 μm RMS even with source points 1 mm 
off axis and with the window’s slight chromaticity. 
However, such mirrors are costly, and the geometric 
blurring from spherical optics is less of a concern than 
diffraction. Elliptical optics may be useful as an upgrade. 

Since the light source shifts by up to 2.8 m during the 
ramp, from the undulator’s centre to 1.6 m inside D3, the 
optical focus must change. Moving focusing mirrors 
while maintaining focus and alignment is difficult. 
Instead, the entering optical path is held constant by an 
optical “trombone” (Fig. 3). A 2-pass trombone using a 
600-mm motorized translation stage can delay by 1200 
mm. For up to 3 m, needed to focus in the dipole, a 
second stage inserts two mirrors into the path on the 
moving platform, making a 4-pass trombone. 

SIGNALS ON THE DETECTORS 
Camera 

An image-intensified camera (Proxicam HL4 S NIR 
with a red-enhanced S25 photocathode) replaces a CCD. 
Combining (1), (6), and (7) with the spectral responses of 
the camera (300 to 900 nm), the metal-coated mirrors 
(>380 nm for protected silver) and the viewport (<4 μm, 
with an opaque notch around 2.8 μm), gives the number 
of electrons emitted from the photocathode. 

Fig. 4 shows the signals in the peak pixel for the 
expected beam size and the fills of Table 1. The intensi-
fier can brighten these signals, but cannot improve the 
signal-to-noise ratio from the square root of this photo-
electron count. The drop in in-band undulator radiation 
before the dipole radiation rises causes a crossover region 
with a deep dip in available light plus blurring from 
multiple sources. Manipulating the focal-plane slit helps 
to speed this transition from undulator to dipole. 

 
Figure 1: Radiation from a point 
inside the dipole. 

 

 
Figure 2: (a) Horizontal and (b) vertical phase space 
for emission in D3, with the coordinates and the optical  focus in middle of the path selected by the slit. 
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At injection, a proton pilot bunch needs an integration 
time of at least 1 s. For lead ions, there is simply too little 
light in the visible to see an injected pilot bunch, but with 
sufficient integration, a full bunch might be imaged. This 
limitation is lifted once the ramp begins, shifting undu-
lator light out of the infrared. 
Abort-Gap Monitor 

A beamsplitter between F1 and F2 (Fig. 3) reflects 90% 
of the light (before cutting by the slit) for imaging and 
transmits 10% to the AGM. A photomultiplier (PMT) is 
placed on the split path at the intermediate image from 
F1, where the light fits easily into the 10-mm photo-
cathode. The gated PMT (Hamamatsu R5916-50) uses a 
microchannel plate rather than dynodes. The gate allows 
it to sensitively detect the small gap signal without 
saturation from the large population elsewhere. 

The 3-μs gap is monitored in 30 100-ns bins. The 
beam-loss monitor group has calculated the proton popu-
lation per bin at quench threshold [7]. Jowett explains [8] 
that ions fragment hitting the beam screen and deposit the 
same energy in a magnet coil as Z protons at the 
corresponding stage of the ramp. We thus set the 
threshold at 1/Z times the quench limit for protons. 

The calculated PMT signals meet the requirement to 
measure a threshold population to 5% accuracy in 100 ms 
throughout the ramp—except for lead ions at injection. 
Since this case is difficult for imaging too, all the light 
should then be sent to the PMT. This factor of 10 
provides sufficient improvement to meet the criterion. 
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Figure 3: A new 4.8×0.8 m2 optical table below the beam adds a calibration path and focus trombone. Light enters at right. 

Table 1: Proton and lead-ion fills

 Protons Ions 
Number per pilot bunch 5×109 7×107 
Number per full bunch 1.7×1011 8.2×109 
Number of bunches, full ring 2808 592 

  
Figure 4:  Electrons in the peak pixel of the camera in one turn (dashed curves) and in a 20- ms video interval (solid 
curves); for a pilot bunch (blue), a single full bunch (green), and a full ring (red). (a) Protons and (b) lead ions. 
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HIGH CURRENT ION BEAM INVESTIGATIONS ON
INORGANIC SCINTILLATION SCREENS

E. Gütlich∗, P. Forck, B. Walasek-Höhne, GSI, Darmstadt, Germany
W. Ensinger, Technical University of Darmstadt, Germany

Abstract

At the GSI heavy ion LINAC, the properties of scintillat-
ing screens irradiated by the ion beam were studied. Dif-
ferent ion beams from H+ to U28+ in the energy range
from 4.8 to 11.4 MeV/u were used with currents up to some
mA. The investigations were focused on ceramic materi-
als. Their properties (light yield, beam width and higher
statistical moments) were compared with different quartz
glasses. The image of each ion beam pulse was recorded
by a digital CCD camera and individually evaluated. The
recorded beam width shows dependence on the used scin-
tillator material. Additionally, the light yield and beam
width depend significantly on the screen temperature. For
ZrO2 the influence of the screen temperature on the statis-
tical moments was investigated. Furthermore, the spectra
of the scintillation screens were studied in the UV-VIS re-
gion with different ion species.

INTRODUCTION

Since decades, scintillation screens are widely used for
beam profile measurement in nearly all accelerator facil-
ities. Moreover, these screens are an essential part of a
pepper-pot ermittance system. The realization at GSI, as
used for the high current operation of the LINAC, is de-
scribed in [1]. However, there had been doubts concerning
the accuracy of the pepper-pot method [2], which might
be related to a possible image deformation by the scintil-
lating screen as reported in [3, 4, 5]. The properties of
the luminescent materials (see Table 1) were investigated
with ion beams of H+, C2+, Ar10+, Ni9+, T a24+ and
U28+ at energies between 4.8 and 11.4 MeV/u and differ-
ent beam currents as delivered by the LINAC. The typical
size of the ion beam was σ = 2 mm. Sensitive scintilla-
tion screens, like the single crystal Y AG:Ce or ZnS:Ag,
were irradiated with lower currents [4]. The ceramic ma-
terials with less light yield, like BN , ZrO2, ZrO2:Mg,
pure Al2O3 and Al2O3:Cr (Chromox), were investigated
and compared to Quartz-glass (Herasil 102) and Quartz-
glass doped with Ce (M382). The realised experimental
setup and the data aquisition system are described in [4, 6].
The original image of the beam spot was projected to the
horizontal and vertical plane of the beam. In this work the
results for the horizontal projection are presented, but com-
parable results were also obtained for the vertical one. For
the characterization of the distribution pi(xi) not only the
centre μ (1st moment) and standard deviation σ (2nd mo-

∗E-Mail: e.guetlich@gsi.de

Table 1: Compilation of Investigated Materials

Type Material Supplier

ZrO2 (Z700-20A),
Ceramic ZrO2:Mg (Z507), BCE Special

BN , Al2O3, Ceramics
Al2O3:Cr,

Quartz glass Quartz (Herasil 102), Heraeus
Quartz:Ce (M382) Quarzglas

ment) were used, but also the skewness γ (3rd moment, pa-
rameter of the asymmetry) and the kurtosis κ (4th moment,
the peakedness) [7].

SCREEN INVESTIGATION

The interest of pepper-pot emittance measurements
arises from the UNILAC high current operation with sev-
eral mA. As reported in [3, 4, 5], the imaged beam width
depends significantly on the temperature of the scintillat-
ing screen. An example for high current measurement is
shown in Fig.1 where the screens were irradiated by Ar10+

with a current of 310 μA within 100 μs delivery time cor-
responding to 2 · 1010 ppp. The peak power was 14 kW
while the average power was 3.8 W. As expected the light
yield of the various materials differs by several orders of
magnitude. For the four materials Quartz:Ce, ZrO2:Mg,
BN and Herasil the yields dropp significantly during the
irradiation. The determined beam width varies within a fac-
tor of two. The light yield decreases coincidently with the
imaged beam width, but with a slightly different time con-
stant. Since it is known that the light yield reduction is
correlated with the screen temperature [3, 4, 5], a break in
the beam delivery of 3 minutes was scheduled to let the
screens cool down. For Herasil, Al2O3, Al2O3:Cr and
ZrO2:Mg the light yield and the beam width show repro-
ducible time behaviour and reach a constant value. For
Al2O3 the light yield is constant whereas for Al2O3:Cr
the yield even increase. In both cases, a broadening of
the image width occurr in a reproducible manner. Using
a PT100 temperature sensor at the backside of ZrO2:Mg
screen the average temperature of 240◦C was determined
for comparable beam parameters with an average power of
2.3 W (respectively to 3.8 W for the measurements shown
in Fig.1). The interpretation of the temperature behaviour
is challenging. As reviewed in [8] and [9] the light yield
of crystal scintillators like NaI:T l, BGO and CdWO4
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Figure 1: Light yield and beam width for different mate-
rials irradiated by 2200 macro-pulses of Ar10+ ions with
2 · 1010 ppp, in 100 μs pulse lenght with 2.6 Hz repetition
rate at 11.4 MeV/u (∼300 μA). After 5 min. of irradiation,
a 3 min. break was introduced to let the screen cool down,
followed by 10 min. irradiation.

depends significantly on the temperature. After a certain
(material dependent) irradiation time, a steady-state tem-
perature distribution is reached leading in a constant yield
and width reading. The equilibrium width reading differs.

For the investigation of the temperature dependence, a
Ni layer (heating loop) was sputtered on the backside of
ZrO2 screen to heat the sample up to 300◦C. The light
yield and the beam width for ZrO2 with three different
heating levels are shown in Fig.2. The sample was irra-
diated by a proton beam with 3.9 · 1011 ppp within 4 ms
beam delivery and a repetition rate of 2 Hz, corresponding
to a peak power of 75 W and an average power of 600 mW.
The heating power was kept constant for each curve but the
sample was additionally heated by the ion beam. Thus, the
temperature on the backside of the sample increases during
the irradiation. Beside an initial phase, which is difficult
to interpret, one can clearly see that the equilibrium light
yied and the imaged beam width increase with the temper-
ature. By heating up the ZrO2 screen from room temper-
ature to 274◦C, the light yield increases by one order of
magnitude. In Fig.2 the light yield is increases by a factor
of 4 and the imaged beam width increases by a factor of 1.5
in the temperature range from 125◦C to 210◦C. These rea-
sults clearly point out that the temperature of the ceramic
scintillaton screens could be a critical issue, especially for
high current ion beams. Further experimental results are
reported in [3, 4, 5].

SPECTROSCOPIC STUDIES

The spectroscopic studies on the scintillation screens
were performed with the Jobin Yvon Horiba CP140-202
spectrograph [10] and an Image Intensifier CCD Camera
(ICCD). The spectra of six different scintillation screens ir-
radiated with a Ta24+ and a H+ ion beam are presented

Figure 2: Light yield and beam width for ZrO2 irradiated
by 300-500 macro-pulses of 2 Hz repetition rate with 3.9 ·
1011 ppp H+ in 4 ms pulse lenght at 4.8 MeV/u.

in Fig.3. The spectra are not corrected by the photo-
cathode and the spectrometer efficiency. By comparing
the luminescence spectra for the two ion species Ta24+

and H+, some significant differences were observed for
Al2O3, Al2O3:Cr, BN , Herasil and ZrO2. There is
no change in the spectrum of ZrO2:Mg. By comparing
the spetra of pure Al2O3 and Al2O3:Cr, one can clearly
see the influence of the host lattice on the band around
490 nm. The absence of the known line at about 695 nm
for Al2O3:Cr is not explained till now. The screen tem-
peratures are different for Ta24+ and H+ during the ir-
radiation process, which could cause a slight shift in the
spectra. To investigate the influence of the screen tempera-
ture on the spectrum, temperature studies were performed,
like the one for Fig.2. In Fig.4 three different heating lev-
els were applied on the ZrO2 scintillation screen. Start-
ing from room temperature with no additional heating to a
temperature of ∼250◦C. For the broad bands, a slight shift
into higher wavelength during the heating process was ob-
served. Further more, the bands around 400 nm and 725 nm
are strongly effected by the increased temperature. An ad-
ditional interesting observation is that there is no change in
the position for the sharp line around 515 nm in the ZrO2

spectra with H+ ions. It turns out that the influence of the
screen temperature is bigger for irradiation with H+ than
for Ta24+.

MEASUREMENT RESULTS

Several scintillation materials were investigated under
various beam conditions. Different readings of the imaged
beam width for various materials were determined even for
purpose built crystalline scintillators. These results were
obtained with H+ ions, as well as heavier elements up to
U28+. The observed behaviours were reproducible under
different beam conditions. The influence of a chromatic
abberation of the lens, as well as the light intensity on the
CCD-Chip could be excluded to explain the results. Due
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Figure 3: Spectra of the scintillators for Ta24+ (in red) and
H+ ions (in blue). Beam parameters for H+: 4.1 · 1011

ppp at 4.8 MeV/u, 2 ms pulse lenght, 2 Hz repetition rate.
Beam parameters for Ta24+: 8.8 · 109 ppp at 11.4 MeV/u,
100 μs pulse lenght, 1 Hz repetition rate. The spectra are
averaged over about 1000 images and they are not corrected
by photocathode (top) and spectrometer efficiency.

Figure 4: Spectra of ZrO2 for irradiation with Ta24+ and
H+ ions for different heating levels. The beam parameters
and the evaluation are the same as in Fig.3.

to the possibly high surface temperature, it is intended to
introduce a filter in front of the lens, to avoid image defor-
mation due to IR-radiation. The influence of the surface
roughness and grain size has to be investigated for the ce-
ramics. Additionally, the linearity of the investigated scin-
tillating materials has to be determined. Further data anal-
ysis are in progress to discriminate between saturation, dif-
fuse refraction and self-absorbtion of scintillation light us-
ing the higher statistcal moments. Additional beam-based
experiments are required to distinguish between these ef-
fects.

For high current applications, the properties are influ-
enced by the temperature of the screens, which is signifi-
cantly increased during irradiation. This knowledge is es-
sential for choosing a well-suited material for the pepper-
pot emittance device. Following the high current investi-
gations at least BN and Quartz:Ce can not be used due
to the permanent degradation [5]. It seems that ZrO2:Mg
and Herasil are good candidates for a high current ap-
plication. ZrO2:Mg has a high light yield, it does not
show a significant surface modification and its spectrum
shows almost no dependence on the ion species. Herasil
showed a narrow imaged beam width and being a transpar-
ent material the diffuse reflections at the grain boundaries
are avoided, but its spectrum shows a significant change
for Ta24+ compared to H+. The influence of different ion
energies and species on the scintillation process has to be
investigated for Herasil, because of its transparency. In
addition ion beam analysis will be carried out to clarify the
open questions.
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FAST WIRE SCANNER CALIBRATION 

J. Koopman, A.G Ollacarizqueta, CERN, Geneva, Switzerland  
A. Lokhovitskiy1, JINR, Dubna, Russia, CERN

Abstract 
The fast rotating wire scanners installed in the PS and 

the PS booster are used for the precise transversal profile 
measurements in horizontal and vertical planes. The 
scanners may show large position measurement errors if 
no special treatment is applied to the acquired data. The 
aim of the calibration is to obtain a correction algorithm 
for the systematic position measurement error due to me-
chanical and electronic offsets.  

A new calibration system has been developed and in-
troduced in CERN for the scanners implementing position 
feedback control. The calibration method is based on a 
substitution of a particle beam by a laser one where the 
laser beam position is well known. According to the pre-
vious experience the following crucial requirements to the 
system have been taking into consideration: heavy and 
mechanically stable design of the calibration bench to 
reduce mechanical oscillations of scanner parts; automa-
tion of the calibration procedure to exclude human errors 
in data taking, storing and analysis; high precision of the 
laser positioning; minimization of the total amount of 
scans and calibration time for each scanner.  

 SYSTEM OVERVIEW 
The setup consists of a massive vacuum tank that can 

receive either a horizontal or a vertical scanner with 2 
viewports at the position where normally the vacuum 
chamber is situated.  A laser beam, split into two parallel 
beams of nearly equal intensity distant by 2.7 mm by 
means of special optics, through which the wire travels at 
high speed, is mounted in front of one viewport. Behind 
the second viewport a large fixed mirror is positioned.  

 
Figure 1: Calibration bench with a horizontal PS booster 
scanner. 

The carbon wire scanning through the beams creates 
thus twice a shadow detected by one single photo-
detector, resulting in 2 negative peaks and otherwise con-

stant signal. Correlating the measured peak positions with 
the real laser beam position allows the creation of a cor-
rection algorithm. For the automation purposes the laser 
and photo-detector are mounted together on a translation 
table and moved by a stepping motor (Parker MX80S, 
stepping motor driven linear stage.). 

 

Figure 2: Measurement principal. 

An expected and observed signal from the 30 μm C-
fiber travelling with a speed of 10 to 20 m/s through a 200 
μm (σ) laser beam (1mm diameter) only has a modulation 
depth ~6%. A precise adjustment of the optical subsystem 
is required to provide conditions at which a peak detec-
tion algorithm works stable. One should note it impacts 
on the total number of scans which is needed to be done 
during the calibration of a scanner. A minimal number of 
bad scans, when peaks cannot be detected precisely, is 
allowed to make less repeated scans and to extend the 
life-time of bellows and wires. 

Motion Control and Acquisition Electronics 
The electronics for the acquisition and control of the 

wire-scanner movement and laser positioning are hosted 
in a standard VME64x crate. The motion control card [5] 
is in charge of the scanner positioning and the laser beam 
acquisition. The laser movement and position acquisition 
are controlled through a TVME200/IP-OCTAL-422 card 
connected to a MIDI crate [6]. Two FESA [3] classes 
running on a RIO3-8064 CPU card control the system. 
When a scan is launched, the position of the scanner is 
measured by means of a precision rotary potentiometer. A 
16-bit ADC performs the read-out of each position meas-
urement which is then stored in a 256k memory block. 
The standard wire-scanner installation acquires the signal 
coming from a photomultiplier using a logarithmic ampli-
fier. The calibration installation has to use the laser detec-
tor signal instead. The signal is read with a 12-bit ADC 
configured to acquire an external input signal. The meas-
urement in both cases is stored in another 256k memory 
block of the motion control card. The rate of acquisition is 
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configurable. For calibration purposes a rate of 200 kHz 
was used. The laser position is read from the MIDI crate 
and corresponds to the number of steps the motor dis-
placed from a limit switch with respect to the centre of the 
chamber. 

 
Figure 3:  Electronics schematics of the calibration bench. 

LOOKUP TABLES 
The measured position of the scanner is represented by 

a signal coming from the potentiometer only contains the 
information about a motor crankshaft angle (see Figure 
3). Because of very high non-linearity of the transmission 
of the motor rotation to the wire travelling the crankshaft 
angle cannot be used directly to identify a projected posi-
tion. 

 
Figure 4: Schematic of a wire movement. 

To convert bits into projected positions in the calibra-
tion system a method of lookup tables is implemented. 
Each lookup table contains number pairs 

)()( .. mmxbitsn ppp ⇔  covering a significant range of 
the projected positions. The calibration system uses the 
theoretical and correction lookup tables.  The correction 
tables are the final output of a calibration procedure and 
they have to be uploaded to the FESA servers controlling 
the operational electronics. The theoretical lookup tables 
(Figure 5) have been calculated once according to geo-
metrical parameters of an ideal scanner (Table 1) by a 
method described in [1]. They are used to display the 
calibration results in a form of human readability and may 
help to unmask some problems with a scanner during its 
calibration. 

 

Table 1: Geometrical parameters of the kinematic model
Parameter PS PS Booster 
Crankshaft radius 11 mm 11 mm 
Length of connection rod 84.5 mm 84.5 mm 
Horizontal distance of motor shaft 
to rocker shaft 

80 mm 80 mm 

Vertical distance of motor shaft to 
rocker shaft 

36 mm 36 mm 

Radius of rocker arm, motor side 26 mm 26 mm 
Radius of rocker arm, wire side 17 mm 16 mm 
Angle between rocker and lever 34 deg. 34 deg. 
Horizontal  distance from rocker 
centre to fork shaft 

164 mm 167.69 mm 

Vertical distance from rocker cen-
tre to fork shaft 

17.25 mm 17.62 mm 

Radius of fork shaft 5.75 mm 6.0 mm 
qDistance from fork shaft to wire 164 mm 164 mm 
Fork angle at home position  -20 deg. -24 deg 
Distance from fork shaft to beam 
centre 

89.75 mm 92.38 mm 

Radius of push rod 6.2 mm 6.2 mm 

 

Figure 5: Lookup tables of theoretical projected positions. 

CALIBRATION PROCEDURE 
A scanner calibration is carried out in 4 steps:  
1. A scanner is mounted in the tank and linked-up to 

the control electronics. To prevent scanner damage 
the installation integrity and readiness of all the 
elements in the system have to be verified before 
the calibration is being started. 

2. Verification of the photodiode signal quality and 
peak visibility by making single scans. Optics ad-
justment may be required. 

3. Automated calibration. At each laser position few 
scans for each predefined speed (10, 15 and 20 
m/s) have to be performed and the detector read 
out. The acquired data is analyzed and the peaks in 
the signal accurately located in time scale. An in-
cremental positioning of the laser and a number of 
repeated scans are set up to perform the minimal 
needed number of scans for tolerable results. The 
automated calibration produces 6 correction lookup 
tables: for each of 3 predefined speeds and for 2 
wire movement directions. Figure 6 shows the 
mismatching between measured and calculated 
lookup tables of 2 wire scanners for the speed 15 
m/s where a laser positioning increment equals to 5 
mm. 
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4. A check of newly created correction lookup tables. 
The same scans as in the step 3 have to be per-
formed again but already applying the created ta-
bles to identify a wire position. An error of a posi-
tion measurement is defined as

laserp
pp

wire xvxx −=Δ )(. , where pv is a potenti-

ometer value of a detected dip(s), )(.
p

pp
wire vx  is a 

projected position of the wire taken from a correc-
tion lookup table, laserx - laser beam position. If 
the majority of the results are within the range ±0.5 
mm the scanner is classified as calibrated and 
ready to be used for operation. Check results of the 
scanners from Figure 6 are shown in Figure 7. 

 
Steps 2-4 are executed using a dedicated expert applica-

tion written in java to handle remotely the calibration task 
and to process acquired data. The application communi-
cates directly with 2 FESA servers controlling the elec-
tronics.  

 

 
Figure 6: Mismatching between measured and theoretical 
projected positions of a scanner in PS domain and a scan-
ner in PS booster domain. The wire speed is 15 m/s. 

 
Figure 7: Check results of a scanner in PS domain and a 
scanner in PS booster domain. The wire speed is 15 m/s. 

CONCLUSION 
With the new calibration system we achieved the fol-

lowing results: human errors are completely excluded 
from the calibration task; one scanner full calibration 
takes only 1 hour if there are no hardware problems (it 
took  half-day formerly); percentage of bad scans is very 
low when optics are well tuned. During the 2008-2009 
shutdown at CERN 13 fast wire scanners including a 
spare one were calibrated and installed in the PS and the 
PSB booster at hard time constraints. When the PS and 
the PS booster started up few comparative profile meas-
urements were done to verify a match of a profile centre-
mass with a position measured by a nearest pickup. A 
Figure 8 shows one comparative measurement. 

 

Figure 8: Horizontal profile measurement of a c entred 
beam in the PS booster: a) beam position from a down-
stream pickup, b) profile, measured by a wire scanner. 
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TRANSVERSE PROFILE MONITORS BASED ON FLUORESCENCE FOR 
IFMIF-EVEDA ACCELERATOR 

J.M. Carmona*, B. Brañas, A. Ibarra, I. Podadera, CIEMAT, Madrid, Spain

Abstract 
IFMIF-EVEDA prototype accelerator will be a 9 MeV, 

125 mA continuous wave (CW) deuteron accelerator, 
focused on validating the technology that will be used in 
the future IFMIF facility [1].  In such a high current low 
energy deuteron accelerator, any interceptive diagnostic 
could be destroyed. In the quest of non interceptive beam 
transverse profilers required for IFMIF-EVEDA, two 
different options are considered: A monitor based on the 
fluorescence of residual gas developed by CIEMAT and 
another based on ionization developed by CEA [2]. In this 
contribution, a description of the beam transverse profile 
monitor prototype based on fluorescence, together with a 
brief analysis of the reliability of the profiles captured 
with this monitor will be presented.   

INTRODUCTION 
The International Fusion Materials Irradiation Facility 

(IFMIF) aim is to provide a materials irradiation database 
for the design, construction, licensing and safe operation 
of the future Fusion Demonstration Reactor (DEMO) [2]. 
In such a reactor, high neutron fluxes may generate up to 
30 dpa/fpy (displacements per atom/full power year). 
IFMIF facility will be a dual 40 MeV deuteron accelerator 
(2 x 125 mA operating in continuous wave), colliding 
with a liquid lithium target with the aim to produce high 
neutron fluxes to test new materials.  

In the framework of the “Broader Approach”, the 
IFMIF-EVEDA (Engineering Validation and Engineering 
Design Activities) project includes the construction of an 
9 MeV and 125 mA (CW) deuteron accelerator prototype. 
Most of the components of the accelerator are being 
developed by France, Italy and Spain [3].  

In such high current accelerator, non-interceptive 
diagnostics are required. Hence, in the following sections, 
a brief description of the first prototype for the EVEDA 
fluorescence profile monitor will be provided. Such 
monitor is actually in design and prototyping phases. 

PROTOTYPE PROFILE MONITORS 
As part of the diagnostics package, non interceptive 

profile monitors will be installed along the line of the 
EVEDA accelerator with the aim to measure and 
characterize the beam. A fluorescence profile monitor is 
based on the interaction between the beam particles and 
the residual (or injected) gas inside the vacuum chamber 
of the accelerator. Photons are produced due to the 
excitation and de-excitation of the gas molecules or atoms 
(in the case of injected atomic gas).  This technique has 
been tested already at different accelerator e.g. CERN-

PSB [4] and GSI-UNILAC [5]. 
The light emitted, can be collected and used for the 

determination of the beam profiles. The low cross 
sections between the beam and the gas at those energies 
(9 MeV), can be counteract by increasing the integration 
time (taking advantage of CW operation) and optics 
optimization.  

A set of collection optics will be installed to obtain 
horizontal and vertical projections of the beam at the 
same position. Briefly it consists of a special optical 
window and a set of optics plus a detector. Depending on 
the results of the first prototype, the detector could be 
finally located in front of the viewport or installed in a 
safety place inside of a shielded box, using a coherent 
fibre bundle to transport the image from the viewport to 
the camera. A movable calibration system and a gas valve 
will be installed in order to provide spatial calibration and 
to increase the pressure locally, respectively.  Finally, a 
filter wheel could be installed to select different line 
transitions.  

 

Challenges for IFMIF-EVEDA Profile Monitors 
The high neutron and gamma fluxes can lead into a 

permanent damage for electronic devices like detectors or 
standard fibres. Detectors usually loose dynamic range 
and contrast with radiation and can become inoperative 
even at low dose rates [6]. The detector which suits better 
our requirements must be chosen carefully, taking into 
account quantum efficiencies, readout times, spatial 
resolution, dynamic range and rad-hard operation. CCD’s 
and CID cameras from several companies have been 
considered. To date, the most promising candidate for 
EVEDA are CID rad-hard cameras because of its 
dynamic range and rad-hard resistance operation of some 
models (up to 3 Mrad). Other detectors like PMT’s or 

Horizontal & vertical 
camera optics 

Calibration system  Gas inlet 

____________________________________________ 

*jm.carmona@ciemat.es  
 

Figure 1: Illustration of the prototype vacuum chamber 
for the fluorescence profile monitor, showing the vertical 
and horizontal viewports, as well as those for gas 
injection and calibration. 
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APD’s have been discarded due to lack in spatial 
resolution.  

A widely known problem is that transmission of optical 
windows falls with radiation, resulting in decreasing 
photon counts with time. In order to avoid this setback, 
the construction of optical windows based on with KU1 
and KS-4V quartz glasses are proposed.  Transmission for 
these quartz glasses is ~100% and remains constant for 
wavelengths above 380 nm at high gamma and neutron 
flux rates [7, 8]. 

SHIELD CONCEPT AND IMAGE BUNDLE 
OPTIONS 

High neutron and gamma fluxes are expected during 
operation of the accelerator inside the vault. In such 
hostile environment, is essential to design a local shield in 
case of using sensitive elements. Looking for a 
optimization of the shield estimations of the neutron and 
gamma spectra are being made (see Fig. 2). For the 
monitors that will be located along the HEBT, a dual head 
and single output coherent fibre bundle are being 
considered. For the EVEDA prototype monitor, a 
radiation tolerant CID camera has been selected (see 
below). Since every pixel in CID cameras is addressable 
individually, it could be possible to obtain both profile 
projections with a single camera using the proposed 
bundle. If this capability is tested successfully, it will 
cause a cost reduction of the rents.   

 

Coherent Image Bundles Options 
A coherent image fibre bundles opens the possibility to 

move the diagnostic set to a safety shielded location. The 
image bundle should withstand high gamma and neutron 
fluxes without darkening (loss transmission).  

Nowadays, Fujikura LTD [10] and SCHOTT [11] are 
suppliers with images bundles in their catalogues. 
SCHOTT provides good quality large image bundles but 
no radiation resistant (unless they are shielded). Fujikura 
LTD has radiation resistant image bundles (FIGR series), 
but they have a maximum diameter of 3 mm leading into 
a decrease in spatial resolution.  

In order to overcome this drawback, an array of FIGR 
image bundles can be grouped into a larger one, although 
spatial resolution of SCHOTT bundles will be still larger.  

With the purpose of evaluate the viability of this 
approach, a Fujikura image fibre bundle will be tested 
together with the fluorescence profile monitor with a 
deuteron beam in the next months.  

RAD-HARD CID CAMERA 
A Thermo Scientific radiation hard CID8726DX6 

monochrome camera has been selected for the BTPM 
prototype. This charge injection device based camera can 
withstand more radiation levels than standards CCD 
cameras with relatively low noise in such hostile 
environments. See table 1 for specifications. 

Table 1: CID camera main characteristics 

Pixels 786 x 603 
Pixel size 17.3 μm x 17.3 μm 
Full well capacity > 100000 electrons 
Remote head controller Up to 50 m 
Rad – Hard (at least) 3 Mrad 
Outputs USB 2.0, J2, J1002,… 
Gain x2, x4 
Geometric distortion 0 % 

 
The CID8726 camera is cooled down to keep a good 

S/N ratio even at high gamma fluxes. This camera has 
lower performances than the best scientific CCD’s 
available, but suitable for profile measurements in hostile 
environments. 

PROFILE RELIABILITY AND GASES 
Typically, molecular nitrogen and hydrogen are the 

main components of the residual gas present inside a beam 
pipe. The most intense lines come mainly from N2 and N2

+ 
with wavelengths between 385-430 nm and lifetimes about 
60 ns [3].  

Electric Field Interaction 
In high current accelerators (and especially in low beta 

beams) the interaction between the electric field and the 
excited charged particles of the residual gas could lead 
into a profile falsification.  
For instance, in case of large transition lifetimes, the 
distance between the points where the excitation and de-
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Figure 2: Preliminary  estimation of total gamma and 
neutron fluxes versus the distance from the beam axis 
(top) and neutron spectra at  3 different distances from 
the beam axis (bottom) near the beam dump [9]. 
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excitation of a particle occurs can be non negligible. In 
order to avoid the contribution of electric field to beam 
profiles, transitions coming from non ionized atoms or 
molecules can be selected like e.g.. Ne I, Ar I, Kr I or Xe 
I lines, depending on their lifetimes and intensities. 

Table 2: Velocities due to thermal motion for different 
candidate gases 

 
 
 
 
 
 

 
Unlike other accelerators, hydrogen is expected to be 

the dominant residual gas in EVEDA due to 
superconducting cavities (at least near them). There are 
several processes which could turn into emission of 
photons (with different cross sections) like e.g.  
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Thus, injection of another gas could be desirable 
because of hydrogen low mass and weak transitions in the 
region of interest among other effects. In the quest of the 
best gas, high mass, high cross section, a short lifetime 
and transitions in the visible region are desirable. Neon, 
Argon, Krypton and Xenon are gases with similar cross 
sections, with several transitions in the visible region and 
in the case of Xe, a large mass (131 amu) and some Xe II 
line transitions with short lifetimes (~6 ns) [5, 12]. Hence, 
a filter wheel in the design could assure the reliability of 
the profiles.  

Thermal Motion 
Thermal motion could be also a source of profile 

widening also, but even for long lifetimes (~60 ns), the 
distance between excitation and de-excitation (photon 
emission) due to this effect is negligible (e.g. 2.5E-3 mm 
for N2

+). See table 2.  

Estimation of Photons and Resolution 
A numerical code has been developed to optimize the 

design of the monitors along the line. With this tool, 
beam-gas interaction emissivity, number of photons 
reaching the detector and the final resolution achievable 

can be estimated e.g. using the present CID camera, cross 
section σ~1e-18 cm2, tube radius ~ 30 mm, distance 
beam-lens ~200 mm, pressure ~ 3e-6 mbar, lens F/ 
number ~1.4, efficiency ~ 1%, integration time ~ 100 ms, 
125 mA, σrms~2.5 mm, the expected photons are 
~1.57e+7, beam size in front of detector ~0.36 mm being 
~21 in detector pixels. As the beam size will change along 
the HEBT (i.e. from ~2 mm to ~20 mm), an optimization 
of the monitors should be made. The optics can be 
selected to obtain a required resolution, e.g. to obtain the 
same spatial resolution for σrms~20 mm beam, a 12 mm 
lens and a distance beam-lens of ~650 mm should be 
chosen. 
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CONCLUSIONS 
IFMIF-EVEDA prototype profile monitor based on 

fluorescence of residual gas have been presented. At the 
present design status, this technique looks very promising 
to characterize the beam transverse profile at such low 
energies and high deuteron current.  Therefore, they could 
be a key device to carry out non-interceptive transverse 
emittance measurements by doing quadrupoles scans. 
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vth(N2) 4.15 x10-4 mm/ns 

vth(Ne) 4.92 x10-4 mm/ns 
vth(Ar) 3.48 x10-4 mm/ns 

vth(Kr) 2.39 x10-4 mm/ns 

vth(Xe) 1.92 x10-4 mm/ns 
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THE BEAM PROFILE MONITORS FOR SPIRAL 2 

J.L. Vignet, A. Delannoy, E. Guéroult, P. Gangant, J.C. Foy, S. Cuzon, C. Houarner, M. Blaizot, 
GANIL, BP 55027, 14076 Caen Cedex 5, France 

 
Abstract 

In order to visualize the SPIRAL 2 beam dynamics, 
several beam profile monitors are under development. 
Multiwires beam profile monitors (SEM) will be used on 
the driver and RIB lines. Non interceptive beam profile 
monitor (RGM) should be mounted on the LINAC 
diagnostics box before experiments room, and low 
intensity beam profile monitor (EFM) on the RIB lines 
For the signals acquisition of all this kind of monitor, a 
new associated electronics will be used. These electronics 
digitize 94 channels in a parallel system. Each channel 
integrates the current of the associated wire or strip and 
performs a current-voltage conversion. The dedicated 
GANIL data display software has been adapted for these 
different new monitors. 

SPIRAL2 DESCRIPTION 
The SPIRAL2 facility is based on a high-power 

superconducting driver LINAC which delivers a high-
intensity, 40-MeV deuteron beam, as well as a variety of 
heavy-ion beams with mass-to-charge ratio equal to 3 and 
energy up to 14.5 MeV/u (Table 1). The driver accelerator 
will send stable beams to a new experimental area and to 
a cave for the production of Radioactive Ion Beams 
(RIB). The Accelerator building construction (phase1) 
will started in 2010 and the RIB production building 
(phase 2) in 2012 (Fig. 1). The commissioning of the 
driver should start in 2011 at GANIL.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 : SPIRAL 2 and GANIL facilities. 

DRIVER ACCELERATOR 
The Injector, dedicated to protons, deuterons and  ions 

of Q/A=1/3, is mainly composed of two ECR ion sources 
with their associated LEBT (Low Energy), a warm RFQ 
and the MEBT (Medium Energy) line connected to the 
LINAC. The LINAC accelerator is based on 
superconducting independently-phased resonators. It is 
composed of 2 families of quarter-wave resonators 
(QWR) at 88 MHz, 12 resonators with β=0.07 

(1 cavity/cryomodule), and 14 resonators at β=0.12 
(2 cavities/cryomodule). 

STABLE BEAM CHARACTERISTICS 
Table 1: SPIRAL 2 Stable Beam Characteristics 

  
Q/A 

Intensity 
range 
(mA) 

Energy 
range 

(Mev/u) 

CW beam 
Power 

(kWatt) 
Protons 1 0-5 2-33 165 
Deuterons 1/2 0-5 2-20 200 
Ions ≥1/3 0-1 2-14.5 43.5 
Ions ≥1/6 0-1 2-8.5 51 

RIB PRODUCTION 
The 40 MeV, 5 mA deuteron beam impinging on the 

converter produces an intense neutron flux with a energy  
centered at 14 MeV. Neutrons induce fission in the UC 
target located downstream of the target converter. The 
converter has to withstand up to 200kW beam power. The 
converter is a high speed rotating target which limits the 
peak surface temperature of converter materials far below 
2000°C. The thermal power deposit in the converter 
material is dissipated only by thermal radiation. 

 
Figure 2 : Radioactive beam facilities.  

Table 2: Radioactive Beam Characteristics 

 Line 1+ Line n+ Existing 
ganil 

Ion mass 
range 6 to 240 6 to 160 6 to 160 

Intensity 
range (pps) 103 to 1011  103 to 1010 103 to 109 

Beam 
energy 

10 to 60 
keV 

10 to 45 
keV 

1.2 to 20 
MeV/u 

132 Sn1+ 132 Sn20+ 132 Sn20+ Example of  
RIB 20 keV 400 keV 792 MeV 
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BEAM DIAGNOSTICS 
In order to drive the SPIRAL2 beam along the beam 

transport three kinds of beam profile monitor have been 
developed at GANIL. 

Secondary Emission Monitor (SEM) 

These monitors are composed of an 
horizontal and a vertical grid of 
golden tungsten wires of 150 μm.  
Three kinds of grid can be 
installed, depending on the 
maximum size needed to be 
measured: 
- 47 wires with 1 mm spacing for 
maximum beam size of 30 mm  
- 47 wires with three different 
spacing (1, 2, or 3 mm) for 
maximum beam size of 80 mm. 
- 100 wires with 1 mm spacing for 
maximum beam size of 100 mm  
These wires are welded on an 
alumina board to obtain a 
maximum out-gassing rate of 10-8 

Pa.m3.s-1. The total mechanical 
precision of this diagnostic is 
0.2 mm.  
  

Figure 3 : SEM profiler. 

In order to resist the beam power, different duty cycle 
should be applied and  depending on the location on the 
line. Simulations have been done in order to estimate the 
temperature of the wires About 70 secondary emission 
monitors will be installed on the different lines of the 
SPIRAL 2 facilities. 

Table 3 : 5 mA Deuterons  on 150 microns tungsten wire. 
 LEBT MEBT LINAC 

Energy 40 keV 1.5 MeV 40 MeV 
Wires 

temperature 650 °C 900 °C 900 °C 

Duty cycle 4 ms/s 0.5 ms/s 2 ms/s 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Temperature variation vs beam time on wire.  

Non-Interceptive Beam Profile Monitor (RGM) 
The principle of this 
profiler is based on the 
ionization of the residual 
gas of the lines by the 
beam. This diagnostic 
gives a one-dimensional 
profile and is composed 
by a drift space and a 
signal amplification stage 
(one micro-channel plate) 
with an anode of 35 strips 
spaced by 0.3, 0.5 or 1 
mm. The working 
pressure is 10-8 mbar and 
the desired resolution is 
1mm. In order to obtain a 
low out-gassing, the 
profiler should be baking 
at 150 °C.  
 

Figure 5 : RGM profiler. 
 

It will be set up when a high intensity beam monitoring 
will be needed and will be mounted between the six first 
Linac cryogenic cavity and just before the high intensity 
target of experimental rooms. 

Low Intensity Beam Profile Monitor (EFM) 
A secondary emission 

foil profiler is under 
development and will be 
used on the SPIRAL 2 
radioactive beam lines and 
the experimental rooms. It 
will monitor low intensity 
in the range of 10 1 to 10 9 
pps and low energy beams 
from 200 keV in order to 
replace the standard low 
intensity beam profile 
witch used gas at 1 
atmosphere and has a 
threshold energy of about 3 
MeV by nucleon. 

The impact between the 
beam and the foil will 
create secondary electrons. 
These electrons are guided 
by electric and magnetic 
field through a drift space.  
 

           Figure 6 : EFM profiler. 
 
Micro-channel plates will amplify the number of 

electrons in order to be collected on an X-Y grid. The 
desired resolution is 1mm in each dimension. 
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During a test with a 12C2+ Beam at 5 Mev/u with 105 
particles per second, the EFM Beam Profile has been 
compared with a standard gas monitor profile. Acquisition 
results are shown below. 
 
 
Standard gas beam profile 
Horizontal plane   Vertical plane 
 
 
 
 
 
 
 
 
 
 
EFM beam profile 
Horizontal plane   Vertical plane 
 
 
 
 
 
 
 
 
 

Figure 7 : eam profile acquisition. 
 

This detector is under redesigning in order to have an 
homogeneous magnetic field. 

ASSOCIATED ELECTRONICS FOR ALL 
BEAM PROFILE MONITORS 

These electronics digitize 94 channels in a parallel 
system. Each channel integrates the current of the 
associated wire or strip and performs a current-voltage 
conversion with two possibilities: passive system for high 
intensity beams and active system for low intensity beams 
and electronic deportation (about 20 m for the LINAC). 
The front end (active or passive signal integration) is 
implanted on 12 daughter boards of 8 channels to 
streamline the maintenance and to keep the electronic 
modularity. For the digitalization, we have chosen a 
heavily parallel organization for a good A/D conversion 
speed (about 4 μs) and a best signal shape conservation. 
Acquisition of this digital data and their treatments is 
done by a FPGA (ALTERA Cyclone 3). All the 
automatisms related to the sensor (high voltages, 
insertion, Micro-channels plates protection, front end 
protection) are managed by a microcontroller 
(FREESCALE 68HCS12). Communication with the 
command/control (Modbus protocol over TCP/IP) and 
global equipment setup (integrated WEB server) are 
managed by a microprocessor (FREESCALE coldfire 
5282) executing RTOS. A first prototype of this 

electronic system (without control of automatisms) was 
successfully tested in 2008. A pilot series with all 
facilities will be developed in 2009. The series of 20 
electronics for LBE and LME will have to be ready for 
the end of 2010. 
 

ACQUSITION AND DATA DISPLAY 
SOFTWARE 

Current acquisition and data display software have been 
modified for the preliminary test with the SPIRAL2 ions 
source (LPSC, Grenoble) and the new profile monitors. 
Software provides data display and calculations (Gravity, 
FWMH) for both normal and variable wires grid 
monitors. Communication with hardware (TCP/IP 
Modbus) have been improved to add special controls 
provided by new profile monitor electronic design (beam 
over range securities, high supplies, acquisition etc.). All 
current data storage features and tools (ProfilerDisplay) 
remain available.  

CONCLUSION 
The development of these three different kinds of beam 

profile will permit to cover all the dynamic of the 
SPIRAL 2 energy and intensity beam. Last test are now in 
progress to perform RGM and EFM profile solution 
before fabrication. The first series of the SEM are now 
installed on the ion source LBE line and will soon be 
tested under high intensity beam. 
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DESIGN OF A NOZZLE-SKIMMER SYSTEM FOR A LOW 
PERTURBATION IONIZATION BEAM PROFILE MONITOR* 
M. Putignano†, C. P. Welsch, Cockcroft Institute and University of Liverpool, UK  
K.-U. Kuehnel, Max Planck Institute for Nuclear Physics, Heidelberg, Germany 

Abstract 
Growing interest in the development of low energy 

projectiles, in particular heavy ions and antiprotons, calls 
for new beam instrumentation to be developed to match 
the strict requirements on ultra-high vacuum and low 
beam perturbation. When it comes to transverse profile 
monitoring, a convenient solution for simultaneous 
determination of both transverse profiles is found in a 
neutral supersonic gas-jet target shaped into a thin curtain 
and the two-dimensional imaging of the gas ions created 
by impacting projectiles. The resolution and vacuum 
efficiency of this monitor is directly linked to the 
characteristics of the gas-jet curtain. 

In this contribution we describe the design of a nozzle-
skimmer system to be used for the creation of the jet 
curtain in the first prototype of such monitor, together 
with the geometry and extraction field shape of the 
experimental chamber which will house the experiment. 
Using numerical fluid dynamics simulations, we present 
the effects resulting directly from changes in the 
geometry of the nozzle-skimmer system on the 
characteristics of the jet curtain. 

INTRODUCTION 
Low-energy physics and storage rings are recently 

attracting growing interest in the scientific community, as 
remarkable characteristics of quantum systems are most 
conveniently studied at low projectiles energies in the 
keV range [1,2]. 

 Development of low-energy storage rings causes 
widespread beam diagnostic technologies to become 
obsolete. In particular preservation of the beam lifetime 
causes perturbing profile monitoring, like e.g. interceptive 
foils, to be ruled out [3]. Furthermore, existing non-
perturbing techniques such as residual gas monitors can 
take up to about 100 ms [4] to make meaningful 
measurements, due to the low residual gas pressure, at the 
expected operating pressure of around 10-11 mbar.  

A possible solution around these limitations is 
constituted by a neutral supersonic gas jet target shaped 
into a thin curtain and bi-dimensional imaging of the gas 
ions created by impact with the projectiles. Such monitor, 
as compared to those based on residual gas, allows 
injection of additional gas, in order to increase the 
ionization rate, together with efficient evacuation to keep 
the required vacuum level elsewhere in the storage ring, 
due to the high directionality of the supersonic jet [5]; 

furthermore, it allows simultaneous determination of both 
transversal profiles and even beam imaging. 

Crucial to such monitor is the control of the gas-jet in 
terms of achieved density and directionality. In the 
following section we present the results of numerical 
simulations which show that the geometry of the nozzle-
skimmer system has a dramatic impact on the final result, 
and hence plays a central role in the optimization process. 
We then describe the nozzle skimmer system, the 
chamber which has been designed to house the 
experimental validation, the extraction field for the 
curtain probing experiment, and finally draw our 
conclusions. 

NUMERICAL SIMULATIONS 
The most common technique for the creation of a 

supersonic curtain-shaped gas jet involves the creation of 
an axis-symmetric jet of great intensity and the 
subsequent reshaping via collimators, after supersonic 
speed is attained [6]. Nevertheless, this approach results 
in several difficulties, amongst which the need of a large 
setup, which is needed for the gas jet to expand to the 
desired dimension; the use of large focusing magnetic 
fields to be coupled to the magnetic moment of the gas 
molecules, generally O2; and the use of large quantities of 
gas, since most gas is collimated out, which results in 
large stagnation pressure needed at the source. We 
performed preliminary simulations, showing that it is 
possible to achieve a curtain-shaped jet by means of a 
suitable nozzle-skimmer system already at the gas source, 
if a rectangular slit nozzle and a skimmer shaped as a 
hollow trapezoidal prism is used in a suitable geometry, 
instead of the circular nozzle used in common 
applications. 

To show the importance of the geometry of the nozzle-
skimmer system for the curtain characteristics, we run 
several set of simulations, varying 5 geometric 
parameters, which we will refer from now on as variables, 
while monitoring 3 relevant observables, as described 
below. 

The variables are: the skimmer aperture angles in the 
direction parallel (α), and perpendicular (β) to the curtain 
expansion, the width of the skimmer slit (SW), the depth 
of the skimmer structure (SD) and the nozzle-skimmer 
distance (Dist). We observed the Mach Number 
downstream the skimmer (M), which gives an indication 
of the efficiency of the expansion and hence of the 
directionality of the jet, as well as the geometrical 
dimensions of the gas curtain: width and depth (W and D 
respectively), which directly affect the resolution of the 
monitor [5].  

___________________________________________  

* Work supported by the EU under contract PITN-GA-2008-215080, 
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When analysing this system we are confronted with 5 
variables, resulting in an exceedingly complex set of 
results, whose mathematical description needs a detailed 
treatment. In this paper, we will rather express our results 
in the form of qualitative behavioural trends of each 
observable as a function of each variable, obtained by 
varying that variable alone while leaving the others 
constant.  

A trend is intended to be found when the form of the 
functional relationship between the observable and the 
variable under investigation is preserved in the 
simulations regardless of the actual values of the other 
variables. This way, we are able to draw a table, shown in 
Fig.1, which summarises the simulated behaviour of each 
observable (column entry) when the respective variable is 
increased (row entry). 

We identify linear relationships (straight arrows), 
parabolic relationships (curved arrows), and more 
complex relationships (circles), where even the form of 
the functional relationship depends on the value of some 
secondary variables (indicated inside the circle), and 
hence, according to our previous definition, a trend is not 
found. 

 This last is a qualitatively different behaviour as 
compared to the first two cases, where the shape of the 
trend does not depend on the remaining variables, while 
still the details of the trend, such as the gradient for the 
linear relationships, will depend on the values of the 
remaining variables. 

In the table the bold orange lines represent the very 
clear trends, defined as those trends where the average 
over all points of the best fit Pearson value lies above 
90%, while the slim, black lines represents less evident 
trends, where the average best fit Pearson value lies 
between 75% and 90%. 

 
Figure 1: Table of simulated trends. 

This table gives an indication of how sensitive the gas 
jet is to the geometry of the nozzle-skimmer system, 
hence providing strong evidence in favour of the need of 
a detailed study for the goal of proper optimization. 
Furthermore, it also gives an insight as to which variables 
have a stronger impact on the performance of the jet in 
termes of directionality (namely α, β and Dist) and 
curtain width to depth ratio (α and SW). 

   CHAMBER DESIGN 
In order to test the optimization of the jet curtain, it is 

necessary for the apparatus to fulfil two crucial 

requirements. First, it should include a nozzle-skimmer 
system whose geometry can be readily modified and 
secondly it should include a monitoring system able to 
deliver the density map of the jet curtain. The density of 
the curtain is indeed the crucial parameter for the 
operation of the profile monitor, as the reaction rate and 
hence the sensitivity will scale with it. In this section we 
present these two sub-systems. 

Nozzle-Skimmer System 
The skimmers’ holding system, shown in Fig.2, has 

been designed to grant maximum flexibility. It can 
accommodate up to two skimmers, which can be fine 
aligned both angularly (with a 5 degrees range) and 
longitudinally (within 20 mm). The longitudinal 
adjustability is obtained by welding the smallest plate 
(violet) on the end flange of an inner chamber ending 
with an adjustable bellow, which sits inside the main 
chamber, welded in turn to the larger plate (green). Such 
‘nested’ chamber design also allows to keep the two 
skimmers very close to each other and still perform 
differential pumping between them. 

 

 
Figure 2: Skimmers holding system, exploded view. 

The skimmer system is furthermore designed to allow 
removing both skimmer holders, detaching the skimmers, 
and glueing differently shaped skimmers back in place 
without demounting the whole chamber, hence also 
preserving its alignment. 

An additional structural problem arises with the 
skimmers, as in order to preserve quasi-laminar flow 
downstream the expansion fan and hence allow the 
establishment of a stable supersonic jet, they need to be 
manufactured with walls thinner than 100 μm. Therefore, 
due to the large pressure difference across their walls 
caused by differential pumping, care must be taken to 
prevent them collapsing towards the low pressure region. 
Therefore, we chose not to design a variable geometry 
mechanism, rather manufacturing several skimmers of 
different geometries, spanning over 18 models 3 different 
values for α and β, and 2 different values for SW. 
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Curtain Monitoring 
In order to probe the curtain and map its density, our 

apparatus will rely on electron impact ionization of the 
gas atoms. The gas ions produced will then be extracted 
by a 1 keV/m electric field and guided to an MCP stack 
for amplification, finally hitting a phosphor screen, whose 
emitted photons will be detected by a CCD camera. The 
current signal on the second MCP will then give a 
measure of the number of collected ions, while the CCD 
camera will show the spatial extension of the collected 
ions, i.e. the depth of the curtain in the point of interaction 
with the electron beam. Therefore, coupling this 
information with the measured spot size of the electron 
beam and the known electron impact ionization cross 
sections, the density of the curtain can be calculated. 

Due to the relatively large area of gas-jet under 
investigation (4x4 cm), a ± 12.5mm XY manipulator is 
attached to the electron gun, so as to increase the spatial 
range provided by electrical deflection of the electron 
beam. The experimental chamber designed to this purpose 
is shown in Fig.3. 

 

 
Figure 3: Experimental chamber and extraction system for 
the density mapping of the supersonic-jet curtain.  

The spatial resolution of this mapping scheme depends 
mainly on the spot size of the scanning electron beam, 
which can be kept below 2 mm diameter.  

On the other hand, the accuracy depends on the quality 
of the extraction field and on the current stability of the 
electron beam. The electron gun is tested to yield a beam 
stable within less than 1% of the nominal current when 
guided with a current feedback loop. The extraction field 
has been designed after having carried out extensive 
simulations with the SIMION 8.0 code. The simulations 
were intended to optimize the field in the central region of 
interest in the experiments, around the extraction 
electrodes axis; it is indeed in this region of interest that 
interaction between accelerated projectiles and the gas jet 

will take place in the final application for beam profile 
monitoring. Following the simulations, the voltages and 
geometry of the extracting field electrodes have been 
adjusted to yield the field shown in Fig. 4. This field is 
homogeneous within a 2.5% in the central region of 
interest of diameter 40 mm, where the curtain density 
measurements will lie.  

 
Figure 4: SIMION 8.0 simulated extraction field and 
tracking of the ions created on the curtain. 

CONCLUSIONS 
By means of numerical fluid dynamics simulations, it 

has been possible to highlight the importance of a nozzle-
skimmer system geometry for the quality of a curtain-
shaped gas-jet for use in a fast, nearly non-perturbing 
ionization beam profile monitor, suitable for operation at 
very low energy machines. It was also possible to 
pinpoint the most relevant observables and predict their 
behavioural trends when the geometric variables are 
changed. Finally, an experimental setup was designed to 
validate the numerical studies and characterize the 
supersonic gas-jet curtain. 
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EMITTANCE MEASUREMENT USING UNDULATOR RADIATION

F. Ewald, ESRF, Grenoble, France

Abstract

An additional electron beam emittance measurement that
uses X-ray radiation from an undulator at the ESRF stor-
age ring is now installed. The method consists in detecting
the monochromatic spatial profile of the fifth harmonic of
the undulator spectrum at 29.3 keV. The X-rays are con-
verted to visible light using a scintillating screen which is
then imaged to a CCD camera. The emittance value is de-
duced from the image size, the photon beam divergence,
the source distance, and the lattice functions at the source
point. The direct use of undulator radiation is advantageous
in terms of the precise knowledge of the source position
and lattice parameters in the straight section. For this rea-
son this device will find its main application as a horizontal
emittance monitor with improved absolute precision com-
pared to that of the pinhole cameras which are making use
of bending magnet radiation.

MOTIVATION

The electron beam emittance at the ESRF is currently
monitored through two different families of devices: Two
pinhole cameras [1] and eight so-called In-Air-X-Ray
(IAX) detectors [4]. Both kinds of devices use X-rays
emitted from dipoles. While the pinhole cameras deliver
both, horizontal and vertical emittance values, the IAX de-
tectors allow for precise measurement of the vertical emit-
tance only. Due to the strong gradient of the beta-function
along a dipole and difficulties in the precise determination
of the X-ray source point position, the beta-value involved
in the emittance calculation from the pinhole cameras is
prone to errors. In order to cross-check the results with a
different method, an emittance measurement using undula-
tor radiation has recently been set up. The advantage of this
method, which will be described in detail in the next sec-
tion, is the very precise knowledge of the lattice parameters
in the center of the straight sections in a storage ring.

BACKGROUND

Assuming that the β-function is well known, we can de-
termine the emittance ε from the electron beam size σ and
β at a given point in the storage ring. In our case, the point
in which we measure ε, is the center of a straight section,
where we can ideally suppose β′ and η′ to be zero. In re-
ality, however, this may not be true, even if, after all, the
values will be small, and β′ can be neglected without wor-
ries. The electron beam size σ and its divergence σ′ are
then given by

σ2 = ε · β + (ηδ)2 , σ′2 = ε/β + (η′δ)2 (1)

In an ideal storage ring, the dispersion in the vertical plane
would be zero, especially in the straight sections. Since, in
reality, this may not be the case, we keep the above rela-
tions for both, the horizontal and the vertical plane.

Since the parameters β, η, η′ and the energy spread δ are
a priori known, measuring the emittance is now reduced
to the measurement of the electron beam size. This will
be done non-intrusively using the X-ray radiation emitted
by the electrons traveling through the magnetic field of an
undulator. The X-rays emitted by the electrons are freely
propagating towards the detector conserving the divergence
σ′ of the electron beam at the source point. The X-ray
beam size on a screen positioned at a distance D down-
stream the undulator is then given by the convolution of the
electron beam size and the angular distribution of electron
trajectories, the finite natural divergence of undulator radi-
ation (σ′

u), and an image broadening (σopt) of the optical
system. We assume that we have to deal only with Gauß-
distributions, such that the rms X-ray spot size measured
on the screen can be expressed by:

Σ2 = σ2 + (σ′D)2 + (σ′
uD)2 + σ2

opt . (2)

Substituting σ and σ′, as given above, allows to calculate ε
from the measured beam size Σ:

ε =
Σ2 − (ηδ)2 − (η′δ)2 · D2 − σ′2

u · D2 − σ2
opt

β + D2

β

. (3)

Under the condition that the working point is located at
the peak of an odd undulator harmonic, the natural photon
beam divergence and the natural source size can be approx-
imated by [3]:

σ′
u =

√
λX

2L
, σu =

√
2λXL

4π
, (4)

with λX being the X-ray wavelength of the respective har-
monic, and L the undulator length. The natural source
size is of the order of 1 μm at about 30 keV, and there-
fore negligible in our measurements. The above approx-
imation indicates that, in order to keep the photon diver-
gence small, a high X-ray energy is favourable. In general
it is desirable not to work at the peak of the harmonics, but
at slightly higher energies, in order to minimise the photon
divergence. Therefore, σ′

u was calculated using the exact
expression for the spatial distribution of undulator radia-
tion rather than using the above equation.

EXPERIMENT

On the basis of a previous experiment [2] the setup is
implemented in the beamline ID30, the latter being shared
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Figure 1: Sketch of the experimental setup seen from the top.

between different groups of the Accelerator and Source Di-
vision for testing and development of new equipment for
the storage ring. The very compact emittance measure-
ment setup (∼50×50 cm) will be permanently installed in
this beamline. A sketch of the setup is shown in Fig. 1.
In Tab. 1 the storage ring lattice parameters at the source
point, the undulator parameters and the geometry of the
setup are summarised. For the present measurements at
ID30 we use an undulator with 42 mm period (U42). The
undulator gap is set to 28.3 mm. At this value the energy of
the 5th harmonic is sufficiently high to minimise the con-
tribution of the natural divergence of undulator radiation.
Furthermore, the harmonics are widely spaced such that the
lower orders can easily be attenuated without affecting the
5th harmonic.

The radiation emitted from the U42 undulator is sent
to a monochromator crystal which selects the desired
energy. The monochromator is a 0.5 mm thick and
20 mm × 50 mm large single Si(3,1,1) crystal, mounted
onto a motorised rotation stage allowing to scan the Bragg
angle. The (3,1,1) crystal cut has been chosen in order
to produce a reasonable horizontal footprint of the X-ray
beam on the crystal surface of about 20 mm (rms) at a
Bragg angle of 7.4◦. This reduces the X-ray intensity on
the surface, and thereby limits effects of lattice deformation
due to local heating. A water cooled aluminium attenuator
with variable thickness is placed in front of the monochro-
mator in order to reduce the heatload on the crystal. The
high energy radiation which is used in the measurement is
mainly transmitted while the low energy radiation is ab-
sorbed. Without attenuation the radiation power incident
on the monochromator crystal is about 30 W in 16-bunch
mode at 90 mA electron beam current (measured with a
calorimeter). 4 mm of Al have been introduced in order to
reduce the power to roughly 2 W. In order to remove any
residual heat, the monochromator crystal is mounted on a
water cooled copper block, the thermal connection between
the crystal and the copper being a highly heat conducting
liquid InGa alloy. The energy calibration of the monochro-
mator is done with the K-absorption edge of Sn, which is
located at 29.2 keV. For the emittance measurement the en-
ergy is fixed at 29.3 keV which corresponds to the narrow-
est cone of the natural undulator radiation at the gap value

of 28.3 keV. At this energy the natural photon divergence of
the undulator radiation is σ′

u ≈ 3 μrad. The X-ray energy
can be selected with a precision of ∼ 0.01%.

Finally, the monochromatic X-ray beam is converted into
visible light by a 0.5 mm thick and 15 mm large Cerium
doped scintillator crystal Lu1.8Y0.2SiO5:Ce (‘Prelude’ St.
Gobain). A set of achromats is used to image the scintil-
lator onto a digital CCD camera. To avoid radiation dam-
age on both, the lenses and the camera, they are protected
with lead and observe the scintillating screen via a mir-
ror. The total blurring induced by the imaging optics is
σopt ≈ 20 μm.

Table 1: Lattice and Undulator Parameters : λu...undulator
period, L...undulator length, K ...undulator K-value at
28.3 mm gap, D...distance to source, E...X-ray energy

Lattice: Undulator:

βx 37.6988 m λu 42 mm
βz 2.9496 m L 1.62 m
η 0.1343 m K 0.895
η′ 0 D 33 m
δ 0.106 % E 29.3 keV

Figure 2: Horizontal and vertical cut through the mea-
sured beam profile, the lineouts of the fitted 2-dimensional
Gaußian, and their differences.
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The images are fitted with a Gaussian intensity profile,
from which the rms beam size Σ is extracted. The fit is
done on only a small region of the profile of about 1.5×Σ.
This reduces influences of the background and contribu-
tions to the wings of the beam profile which are not com-
ing from the 5th, but higher harmonics. Additionally, the
time needed for the fit is strongly reduced if the area is kept
small. Therefore the acquisition rate of the system is a few
seconds. Fig. 2 illustrates the good agreement between the
measured beam profile and the fit.

RESULTS

The emittance value from ID30 is calculated from the
measured rms beam sizes on the scintillating screen using
Eq. 3. The horizontal and vertical emittances measured
in 16-bunch filling at about 70 mA are εx = 3.9 nm and
εz = 60 nm. Tab. 2 compares these values with the other
emittance monitoring devices: the pinhole cameras ID25
and D9, and one of the IAX detectors C14. The differences
of up to 10% of the vertical emittance values can be ex-
plained with the variation of the vertical β-function with
respect to the model β due to the coupling around the stor-
age ring. The horizontal emittances measured with ID30
and D9 compare well, while the ID25 value differs consid-
erably.

Table 2: Measured Emittance

ID30 SRW ID25 D9 C14

horizontal εx [nm] 3.9 4.1 6.3 4.1 –
vertical εz [pm] 60 55 47 43 53

In order to evaluate the absolute emittance value, the
beam size at the position of the scintillating screen was
calculated with SRW (’Synchrotron Radiation Workshop’
[5]) for different horizontal emittance values and plotted
in Fig. 3. To the measured beam size of 540 μm on the
screen (corrected for optical blurring), corresponds a cal-
culated emittance value of 4.1 nm. The same calculation
is done for different vertical emittance values, keeping the
horizontal emittance at 4 nm. The measured beam size of
176 μm corresponds to a vertical emittance of 55 pm. The
comparison of the measured emittance values with the cal-
culation clearly shows that the measurements of ID30 and
D9 yield the right order of magnitude. The significantly
higher horizontal emittance value measured by the pinhole
camera ID25 can therefore be doubted, and is most likely
due to the uncertainty in the determination of the source
distance and horizontal beta value.

As shown in detail in Tab. 3, the uncertainty of the emit-
tance measurement in ID30 is about 2% only in the hor-
izontal plane, but ∼13% in the vertical plane. The latter
being mainly due to the high uncertainty of the photon di-
vergence. Therefore, the undulator radiation is at the mo-

Figure 3: Horizontal and vertical rms beam sizes calculated
with SRW for different emittance values.

ment not adapted to exploit the very small emittances of
less than 20 pm reached in multi-bunch filling modes. The
horizontal emittance measurement, however, is very pre-
cise and benefits from the well known lattice parameters in
the straight section. The undulator radiation can therefore
be used to complement the pinhole camera measurements.

Table 3: Uncertainties of the Parameters Used to Calculate
the Emittance at ID30, and their Influence on the

horizontal vertical

3% precision of βx and βz 0.5 % 3 %
3% for ηx 0.4 % –
2% for δ 0.2 % –
10% uncertainty for σ′

u 0.8 % 9 %
0.2% uncertainty of D 0.15 % 0.5 %
10% image blurring σopt < 0.1 % 0.3 %
Total ∼ 2 % ∼ 13 %
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BEAM PROFILE MONITORING AT COSY VIA LIGHT EMITTED BY
RESIDUAL GAS∗

C. Böhme† , T. Weis, Technical University of Dortmund, Germany
J. Dietrich, V. Kamerdzhiev, Forschungszentrum Jülich, Germany

J.L. Conradie, iThemba LABS, South Africa

Abstract

Scintillation is one of the outcomes of beam interac-
tion with residual gas. This process is utilized for non-
destructive beam profile monitoring. Test bench measure-
ments at various gas compositions and pressures have been
performed, as well as measurements at the 3.14 MeV cy-
clotron beam line at iThemba LABS as well as ones with
the circulating proton beam at COSY-Juelich. The test
bench measurements have been mainly done using a single
large photocathode photomultiplier to estimate the photon
yield. A multichannel photomultiplier was used along with
a lens system to monitor the ion beam profile at iThemba
LABS. Experimental results are presented and the chal-
lenges of the approach are discussed.

INTRODUCTION

The knowledge of the beam position and profile is es-
sential for the successful operation of an accelerator facil-
ity. At hadron accelerators the high beam current limits the
use of traditional intersecting methods like wire scanners or
secondary electron emission (SEM) grids, because the used
materials are heated or melted trough the beam energy.
At synchrotrons non destructive methods are preferred to
monitor the circulating beam. Several kinds of diagnostic
devices, using the products of the interaction between the
ion beam and the residual gas, are under development or in

Figure 1: Measurement principle (not to scale): The light
from the beam (1) is focused with a glass lens (2) onto the
multichannel photomultiplier (3).

use. Usually the devices register the ions and/or electrons
produced in collisions of the beam particles with the resid-
ual gas. Some attempts have already been made which use
the emitted light of the excited residual gas atoms in or-
der to monitor the beam [1]. This method of registering

∗Work supported by BMBF and NRF, Project code SUA 06/003
† c.boehme@fz-juelich.de

photons has the advantage of being insensitive to electric
or magnetic fields. Also the spatial and time resolution is
considerably higher, allowing a single pulse measurement.
The limitation of this method is the cross section of light
emission, which is about three orders of magnitude lower
compared to ionization. Nevertheless, a wide range of ap-
plications can still be covered with this method.

MEASUREMENT TECHNIQUE

The light emitted by the residual gas is focused by a glass
lens onto a position sensitive multichannel photo-multiplier
(PMT) array, as shown in Figure 1. A Hamamatsu PMT
(7260-type, 32 channels, 0.7·10 mm photocathode size,
1mm pitch size) was used for the position sensitive mea-
surements. Along with that, a Philips XP2020 single chan-
nel PMT (44mm round photocathode) was used for basic
research, mainly without an optical lens system in order to

Figure 2: Luminous characteristics of the Photomultipliers
used.

have a large aperture angle for the registration of photons.
Depending on the amount of photons registered the readout
of the PMT was adapted. For low intensities a discrimina-
tor was used together with a counter, in order to count the
number of events. For high intensities a direct current mea-
surement was performed using a 48 multichannel current
digitizer, developed at iThemba LABS.

PHOTON YIELD

While measuring the beam profile using photons emit-
ted by the residual gas the only controllable parameters of
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Figure 3: Expected wavelength distribution within the vis-
ible range of the investigated gases [3].

the photon yield are the composition and pressure of the
residual gas at a given ion beam parameters. Along with
the residual gas, one possibility is to intentionally increase
the gas pressure in order to increase the photon yield. Al-
though the increase of residual gas pressure is normally
not applicable in accelerators and especially within syn-
chrotrons, as the beam passes the region of high pressure
many times possibly resulting in emittance increase, it has
been successfully tested [2]. While the residual gas mix-
ture is given, the gas to be added can be chosen within cer-
tain limits. Two gases are candidates for addition, N2 and
Xe. These gases are used, because both show strong light
emission within the visible range (see figure 3) and are also
easily pumped out of the vacuum system by the pumps.

Figure 4: Photon yield for different gas pressures for He
(•), N2 (�) and Xe (�) at 12keV He ion beam.

Test Bench Measurements

In order to test and enhance the measurement setup be-
fore installing it in the synchrotron, a test bench was used.

Here the pressure can be varied between about 5 ·10−7 and
1·10−4 mbar. The test bench is equipped with an ion source
which can generate Helium ions up to 20 keV. The experi-
ments have been performed in a special chamber which has
been darkened inside to minimize reflections. Upstream the
PMT setup a emittance measuring device is installed. This
can be used to determine the beam characteristics.

Figure 5: Photon yield for different gas pressures for He
(•), N2 (�) and Xe (�) at 6keV He ion beam.

With this setup the light production rate with the de-
scribed gases has been tested at several pressures and for
different ion energies. The light emission of helium was
also measured, for reference purposes, as helium, which
is used in the ion source of the facility, causes a back-
ground. The results are shown at Figure 4 and Figure 5.
The photon yield shows a linear dependence on gas pres-
sure. Since the cross sections for excitation of the measured
gases with protons and Helium ions show different behav-
ior [4], these measurements cannot be transferred directly
to experiments within COSY.

Profile Measurements in the Cyclotron Beamline
at Low Energies

Measurements were performed at the iThemba LABS
cyclotron beamline with a 3.14 MeV proton beam at a
residual gas pressure of 10−5 mbar and about 300 µA beam
current [6]. The Hamamatsu multichannel PMT was con-
nected to the multichannel current digitizer, allowing to
take data from all channels simultaniously. The beam posi-
tion is measured for reference by two BPMs, placed up-
stream and downstream of the PMT. The beam was de-
flected with a steering magnet to verify if the position
change reported by the BPMs agrees with the PMT mea-
surement. In Figure 6 the measured data is shown together
with a Gaussian fit for each measurement. The results
of the PMT measurement are in good agreement with the
BPM measurement.
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Figure 6: Profile measurements for a 3.14 MeV proton
beam shifted with a steerer. The BPMs middle position
is adjusted to fit the PMTs one. The channels on the right
side are darkened for background measurement.

Measurements in a Synchrotron

To evaluate whether the method is practical for usage in
a synchrotron, the multichannel PMT has been installed at
COSY Juelich. First measurements have already been re-
ported in [5]. Further measurements had been planned to
take place in the proximity to an internal experiment us-
ing a gas target. Unfortunately, these measurements could
not be completed, because of a strong light background of
which the source could not be localized.

CONCLUSIONS

The presented method of monitoring beam profiles with
residual gas scintillation seems to be promising. The
method has been successfully used at different setups, e.g.
the iTemba LABS cyclotron beamline, the JESSICA exper-
iment at COSY Juelich in preparation of the ESS, and also
first measurements at the COSY synchrotron have been
made, although the original goal of single turn measure-
ments in a synchrotron has not been achieved yet. Dur-
ing the tests the instrumentation was improved, with the
current digitizer developed at iThemba labs the readout of
the 32 channels is easily possible, even at low light condi-
tions where usually photon counting methods, discrimina-
tors combined with counters, would be used. For testing
and improving the instrumentation the dedicated test bench
has proven to be very useful. One of the next steps is the
use of cylindrical lenses to make use of a larger solid an-
gle of the beam. Another possibility would be to generate
a fast local pressure bump, which will be tested at COSY
Juelich in near future.
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Abstract

Scanning of a high intensity particle beam imposes chal-
lenging requirements on a Wire Scanner system. It is ex-
pected to reach a scanning speed of 20 m.s−1 with a po-
sition accuracy of the order of 1 μm. In addition a timing
accuracy better than 1 ms is needed. The adopted solution
consists of a fork holding a wire rotating by a maximum of
200 ˚ . Fork, rotor and angular position sensor are mounted
on the same axis and located in a chamber connected to
the beam vacuum. The requirements imply the design of a
system with extremely low vibration, vacuum compatibil-
ity, radiation and temperature tolerance. The adopted solu-
tion consists of a rotary brushless synchronous motor with
the permanent magnet rotor installed inside of the vacuum
chamber and the stator installed outside. The accurate po-
sition sensor will be mounted on the rotary shaft inside of
the vacuum chamber, has to resist a bake-out temperature
of 200 ˚ C and ionizing radiation up to a dozen of kGy/year.
A digital feedback controller allows maximum flexibility
for the loop parameters and feeds the 3 phases input for the
linear power driver. The paper presents a detailed discus-
sion of the selected concept and selected components.

INTRODUCTION

Wire scanners are installed and operated on a daily ba-
sis on all circular accelerators of CERN. However, they
present some drawbacks:

• For high intensity beams the energy deposited by the
incident particles on the wire may be sufficient to
break the wire [1].

• The wire can also be destroyed due to the energy
transferred by the beam to the wire through its accom-
panying electromagnetic field [2].

• Inaccuracy of position measurement primarily due to
vibrations of the mechanics and the wire.

• Vacuum leakage in the bellows due to wear.

To improve the optimization of the luminosity in the
Large Hadron Collider (LHC), much higher measurement
accuracies than those currently achievable are required.
The new performance demands include a wire travelling
speed of up to 20 m.s−1 and a position measurement ac-
curacy of the order of 1 μm, in addition to a timing accu-
racy better than 1 ms. This implies the design of a system

with extremely little vibration and electro-magnetic inter-
ference. Other requirements related to interface and envi-
ronment issues such as radiation, temperature, vacuum and
interactions with the beam must also be accounted for.

The baseline solution (Fig. 1) consists of a small diam-
eter rotary brushless synchronous motor with the rotor’s
magnetic field provided by permanent magnets, installed
inside the vacuum chamber. This rotor is supported on a
shaft by roller bearings with materials and solid lubricants
to be selected for low outgassing and friction characteris-
tics in vacuum environment. Attached to the same shaft
is a fork on which the wire is stretched. In order to min-
imise the outgassing from the motor, the stator windings
which excite the rotor are placed outside the vacuum cham-
ber. The air-vacuum interface is made in the magnetic gap
through a low magnetic permeability stainless steel wall.
A position transducer to be mounted on the rotating shaft
shall provide its absolute angular position for the feedback
control loop of the motor and also a highly repeatable rela-
tive position during the scan.

Figure 1: Simplified drawing of the future wire scanner.
The green lines enclose the vacuum area.

In this paper, the motor requirements are defined first
starting from the wire scanner specifications. Thus, the mo-
tor and its power supply are chosen with regard to the con-
straints obtained in terms of the needed torque, speed, and
acceleration. After a brief description of the motor model
some simulations achieved on the base of the physical pa-
rameters given by the manufacturer are included and com-
mented based on the specifications.

WIRE SCANNER SPECIFICATIONS AND
MOTOR CHOICE

In this section, the different requirements to be met by
the wire scanner device are listed and used to choose the
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motor ensuring the drive function. For the first prototype,
a frameless brushless synchronous motor has been chosen
taking into account the requirements in terms of dynamics
and environmental constraints.

Dynamic Requirements

The driver shaft will have a reciprocating movement of
a stroke of θmax = 180 ˚ , which will comprise an opti-
mised curve of acceleration and deceleration which will
allow reducing the vibration. In order to estimate the re-
quired acceleration, the following assumptions are made.
The acceleration will be done over 90 ˚ up to a peak veloc-
ity of Ωmax = 200 rad.s−1(linear speed of V = 20 m.s−1

with a fork length of 10 cm) and the deceleration to a stop
over the remaining 90 ˚ stroke (Fig. 2).

Figure 2: Theoretical angular acceleration (top) and angu-
lar speed (bottom) profile of the system.

To reach the peak velocity (200 rad.s−1) in 90 ˚ the mo-
tor must provide an angular acceleration α of:

α =
1
2

Ω2

θ
= 12755 rad.s−1

Environmental Constraint Requirements

The rotor materials must have, after bake-out, a total
outgassing not exceeding 10−9 Pa.m3.s−1. The perma-
nent magnets on the rotor must have a thermal demagne-
tizing largely superior to bake-out temperature (200 ˚ C).
The whole motor must be resistive to a cumulated ionizing
radiation dose of 20 kGy (roughly 1kGy/year).

Geometrical Requirements

The motor air gap must be sufficiently thick to allow in-
troducing a low magnetic permeability stainless steel wall.

Motor Choice

The chosen motor for the prototype is a Parker K500-
150-5Y frameless synchronous machine proposed in two
independent parts: a three phase stator and a permanent
magnet rotor with six pairs of poles.

The maximum torque provided at 200 rad.s−1

(Tmax@200rad/s) is determined from the datasheet of

the manufacturer. The relationship between the maxi-
mum torque at 200 rad.s−1 (Tmax@200rad/s) and the
acceleration provided by the motor (αmax) is

αmax =
Tmax@200rad/s

Jr + Js + Jf

where Jr, Js, Jf are the inertia constants of the rotor,
the sensor moving part and the fork, respectively. This mo-
tor can provide more than 2.5 times the acceleration needed
for the wire scanner [3]. The rotor lamination is made
of standard steel which will be made vacuum compatible.
Samarium cobalt alloy has been chosen as adequate mag-
netic material for the rotor instead of neodymium which
is less resistive to temperature. The foreseen glue based
fixation of the magnets on the rotor will be replaced by a
mechanical solution. The air gap between the rotor and the
stator is comprised between 0.7 and 0.85 mm which is large
enough to introduce the vacuum chamber barrier [4]. The
chamber tightness and its eddy current effect will be tested
with the first prototype.

Linear Power Supply

As the wire scanners will be mounted in EMI sensitive
environment, the power supplies working on the principle
of high frequency switching (PWM) must be avoided. A
three-phase linear power supply is currently under design.
From simulation (Fig. 4), the maximum current needed by
the motor (Imax) is 80 A.

The maximum needed voltage is the sum of the maxi-
mum back-EMF and the maximum voltage drop across the
phase resistor and the synchronous inductor. From simula-
tions, the maximum peak to peak voltage is 120 V.

Starting from the specifications above, the MOSFET
power amplifier “PA52 by Apex” has been chosen. It can
provide an output voltage of 200 V and a peak current of
80 A with a gain bandwidth product of 3 MHz.

Angular Sensor

The transducer must provide information on the angu-
lar position of the shaft for two independent functions
with different requirements: an absolute position readout
for the motor control with an accuracy of 30 arc minutes
(8.7 mrad) r.m.s and a relative position measurement for
determination of the wire trajectory with an accuracy of
about 5 arc seconds (25 μrad) r.m.s. The signal processing
may be performed offline.

The use of an analog position sensor with capacitive cou-
pling between its fixed and moving elements to measure
the angular position with high accuracy, resolution and re-
peatability is under consideration.

As this sensor consists of two printed flat plates (free of
electronic components), almost any material can be used
for the supporting plate and the conductive traces. This ad-
vantage allows making the sensor vacuum compatible and
resistive to radiation and temperature.

Proceedings of DIPAC09, Basel, Switzerland TUPB11

05 Beam Profile and Optical Monitors

189



SIMULATION STUDY

In order to test the validity of the chosen motor with re-
gard to the wire scanner specifications, a simulation study
has been achieved starting from the manufacturer charac-
teristics. After the dynamic modelling of the motor, a servo
control has been carried out under Matlab/Simulink soft-
ware. The linear amplifier and angular sensor have been
modelled through simple gains.

Dynamic Model of the Motor

The three-phase windings are balanced. As a result, the
voltage equations of the three-phase stator windings can be
expressed as:

van = iars + Ls
dia
dt

+ λ′
m.p.Ωr.cos(p.θr)

vbn = ibrs + Ls
dib
dt

+ λ′
m.p.Ωr.cos(p.θr − 2π

3
)

vcn = icrs + Ls
dic
dt

+ λ′
m.p.Ωr.cos(p.θr +

2π

3
)

where van, vbn, vcn and ia, ib, ic are respectively the
three-phase voltages and currents of the stator windings,
rs and Ls are their resistance and inductance, λ′

m is the
maximum flux produced by each permanent magnet, p is
the number of pairs of poles and Ωr and θr are the rotor
speed and position, respectively.

Te(θr, t) = −KT

[
sin(p.θr).i1(t) + sin(p.θr − 2π

3
).i2(t)

+ sin(p.θr +
2π

3
).i3(t)

]

where KT is the torque constant.
The motor speed can be expressed as

dΩr

dt
=

1
JT

[Te − Bm.Ωr]

where Ωr is the rotor speed, JT the total inertia on the
shaft and Bm the viscous coefficient.

Simulation Results and Discussion

The following simulation parameters were used: Rs =
0.245 Ω, Ls = 1, 365 mH, KE = 0.2598 V.rad.s−1, p = 6,
J = 5.8 · 10−4 kg.m2. Assuming sinusoidal voltage wave-
forms in function of the electric angle and by using two
specific functions for the initial phase and magnitude of
the sine, the following waveforms of angular speed and
position have been obtained (Fig. 3). In Fig. 4, the cor-
responding three-phase voltages and currents are shown.
It can clearly be seen that the speed reaches a peak of
Ωr = 200 rad.s−1 in less than 90 ˚ , oscillates around this
value and decelerates to a stop. This behaviour fulfils the
specifications of the wire scanner in terms of maximum val-
ues of speed and acceleration. However, there are oscilla-
tions which must be minimised in the final test bench by an

adequate control strategy. This control must adapt the mag-
nitudes and phases of the three voltage sources in order to
optimise the angular speed waveform.

Figure 3: Simulated angular speed (top) and position (bot-
tom) waveforms versus time in seconds.

Figure 4: Simulated three phase voltage (left in volts) and
current (right in amps) waveforms versus time in seconds.

CONCLUSION

On the basis of simulations one concludes that the pro-
totype of the fast wire scanner actuator is now ready to be
built in order to optimize the control and to test the func-
tionalities of the device. A dSPACE R© Controller Board
will be used as the real-time interface in the bench pro-
totyping. Thereby, the control strategy will be optimized
regarding the vibration phenomena and disparities of the
physical parameters such as the circuit resistors.
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Abstract 
The advanced ionization beam profile monitor is being 

developed at GSI for the future FAIR facility in 
collaboration with ITEP and FZ-Jülich. In January 2009 
the IPM prototype was installed in COSY-Jülich. After 
successful hardware test the beam tests followed. The 
prototype was operated without magnetic field, thus only 
residual gas ions were detected. An arrangement 
consisting of an MCP stack, a phosphor screen, and a 
CCD camera was used to detect ions.  We report the first 
profile measurements of the proton beam up to 2.8 GeV at 
COSY.  

INTRODUCTION 
The Ionization Profile Monitor (IPM), currently under 

development at GSI, is intended to provide fast and 
reliable non destructive beam profile measurements at the 
future FAIR machines as well as the existing accelerators 
at GSI [1]. The ionisation products are guided to a 
position sensitive detector by transverse electric field. 
Two modes of operation are foreseen. Ion detection is 
used to obtain the profiles with high spatial resolution by 
means of a phosphor screen (PS) and a CCD camera [2]. 
Detection of electrons is required to allow for turn-by-
turn profile measurements. This will be done by using a 
multichannel photomultiplier [3]. Collection of electrons 
makes the presence of a guiding magnetic field necessary 
in order to prevent the electrons from spreading out. The 
magnetic system is being designed in collaboration with 
iThemba LABS, South Africa.  

THE IPM SETUP AT COSY 
The IPM prototype was installed in COSY to study its 

performance and gain operational experience. It is not 
equipped with a magnet; hence only ion detection 
technique can be applied. An arrangement consisting of 
an MCP stack (100x48 mm2), a P47 phosphor screen, and 
a 656×494 pixel CCD camera is used to detect ions. High 
voltage electrodes provide the electric field for ion 
extraction. The IPM prototype actually contains two 
identical units to provide simultaneous measurements in 
both, horizontal and vertical, planes.  Figure 1 shows the 
design of the IPM prototype installed in the arc 
downstream of the cooler telescope. 

The cameras are read out by a LabView server 
application running on a PXI based front end. The user 
interacts with the front end from the accelerator control 
room by means of a client program running on a PC. Both 

the server and client applications were developed by a 
private company according to the GSI specifications.  

 
Figure 1: Mechanical design of the FAIR IPM prototype. 

In order to be able to monitor and control the aging of 
the MCPs the monitor is equipped with UV lamps that are 
capable of homogeneously irradiating the whole MCP 
surface. This feature is used to correct the detector 
sensitivity inhomogeneity. Profiles of the polarized and 
unpolarized proton beams circulating in COSY were 
measured covering the full energy range of the machine. 

BEAM PROFILE MEASUREMENTS 
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Figure 2: Evolution of the horizontal proton beam profile 
during injection and acceleration to 1.343 GeV/c. About 
3·109 polarized protons reached flat top. Time span is 2 s. 
Corrected for spatial detector sensitivity distribution via 
UV calibration. 5 pts moving average smoothing was 
applied. 
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The beam profile measurements were carried out at 
various proton beam energies. The ion extraction voltage 
was set to 4400 V, the MCP voltage to 1950 V and the 
MCP to PS voltage to 3800 V. The accelerator timing 
system was set up to trigger the IPM data acquisition 
before the proton injection occurred and stop it at the end 
of flat top. Figure 2 shows the fast evolution of the 
horizontal profile of the polarized proton beam during 
injection and acceleration to 1.343 GeV/c. The behaviour 
of the vertical profile is shown in Figure 3. One can 
clearly see particle losses in both planes. However, only 
horizontal beam motion is observed. The data was 
recorded at a rate of 20 profiles per second in each plane. 
ANKE internal target was on [4]. 

0 20 40 60 80 100

0

10

20

30

40

50

60

70

Flat top

B
ea

m
 in

te
ns

it
y 

[a
rb

it
ra

ry
 u

ni
ts

]

Vertical coordinate [mm]

Injection

 
Figure 3: Evolution of the vertical proton beam profile 
during injection and acceleration to 1.343 GeV/c. About 
3·109 polarized protons reached flat top. Time span is 2 s. 

Figure 4 and Figure 5 show the slow evolution of the 
horizontal and vertical polarized proton beam profile at 
1.343 GeV/c flat top. The beam quality degradation is due 
to the ANKE internal target which was estimated to be 
about 3·1014 atoms/cm2 thick at the time of measurement.  
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Figure 4: Horizontal profiles of the polarized proton beam 
at 1.343 GeV/c. The profile measurement started once the 
flat top was reached. COSY was operating in a 300 s 
cycle for ANKE experiment. Internal target on. 

The acquired profiles agree well with the expected ones 
and are nicely fitted with a Gaussian, except for some 

tails in horizontal plane and peaks in the vertical plane 
(not shown in Figure 5 for readability reasons). 

0 20 40 60 80 100
0

5

10

15

20

25

30

35

B
ea

m
 in

te
ns

it
y 

[a
rb

it
ra

ry
 u

ni
ts

]

Vertical coordinate [mm]

 Begin flat top
 55.7 s
 111.4 s
 167.2 s
 222.9 s
 278.6 s

 
Figure 5: Vertical proton (polarized) beam profiles at 
1.343 GeV/c flat top. Recorded during a 300 s COSY 
cycle with ANKE internal target on. 

The profile integrals calculated by the client application 
agree very well with the beam current measured by the 
beam current transformer (BCT) (see Figure 6). 
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Figure 6: Beam current transformer signal. 

EXPERIENCE AND CHALLENGES 
Figure 7 shows the horizontal beam (unpolarized 

protons) image as seen by the CCD camera on the PS. 
The image width corresponds to the full width (100 mm) 
of the P47 screen. The beam is intentionally offset to 
optimize extraction. The unexpected light spot in the 
centre (horizontally) on the lower edge of the PS may be 
explained by light reflection. However, it is not yet clear 
whether it takes place in the glass substrate of the screen 
or is a result of multiple reflections in the vacuum 
chamber.  

Figure 8 shows the vertical beam image. There are 
indications that the vacuum window may be contributing 
to the light reflection. The edges of the PS seem to appear 
twice in the camera image. This could be due to the light 
reflection from the screen holder as well. These issues 
require further investigation and dedicated studies. For 
example, it would be very useful to study the phenomena 
mentioned above by varying the beam position at the IPM 
location. This would allow for better understanding of 

TUPB12 Proceedings of DIPAC09, Basel, Switzerland

05 Beam Profile and Optical Monitors

192



geometrical dependencies and eventually, identifying the 
origin of the problem. 

 
Figure 7: Horizontal beam image as seen by the camera 
on the PS. The greyscale image is inverted for better 
readability. 

The camera images were cropped using the client 
application, prior to profile calculation to prevent the 
phenomena, taking place on the PS edges, from distorting 
the profiles. 

 
Figure 8: Vertical beam image as seen by the camera on 
the PS. The greyscale image is inverted for better 
readability. 

The accumulated radiation damage of the CCD chips 
needs to be characterized quantitatively in order to be able 
to develop modes of operation assuring the longest 
possible lifetime. Summing the brightness values for all 
pixels while there is no beam in the machine and the IPM 
HV is off could provide a simple and robust way of 
monitoring the camera condition. A sophisticated 
algorithm for bad pixel correction is already built into the 
front end software.  
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Figure 9: An example of the detector sensitivity 
distribution measured by illuminating the MCP surface 
with UV light and observing the PS light with the camera. 

The UV lamps (120 nm wavelength) installed in the 
IPM have proven themselves very useful for monitoring 
and correction for the detector sensitivity distribution.  

Vacuum problems due to operator errors at the early 
stages of testing showed the necessity to have built-in 
safety features in the HV power supply control software. 
Such software was developed and commissioned at  
FZ-Jülich. The program checks the user input against a 
series of plausibility criteria. In addition the user is not 
required to provide the absolute voltages on the 
electrodes. Instead, physical values, like MCP voltage or 
MCP to PS voltage are used. These measures made the 
IPM operation more user friendly and safe.  

SUMMARY 
The IPM prototype developed by GSI for the future 

FAIR accelerators was installed in COSY for testing. The 
monitor was used to measure horizontal and vertical 
profiles of polarized and unpolarized proton beams in the 
intensity range of 109 to 3·1010 particles in the ring. The 
data was recorded at a rate of 20 profiles/s in each plane 
at all beam energies available at COSY. Though all the 
results reported in this paper are preliminary, they 
demonstrate that the IPM delivers accurate online beam 
profile data and can be operated safely and reliably. The 
values of the profile integrals calculated by the IPM 
software agree very well with the BCT measurements. 
The observed evolution of horizontal and vertical proton 
beam profile throughout the accelerator cycle appears to 
be consistent with internal target operation and the 
location of the IPM in the ring. 

Undoubtedly, the advanced IPM will be very useful for 
future beam studies at COSY e.g. beam cooling and 
injection optimization. 

Even though the available software is still under 
development it allowed for reliable data acquisition and 
simple analysis.  

We plan to replace the PXI based front end with an 
industrial PC equipped with a fast network card capable 
of supporting two Gigabit Ethernet cameras generating 
200 frames/s each.  
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Abstract 

Beam diagnostics based on synchrotron radiation (SR) 
may use real time imaging methods that monitor the beam 
transverse dimensions. In particular the bunch-by-bunch 
transverse beam diagnostics is a powerful method that 
allows investigations of transient phenomena in which 
bunch motion and instabilities are correlated to the 
position in the bunch train. Such diagnostic methods need 
photon array detectors with response time from ns to ps 
range and dedicated fast electronics. At DAΦNE, the e+/e- 

collider of the Frascati National Laboratory (LNF) of the 
National Institute of Nuclear Physics (INFN), tests with 
an IR array prototype made of 32x2 pixels and its 
electronics are in progress. The size of the pixels is 
~50x50 μm2 and their response time ~1 ns. In this 
contribution we describe an experimental set-up to obtain 
IR imaging of the SR source and a turn-by-turn and a 
bunch-by-bunch transverse diagnostics of the stored 
bunches with a sub-ns time resolution. Preliminary 
measurements obtained using the IR emission of the 
SINBAD beamline will be presented. Tests of the array 
detector with its 64 channels electronics are in progress at 
the Time Resolved e+ Light (3+L) experiment, a 
dedicated diagnostics of the DAΦNE positron ring which 
monitors the longitudinal and transverse dimensions of 
the positron beam. 

INTRODUCTION 
Beam diagnostics tools based on synchrotron radiation 

(SR) are fundamental features of any collider dedicated to 
high-energy physics experiments and to storage rings 
optimized as synchrotron radiation sources. Moreover the 
SR, used for beam diagnostics, gives, as main advantage, 
a direct and non-destructive system of probing. Typical 
diagnostics by SR are usually based on expensive 
imaging techniques that allow measurements of the beam 
transverse dimensions as well as the longitudinal structure 
and the bunch length of stored particles (e.g., using a 
streak camera device). In particular, the real time 
measurements of the transverse beam dimensions and 
emittances are growing in interest for next generation of 
lepton colliders, synchrotron radiation sources and FELs. 

In order to measure the beam emittance, the real time 
analysis of the beam transverse profile is a fundamental 
requirement of any particle accelerator.  

 
Besides, bunch-by-bunch beam diagnostics is a 

powerful method for experiments of accelerator physics, 
such as studies of transient phenomena in which motion 
and instabilities of bunches depend on the position in the 
bunch train [1]. 

Turn by turn and bunch by bunch diagnostics can be 
implemented using very fast IR, visible, UV or X array 
detectors (from the sub-ns to the ps range) with dedicated 
electronics in order to collect and store a large amount of 
data. Recently at DAΦNE, the Frascati e+/e- collider, 
measurements of the time structure of synchrotron 
radiation emitted by the bunches have been performed 
using uncooled IR photon detectors, achieving a time 
resolution of a few hundred picoseconds [2]. Future 
foreseen applications of this technology are based on 
faster photo-voltaic devices with <100 ps response time 
and IR uncooled array detectors, to achieve bunch by 
bunch imaging of the photon source and to investigate 
transverse instabilities on the DAΦNE rings. In particular, 
the Time Resolved e+ Light (3+L) experiment, dedicated 
to beam diagnostics, has been installed in the DAΦNE 
hall to collect the SR extracted by a bending magnet of 
the positron ring [3]. The SR is focalized by a set of 
mirrors in air in front of a fast IR photo-detectors in order 
to measure longitudinal lengths and transverse sizes of the 
bunches and to investigate bunch instabilities [4]. 

This novel device and its electronics have been 
assembled to test the first transverse diagnostics of the e+ 
beam at DAΦNE at IR wavelengths. The device 
consisting of a fast array detector with 2x32 pixels 
exhibits a response time of ~1 ns. Preliminary data from 
single elements of the array and of the electronics have 
been acquired in order to characterize the assembled 
device. After completion of the device and its dedicated 
electronics we could monitor the beam both in the bunch-
by-bunch and turn-by-turn transverse modes, two 
fundamental tools to improve accelerator performances, 
e.g., at DAΦNE to increase the positron current and the 
luminosity, and to monitor transverse beam instabilities. 

In the following we describe the experimental set-up 
and present preliminary tests performed with several 
pixels of the array illuminated by the IR SR emission at 
the SINBAD beamline of DAΦNE. 
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EXPERIMENTAL SET-UP 
DAΦNE is an e+/e- collider, with center of mass 

energy at 1.02 GeV, designed to operate at high current 
levels (>2 A) and up to 120 bunches [5]. DAΦNE can 
work with different bunch patterns: the present typical 
operation mode is with 105 consecutive electron buckets 
out of the available 120, with a gap of 15 bunches to 
avoid ion trapping in the electron beam. In this bunch 
configuration, the minimum bunch distance is 2.7 ns and 
bunches are characterized by a Gaussian shape with a 
bunch length of σ~56 ps.  

At DAΦNE an IR photon beam extracted from a 
bending magnet located in the external arc section of the 
electron ring is already available for experiments [6]: the 
infrared SR beamline SINBAD (Synchrotron Infrared 
Beamline At DAΦNE) is operational since 2001. This 
beamline is dedicated to Infrared spectroscopy and 
microscopy and collects radiation at wavelengths from 
about 10 to 10000 cm-1 (1-100 μm). The prototype of the 
imaging device with its electronics board has been 
assembled for preliminary tests using the IR light of the 
SINBAD beamline. A picture of few pixels of the device 
and of the assembled array is shown in Fig.1. 

 

 

Figure 1: Magnified view of the IR array showing a few 
pixels of the photoconductive IR detector (left). Interface 
board and detector showing the connection between 
pixels and interface board made of gold bonding wires 
(right). 

In this preliminary measurement an interface board has 
been built and the pixels of the array have been connected 
by gold bonding wires to the board and finally to the input 
of an analog electronics board. The dedicated electronics 
is composed of 64 channels with a bandwidth ≥1 GHz for 
channel built to amplify signals from the array with a gain 
of ~40-50 dB (depending on the power supply voltage). 
In order to characterize each pixel of the array, a four 
channels oscilloscope has been used to collect and 
analyze the signals. In the next future we plan to use a fast 
digital electronics in order to acquire and store the signals 
and the data of all 64 channels. In these preliminary 
measurements only four pixels of the array have been 
connected to the electronics board. These pixels belong to 
two different lines of the array. A layout of the array 
detector indicating the tested elements is shown in Fig 2. 

The array has been placed at the focus spot of the 
optical system after the last toroidal mirror of the 
SINBAD beamline. The SINBAD optical system de-
magnifies the source image by a factor 2.3 and its size is 
estimated about 2.0x1.5 mm at mid-IR wavelengths. The 
array has been placed in the vertical position in front to 

the IR spot. Because of the pixel size of the array (i.e. 
50x50 μm2) and because only 4 pixels were connected to 
the electronics, only a small part of the spot can now be 
monitored by the IR array for now. The signals of the four 
pixels have been collected at the same time by a scope 
with four input channels, a bandwidth of 600 MHz and 
2.5 Gsample/s. 

 

 

Figure 2: A layout of the IR array detector with its 
dimensions. Red pixels are those used for the tests.  

EXPERIMENTAL DATA 
Measurements obtained from a single pixel of the array 

are shown in Fig. 3. The individual IR emission of the 
105 bunches of the beam and the gap can be  resolved. 

 
Figure 3: IR signals of the 105 electron bunches collected 
by one pixel of the IR array detector. 
 
In order to reduce the noise level and to obtain a good 
S/N ratio the acquisition has been performed by averaging 
200 sweeps of waveforms. In this measurement a 
maximum S/N~36 has been achieved with a beam current 
of ~1550 mA. 

Fig. 3 shows also that the bandwidth of the system is 
large enough to separate the signals at a distance of ~2.7 
ns between bunches even if the response to each bunch is 
not fast enough to reach the offset level at the beginning 
of the first bunch. Nevertheless, performing an 
exponential fit of the signal of the last bunch, a 
preliminary estimate of the response time of each pixel 
has been obtained.  

The IR signal from the last bunch and its fit are 
compared in Fig. 4 (blue and red lines, respectively) 
yielding a response time of the pixel of ~1 ns. Comparing 
these data with those of other pixels, the response time 
varies between ~1 and ~1.3 ns. However, we need to 
underline that, in this configuration, the measurements are 
limited also by the bandwidth of the scope (600 MHz) 
limiting the resolution of the measurements. 

As an example, two data sets obtained acquiring at the 
same time the signal of four pixels of the detector are 
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compared in Fig. 5 and in Fig. 6, with an electron beam 
current of ~2000 mA and 1700 mA, respectively. The 
upper panel of Fig. 5 and Fig. 6 shows the signals of 
pixels 1 and 2 (black and red lines, respectively), the 
lower the signals of the pixels 3 and 4. 

 

Figure 4: Signal from the last bunch of the train (blue 
line) and the fit (red line) used to calculate the pixel 
response time. 

Plots in Fig.5 and in Fig. 6 refer to the first and to the 
last 22 bunches of the train, respectively. Actually, the 
four pixels measured two different portions of the IR spot 
and pixels 1 and 2 showed amplitude differences for 
different bunches, with the signal of pixel 1 always higher 
than that of pixel 2. The same results have been obtained 
with pixels 3 and 4, with the signal of pixel 3, at the same 
level of pixel 1, always higher than pixel 4. We explain 
this behaviour with a different illumination of the upper 
pixels (i.e., 1 and 3) collecting the brighter part of the 
spot. Differences between the relative amplitudes among 
bunches as measured by different pixels are also observed 
in both Fig. 5 and in Fig.6 but dedicated measurements 
are necessary in order to confirm this data. 

Work is still in progress to measure the bunch-by-
bunch transverse size of the source collecting data from 
all pixels of the array. 

 

 

Figure 5: Data from four pixels of the array detector 
showing the first 22 bunches of the e- beam (I~2000 mA). 

 

 

Figure 6: Data from four pixels of the array detector 
showing the last 22 bunches of the e- beam (I~1700 mA). 

CONCLUSIONS 
A first preliminary measurement of few pixels of a fast 

IR array detector have been performed. Four pixels of an 
IR array of 64 pixels were connected to four channels of 
an analog electronic board to test the device placed at the 
focus of the SINBAD IR beamline at DAΦNE. The 
measured response time of the pixels is about ~1 ns, 
sufficient to separate the emission of two consecutive 
bunches at DAΦNE (~2.7 ns). The signals from the pixels 
exhibit amplitude differences with respect to each other 
which can be correlated to the intensity of the source. 
Work is still in progress to connect all pixels of the array 
to store a fast transverse IR image of the circulating 
bunches. We plan also to characterize the linearity of the 
array elements, to acquire signals with a faster scope to 
improve the evaluation of the time resolution with a faster 
digital electronics. The array with the electronics board 
will be finally installed at the 3+L experiment, with the 
goal to monitor the bunch-by-bunch longitudinal and 
transverse size of the positron beam at DAΦNE. This 
experiment will represent an important step to improve 
accelerator performances, e.g., positron beam dynamics 
and hopefully  maximum collider luminosity. 
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DIAGNOSTICS FOR HIGH POWER ION BEAMS WITH COHERENT 
OPTIC FIBER FOR IFMIF-EVEDA INJECTOR 

F. Senée*, G. Adroit, R. Gobin, B. Pottin, O. Tuske, CEA Saclay, IRFU, F-91191 Gif-sur-Yvette, 
France.

Abstract 
Optical diagnostics based on the excitation of residual 

gas molecules are routinely used for high intensity beam 
characterization. Beam intensity, beam position and 
profile are measured by means of a digital camera. In 
addition species fraction and profile of each beam are 
measured using a Doppler shift method. As part of 
IFMIF-EVEDA project, CEA is in charge of the design 
and realization of the 140 mA-100 keV cw deuteron 
source and low energy beam transport line. In the beam 
line, (D,d) reaction will occur and high neutron flux will 
be emitted when deuteron beam interacts with surfaces. 
Moreover gamma ray and activation will also occur. In 
order to protect diagnostics, coherent optic fibers could be 
used to transport the beam image outside the irradiated 
zone. A comparative study of two coherent fibers will be 
presented (FUJIKURA & SCHOTT), along with the 
characterization in magnification and transmission of a 
610 mm long fiber and its associated optics. To estimate 
the capability of such fibers to transport beam image, a 
dedicated experiment has been performed with proton 
beam produced by the SILHI source. The beam profile 
has been compared with and without the optic fiber. 

INTRODUCTION 
The International Fusion Materials Irradiation facility 

(IFMIF) aims at producing an intense flux of 14 MeV 
neutrons, in order to characterize materials envisaged for 
future fusion reactors. Such a machine facility is based on 
two high power continuous wave accelerator drivers, each 
delivering a 125 mA D+ beam at 40 MeV to a liquid 
lithium target. In the first phase of the “Broader 
Approach”, the IFMIF-EVEDA (Engineering Validation 
and Engineering Design Activities) project includes the 
construction of an accelerator prototype with the same 
characteristics as IFMIF, except a lower energy of 
10 MeV instead of 40 MeV for the incident deuteron 
energy. CEA-Saclay is in charge of the design and 
realization of both deuteron source and the associated low 
energy beam transport (LEBT) line. This part, named the 
IFMIF injector, will be built and tested at Saclay and then 
moved to Japan. The deuteron beam will be extracted 
from a 2.45 GHz ECR source based on the SILHI design 
[1], the Saclay source. It has been developed to produce 
cw 100 mA proton beams with 95 keV energy. In the 
framework of preliminary IFMIF studies, SILHI has been 
tuned to analyze deuteron beam characteristics [2]. That 
enabled to demonstrate that the emission spectrum in the 
visible region of deuterium differs slightly from that of 
proton due to the influence of hyperfine interactions 

among others. Therefore, all optical diagnostics realized 
on SILHI and presented in section 2 will be transposable 
on IFMIF injector. But high neutron flux and gamma 
rays, emitted when deuteron beam interacts with surfaces, 
push to use coherent optic fiber to transport the beam 
image outside the irradiated zone or radiations hardened 
camera (CID camera). Recent tests of such devices 
performed on SILHI beam are presented in section 
3 and 4. 

OPTICAL BEAM DIAGNOSTICS 
The interaction between the proton beam and the 

residual gas produces excited and ionized gas atoms and 
molecules. An analysis of the emitted light with different 
devices allows getting ion beam characteristics.  

With Digital Cameras (CCD Camera or CID 
Cameras) 

Direct fluorescence beam profile measurement with 
digital camera perpendicular to the beam direction allows 
the following parameter measurement:  
• Beam current proportional to fluorescence intensity 
• Beam size 
• Beam center position 
• Beam profile 

With Monochromator and CCD Camera 
With a digital camera installed in the focal plane of a 

monochromator with 20° angle. Doppler shift observation 
of the Hα hydrogen Balmer series allows isolating the 
fluorescence only resulting from proton beam interaction 
with the residual gas. As a result, other parameters are 
achievable: 
• Species fraction 
• Species fraction beam profile 
• Source impurities 

With Coherent Optic Fiber, Monochromator and 
CCD Camera 

Adding a coherent optic fiber to transport the beam 
image outside the irradiated zone and until the device 
(digital camera or monochromator) seems to be a good 
solution to prevent these devices from the high neutron 
flux and gamma ray produced on IFMIF-EVEDA (Fig. 1). 
All optical diagnostics above should be able to run with 
this fiber type. That is what we tried to prove with a 
comparative study made with of two coherent fibers of 
two manufacturers (FUJIKURA & SCHOTT). 
Radioprotection simulations show that the radiation level 
produced by 165 mA deuterons beam at 100 keV should 
be in the range of 100 mSv/hr around the diagnostic box. 

___________________________________________  
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FUJIKURA AND SCHOTT COHERENT 
FIBER SPECIFICATIONS 

It seems that only two manufacturers of coherent optic 
fiber are available: FUJIKURA Japanese Company and 
SCHOTT USA Company. The main specifications of their 
coherent optics fiber image transport are presented below 
(Table 1). 
Table 1: Main specifications of two manufacturing 
coherent optic fiber 

Specifications FUJIKURA SCHOTT 

Model FISR-30 IG-163 

On catalog No Yes 

Resolution 11200 mm-2 54000 mm-2 

Max length On request 4.575 m 

Hardened 
radiations 
(650 nm) 

Yes 
(Att=14 dB/km 
for 1.106 rads/hr) 

No 

Attenuation 
(650 nm) 

0.6 dB/m 1.3 dB/m 

Image area 2.7 mm2 80 mm2 

Image format Circular Polygonal 

Required 
magnification 

Yes No 

Objective end Objective lens 
sleeve 
(FOV fixed) 

C-Mount 

Camera end C-Mount C-Mount 

 
It appears that the two fibers have got some strengths 

and weaknesses. Transmission, length and the radiations 
hardening are the assets of FUJIKURA fibers whereas for 
the SCHOTT fibers the resolution and the field of view 
are mutable by changing the objective lens. It would have 
been interesting to test the two but FUJIKURA fibers are 

custom-made. Lending it for tests is not possible. So, only 
one SCHOTT coherent optic fiber of 610 mm long has 
been characterized with beam profile measurement. 

SCHOTT COHERENT OPTIC FIBER 
CHARACTERIZATION 

At first, characterization of the SCHOTT coherent optic 
fiber was to check its own transmission using a mercury 
vapor lamp such as light source.  The software APILUX 
will be used to get the transmission of the optical 
components. After completed the transmission check of 
the whole optical system with this lamp, the optic fiber 
transmission with the proton beam has been measured. 
The optical components used are an objective lens (16 
mm), a coherent optic fiber (IG-154, 610 mm, 16 mm2), a 
relay lens assembly (IG-1643) and a CCD Camera 
(Stingray). Finally, the optical system magnification has 
been determined in order to compare the beam profile 
obtained with and without the SCHOTT fiber. 

Own Fiber Transmission 
The obtained ratio between the quantities of light with 

and without the coherent optic fiber gives the fiber and 
relay lens assembly transmission. This obtained 
transmission is 30 %. The relay lens assembly 
transmission calculated by APILUX is 82 %. One must 
simply deduce this value to the measured transmission in 
order to obtain the 610 mm long coherent optic fiber 
transmission. Therefore, the fiber transmission is 37 %. 
To compare this result with the spectral transmission 
given by SCHOTT (Fig. 2), the use of monochromatic 
light source would have been more suitable. The spectrum 
of the used mercury vapor lamp has been obtained with 
monochromator IR550 (Fig. 2). One could note the 
mercury vapor lamp spectrum is close to the proton beam 
spectrum (Balmer series). 

Transmission of the Whole Optical System for 
the Proton Beam 

To estimate the effective whole transmission system, 
simulation have been done with APILUX and compared 
to the experiment results obtained above. The error 
between the simulation and the experiment is 3 %. 

Then the estimated transmission (with APILUX) for 
whole optical system installed on the proton beam line is 
26 ± 3 %. By replacing 610 m long optic fiber by 4.575 m 
long one, this estimation goes done to 12 ± 3 %. This 
simulation result doesn’t depend on the beam intensity as 
the light intensity for each Balmer line is directly 
proportional to the beam intensity [3] (Fig. 2). 

Consequently, attenuation will be a decisive parameter 
in the choice of the coherent optic fiber.  

 

 
Figure 1: Methods of characterization of the deuteron 
beam of IFMIF Injector. 
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Figure 2: Spectral transmission for a SCHOTT coherent 
optic fiber of 610 mm and 4575 mm long, mercury vapor 
lamp and proton beam spectrums. 

Optical System Magnification 
The magnification is determined by comparing a 

circular target 20 mm diameter viewed through the optical 
system with coherent optic fiber and without. The ratio 
between the two target sizes is 0.64. The field of view 
with fiber will be thus bigger that without. The Full Width 
at Half Maximum (FWHM) determined on the beam 
profile has to be corrected of this value in order to 
compare the fiber impact on the beam profile. 

Beam Profile With and Without SCHOTT 
Coherent Optic Fiber 

The beam profile is deduced from the transverse beam 
image obtained with the CCD camera (Fig. 3).  

This average FWHM difference with and without 
coherent optic fiber is 10 %. This value is obtained by 
doing different software corrections on the image such as 
subtracting the background noise, modifying the Look-Up 
Table with the pixel maximum luminous intensity. This 
result could be explained partly by the difference of the 
field of view: 243 pixels correspond to 69 mm with the 
optic fiber and 44 mm without. An improved study will 
be necessary in order to better understand the others 
involved process but results are promising. 

RADIATIONS HARDENED CAMERA IN 
COMPARISON WITH CCD CAMERA 

Radiations hardened cameras operate by Charge 
Injection Device [4].  One CID8726DX6 designed and 
manufactured by Thermo CIDTEC (Liverpool, NY) has 
been tested on the SILHI source with a 25 mm objective 
lens. Obtained beam profile has been compared with CCD 
camera results (Fig. 3) for different gains. This CCD 
camera is the same one used in the above test. 

 

 

Figure 3: Obtained beam profile from image beam with 
coherent fiber and without and CID camera. 

 
Taking into account a 0.71 magnification, the obtained 

difference between CCD FWHM and CID FWHM is 7 %. 
This result can be explained by the difference between the 
pixels size (CID pixels are close to 2 times larger than 
CCD pixels with binning use of 2x2 pixels) but also by 
the image aliasing. The discrepancy coming from the 
image aliasing is due to the image format used for the 
digital acquisition. Further studies are in progress to 
overcome this trouble. At present time the CID cameras 
could be used to get the mains characteristics of the beam. 

CONCLUSIONS AND PERSPECTIVES 
Therefore, it won’t be necessary to used coherent optic 

fiber to get all characteristics of the beam. CID cameras 
will be used. The cost saving is about factor 3 for 
coherent optic fiber 5 m long. Nevertheless an optic fiber 
will be necessary in front of the monochromator to do the 
Doppler shift analysis. The use of a FUJIKURA fiber is 
foreseen. 
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EXPERIENCE WITH YAG AND OTR SCREENS AT ALBA

U. Iriso∗, G. Benedetti, and F. Pérez
CELLS, Ctra. BP-1413 Km 3.3, 08290 Cerdanyol

Abstract

One of the key diagnostics instruments during the ALBA
Linac commissioning was the screen monitors that allowed
the control of beam size and position. These screen mon-
itors are equipped with a YAG and an OTR screen. This
paper describes our screen monitor setup and the experi-
ence with both types of screens.

INTRODUCTION

During the ALBA Linac commissioning [1], beam trans-
verse position and profiles are obtained using the setup
named “FSOTR” (Fluorescent Screen and Optical Transi-
tion Radiation monitor). It includes a Fluorescent Screen
(Cerium activated Yttrium Aluminum Garnet, named her-
after “YAG”, with chemical formula Y3Al2O12), and a
second screen that produces Optical Transition Radiation
(named hereafter “OTR”).

After collision with the electron beam, both screens
emits light, but their nature differs: YAG screen emits light
by scintillation, the OTR screen emits light by Transition
Radiation. In both cases, a lens system brings the light to
the CCD screen, where the image is collected.

We adopted the solution of YAG and OTR screens in the
same setup to obtain a proper beam image for the cases of
low and high beam charges. As shown in next Sections, the
YAG usage is appropriate for low beam charges because
these screens produce lots of light. Its drawback is the sat-
uration at high charges. In these circumstances, the usage
of the OTR is convenient, albeit its low photon flux produc-
tion and so, dynamic range.

In the following, we describe our mechanical setup and
experience during the Linac Commissioning, and compare
beam images produced with both OTR and YAG screens.
We would like to stress that our experience is based with
low energy electron beams (up to 100 MeV), which is a
relevant factor for both YAG and OTR imaging.

EXPERIMENTAL SETUP

Figure 1 (left) shows a picture of the experimental setup.
Using a pneumatic system, the FSOTR monitor allows to
introduce either screen into the beam’s path. Once the
beam collides with either screen, an optical system directs
the light to the CCD camera, where the beam image is an-
alyzed.

The optical system is bought off-the-shelf from EHD-
Imaging with a manually controlled zoom. The working

∗ ubaldo.iriso@cells.es

distance of this system is about 300 mm. The CCD camera
is Basler Scout model, Ethernet controlled, 12-bit resolu-
tion, 1034x779 pixels and a square pixel size of 4.65µm.
To minimize the luminic noise, we set the CCD shutter to
the minimum time aperture: 100µs. Since the slowest light
emission is the one produced by the YAG screen, and this
is only 70 ns [2], this shutter is enough to collect the light
produced by either screen.

system
Optical 

FSOTR

e−beam

light

CCD

Figure 1: Picture of the FSOTR (right) installed at the Di-
agnostics line and screen holder with the YAG (bottom yel-
lowish) and OTR screens (top).

Figure 1 (right) shows a picture of the screen holder with
the YAG (yellowish and translucent screen) and the OTR
(“mirror-like” screen). The YAG screen manufactured by
Crytur [2] has a 0.5 mm thickness and 30 mm diameter.
The second is a Silicon substrate of 0.3 mm with a thin
layer (100 nm) of Aluminum to enhance the transition ra-
diation. The reference marks on the holder edges are used
for calibration purposes and image focusing. The calibra-
tion in the FSOTR monitors varies from one to another, but
it is generally 1 pixel = 20 µm.

BEAM IMAGING WITH YAG SCREENS

The number of photons arriving at the CCD camera pro-
duced after a single electron hits the YAG screen is

Nph = Y ×Ω , (1)

where Y = 35×103 ph/e-/MeV is the YAG photon yield [2],
and Ω = 4× 10−4 sr is the solid angle covered by the opti-
cal system. This means that a single electron at 100 MeV

a, Spain
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produces 1400 photons that arrive to the CCD sensor, as-
suming 100% efficiency along the optical system. Large
photon fluxes are very positive, but in some cases it can has
some disadvantages, which are next listed.

CCD Saturation

Pixel or CCD saturation occurs when the image sensors
reach their finite charge capacity or their maximum charge
transfer capacity. This occurs when the number of pho-
tons arriving to the CCD chips is larger than this maximum,
which occurs for high areal beam charge densities. In our
case, we find this limit at about 2 nC/mm2.

CCD saturation is easily recognised whenever we reach
the maximum pixel intensity in an area around the beam
centroid. In this case, 4095 (12-bit digital CCD camera).
When CCD saturation is reached, the beam profile image
is distorted and so is the image analysis.

YAG Emission Saturation

Fluorescence or scintillating light by the YAG screen is
emitted by the de-excitation of atomic states that were pre-
viously excited by the passage of an ionizing particle, in
this case the electron beam. Above a certain areal beam
charge density of the electron beam, the atomic excitation
is no longer proportional to the number of electrons cross-
ing the YAG crystal, and a saturation of the light emission
is reached. When YAG saturation is reached, the image
analysis is not reliable.

YAG saturation is not easily recognized when looking at
one single image. This is better distinguished during the
quadrupole scan performed to do emittance measurements.
Figure 2 shows the horizontal sigma as a function of the
quadrupole intensity. As the beam approaches the waist
along both branches, the beam size decreases linearly until
we enter a pseudo-plateu (between approximately -1.9 A
and -1.7 A). This corresponds to a 2 nC beam, for which the
charge areal density (1-sigma) at saturation is 1.5 nC/mm2.
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Figure 2: Beam size decreases linearly as we approach the
beam waist (approximately at -1.8 A). Below 0.28 mm, the
beam size enters a saturation regime. The blue line shows
two linear fits to the data at each branch, and stresses the
lack of linearity between -1.7 A and -1.9 A, which points
the YAG saturation.

Light Reflections and Multiple Scattering

Because the YAG screen is translucent, light produced
by the beam itself can be reflected in the beam chamber
and distorts the beam image. In our case, since the chamber
behind the YAG screen is round, it acts as a concave mirror
and this effect enlarges the apparent beam size.

Moreover, due to the YAG screen thickness, multiple
scattering inside the screen increases the apparent beam
size [3]. Because the screen is tilted 45◦ in the horizon-
tal direction (and not in the vertical), this effect is more
pronounced horizontally than vertically – see Figs. 5 and 6.
Figure 3 depicts the effect of the multiple scattering inside
the YAG screen.
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observation

A B

Figure 3: Beam size enlargement due to multiple scattering
inside a YAG screen. The distance A appears as B.

BEAM IMAGING WITH OTR SCREENS

An OTR screen produces visible light when a relativis-
tic charged particle crosses the interface of two media with
different permittivity εr. The radiation is emitted in a cone
of ±1/γ towards the optical system, and so reflections in-
side the vacuum chamber are not an issue. The most critical
point is the low photon flux produced with the ALBA Linac
beams.

The number of photons Nph generated when a single
electron crosses a metal foil is [4]:

Nph =
α

π

(
2lnγ−1

)
ln
ν2
ν1
, (2)

where α is the fine structure constant, γ is the beam rel-
ativistic factor, and ν1, ν2 is the photon frequency region.
Since the OTR light is emitted between ±1/γ, we consider
that the same optical system captures all the OTR pho-
tons. In this case, one electron at 100 MeV produces about
0.016 photons that arrive to the CCD in the visible range.
This is about 5 orders of magnitude lower than the image
produced using the YAG screen.

In the first phase of the Linac commissioning, the max-
imum energy was 70 MeV, for which the OTR signal was
too low. We could only use the OTR during the last part
of the Linac commissioning, when the Linac was properly
optimized and energies > 100 MeV and small emittance
beams could be reached.
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BEAM SIZE USING YAG AND OTR

Figure 4 compares two cases that illustrate the pros and
cons of the beam imaging with YAG (top) and OTR (bot-
tom) screens, and their profile analysis in the vertical direc-
tion. In both cases the Linac settings are the same. The ef-
fect of reflections and multiple scattering in the YAG screen
produces the tails’ enlargement. On the other hand, the
OTR image has a larger Signal to Noise Ratio (SNR) be-
cause of the areal charge density is not very large (in this
case, about 0.2 nC/mm2).
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Figure 4: Two beam images and their profile analysis for
the same Linac settings using the YAG (top) and OTR (bot-
tom).

Due care shall be then taken during a beam size scan,
for example, in the emittance measurements using the
quadrupole scan technique. In these cases, the areal beam
charge density varies by about one order of magnitude be-
tween the beam waist and the scan edges [1].

Figure 5 shows the difference between the horizontal
beam size inferred using the YAG and OTR screens. The
YAG screen gives a horizontal size which is a factor ∼ 2
larger than the beam size inferred using the OTR screen.
Note that around the beam waist, the scan is probably af-
fected by saturation.

On the other hand, the vertical beam size (see Fig. 6)
does not show such a significant difference because of the
screen orientation previously mentioned decreases the ef-
fect of the reflections and multiple scattering. In both hor-
izontal and vertical profiles, this difference is more pro-
nounced in the beam waist.

SUMMARY AND OUTLOOK

The ALBA FSOTR monitor and the advantages and dis-
advantages of using YAG or OTR found during the ALBA
Linac comissioning are shown. The images produced us-
ing the YAG screen have a photon flux of about 5 orders
of magnitude larger than images produced using the OTR
screen. However, beam imaging using YAG screens pro-
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Figure 5: Hor beam sizes during a quad scan, inferred after
analysis of the YAG and OTR images (MBM, 4 nC).
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Figure 6: Ver beam size during a quad scan, inferred after
analysis of the YAG and OTR images (MBM, 4 nC).

duce CCD or YAG saturation. In this case, we measure
CCD saturation for charge densities above 2 nC/mm2 and
YAG saturation above 1.5 nC/mm2. Light reflections and
multiple scatterings produce a beam size overestimation us-
ing the YAG screen of about a factor of 2 (horizontally) and
about 50% (vertically).

In order to avoid these reflections, it is convenient to use
YAG screens optically non-transparent (i.e., with a few µm
Si coating). Since ALBA already has all its YAG screens,
we have designed a sandblasted stainless steel plate to
avoid these reflections. Moreover, this plate has also some
marks to provide in-situ calibration.
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A COMPACT ELECTRON PHOTON DIAGNOSTIC UNIT
FOR A SEEDED FEL∗

J. Bödewadt† , J. Roßbach, University of Hamburg, Germany
B. Polzin, H. Schlarb, A. de Zubiaurre Wagner, DESY, Hamburg, Germany

R. Ischebeck, PSI, Villigen, Switzerland

Abstract

A seeded free-electron laser (FEL) operating in the soft
X-ray (XUV) spectral range will be added to the SASE
FEL facility FLASH. The seed beam will be generated by
higher harmonics of a near infrared laser system. A ded-
icated transport system will guide the radiation into the
electron accelerator environment. Within the seed undula-
tor section compact diagnostic units have to be designed to
control the transverse overlap of the photon and the elec-
tron beam. These units contain a BPM a wire scanner
and an OTR screen for the electron diagnostic. A Ce:YAG
screen and a MCP readout for the wire scanner are foreseen
to measure the photon beam position.

INTRODUCTION

The free-electron laser in Hamburg (FLASH) offers high
brightness photon beam with sub-10 fs pulse length in the
vacuum ultra-violet (VUV) and soft x-ray (XUV) regime
to various experiments [1] . It operates using the princi-
ple of self-amplified spontaneous emission (SASE) where
radiation is emitted by a 1 GeV high peak current (∼kA)
electron beam in a planar undulator. Due to the start up
from shot noise this results in a statistical behavior of the
emitted spectrum [2]. Beside that the arrival-time jitter of
the FEL pulses is in the order of a few 100 fs which lim-
its the temporal resolution for pump-probe experiments [3]
where an external laser system has to be synchronized with
the accelerator. One way to reduce this time jitter is to seed
the FEL process with an external laser and combine the am-
plified radiation pulse with near infra-red pulses from the
same laser system. Since the two radiation pulses originate
from the same source they are intrinsically synchronized. A
directly seeded FEL configuration is going to be installed at
FLASH in winter 2009 [4]. A 40 m long section upstream
the existing SASE undulator will be rebuild for that pur-
pose. Figure 1 shows a general layout of that section. The
XUV seed radiation is created by higher-harmonic gener-
ation (HHG) from NIR femtosecond laser pulses focused
in a rare gas jet and guided through a 15 m long differen-
tially pumped transfer line from a laser laboratory into the
adjacent accelerator tunnel and into the electron beam pipe.

∗Funded by the Federal Ministry of Education and Research of Ger-
many under contract 05 ES7GU1

† contact: joern.boedewadt@desy.de

This transfer line includes two motorized mirror chambers
to steer the beam and thus to control the spatial overlap
between the electron and the photon beam. In order to ob-
tain the overlap, diagnostic units will be installed at either
end of each undulator module. Each unit accommodate an
electron beam position monitor (BPM), vertically and hori-
zontally installed wire scanners (WS), an aluminum coated
silicon screen for optical transition radiation (OTR) mea-
surements and a Ce:YAG crystal.

SPATIAL OVERLAP

One of the key challenges of the seeding experiment is
to achieve the spectral, temporal and spatial overlap. The
latter will be obtained by either steering the electron beam
onto the photon beam or vice versa. Therefor two pairs
of dipole corrector magnets (horizontal and vertical) pre-
ceding the sFLASH undulator and two motorized mirrors
inside the XUV-seed transfer line will be installed. Each
of the mirrors can be steered in two dimensions thus the
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Figure 1: The FLASH facility (top) comprises a 260 m long
tunnel housing the linac and undulators of a SASE FEL,
followed by an experimental hall. A 40 m long section
(bottom) will be rebuilt to accommodate four additional un-
dulators for sFLASH. Seed pulses from an HHG-source in
a building adjacent to the FLASH tunnel will be aligned to
the electron beam. At the undulator exit, the FEL radiation
is sent by mirrors to an experimental hutch. Delayed laser
pulses will be sent directly to the hutch for pump-probe ap-
plications (dashed line).
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position and angle adjustment of the photon beam within
the undulator is possible. During the commissioning of
the experiment the spatial overlap will be the second of
the three step to assure a six-dimensional overlap. After
setting the variable-gap undulators to fulfill the resonant
condition with respect to the electron beam energy and the
seed wavelength, the transverse positions of the seed and
the electron beam have to be matched. This will be done by
measuring and aligning the two beams at the entrance and
the exit of the first undulator module using the OTR and
the Ce:YAG screen. The last step to establish seeding is to
set the right timing between the two femtosecond pulses to
achieve temporal (longitudinal) overlap which will be an-
other challenge [5].

Tolerances

Numerical simulations were performed to estimate the
tolerances for the electron beam transverse offset and an-
gle with respect to photon beam [6]. Assuming a tolerance
for the radiation power of the seeded FEL of 5% the simu-
lation shows a maximum accaptable offset of 35 µm and a
maximum angle of 20 µrad for the two beam with respect
to each other. Based on that numbers the position and an-
gle adjustment tolerances for the photon beam were set to
10 µm and 5 µrad respectively.

DIAGNOSTIC UNIT

The sFLASH undulator has three 0.7 m long intersec-
tions were a quadrupole, a phase shifter, a dipole corrector
coil and a beam diagnostic unit has to be installed. Fig-
ure 2 shows a technical drawing of one of these sections. A
fourth diagnostic unit will be installed at the entrance of the
undulator. The maximum space available for the design is
20 cm. All units will be equipped with a carrier on a linear
translation stage to mount a silicon screen, a Ce:YAG crys-
tal and a calibration screen. Together with an appropriate
optical system and a CCD camera ,this gives the possibility
to measure beam size and position for electron and pho-
ton beams on a single shot bases. Furthermore button type
beam position monitors (BPM) on the undulator intersec-
tion units and a strip line BPM at the undulator entrance
will be installed [7]. In addition the first two units accom-
modates a horizontally and a vertically installed wire scan-
ner with two multichannel plates to detect scattered pho-
tons and electrons respectively. Scintillator panels mounted
beside the undulator will give the possibility to detect elec-
tron showers produced by the wire scanners.

Wire Scanner

The wire scanners were designed and built for a self-
seeding option at FLASH [8] and are of the same type as
used in the SASE undulator section at FLASH [9]. For
sFLASH they will be equipped with a tungsten wire of
15 µm diameter and two carbon wires with 10 µm and 5 µm
diameter.

Imaging System

For precise emittance measurement using the four screen
method the electron beam size has to be measured with
an error better than 10% of the rms beam size. Therefore
the imaging system of the diagnostic units has to garan-
tee a resolution of 10 µm/pixel with a design electron beam
size of 100 µm. The standard camera system [10] installed
at FLASH uses cameras with a pixel size of 9,9 µm [11].
The third and fourth diagnostic unit will operate with these
camera types too. A simple 1:1 imaging setup can be used
at that positions. For the first and second unit the signal-to-
noise ratio of the standard system won’t be sufficient to di-
agnose the XUV photon beam on the Ce:YAG crystal even
with a large aperture lens. Therefor a more sensitive EM-
CCD camera system will be used with a telescope like lens
system (see Fig. 3). To avoid image destortions an aspher-
ical lens with a focal length of 80 mm and an diameter of
45 mm is installed right after the vacuum window resulting
in an acceptance angle of 30◦. Another lens system with a
focal length of 75 mm will image the screen on the CCD re-
sulting in a magnification of 0,94. With a camera pixel size
of 8 µm the resolution is good enough for precise emittance
mesurements and to diagnose the XUV seed beam. Differ-

Figure 2: A sectional drawing of the sFLASH undulator
intersection. Components from left to right: dipole cor-
rector coil, phase shifter, diagnostic unit, quadrupole. The
diagnostic unit accommodate a button BPM (right), wire
scanners (vertical type on top), MCP for photon/electron
detection and a carrier (left) with a silicon screen and a
Ce:YAG crystal. The diameter of the vacuum chamber is
10 mm.
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Figure 3: Layout of the imaging system for the
OTR/Ce:YAG diagnostics. From the screen emitted radi-
ation is collimated with an aspherical lens (f = 80 mm)
and focused by a commercial lens (f = 75 mm). A mo-
torized filter wheel allows five different attenuation factors.
The small image shows a sine test pattern imaged with this
setup.

ent color and grey filters will be installed on a motorized
filter wheel to avoid saturation of the CCD and to protect it
against high intensity laser beams.

SUMMARY

In order to commission and control the spatial overlap
between an XUV photon beam and the electron beam for
a direct seeding experiment at FLASH compact diagnostic
units were designed. Combining standard beam position
monitoring instruments for both electron and photon beams
it will work as an essential tool during the first phase of the
seeding experiment.
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VIMOS, BEAM MONITORING FOR SINQ 
K. Thomsen, PSI, Villigen, Switzerland

Abstract 
For the neutron spallation source SINQ at PSI a novel 

visual monitor (VIMOS) has been devised to guarantee 
correct beam conditions, triggered at the occasion of 
irradiating the delicate liquid metal target during the 
MEGAPIE project. VIMOS is looking directly for the 
most relevant parameter: it checks whether any point on 
the target is hotter than allowed. For this purpose the 
incandescence of a glowing mesh right in front of the 
beam entrance window is observed by means of dedicated 
radiation hard optics and suitable cameras. Starting from 
the initial goal of reliably detecting beam anomalies in a 
timely manner the scope of the system has been extended 
to serve as a standard device for beam monitoring and 
fine tuning of the settings of the proton beam transport 
lines. Over the course of the five years of continuous 
reliable operation of this unique system valuable 
experience has accumulated, which is employed for 
steady improvements of the device with respect to 
endurance in the radiation environment, calibration, 
maintenance, and price. 

INTRODUCTION 
Five years of operation of VIMOS clearly produced a 

wealth of operational experience and also resulted in 
some data, which were not expected form the beginning. 
In the following, a few selected highlights are presented 
as well as their impact on the course of the further 
development of the system. 

VIMOS in its original configuration derived its 
sensitivity in part from the spectral response of the 
imaging tube in the used radiation resistant camera [1]. 
With a steep cut-off towards the infra-red, the detected 
signal rises steeply in case mesh-temperatures get higher 
and more emitted intensity is shifted to shorter 
wavelengths correspondingly. 

INITIAL SENSITIVITY EVOLUTION 
One observation at the start of the system five years ago 

was a significant decrease of the observed signal for 
identical beam conditions during the first year of 
operation. This had been attributed to blackening, i.e. an 
increase of effective emissivity, of the tungsten mesh 
under proton irradiation [2]. Starting with an effective 
emissivity of 0.3 and increasing it to 1, results in a 
reduction of signal in the sensitive wave band of the first 
VIMOS camera of 100. 

Employing the same special tool as during the initial 
set-up, further evidence for this change in emissivity has 
been obtained in the meantime. A light emitting diode 
close to the mesh can be used for fine alignment of the 
camera. Whereas the image taken in 2005 (Fig. 1, top) 
clearly shows some reflections these are absent in the 
corresponding image of 2009 (Fig. 1, bottom). 

 

 
 

 
 
Figure 1: Set-up of the VIMOS camera by means of a 
special tool with a light emitting diode five years apart. 
Whereas the top image from the very start of operation 
features some reflections, nothing of this kind is visible 
after “seasoning” of the mesh. The absence of reflected 
light is consistent with the observed decrease in overall 
signal during the first year of irradiation. 

CAMERA LIFE TIME 
Initially, the tube based cameras showed very reliable 

and constant performance over the course of the operation 
periods at SINQ. During the irradiation of MEGAPIE 
severe degradation occurred within weeks [3]. The 
current amplification of some transistors inside the 
camera was reduced by a factor of five, which, most 
importantly, lead to a reduction of the usable sensitive 
area on the entrance window of the camera and to a shift 
of the image. Whereas there was no immediate loss of 
sensitivity with respect to the required safety function, 
because of easy software compensation, the expensive 
cameras had to be replaced at short intervals to guarantee 
their full functionality. An increase in the amount of fast 
neutrons scattered downwards from the target by a factor 
of two was found responsible for the damage to the 
cameras, most probably due to these neutrons after 
thermalisation [4]. 

A new design of the standard target in SINQ will result 
in similar neutron fluxes also for a solid target [5]. In 
order to cut down on camera wear (and maintenance cost) 
a radiation resistant light guide has been introduced with 
the aim of placing the camera four meters away at a 
location with much reduced radiation exposure.   

During the irradiation period of 2008 no dramatic 
deterioration in the transmission of the light guide has 
been observed. The tube based camera employed during 
this time exhibited unchanged performance. 
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For the last 6 weeks of 2008 a standard CCD camera 
without any shielding was installed to verify the 
feasibility of using inexpensive semiconductor based 
devices in principle. This camera exhibited clearly 
observable degradation in the form of hot pixels, transient 
as well as more permanent ones, and increased noise 
already after short exposure. Nevertheless, it worked well 
over the whole remaining operation period and it 
delivered all the time signals which demonstrate that it 
could have been used for a much longer time without 
endangering the responsiveness of VIMOS. 
 

 
 
Figure 2: Image obtained through the light guide and with 
a CCD camera without shielding at the start of operation 
spring 2009 at nominal beam conditions at 1270 µA. 
 

 
 
Figure 3: Representative “empty” signal from the first 
CCD camera, i.e. average over non-illuminated sector of 
frame, at the start (green circle) and at the end (red oval) 
of the VIMOS service period. Due to hot pixels the 
background level shifted just noticeable after irradiation, 
and fluctuations from frame to frame increased.   

EXPANDED FUNCTIONALITY 
Assuming that a given light guide can be used for 

several irradiation periods, i.e. for a minimum of two 
years, several improvements of the VIMOS system can be 
implemented: 
• Use of inexpensive semiconductor based (CCD) 

cameras. 
• Easy and quick replacement of cameras at the far end 

of the image guide. 
• Splitting of the detected light into diverse optical 

paths.  
• Selecting different wavelengths for better 

diagnostics. 
• Absolute calibration of the image in terms of beam 

current density.  
The first two bullets above were the predominant aim 

for short-term upgrades of VIMOS. If possible, the 

running cost of the system had to be reduced while 
improving the maintainability of the installation. If the 
lifetime of the optical fibers outlasts the useful 
operational time of the tube based cameras by at least a 
factor of two, a significant cost reduction can be achieved 
in the future. 

As reported above, a standard CCD camera showed 
satisfactory performance during a first test run at the end 
of 2008, even with out shielding. Adding some graded 
shielding will definitively minimize camera degradation.  

Once it has been proven that semiconductor based 
cameras can be employed long enough at the new remote 
position, additional and informative data can be obtained. 
Splitting the collected light into separate channels allows 
for keeping the “spectrometer-mode” sensitivity in one 
“alarm-signal” path while recording a less non-linear 
response in a second channel. 

Measuring the relative signal strengths for two different 
wavelength-windows enables one to derive the absolute 
temperature of the glowing mesh rather independent of 
the losses in the optical transmission. Calibration in a in-
active test set-up is then possible. Knowing the exact 
temperature of the mesh one can determine the heat 
deposited by the beam when passing through the mesh, 
and in the end obtain the current density distribution of 
the proton beam on the target in µA/cm2.  
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Abstract 
The first phase of the SARAF high current 

proton/deuteron accelerator is currently under 
commissioning. The first experience with 3 mA, pulsed 
proton beam included the measurement of the energy 
spectra of the protons of energies up to 2.2 MeV scattered 
at 45o from a 0.3 mg/cm2 thick gold foil. The beam was 
accelerated by the RFQ and by several superconducting 
resonators. The energy spectra of the scattered particles 
were taken for different accelerator settings. The results 
were compared with time-of-flight and with Monte-Carlo 
calculations. Monitoring the energy of the scattered 
particles proved to be a useful tool for beam tune and 
calibration of the accelerator components such as the 
RFQ and the superconducting resonators. 

INTRODUCTION 
SARAF accelerator, a medium energy high current RF 

superconducting linac of protons and deuterons (2 mA, 40 
MeV), is currently under construction at Soreq center [1]. 
Phase I of the accelerator includes the Electron Cyclotron 
Resonance (ECR) ion source, Low Energy Beam 
Transport (LEBT), Radiofrequency Quadruple (RFQ) 
accelerator-buncher, Medium Energy Beam Transport 
(MEBT), Prototype Superconducting Module (PSM), 
Diagnostic plate (D-plate) and beam dumps (Fig. 1). A 
detailed description of the accelerator is out of scope of 
this paper and can be found in [1,2] and references 
therein. At the moment Phase I is fully installed and being 
commissioned by  ACCEL-Research Instruments GmbH, 
in collaboration with Soreq personnel.  

 

ECR

LEBTRFQPSMD-plateBeam dumps

7 m

MEBT

Figure 1: Overview of Phase I of SARAF accelerator. 
 
Most of the beam diagnostics of the SARAF linac are 

situated on the D-plate. The main diagnostic components 
are: a slow Faraday cup (FC), set of vertical and 
horizontal slits and wires for profile and emittance 
measurements, two phase probes for time-of-flight 
measurements (TOF), two beam position monitors, a 
parametric current transformer (from Bergoz) and two 
fast FCs. Earlier report on the use of the D-plate for 
proton beam commissioning through the RFQ is given in 
[3]. 

Along with traditional beam diagnostics instruments, a 
Beam Halo Monitor (BHM) station is implemented into 
the SARAF D-plate [4]. The beam halo is planned to be 
characterized using a mini FC, on-line and off-line 
measurements of radiation from LiF target crystals and by 
monitoring energy spectra of Rutherford Scattered (RS) 
particles from a thin target gold foil.  

The extensive use of the BHM is planned only after full 
commissioning of Phase I. However, a specific part of the 
BHM, the RS monitor, was used in the recent 
commissioning efforts for transport and acceleration of 
the pulsed proton beam through the RFQ and PSM. In this 
paper we present results of these measurements. 

USE OF THE RS MONITOR FOR TUNING 
OF THE ACCELERATOR 

The Conditions of the Commissioning Tests 
Main commissioning tests were done in a mode where 

both the ECR ion source and the RFQ were pulsed. The 
timing overlap between these pulses defines the length of 
the proton pulse. Typically short pulses of 100 μsec 
duration  at a frequency of a few  Hz were used. Such low 
duty cycle (10-4) is necessary for use of interceptive beam 
diagnostics.  The 20 keV pulsed beam from the ECR was 
transported via the LEBT, bunched and accelerated to 1.5 
MeV by the RFQ and further transported and accelerated 
for the first time by the PSM module.  The module 
contains six Half Wave Resonators (HWR) made of bulk 
Nb and three 6 T superconducting solenoids inserted 
among them [5]. The optical elements of the LEBT, 
MEBT, PSM solenoids and a quadruple doublet after the 
PSM were set to optimize the beam transmission. 
However, the beam current measured at the D-plate was 3 
mA, corresponding to a 60% transmission from the 
LEBT, where 5 mA was measured. Most of the beam loss 
occurred at the low-energy part of the RFQ. This issue 
will be the subject for further investigations.  

Description of the RS Monitor 
The energy of the beam as a function of various 

parameters of the accelerator components was measured 
at the D-plate by comparing timing signals from the two 
phase probes (TOF) and the RS monitor 
measurements (Fig. 2).
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Figure 2.: Schematic presentation of beam energy 
measurement incorporated into the D-plate. 
 

In the latter case the 0.3 mg/cm2 thick gold foil was 
introduced into the beam periphery and the scattered 
protons were detected by two 500 microns thick Silicon 
particle detectors (Canberra Inc.), placed at a distance of 
approximately 30 cm from the target, at the angles of 45 
and 100 degrees with respect to the incident beam 
direction. The gold foil was glued to a graphite frame, 
which was placed on a target ladder. The foil was 
introduced slowly in the beam periphery until the 
counting rate in the Si detectors was satisfactory. The 
detector signals were amplified and shaped by 
preamplifiers and spectroscopy amplifiers and were 
digitized and histogrammed by a data acquisition system.   
During the first attempts strong pile-up in the detector 
signals was observed even at very low overall detection 
rate. This was due to high number of particles in a pulse. 
This problem was solved by introducing of 2 mm 
diameter collimators on the detector front, thus reducing 
its detection solid angle by a factor of 30. In general, use 
of two detectors provides some experimental flexibility as 
the detection rate has strong dependence on the scattering 
angle. In these tests the detector at 45 degrees was mostly 
used.  

Further tests showed various advantages of the RS 
monitor compared to the TOF technique. The 
determination of the centroid of the beam energy 
distribution takes a few seconds, although longer time is 
needed to obtain good quality spectra. The energy spread 
of the beam and information on some weak low-energy 
beam satellites can be obtained from the spectra.  At the 
moment, the disadvantage of RS method is the lack of 
possibility of independent energy calibration and, hence, 
the RS energy spectra have to be calibrated using the TOF 
measurements. 

Example of Use of the RS Monitor 
Energy spectra were measured for beam traversing 

through detuned cryogenic resonators, allowing one to 
study separately the RFQ performance.  Evolution of 
beam energy spectrum as a function of RFQ forward 
power is presented in Fig. 3. The strong peak at the 
expected energy (1.5 MeV) appears in the spectrum only 
at the RF power value higher than 50 kW. The FWHM of 
the peak is about 20 keV. Contribution to this width 
comes from the energy spread of the beam, intrinsic 

energy resolution of the detector, electronic noise and 
broadening due to finite thickness of the foil. With current 
energy resolution we have not observed any change in the 
energy distribution with change of the radial position of 
the foil. The low energy tail observed in the peak is 
probably due to propagation of protons during rising of 
the RF voltage at the beginning of the RFQ pulse. The 
energy calibration of the RS was done by comparison 
with TOF results. The spectra are also compared with 
TRACK Monte Carlo simulations [6]. The various broad 
peaks observed in the low-energy part of the spectrum of 
the non-optimal RFQ power are probably due to beams 
which are not fully synchronised with the RF field. At the 
moment these peaks are not fully explained by the 
simulations. These measurements along with the ones 
done with the standard D-plate instrumentations showed 
that the optimum RF power for transporting and 
acceleration of protons through RFQ is above 55 kW.  
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Figure 3: Evolution of proton energy spectrum for the 
turned off and detuned PSM resonators with increase of 
the RFQ RF power. 
 

The RS monitor is useful for phasing of individual 
cavities. For example, energy as a function of the voltage 
of the first cavity (HWR1) is shown in Fig. 4a. The other 
five cavities were turned off and detuned. The effect of 
the cavity accelerating voltage and phase is clearly seen. 
The energy values determined by the two methods are 
consistent. As a result of the phasing procedure the 
synchronous phase of the resonator can be determined.  
The results are compared with simulation allowing one to 
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calibrate the resonator voltage. Typically the resonator 
voltages obtained in the phasing measurements differ by 
20-40 % from the initial estimations. Due to the 
sensitivity of the RS spectra to the bunch energy width the 
bunching effects of the resonators can be studied 
(Fig. 4b). The intrinsic energy resolution and effects of 
scattering on the gold foil were not taken into account in 
the simulation of the beam energy spread.                                                                                                
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Figure 4: a: Proton  energy as a function of HWR1 phase, 
as determined by TOF and RS b: Gaussian fit width 
(sigma) of the RS peak as a function of the HWR1 phase. 
Results are compared to the  TRACK simulations. 

After performing phasing of individual cavities the 
parameters of the whole accelerating module can be 
determined.  In the example presented in Fig. 5 the four of 
the six HWR were operational. The first two resonators 
were used for bunching of the beam and the other ones for 
further acceleration. The RFQ power was set to 56 kW. 
The voltages and phases of the three first resonators were 

2

2.05

2.1

2.15

2.2

2.25

2.3

0.25 0.3 0.35 0.4 0.45 0.5 0.55
Applied Voltage [MV]

E
ne

rg
y 

[M
eV

]

RS

TOF

Simulations

 
Figure 5: Proton energy as a function of HWR4 voltage, 
while the three previous resonators also operated.  
 

set to 150 kV and -95°, set to 85 kV and 0°, set to 446 kV 
and 20° respectively. The phase of the forth HWR was set 
to -30° and its voltage was increased gradually. 

Stable beam operation with all six cavities has not yet 
been achieved. It became evident that it is necessary to 
further perform conditioning of the cavities and introduce 
improvements of their control system. This work is 
currently in progress. 

SUMMARY AND OUTLOOK 
The commissioning of Phase I of the SARAF 

accelerator is on-going. A low duty cycle 3 mA Proton 
beam has been bunched and accelerated by the RFQ, and 
consequently re-bunched and accelerated by the PSM up 
to 2.2 MeV. Monitoring of energy spectra of the scattered 
protons proved to be a useful tool for tuning of the RFQ 
and the six superconductive resonators. Prompt 
determination of the beam energy allows one to perform a 
fast tune. Details on the energy spread of the beam also 
can be obtained. The technique is limited to the particle 
energies corresponding to  the stopping range in Silicon 
smaller than a detector thickness.  

Further improvements in the future will include: 
introduction of an alpha source for in-situ detector 
calibration, reduction of electronic noise, obtaining 
information on bunch time distribution using a small 
diamond detector and fast electronics. 

Finalizing the proton and deuteron beam 
commissioning through the entire Phase I is foreseen for 
the summer of 2009.  
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DETECTORS FOR SLOWLY EXTRACTED IONS IN HIRFL-CSR* 
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Abstract 
This paper gives the detectors used for slowly extracted 

heavy ions from CSR. The beam profiles are measured 
with viewing screens and anode-striped ion-chambers. 
The currents are determined with scintillators and ion-
chambers. The signal processing system and the 
measurement results are also presented. 

INTRODUCTION 
HIRFL-CSR [1] is a double cooling-storage-ring 

system with a main ring (CSRm) and an experimental 
ring (CSRe). The beam is accumulated, cooled and 
accelerated in CSRm, and will be extracted in slow 
extraction [2] mode for many external-target experiments. 
The ions can be accelerated to 200~1100MeV/u and the 
number of stored ions ranges between 106 and 109. The 
spill length will be several seconds (actually during the 
CSR commissioning it was always set to three seconds), 
so the beam current is about 106 ~ 109pps. In this range, 
the typical detectors such as the ionization chamber (IC), 
the scintillator, the diamond monitor or secondary 
electron monitor (SEM) can be used for beam intensity 
measurements [3], the gas filled grids and viewing 
screens for beam profile measurements. These devices are 
commonly used for many years in GSI, CERN, etc [4][5]. 
In HIRFL-CSR, the anode-striped ion-chamber is 
installed to measure the beam profile, and the scintillation 
screen with CCD to measure beam profile directly for 
high intensity beam. For beam intensity measurement 
(lower than 109pps), the use of the IC together with 
scitillator filled the measurement requirements. For the 
convenience of the commissioning, we installed the 
scintillator detectors as beam loss monitors on the upside, 
downside, left side and right side of the beam tube to 
monitor the beam transmission status and help to judge 
the beam direction. In Jan. 2008, the beam extracted by 
RF-knock out method was measured for the first time. 
The detectors and some results are given below. 

IONIZATION CHAMBER AND 
SCINTILATOR 

In the beam line, the IC and scintillator are installed 
together(similar to the detector of GSI [4]) into the 
pockets [6] with 60mm×60mm entrance window (50μm 
stainless-steel), shown in Fig.1. To prevent the detector 
from radiation damage, it will be pulled in only if it is 
necessary. The anode-stripped ion-chamber is chosen so 
that the beam intensity and profile could be measured 
simultaneously. The plate of the anode and the cathode 
are made of ultra-thin printed circuit board with the 
thickness of 0.1mm. The schematic of detector is shown 
in Fig. 2.  

 

Figure 1: Detector pockets driven by pneumatics 
(CF150). 

 

Figure 2: Structure of detector in pocket. 

Taking one detector in the beam line as an example, the 
width of the anode strip is 2.7mm and the interval is 
0.3mm, the space between the two plates is 3mm. The 
sensitive area is 45mm*45mm. At present, the detector 
gas is air (except one detector filled with nitrogen), but in 
the future it will be nitrogen for all. The voltage is about -
10V~-400V and can be adjusted during measurement 
process. The current produced by the strip or whole anode 
of IC is converted to voltage signal using I/V converter 
and then sampled directly with NI-PXI-6133 A/D card 
[7]. The real time beam profiles or intensity can be given 
using the LabVIEW. One of the results is shown in Fig.3 
(one strip signal is lost because of the broken cable).  

 

Figure 3: Beam profile left: profile x, right: profile y. 

The detector at the experiment terminal is installed in 
air without pocket, the structure is similar to which 
installed in beam line, except the sensitive area, the width 
and the number of the anode strip. 

___________________________________________  
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For convenience and low cost, the scintillator is 
manufactured with the CSI (T1) by IMP. The data 
acquisition system is based on the NI-PXI-6602 and the 
LabVIEW software. One of the measurement results of 
the spill is shown in Fig.4. From that we can see clearly 
that the frequency of substructure is 50Hz.  

 

Figure 4: Spill structure (zoomed and total) measured by 
scintilator (sampling rate is 100 kHz, C6+, 200 MeV/u). 

BEAM LOSS MONITOR  
At the first commissioning of slow extraction, we 

installed four scintilators to measure the beam losses. The 
detectors were located at up, down, left and right position 
of beam tube, at the point where the pipe is narrow. 
Normally the counts from four channels will be very low 
and nearly equal if the beam is at the center of beam tube. 
Figure 5 shows the counts from the detectors. 

 

Figure 5: Counts from four scintilators. 

VIEWING SCREEN  
The chromolux screen with a CCD camera for 

observation of the light spots is a very simple, reliable 
profile monitor. Figure 6 is one of the measurement 
results with slow extraction.  

 

Figure 6: Beam profile (C6+, 200MeV/u). 

NEXT STEPS OF DEVELOPMENT 
Calibration has to be done for high precision 

measurement. MWPC for profile measurement of weak 
beam, such as secondary ions, is still under development. 
The current-to-frequency converter now is available, and 
will be used in IC signal processing system soon. 
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Abstract

The RAL front end FETS is currently under construc-
tion to demonstrate a fast chopped, high power H− ion
beam at 3 MeV of up to 18 kW. Therefore emittance in-
struments should use photo detachment because mechani-
cal parts could be affected by heat loading. This emittance
instrument uses a dipole to separate negative ions from pro-
duced neutrals and a scintillator to measure particle distri-
bution and deflection. This means a careful design of the
diagnostic instrument according to other beam parameters
and existing focusing elements because reasonable results
require high enough phase space advance. A conceptual
design layout will be presented considering the current sta-
tus of the MEBT simulations along with a discussion

Figure 1: Overview of the FETS set up. The main elements
are a Penning type ion source, 3 solenoid LEBT, RFQ and
the MEBT consisting of quadrupoles, four buncher cavities
and the chopper. The emittance diagnostic and beamdump
are located at the end of the beamline.

INTRODUCTION

In order to contribute to the development of high power
proton accelerators in the MW range, to prepare the way
for an ISIS upgrade and to contribute to the UK design
effort on neutrino factories [1, 2] a Front End Test Stand
FETS (see Fig. 1) is being constructed at the Rutherford
Appleton Laboratory RAL in the UK [3]. The aim of FETS
is to demonstrate the production of a 50 to 60 mA, 2 ms,
50 pps chopped beam at 3 MeV with sufficient beam qual-
ity. This means in particular very high demands for the
chopper unit which provides a fast unit for short rise time
and a slow chopper for the long pulse duration. The chop-
per itself is integrated in a MEBT which firstly has to match

∗ christoph.gabor@stfc.ac.uk
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Figure 2: Basic principle of photo detachment ion beam
diagnostics The H− ions get neutralized by laser light. The
diagnostics is in general a three stage process: detachment,
charge separation and detector.

the RFQ output to the chopper and secondly to a DTL fur-
ther downstream both in longitudinal and transverse phase
space. The MEBT design is still under discussion [4] and
all design schemes are confined by constraints given by a
future LINAC but the actual end of the FETS beamline will
consist of an emittance instrument and two beam dumps
(“diagnostic beam line”).
Thus, first studies to investigate changes to adapt the beam
parameters to the demands of the test facility FETS are pre-
sented. A brief introduction of the applied diagnostics and
main parameters of the bending dipole are also provided.

LASER BASED ION BEAM DIAGNOSTICS

The basic principle of the implemented Photo
Detachment Emittance Instrument (PD–EMI) is illus-
trated in Fig. 2. Compared to more common devices like
a slit–grid (harp) and pepperpot scanner the laser acts
like a slit whereas the particle detector takes the place
of a pepperpot device, therefore the transfer function of
PD–EMI is a so called slit–point mapping. In Fig. 2 the
laser is parallel to the x–axis therefore the yy ′ emittance
can be measured in a direct way by gathering angle profiles
for each y–position of the laser [5, 6].

According to this idea the laser has to rotate to access
information of the xx ′ plane. Previous studies have shown
that this would be possible but means a very complicated
magnetic design: since the gap of the dipole has to provide
enough clearance for a second set of mirror the fringe field
can be significant and, even without considering the poor
field homogeneity, could cause avoidable beam perturba-
tions. Therefore, in [7] another possibility is presented
where a longitudinally movable detector in combination
with an image reconstruction method (Maximum Entropy,
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Figure 3: Envelope in x and y direction. The MEBT
matches the beam to a future DTL. The possible laser po-
sition is marked, at ≈ 4.8 m would be end of diagnostic
section followed by beamdump(s).

also called MaxEnt [8]) are able to produce good results
of the missing plane, as long as the phase advance, i.e.
the differences of the spatial distributions are big enough.
The emittance computation is based on several intensity
profiles with their transformation matrix R back to the
measurement point. First applications in accelerator
science are published in [9, 10] and more recently in [11].

MEBT WITH DIAGNOSTIC DIPOLE

The MEBT is described in [4], the envelope is shown
in Fig. 3 matching a DTL (all simulations have been per-
formed with Tracewin [12]). Typically, one plane is con-
vergent and vice versa. Due to a horizontal bending mag-
net and vertical scanning of the laser the horizontal plane
should have a waist to provide a large enough phase ad-
vance [7]. The change of the field strength of the last four
quadrupoles typically is enough to prepare the ion beam for
diagnosis as long as aperture and field strength offer suffi-
cient flexibility.

Important design criteria for the dipole are the reference
length which is restricted due to a lack of strong focusing,
growing beam size1 and a long focus. The latter would re-
duce the phase advance affecting the MaxEnt. The deflec-
tion angle and radius are limited by a sufficient returning
yoke interfering with the overall length. But the main pur-
pose is to separate three different kind of species: straight
forward a beam dump either terminates the undeflected ion
beam or neutrals produced by gas stripping (Ho

RGI ) further
upstream. Since the laser scans the beam somewhere in
the first half of the magnet the neutrals produced by photo
detachment (Ho

PD ) get a kick and are separated via the fol-
lowing drift from H− and Ho

RGI . All beamlets have to be
fully separated to go to either the beamdump or the detector
head. For the parameters given in Tab. 1 a max. beam(pipe)
of Rmax. = ±30 mm is assumed. That gives some safety
margin providing more flexibility for other beam condi-
tions (the relatively large gap height should be seen in the

1Typical dipole focusing should be avoided since the element’s pur-
pose is diagnosis and not beam transportation and it might complicate a
point–to–point transformation.

Table 1: The main parameters of the sector dipole. At the
moment no gradient or edge focusing is assumed.

Parameter

Gap height g 60 mm
Pole width 200 mm
Magnetic field, H−

3 MeV 500.5 mT
Deflection angle αH− 60◦

Bending radius R 0.5 m
Reference path length larc, H− 523 mm
Deflection angle αPD ≈18◦

Reference path length larc, laser 164 mm
Drift, straight dHP D , z0 position 360 mm
Total drift, straight dH0

RGI
549 mm

same context). This is equivalent with the z0 position men-
tioned in Tab. 1 and means the nearest possibility to mount
the detector head. But the detector itself might move closer
to the photo detachment. Regarding the separation it turns
out that the best location for the laser scan is in general
close to 30% of total deflection, here at ≈18◦. By vary-
ing the last four quads of the beamline a mild waist in one
plane and a slight divergent beam in the other plane could
be achieved (Fig. 4). Compared to Fig. 3 the two transverse
planes are swapped to give the waist in the horizontal plane.
This is not ideal but technical possible; an alternative is
to add more quadrupole. But the latter, as well changing
the aperture, is avoided in order to reduce changes to the
present MEBT scheme. The field strengths are reduced
(not more than 25 T/m) but it could be an issue that the
combined PM and EM quadrupoles do not offer enough
variability in their field strength [13].

DISCUSSION

Here, in this example the xx ′ emittance is reconstructed
using MemSys5 [14]. The assumed measurement point is
exactly at the laser position. The backward transforma-
tion can then be described as a pure drift. But this is not
mandatory, the phase advance could be also provided by a
quadrupole scan or a combination of both. Only the mea-
surement point should be adapted. The assumed example
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Figure 4: Envelope with adjusted quadrupoles to transport
beam through sector magnet and creating a waist in hori-
zontal plane, end of the diagnostic magnet at ≈ 4.8 m.
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Figure 5: Comparison between original distribution (left)
and reconstructed phase space pattern (right) based on
MaxEnt.

illustratives some interesting aspects: if the beam path for
backward transfromation consists only of the drift of Ho

PD ,
the transfer matrix cannot be affected by any other non–
linear effects. The angular resolution is given by the drift
length of Ho

PD and spatial resolution of the detector and
since the variation of the distance it also changes the reso-
lution. Assuming to transport the beam further upstream
back through the dipole the distribution would only see
hone fringe field. The result of the investigated example
is shown in Fig. 5 and Fig. 6. Five profiles are extracted,
at zn = 100, 200 275 375 500mm, all given in respect to
the laser position. This means that the detector has to move
from its origin position z0 = +360 mm -160 mm inwards
and 240 mm outwards. The total range of 400 mm should
be feasible but the nearest position to the laser is close to
limit because the H− beam can either affect the measure-
ment or destroy the detector. Both the emittance pattern
as well the fractional emittance show very good agreement
between original beam and reconstruction, i.e. the general
beam optics and parameters are suitable for MaxEnt. The
constant bias in rms–emittance in Fig. 6 is caused by dif-
ferent numbers of particles phase space “pixels”.

SUMMARY & OUTLOOK

The paper investigates how good the existing MEBT
scheme can match a beam in a diagnostic magnet. It is pos-
sible to obtain a beam with a waist in one transverse plane
as necessary. Enough phase advance can provided just by
a waist, more general a combination of quad–scan and less
movable detector are more likely. Some thoughts and pa-
rameters important for the design of the sector magnet are
discussed. Further studies are important to include fringe
field effects and the general influence of the sector magnet
compared to an undisturbed beam. Transport simulations
regarding the variable field strength of the quadrupoles are
also planned, at least for the last four of the MEBT.
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MEASUREMENT OF ELECTRON CLOUD DENSITY WITH 
MICROWAVES IN THE FERMILAB MAIN INJECTOR* 

J. Crisp#, N. Eddy, I. Kourbanis, K. Seiya, B. Zwaska, FNAL, Batavia, IL 60510, U.S.A. 
S. De Santis, LBNL, Berkeley, CA 94720, U.S.A.

Abstract 
Electron cloud density in the Fermilab Main Injector 

was measured by observing microwave transmission 
along the vacuum tube.  Presence of the electron cloud 
reduces the velocity of the microwave signal.  Both 
frequency and time domain methods reveal relative cloud 
density and time evolution.  The effect of beam time 
structure is clearly evident.  The accelerator magnetic 
field effects the distribution of electrons making it 
difficult to estimate density. 

INTRODUCTION 
The Main Injector is a synchrotron which accelerates 

53 MHz proton bunches from 8 GeV to either 120 GeV or 
150 GeV.  It has a revolution frequency of 90 kHz.  While 
the Main Injector currently provides over 300 kW of 
beam power, Project X [1] requires up to 2.1 MW .  There 
is concern about electron cloud instabilities at these beam 
currents.  It is necessary to rely on simulations or models 
to predict this effect.  In this regard, it is prudent to 
compare measurements of electron cloud development 
with simulations before extrapolating to higher beam 
currents. 

An electron cloud can be created and trapped in the 
electromagnetic fields originating from the positively 
charged proton beam.  Depending on the emissivity of the 
surface and the energy of the electrons striking it, the 
charge density can increase until the beam fields are 
neutralized.  With the increased beam intensities 
anticipated, the electron density could adversely affect 
operation.   

Presence of the electron cloud can be measured by 
observing the propagation of microwaves along the beam 
pipe [2].  For a uniform distribution of electrons, the 
phase shift through length L can be estimated as shown 
below [3]. 
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The time response of the electron cloud is observed to 
be faster than the batch structure (~100 nsec).  Thus, the 
phase shift will be modulated with the electron cloud 
density which in turn follows changes in beam current 
each turn.  The variation in beam current is provided by 
the gaps required to accommodate injection and 
extraction kicker rise times.  The rotation frequency of 

90 kHz results in the largest component in the beam 
current spectrum.  For a phase modulation of ±β radians 
the sideband amplitude relative to the carrier will be β/2.  
The amplitude of these sidebands reveals the electron 
cloud density. 

EXPERIMENTAL SETUP 
The measurement makes use of existing Main Injector 

Beam Position Monitors (BPMs) which are 25 cm long 
shorted stripline pickups.  The BPMs and the beam pipe 
have a 50x120 mm elliptical aperture.  BPMs are located 
inside the downstream end of each quadrupole magnet.  
The BPMs are connected as shown in Fig. 1 to drive the 
TE11 mode which has the lowest cut-off frequency 
(1.484 GHz).  It is necessary to remove the BPMs from 
operation which limits acceptable locations.  

 
Figure 1: Connections at BPM pickups are configured to 
couple to the TE11 mode and cancel the common beam 
signal.  The coupling was measured at -30 dB through 
both pickups and 17 m of pipe. 

The experimental setup is shown in Fig. 2.  An Agilent 
E4428C signal generator provides the source which is 
amplified by a mini-circuits ZHL-10W-2G power 
amplifier.  To first order, the mixer detects phase 
modulation and rejects amplitude modulation.  
Measurements have been performed at two locations in 
the Fermilab Main Injector.   

 
Figure 2: Basic experimental setup. 

____________________________________________ 

* Operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the United States Department of Energy 
#crisp@fnal.gov 
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MI60 Bend Region 
The first two BPMs selected (Q532,  601) were located 

in a bend region near MI60 service building.  They were 
12.6 m apart and separated by two dipole magnets and 
their associated quadrupole.  The bend field is 1.4 Tesla at 
120 GeV.  MI60 has the advantage of high quality ½” 
heliax cables available to transport the signals to/from the 
service building with good transmission. 

The total transmission including the amplifier, cables, 
stripline pickups, and the beam pipe is shown in Fig. 3 
(red).  The peak at 1.538 GHz was chosen for good 
transmission and good sensitivity.  The electron cloud 
induced phase shift increases near cut-off. 

 
Figure 3: Transmission from MI60 Bend (red), MI40 
Straight (blue), and Calculated transmission for our beam 
pipe.  The lines denote the carrier frequency chosen at 
each location.  Measurement includes amp, cables, 
pickups, and beam pipe. 

MI40 Straight Section 
For comparison, two BPMs in a dipole free straight 

section (Q403, 404) were selected near service building 
MI40.  They were separated by 17.6m and a quadrupole 
magnet.  Unfortunately, only RG8 foam cables were 
available at this location resulting in lower transmission.  
To drive a larger signal into the beam pipe and mitigate 
coupling between the cables as well as loss, the power 
amplifier was moved into the tunnel.  The total 
transmission for this location is shown in Fig. 3 (blue).  
The carrier frequency of 1.545 GHz provided the best 
transmission at this location. 

MEASUREMENTS 
Traditionally, the sensitivity of the electron cloud 

measurements have been limited by reduced coupling 
with the beam pipe provided by button style BPMs.  The 
Fermilab Main Injector stripline BPMs provide strong 
coupling resulting in improved sensitivity.  This allows a 
direct time domain measurement of the phase modulation 
revealing growth and decay rate of the electron density.  
Measurements in both the frequency and time domain 
were taken and compared. 

Frequency Domain 
One difficulty is the presence of direct beam induced 

signals in the detector.  Harmonics of the 90 kHz 
revolution frequency are observed above the 1.484 GHz 
cut-off frequency of the beam pipe.  This was not 
expected for the 1.1nsec sigma gaussian bunches.  The 
carrier frequency is chosen to place the 90 kHz electron 
cloud induced sidebands between the direct beam 
harmonics, Fig. 4.  The -38 dbc amplitude at MI60 
suggests 90 kHz phase modulation of about 50 mrad and  
at MI40 -65 dbc corresponds to 2.2 mrad peak to peak. 

.  
Figure 4: Spectrum of transmitted microwave signal for 
MI60-red and MI40-blue.  

 
Figure 5: Zero Span Data for MI60. Bunch intensity is 
about 1e10 for each Booster turn. 

The frequencies of the electron cloud induced 
sidebands are determined by the fixed carrier and are 
essentially constant throughout the acceleration cycle.  
However, the direct beam induced rotation harmonics at 
17000 times the rotation frequency sweep through the 
microwave carrier as the beam is accelerated.  Figure 5 
shows the amplitude at one of the electron cloud induced 
sidebands from the start of ramp until extraction.  The 
measurement was done by placing the spectrum analyzer 
in zero-span mode.  The lowest trace was taken with no 
microwave signal and simply shows the direct beam 
induced harmonics sweeping through the detected 
frequency.  The other traces show how the amplitude of 
the electron cloud induced sidebands change through the 
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acceleration cycle at 4 different beam intensities.  The 
peak observed just before 200 msec corresponds to 
transition, when the bunches are short and have the 
highest peak current.  The last 50 msec of beam is 
affected by a ‘bunch rotation’ process that modulates the 
peak bunch current. 

Time Domain 
For the time domain measurement, the mixer output is 

collected with a deep memory scope.  At MI60, the scope 
sampled at 500 MS/s and the data was averaged for 100 
turns.  At MI40, the sampling rate was reduced to 
100 MS/s allowing the data to be averaged over 1700 
turns.  The direct beam harmonics are larger than the 
electron cloud induced sidebands.  However, they are not 
correlated with the microwave carrier and thus average 
away in the time domain, Fig. 6. 

 
Figure 6: Direct Phase Shift measured at MI60 (a,c,d) for 
different batch structures and intensities and MI40 (b).  
Bunch intensity (blue) is 1e10 for each Booster turn. 

The first set of measurements where done at MI60 and 
are complicated by passing through two main bending 
magnets and one quadrupole, Fig. 6(a,c,d).  In Fig. 6(a), 
the 35mrad phase shift is approximately a square wave 
with 50% duty cycle and would produce a 45 mrad peak 
to peak phase shift at 90 kHz.  This compares to 50 mrad 
measured in the frequency domain.   

The test was repeated at MI40 through 17.6m of beam 
pipe, one quadrupole, and no bending magnets, Fig. 6(b).  
The 3 batch wide, 5 mrad peak ‘clipped sawtooth’ phase 
shift of Figure 6(b) would produce a 3.5 mrad peak to 
peak phase shift at 90 kHz.  This compares to 2.2 mrad 
measured in the frequency domain.  

It is believed the strong vertical bend field at MI60 
traps the electron cloud in a narrow column centred on the 
beam [4].  This results in larger electron densities and 
associated phase shifts.  The phase shift measured at 
MI40 without the bend field is 10 times smaller for the 
same beam current even with the longer beam pipe. 

The development of the electron cloud can clearly be 
seen with a non-linear dependence on beam intensity 
Figure 6(c).  Apparently, electrons left from previous 

batches seed the growth of subsequent batches allowing 
the electron density to reach equilibrium faster.  It is 
interesting that the half intensity batch of Figure 6(d) is 
unable to sustain the electron cloud.  Electron density rise 
times are 100-200 nsec at typical Main Injector 
intensities.  At lower intensities it can take several μsec. 

SUMMARY 
From the basic theory, the microwave delay or phase 

shift is proportional to the electron cloud density.  The 
observed phase shifts are not linearly proportional to 
beam intensity.  For larger intensities, an equilibrium state 
is seen in the direct phase measurements in the dipole 
region.  Due to a number of factors, the direct phase shift 
is significantly smaller in the field free straight section but 
no equilibrium is observed.  The results of the direct 
phase shift in the time domain are in good agreement with 
the phase modulated sideband amplitude in the frequency 
domain. 

An ideal mixer detects phase modulation and rejects 
amplitude modulation.  A few percent asymmetry was 
observed between the upper and lower sidebands.  This 
could be caused by a small amount of amplitude 
modulation suggesting the electrons absorb some of the 
energy attenuating the microwave carrier.  

At this time, only the observed phase shift is reported.  
To infer the electron cloud density, requires 
understanding the effects of the magnetic fields and the 
non-uniform distribution of the electrons which develop.  
The direct phase data measured within a machine turn 
reveals how the electron cloud grows and decays.  The 
relative changes observed can be directly compared with 
simulation results of this process [4, 5].  Evaluating 
simulations at the present intensities will allow 
extrapolating to the anticipated intensities to determine 
what electron cloud mitigation is necessary. 
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BEAM HALO MONITOR USING DIAMOND DETECTOR FOR 
INTERLOCK SENSOR AT XFEL/SPring-8 

H. Aoyagi#, T. Bizen, K. Fukami, N. Nariyama, JASRI/SPring-8, Hyogo, Japan 
Y. Asano, T. Itoga, H. Kitamura, T. Tanaka, RIKEN/SPring-8, Hyogo, Japan

Abstract 
An electron beam halo monitor has been developed in 

order to protect undulator permanent magnets against 
radiation damage for the X-ray free electron laser facility 
at SPring-8 (XFEL/SPring-8). The halo monitor will be 
installed at the upstream of the undulator and detect the 
electron beam that might hit the undulator magnets. 
Diamond detector, which operates in photoconductive 
mode, is good candidate for electron beam sensor, 
because diamond has excellent physical properties, such 
as, high radiation hardness, high insulation resistance and 
sufficient heat resistance. Pulse-by-pulse measurement 
suppresses the background noise efficiently, especially in 
the facilities having extremely high intense beam with 
low repetition rate, such as XFELs. The feasibility study 
of this monitor was performed at the SPring-8 compact 
SASE source (SCSS) test accelerator for XFEL/SPring-8. 
We observed the unipolar pulse signal with the pulse 
length of 0.4 nsec FWHM. The beam profiles of the halo 
can be also measured by scanning the sensor of this 
monitor. 

INTRODUCTION 
The XFEL machine is composed of a low emittance 

electron beam injector, a high gradient C-band 
accelerator, and in-vacuum undulators. The charge of 
electron beam is designed to be 1 nC/pulse (60 Hz). Even 
if the undulator permanent magnets are irradiated 
continuously with the small part of the electron beam 
halo, whose energy is 8 GeV or less, the magnetic field is 
to be degraded [1]. The intensity of the halo part of the 
electron beam must be monitored during machine 
operation, and an electron injector must be halted 
immediately, when the electron intensity exceeds a 
threshold. The position of core part of the electron beam 
is controlled accurately, so usually the magnets are not to 
be irradiated with the core part directly. The halo part of 
the beam, however, may be broadened by the slight 
changes of the beam conditions, and may hit the magnets. 
Therefore, we are considering the machine protection 
interlock system, which detects overdose of electrons and 
send an alarm signal to stop the beam operation.  

We have been developing a beam halo monitor for the 
interlock sensor, which is equipped with diamond 
detectors to measure directly electron intensity of the halo 
part of the electron beam. Diamond detector, which 
operates in photoconductive mode, is good candidate for 
electron beam sensor, because diamond has excellent 
physical properties, such as high radiation hardness, high 
insulation resistance and sufficient heat resistance. This 

diamond detector is based on the technique of X-ray beam 
position monitors for the SPring-8 X-ray beamlines [2, 3]. 
We adopted a pulse-by-pulse measurement for the halo 
monitor, because it suppresses the background noise 
efficiently, especially in the facilities having extremely 
high intense beam with low repetition rate, such as XFEL 
machines. 

The detector head of the beam halo monitor is made of 
CVD diamond [4]. The structure of the diamond detector, 
which was fabricated by Kobe Steel, Ltd., is shown in 
Fig. 1. One electrode is for signal reading and the other is 
for applying bias voltage. The active area is the bottom 
part of the plate between electrodes. The electron-hole 
pairs that are created in the active area can be extracted 
toward the electrodes. The cross section of this active area 
is designed to have the size of 5 mm by 1 mm. The 
depletion layer thickness is estimated to 0.3 mm. This 
detector has a self-sustaining structure, which is not 
mounted on a package. Therefore the active area of the 
diamond detector can be put closer to the beam center. 
The typical dark current is the order of 100 pA at the bias 
voltage of 100 V. In the case of pulse mode 
measurements, the dark current does not have effects on 
the output signal, because the charge from dark current in 
one pulse is negligibly small.  

 

Figure 1: Structure of the diamond detector. 

In order to evaluate the basic characteristics of the 
diamond detectors, such as detection sensitivity against 
electron beam and linearity, the beam tests have been 
undertaken at the beam dump of the 8 GeV SPring-8 
booster synchrotron [4]. The oscilloscope having the 
sampling rate of 20 GS/sec and the analogue band width 
of 4 GHz was used. We prepared low attenuation cables, 
because the oscilloscope must be set out side of the 
machine tunnel and the cable length must be long, such as 
about 20 m. The coaxial cables of 50 Ω are used for 
impedance matching.  

The typical pulse shape of the output signal is shown in 
Fig. 2 (a). This is one-shot measurement. The bias voltage 
is +100 V. The number of electron in one pulse is about 
104. The pulse length of 0.33 nsec FWHM was obtained. 

____________________________________________ 
#aoyagi spring8.or.jp 
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We took great care in cabling between electrodes on the 
diamond detector and the coaxial cables. We think that 
the pulse length of the output signal can be shortened 
farther using the detector having lower electrical 
capacitances. The RMS noise signal level is suppressed to 
about 0.5 mV for one-shot measurements.  

The linearity of output signal on injected beam was also 
demonstrated as shown in Fig. 2 (b). The numbers of 
incident electron in one pulse were estimated by the 
output charge from the silicon detector. The output charge 
from the diamond detector is proportional to the number 
of incidence electrons in one pulse in the range of around 
103 to 107 electrons/pulse. Minimum number of injected 
electron beam was nearly 1.5 × 103 /pulse, and we 
observed typical charge signal of 25 fC, when the bias 
voltage is +100 V.  

 

 
(a) pulse shape                       (b) linearity 

Figure 2: Measured data of the diamond detector. 

BEAM HALO MONITOR 
Figure 3 shows the diamond detectors which are 

mounted on the beam halo monitor. Each diamond 
detector is fixed on ICF70 vacuum flange. The RF 
feedthrough connectors are used on flanges, and the RF 
coaxial cables for UHV are connected to the electrodes of 
the detectors with very short wires. Therefore, the pulse 
length can be shortened, and the detection efficiency can 
be enhanced. Coaxial cables are used for impedance 
matching.  

Figure 4 shows the beam halo monitor installed at the 
250 MeV SCSS test accelerator for XFEL/SPring-8. A 
pair of detectors is mounted on the upper and lower side 
of the beam center. The distance between both the active 
areas of the detectors can be change by one actuator, and 
the center position of both detectors can be also change 
by the other actuator. The beam halo monitor is designed 
to install in front of the permanent magnets array of the 
undulators. The core of the electron beam passes through 
between both detectors.  

     

Figure 3: Photographs of the diamond detectors. 

       
      (a)                                            (b) 

Figure 4: (a) Photographs of the beam halo monitor (b) 
Seen from on the beam axis. 

Feasibility Test 
We have carried out feasibility tests of the beam halo 

monitor at the SCSS test accelerator. The tests have been 
demonstrated as follows: 

• Observation of the signal shape (check of pulse 
length, existence of ringing) at very low electron 
beam intensity. 

• Evaluation of effect of noise source caused by such a 
thyratron. 

• Evaluation of induction current (effect of wake field) 
and their suppression. 

• Evaluation of signal cause of bremsstrahlung and 
secondary electrons produced at vacuum pipes, etc. 

• Evaluation of effect on laser oscillation when the 
sensors get close to the electron beam. 

Figure 5 shows the pulse shape of the beam halo 
monitor. The number of electron in one pulse is estimated 
to be about 4 × 104. The active area of the diamond 
detector was irradiated with the core part of the electron 
beam in this measurement. The output pulse length of 
0.4 nsec FWHM was obtained. The pulse length is 
slightly longer than that measured at the 8 GeV SPring-8 
booster synchrotron, as shown in Fig. 2 (a), because the 
cable length used in this measurements was longer by 
5 m. The significant ringing was not observed. Figure 5 
also indicates that the effect of noise source caused by 
such a thyratron can be evaluated to be negligible. 

 

 

Figure 5: Pulse shape of the beam halo monitor (blue line: 
10-fold average, red line: one shot measurement). 
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We evaluated the effect of induction current, when the 
electron beam core with high intensity (1.2 × 108 e/pulse) 
passes through near the detectors. We adopted the low 
pass filters (LPFs) in order to suppress the effect. Figure 6 
shows the effect of induction current and the suppression. 
The upper part and the lower part show the signal shape 
without the LPFs and without LPFs, respectively. The 
effect of induction current can be suppressed by using 
proper LPFs, and the net signal from e-h pairs, which 
comes from the halo part of the electron beam, can be 
measured.  

 

 

Figure 6: Effect of induction current and the suppression 
(upper: without LPFs, lower: with LPFs). 

 
We also made an evaluation of signal from the 

bremsstrahlung and secondary electrons produced at 
vacuum pipes, etc. Therefore the vertical scanning 
measurements have been carried out. Figure 7 shows the 
signal charge as a function of vertical position of the 
active area of the diamond detector. The aperture of a 
spatial slit, which is placed just after the end of injector, 
was varied systematically. The profiles of electron spread 
by bremsstrahlung and electron scattering is theoretically 
assumed to be broad. On the contrary, the amount of 
signal charge at the vertical position over +/-2 mm is 
lower the detection limit even at the full aperture of the 
slit. So we think that the signal from the bremsstrahlung 
and secondary electrons is negligibly small.  

 

 

Figure 7: Scanning measurements. 

Finally we checked the effect for the laser oscillation 
when the sensors approach the electron beam as shown in 
Fig. 8. The intensity of laser oscillation is not to be 
effected if the distance from the beam center and the 
diamond detector is more than 1 mm.  

 

Figure 8: Effect on laser oscillation. 

CONCLUSION 
We have designed and fabricated the beam halo 

monitor using the diamond detectors as the sensor of 
machine protection interlock system at XFEL/SPring-8. 
The beam test of the monitor has been carried out at the 
250 MeV SCSS test accelerator for XFEL/SPring-8.  The 
pulse length of the current signal is 0.4 nsec FWHM. The 
RMS noise signal level is about 1 mV rms for one-shot 
measurements. We demonstrated the feasibility of the 
beam halo monitor. All these results suggest that the 
electron beam halo monitor is feasible for the interlock 
sensor to protect the radiation damage of the undulator 
permanent magnets for XFEL/SPring-8.  
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Abstract 

The Fermilab Recycler ring employs an electron cooler 
to store and cool 8.9-GeV antiprotons. The cooler is based 
on a 4.3-MV, 0.1-A, DC electrostatic accelerator for 
which current losses have to remain low (~10-5) in order 
to operate reliably. The Machine Protection System 
(MPS) has been designed to interrupt the beam in a matter 
of 1-2 μs when losses higher than a safe limit are 
detected, either in the accelerator itself or in the beam 
lines. This paper highlights the various diagnostics, 
electronics and logic that the MPS relies upon to 
successfully ensure that no damage be sustained to the 
cooler or the Recycler ring. 

INTRODUCTION 
 Stable operations of a 4.3 MeV Pelletron (an 

electrostatic accelerator) with a 100 mA DC electron 
beam has lead to the successful demonstration of electron 
cooling of 8 GeV anti-protons in the Recycler ring [1][2]. 
The electron beam is transported to interact with the anti-
proton beam in a common 20-meter long straight section 
(i.e. cooling section) after which electrons are separated 
from the antiprotons and recaptured at the high voltage 
terminal of the machine; there the beam is dumped in the 
collector at the energy of 3 kV. Losses during this energy 
recovery process are kept below, ~ 10 μA.  Increased 
beam loss during this process can lead to a reduction of 
the terminal voltage and, in turn, an interruption in re-
circulation. In severe cases the terminal voltage of the 
machine can be discharged to near zero in a microsecond, 
releasing ~3 kJ of stored energy.  This so-called full 
discharge results in an increased vacuum pressure of the 
accelerating tubes, it can damaged electronics in the 
terminal and may degrade the electric strength of the 
tubes [3]. In addition a sustained current loss in a single 
location could melt and drill a hole in the vacuum 
chamber. At the R&D stage of the project encountering 
these types of scenarios indicated a need for an elaborate 
protection scheme. Twice the electron beam drilled a hole 
in the vacuum chamber. As a result we limited the current 
available to DC losses to ~20 μA so that the timescale for 
melting the beam pipe is of the order of several seconds, 
in which case the loss monitor system mentioned below 
insures that the electron beam can be turned off  in less 
than 1 second.  

 To mitigate these effects fast protection circuitry has 
been developed at the terminal level as part of a Machine 
Protection System (MPS) which closes the gun in 1 μs if 
the terminal voltage decreases because of higher losses. 
The MPS consists of two interconnected parts: a permit 

system and a crash recovery system. The permit system 
monitors several critical machine- and subsystem-related 
alarms as well as the loss monitors for the entire beam-
line. The crash recovery system is a slower, higher-level 
application which regulates the beam given the status of a 
range of machine parameters. Figure 1 shows a simplified 
flow diagram of the whole system. 

PROTECTION SYSTEM OVERVIEW 
The main hardware components of the protection 

system comprise: (1) the electron gun’s modulator and 
fast circuitry in the terminal along with its fiber optically 
connected interface module located at ground level, (2) 
the beam permit box and (3) an Internet Rack Monitor 
(IRM) processor which is capable of interfacing up to 64 
analog channels with digitization of all 64 channels done 
by the hardware at 1 kHz.  
 

 

Figure 1: Protection system diagram. 

Gun Modulator and Fast Circuitry 
The Gun Modulator is located inside the deck enclosure 

which is inside of the Pelletron terminal. Its output drives 
the “control electrode” of the electron gun located in the 
terminal at the top of the accelerating column. The 
modulator is used to control the beam generated by the 
electron gun for either cooling antiprotons in the Recycler 
(DC beam) or for machine diagnostic purposes (Pulsed 
beam).  In the same way the voltage on the grid of a 
triode tube defines the tube current, the voltage on the 
control electrode defines the gun current (i.e. electron 
beam current).  Depending on the desired operating mode 
when producing the electron beam, the modulator either 
adds an AC voltage to the DC voltage of the control * FNAL is operated by Fermi Research Alliance, LLC  under Contract 

No. DE-AC02-07CH11359 with the United States Department of Energy.
#warner@fnal.gov 
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electrode (provided by a separate power supply), or it 
delivers high voltage pulses to the control electrode. The 
modulator also serves the function of shutting the gun off 
rapidly (~1 μs) when the permit signal is removed. In 
particular, this fast protection circuitry was developed for 
the case of fast terminal voltage drops due to beam 
current losses, thus reducing the risk of full discharges 
[3]. In addition the modulator guarantees that the gun 
remains clamped off until after the gun’s anode supply is 
totally powered off in the case of a sudden power loss at 
the terminal while the beam is still on. It was also 
painstakingly designed to remain protected during high 
voltage breakdowns of the machine; since the control 
electrode is known to sustain damaging energy when the 
machine breaks down the modulator must reliably survive 
these events. The modulator is actually composed of two 
separate modules that communicate with each other; the 
modulator chassis in the Pelletron deck enclosure as 
mentioned above, and the interface module at ground 
level. The single purpose of the interface module on the 
ground is to relay information back and forth between the 
chassis in the terminal and the control system frontend at 
ground. The two modules are connected to each other via 
a number of fiber optic cables.  

 
Beam Permit Box 

A variety of operating parameters are monitored at 
ground level by the beam permit box which issues a 
permit signal that is transmitted over a dedicated fiber to 
the modulator in the terminal. This beam permit box 
forms the hardware interface between the IRM and the 
interface module at ground level. Additional inputs are 
provided to the box that allows the sequencer or a manual 
switch located in the control room to disable beam. 
The beam permit box has a fast comparator for 
monitoring the so-called CPO (capacitive pick off) 
monitor.  The CPO is a device that measures voltage 
changes at the terminal and depending on the magnitude 
of the voltage drop and its time derivative, the permit may 
be removed, inducing a trip. The CPO has a 16nsec rise 
time and 19 msec fall time and a positive output for a 
discharge spark.  The typical trip level is a 10 kV change 
on the terminal as measured by the CPO monitor at about 
50 kV/V.  A CPO signal exceeding the trip level will latch 
a trip condition and take away the Permit in about 9nsec.  
A DAC in the IRM provides an analogue trip level.  The 
smallest usable trip level is about 1 kV.  A setting larger 
than 150 kV may never trip.  The trip level is accurate to 
about +/-0.5 kV.  The change in voltage must be fast 
compared to the 50usec AC coupling time constant used 
in the circuitry. In addition to the Beam Permit, outputs 
from the beam permit box include a buffered copy of the 
CPO signal for monitoring in the control room as well as 
a slightly filtered copy for an ADC channel in the IRM. 

 

Fast CPO signal

Electron beam is shut off

Pelletron voltage stops decreasing

Current transformer signal

Voltage drop limit

< 1 μs

5 kV Fast CPO signal

Electron beam is shut off

Pelletron voltage stops decreasing

Current transformer signal

Voltage drop limit

< 1 μs

5 kV Fast CPO signal

Electron beam is shut off

Pelletron voltage stops decreasing

Current transformer signal

Voltage drop limit

< 1 μs

5 kV

 
Figure 2: Oscillograms of a recirculation interruption. The 
yellow trace is the terminal voltage, and the blue trace is 
the cathode current. 

IRM Permit System 
The IRM digitizes and monitors 22 loss monitor 

channels distributed along the entire beam-line along with 
the CPO signal. Upper and lower threshold limits for each 
channel that is monitored by this system is downloaded 
via the control system. A local subroutine then scans each 
input channel against its limits. Based on the status of the 
inputs the system provides the permit box with an ‘IRM 
permit’ input. It is worth noting that the hardware 
automatically stores its results into a 64K circular buffer 
that has room for 512 sets of data which translates into 
512 ms of data saved per channel.  The local application 
which operates at 15 Hz runs on the system and supplies 
an interrupt routine that the underlying system code 
invokes from the digitizer interrupt; this occurs at the end 
of the digitization process over an 800 μs period. The 
interrupt code is invoked when the latest set of 1 kHz data 
has been stored into the buffer. The system then passes to 
the interrupt code an indication of where this latest data 
set is stored within the circular buffer. Since continued 
execution of the interrupt routine is so important, a 
heartbeat output line is provided that is driven by the 
kilohertz interrupt routine logic. It is driven high at the 
start of the interrupt routine execution and driven low at 
the end, about 100 μs later, if the maximum of 64 
channels is being scanned. Its minimum time can be about 
6–10 μs if the first channel reading is out of limits. If the 
permit box fails to see this heartbeat activity, it assumes 
there is no active interrupt monitoring going on, a 
heartbeat trip condition will be latched and the permit will 
not be issued. 

CRASH RECOVERY REGULATION  
The gun current is regulated by a Java-based Finite 

State Machine (FSM) which reduces or switches off the 
gun current whenever a distinct set of fault conditions are 
detected and increases the current back to its nominal set 
point when normal conditions return. This regulation 
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process is an essential part of the Pelletron operation as it 
serves to anticipate critical faults, thus improving the 
overall efficiency of the operational aspects of electron 
cooling. The FSM provides the following functionalities: 

1. Maintains (or recovers) the nominal electron beam 
current whenever drifts or unexpected changes 
occur. 

2. Reduces the gun current as needed to compensate 
for soft fault conditions such as vacuum 
deterioration and slow (i.e. ~ seconds) HV drops. 

3. Execute a consistent set of steps and checks 
whenever the machine needs to recover from a trip. 
It is particularly important when the trip is due to a 
large HV discharge. 

 

 
 

Figure 3: FSM Display. The plot shows the FSM 
regulating the gun control electrode voltage in order to 
reduce the beam current back to its nominal value.  
 

The FSM class is imbedded in the Java-based Data 
Acquisition Engine (DAE) infrastructure that sits on top 
of the Fermilab accelerator control system (ACNET). The 
ACNET control system is a 3-tiered system that uses a 
connectionless User Datagram Protocol (UDP) to connect 
different machines. The DAE infrastructure refers to a 
client server model where Java clients use Remote 
Method Invocation (RMI) to communicate with the DAE 
servers that are tied directly to the ACNET control 
system. Each FSM operates in a thin client-server model 
where the FSM client starts jobs remotely on the server 
which is bundled with the DAE engines. The FSM server 
handles all communication with ACNET and all 
computations. Information such as state transitions and 
requested data is sent back to the client through RMI 

CONTROL SYSTEM INTEGRATION 
An integral part of the MPS is the display and analysis of 
any detected faults. Faults that are detected by the permit 
systems are time-stamped by the IRM. A persistent FSM 
logs the data associated with a trip generated by the 
permit or regulation systems and stores the monitored 

data in a database. A Java application provides an 
integrated, graphical display of faults detected by the 
permit and regulation systems.  Figure 4 shows the 
application’s main window where the beam line is 
schematically represented with all the monitored channels 
for which the stored data can be accessed (inserts in 
Fig. 4). Additionally, a display of the fault history along 
with the first fault in a fault sequence is illustrated. 
 

 
 

Figure 4: Fault System Display. 

                              SUMMARY 
The machine protection system works well and is fully 

operational. The fast gun circuitry in conjunction with the 
beam permit box has successfully aided in reducing the 
frequency of full discharges to about one per year, thus 
increasing the cooler reliability. The Crash recovery FSM 
has proven to be very useful operationally as it 
significantly reduces manual interventions while running 
beam. It in turn increased the electron beam uptime, 
which is now close to 92% (except for occasional 
hardware failures). The FSM infrastructure has become 
an integral part of the Pelletron’s machine protection 
scheme at various levels and helped in streamlining fault 
analyses. It not only captures operational knowledge in 
the regulation script, but also allows for the easy testing 
and implementation of additional scripts to improve 
operational efficiency. 
  

REFERENCES 
[1] S. Nagaitsev et al., Phys. Rev. Lett. 96, 044801 

(2006). 
[2] Pelletrons are manufactured by The National 

Electrostatics Corporation;  www.pelletron.com. 
[3] L.Prost and A.  Shemyakin, FERMILAB-CONF-05-

384-AD (2005). 
[4]  Guide to Data Acquisition Engine, K. Cahill, Beams 

Document 666-v1. 
 

TUPB25 Proceedings of DIPAC09, Basel, Switzerland

04 Beam Loss Detection

224



A CONCEPT TO IMPROVE THE AVAILABILITY OF PETRA III
 BY CORRELATION OF ALARMS, TIMESTAMPS 

AND POST-MORTEM-ANALYSIS 

M. Werner, DESY, Hamburg, Germany

Abstract 
For current and future accelerators, in particular light 

sources, high availability is an important topic. Therefore 
the causes of beam losses must be diagnosed and 
eliminated as fast as possible. This paper presents a 
concept using the following signals and data from 
diagnostic instruments and other sources: i) software 
alarms transmitted by the control system, ii) hardware 
alarms received and timestamped by the machine 
protection system, and iii) Post-Mortem-Analysis. By 
analysing alarm dependencies and the chronological order 
of alarms, the cause of the problem can be tracked down. 
The help of diagnostic instruments is highlighted. 

 

INTRODUCTION 
A manual alarm analysis in the case of a beam loss can 

be a time consuming task. In some cases alarms cause an 
alarm avalanche, by this hiding the initial alarm. In other 
cases alarms are mutually dependent and the question 
arises which alarm occurred first. The following ideas 
could help to solve some of these problems, and it is 
intended to use some of them in the context of the 
Machine Protection System for the new PETRA III light 
source [1]. 

 

SOFTWARE ALARMS 
Software alarms are transmitted from the hardware to 

the server for this hardware via a field bus or via Ethernet 
or the server generates the alarm by itself. The server 
sends the alarms to a dedicated alarm server and shows 
the alarms through the control system interface. The time 
of an alarm can be determined with a precision in the 
order of 1 second, and the reaction time is also in the 
order of 1 second. The alarm description can be very 
specific, e.g. the name of a magnet circuit (out of 
hundreds of circuits) can be displayed without big effort. 
Adding new alarms is just a matter of software. 

Non-dangerous events which always cause a 
beam loss 

Alarms from these events can be transmitted by 
software, and there is no need for a precise timestamp to 
localize the error, because these events do not depend on 
other events in a difficult way, so they must be the initial 
cause of a beam loss. Examples: 

• Main dipole or quadrupole power supply breakdown 
• RF system breakdown (not triggered by beam loss) 
• Mains breakdown 

HARDWARE ALARMS 
Hardware alarms need dedicated cables, therefore they 

are limited to critical alarms which need a fast reaction 
time (order of 1ms) and/or a precise timestamp (order of 
1us can be achieved). 

Dangerous events which must trigger a fast 
beam dump 

Alarms for these events must dump the beam by the use 
of the machine protection system (MPS) and they should 
be timestamped. Together with the timestamps of the 
other alarms, a statement about the initial alarm can be 
made in many cases. Examples: 

• Cavity sparking 
• Vacuum shutter closed 
• Temperature too high 
• Personal interlock broken (e.g. door opened, 

emergency button pressed) 
• Beam Orbit out of limits or critical BPM not working 

correctly 

Non-dangerous events which need a precise 
timestamp 

These events sometimes cause a beam loss. They 
should not initiate a beam dump. For alarms from these 
events the cause of the beam loss cannot be clearly 
assigned, but if the event occurs shortly before a beam 
loss, there is a high probability that it is the cause of the 
beam loss. Examples:  

• Main dipole or quadrupole power supply spike 
• RF spike 
• Mains brownout or spike 
• Corrector power supply breakdown 

There is an overlap to the software alarms (see above), 
because, for example, the alarm line for a main dipole 
power spike will also trigger in the case of a main dipole 
power failure. 

COMBINATION OF SOFTWARE AND 
HARDWARE ALARMS 

A combination of software and hardware alarms can be 
useful for a group of devices such as corrector magnet 
supplies: the individual names of the faulty channels can 
be transmitted by software, while an “OR”-combination 
of all channels add up to a single hardware alarm to 
provide a precise timestamp of the first alarm in this 
group. 
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ALARM DEPENDENCIES 
Studying the way how alarms depend on each other can 

lead to the initial alarm in some cases even if no 
timestamps are available. If an interlock door has been 
opened, the main magnets are switched off and an orbit 
deviation was observed, it is clear that the opening of the 
door initially caused the beam loss and all other alarms. 
See Fig. 1 for typical alarm dependencies. 

Independent Alarms 
If one of these alarms happens, it is easy to assign the 

cause of the beam loss. Examples: 
• Cavity sparking 
• Temperature too high 
• Personal interlock broken (e.g. door opened, 

emergency button pressed) 

Dependent Alarms 
They can happen as a consequence of another event. 

Examples: 
• Bad Orbit (dependent on magnet currents) 
• RF breakdown (sometimes dependent on beam 

current) 

Linear Dependencies 
In this case the cause of a problem can be traced back 

and no timing analysis is necessary. If, for instance, 
during a beam loss a bad orbit was detected and the main 
dipole power supply is on error, the problem is the power 
supply in most cases because the power supply can 
directly influence the orbit but not vice versa.  

Circular or Mutual Dependencies 
In this case tracing back the cause of an event can lead 

to the event itself. An example is a beam loss concurrent 
with an RF breakdown: an RF breakdown always causes a 
beam loss, but a beam loss can also lead to RF failure. In 
this case an analysis of the chronological order of the 
alarms helps. 

CHRONOLOGICAL ORDER OF EVENTS 
If the analysis of the dependencies does not show the 

reason of a beam loss because alarms are circular or 
mutually dependent, the alarm timestamps can provide 
more information. The first alarm in an alarm sequence 
can often point to the initial problem. This first alarm can 
be a dangerous or a not dangerous alarm. Let us consider 
the example of a corrector magnet failure (not dangerous) 
leading to an orbit distortion (detected by a BPM) which 
is dangerous because then a closed undulator can produce 
intense light at the wrong place and melt components. 
Although the BPM triggered the beam dump, the 
corrector magnet can be identified as source of the beam 
loss because it happened directly before the beam loss. 

On the other hand, a corrector magnet fault does not 
always lead to beam loss if the kick offset of the corrector 
is small enough. 

POST MORTEM ANALYSIS 
Post mortem data recording can be triggered by a full or 

partial beam loss or other events. The recording should 
cover the interesting time range around the loss, this can 
be from milliseconds (e.g. for BPM data) until seconds 
(e.g. for temperature data) with adequate time resolution. 
All recorders for the different devices (RF, power 
supplies, BPMs and others) should use the same Post 
Mortem trigger to allow easy time correlation between the 
different device groups. 

Manual or Automatic Analysis 
In many cases automatic analysis of Post Mortem data 

can help to find the cause of a beam loss or at least 
support an expert in his manual analysis. For example, a 
scan of the Post Mortem data of all magnet currents or 
voltages could reveal anomalies shortly before a beam 
loss. 

Combining Several Data Channels 
Useful information can be taken from the BPM Post 

Mortem data. The evolution of the RMS orbit deviation 
compared to a reference orbit (taken from the first 
samples of the Post Mortem data) in both directions can 
be calculated as well as the evolution of the position sum 
(trace length) in the horizontal direction. If the sum is 
constant but the RMS value increases directly before the 
beam loss, this points to beam instability. If, on the other 
hand, the sum changes, an RF problem is more likely, 
because the sum is correlated to the beam energy. 

Consistency Checks 
Another interesting possibility is the combination of 

Post Mortem data of BPMs with fast and/or slow orbit 
corrector magnet currents, using the Orbit Response 
Matrix (ORM). An inconsistency can directly point to a 
bad BPM or corrector magnet and help in troubleshooting 
the orbit feedback system. 

AUTOMATICAL ALARM ANALYSIS 
Regarding the event dependencies in an accelerator, an 

automatic analysis of software alarms and the 
chronological order of hardware alarms can point to the 
initial cause of a beam loss. For more difficult cases, also 
Post Mortem data can be automatically analyzed to give 
concentrated information to the operator. If the source of 
a beam loss is still unclear, a manual analysis by an expert 
is necessary, whereas the timestamps and the Post 
Mortem data are still very helpful. 
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Figure 1: Alarm dependencies. The arrows show in which direction alarms or states influence other alarms and states in 
the PETRA III light source. 

 

THE BENEFIT OF WARNINGS 
Some beam losses can be avoided by observing critical 

parameters and reacting in time. A software warning 
system can do this observation automatically and give an 
acoustical or optical signal to the operator. Examples: 

• Beam near position limits (BPM interlock) 
• Quadrupole sum of BPM buttons close to limits 
• Sum of BPM buttons close to limits (consistency 

with beam current monitors) 
• Vacuum pressure close to limits 
• Magnet current close to limit (slow or fast corrector 

magnets) 
• Temperature near limit 
 

CONCLUSION 
Ideas and methods were presented to increase the 

availability of a typical light source by fast automatic or 
computer-aided manual analysis of beam losses, thereby 
shortening the downtime. The important role of BPMs in 
this analysis was shown. 
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FEASIBILITY STUDY OF AN OPTICAL FIBRE SENSOR FOR BEAM LOSS 
DETECTION BASED ON A SPAD ARRAY٭ 

A. Intermite†, Max Planck Institute for Nuclear Physics, Heidelberg, Germany 
M. Putignano, C. P. Welsch, Cockcroft Institute and University of Liverpool, UK 

Abstract 
This contribution describes an optical fibre sensor 

based on the use of a silicon photomultiplier (SiPM) 
composed of an array of Single Photon Avalanche 
Detectors (SPADs). This sensor will be used for the 
detection and localization of particle losses in accelerators 
by exploiting the Cerenkov Effect in optical fibres. As 
compared to conventional vacuum photomultipliers, the 
SPAD array allows for maximizing the geometrical 
efficiency of Cerenkov photon detection. The array can be 
directly integrated into the fibre end while retaining the 
same quantum efficiency (20%) in the wavelength range 
of interest. The SiPM is intrinsically very fast due to its 
small depletion region and extremely short Geiger-type 
discharge, which is in the order of a few hundreds of 
picoseconds. Therefore, the combined use of optical 
fibres and SiPMs seems a promising option for a modern 
Cherenkov detector featuring subnanosecond timing, 
insensitive to magnetic fields, capable of single photon 
detection and allowing for the possibility of realization in 
the form of a smart structure. We present the layout and 
operating principle of the detector, its characteristics, and 
outline possible fields of application. 

INTRODUCTION 
Beam loss monitor systems are designed for measuring 

beam losses around an accelerator or a storage ring [1]. 
Particles showers penetrate the optical fibre and generate 
Cerenkov radiation. Using two parallel sensors along the 
most critical parts of the accelerator such as collimators, 
scrapers and aperture limitations the losses can be 
detected and localized. To couple the highest number of 
photons into the fibres, the geometrical features of the 
sensor have to be optimized. For this purpose a simulation 
code was developed, to achieve the best collection 
efficiency with the optical fibres available commercially 
in the range between 450-550 nm. The Numerical 
Aperture (NA) of these fibres is chosen considering the 
meridional and skew rays contribute to the coupling 
efficiency and the attenuation curves in the specific range 
of wavelengths where the SiPMs have their highest 
photosensitivity. 

CERENKOV RADIATION IN OPTICAL 
FIBRES 

A charged particle passing through an optical fibre of 
large enough radius (a>>λ) produces Cerenkov radiation 
inside the fibre if its velocity exceeds the phase velocity 
of light in the medium. Cerenkov photons are 
immediately generated and the number of photons Nph per 
wavelength interval λ and distance L is given by [2]: 

                          
2

2
2ph

2 sin2
dLd

Nd
λ

θαπ
λ

z=                  (1) 

where α = 1/137 is the fine structure constant, θ is the 
Cerenkov cone semi-angle, λ the wavelength and L the 
path length  of the particle with charge z in the fibre. 

Cerenkov light is emitted on the surface of a cone with 
an angular opening semi-angle given by: 

                                 
β

θ
n
1cos =                                     (2) 

where β = v/c and n the refractive index of the fiber. 
From Eq. (1), the intensity of Cerenkov light increases 

inversely to the cube of the wavelength as it is plotted in 
Fig. 1, consequently the blue color dominates in the 
visible spectrum. 
 

 
Figure 1: Number of photons produced per incident 
electron and per unit length L between 193 – 1064 nm. 
 

When we consider the Cerenkov propagation inside a 
fibre we have to consider the probability of survival of the 
created photons (Collection Efficiency, CE) in the 
waveguide: this is determined by NA of the fibre and by 
the direction of the Cerenkov photons. In Fig. 2 we can 
see CE as a function of the incidence angle of the charged 
particle with respect to the fiber axis and the impact 
parameter, i.e. the shortest distance between the charged 
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particle trajectory and fiber axis. To calculate CE we 
considered the contribution of both meridional and skew 
rays and of the fibre cleaving angle in a C++ code written 
for the purpose. 
 

 
Figure 2: Collection efficiency of Cerenkov photons 
inside a pure silica optical fibre with NA=0.63. 
 

The collection efficiency increases with the numerical 
aperture of the fiber as we can see in Fig. 3. 

Figure 3: Collection efficiency of Cerenkov photons as a 
function of the Numerical Aperture (NA) of the optical 
fibres listed in Table 1. The collection efficiency is 
independent of the value of the fibre core diameter as it 
can be seen from the points F3 and F4. 
 

The propagation of Cerenkov light in the fibre depends 
on the particle shower geometry as well as on the particle 
and fibre properties. For electrons the threshold energy to 
emit Cerenkov light in quartz fibre (n=1.46) is about 175 
keV and the semi angle of the Cerenkov light is about 
46°.  

BEAM LOSS DETECTION SYSTEM 
The proposed sensor is based on two parallel fibres 

with high numerical apertures as shown in Fig. 4. Both 
fibres are connected to two SiPMs with the same features. 

 
 
Figure 4: Sketch of the complete arrangement of the 
optical fibre sensor. 
 
The first fibre, F1 (shown in violet), is used as reference 
arm. Its geometrical features are chosen to maximize the 
Cerenkov photons produced in the range between 450-
550 nm, in which range the detector has a high Photon 
Detection Efficiency (PDE) of 15-20%. 

The second arm of the sensor will be realized by 
splicing two fibres with different properties, F1 and F2, 
respectively indicated in violet and yellow, so that the 
fibre F2 will have much higher attenuation of F1. In this 
way the number of Cerenkov photons detected on the 
composite arm will be smaller than the number of the 
reference arm F1, with the difference depending on the 
number of large attenuation sections encountered by the 
travelling photons. By counting the number of fibres in 
the second arm it will then be possible to localize losses. 
The advantages of this optical fibre sensor with respect to 
the traditional delay line configuration are: 
• The resolution of the sensor depending mainly on the 

length of the spliced fibres of the second arm. It is 
therefore possible to achieve resolution of down to a 
few centimetres, much finer than the resolutions 
achieved by usual delay line sensors, which are limited 
by the detector time resolution to about 1 meter. Such 
finer resolution is particularly relevant when there is the 
need to monitor losses in narrow spaces as in CLIC 
Experimental area (CLEX) where the distance between 
the main beam and the drive beam is about 75 cm. Here 
this optical sensor, placed perpendicular to the 
accelerator pipes in a region where losses have been 
spotted, would allow detecting which pipe the losses 
came from. 

• Each signal is read independently and absolute position 
calculated from the intensity ratio in the two branches, 
therefore, there is no overlap of signals and it becomes 
possible to detect multiple signals without using clock 
triggers. 

• The active surface of the SiPM has the same 
dimensions of the fibre listed in Table 1 and this 
reduces the coupling losses between fibres and SiPM. 

Optical Properties of Fibres 
In this paper we considered multimode step index fibres 

with a total diameter of 1 mm for simple coupling with a 
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SiPM of the same dimension. The properties of these 
fibres are listed in the table below. 

 
Table 1: Properties of optical fibres used in this paper for 
calculating the collection efficiency. 

Fibres NA Core 
Diam. (μm) 

Core 
material 

F1 0.22 200 Pure Quartz 
F2 0.43 200 Pure Silica 
F3 0.48 200 Pure Silica 
F4 0.48 400 Pure Silica 
F5 0.63 486 PMMA 

SILICON PHOTOMULTIPLIER 
The Cerenkov light is detected with Silicon 

Photomultipliers at the end of the fibres. In the last few 
years, a new kind of planar semiconductor device has 
come out, namely the SiPM with promising features that 
could even replace traditional photomultiplier tubes. It is 
based on a Geiger mode SPAD elementary cell and it 
consists of an array of n independent identical microcells 
whose outputs are connected together as we can see in 
Fig. 5. The final output is thus the analog superposition of 
n ideally binary signals. This scheme along with the 
sensitivity of each individual cell to single photons 
appears to result in a perfect photosensor capable of 
detecting and counting single photons in a light pulse. 

 
Figure 5: Magnification of a SiPM (courtesy of ST-
Microelectronics, Catania).   
 

Every SPAD cell is a p-n junction operating in Geiger 
mode at a low voltage (≈30 V) and fabricated in silicon 
planar technology. The junction is biased slightly above 
the breakdown by an overvoltage around 10% of the 
breakdown voltage itself, and it remains quiescent until a 
photon is absorbed in the depletion volume. This gives 
rise to the development of an avalanche current pulse, 
which needs a dedicated circuit to quench it, whose total 
charge is independent of the number of initial 
photocarriers. The quenching circuit is a passive one (a 
large-value resistor), which allows to keep the overall 
circuitry very simple. Such a resistor, in the form of a 
transparent polysilicon square frame, was integrated on 
top of the cell’s cathode. The cell is square-shaped, with a 
50/30 μm side-over-active-area ratio and a resulting 36% 
fill factor (the active area also includes the polysilicon 
frame) [3, 4]. 

It is deposited an antireflective coating layer and 
reduced the quasi-neutral region thickness above the thin 
junction depletion layer, in order to enhance the spectral 

response in the blue and near-ultraviolet wavelength 
ranges. The expected consequences are low leakage 
currents, low noise, and good PDE as it can be seen in 
Fig. 6. 

The dimensions of these detectors make their coupling 
with optical fibres easier without influencing the final 
coupling efficiency. 

 
Figure 6: Photon detection efficiency of a SiPM as a 
function of wavelength (courtesy of ST-Microelectronics, 
Catania). 

CONCLUSIONS 
The properties of Cerenkov light emitted inside fibres 

combined with the lightguide conditions and the 
performances of SiPMs can be used for detecting and 
localizing losses in harsh environments such as 
accelerators. The optical fibre radiation hardness to very 
high radiation levels, the fast response of the SiPM 
associated to the sensor and the compact detector 
dimensions make it a good candidate for beam loss 
monitoring. To improve the collection efficiency in the 
range of 450-550 nm high aperture numerical fibres with 
core diameters between 200 μm and 500 μm are explored. 
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LOSS MONITOR ON THE BASIS OF DIFFUSIVE RADIATION FROM
ROUGH SURFACES

S.G. Arutunian∗, Zh.S. Gevorkian, K.B. Oganesyan,
Yerevan Physics Institute, Alikhanian Brothers St. 2, Yerevan 375036, Armenia

Abstract

Diffusive Radiation is generated when a charged parti-
cle passes through a randomly inhomogeneous medium.
Such a situation can be realized when a charged particle
slides over a rough metallic surface. One of the impor-
tant properties of DR is that the emission maximum lies at
large angles from particle velocity direction. Therefore it
can be used for detection of beam touch to the accelerators
vacuum chamber wall in case when generated photons will
be observed on the opposite side of the vacuum chamber.
Such a diagnostics can be especially useful for monitoring
of beam particle losses.

There is substantial interest in the development of differ-
ent tools for beam diagnostics. Particularly, optical transi-
tion radiation is widely used for this goal [1, 2, 3]. With
modern powerful optical detectors OTR based devices are
very convenient. However there is also a problem with use
of OTR. For relativistic particles, TR photons are emitted
at very small angles θ ∼ γ−1 � 1. DR that we are going
to discuss is free from such a shortage. In the present pa-
per we consider the possibility of using of DR from rough
surfaces for beam diagnostics.

A charged particle passing through a stack of plates
placed in a homogeneous medium is known to be radiating
electromagnetic waves. Radiation originates because of the
scattering of electromagnetic field on the plates. Consider-
ing this problem theoretically it was shown [6, 7] that the
spectral angular radiation intensity can be represented as a
sum of single scattering I0 and multiple scattering ID con-
tributions of pseudophotons

I = I0 + ID (1)

where

I0(θ, ω) =
e2

2c

B(|k0 − kcosθ|) sin2 θ

[γ−2 + sin2 θk2/k2
0 ]2

ω2

k4
0c

2
(2)

and diffusive contribution is determined as

ID(θ, ω) =
5e2γ2

2εc

Lzlin(ω)
l2(ω)

sin2 θ

| cos θ| (3)

Here Lz is the path of the particle in the medium, θ is
the observation angle, k0 = ω/v, v is the particle velocity,
k = ω

√
ε/c, B is the correlation function of random di-

electric constant field created by randomly located plates.

∗ femto@yerphi.am

Assuming that parallel plates with equal probability can oc-
cupy any point of z axis one finds correlation function as
follows

B(qz) =
4(b − ε)2)n sin2 qza/2

q2
z

ω4

c4
. (4)

where n = N/Lz is concentration of plates in the sys-
tem, a is their thickness, b is their dielectric constant and ε
is the average dielectric constant of the system. In Eq. (3), l
and lin are average elastic and inelastic mean free paths of
photon in the medium. Inelastic mean free path is mainly
associated with the absorption of electromagnetic field in
the medium. Elastic mean free path is associated with the
photon refraction on plates. It depends on the falling angle
on plates. In the case when photon falls normally elastic
mean free path is determined as follows

l =
4k2

B(0) + B(2k)
(5)

Note that just this quantity enters into spectral angu-
lar intensity Eq. (3). Eqs. (3, 5) are correct in the weak
scattering limit λ/l � 1 and for observation angles θ =
π/2 − δ, δ � (1/kl)1/3. Last restriction over angles ap-
pears because when θ = π/2 pseudophotons are moving
parallel to plates and no any refraction happens and the
condition of weak scattering is failed. When the condi-
tions of multiple scattering of electromagnetic field are ful-
filled the diffusive contribution to the radiation intensity
Eq. (3) is the main one because ID/I0 ∼ lin/l � 1. As
it is seen from Eq. (3) the radiation intensity is determined
by elastic and inelastic mean free paths of photon in the
medium. It follows from Eq. (4) that when ka � 1,
B(2k)/B(0) ∼ 1/(ka)2 � 1. Therefore in both cases
ka � 1 and ka � 1 the photon mean free path has the
form

l ∼ k2

B(0)
(6)

where B(0) = k4(b−ε)2na2/ε2. Substituting this expres-
sion into Eq. (6) and taking into account that k = ω

√
ε/c,

we have
l ∼ ε

ω2

c2 (b − ε)2na2
(7)

Remind that ε is the average dielectric constant of the sys-
tem which for a layered stack has the form:

ε(ω) = nab(ω) + (1 − na)ε0(ω) (8)

Here ε0 is the dielectric constant of a homogeneous
medium into which plates with dielectric constant b(ω) and
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thickness a are randomly embedded. If a homogeneous
medium is vacuum then ε0 ≡ 1. The parameter na is the
fraction of the plates in the system.

A rough interface is a region with random fluctuations of
dielectric constant that separates two homogeneous semi-
infinite media. Suppose that z = 0 is the plane distorted by
the roughness. The equation of rough surface is determined
as follows

z = h(	ρ) (9)

where h is a random function and 	ρ is a two-dimensional
radius vector in the x, y plane. We suppose that the space
z > h(	ρ) is occupied by the vacuum or air and the space
z < h(	ρ) by a metal. Usually, for convenience, h is as-
sumed as a gaussian stochastic process characterized by
two parameters

< h(	ρ) >= 0 (10)

< h(	ρ1)h(	ρ2) >= δ2W (|	ρ1 − 	ρ2|)

where < ... > mean averaging over the randomness,
δ2 =< h2(	ρ) > is the average deviation of surface from the
plane z = 0. Because of the translational invariance and
isotropy the correlation function W depends on the quan-
tity |	ρ1 − 	ρ2|. It follows from Eq. (11) that W (0) = 1.
Roughnesses at two points located far away from each
other are uncorrelated therefore when |	ρ1 − 	ρ2| → ∞,
W goes to 0. One can determine correlation length σ as
a distance at which correlation function is essentially de-
creased. Frequently gaussian form for correlation function
W (ρ) = exp(−ρ2/σ2) is used. The parameters δ and σ ex-
perimentally can be found using light scattering from rough
surfaces [4]. Depending on the degree of treatment of the
surface of a metal δ is of order of several ten angstroms
and σ is of order of few hundred angstroms. Another pa-
rameter characterizing roughness that plays important role
in radiation is the average of modulus of deviation from the
reference plane z = 0, R =< |h(	ρ)| > [5]. Depending on
the degree of treatment of the surface this parameter varies
from 0.01μm to 5μm.

When a charged particle slides over a rough surface it
crosses randomly distributed hills and valleys. One can
model these hills and valleys as randomly located plates
and vacuum spacings between them. Correlation length of
the roughness σ plays role of the thickness of the plates.
An electromagnetic wave can travel through these hills pro-
vided that σ is smaller than the depth of skin layer in the
metal. In the optical region this condition will be fulfilled
for not very rough surfaces. Moreover if the hills are high
enough 2πR � λ then one can assume that photon with
wavelength λ is propagating through a random stack of par-
allel plates having one-dimensional randomness of dielec-
tric constant.

For realization of diffusive mechanism of radiation ab-
sorption should be weak. This means that the plates should
be very thin. Moreover, in metal case their thickness should
be less than the depth of skin layer of metals, in order to the

photons diffusively propagate over the system. In the opti-
cal region a metal skin layer is of order of several hundred
angstroms. As was mentioned above for rough surfaces σ
which plays a role of thickness is of order of a few hundred
angstrom therefore an optical photon can diffuse through
hills and valleys of a rough metallic surface. An exper-
iment on radiation from 80 keV energy electrons sliding
over rough metallic surfaces was carried out many years
ago[5]. An enhancement of radiation intensity compared
to normal falling case was observed. Estimations of hill
and valley sizes show that conditions for generation of dif-
fusive radiation exist in the experiment [5]. Unpolarized
character and spectral angular dependence of observed ra-
diation intensity are well described by diffusive radiation
intensity formulae [6]. Hence we think that in the experi-
ments [5] the diffusive radiation was observed. The energy
of a charged particle should be enough for penetration of
the system with inessential variation of its velocity. In the
experiments [5], keV energy electrons were used. For ob-
servation of diffusive radiation from protons their energy
should be at least several MeV in order to penetrate through
many hills when sliding over a rough surface. As it follows
from Eq. (3) maximum of radiation lies in the region of
large angles from particle velocity direction. Using Eq. (3)
one can estimate the integrated over all angles number of
emitted photons in the interval Δω as

Nph ∼ α
Lzlin

l2
Δω

ω
(11)

where α is the fine structure constant. The angular part
and γ2 give contribution of order unity except the case of
ultrarelativistic particles. It follows from Eq. (11)that the
gain of photon yield compared to transition radiation from
one interface case is of order Lzlin/l2. Let us estimate
this ratio. The inelastic mean free path of the photon in a
random stack can be estimated as follows:

lin ∼ λ

πfImb(ω)
(12)

where f ∼ na is the fraction of plates in the system. Taking
into account that |b| � ε ∼ 1, for the elastic mean free path
one gets from Eq. (7)

l ∼ λ2

4π2b2fa
(13)

Diffusive photons are absorbed in the system. Only those
escape the system that are created on the particle path of
order lin. Therefore when estimating the number of emit-
ted from surface photons one should substitute Lz by lin in
Eq. (11). Therefore using Eqs.(11-13), for the number of
emitted diffusive photons from a rough surface at the fre-
quency interval Δω ∼ ω, we obtain the following estimate

Nph ∼ α

(
4πb2σ

Imbλ

)2

(14)

Note that in all equations above b is the real part of dielec-
tric constant of metal. It follows from Eq. (14) that the
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photon yield does not depend on the averaged distance be-
tween hills [5]. It depends on the ratio σ/λ. Radiation
intensity increases on the roughness σ increasing. Maxi-
mum intensity is achieved for short length waves. These
characteristic features were observed in the experiment [5].
Taking the following reasonable values for a metal b2 ∼ 10,
Imb ∼ 0.1, σ ∼ 100Ao, λ ∼ 4000Ao one has Nph ∼ 10.
Thus the photon yield significantly exceeds the transition
radiation yield Ntr ∼ 1/137[8]. Note that even for very
smooth surfaces σ ∼ 100Ao the effect is significant. Such
a large photon yield allows to use the diffusive radiation for
touch beam diagnostics at electron and proton accelerators.

To create a reliable instrument of beam diagnostics based
on diffusive radiation corresponding signal from rough
surface should be subtracted from background electro-
magnetic radiation. This background can be created by
other mechanisms of radiations in the same spectral range
(diffractive radiation, bremsstrahlung and etc). Also very
important is to be sure that the detected signal is generated
by the beam touch of the selected place in vacuum cham-
ber. As a DR radiator, a special movable area with surface
roughness greater than that in vacuum chamber can be pre-
pared. Motion of this area can be realized in longitudinal
or tangential directions with shifts comparable with area
sizes. Signal of radiation detector modulated with the fre-
quency of motion subtracted from permanent background
supplies the specific DR contribution. The frequencies of
kHz range can be applied. Another possibility is the more
slow motion of area in radial direction. In this case one
must watch on the signal intensity in fixed positions of area.
Very promising can be idea to create the DR generator area
with variable roughness. For this purpose the piezoelectric
effect can be used. One can imagine a stack from piezo
and non piezo but metal foils of different thickness. The
face of such a stack serve as generator of DR. In case of
electrical potential loading at stack the geometrical param-
eters of stack will change and corresponding modulations
in detected signal should be registered. Optimal for DR de-
tection system can be imagined section of vacuum chamber
with double tap directed in opposite direction. In one tap
a few tens square mm DR radiator can be placed and in
opposite the DD detectors must be placed. The important
advantage of DR usage is that the DR is emitted at large
angles relative to the beam propagation direction. This al-
lows to realize a very simple scheme of DR detection in
orthogonal direction on the opposite side of the vacuum
chamber. For this purpose existing taps in vacuum cham-
ber can be used to minimize distance between the source
of radiation and detector. Situation completely differ in
traditional wire scanner technique where the detector of
secondary particles/radiation are placed at few meter beam
downstream. To extract the DR signal from background in
vacuum chamber the motion of DR radiator can be used.
Very promising is modulation of DR radiator parameter by
piezoelectricity. Proof-of-concept experiment in this case
do not need great expenditures and can be realized by us-
age of standard optical detectors.
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Abstract 
To select the best candidate for a fiber based beam loss 

monitor, glass fibers of different diameter (100~600 m), 

index profile (graded/stepped) and from different makers 

were characterized (signal strength, attenuation, 

dispersion) at the SPring-8 Compact SASE Source 

(SCSS). Beam tests showed that at 250 MeV the detection 

limit corresponding to a 10 mV signal is below 1 

pC/bunch over 60 m and 3 pC/bunch over 120 m, with a 

position accuracy better than 30 cm. The fiber lifetime 

has been estimated to be over 13000 hours from dose 

measurements at the SCCS. 

INTRODUCTION 

Optical fibers have been used as radiation detectors for 

more than 20 years in a wide range of experiments. 

Recently several facilities have worked on the 

development of fiber-based local beam loss detection 

systems [1]. Fiber-based beam loss monitors offer the 

possibility to detect beam losses over long distances in 

real time, with good position accuracy and sensitivity at a 

reasonable cost. For the undulator section of the 8 GeV 

SPring-8/XFEL [2], radiation safety considerations set the 

desirable detection limit at 1 pC (corresponding to a 0.1% 

beam loss) over more than a hundred meter. While the 

intensity of the Cerenkov radiation generated in and 

transmitted down a multimode fiber has been predicted 

theoretically [3,4], the selection of the optimum fiber is 

not straightforward. A beam-based approach was 

therefore chosen to characterize different glass fibers 

(signal strength, attenuation, dispersion). 

EXPERIMENTAL SET-UP 

The experiments were carried out at the SCSS, a 1/16
th

 

model of the future SPring-8/XFEL The SCSS has a 

maximum electron energy and repetition rate of 250 MeV 

and 60 Hz respectively. The optical fiber was set along 

(for beam loss measurements) or across (for 

attenuation/dispersion measurement) the accelerator 

vacuum chamber (Fig. 1). The signals from the 

photomultiplier tubes (PMTs) set at both end of the fiber 

are read out with an oscilloscope. A trigger signal from 

the accelerator master oscillator is used as time reference. 

The beam current was measured with current transformer 

(CT) monitors placed along the beam accelerator. 

Inserting the screen of an optical transition radiation 

(OTR) monitor into the beam path generates an 

electromagnetic shower: This artifice is used to simulate a 

beam loss (stray electrons hitting the vacuum chamber). 

To measure the attenuation/dispersion of the light signal, 

the fiber is set across behind an OTR screen. The signal is 

then measured for different distances (A, B in ig 1b.). 

 

Figure 1: Experimental set-up used for the measurement of

the attenuation of the beam loss monitor. 

Several kinds of fibers (different diameters, numerical 

aperture and index profile) were tested (Table 1). All 

fibers were coated to limit the noise from ambient light. 

The choice of the photomultiplier (Hamamatsu H6780-

02) resulted from a compromise between the fiber 

attenuation and the characteristics of Cerenkov spectrum. 

An additional criterion was the possibility to add a 

connector: The fibers were equipped with FC connectors 

at both ends to insure easy (“plug and play”) and clean 

connections (low insertion loss) as well as a good 

reproducibility. With this experimental set-up, it is 

possible to test the response (signal strength, attenuation, 

dispersion) of these fibers in realistic (The continuous 

spectrum of a Cerenkov signal from stray charged 

particles) and standardized conditions. 

Table 1: Main characteristics of the fibers. The numerical 

aperture of the Fujikura and Corning fibers are 

respectively 0.2 and 0.39. 
 

Maker Reference Index Length [m] 

Mitsubishi ST100 Step 10.1 

Fujikura GC200/250 

GC400/500 

GC600/750 

SC200/220 
SC400/440 

Graded 

Graded 

Graded 

Step 
Step 

10.2 

61.4 

10.1 

10.1 
32.4 & 121.4 

Corning COR200VIS39 Step 25.4 

SIGNAL STRENGH AND ATTENUATION 

Figure 2 shows the strength  of  the  Cerenkov  signal  as  a  

function of the fiber length. The signal from the PMT has 

been normalized by the average beam charge impacting 

the screen of the OTR monitor. The error bars reflect the 

standard deviation from the PMT signal (typically taken 

over a few hundreds samples) as well as the standard 

deviation of the CT signal (typically less than one ______________________________________________  
#marechal@spring8.or.jp 
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percent) and its accuracy (10%). The lines are fits from 

the measured value according to: 

S V/nC[ ] =S0 V/nC[ ]10 dB/km[ ] x km[ ]
 (1) 

where  is the attenuation of the Cerenkov signal 

expressed in dB/km.  is a convolution of the attenuation 

of the fiber and the PMT sensitivity. The values obtained 

from the fit are given in Fig. 3, the uncertainty being 

larger for the shorter (~ 10 m) fibers. 

For Wang et al. [3] the Cerenkov output power is 

proportional to the square of the fiber diameter D. The 

results obtained here show that the detector output is 

proportional to D
1.5

. A bundle of fibers will give a signal 

weaker than that of a single fiber of equivalent diameter. 

For the SPring-8/XFEL, the detection limit and length to 

be surveyed give a minimum diameter of 400 m. 

 

Figure 2: Signal from the PMT normalized by the average 

beam charge impacting the OTR screen as a function of 

the fiber length. The legend gives the values of the 

attenuation obtained from the fits. 

DISPERSION 

Multimode and chromatic dispersions distort the optical 

signal as it travels down the fiber, resulting in pulse 

broadening: Dispersion will affect the time and therefore 

 

Figure 3: FWHM of the PMT signal as a function of the 

fiber length. 

the spatial resolution of the beam loss detector. Fig. 3 
shows the full width at half maximum of the Cerenkov 
signal measured with the PMTs as a function of the fiber 
length for the Fujikura GC and SC 400. As can be seen 
from Fig. 3, the GC and SC 400 have the similar 
dispersion (  0.14 ns/m within experimental errors): The 
dispersion of the Cerenkov signal in the fiber is mainly 
due to chromatic dispersion. 

DETECTION LIMIT 

Two methods have been used to evaluate the detection 

limit of the system: With the fiber set along the 

accelerator, one has measured either the signal generated 

by inserting an OTR screen, or the signal from a natural 

beam loss. In each case, both the signal detected upstream 

and downstream (with respect to the direction of 

propagation of the electron beam) were measured. The 

results, calculated for a detection level set at 10 mV, are 

summarized in Table 2 for the Fujikura SC400 fiber. 

Table 2: Detection limit (Fujikura SC400) at 10 mV 

Figure 4  shows  a typical  signal  measured  during  user  

operation (lasing at 60 nm) in the SCSS chicane located 

just before the undulators. No beam loss is detected from 

the difference between the upstream and CT monitors. 

The downstream signal is four times larger than the 

upstream signal: The detection of both signals is therefore 

important for an optimum operation of the beam loss 

monitor. The fine structure of the main peaks is also 

clearly visible: With a temporal discrimination of a few 

ns, it becomes possible to detect different beam losses 

occurring within a short distance from each other. 

Figure 4: Beam loss signal (Fujikura SC400, single shot, 

2.5 GS/s). The fiber is set so that the PMT is located 120 

m upstream/downstream from the loss point.  

 

Fiber 

Length  
OTR induced loss Natural Beam loss 

 Direction with respect to the e- of propagation 

 Upstr. Downstr. Upstr. Downstr. 

60 m 0.6 pC 0.9 pC < 1pC < 0.1pC 

120 m 1.8 pC 2.6 pC < 3pC < 0.3 pC 
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Figure 5: A typical beam loss measured on the SCSS prototype accelerator (single shot). Top: View of the SCSS 
accelerator with the location of the OTR and CT monitors (green and red triangles respectively). Bottom (b): The signals 
from the upstream and downstream PMTs. The percentages give the beam losses as measured by the CT monitors. The red 
circles indicate the position of the loss points. 

 

Figure 5 presents a  typical  beam  loss  measured  at  the  

SCSS (single shot). The fiber was set along the vacuum 

chamber, from the first chicane up to the beam dump. The 

energy of the electron varies from 50 MeV (before the C-

band section) up to 250 MeV (after). The signals from 

both chicanes are clearly visible (although no beam loss is 

detected by the CT in the second chicane). A few percents 

of the beam are lost before the beam-dump.  

LIFETIME 

Optical fibers are known to be susceptible to radiation 

damage. The production of color centers translates into 

radiation-induced attenuation, the deterioration of the 

fiber optical performance being higher at shorter 

wavelengths. So far no radiation damage has been 

observed in the 600 to 850 nm range. The fiber lifetime at 

the Spring-8 8 GeV/XFEL has been estimated using data 

available for multimode fibers (average 3 dB/km/Gy [5]) 

and dose measurements at the SCSS (a maximum of 

0.008 Gy/h in the ID section in routine operation [6]): 

Assuming a 1 m length irradiated at the maximum dose, 

the fiber lifetime is over 13000h for a 1 dB loss. 

SUMMARY 

The ultimate detection limit of a fiber based beam loss 

monitor is strongly dependent on the fiber characteristics. 

While small core fibers are limited to short lengths, for 

larger core diameters, the practical length will not exceed 

a few hundred meters, depending on the desired detection 

level. Beam tests showed that at 250 MeV the detection 

limit corresponding to a 10 mV signal is below 1 

pC/bunch over 60 m and 3 pC/bunch over 120 m. The 

position accuracy was found to be better than 30 cm. 

 A practical, online, version of the beam loss monitor is 

now under development: The signal from fibers set along 

the vacuum chamber will be read out by a Flash-ADC. 

The waveforms will be used to determine the position of 

the beam loss along and perpendicularly to the beam 

direction. Studies (Numerical and experimental) are 

planned to estimate the amount of the loss as a function of 

the amplitude of the signal. First tested on the SCSS this 

beam loss monitor should be installed on the SPring-

8/XFEL when it comes into operation.  
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Abstract

The majority of particles in a beam are located close to
the beam axis, called the beam core. However, particles
in the tail distribution of the transverse beam profile can
never be completely avoided and are commonly referred to
as beam halo.

The light originating from or generated by the particle
beam is often used for non- or least destructive beam pro-
file measurements. Synchrotron radiation, optical transi-
tion, or diffraction radiation are examples of such measure-
ments. The huge difference in particle density between the
beam core and its halo, and therefore the huge intensity ra-
tio of the emitted light is a major challenge in beam halo
monitoring.

In this contribution, results from test measurements us-
ing a flexible core masking technique are presented indicat-
ing way to overcome present limitations. This technique is
well-known in e.g. astronomy, but since particle beams are
not of constant shape in contrast to astronomical objects,
a quickly adjustable mask generation process is required.
The flexible core masking technique presented in this pa-
per uses a micro mirror array to generate a mask based on
an automated algorithm.

INTRODUCTION

The detection and possible control of the beam halo is
of utmost importance for high energy accelerators, where
unwanted particle losses lead to an activation or even dam-
age of the surrounding vacuum chamber. But also in low-
energy machines like the USR [1] one is interested in mini-
mizing the number of particles in the tail region of the beam
distribution. Since most part of the beam is normally con-
centrated in the central region, observation techniques with
a high dynamic range are required to ensure that halo par-
ticles can be monitored with sufficient accuracy. One op-
tion to monitor the beam halo is to use light generated by
the beam, either through synchrotron radiation (SR), opti-
cal transition radiation (OTR), or luminescent screens. In
thus case, a special detection technique is required to allow
for high dynamic range measurements.

The flexible core masking technique is based on the core
masking technique which is well established in astronomy
to observe the corona of the sun [2]. For an accurate image
acquisition of the corona, an exposure time is required at
which a normal camera overexposes due to the bright cen-
tral region of the sun. The resulting blooming effects will
superimpose the corona light and make an accurate image
acquisition impossible. Therefore, the central bright region

region of the sun is masked out to allow for a corona mea-
surement without any negative blooming effects. The same
principle can be applied for beam halo measurements, as
already shown in [3, 4]. Test measurements of this kind
have been performed at CERN by T. Lefèvre et al [5].

Unlike astronomical objects, an accelerator beam’s pro-
file is typically variable in shape. A technique using a fixed
mask does not suffice any more and a flexible core mask-
ing technique is required. Taking advantage of the unique
features of Micro Mirror Arrays (MMA), flexible masks re-
quired for this technique become feasible.

MICRO MIRROR ARRAY

The Micro Mirror Array used for the measurements
consists of an array of 1024×768 micro mirrors of
13.68μm×13.68μm size. Each of them can individually
be set to ±12◦ [6]. Light will then be reflected in different
directions depending on the micro mirror state. It is thereby
possible to use the MMA as a reflective display which can
be utilised as an adjustable mask.

Figure 1: MMA Pixel Scheme [7].

Each single pixel of the MMA can be separated in a sub-
structure and superstructure. The mirror itself is attached
to the superstructure. The substructure of the pixels con-
sists of a silicon substrate (fig.1-2) with an insulating layer
(fig.1-3) on top, which isolates the superstructure from the
substructure. Upon the insulating layer, there is a thin
metallic layer, which forms the lower address electrodes
(fig.1-4) and also supports the hinge. The hinge consists
of the flexible torsion beam (fig.1-5), the large hinge yokes
(fig.1-6), and upper address electrodes (fig.1-7).

If there is an appropriate potential applied to the up-
per and the lower electrodes (fig.1-4; 1-7), the electrostatic
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force between them induces a torque and causes the hinge
to tilt. The torsion beam (fig.1-5) acts as a torsion spring
and creates a resisting torque. The hinge is tilted until the
resisting torque of the torsion spring and the electrostatic
torque are of the same magnitude or until it is stopped me-
chanically by touching the substructure. Since the pixel is
used only in a digital ON-OFF mode, the voltage between
the two electrodes is set high enough to cause the maximum
deflection.

EXPERIMENTAL SETUP

We simulate a typical (Gaussian) distribution as it can
be found in most particle beams, by using a conventional
HeNe laser in our lab. The opening angle of the laser of
0.1◦ corresponds to SR/OTR emitted at some 100 MeV and
can be regarded as a realistic approximation of a real parti-
cle beam.

The laser beam is reflected by an MMA into an 8Bit
CCD-camera that measures the two dimensional beam pro-
file, as illustrated in Fig. 2. If the mask is displayed on the
MMA, the central beam core (red) will be deflected while
the halo (blue) is still reflected into the CCD-camera. The
challenge of measuring a high dynamic range is reduced to
the issue a measuring a low intensity which can be done by
increasing the exposure time of the camera or by removing
neutral density filters that were included before.

Figure 2: After the profile is measured (a), its image (red) is
displayed on the MMA to mask out the core to only reflect
the halo into the camera (b).

MASK GENERATION

The mask is generated by displaying an image of the
laser beam core on the MMA. Since the MMA is a digi-
tal device, the grey-scale image acquired by the CCD has
to be transformed into a binary image. All pixels above a
certain threshold are set to white, and all pixels below are
set to black. The mask can then be stretched to the size that
is required for the measurement.

The mask generation process consists therefore of three
parts, the beam profile measurement, the conversion in a
binary image, and the re-scaling of the mask to the desired
size. To have a minimal negative effect of any light inten-
sity fluctuations on the mask size during the image con-

version, the threshold should be applied at the point of the
maximum slope of the intensity distribution. On the other
hand, as the mask is resized, the error of the mask shape
also increases by the scaling factor. It can therefore be as-
sumed that the total error of the mask is given by

ΔM ∝
(

∂I(x)
∂x

)−1

∗ R, (1)

with ΔM being the error of the mask shape, I(x) being
the light intensity distribution at threshold position x, and
R being the scaling factor. Assuming a Gaussian shaped
intensity distribution, ΔM is minimised by setting the first
derivative to zero.

∂

∂x

(
x

∂

∂x
e−

x2

2σ2

)
= 0 (2)

This yields x2 = 2σ2 ⇒ x =
√

2σ. The threshold for
setting the 8-Bit grey values to black or white is therefore
chosen to be at 1/e of the maximum brightness. The high-
est brightness in an 8-Bit image is 28 − 1 = 255 which
gives a threshold of 255/e.

To avoid an additional rescaling of the mask due to the
diverging beam, the beam profile from which the mask is
generated is acquired where the MMA is located.

MEASUREMENT

A control software was written that is able to control the
CCD-camera and the MMA. It realises the mask genera-
tion and allows for a precise positioning of the mask on the
MMA. The acquired two dimensional images are projected
over 10 pixel rows to achieve a better statistics. Projections
of various mask sizes are shown in Fig. 3.

Figure 3: Projected profiles for various mask sizes.

To take full advantage of the 8Bit dynamic range of the
CCD-camera, the exposure time is varied for each mea-
surement to achieve an optimum result. In the analysis, the
camera output therefore needs to be scaled by the exposure
time to grant a quantity proportional to the light intensity.
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The camera output was found to be highly linear with re-
spect to the inverse exposure time.

In the central region a strong interference pattern is visi-
ble created by the mask. But for the beam halo observation
this is of no further interest. In the outer halo region, some
pattern is visible that is found to be part of the intrinsic laser
beam profile.

Since the pattern outside the beam core is the major lim-
itation to the achievable dynamic range, an iris is used to
”cut off” this pattern. As the MMA and the mask can both
generate interference patterns, the iris is carefully inserted
in front of the MMA not to cut of any interference patterns
caused by the MMA. Thereby, the dynamic range was cal-
culated to be 1:300,000 which corresponds to 5.5 orders of
magnitude.

Laser Correction

In the method described above, the mask always has to
be smaller than the iris to observe a sensible signal. To
overcome this limitation, a spatial mode filter can be used
to generate a perfect Gaussian beam profile instead of cut-
ting off the fringes.

The basic principle of a spatial mode filter is illustrated
in Fig. 4. In the Fourier plane of the first lens, a pinhole
is located to filter out higher orders and thereby generate
the theoretically predicted Gaussian distribution of a laser
beam.

Figure 4: Principle of a spatial mode filter.

The major challenge of setting up the spatial mode filter
is the high precision adjustment of the lenses and the pin-
hole. If the pinhole is misplaced in transverse direction, the
beam profile is strongly distorted in one direction. By the
use of micrometer screws, this positioning is done very pre-
cisely and its negative effects can almost be neglected. In
case of a longitudinal misplacement of the pinhole, it is not
exactly located in the Fourier plane of the focussing lens.
The Fourier transform will still have a spatial component
that creates an interference pattern when passing through
the pinhole. The correct longitudinal adjustment of the pin-
hole mainly determines the dynamic range of the resulting
Gaussian distribution of the laser beam.

The most reliable method of adjusting the spatial mode
filter was achieved by first positioning the pinhole with re-
spect to the first focussing lens. If the focal point of the
lens matches the pinhole, the backscattered light between
lens and pinhole will be at its minimum. The longitudi-
nal and transversal position of the pinhole can thereby be
adjusted very precisely. For the positioning of the second

lens, a total focussing effect of the spatial mode filter must
be avoided. It proved to be most accurate to focus the laser
to a distant point.

Figure 5: Projected profiles for various mask sizes for a
laser beam corrected by a spatial mode filter.

It was possible to achieve a Gaussian shaped laser beam
profile over more than four orders of magnitude, as indi-
cated in Fig. 5. Based on this measurement, a dynamic
range of six orders of magnitude is calculated.

CONCLUSION

The flexible core masking technique proved to be a re-
liable method for high dynamic range measurements of up
to six orders of magnitude. The disadvantage of the flex-
ible core masking technique is the complex setup and the
lower dynamic range in comparison to other measurement
techniques like the use of CID-cameras. On the other hand,
this technique is a low budget alternative granting high dy-
namic ranges in short acquisition times.
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Abstract 
The LHC Beam Loss Monitoring (BLM) system is one 

of the most complex instrumentation systems deployed in 
the LHC. As well as protecting the machine, the system is 
also used as a means of diagnosing machine faults, and 
providing feedback of losses to the control room and 
several systems such as the Collimation, the Beam Dump 
and the Post-Mortem. The system has to transmit and 
process signals from over 4’000 monitors, and has 
approaching 3 million configurable parameters. 

This paper describes the types of configuration data 
needed, the means used to store and deploy all the 
parameters in such a distributed system and how 
operators are able to alter the operating parameters of the 
system, particularly with regard to the loss threshold 
values. The various security mechanisms put in place, 
both at the hardware and software level, to avoid 
accidental or malicious modification of these BLM 
parameters are also shown for each case. 

INTRODUCTION 
The Large Hadron Collider (LHC) is the next circular 

accelerator being constructed at the European 
Organisation for Nuclear Research (CERN). It will 
provide head-on collisions of protons at a centre of mass 
energy of 14 TeV for high energy particle physics 
research. In order to reach the required magnetic field 
strengths, superconducting magnets cooled with 
superfluid helium will be used. The energy stored in the 
LHC can potentially damage many elements of the 
accelerator or could make its operation very inefficient. 

The strategy for machine protection and quench 
prevention of the LHC is mainly based on the Beam Loss 
Monitoring (BLM) system. At each turn, there will be 
several thousands of data to record and process in order to 
decide if the beams should be permitted to continue 
circulating or their safe extraction is necessary to be 
triggered. The decision involves a proper analysis of the 
loss pattern in time and a comparison with predefined 
threshold levels that need to be chosen dynamically 
depending on the energy of the circulating beam. This 
complexity needs to be minimized by all means to 
maximize the reliability of the BLM system and allow a 
feasible implementation. The processing of the acquired 
data and the comparison with predefined threshold levels 
is needed to be performed in real-time and thus requires 
dedicated hardware to meet the demanding time and 
performance requirements.  

To overcome such limitations, a great effort has been 
committed to provide a highly efficient, reliable and 
feasible implementation of the BLM system by 

employing various state of the art techniques in analogue 
and digital electronics, databases and computing, which 
include redundancies and optimizations across all of its 
levels of abstraction.  

SYSTEM CONFIGURATION 
The BLM system is making use of modern field 

programmable gate arrays (FPGAs), which include the 
resources needed to design complex processing and can 
be reprogrammed making them ideal for future upgrades 
or system specification changes. There is a common 
FPGA firmware that is deployed to all crates at the Front-
End Computer’s (FEC) boot procedure or if required 
could be read from the flash memory on power on.  

 

 

Figure 1: Block diagram of the FPGA firmware 
deployment and initialisation options. 

More specifically, the FPGA configuration can be 
forced to be loaded either remotely via the FEC and the 
VME bus, locally via the JTAG connection that is 
provided in the front panel, or set to auto-configurable by 
utilising the on-board memory. Figure 1 shows a block 
diagram of the interconnections in the Threshold 
Comparator (BLETC) module.  

The dataset of thresholds and settings for the complete 
BLM system during the deployment procedure is split to 
the relevant parameters for each module. In that way, they 
include only information which is unique for each 
monitor, crate or sector that the module will need to 
protect. Among those it includes the monitor names, their 
threshold values, the serial numbers for the BLETC and 
the two acquisition modules [1] which are connected to it, 
as well as the Connection and Masking matrices. Table 1 
shows the complete list of the parameters stored on each 
processing module.  

These channel and board specific parameters are stored 
in the normally unused space of the configuration memor  
 

y
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Table 1: Parameters Deployed on Each BLETC Module 

Name Data (x32bit) Description  

Thresholds 8192 Threshold values table (16 channels x 12 Running Sums x 32 Energy Levels) 
Channel Connected 1 Channel definition: CONNECTED / DISCONNECTED from the BIS 
ChannelMask 1 Channel definition: "MASKABLE"/"UNMASKABLE" 
BLECF Serial A 1 Acquisition Card’s Serial Number (for Channels 1-8) 
BLECF Serial B 1 Acquisition Card’s Serial Number (for Channels 9-16) 
BLETC Serial 2 Threshold Comparator’s Card Serial number  
BLETC Firmware Version 1 Threshold Comparator’s Firmware Version 
Expert Monitor Names 128 Expert Monitor Names for the 16 channels. 
Official Monitor Names 128 Official Monitor Names for the 16 channels. 
DCUM 16 DCUM Numbers of each channel 
Family Names 128 Threshold Family Name of each channel  
Monitor Coefficients 16 Monitor Threshold Coefficient for each channel 
Last LSA Modification 2 Timestamp: Last Modification of the MASTER table in LSA database 
Last Flash Modification 2 Timestamp: Last Modification of the non volatile on-board memory 
Flash Checksum 1 CRC value for/from the FEC to check the table integrity. 

Total 8620  
 
taking advantage of the high reliability and the non 
volatile properties of the particular flash memory.  

After the initialisation of the module an FPGA process 
fetches the data from the flash space and makes a local 
copy in its embedded memory. By design, the processing 
electronics provide the functionality to update remotely 
the stored parameters and if safety reasons require it, only 
local updates can be enforced by an on-board switch. The 
new settings are loaded from the memory on the FPGA 
either on request or at the next boot. 

STORAGE OF SETTINGS  
In order to collect and verify the vast amount of data 

necessary as well as to automatise the procedure and 
minimise the errors in future changes several databases 
have been employed. Those include the Manufacturing 
and Test Folders (MTF), the LHC Layout and the LHC 
Software Architecture (LSA) databases.  

Initially the data are imported in MTF and are copied 
and linked together after scrutinous verification to the 
Layout. The latter provides hierarchical views of the 
system as well as information on the position in the tunnel 
and with respect to all other elements of the LHC (see 
[3]). The complete dataset can be one-way synchronised 
to LSA where it is split into tables to hold information for 
each monitor, crate or sector. All the final configuration 
parameters have been chosen to be stored in LSA, which 
is the settings management system at CERN. It has been 
built with high availability in mind and provides 
significant features like strong security, detailed history of 
changes, and roll-back to a previous state.  

STAGE and FINAL ables  
The LSA database structure uses data staging – the 

BLM parameters exist in STAGE and FINAL tables. The 
STAGE tables allow BLM experts to load parameters 
available from the Layout database, to add the threshold 
values, and perform consistency checks before persisting 

the data to the FINAL tables. A dedicated database 
procedure is used to commit changes made in the STAGE 
tables to the FINAL tables.  Many constraints (rules 
governing the data) have been implemented within the 
database to ensure data integrity. 

MASTER and APPLIED Tables 
The MASTER table content is produced by a database 

procedure, which combines the data of the various FINAL 
tables. The threshold values appearing in this table 
correspond to the absolute limits known from simulations 
and measurements to protect the different elements from 
damage. 

 

 

Figure 2: Block diagram of the data flow for the 
parameters configuration and verification. 

T
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A further process triggered by the operators reads the 
MASTER table, applies unique per monitor threshold 
coefficients (always < 1) and saves the new table as the 
APPLIED table. The latter is the table that the FEC sends 
to the FPGA, if allowed by a role based access system 
and the on-board switch in the processing electronics. In 
that way, operators and domain experts can readjust by 
scaling down the individual threshold values of each 
monitor, if this is found necessary, without impairing the 
protection characteristics of the system. 

SYSTEM VALIDATION 
The overall reliability of a system is augmented by 

checking as often as possible whether its functionality and 
performance has remained unchanged. For this reason, 
several checks have been integrated in the BLM system 
that either loop continuously or, for those tests that need 
to alter inputs or outputs of the system, are performed on 
request when the operation of the accelerator permits. The 
‘on-request’ checks are initiated by the LHC Sequencer 
before each fill and are dictated to run at regular intervals 
by the Combiner and Survey (BLECS) module which can 
disallow a new beam to be injected in the machine. 

Continuous Checks 
The acquisition chain is tested using a 10pA test signal 

that is measured directly in the tunnel card. A status flag 
is raised if there is no response because of the injected 
signal within 100 seconds. This status flag is caught by 
the BLETC. 

A continuous check of the connectivity and the error-
free transmission between the acquisition and the 
processing modules is based on the double optical line, 
the embedded information in the packets and two error 
detection techniques [2], i.e. CRC32 and 8b/10b 
encoding.  

Similarly, the Beam Energy reception is continuously 
checked and in the case of errors or disconnections the 
system defaults to the strictest threshold values, i.e. those 
for the highest energy. 

The correct card assignment is performed by checking 
the embedded serial numbers arriving with every packet 
against those stored in the database. This function 
indirectly also checks continuously the correct channel 
assignment. 

A continuous integrity check of the on-board memory 
that holds the threshold and settings tables is performed 
by the FEC, currently once per minute, that is able to 
discover corruption of the parameters. 

On Request Checks 
The Management of Critical Settings (MCS) Online 

Check is performed additionally after every update of the 
crates. The initiated test allows the FEC to read all the 
currently used parameters by incrementing the energy 
levels and recording the used threshold values. It 
subsequently transmits them to the MCS Online Check 

for comparison. Both the FEC and the Software Interlock 
System (SIS) receive the PASS/FAIL result.  

With the purpose of discovering disconnected or failed 
channels a modulation of the high voltage supply of the 
detectors is initiated. (see [4]) 

The correct operation of the acquisition electronics is 
tested by enabling a signal of 100 pA to be injected on 
each input. The BLECS is able to detect the change by 
using the 1.3 second integrated values recorded. 

The ability of the BLETC to generate a beam dump 
request signal for each of the ‘maskable’ and ‘un-
maskable’ outputs, and its correct reception by the 
BLECS is tested by utilising dedicated backplane lines on 
each crate to issue commands. 

Similarly, the correct beam dump requests transmission 
between the BLECS and the Beam Interlock system (BIS) 
is tested. In this case the request is transmitted over the 
ethernet connection available in the FEC. 

CONCLUSIONS 
In consequence, by performing its requested tasks the 

BLM system is able to have a constant and very detailed 
view on the state of the whole machine. This is supported 
by the back-end infrastructure of the databases, processes 
and applications to set up and verify its operation as well 
as to provide failsafe modifications in the future. 
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DESIGN SPECIFICATIONS FOR A RADIATION TOLERANT BEAM
LOSS MEASUREMENT ASIC

G.G. Venturini, B. Dehning, E. Effinger, C. Zamantzas, CERN, Geneva, Switzerland

Abstract

A novel radiation-hardened current digitizer ASIC is in
planning stage, aimed at the acquisition of the current sig-
nals from the ionization chambers employed in the Beam
Loss Monitoring system at CERN. The purpose is to match
and exceed the performance of the existing discrete com-
ponent design, currently in operation in the Large Hadron
Collider (LHC). The specifications include: a dynamic
range of nine decades, defaulting to the 1 pA-1 mA range
but adjustable by the user, ability to withstand a total in-
tegrated dose of 10 kGy at least in 20 years of operation
and user selectable integrating windows, as low as 500 ns.
Moreover, the integrated circuit should be able to digitize
currents of both polarity with a minimum number of ex-
ternal components and without needing any configuration.
The target technology is the IBM 130 nm CMOS process.
The specifications, the architecture choices and the reasons
on which they are based upon are discussed in this paper.

INTRODUCTION

It is expected that with the increase in LHC beam inten-
sity an increase in beam losses will be observed as well.
Accordingly, the BLM electronics installed in the facility
will be exposed to a higher radiation level. The current
discrete component front-end electronics will be replaced
by an Application Specific Integrated Circuit (ASIC) chip,
designed to operate in the radioactive environment and, at
the same time, to deliver higher performance. The employ-
ment of the new integrated circuit will allow the placement
of the acquisition boards closer to the detectors in the most
radioactive locations.

DESIGN SPECIFICATIONS

The charge digitizer provides a digital output propor-
tional to the integral of the input current over a time win-
dow. Figure 1 shows a functional diagram of the device.

The main objectives of the design are summarized as fol-
lows (Table 1):

• Dynamic range: nine decades (or 180 dB).

• Minimum input current: the ASIC design will be com-
patible with the different detectors and setups em-
ployed in the BLM system, in line with the specifi-
cations. Considering a current digitizer based on a
current-to-frequency converter, the input-output rela-
tionship is given by fOUT = Iin/QREF , where QREF is
here referred to as the reference charge. Enabling the
user to select different values of the reference charge

provides an effective method to scale the maximum
and minimum signals, while internally the range of
frequencies of operation and the value of the DR are
kept constant. As other design-dependent constraints
affect the value of the maximum and minimum input
currents, care should be taken in the implementation
of different input ranges. Additionally, independently
of the chosen design, the inverse saturation current of
the protection diodes and its variation due to temper-
ature, radiation effects and aging set a limit on the
minimum detectable current that can be measured. To
overcome this drawback, the protection circuit on the
analog input pins will be opportunely designed, to de-
crease the lower limit under 1 pA. The trade-off be-
tween the overload tolerance of the custom-protected
inputs and the input leakage will be analyzed to pro-
vide a satisfactory solution, to provide a leakage be-
low 100 fA.

• Bipolar input currents: the converter should work
with currents of either polarity, without requiring any
pre-configuration. It is currently under consideration
whether or not the converter will provide the same
range for each of them or a full and a reduced one.
The measurement of dual polarity currents with a sin-
gle supply device requires the input to be biased at ap-
proximately VDD/2. The availability of this voltage on
an output pin is useful when a circuit is connected to
the input and it is thus provided to the user (REFOUT
pin in Fig. 1).

• Radiation tolerance: the design aims for a Total Ioniz-
ing Dose (TID) equal or greater than 10 kGy over a 20
years period. The requirements regarding Transient
Dose Effects, maximum Single Event Effects (SEE)
rates are being investigated and will be split into max-
imum Single Event Upsets (SEU) and Single Event
Latch-up (SEL) rates.

In addition to the main features listed above, the acqui-
sition time window should be selected by the user from a
set, by means of dedicated setup pins, the shortest interval
being 500 ns. Additionally, care should be taken in the de-
sign to ensure a minimum number of external components.
The components required to assemble an acquisition board
are one or more ASICs, a crystal, power management ICs
and a controller for data transmission – depending on the
selected transmission medium – and a few minor elements,
such as decoupling capacitors . A diagram of an acquisi-
tion board is shown in Fig. 2, displaying the substantially
reduced component count with respect to previous designs.
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Table 1: Specifications of the LHC CFC Electronics [1] and ASIC

Parameter Value Units Comments

Current design Dynamic range (DR) nine decades (1 pA-1 mA)
Minimum detected current 1 pA
Linearity error less than ±25 % over the 1 nA-1 mA range

less than ±100 % over the 1 pA-1 nA range
Integration window 40 µs
Total integrated dose 500 Gy in 20 years

ASIC Dynamic range nine decades positive and negative currents
Minimum detected current 0.1 pA User selectable, minimum value.
Linearity error less than ±25 % over the upper six decades

less than ±100 % over the lower three decades
Integration window 100, 40 or 0.5 µs
Total integrated dose 1 × 104 Gy in 20 years

Figure 1: Functional diagram of the current digitizer.

Figure 2: Diagram of an acquisition board showing the re-
duced number of components required (not to scale).

Several different architectures are being considered in
the current preliminary study, including the use of a re-
cycling integrator, multiple running integrators, a current
steering multivibrator or a delta-sigma modulator. For each
design, compatible schemes to provide a conversion within
a user specified time window are being considered. A dig-
ital output shall be provided – therefore the ASIC is a
current-input analog-to-digital converter (ADC). Depend-

ing on what type of device is to be used to read the out-
put data and transmit it, a different type of bus or interface
should be used, allowing a direct interface, which will pro-
vide a compatible data rate. As a dynamic range of nine
decades requires 30bits, a serial bus allows a significant re-
duction in the number of output pins. In addition, a daisy
chain wiring scheme would allow the connection of several
devices on the same board while minimizing the number of
wires, required in compact designs.

Although the operational clock frequency will be con-
firmed by system simulations, the design will be carried
out for a relatively high clock rate, 10 MHz for the external
clock and 100 MHz for the core one. The oscillator input
will allow the direct connection of an external crystal.

Additional devices are considered to be included on the
same chip: a total dose sensor, based on RADFETs. The
knowledge of the radiation level to which each chip has
been exposed to will give an estimate of the remaining life
of the chip, and hence of when the board has to be ser-
viced, and additionally it will provide useful information
about the design and the technology itself for further de-
velopments. Moreover, since the analog-to-digital charac-
teristic of the converter is affected by temperature changes,
a temperature sensor will provide useful information to the
surface electronics.

CONCLUSIONS

A radiation-tolerant ASIC will be developed at CERN
to be employed in the foreseen LHC upgrade. The design
will be carried out taking into account system-level speci-
fications, the new devices that are concurrently developed,
and will provide an increase in performance over the cur-
rent design and additional functionality.
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SYSTEMATIC STUDY OF ACQUISITION ELECTRONICS WITH A HIGH
DYNAMIC RANGE FOR A BEAM LOSS MEASUREMENT SYSTEM

G.G. Venturini, B. Dehning, E. Effinger, J. Emery, C. Zamantzas, CERN, Geneva, Switzerland

Abstract

A discrete components design for a current digitizer
based on the current-to-frequency converter (CFC) princi-
ple is currently under development at CERN. The design
targets at higher current inputs than similar designs, with
a maximum equal to 100 mA and a minimum of 1 nA, as
required by the ionization chamber that will be employed
in the Proton Synchrotron and Booster accelerators as well
as in the LINAC 4. It allows the acquisition of currents
of both polarities without requiring any configuration and
provides fractional counts through an ADC to increase res-
olution. Several architectural choices are considered for
the front-end circuit, including charge balance integrators,
dual-integrator input stages, integrators with switchable-
capacitor. Design approach and measurements are dis-
cussed in this article.

INTRODUCTION

The Beam Loss Monitoring system employed in the
CERN accelerator chain determines the energy density de-
posed in the individual accelerator elements as well as the
residual radiation. For this reason, a wide dynamic range
is required, equal to approximately seven decades. The
ionization chambers employed are suitable sensors for this
purpose, as they are able to provide a current signal with
a dynamic range that exceeds the aforementioned require-
ments. The acquisition electronics must be designed ac-
cordingly, in order not to decrease the dynamic range below
the system specifications. The dynamic range of the whole
chain is limited by the very first stage: the acquisition of
the signal has to be carried out with a circuit architecture
other than a Miller integrator, since its dynamic range is
limited to approximately 60dB.

GENERAL SCHEME OF RECYCLING
INTEGRATORS

The general scheme of a recycling integrator is shown in
Fig. 1. It contains a loop composed of an integrating system
and a comparator block closed by the reset circuitry of the
integrator.

The current signal at the input (Iin) is integrated and ev-
ery time the result (Vo) exceeds a threshold (VT H), the inte-
grator is reset, lowering its output again under the threshold
value. At the same time, the value stored by a counter is in-
cremented by one unit, to keep track of the acquired charge.
At the end of the measurement time window (TM), the out-

Figure 1: General scheme of a recycling integrator.

put of the integrator is sampled and its value is combined
with the number of resets, according to the formula:

Q = C (VO (TM) − VO (0)) + n QREF (1)

Q is the charge acquired in the interval (0, TM),

n is the number of resets performed during the said time
interval,

QREF is the charge that is lost by the integrator at every
reset event,

C is the proportionality factor between the output voltage
and the stored charge in the integrator.

Two successive commutations of the comparators are
separated by a time interval given by the time required to
accumulate a charge equal to the amount subtracted in the
last reset. If the input is a constant current, the switching
frequency of the comparator is ideally linked to the value
of IIN by the following relationship,

fS W =
IIN

QREF
(2)

which can be generalized for an arbitrary input wave-
form as:

fS W =
1

TS W
=

IIN (t)|TS W

0

QREF
(3)

IIN (t)|TS W

0 is the average value of the input current in the
time interval (0, TS W) between two consecutive com-
mutations.

DESCRIPTION OF THE CIRCUITS

The charge-to-voltage conversion of the recycling inte-
grator is determined by the reset circuit, as seen in Eq. 2
(QREF dependence). According to the specifications of the
circuit, several implementations of the described scheme
have been performed in this work.
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(a) Switchable capacitor sys-
tem.

(b) Charge injection through a
resistor.

(c) Charge injection through a
charged capacitor.

(d) Dual integrator input
stage.

Figure 2: Reset schemes.

Charge Subtraction Schemes

In the design of recycling integrators, two resets strate-
gies are often employed, the first being short-circuiting the
feedback capacitor in the Miller integrator and the second
being the injection of an opportune charge QREF through a
current source (IREF ) connected to the virtual ground at the
inverting node of the amplifier for a fixed amount of time
(TREF ) [2]. The disadvantages of the former are the intro-
duction of a blind time and a corresponding non-linearity
in the digitizer conversion, while the main disadvantage of
the latter is its high power dissipation for the considered
input currents.

The feedback capacitor has been modified as depicted
in Fig. 2a. It is composed by two capacitors C1 and C2,
connected through a system of switches. When the con-
trolling signal changes status, the connection of C2 to C1

is reversed and the charge is shared between the two ca-
pacitors. If the capacitance value of both is the same and
equal to C, a charge equal to 2 C VT H is removed from the
integrator.

Another possibility is the use of two integrators as de-
picted in Fig. 2d. At any time, only one integrator is con-
nected to the input and output of the system through single-
pole double-throw switches. While the connected charge
amplifier integrates the input signal, the other is being re-
set. As soon as the output of the active integrator crosses a
threshold voltage, the connected and resetted integrator are
swapped.

The possibility of injecting a fixed charge into a Miller
integrator has also been foreseen. Referring to Fig. 2c,
top (bottom) diagram, in absence of triggering, the volt-
age drop across the capacitor C is 0 V (5 V). When the
buffer switches to 5 V (0 V), D1 (D4) is reverse biased and
D2 (D3) is forward biased, transferring the charge to the in-
put node. As the output of the buffer switches back to the
initial condition, the diode D1 (D4) recharges the capacitor
back to the initial condition.

A similar design based on resistors instead of capacitors
is shown in Fig. 2b, top (bottom). The diode D1 (D2) is
forward biased when the output of the buffer is equal to

5 V (−5 V) and prevents a DC current from flowing to the
input node when the output of the buffer is 0 V.[3]

Bipolar Currents

The extension to bipolar currents has been implemented
adding an additional comparator and threshold and du-
plicating the injection schemes for both charge polarities.
Whenever a comparator flips, the appropriate reset circuit
is triggered, bringing the integrator output in the region of
operation.

Calibration and Accuracy

To calibrate the converter, the leakage current is compen-
sated through a potentiometer and the conversion factor is
adjusted through the timer responsible for the activation of
the injection circuit (Fig. 2c, 2b) or regulating the threshold
voltage (based on a precision voltage reference, Fig. 2a,2d).

The accuracy of the converter is limited by the accuracy
of the instrument used to perform the calibration.

DESIGN CONSIDERATIONS

Dynamic Range

The dynamic range is the ratio of the largest to the small-
est detectable signal. The largest signal is limited by the
correct operation of the loop. The maximum frequency at
which the integrator can be reset, together with the conver-
sion factor, determine IMAX .

The lower limit is set by the standard deviation of the
output noise of the system and the residual input leakage
after compensation (ΔILEAK ). Although the input leakage
is deterministic and may be compensated, its variation with
the temperature and aging results in an imperfect matching.
The dynamic range assumes the expression:

DR =
IMAXTM

ΔILEAK TM +

√
S ITM + σ

2
RO

(4)
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Figure 3: Measurements regarding the considered circuits.

σ2
RO Variance of the error introduced by the readout elec-

tronics (e.g. ADC),

S I Double-sideband current noise at the input, assumed
white, stationary and Gaussian.

Linearity

The linearity of the conversion of the charge digitizer de-
pends on the Miller integrator, the uncompensated leakage,
the source resistance and the reset circuit.

Taking into account the finite gain-bandwidth product
(GBW = A0ωa), the finite differential input resistance (Rd)
and source resistance (Rs), the Miller integrator has a trans-
fer function equal to:

Vo(s)
Qin(s)

= − 1
C

1

1 + (1/A0)
(
1 + s

ωa

) (
1 + 1

sCR

) (5)

R is given by (Rd ∥ Rs).

From Eq. 5, the behavior of the circuit may be analyzed for
high and low frequency operation as follows:

Vo(s) = − 1
C · sCRA0

1+sCRA0
Qin(s) for s� GBW (6)

Vo(s) = − 1
C

1
1+s/GBW Qin(s) for s� 1

CRA0
(7)

The inverse Laplace transform of the time response to a
charge ramp Qin(s) = −αQ

s2 is reported in Eq. 8, 9, for Eq. 6,
7 respectively.

VO(t) ≈ αQt

C

(

1 − t
2CRA0

+ . . .

)

(8)

Vo(t) =
αQ

C

{

t +
1

GBW
[
exp (−GBW t) − 1

]
}

(9)

At low frequency there is an error approximately equal to
TS W/(2CRA0) (relative) and to 1/GBW (absolute) at high
frequency. [1]

At all operating points, the following output drift is also
present:

dVO(t)
dt

=
ΔILEAK

C
+

VOS

C Rs
+

VO(t)
C R f

(10)

Non-idealities in the reset circuit result in a different
charge subtraction depending on the output frequency.
Considering the circuits in Fig. 2a, 2c, 2d, the incomplete
discharge of the feedback capacitors introduces an error.
The change in the output voltage during reset is governed
by the combined effect of the time constant of the charge
transfer and the slew rate of the amplifier.

The conversion characteristic is also affected by a current
offset error, due to the aforementioned ΔILEAK .

Signal to Noise Ratio

The signal to noise ratio of the converter is given by:

S NR =
IINTM

ΔILEAK TM +

√
S ITM + σ

2
RO + nσ2

RS T

σ2
RS T Variance of the charge removed at each reset.

MEASUREMENTS

The measurements on selected circuits are shown in
Fig. 3.

CONCLUSIONS

Several possible designs have been proposed that pro-
vide an increase in the dynamic range compared to the
Miller integrator, up to 160dB, for signals from particle de-
tectors in the range 1 nA-100 mA. The circuits provide a
user-adjustable conversion factor, offset compensation and
ability to acquire currents of both polarities. SNR and lin-
earity limits have been underlined.
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VELOCITY OF SIGNAL DELAY CHANGES IN FIBRE OPTIC CABLES  

M. Bousonville*, GSI, Darmstadt, Germany 
J. Rausch, Technische Universität Darmstadt, Germany

Abstract 
Most timing systems used for particle accelerators send 

their time or reference signals via optical single mode 
fibres embedded in cables. An important question for the 
design of such systems is how fast the delay changes in 
the fibre optic cable take place, subject to the variation of 
the ambient air temperature. If this information is known, 
an appropriate method for delay compensation can be 
chosen, to enable a phase stabilised transmission of the 
timing signals. This is of interest particularly with regard 
to RF synchronisation applications. 

 To characterise the velocity of the delay change, the 
delay behaviour after a sudden temperature change will 
be described.  

When trying to determine the step response, two 
problems occur. On the one hand, the material parameter 
of the coating, necessary for the calculation, is typically 
unknown. On the other hand, the measurement of the step 
response under realistic conditions is very laborious.  

Thus in this presentation it will be shown how the step 
response and, accordingly, the velocity of the delay 
change in a fibre optic cable can be calculated by means 
of theoretical considerations, utilizing the typical 
geometry of fibre optic cables. 

INTRODUCTION 
The following analysis was performed as part of the 

development of the timing system for the cavity 
synchronisation of the Facility for Antiproton and Ion 
Research (FAIR) [1-3]. Loose tube cables frequently used 
in telecommunications are considered. The coating of this 
cable type can be described as a tube in which the 
standard single mode fibres (SMF) are loosely inserted 
(Fig. 1). The fibres and the coating are thus mechanically 
decoupled. This and the fact that the fibres are about 2% 
longer than the cable coating means that the tension on 
the cable to a certain extent does not act on the fibres and 
thus does not cause any delay change (see Eq. (3)). 

Accordingly, only temperature fluctuations are respon-
sible for a delay change.  

In the following, a way of calculating analytically not 
only the absolute delay change but also the speed at 
which such change takes place is presented for the first 
time. 

ABSOLUTE DELAY CHANGE 
Signals need the group delay τ to pass through a fibre of 

length L and group index Ng [4] 
 

 τ =
Ng ⋅ L

c
, (1) 

 
wherein c stands for the speed of light in a vacuum. With 
a transmission length of L = 1 km and a group index of Ng 
≈ 1.5, delays of approximately 5 μs, for example, occur. 
According to [4], a change in the group delay can have 
two causes. First of all, fluctuations in the temperature T  

 

 1 g
g

dNd dLN
L dT c L dT dT

τ ⎛ ⎞
= +⎜ ⎟⋅ ⋅⎝ ⎠

 (2) 

 
and secondly, mechanical tension σ acting on the length 
of the fibre 

 1 g
g

dNd dLN
L d c L d d

τ
σ σ σ

⎛ ⎞
= +⎜ ⎟⋅ ⋅⎝ ⎠

. (3) 

 
Both bring about both a change in the length of the fibre 
and a change in the group index. For a non-jacketed fibre 
this results, according to Eq. (2) with Ng = 1.4682 at a 
wavelength of 1550 nm [5], the length expansion 
coefficient dL/(L⋅dT) = 5.6⋅10-7 K-1 and the temperature 
coefficient of the group index of dNg/dT = 1.2⋅10-5 K-1 [6], 
in a value of  
 40

fibre

d ps
L dT km K

τ⎛ ⎞ =⎜ ⎟⋅ ⋅⎝ ⎠
. (4)

 

 

Figure 1: Cross-section of a loose tube fibre optic cable. 
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In loose tube cables, however, the fibres are frequently 
provided with thin jackets (Fig. 1, left), i.e. hollow space 
of the cable contains tight buffeted cables. According to 
[4], in tight buffeted cables tensions occur between the 
fibre and the jacket because of their different temperature 
expansion coefficients. The tension acting on the fibre in 
turn, according to Eq. (3) brings about a change in the 
delay. For the resulting impact on a jacketed fibre, 

 
 j

j j
jacketed fibre fibref

Ad d dE k
L dT A L d L dT

τ τ τ
σ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⋅ ⋅ ⋅⎝ ⎠ ⎝ ⎠ ⎝ ⎠
 (5) 

 
is obtained, with the cross-sectional areas Aj and Af of the 
jacket as well as the fibre, the modulus of elasticity Ej and 
the linear expansion coefficient kj of the jacket*. Here, the 
product Ejkj represents the change in tension per Kelvin 
acting on the fibre in a proportion of Aj/Af. The extent to 
which delay depends on the temperature is thus greatly 
influenced by the properties of the fibre jacket. With so-
called phase-stable optical fibres [7], the jacket exhibits a 
negative expansion co-efficient. As a result, the first 
addend in Eq. (5) becomes negative and partly 
compensates the second addend. As a result, the function 
of temperature falls below the value in Eq. (4) exhibited 
by the non-jacketed fibres.  

By way of specific example, delay as a function of 
temperature will be calculated with Eq. (5) for the 
conventional loose tube cable shown in Fig. 1. Assuming 
the following material parameters of the jacket of Ej = 
3.3⋅10-5 N/mm2 and kj = 7.7⋅10-5 K-1 (Tab. 1), a value of  

 
 dτ

L ⋅ dT
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

core

= dτ
L ⋅ dT
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

cable

= 76 ps
km ⋅ K

 (6) 

results.  
If it is now possible to succeed in determining the 

temperature curve in the fibre after a sudden change in 
ambient air temperature, the delay change in the cable 
over time and thus the step response can be determined in 
conjunction with Eq. (5). 

SPEED OF DELAY CHANGE 
An exact calculation is not possible since, firstly, the 

cable manufacturers did not deliver any data on the 
relevant material parameters and, secondly, the values 
found in the literature in some cases differ widely (Tab. 
1). The only approach that can be taken here, therefore, is 
to estimate the speed range of the change. In the course of 
establishing this, it will however be revealed that this 
estimation is conservative, making it possible to say 
which value with certainty will not be exceeded. 

Two key variables throttle the speed at which the delay 
changes after a rise in the temperature of the ambient air: 
the thermal resistance and the thermal capacity of the 
                                                           
 * In this approximation, [4] assumes that the modulus of elasticity of the 
fibre is substantially greater than that of the jacket and the expansion 
coefficient of the fibre substantially smaller than that of the jacket. This 
is the case, e.g., with acrylate and polyethylene. Note that the parameters 
of the fibre are similar to those of fused silica (Tab. 1). 

cable. Heat transfer resistance from the ambient air to the 
cable can be calculated by [8, p. 315] 
 
 1

2a c
c

R
r Lα π→ =  (7) 

 
Here, α is the heat transfer coefficient, rc stands for the 
radius and L for the length of the cable. The thermal 
resistance of the various layers from which the cable is 
made is calculated according to [8, p. 318] 
 

 Rl,n = 1
κn 2πL

ln re,n

ri,n

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ , (8) 

 
with thermal conductivity κ, the external radius re and the 
inner radius ri of the respective layer n. It is assumed that 
the ambient air moves slightly† at a speed of 2 m/s and 
thus amounts to α = 13.6 W/(m2K) [8, p. 637]. Moreover, 
rc = 6 mm and κ ≥ 0.33 W/(m⋅K) for all coating layers. 
Under these conditions, 
 
 

,a c l nR R→ >>  (9) 
 
and also significantly greater than the transfer resistances 
between the layers. By way of approximation, therefore, 
all thermal resistances except Ra→c are treated as 
negligible, as a result of which the speed at which the 
complete cable is heated is underestimated. The heating 
period now depends only on Ra→c and the thermal 
capacity of the entire cable, the latter representing the 
sum of the thermal capacities of all individual layers 
 
 

,
1

N

c sh n n n
n

C c Vρ
=

=∑ , (10)  

 
wherein csh is specific thermal capacity, ρ density and V 
the volume of the respective layer n. The product csh⋅ρ 
differs only slightly for the materials typically used and is 
the lowest in silica glass (see Tab. 1) 
 
 ( )

2

6
31.66 10sh SiO

Wsc
m K

ρ = ⋅ . (11) 

 
For Eq. (10), the following can thus be written   
 
 Cc ≥ cshρ( )SiO2

V  (12) 
 
by which the variable Cc was attributed to two known 
variables. The heating process for the cable now behaves 
similar to the charging process of a capacitor connected in 
series to an ohmic resistance. For the time curve of the 
temperature change in the cable ∆Tc after a sudden rise in 
the ambient temperature by ∆Ta , 
 

 ( )
 

0 1 a c c

t
R C

c aT t T e →
−⎛ ⎞

Δ ≥ = Δ −⎜ ⎟⎜ ⎟
⎝ ⎠

, (13) 

                                                           
† Strong movements of the air in cable ducts and buildings in which the 
fibre optic cables are laid in the FAIR are unlikely. 
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Table 1: Parameter of materials used for fibre optic cables
 k [K-1] E [N/mm2] κ [W/(m⋅K)] csh [J/(kg⋅K)] ρ [kg/m3] cshρ [kg/(m3⋅K)] 

SMF [6] 5.6⋅10-7  

Fused Silica SiO2 [9] 5.5⋅10-7 71700 1.38                754 2200   1.66⋅106

Acrylate [10] 7⋅10-5 to 7.7⋅10-5 2400 to     3300 0.17 to 0.19 1400 to 1500 1190   1.67⋅106 to 1.79⋅106

Polyethylene [10] 1⋅10-4 to 3.0⋅10-4 100 to       300 0.33 1900 to 2300 920   1.75⋅106 to 2.12⋅106

Aramid fibre [10] -2.0⋅10-6 59000 to 124000 0.04              1400 1440   2.02⋅106

Steel [8] 1.6⋅10-5 190000 15.00                500 7800   3.90⋅106

 
results with the time constant of the cable Ra→cCc, for 
which the following can be written using Eq. (7) and (12) 
 

 ( ) ( )
2 2

2

2 2
c c

a c c sh shSiO SiO
c

r L rR C c c
r L

π ρ ρ
α π α→ ≥ = . (14) 

 
The step response of the delay change is now obtained by 
multiplying Eq. (13) by the absolute delay change 
dτ/(L⋅dT) of the core‡ 
 

  

1 a c c

t
R C

a
cable core

d dT e
L L dT
τ τ

→
−⎛ ⎞⎛ ⎞ ⎛ ⎞= Δ −⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⋅⎝ ⎠ ⎝ ⎠⎝ ⎠

. (15) 

 
To determine the speed of the delay change, Eq. (15) is 
differentiate with respect to the time t  
 

  

a c c

t
R Ca

cable corea c c

Td de
L dt R C L dT

τ τ
→

−

→

Δ⎛ ⎞ ⎛ ⎞=⎜ ⎟ ⎜ ⎟⋅ ⋅⎝ ⎠ ⎝ ⎠
. (16) 

 
In this expression we use Eq. (14) as well as t = 0 and 
obtain the maximum delay change speed  
 
        dτ

L ⋅ dt
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

max
cable

≤ 2α
cshρ( )SiO2

ΔTa
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dτ
L ⋅ dT
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

core

. (17) 

  
According to this conservative estimate it can be said 

that, as the diameter of the cable becomes larger, the 
speed of the change in the temperature and thus also the 
delay change in the fibre decreases linearly. In the 
specific transmission cable in Fig. 1, the following results 
for a sudden rise in ambient temperature from ΔTa = 1 K 
and the value in Eq. (6) 

 
 dτ

L ⋅ dt
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

max
cable

≤ 0.208 ps
km ⋅ K

. (18) 

 
If the fibre were to have only the directly contacting 
acrylate jacket, the delay, assuming the same sudden rise 
in temperature, would change at ≤ 10.2 ps/(km·s) or 49 
times faster. By choosing a thick-coated loose tube cable, 
the speed of the delay change after a sudden rise in 
temperature can be significantly throttled. 
                                                           
‡ ΔTc = dT 

SUMMARY 
A formula was established by means of which it is 

possible to calculate the speed of the delay change in a 
fibre optic cable. The thermal conductivity, specific 
thermal capacity and density of the cable coating material 
do not have to be known for this. Using the analytical 
formula, it is possible to calculate on the basis of the 
known cable geometry a value which, based on the 
approximations, with a high degree of probability will not 
be exceeded. Of key importance is that the change speed, 
assume an identical core, is approximately inversely 
proportional to the cable diameter.  
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COHERENT OPTICAL TRANSITION RADIATION AS A TOOL FOR
ULTRASHORT ELECTRON BUNCH DIAGNOSTICS

Gianluca Geloni, Petr Ilinski, Evgeni Saldin, Evgeni Schneidmiller and Mikhail Yurkov,
DESY, Hamburg, Germany

Abstract

In this contribution we describe how Coherent Opti-
cal Transition Radiation can be used as a diagnostic tool
for characterizing electron bunches in X-ray Free-electron
lasers. The proposed method opens up new possibilities
in the determination of ultrashort, ultrarelativistic electron
bunch distributions. Our technique is described more ex-
tensively in [1], where the interested reader will also find
relevant references.

INTRODUCTION

Operational success of XFELs will be related to the abil-
ity of monitoring the spatio-temporal structure of sub-100
fs electron bunches as they travel along the XFEL structure.
However, the femtosecond time-scale is beyond the scale of
standard electronic display instrumentation. Therefore, the
development of methods for characterizing such short elec-
tron bunches both in the longitudinal and in the transverse
directions is a high-priority task, which is very challenging.

A method for peak-current shape measurements of ul-
trashort electron bunches using the undulator-based Op-
tical Replica Synthesizer (ORS), together with the ul-
trashort laser pulse shape measurement technique called
Frequency-Resolved Optical Gating (FROG) was recently
proposed (see references in [1]). It was demonstrated that
the peak-current profile for a single, ultrashort electron
bunch could be determined with a resolution of a few fem-
toseconds. The ORS method is currently being tested at
the Free-electron laser in Hamburg (FLASH). Novel results
will be reported at this conference.

In this paper we present a feasibility study for integrat-
ing the ORS setup with a high-resolution electron bunch
imager based on coherent Optical Transition Radiation
(OTR). Our ideas are discussed in detail in [1], where the
interested reader will also find relevant references that are
omitted here for reasons of space.

Electron bunch imagers based on incoherent OTR con-
stitute the main device presently available for the charac-
terization of an ultrashort electron bunch in the transverse
direction. They work by measuring the transverse inten-
sity distribution. Since no fast enough detector is presently
available, the image is actually integrated over the dura-
tion of the electron bunch. Therefore, incoherent OTR im-
agers fail to measure the temporal dependence of the charge
density distribution within the bunch. For these reasons,
the use of standard incoherent OTR imagers is limited to
transverse electron-beam diagnostics, to measure e.g. the
projected transverse emittance of electrons. However, it is

primarily the emittance of electrons in short axial slices,
which determines the performance of an XFEL. Therefore,
there is a need for electron diagnostics capable of measur-
ing three-dimensional (3D) ultrashort electron bunch struc-
tures with micron-level resolution.

The main advantages of coherent OTR imaging with re-
spect to the usual incoherent OTR imaging is in the coher-
ence of the radiation pulse, and in the high photon flux.
Exploitation of these advantages leads to applications of
coherent OTR imaging that are not confined to diagnos-
tics of the transverse distribution of electrons. The novel
diagnostics techniques described here can be used to deter-
mine the 3D distribution of electrons in a ultrashort single
bunch. In combination with multi-shot measurements and
quadrupole scans, they can also be used to determine the
electron bunch slice emittance.

The possibility of single-shot, 3D imaging of electron
bunches with microscale resolution makes coherent OTR
imaging an ideal on-line tool for aligning the bunch forma-
tion system at XFELs. In order to ensure SASE lasing at
X-ray wavelengths, a very high orbit accuracy of a few mi-
crons has to be ensured in the 200 m long undulator. The
resolution of incoherent OTR imagers is not adequate to
characterize the position of the center of gravity of an elec-
tron bunch with such accuracy. Our studies show that co-
herent OTR imaging can be utilized as an effective tool for
measuring the absolute position of the electron bunch with
the required micron accuracy. Finally, the improvement of
bunch-imaging techniques up to the microscale level does
not only yield a powerful diagnostics tool, but opens up
new possibilities in XFEL technology as well.

OPTICAL REPLICA SETUP

We propose to create a coherent pulse of optical radi-
ation by modulating the electron bunch at a given optical
wavelength and by letting it pass through a metal foil tar-
get, thus producing coherent OTR at the modulation wave-
length. The radiation pulse should be produced in such a
way to constitute an exact replica of the electron bunch.
Reference [1] includes a discussion about how to avoid the
influence of self-interaction effects. The optical replica can
be used for the determination of the 3D structure of elec-
tron bunches. Although other projects may benefit from
our study too, throughout this paper we will mainly refer to
parameters and design of the European XFEL.

In order to produce the optical replica we need to mod-
ulate the electron bunch at a fixed optical wavelength.
One may take advantage of an Optical Replica Synthesizer
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Figure 1: Schematic diagram of the coherent imager. The
working principle is based on the optical modulation of the
electron bunch and on emission of coherent OTR radiation
from the metallic mirror.

(ORS) modulator, which we suppose to be installed after
the BC2 bunch compressor chicane. A basic scheme to
generate coherent OTR is shown in Fig. 1.

A relatively long laser pulse serves as a seed for the
modulator, consisting of a short undulator and a disper-
sion section. The central area of the laser pulse should
overlap with the electron pulse. In order to ensure sim-
ple synchronization, the duration of the laser pulse should
be much longer than the electron pulse time jitter, which
is estimated to be of order 100 fs. Foreseen parameters
of the seed laser are: wavelength λm = 800 nm, en-
ergy in the laser pulse 1 mJ and pulse duration (FWHM)
1 ps. The laser beam is focused onto the electron bunch
in a short (the number of periods is Nw = 5) modulator
undulator resonant at the optical wavelength of 800 nm.
Optimal conditions of focusing are met by positioning the
laser beam waist into the center of the modulator undulator,
with a Rayleigh length of the laser beam equal to the un-
dulator length. Since the electron betatron function β, the
undulator length Lw and the Rayleigh length of the laser
beam are of the same magnitude, the size of the laser beam
waist turns out to be about 20 times larger than the elec-
tron beam size. As a consequence, we can approximate
the laser beam with a plane wave when discussing about
the modulation of the electron bunch. The seed laser pulse
interacts with the electron beam in the modulator undula-
tor and produces an amplitude of the energy modulation
in the electron bunch of about 500 keV. Subsequently, the
electron bunch passes through the dispersion section (with
momentum compaction factor R56 � 50μm), where the
energy modulation is converted into density modulation at
the laser wavelength. The electron bunch density modula-
tion reaches an amplitude of about 10%. Finally, the mod-
ulated electron bunch travels through the OTR screen. It
should be mentioned that OTR screens can be positioned at
various locations down the electron beam line where elec-
trons have substantially different energies. In the case of
the European XFEL, the electron energy varies from 2 GeV
(second bunch compression chicane) up to 17.5 GeV at the

Figure 2: Scheme of the coherent OTR radiation pattern
as observed in the object plane for the low electron beam
energy case of 2 GeV.

undulator entrance. For other machines, these parameters
differ. In the case of LCLS, energies will range from about
4.5 GeV to 13.6 GeV.

THE OTR SOURCE

A powerful burst of OTR is emitted, which contains co-
herent and incoherent parts. The coherent OTR has much
greater number of photons, up to 1013 i.e. 1μJ per pulse.
A detailed study shows that, in our case of interest, we can
exploit the Ginzburg-Frank formula for the characterization
of the OTR field from a single electron at the OTR screen.
Then, the field distribution for the electron bunch at the
OTR screen in the space-frequency domain is essentially
a convolution in the space domain of the temporal Fourier
transform of the charge density distribution and the tempo-
ral Fourier transform of the single-electron field. Qualita-
tively, we can distinguish between four zones of interest,
Fig. 2. Information about the electron bunch will be shown
to be included in a small region of size σr ∼ 30μm, region
A. The region of interest of the imaging system is charac-
terized by r < 100 μm, region B. The field distribution for
100 μm < r < 300 μm does not depend on the transverse
size of the electron beam, region C. Finally, the position
of magnetic structures become relevant at larger distances
r ∼ 300 μm ∼ γλ/(2π), region D.

COHERENT OTR IMAGING

The so called 4f filtering architecture is ideal for a co-
herent OTR imaging setup, Figure 3. We demonstrate that
such setup can be used to characterize electron density pro-
files on the microscale level. Such resolution level can be
reached by spatially filtering in the Fourier plane and using
a radial-to-linear polarization conversion. In this way, the
particle spread function is improved up to the point spread
function for a point-like source.
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Figure 3: A practical arrangement of the coherent OTR
image-processing system. (The hole in the OTR screen
is for simplicity of drawing only. A tilted configuration
should be used at these wavelengths instead.)

DIFFRACTIVE IMAGING METHODS

Diffractive imaging is one of the most promising tech-
niques for microscale imaging of electron bunches, when a
detector records the Fraunhofer diffraction pattern radiated
by the electron bunch, and an image can be reconstructed
with the help of a phase retrieval algorithm. This reduces
the requirements on the optical hardware by increasing the
sophistication in the post-processing of the data collected
by the system. Besides, a diffractive imaging setup has the
same ultimate resolution of the 4f coherent imaging setup.

The applications of coherent OTR imaging are not con-
fined to diagnostics of the transverse distribution of elec-
trons projected along the longitudinal axis. Simple ex-
tensions allow for the characterization of the 3D struc-
ture of electron bunches with a multi-shot measurement.
Such an approach involves a combination of real and re-
ciprocal space imaging spectrometers. Both imaging se-
tups use frequency filters to obtain the spectral data of
the image. When the filter bandpass is changed, succes-
sive images are recorded at different wavelengths. This
process is repeated, wavelength by wavelength. The re-
sult is the simultaneous knowledge of two ”3D cubes” of
spectral data, one in the real space (Δλ, Δx, Δy) and the
other in the reciprocal space (Δλ, Δωx, Δωy), having in-
dicated with ωx,y the spatial frequencies relative to the x
and y axis. Application of the Gerchberg-Saxton algorithm
allows one to retrieve the spatio-temporal electron-bunch
structure. Also, the determination of the projections of
the cube of data in reciprocal space onto specific planes
of interest is sufficient to reconstruct the electron-bunch
structure, even without knowledge about the cube of spec-
tral data in real space. In other words, the optical replica
pulse can be measured in the 3D Fourier domain. We name
this novel method Frequency-Resolved Optical Diffractive
Imaging (FRODI). FRODI can be further developed from
a multi-shot to a single-shot technique to measure the 3D
structure of a single electron bunch. This is accomplished

by splitting the beam and simultaneously measuring or-
thogonal (x, t), (y, t) and (x, y) projections. The entire
traces can be recorded by three detectors, and used to re-
construct the desired 3D electron-bunch structure. Our 3D
imaging technique FRODI turns out to be a relatively sim-
ple solution to a very complicated problem, as in our case
different spatial frequencies are related to different tempo-
ral spectra (i.e. spatial frequency and temporal frequency
are coupled).

HOLOGRAPHIC METHODS

Fourier-Transform Holography (FTH) is another
promising imaging method. FTH is a non-iterative imag-
ing technique, so the image can be reconstructed in a
single step deterministic computation. This is achieved by
placing a coherent point source at an appropriate distance
from the object and having the object field interfering with
the reference wave produced by this point source, detecting
the interference pattern in the Fourier plane. For optical
applications, the resolution of holographic techniques is
not limited by size and quality of the point-like source. It
is not difficult to produce a pinhole, unresolved at optical
wavelengths, and let sufficiently bright radiation through it.
The fast, unambiguous and direct reconstruction achieved
in FTH is attractive for coherent OTR imaging of electron
bunches. Moreover, FTH may also be used to generate a
low-resolution image of the bunch to support diffractive
imaging techniques. In this case, multiple references
can be added to the FTH setup in order to increase the
a-priori information available. Multi-shot and single-shot
techniques for the characterization of the electron bunch
can also be based on FTH setups, and spatio-temporal
FTH techniques can also be used [1]. An extension of
the method opens up the possibility for single-shot 3D
imaging of ultrashort electron bunches.

Finally, time-gated FTH is another class of possible tech-
niques. A hologram records information about the object
only when it is illuminated simultaneously by a coherent
reference wave. Then, when a short reference is used, the
hologram is equivalent to a time-gated viewing system. We
propose a method based on time-gated FTH with multi-
ple reference sources capable of characterizing the spatio-
temporal structure of individual electron bunches. Multi-
ple, ultrashort (about 10 fs) reference pulses are generated
with a varying time-delay, so that several two-dimensional
images (frames) of the electron bunch at different position
inside the bunch can be reconstructed from a single holo-
graphic pattern. We call this technique Holography Optical
Time Resolved Imaging (HOTRI).
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SPECTRAL RESPONSE OF A MARTIN-PUPLETT INTERFEROMETER             
FOR ELECTRON BUNCH LENGTH MEASUREMENTS 

C. Kaya*, U. Lehnert, Forschungszentrum Rossendorf, Dresden, Germany 

 
Abstract 
        At the ELBE Free Electron Laser (FEL) at 
Forschungszentrum Dresden Rossendorf (FZD) electron 
bunches having lengths between 1 to 4 ps are generated. It 
is required to compress these electron bunches to lengths 
below 1 ps which necessitates diagnosis of the electron 
bunch parameters. We use a Martin-Puplett interferometer 
(MPI) which is a modification of the Michelson 
interferometer, where the beams are linearly polarized at 
specific orientations. It measures the autocorrelation 
function of the coherent transition radiation (CTR) from a 
view screen which is an optical replication of the electron 
bunch. 

The interferometer setup consists of various optical 
components like polarizers, beam splitter, mirrors and 
Golay cell detectors. In our measurement a wire grid was 
used as a polarizer and also as a beam splitter. A thorough 
understanding of the response of the optical components, 
as a function of the CTR wavelength range of our interest, 
is required for correct analysis of the measured signal. We 
have therefore simulated the response of the entire 
interferometer setup including the diffraction losses and 
the window transmission and compared the results to 
experimental measurements. 

INTRODUCTION 
    ELBE is based on a superconducting electron linac. 
The ELBE linac is designed to operate with an 
accelerating field gradient of 10 MV/m so that the 
maximum design electron beam energy at the exit of the 
second module is 40 MeV. ELBE delivers an electron 
beam with an average current of up to 1 mA. The electron 
source is a DC thermionic triode delivering beam with 
energy of 250 keV. The gun beam quality predefines the 
accelerated beam quality. In the ELBE  the electron 
bunch is compressed to 10 ps after the electron beam 
injector. In the accelerator the electron bunch length is in 
the range of 1 to 10 ps. We use a Martin-Puplett 
interferometer (MPI) which is a modification of the 
Michelson interferometer, where the beams are linearly 
polarized at specific orientations. It measures the 
autocorrelation function of the coherent transition 
radiation (CTR) from a view screen which is an optical 
replication of the electron bunch. 

In our work we want to determine the workable 
wavelength range for our Martin-Puplett interferometer 
setup. We have therefore simulated the response of the 
entire experimental setup. We also describe in this study  
 
 

our measurements of the electron bunch length, which is  
in the picosecond range. The bunch length is estimated 
from a frequency domain fit of a specially constructed 
analytical function to the measured power spectrum of the 
bunch. The power spectrum is obtained as a Fourier 
transform of the measured autocorrelation function of the 
CTR.  The CTR autocorrelation function is measured with 
the help of a Martin-Puplett interferometer.  

EXPERIMENTAL SETUP 
A polarizing Martin-Puplett interferometer (shown in 

Fig. 1) is used to analyze the spectrum of the far-infrared 
radiation. CTR passes through a quartz window and is 
reflected by a parabolic mirror. Then the CTR is polarized 
vertically by a wire-grid linear polarizer and made 
incident on a beam splitter. For our measurements the 
wire grids are wound from 20 µm gold plated tungsten 
wire with 100 µm spacing (from center to center), which 
are used as polarizers and beamsplitters. The reflected 
beam from the beamsplitter then goes to a roof mirror 
which is fixed, while the transmitted beam goes to a 
movable roof mirror. These two reflected beams then 
interfere and then split by a second beam splitter 
(analyser) the polarization directions are detected using 
two Golay cell infrared (IR) detectors.  

 

 
Figure 1: Martin-Puplett Interferometer. 

GENERAL DESCRIPTION OF 
TRANSITION RADIATION 

In our experiment the transition radiation is generated 
when the electron beam is impinged on an aluminum 
target rotated by 450 with respect to the incoming beam 
(shown in Fig. 2). The spectral energy flux of backward 
transition radiation is given for electrons by the Ginzburg- 
Frank formula [1]: 

 
 
 
 

 ___________________________________________  
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                                                                                     (1) 

 
 
where I is the spectral energy flux in a solid angle d Ω , 
β  is the ratio of electron velocity to velocity of light 

( c/ν ) and θ  is the polar angle with respect to the 
backward transition radiation.   
 

 
Figure 2: Emission of transition radiation. 

 
The polar angles (opening angle) of the transition 

radiation for different beam energies are calculated using 
the above formula (1). The plots (shown in Fig. 3) show 
that the opening angle of the beam decreases with the 
radiation energy. Polar angle will be large for low electron 
energy. This information is useful in determining the 
optimum distance of the parabolic mirror from the 
beamline window. The maxima in emission occurs at 

γθ /1±= , where γ  is the Lorentz factor of the 

electron.  
 

 
Figure 3: Transverse emission characteristics of transition 
radiation according to equation (1) for different electron 
energies of 5-10-15-20-25-30 MeV as behind the ELBE 
LINAC. Red curve is for 5 MeV electrons, light blue 
curve is for 30 MeV electrons. 

SIMULATION OF OPTICAL 
COMPONENTS OF INTERFEROMETER  
For Martin-Puplett type interferometers the response of 

the wire grids are found to be strongly bandwidth-limited. 
In order to determine the workable wavelength range for 
the interferometer, we compute the interference depth 

dependence on wavelength. After the first polarizer, the 
electric field direction of coherent transition radiation is 
polarized almost vertical. For our simulations we have 
used vertical electric field direction of CTR before the 
beamsplitter. In the experiment the beamsplitter wire grid 
is oriented at 450 with respect to the vertical electric field 
component. Therefore, the electric field divides into two 
components: (i) parallel to the wire grids and (ii) 
perpendicular to the wire grids (shown in Fig. 4). If the 
thickness d (20 µm) of the wires and the spacing s (100 
µm) are small compared to the wavelength of the incident 
light, the module of the reflection coefficients for the 
vertical electric field components parallel and 
perpendicular to the wires can be calculated as follows 
[2]: 
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Figure 4: On the beamsplitter vertical electric field (black 
line) component. 

 
A part of the radiation will also get transmitted through 

the beamsplitter. When the wire grids is ideal (no 
absorption or scattering), sum of the reflection and 
transmission coefficients should be one. We have 
simulated the vertical and horizontal electric field 
components after each optical component and obtained 
the intensities of the radiations reaching the two detectors. 
We have calculated the relative intensities at both the 
detectors as a function of frequency (0-3 THz). We have 
restricted the frequency range to 3 THz because it is the 
workable limit for the polarizers and beamsplitters. 
Figure 5 shows the interference depth given by the 
difference between the signals of the vertical and 
horizontal detectors.    

The lower cut-off frequency at the detector input 
windows is about 0.5 THz. Using the Martin-Puplett 
interferometer we can thus measure CTR in the frequency 
range of 0.5-2.7 THz. This indicates that we can measure 
bunch lengths between 0.5 and 2 ps with our setup. 
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Figure 5: Spectral response of detectors signal. Response 
of the detectors is difference in between the vertical and 
horizontal detector signal. 

COMPARISON BETWEEN SIMULATION 
AND EXPERIMENT 

In this section, we will describe our analysis of the 
measured spectra (shown in Fig. 6) of the far-infrared 
CTR. The shape of the CTR pulse is a “copy” of the 
electron bunch shape. Measurement of the radiation 
spectrum give information about the bunch length.  

The signal intensities measured at the vertical and 
horizontal detectors show that the vertical detector signal 
is much higher than horizontal detector signal for each  

The simulated power spectrum thus consists of a 
product of the Fourier transform of the hypothetical 
Gaussian shape of the bunch and the factor accounting for 
the diffraction losses. This function is fitted to the power 
spectrum to obtain unknown parameters like RMS bunch 
length and the cut off frequency on the detector input 
window. As an example we show one of our experimental 
results where by fitting the spectrum we have obtained the 
RSM bunch length of 1.3 ps. 

CONCLUSIONS 
We have calculated the response of the experimental 

setup as a function of the CTR wavelength which is 
essential for correct analysis of the measured signal. We 
have simulated the autocorrelation function where 
diffraction losses at the detector windows are taken into 
account. From there we derive an operation range of 0.5-2 
ps for the bunch length determination with our MPI. 
Using MPI measurements and by comparison of the 
experimental results with our simulations we have 
estimated the electron bunch lengths. If the electron 
bunch length is compressed below 0.5 ps we will not be 
able to measure it with our MPI setup.   

 

 
Figure 6: Analysis of measurement, comparison between simulation and experiment. 

 
scan. We have therefore normalized signals on the basis 
of the fact that since the detectors were identical the mean 
value of the data measured by the detectors should be 
equal and the modulation depth, i.e., the difference in the 
maximum and minimum will be equal as well, as the sum 
of the two signals must be constant. We define the 
difference interferogram as the difference of these 
amplitudes which is autocorrelation function of the 
radiation pulse. According to the Wiener-Khintchine 
theorem the fast Fourier transform of the autocorrelation 
function is the experimental power spectrum. 
    For simulation, a hypothetical Gaussian shape of the 
bunch is assumed. We used the general Huygens Fresnel 
integral in our simulation to account for the diffraction 
losses on the detector input windows. 
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TIME RESOLVED SPECTROMETRY ON THE TEST BEAM LINE AT CTF3 

M. Olveg rd, A. Dabrowski, T. Lefèvre and S. Doebert, CERN, Geneva, Switzerland 

E. Adli, University of Oslo, Norway 

Abstract 

The CTF3 provides a high current (28 A) high 
frequency (12 GHz) electron beam, which is used to 
generate high power radiofrequency pulses at 12 GHz by 
decelerating the electrons in resonant structures. A Test 
Beam Line (TBL) is currently being built in order to 
prove the efficiency and the reliability of the RF power 
production with the lowest level of particle losses. As the 
beam propagates along the line, its energy spread grows 
up to 60%. For instrumentation, this unusual 
characteristic implies the development of new and 
innovative techniques. One of the most important tasks is 
to measure the beam energy spread with a fast time 
resolution. The detector must be able to detect the energy 
transient due to beam loading in the decelerating 
structures (nanosecond) but should also be capable to 
measure bunch-to-bunch fluctuations (12 GHz). This 
paper presents the design of the spectrometer line 
detectors. 

CTF3 TEST BEAM LINE 

CLIC Test Facility 3 (CTF3) [1] is an electron 

accelerator test facility at CERN, built by an international 

collaboration, in order to test CLIC technology [2].  The 

first part of the machine generates a high current beam 

(almost 30 A for 140 ns pulse length and bunched at 

12GHz), which is transported to the CLic EXperimental 

area (CLEX). One of the CLIC crucial issues is the 

reliability and efficiency of the RF power production. 

This is addressed in CLEX in the Test Beam Line (TBL) 

[3]. Built in stages, with a first Power Extraction and 

Transfer Structure (PETS) module installed in 2009, the 

TBL will experimentally characterize the stability of the 

drive beam during the deceleration. 

 

 

Figure 1:  Schematic view of a typical TBL girder 
containing two PETS modules, 2 BPMs and 2 quadrupole 
magnets. 

In its final form, the TBL will be composed of sixteen 
identical modules.  Each module will consist of a 0.8 m 
PETS with a coupler, a beam position monitor (BPM) and 
a quadrupole on a precision movable support, see Fig. 1. 
The 28 A beam from CTF3 is decelerated by about 5 MeV 

in each PETS, producing about 150 MW of 12 GHz 
power. Due to transient effects during the filling time of 
the PETS, the first 3 ns of the bunch train will have a 
huge energy spread from the initial energy down to the 
final energy of the decelerated beam, see Fig. 2. Time-
resolved spectrometry is therefore an essential beam 
diagnostics tool in order to measure the beam energy 
spectrum after deceleration. 
 

  
Figure 2: Time resolved energy distribution of decelerated 
beam after 1 PETS module (left) and 16 PETS modules 
(right), for the first 6 ns of the 140 ns pulse train. 

  

Figure 3: Histogram of the final energy distribution of a 
140 ns pulse train after deceleration through 1 PETS 
module (left) and 16 PETS modules (right). 

This paper presents the time resolved spectrometer 
design for the TBL.  

TIME RESOLVED SPECTROMETRY 

The spectrometer under design (see Fig. 4), will consist 
of a bending magnet, which provides an energy dependent 
horizontal deflection to the electrons, followed by an 
optical transition radiation (OTR) screen [4] observed by 
a CCD camera to provide a high spatial resolution profile 
measurement and then lastly a novel segmented beam 
dump for the time resolved energy measurement.  

The segmented dump is a device composed of parallel 
metallic plates designed to stop the incident particles. By 
measuring the deposited charge in each segment, the 
beam profile can be reconstructed.  The material and the 
dimension of the segments must be optimized depending 
on the beam parameters, in particular the energy and the 
expected energy spread. The segments need to be long 
enough to stop the primary particles. On the other hand 
the segment thickness must be chosen to optimize the 
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Figure 4: Schematic of the layout of the spectrometer. 

spatial resolution, which will suffer from a smearing due 
to multiple scattering. Moreover, because of the high 
power carried by the beam, thermal changes must be 
considered as a crucial issue, as well as radiation effects 
that will influence the long-term response of the detector. 
 

DESIGN OF SEGMENTED DUMP FOR 

THE TEST BEAM LINE 

The detector design presented here is based on a design 
of an installed and operational segmented dump at CTF3 
[5], but adapted to the unique beam conditions at the 
TBL.  Simulations using the monte-carlo code FLUKA 
[6] was used in order to optimise the design parameters, 
based on beam energy with a range of 50 MeV to 
150 MeV and on the thermal constraints linked to the 
high charge beam.  Given the thermal constraints the 
design of the detector will consist of two parts, the first 
being the design of the active segments, and the second 
being the design of the upstream collimator, designed to 
absorb 90% of the full beam power. Since the effects of 
multiple scattering and the thermal effects of energy 
deposition are most significant for the higher beam 
energy, an initial FLUKA study was performed using a 
150 MeV electron beam, incident on tungsten. 
Simulations were performed here assuming an infinitely 
small beam size.  

 

Figure 5: Total energy deposition (left) and energy loss by 
primary electrons (right) in a tungsten block. 

As shown in Fig. 5, the total energy deposited in the 
material, by both the primary electrons and the secondary 
particles and photons, was calculated as a function of the 
longitudinal coordinate z and the transverse coordinate x.  
In addition, the energy loss by the primary electrons was 
also scored, as shown on the neighbouring plot. Tungsten 

was chosen because of its relatively high melting point, 
and high Z number, thus able to stop the electron beam 
within a relatively short distance, in order to make the 
detector as compact as possible. The distributions in 
Fig. 5 are projected in the longitudinal direction in order 
to estimate respectively the longitudinal distance needed 
to stop the primary electrons and also the corresponding 
EM shower. As shown in Fig. 6 and Table 1, after 1.48 
cm, 99.9% of the primary 150 MeV electrons have been 
stopped in tungsten. The absorption of the full 
electromagnetic shower takes more material, due to the 
combination of photons and electrons/positrons in the 
secondary shower. From Table 2, a 10 cm of tungsten will 
absorb more than 99.9% of the beam power, and hence is 
chosen as the dimension of the tungsten segments. 

 

Figure 6: Longitudinal distribution of the energy loss of 
primary electrons (black) and the energy deposition (red) 
due to both primary electrons and the secondary shower.  

Table 1: Longitudinal depth in cm corresponding to a 
particular fraction of energy loss by the primary electrons.  

Distance fractional  
energy loss (cm) 

Material 
 

Energy 
(MeV) 

70% 99% 99.9% 
Tungsten 150 0.40 1.14 1.48 
Tungsten 100 0.38 1.02 1.30 
Tungsten 50 0.31 0.75 0.93 
Graphite 150 14.09 30.72 35.79 
Iridium 150 1.73 4.68 5.88 
Iron 150 0.34 0.96 1.26 

Table 2: Longitudinal depth to absorb a certain fraction of 
the total beam energy. 

Distance of fractional total 
energy deposition (cm) 

Material 
 

Energy 
(MeV) 

70%  99%  99.9% 
Tungsten 150 1.73 5.88 8.78 
Tungsten 100 1.53 5.68 8.58 
Tungsten 50 1.13 5.23 8.13 

The width of the dump segments is optimized based on 
multiple scattering of the primary electrons, and the 
transverse resolution needs of the measurement. As 
shown in Fig. 7, multiple scattering will contribute to a 
widening of the transverse distribution of the other of tens 
of microns. Table 3, 90% of the shower is contained 
within 1.6 mm of tungsten for 150 MeV electrons. 
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Figure 7: The effect of multiple scattering on the 
transverse position of the stopped primary electrons.  

Table 3: Effect of multiple scattering on the transverse 
distribution of stopped primary electrons for different 
materials and beam energies.  

Transverse width  
shower (cm) 

Material 
 

Energy 
(MeV) 

90% e- 
stopped  

99% e- 
stopped  

Tungsten 150 0.16 0.57 
Tungsten 100 0.21 0.64 
Tungsten 50 0.27 0.68 

Table 4: Summary of detector dimensions. 
Parameter Dimension 
Tungsten collimator depth 10 cm 
Tungsten collimator slit width 400μm  
Tungsten segment depth 2.0 cm 
Tungsten segment width 3 mm 

DESIGN OF THE TBL SPECTROMETER  

From the energy distribution of the decelerated beam, 
as shown in Fig. 3, the resulting transverse distribution, 
down stream from the dipole magnet is calculated.  The 
resulting distribution depends on the choice of the 
magnetic field in the dipole and the spectrometer drift 
length. An optimal layout is still to be finalised, but 
typical transverse distributions are given in Fig. 8. 
 

  
Figure 8: Typical transverse beam distributions 
downstream of the spectrometer dipole magnet for a beam 
of 1 PETS and 16 PETS, and the same dipole field. 

The total energy deposition, in the realistic system has 
been studied as depicted in Fig. 9. The increase in 
temperature and the cumulative radioactive dose can be 
calculated from these values. 

 
Figure 9: Energy deposition in the detector of a 150 MeV 
e- beam, given the final geometry of the collimator and 
active segments with dimensions as listed in Table 4. 

CONCLUSIONS AND PERSPECTIVES 

The main segmented dump design parameters have 
been identified for the time resolved energy measurement 
for the CTF3 TBL spectrometer. The design is based on 
an upstream collimator absorbing 90% of the beam power 
and a downstream active segmented dump with 3 mm 
wide segmentation. The mechanical design of the Dump 
will start soon and will be based on the temperature and 
radiation dose constraints estimated here. More 
simulations will be done in the future in order to quantify 
the impact of secondary particles on the measured charge. 
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INVESTIGATION OF EXTREMELY SHORT BEAM LONGITUDINAL
MEASUREMENT WITH A STREAK CAMERA

C.A. Thomas∗, I. Martin, G. Rehm, Diamond Light Source, Oxfordshire, UK

Abstract
During normal operation of synchrotron third generation

light sources like Diamond, the measurement of the elec-
tron bunch profile, of the order of 10 ps, is perfectly done
with a streak camera. However, in ’low alpha’ operation,
the shorter bunch length becomes extremely close to the
resolution of the camera. In such a case, performing a good
measurement and extracting the real information requires
a good knowledge of the impulse response of the streak
camera. We present analysis and measurement of the con-
tributions to the point spread function (PSF) of the streak
camera. The first contribution is the static PSF and is ob-
tained by measuring a focussed beam without any sweep.
The second contribution is the dynamic PSF, which is due
to a chirp introduced by refractive optics. For pulse with
large spectral bandwidth the dynamic PSF can be larger
than 5 ps.

INTRODUCTION
Third generation synchrotron light sources are charac-

terised by low emittance, small beam size, but also short
bunch lengths. At Diamond we have been carrying out
tests in the so-called low alpha mode, reducing the mo-
mentum compaction factor by up to a factor of 250, which
gives a smallest theoretical bunch length of 0.7 ps, 15 times
smaller than our 10.8 ps nominal bunch duration [1]. Mea-
suring the real profile of such a short pulse is challeng-
ing. At Diamond, to measure bunch longitudinal profiles
and length, we measure synchrotron radiation (SR) pulses
with a dual sweep streak camera (SC) with a synchroscan at
250 MHz from Optronis GmbH. The manufacturer’s spec-
ification of the camera gives 2 ps for the resolution with
Rayleigh criterion and monochromatic light. This provides
a good resolution for the normal operation mode of the
camera but leads to extremely challenging measurement in
low alpha mode.

We present measurement of the instrumental response
of the streak camera that is decomposed into a static and
dynamic response. The static response is measured as
the point spread function of the image of a focussed pho-
ton beam on the SC, with no sweep from the electrodes.
The dynamic response, as observed by previous authors
[2, 3, 4], is the additional pulse lengthening measured while
sweeping the electrodes of the SC, due to the dispersion in
material traversed by the pulse. The decomposition of the
PSF is firstly evidenced by means of spectral filters, and
then measured with introduction of a spectrograph in the
focussing optics of the SC.
∗ cyrille.thomas@diamond.ac.uk

STREAK CAMERA RESOLUTION
The SC is composed of a photocathode, a streak tube

in which the electrons undergo a longitudinal constant ac-
celerating voltage, and then a transverse varying high volt-
age from two sweep electrode pairs. The images are ob-
tained by a phosphor screen, coupled to a multi channel
plate (MCP) and a CCD camera [5]. The best probe of the
resolution is to measure known short pulses. Measurement
of broadband synchrotron light pulses in low alpha mode
allows to evidence not only the static PSF, but also the dy-
namic PSF induced by group velocity dispersion of optical
materials.

Electron Bunch Length in Storage Rings
In storage rings, the r.m.s length of small charge bunches

is proportional to the relative energy spread of the relativis-
tic electrons, σε, to the momentum compaction factor, αc,
and inversely proportional to the synchrotron frequency,
fs. The expression governing the bunch length at very low
charge is given (in s) by:

σbunch =
α

2πfs
σε (1)

For the Diamond storage ring in normal operation we
have α = 1.7 · 10−4, fs = 2.5 kHz, and σε = 10−3, which
make the bunch length σbunch ≈ 10.8 ps. In the low alpha
mode reported here, we had α = 10−5, fs = 0.6 kHz, and
σε = 10−3, which make the bunch length σbunch ≈ 2.6 ps.

Setup and Measurements
Bunch length is measured with the SC using the visi-

ble part of the SR from a bending magnet. The spectrum
from the diagnostics beamline is selected by the mirrors of
the transport line and the vacuum-air sapphire window. It
ranges from 200 nm to over 800 nm. Further filtering by
UV absorption is introduced by the BK7 focussing lens.

In the low alpha mode operation the measurements of
the electron bunch length were performed with white beam
and with a series of spectral filters at the same current.

Preliminary, the static PSF has been measured for the
white beam and also with 10 nm bandwidth filters at
490 nm and 560 nm, and with a 400-450 nm bandpass fil-
ter. As the static PSF is measured in pixels, it translates to a
resolution in ps with the sweep unit scale calibration factor
(0.1863, 0.3137 and 0.6374 ps/pixel for the 15, 25 and 50
ps/mm sweep speeds respectively). The results are reported
in table 1. The smaller resolution, around 7.33 pixel, is for
the narrow bandwidth filter at 560 nm. In all other cases,
the PSF is larger at 10 pixels and even 11.66 pixels for the
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Table 1: Bunch Length in Low Alpha mode. T. he measured
bunch length, Σ, varies as function of the pulse bandwidth.
This is shown by the corrected bunch length, Σ∗, after sub-
tracting quadratically by the SC r.m.s PSF width, ∆PSF ,
measured for each case, white beam (WB), with bandpass
filter (BP) 400-450 nm, narrow band filters 490±10 nm and
560 ± 10 nm. The PSF is measured in pixels and reported
as , ∆PSF,ii with the corresponding scales 50 ps / mm,
25 ps / mm and 15 ps / mm.

WB BP 400-450 nm 490 nm 560 nm
∆PSF (pixel) 9.88 11.66 9.81 7.33
∆PSF,50 (ps) 6.23 7.44 6.25 4.67
∆PSF,25 (ps) 3.1 3.66 3.0 2.3
∆PSF,15 (ps) 1.85 2.17 1.83 1.36

Short bunch measurements at 25 ps/ mm
Σ (ps) 6.53 5.92 5.14 4.88
Σ∗ (ps) 5.72 4.62 4.1 4.2

bandpass filter 400-450 nm. This suggests two effects: One
and probably the main effect is the quality of the focussing
system (BK7 singlet lens, slit and Nikkor achromat lens);
and a possible additional effect of higher energy electrons
spreading into the streak tube.

The bunch length has been measured in a short time, at
12 µA per bunch, varying less than 2 µA. This implies that
the bunch length was the same for all measurements. The
raw measurements vary with the bandwidth. However, the
PSF largely contributes to the measurement as the bunch
length is very close to the PSF width. In a first but good
approximation, the contribution is quadratic, assuming the
PSF and the measured pulses to be Gaussian. We then can
write:

Σ∗ =
√

Σ2 −∆2
PSF (2)

where Σ∗ is the real r.m.s pulse duration, Σ is the mea-
sured r.m.s pulse duration, and ∆PSF is the r.m.s static PSF
of the SC.

Once the contribution of the PSF is removed, all the mea-
surements should give the same bunch length. In fact, as
described earlier in [2, 3], there is an additional broaden-
ing of pulses with wide spectral range due to the dispersion
in the lenses’ material and in the vacuum-air out-coupling
window. We assume the broadening to be negligible for
narrow bandwidth pulses, which is achieved with the 10 nm
bandwidth filters. Consequently, the measurements with a
pulse of large spectral band show a measurable broadening.

Direct Measurement with Spectrograph
A more accurate measurement of the pulse broadening

due to the refractive materials is to measure a SR time re-
solved spectrum, i.e. the pulse profile vs. photon wave-
length. For that we couple the SC with a spectrograph,
keeping the same focussing optics as for the previous mea-
surements. Figure 1 shows the results of such a time

λ (nm)

tim
e 

(p
s)

400 600 800
100

150

200

Figure 1: SC image presenting the pulse profile vs. wave-
length. The chirp induced by the dispersion in the glass el-
ement traversed by the photon beam is clearly visible. The
net result is a pulse broadening.

resolved spectrogram. The intensity spectrum is shown
above the image, and on the right the profile of the inte-
grated pulse over the spectrum. These measurement have
been taken on a different day than the one in the previ-
ous section, so the machine parameter settings are differ-
ent. For this measurements, we have α ≈ −3 · 10−6,
fs ≈ 340 Hz, and the bunch current is ≈ 5.3µA. Because
the bunch has already some significant charge we expect to
measure a larger pulse width than the 1.4 ps theoretically
predicted.

Following the same approach as in the first section, we
measured the static PSF of the spectrograms in the fo-
cussing mode. It is not fully optimised with a mean res-
olution of the order of 10 pixels r.m.s, but it is comparable
with the previous experiment. In addition, the chromatic
effects due to the first focussing lens make the optimisation
of the static PSF difficult.

Figure 2 shows the centroid of the pulses vs. wavelength.
The three curves presented are from the same pulses but at
the three different sweep speeds offered by the synchroscan
unit. The overlapping shows the independent calibration
agreement. The quadratic polynomial fit (see figure cap-
tion) shows a higher order chirp probably due to the differ-
ent glasses traversed by the photon beam, a sapphire win-
dow, a BK7 lens, and the achromatic Nikkor lens of the
SC. The large chirp observed with the time resolved spec-
tra explains the broadening measured with different spec-
tral bandwidth pulses in the previous section (see table 1).

Figure 3 presents the pulse at 535 nm and the integrated
pulse over the spectrum: the r.m.s width of the pulses are
3.3 ps and 6.7 ps respectively. The quadratic difference
gives a first order estimate of the dynamic PSF of the order
of 5.8 ps.

Finally we have measured with the 15 ps/mm sweep
speed the pulse duration vs. wavelength as shown in Figure
4. In the range 400-600 nm, where the relative intensity is
larger than 10% of the max, the corrected r.m.s width is on
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Figure 3: Pulse profile at 535nm compared to the integrated
pulse over the spectrum.

average ≈ 3.5 ps with standard deviation 0.3 ps.

CONCLUDING REMARKS

We have characterised the instrument response of the
SC. It is shown that the static PSF width is not uniform over
the visible spectrum. This is due to mainly the chromatic
effects of the lens system. However some spread due to
the thermal energy of photons can also influence the width
of the PSF. It is not measured here, and might be needed
to further characterise the SC. We also presented the chirp
induced by dispersion in glass materials and the effect on
pulse width measurement. This is a well-known effect that
is often forgotten. We associated this effect to a dynamic
PSF introduced by the dispersion in the refractive optics of
the SC. This leads to an additional spread in the pulse mea-
surement that can be larger than 5 ps as shown by the time
resolved spectra. Of course, this is unwanted and needs
to be cured. The immediate solution is to use a narrow
band filter so that the dispersion is negligible. However,
this method also implies reducing the photon flux by more
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Figure 4: Pulse duration in the time-resolved spectrogram.
The curves show measured and corrected r.m.s pulse width
vs. wavelength. The relative spectrum intensity is shown
in the inserted graph.

than 95%, which may prevent the ability to measure bunch
length at very small current. Introducing a spectrograph in
the measurement allows to measure precisely the induced
chirp. In addition, it preserves the use of the full available
power of the synchrotron radiation for the bunch length
measurement. Thus, the low limit current for bunch length
measurement should be pushed further down. Finally, the
use of reflective focussing optics [4] presents the advan-
tage of an almost dispersion free optical system. However,
dispersion from the vacuum-air window still remains. In
order to optimise the SC performance, we are currently de-
signing a reflective focussing optics which includes a spec-
trograph. This should enable the SC to measure extremely
short bunches closer to the manufacturer specification ex-
tended to the whole available SR spectral bandwidth, thus
using at the same time all the available power. In addition,
this new system keeps the ability to measure residual chirp.
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A COMPACT SINGLE SHOT ELECTRO-OPTICAL BUNCH LENGTH
MONITOR FOR THE SwissFEL

B. Steffen∗ , V. Schlott, PSI, Villigen, Switzerland
F. Müller, PSI, Villigen and IAP Univ. Bern, Bern, Switzerland

Abstract

The knowledge and control of electron bunch lengths is
one of the key diagnostics in XFEL accelerators to reach
the desired peak current in the electron beam. A com-
pact electro-optical monitor was designed and build for
bunch length measurements at the SwissFEL. It is based
on a mode locked ytterbium fiber laser probing the field-
induced birefringence in an electro-optically active crys-
tal (GaP) with a chirped laser pulse. The setup allows
the direct time resolved single-shot measurement of the
Coulomb field (THz-radiation) of the electron beam - and
therefore the bunch length - with an accuracy as good as
200 fs. Simulations of the signals expected at the Swiss-
FEL will be presented.

INTRODUCTION

Paul Scherrer Institut is planning a free electron laser
for X-Ray wavelengths, the SwissFEL. The baseline de-
sign foresees to generate electron bunches with a charge
between 200 and 10 pC and bunch lengths between 10 ps
and a few fs. These bunches will be accelerated in a nor-
malconducting linear accelerator (linac) to a particle en-
ergy of up to 6 GeV to radiate coherently at wavelengths
between 0.1 and 7 nm in one of the two undulators. To
test the feasibility of novel accelerator concepts and com-
ponents needed for the generation of such high-brightness
beams, their longitudinal compression and the preservation
of the emittance, a 250 MeV Injector is currently being as-
sembled at PSI (see Fig. 2).

Precise measurements of the temporal profile of ex-
tremely short electron bunches are indispensable for a de-
tailed understanding of the bunch compression and lasing
mechanisms in a FEL. Single-shot electro-optical (EO) de-
tection techniques are ideally suited for this purpose since
they are non-destructive and can be carried out during reg-
ular operation of the free-electron laser for user experi-
ments [1, 2]. An important aspect is that they permit corre-
lation studies between the measured time profile of electron
bunches and other measured beam parameters as well as
the properties of FEL pulses produced by the same bunch.
A second technique for the single-shot direct visualiza-
tion of longitudinal electron bunch profiles are transverse-
deflecting structures (TDS) [3]. The TDS converts the tem-
poral profile of the electron bunch charge density into a
transverse streak on a view screen by a rapidly varying
electromagnetic field. The measurement with the TDS of-

∗ email: bernd.steffen@psi.ch

fs laser  optical
stretcher

CCD
 gratingT0 Tc

EOP A

Figure 1: Schematic drawing of a spectrally encoded
electro-optical detection setup. P: polarizer; EO: EO crys-
tal; A: analyzer.

fers the highest resolution but is inherently destructive, so
it cannot be used as an online monitor of the bunch length.

EO BUNCH LENGTH DETECTION

When a relativistic picosecond duration bunch passes
within a few millimeters of an electro-optic crystal, its
transient electric field is equivalent to a half-cycle THz
pulse impinging on the crystal. The temporal profile of
this equivalent half-cycle THz pulse provides a faithful im-
age of the longitudinal charge distribution inside the elec-
tron bunch if the electrons are highly relativistic. The tran-
sient electric field induces birefringence in the electro-optic
crystal. As the electric field propagates through the crys-
tal, the birefringent properties of the crystal also propagate.
This birefringence can be probed by a copropagating opti-
cal laser pulse [2].

Several variants of EO bunch diagnostics have been ap-
plied in electron bunch diagnostics [4, 5, 6], all sharing the
underlying principle of utilizing the field-induced birefrin-
gence in an electro-optic crystal to convert the time pro-
file of a bunch into a spectral, temporal, or spatial intensity
modulation of a probe laser pulse.

THE COMPACT EO MONITOR

The presented compact EO bunch length monitor utilizes
the spectral decoding technique, where the bunch shape in-
formation is encoded into a chirped laser pulse and then
retrieved from its modulated spectrum using the known re-
lationship between wavelength and longitudinal (temporal)
position in laser pulse.

The chirped laser pulse passes through the polarizer and
the EO crystal in the beampipe, where the polarization be-
comes elliptical. The ellipticity of the polarization is pro-
portional to the electric field of the electron bunch and has
the same temporal structure. The analyzer, a combination
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Figure 2: Schematics of the 250 MeV injector with the planned bunch length diagnostics. TDS: Transversely Deflecting
Structure; FODO: Focusing - Drift - Defocusing - Drift; LPM: Longitudinal Profile Monitor.
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PolarizersWaveplatesGaP Crystal with
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Fiber from laser
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Figure 3: Assembly drawing of the compact EO monitor
including the vacuum chamber (left).

Figure 4: Photo of the EO monitor including the optics.

of wave plates and a polarizer, turns the elliptical polariza-
tion into an intensity modulation. The longitudinal charge
distribution gets encoded in the spectrum of the laser pulse,
which can then be detected using a spectrometer (Fig. 1).

The EO crystal used here is a Galliumphosphide (GaP)
crystal with a reflective coating for the laser wavelength
(1050 nm) at the front surface (towards the electron source)
and an antireflective coating at the backside. Depend-
ing on the expected bunch length the monitor can be
equipped with crystals of different thickness up to 5 mm.
The laser enters the crystal at the backside, is reflected at
the frontside and leaves the crystal at the backside again,
while the Coulomb field of the electron bunch enters at the
frontside, propagating towards the backside. This way the
laser first counterpropagates with the electric field pulse of
the bunch and afterwards copropagates. This leads to some

1000 1025 1050 1075 1100 1125
0

0.5

1

Wavelength [nm]
In

te
ns

ity
 [a

.u
.]

1000 1025 1050
0

0.5

1

Wavelength [nm]

In
te

ns
ity

 [a
.u

.]

Figure 5: Broad spectrum of the amplifier as used for the
EO monitor. Inset: Spectrum of the oscillator.

artifacts in the EO signal shown in the next section, but the
monitor can be build very compact and a an upstream mir-
ror can be avoided that would disturb the Coulomb field
and trigger wakefiels, which would also lead to spurious
EO signals. The total length of the monitor including the
space for the optic elements is less then 150 mm.

The crystal and the downstream mirror are mounted
on a holder which is mounted on a motorized vacuum-
feedtrough (Fig. 3 and 4). Outside the vacuum a small
breadboard is fixed to the feedthrough which holds the re-
quired optics including the fibercouplers. This way all op-
tic elements from the fiber coming from the laser to the
fiber going to the spectrometer, including the EO crystal
are rigidly coupled, avoiding any misalignment or timing
changes when the crystal is moved closer to the electron
beam or withdrawn from the beampipe.

As laser source for the monitor an amplified Yb-doped
fiber laser system has been developed at the University of
Bern. It delivers pulses with 20 to 200 nJ pulse energy and
up to 100 nm useful bandwidth (Fig. 5). Details of the laser
system and the synchronization to the accelerator are de-
scribed elsewhere [7].

SIMULATIONS

The EO signals expected for the different positions along
the 250 MeV injector have been simulated using a code
based on the geometric response function [1, 8]. In the
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Figure 6: Simulated EO signals at different positions of
the 250 MeV injector: after the gun (top, for a 5 mm thick
GaP crystal and a laser pulse chirped to 5 ps(rms)), before
the bunch compressor (center, for a 2 mm thick GaP crystal
and a laser pulse chirped to 5 ps), and after the bunch com-
pressor (bottom, for a 0.5 mm thick GaP crystal and a laser
pulse chirped to 500 fs).

low energy region (7 MeV) right after the gun the dominant
broadening is due the 1/γ opening angle of the Coulomb
field, shown in Fig. 6 (top) for a distance of 3 mm between
the path of the electron beam and the path of the laser.
For the high energy region (250 MeV) before and after the
bunch compressor the bunch shape can be well determined
except from a shift of the baseline of the measurement after
the bunch signal (Fig. 6 (center and bottom)).

This shift is due to an additional polarization rotation
which the laser pulse accumulates when it sees the counter-
propagating field of the electron bunch before the laser is
reflected at the front surface of the EO crystal. This rotation
is smaller in amplitude and of opposite sign as the rotation
accumulated when the laser and bunch field are copropa-

sum

−5 0 5 10 15 20 25
time [ps]

electron bunch and 
laser counterpropagating

−5 0 5 10 15 20 25
time [ps]

ΓSD

Q

0

electron bunch and 
laser copropagingating

−5 0 5 10 15 20 25
time [ps]

Figure 7: Simulated EO signals from a 10 ps long electron
bunch passing a 1 mm thick GaP crystal, modulated on a
copropagating laser pulse (left), a counterpropagating laser
pulse (center) and the sum of the two (right).

gating (Fig. 7). The relative amplitude of the two decreases
with shorter electron bunches and thicker crystals. As long
as the electron bunch is significantly shorter than the EO
crystal multiplied with its refractive index, the signal com-
ing from the part where the laser is copropagating can be
well reconstructed from the sum signal.

CONCLUSION

Prototypes of the monitor and the laser have been build
and are ready for first tests planned at the SLS linac in sum-
mer 2009. Further optimizations can be done by measur-
ing shorter pulses during FEMTO slicing. In parallel we
are planning a packaging of the laser for operation at the
250 MeV injector which is currently under construction.
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TOWARDS AN ULTRA-STABLE REFERENCE DISTRIBUTION FOR THE 
NEW PSI 250 MeV INJECTOR 

S. Hunziker#, V. Schlott, Paul Scherrer Institut, CH-5232 Villigen, Switzerland

Abstract 
The PSI 250 MeV Injector, a precursor to the  

SwissFEL, with its extreme jitter and stability demands 
poses new challenges for the synchronization system. Our 
concept is double-tracked: low risk electrical and best 
potential performance and flexibility optical. The 
electrical distribution system, being established first, 
relies on reliable technology. Optimized to achieve a 
benchmark jitter performance of around 10 fs and a long 
term drift stability of some 10 fs in the most critical parts 
of the machine it will also backup the optical system. Sub 
10 fs jitter and drift figures are being aspired for the latter. 
In this contribution, both system designs are presented, 
expected and first measured electrical and optical 
reference signal jitter and long term cable and coupler 
drifts are presented. A cable temperature stabilization 
system is discussed, too. Finally, a first jitter measurement 
of the optical master oscillator (OMO) laser will be 
presented. 

INTRODUCTION 
The 250 MeV Injector will be ≈65 m long and basically 

consist of an electron gun (with photocathode), S-band 
structures, an X-band structure and a bunch compressor as 
depicted in Fig. 1. These structures are driven by RF 
signals, which are synchronized to the distributed 
reference signal. Other “customers” of the reference 
distribution system are e.g. photocathode laser, timing 
system, diagnostics in general. The building is ready, first 
installations are being done now (Spring 2009). The 
reference distribution is one of the key challenges. 
Extremely tight timing jitter requirements demand for 
solutions on the edge of technical feasibility. On the other 
hand cost and reliability issues have to be considered. 
Both distribution concepts, the electrical and the optical 
one, are sketched in Fig. 2. 

ELECTRICAL REFERENCE 
DISTRIBUTION 

Architecture 
The coaxial cable based baseline system consists of: 
• Low phase-noise 214.14 MHz RF master oscillator 

(RF MO), will be ready by June 2009. 
• RF power amplifier (Pout>37 dBm) providing 

required signal levels at the terminals (points where 
the reference signal is needed) reference inputs. 

• Directional couplers, feeding and decoupling 
reference inputs of the various terminals, e.g. PLO 
(=phase locked oscillator for 1.5, 3.0 and 12 GHz) 
reference inputs, located along a trunk line. 

Active subsystems are supplied with ultra-low noise 
linear power supplies. 

Drift, Temperature Stabilization, RF MO 
Multiple coaxial cables form the trunk line within the 

accelerator tunnel (depicted in red in Fig. 2). They are 
guided within a thermally isolated pipe, which is supplied 
with a temperature controlled heater cable (Fig. 3). The 
pipe is supported with hard foam plates on cable trays and 
periodically furnished with temperature sensors. Various 
cables (basically 3/8” and 7/8” coax, which are relatively 
inexpensive) are installed in parallel, offering the 
possibility to find the one with lowest drift after 
installation by optimizing the temperature within the pipe. 
It has been found that the temperature stability as well as 
the optimum operating temperature for minimum drift of 
low loss corrugated coaxial cables may strongly vary 
from production lot to production lot, which requires 
flexibility and redundancy during installation. 

The measured temperature stability of various cables is 
listed in Table 1. 

 

Figure 1: Simplified layout drawing of the PSI 250 MeV Injector [1]. 

 

3 GHz 3 GHz 12 GHz 3 GHz
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Figure 2: Simplified layout of electrical and optical 
reference distributions for the PSI 250 MeV Injector. 

 

 
Figure 3: Temperature controlled cable pipe. 

 
Corrugated low loss cables are the preferred choice for 

the trunk line, whereas flexible braided cables are used 
where small bending radii are required (e.g. within racks 
or to connect couplers and splitters). The temperature drift 
for the 7/8” cable seems to be quite high. The measured 
cables are obviously from a non-optimum production lot, 
whereas the 3/8” shows low drift, even though at higher 
than expected temperature. Typically the 7/8” Cellflex 
and the 3/8” Heliax (both temperature cycled at the 
manufacturer’s site to minimize drift and relaxation 
effects) are expected to show approximately zero drift at 
≈33 ºC (7/8”) and at 27..30 ºC (3/8”) respectively [2]. 

Expected drifts of the electrical system (in the critical 
front part of the machine over hours) are thus: 

• 30 m of Heliax 3/8“ (<0.2 °C stab.)          <15 fs drift 
• some m of Sucoflex 404 (<0.2 °C stab.)   <10 fs drift 
• directional coupler:                                ≈3 fs/°C drift 
• total:                                        <50 fs drift achievable 
Specified and expected jitter values for the RF MO and 

the PLOs are shown in Table 2. The phase detectors inside 
the PLOs are extremely critical w.r.t. drift and therefore a 
weak point. They will be temperature stabilized to 
minimize drift between the RF stations’ reference signals. 

Table 1: Measured Coaxial Cable Drifts 

Cable type Temp. 
[ºC] 

Drift 
[ppm/K] 

Drift 
[fs/m/K] 

Andrew Heliax 3/8” 
corrugated (low loss, 
low drift) 
IL214 MHz=5.5 dB/100 m 

  28.0 
  30.0 
  32.0 
  34.0 
  36.0 
  38.0 

-2.9 
-2.2 
-1.5 
-1.2 
-0.3 
+0.1 

-10.9 
-8.1 
-5.6 
-4.6 
-1.0 
+0.5 

RFS Cellflex 7/8”, 
corrugated 
(very low loss) 
IL214 MHz=1.8 dB/100 m 

  27.5 
  29.5 
  31.5 
  33.5 
  35.5 
  37.5 

-6.4 
-6.7 
-8.1 
-6.4 
-5.0 
-5.4 

-23.6 
-24.8 
-30.0 
-23.7 
-18.3 
-19.8 

Huber+Suhner 
Sucoflex 404, braided 
(flexible, low drift) 
IL214 MHz=0.1 dB/m 

  26.0 
  28.0 
  30.0 
  32.0 

-1.1 
 0.0 
-0.4 
-5.3 

-4.2 
 0.0 
-1.4 
-19.8 

 
Table 2: RF MO and PLO Jitter Specifications and 
Expectations 

Jitter 
(guar., typ.) 

Δf=1 kHz..10 MHz, 
f0=3 GHz 

Δf=10 Hz..10 kHz, 
f0=214.14 MHz 

RF MO - 13.0/9.5 fs 

PLO, locked 
to MO 

11.3/6.7 fs - 

specified <10 fs <20 fs 

 
Figure 4 shows the block diagram of the RF MO. A 

Rb standard stabilizes the frequency (no long term 
phase differences between terminals due to ref. 
frequency drift). The close-in phase noise is optimized 
using two 10 MHz OCXOs (oven controlled x-tal 
oscillators) which are multiplied by 5 and mixed rather 
than doubling one oscillator’s frequency, halving jitter 
(same for the 107.07 MHz oscillators). A 100 MHz 
frequency ref. unit, optimized for the medium offset 
frequency range, is locked to the 1st stage. A DDS 
(direct digital synthesis) adapts 107.07 MHz to the 
100 MHz. First measurements of single blocks suggest 
that the typ. rather than the guaranteed jitter values will 
be reached. 
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Figure 4: Block diagram of the RF master oscillator 
(214.14 MHz) [3]. 

OPTICAL REFERENCE DISTRIBUTION 
Architecture, Link Stabilization 

A star network (Fig. 2) of standard SM optical fiber 
bundles with plenty of redundant fibers offers high 
flexibility as every terminal in the facility can be patched 
with every other terminal at the OMO patch panel. 
Furthermore, many links will have to be compensated 
using DCF fibers, known from telecom applications [4] 
and phase stabilized as previously demonstrated for fs 
pulse transmission [5]. Link stabilization using optical 
cross-correlation is planned. Reliability-critical free-space 
delay lines used in these systems up to now may have to 
be replaced with more reliable components (e.g. in a 
combination of slow and fast delay correction). A 
commercial solution would be favored, the more so as 
e.g. Menlo Systems (www.menlosystems.com) is 
currently developing a link stabilization system as well as 
a Sagnac-loop based PLL. Temperature-stable LCP coated 
fibers [6] could be an alternative to active stabilization, at 
least for less critical links. The optical system is planned 
to be operational within the next two years 

Optical Master Oscillator (OMO) 
Basically, two OMO laser types are currently under 

evaluation, an Yb-doped hybrid (fiber, solid-state) 
femtosecond laser and a fiber laser. Both lasers are nearly 
transform limited soliton lasers (allows fiber-based 
dispersion compensation). Lowest jitter and highest 
stability up to now have been achieved with the former. 
Figure 5 shows the typical result of a phase noise and 
jitter measurement of the Onefive Origami 15 laser 
(1550 nm wavelength, 214.14 MHz rep. rate) [7]. This 
laser has an average optical output power of >120 mW 
(free space) or >70 mW (fiber coupled). For the 
measurement an Agilent E5052B SSA has been used. The 
influence of the setup noise has been minimized using 
SSA noise cancellation (10’000 correlations), a 
waveguide PD operated at max. Vbias (high saturation 
limit) and high photocurrent (≈2.5 mA), high carrier 
frequency, linear power supplies with additional filtering. 

 

 
 

Figure 5: Measured phase noise of Onefive Origami 15 
Soliton laser (�f=1 kHz..10 MHz, f0=2.998 GHz=14th 

harmonic of rep. rate 214.14 MHz): Setup (top), phase 
noise spectrum, timing jitter of 3.3 fs (bottom). 

PLOs 
Generating ultra-low jitter synchronisation signals by 

extracting harmonics from the optical reference pulses is 
feasible, using optimized optical receivers (Fig. 5). As a 
next step, the drift performance of such receivers is being 
investigated and optimized. It has been shown by other 
groups that ultimate low drift (some fs) PLOs can be 
realized using optical-to-electrical phase detectors 
(Sagnac-loop PLL) [8]. As these PLOs are rather 
expensive, their use can be limited to situations where 
ultimate performance is really required. In other cases, 
direct harmonic extraction seems to be sufficient. 
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ON THE LIMITATIONS OF LONGITUDINAL PHASE SPACE
MEASUREMENTS USING A TRANSVERSE DEFLECTING STRUCTURE

C. Behrens∗ and C. Gerth,
Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg,Germany

Abstract

High-brightness electron bunches with low energy
spread, small emittance and high peak currents are the basis
for the operation of high-gain Free-Electron Lasers (FELs).
As only part of the longitudinally compressed bunches con-
tributes to the lasing process, time-resolved measurements
of the bunch parameters are essential for the optimisation
and operation of the FEL. Transverse deflecting structures
(TDS) have been proven to be powerful tools for time-
resolved measurements. Operated in combination with a
magnetic energy spectrometer, the measurements of the
longitudinal phase space can be accomplished. Especially
in case of ultra-short electron bunches with high peak cur-
rents for which a time resolution on the order of10 fs would
be desireable, both the TDS and magnetic energy spec-
trometer have intrinsic limitations on the attainable resolu-
tion. In this paper, we discuss the fundamental limitations
on both the time and energy resolution, and the relation be-
tween them.

INTRODUCTION

Recently developed Free-Electron Lasers for the gener-
ation of photons in the extreme ultraviolet and soft X-ray
regime are based on an exponential gain of the radiation
power in a single pass through a long undulator magnet sys-
tem. These high-gain FELs put stringent demands on the
electron bunch parameters. In order to initiate the lasing
process and to reach power saturation in reasonable undu-
lator lengths, a high charge density which is related to the
peak current, a low energy spread, and a small emittance is
mandatory.

Projected measurements of the electron bunch parame-
ters are not sufficient to understand and to control the lasing
process. For this reason, sliced electron bunch measure-
ments are essential, which can be accomplished by Trans-
verse Deflecting Structures (TDS). In combination with a
magnetic energy spectrometer, the longitudinal phase space
can be investigated.

In order to get the most information concerning the las-
ing process, the measurements may be carried out in front
of the undulators. This is very challenging since the elec-
tron bunches are, in particular in front of the undulators,
very short with bunch lengths in the femtosecond range and
peak currents on the order of kiloampere.

∗ christopher.behrens@desy.de

GENERIC BEAMLINE LAYOUT

An experimental layout for sliced beam parameter mea-
surements is presented schematically in Fig. 1. The en-
tire beamline is equipped with quadrupole magnets to en-
sure the required optics for standard machine operation as
well as for dedicated sliced beam parameter measurements.
For operation without affecting the entire bunch train, e.g.
bunch profile measurements, a fast kicker can be used to
pick out individual bunches for off-axis screen operation.
The magnetic energy spectrometer consists of at least one
dipole magnet, followed by a drift section for building up
dispersion.

Further requirements are imaging screens, e.g. OTR-
screens or scintillators, and optical camera systems provid-
ing high spatial resolutions.

ACCELERATOR OPTICS

In order to obtain desired time1 and energy resolutions,
the accelerator optics has to be designed and adapted ac-
cording to the following considerations.

In linear beam dynamics, the general transverse motion
of charged particles can be described as combination of
betatron motion and dispersion trajectory. The deflection
plane of the energy spectrometer is assumed to be in the
horizontal, e.g. the x-plane. The horizontal particle motion
is then given by

x(s) = xβ(s) + Dx(s) · δ , (1)

with the horizontal betatron motionxβ(s), horizontal dis-
persion functionDx(s), and relative momentum deviation
δ. After passing the magnetic energy spectrometer, the
horizontal rms beam size at screen locations1 can be ex-

pressed byσx =
√

σ2
xβ

+ D2
x · σ2

δ . In order to achieve

energy resolutions on the order ofσδ, the beam size due to
dispersion and energy spread has to be larger than the nat-
ural rms beam sizeσxβ

=
√

ǫx · βx. This condition yields

Dx(s1) · σδ >
√

ǫx · βx(s1) , (2)

with the horizontal geometric emittanceǫx and beta func-
tion βx. The reachable energy resolution is then given by

σδ >
√

ǫx ·
√

βx(s1)

Dx(s1)
. (3)

1The time resolution expresses the resolution of the longitudinal coor-
dinateζ within the bunch. The relation is given byt = ζ/c.
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Figure 1: Beamline layout for dedicated sliced beam parameter measurements and investigations of the longitudinal phase
space. The different components are labelled and assigned to colours. The electron beam direction is indicated by the
arrow (from right to left).

For using a TDS in combination with a magnetic energy
spectrometer, the deflection induced by the TDS has to be
in the vertical. In case of a LOLA-type TDS [3], the parti-
cle motion is given by [1, 2]

y(s) = yβ(s) + Sy(s) ·
(

ζ +
sin(Ψ)

k · cos(Ψ)

)
, (4)

with the streak or shear function

Sy(s) =
√

β(s0)β(s) · sin(∆Φy) · eV0k

pc
· cos(Ψ) , (5)

and the internal longitudinal bunch coordinateζ. The pa-
rametersV0 and k denote the deflecting voltage and the
wavenumber. The beam energy is given byE ≈ pc, and
∆Φy is the vertical phase advance from locations0 to s.
The expression in (4) is valid for the approximation that the
TDS is considered as to be a drift section with an instanta-
neous deflection at the centre of the structure. In order to
avoid centroid deflections and achieve best resolution, the
TDS is assumed to be operated near zero-crossing, i.e. the
RF phase is set toΨ ≈ 0. Thereby, Eq. (4) is reduced to

y(s) = yβ(s) + Sy(s) · ζ , (6)

which is of similar form as Eq. (1). In order to achieve a
longitudinal resolution on the order ofσζ , the beam size at
screen locations1 due to streaking with the TDS has to be
larger than the natural beam size due to betatron motion.
This yields the condition

Sy(s1) · σζ >
√

ǫy · βy(s1) . (7)

By using Eq. (5) andΨ ≈ 0, the attainable longitudinal
resolution is then given by

σζ >
σyβ

(s1)

S(s1)
=

√
ǫy · pc

√
β(s0) · sin(∆Φy) · eV0k

. (8)

TRANSVERSE DEFLECTING
STRUCTURE

The considerations in the previous section represent the
attainable resolutions for sliced beam parameter measure-
ments in terms of linear beam dynamics. More detailed

studies of the particle dynamics within the TDS reveal ad-
ditional resolution limitations.

The physics of RF deflectors originates from the
Panofsky-Wenzel theorem [4], which makes a general
statement of the transverse momentum gained by fast par-
ticles moving through RF fields. The theorem states

∆~p⊥ =
( e

ω

) ∫ L

0

(−i)∇⊥Ezdz , (9)

and it follows that transverse deflection is only possible
if a transverse gradient of the longitudinal electric field
∇⊥Ez is present. From∇⊥Ez 6= 0 follows the existence
a longitudinal accelerating fieldEz . In case of uniform
deflection over the whole aperture, i.e. abberation-free, it
follows that Ez depends linearly on the transverse coor-
dinates. Assuming that the fieldEz can be factorised by
Ez,‖(z, t) ·Ez,⊥(x, y), the relative momentum gain within
a TDS of lengthL can be expressed by

δ =
∆p

p
=

(

− e

pc

∫ L

0

Ez,‖dz

)

· Ez,⊥ . (10)

For abberation-free deflection, this leads to additional en-
ergy spread. In case of the LOLA-type TDS for vertical
deflection, the longitudinal electric field is given by [3, 2]

Ez(x, y, z, t) = E0 k y cos(Ψ(z, t)) . (11)

For zero-crossing operation (Ψ ≈ 0), the evaluation of
Eq. (10) yields

δ =
eV0k

pc
· y , (12)

with the equivalent deflecting voltageV0 = E0L. Using
Eq. (6), the additional energy spread induced by the TDS
splits into two parts:

δ =
eV0k

pc
· yβ +

eV0k

pc
· S · ζ . (13)

The first part results in an rms energy spread given by

σδ =
eV0k

pc
· σy , (14)
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Figure 2: Left: Induced energy spread as a function of the longitudinal resolution. Dots indicate the results of simulations
with the codeelegant; blue lines represent the expression in Eq. (16). Right: Mean energy spread along the bunch for
the cases in the left plot with the same colour coding.V0: 20 MV (red),30 MV (orange), and40 MV (green).

whereas the second part corresponds to a linear energy cor-
relation along the bunch. By means of the shear function
in Eq. (5) and the vertical rms beam size in the TDS, the
induced energy spread can be expressed by

σδ =
S(s1)√

βy(s1)βy(s0)sin(∆Φ)
·
√

ǫy · βy(s0) . (15)

With the longitudinal resolution introduced in Eq. (7), it
follows

σδ · σζ >
ǫy

sin(∆Φ)
. (16)

Evaluating the second part of (13) with Eq. (5) and the as-
sumption that the beta functionβy is almost constant in the
TDS, yields

< δ(ζ) > ∼ L ·
(

eV0k

pc

)2

· ζ , (17)

which gives the mean energy spread along the bunch. It
depends quadratically on the deflecting voltageV0 and is
not affected by the beta functionβy. In order to check
the relations in (16) and (17), simulations using the code
elegant [5] were performed. The simulation and Gaus-
sian bunch parameters are listed in Table 1. The quoted
beta functions represent the mean values within the TDS.
According to the longitudinal resolutionsσζ/c given in
Table 1 and the expression (16), the TDS induces energy
spreads which are shown as dots in the left plot of Fig. 2.
The lines are plotted according to (16) for a phase advance
of ∆Φ = π/2 and two different emittance values. For each
simulation point, also the mean energy spread is shown in
the right plot. Three combinations ofβy andV0 give the
same resolutions, but due the dependency in Eq. (17), dif-
ferent slopes of the mean energy spread along the bunch
are generated.

CONCLUSIONS

We have presented the required optics conditions in or-
der to achieve a desired time and energy resolution for

Table 1: Simulation and Initial Gaussian Bunch Parame-
ters: beam energyE = 1 GeV, bunch lengthσl = 50 µm,
initial energy spreadδ = 1 ·10−4, normalised emittance
ǫN,y = ǫyβγ, TDS wavenumberk ≈ 60 m−1 and length
L = 3.826 m.

βy V0 σζ/c σζ/c
ǫN,y = 2 µm ǫN,y = 10 µm

10 m 20 MV 29 fs 63 fs
20 m 20 MV 20 fs 45 fs
30 m 20 MV 17 fs 37 fs
40 m 20 MV 15 fs 32 fs
17.78 m 30 MV 15 fs 32 fs
10 m 40 MV 15 fs 32 fs

sliced beam parameter measurements. In case of the
LOLA-type TDS, we have also shown that there exists a ba-
sic relation between the attainable energy spread and time
resolution for longitudinal phase space measurements.
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TEMPORAL PROFILES OF THE COHERENT TRANSITION RADIATION
MEASURED AT FLASH WITH ELECTRO-OPTIC SPECTRAL DECODING

V. Arsov1*, M-K. Bock, M. Felber, P. Gessler, K. Hacker, F. Loehl2, F. Ludwig, K.-H.
Matthiesen, H. Schlarb, A. Winter3, DESY-Hamburg, Germany

S. Schulz, L. Wißmann, J. Zemella, Hamburg University, Germany

Abstract
We  present  absolute  electric  field  time-profiles

measured  on  the  coherent  transition  radiation  (CTR)
beamline at FLASH using electro-optic spectral decoding
(EOSD)  in near  crossed-polarizers  scheme with  a  (20-
200) μm thick GaP crystal in vacuum. The CTR spectrum
is in the range 200 GHz - 100 THz and the pulse energy
in the focus  is  over  10  μJ.  The measured  narrow CTR
temporal  profiles  in  the  range  400  -  500  fs  FWHM
demonstrate  that  the  short  THz-pulses  emitted  by  the
compressed electron bunches are transported through the
19  m  long  beam  line  without  significant  temporal
broadening.

INTRODUCTION
The reliable operation of the ultraviolet and x-ray free

electron  lasers  require  precise  and  non-destructive
measurement of the electron bunch structure in the sub-
100 fs scale. Recent numerical [1] and experimental [2],
[3]  works  reveal  the  potential  of  the  electro-optic
detectors for such time-profile monitors. For even shorter,
sub-10 fs structures,  spectroscopy of coherent  transition
radiation  (CTR)  offers  an  alternative,  although  not
allowing direct reconstruction of the longitudinal profile.
For such diagnostic purposes 200 GHz - 100 THz broad-
band CTR beamline is constructed and characterized [4].
The ability of the CTR beamline at FLAHS to preserve
the  narrow  CTR  pulses  was  first  demonstrated  using
electro-optic balanced detection with 0.5 mm thick ZnTe
crystal  in  air  [5],  followed  by  measurements  with  the
same crystal in vacuum in near crossed-polarizers scheme
[6].  To  fully  utilize  the  resolution  of  the  electro-optic
spectral  decoding  method,  thinner  crystals  with  better
optical  properties,  such as  GaP should  be used.  In  this
paper,  we  report  electro-optic  spectral  decoding
measurements at  the CTR beamline of FLASH using a
(20-200) μm wedge GaP crystal in vacuum.

EXPERIMENTAL SETUP
The setup for  measurement of the CTR electric field

temporal profiles is shown in Fig. 1. 
The CTR beamline is  installed in the straight section

between the last accelerating module and the undulator at
the 140 m of FLASH. The generation and transport of the
ultrabroadband CTR radiation in the range of 200 GHz -
100  THz  with  energies  more  than  10  μJ  is  described

thoroughly in [4]. The CTR is produced by kicking of a
single  bunch  from a  pulse  train  on  an  off-axis  screen,
inclined at 45° with respect to the accelerator axis. The
18.7 m long beam line is designed specially to minimize
diffraction  and  to  avoid  waveguide  effects,  by  using
focusing mirrors and corrugated bellows. The pressure in
the beamline is below 0.1 mbar and is isolated from the
accelerator vacuum by a wedge diamond window.

Figure 1: Schematic layout of the setup for EO detection
of  coherent  transition radiation (CTR) transported from
the linac to the laboratory through a 19 m beamline.

In a laboratory outside the linac tunnel,  the beamline
ends in a large vacuum vessel hosting several diagnostic
experiments, taking full advantage of the broad band THz
spectrum  -  interferometric,  spectroscopic  and  electro-
optic (EO).

The  principles  of  single-shot  electric  field  profile
measurements using EO techniques is described in [3]. In
this experiment, we apply the spectral decoding method.
A  τ0  = 16 fs (Fourier-limited) pulse from a commercial
Ti:Sapphire oscillator (Micra-5 from Coherent) is linearly
chirped in a 10 cm long glass block (SF11) to  τc  ≈  5ps.
The  EO  signal  broadening,  imposed  by  the  chirp  is

0⋅c≈280 fs.  The laser  center  wavelength is  800

nm, the bandwidth 60 nm and the repetition rate 81 MHz.
The typical output power of the laser is 500 mW. 

Except for the first polarizer P1 and the lenses for the
crystal, all other elements are placed on the same optical
table.  Shortly  before  the  entrance  port  of  the  vacuum
chamber, there is a half-wave plate, which in combination
with the first polarizer P1 serves as a power attenuator.
The energy on the EO the crystal is 2.5 nJ. The EO crystal

____________________________________________
1 now at PSI, Villigen, Switzerland
2 now at Cornell University, USA
3 now at ITER, Cadarache, France
* vladimir.arsov@psi.ch
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is placed between the foci of two lenses with f = 300 mm.
The laser focal spot radius is estimated  to be 10 μm. 

The  distance between the  last  focusing  mirror  of  the
THz beamline (f5 = 200 mm) and the parabolic mirror in
the vacuum vessel (f  = 150 mm) is 1.65 m. The distance
between the  center  of the  parabolic  mirror  and  the  EO
crystal  is  17.5  cm.  According  to  simulations  at  this
geometry for 2 THz the focal spot has a doughnut shape
with outer radius 2 mm and inner radius 1 mm.

Both the EO crystal and the parabolic mirror are placed
on  motorized  translation  stages,  allowing  longitudinal
tuning. In addition the EO crystal can be also translated
horizontally  (motorized)  and  turned  azimuthally
(manually). An indium-tin oxide (ITO) slab is used as a
beam combiner.

For the present experiments a (20-200) μm wedge GaP
crystal is  used and results  for thicknesses 175, 130, 70
and 20  μm are obtained. All measurements are made in
vacuum below 0.1  mbar.  For  crystal  thicknesses  below
100  μm the THz pulse broadening is negligible  [4], thus
the overall system resolution is limited only by the chirp
broadening (~300 fs).

The spectra are resolved with a 150 mm focal length
spectrometer, a 600 l/mm grating and an intensified CCD
camera with 1280 pixel. The spectral resolution is 0.122
nm/pix. The  temporal calibration of the spectra is made
before each data acquisition by sweeping the phase of the
laser relative to the 1.3 GHz reference with 10 fs steps.
The calibration constant is 8.6 fs/pix. Acquisition is made
near crossed-polarizers, for which the EO signal is almost
linear with the electric field [3].

The measurements are made with two bunches in the
machine  at  500  kHz  repetition  rate  (second  bunch
kicked), energy 906 MeV and charge 0.8 nC.

RESULTS AND DISCUSSION
Typical raw CTR signals measured with 130 μm thick

GaP crystal in vacuum are shown in Fig. 2. Each curve is
an  average  of  20 acquisitions.  In  this  example  the  EO
signals are taken at  Θ = −1° off-crossed polarizers. Four
data sets are always saved: I(dark)-spectrum without laser
and  without  THz,  I(0,0)-spectrum at  crossed  polarizers
and  without  THz,  I(0,Θ)-spectrum  at  Θ° off-crossed
polarizers and without  THz, I(Γ,Θ)-spectrum at  Θ° off-
crossed polarizers and with THz.

Similar  narrow signals  in  the  range  (420-520)  fs  are
observed  also  for  the  rest  of  the  measurements
independent  on the GaP thickness (20-175)  μm. Within
the  accuracy  of  the  setup  resolution  of  ~300  fs  these
widths  demonstrate  the  ability  of  the  THz  beamline  to
preserve  the  temporal  structure  of  the  CTR  radiation
produced by the sub-100 fs short electron bunches.

The measured electro-optic signals allow determination
of the phase retardation Γ(τ) in the GaP crystal in the time
domain and thus calculation of the absolute electric field
profile  of  the  CTR  pulse.  Near  crossed  polarizers  the
signal on the detector is [3]:

I det ,=
I laser

2
⋅[1−cos 4 ]I offset (1)

Figure 2:  Raw single-shot  EO signals  of a  CTR pulse,
taken with  130  μm thick GaP crystal  in  vacuum.   Τhe
deviation of from crossed polarizers is Θ = −1°.

Here it is assumed, that the quarter-wave plate is set for
minimum transmission  (crossed-polarizers,  φ ≡ 0).  The
different backgrounds (Fig. 1) correspond to  Γ  and/or  Θ
set to zero, which allows solving (1) for Γ:
 exp=arccos [1−I N ]−4 (2)

where IN is the normalized signal:

I N =
I  ,−I 0 ,0
I 0 ,−I 0 ,0

⋅1−cos4 (3)

On  the  other  hand  the  phase  retardation  in  the  time
domain  can  be  computed  using  the  electro-optic
properties of the material in the frequency domain [3]:

=
n0

3 d
0

F−1 {E  Atr G  r41} (4)

where  n0 is  the  refraction  index  for  the  optical  group
velocity (wavelength  l0), d is the crystal thickness.  For
GaP and  l0 =  800 nm n0 = 3.568.  F denotes a Fourier
transformation.  E(ω)  is  the  THz  Coulomb  field  in  the
frequency domain, Atr(ω) is the frequency dependence of
the amplitude transmission coefficient  for  the  Coulomb
field  from  vacuum  into  the  EO  crystal,  G(ω)  is  the
geometric  response,  which  accounts  the  velocity
mismatch between the THz and the optical pulses in the
crystal  and  r41(ω)  is  the  electro-optic  coefficient.  The
product of the last three factors is the effective response
function,  which  is  plotted  on Fig.  3  for  three  different
crystal thicknesses, used in the experiment.

Combining  (2)-(4)  one  obtains  an  expression for  the
electric field in the time domain:

E =F−1{ 

n0
3 d

F exp

Atr G  r 41
L} (5)
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Figure  3:  Effective  response  function  of  GaP  and  a
Gaussian filter used for the retrieval of the Coulomb field

L(ω) is a low-pass filter, necessary to smoothly exclude
the zeroes of the response function near  the resonance.
Here a Gaussian filter is used (Fig. 3). The choice of the
central f0 and the cut-off fcut frequencies depends on the
crystal thickness and the duration of the pulses. In order
to fine-tune the filter for a given thickness, a model pulse
is  transformed according to equation (5) (Fig.4).  In the
shown  example  the  GaP  is  70  μm  thick.  Pulses  with
duration above 150 fs FWHM are reconstructed without
distortion for Gaussian filter with f0= 5 THz and fcut=5.8
THz. For GaP thickness 130 μm the corresponding filter
values are  f0= 3 THz and fcut=3.8  THz.  With the above
parameter  set,  the absolute  electric  field  profiles of the
CTR pulses are calculated providing amplitudes 4 MV/m
(Fig. 5a) for the 70  μm thick GaP crystal and 6 MV/m
(Fig.  5b)  for  the  thickness  130  μm.  The  obtained
amplitudes  can  be  attributed  to  the  fact  that  different
points in the focal plane have been sampled by the laser.
The  excellent  agreement  between  the  measured  phase
retardation Γ and the recovered with the above described
numerical  procedure electric  field  (Fig.  5)  confirms the
correctness of the method .

Figure  4:  A model  pulse  Γ(τ) (blue  curve)  transformed
according to eq. (5) (red curve) for GaP thickness 70 μm
and Gaussian filter with f0= 5 THz and fcut=5.8 THz . The
widths are FWHM.

Figure 5: Phase retardation Γ and and recovered absolute
electric field profiles for GaP thicknesses 70  μm (a) and
130 μm (b).

CONCLUSION AND OUTLOOK
Narrow CTR temporal  profiles in the range 420-520 fs
FWHM are measured with electro-optic spectral decoding
with  GaP  in  vacuum  at  crystal  thickness  20-175  μm.
Within  the accuracy of the setup resolution of ~300 fs,
these  widths  demonstrate  that  the  THz  beamline  at
FLASH preserves  the  narrow shape  of  the  CTR pulse,
produced  by  the  compressed  electron  bunches.  The
measured  profiles  allow  calculation  of  the  absolute
electric field. There is an excellent agreement between the
measured  phase  retardation  Γ and  the  numerically
recovered electric field profile.
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BEAM POSITION MEASUREMENT WITH SUB-MICRON RESOLUTION 

B. Keil, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

Abstract 
This paper gives an overview of transverse sub-micron 

beam position measurement systems and techniques for 
3rd and 4th generation light sources and collider projects. 
Topics discussed include mechanical, electrical, and 
digital design aspects, environmental influences, machine 
operation and design considerations, as well as system- 
and beam-based measurement and calibration techniques. 

INTRODUCTION 
Beam position measurement (BPM) systems belong to 

the most vital instrumentation systems of particle 
accelerators. The following sections discuss selected 
aspects of high-resolution BPMs, with a focus on the 
requirements of linac-based 4th generation (4G) FEL light 
sources in comparison to 3rd generation (3G) ring 
accelerators. However, due to the large technological 
overlap between light sources and colliders, most BPM-
related topics are equally relevant for both accelerator 
types. The scope of the discussion in the following 
sections is limited to RF BPMs and does not cover the 
large variety of alternative beam position measurement 
techniques like mechanical or laser wires, screens, photon 
detectors, residual gas, beam loss or halo detectors. 

REQUIREMENTS AND APPLICATIONS 

Beam Stability 
The main objective of submicron resolution BPMs in 

3G light sources is the measurement of the electron beam 
position at the photon beam line source points. Typical 
photon beam stability requirements for experiments at the 
beam line end stations translate into σ/10 position and/or 
σ′/10 angular stability of the electron beam at the source 
point.  Due to a typical emittance coupling in the order of 
1% or less, the vertical beam stability is usually at least an 
order of magnitude more critical than the horizontal one. 
Vertical electron beam sizes of 2-5μm in low-beta 
insertion devices of modern low-emittance storage rings 
result in position stability requirements of a few 100nm. 

Electron beam movements significantly below ~100Hz 
may be directly visible as an undesired modulation in the 
time structure of the recorded experimental data of photon 
beam line end stations. Movements at much higher 
frequencies are often averaged out by the experiment and 
are thus perceived as an effective increase of the electron 
beam emittance, with an accordingly reduced effective 
photon beam brilliance.  

The required electron beam stability in 3G light sources 
is usually ensured by a fast orbit feedback (FOFB) system 
that measures and corrects the beam positions with 
sufficiently fast BPM electronics and corrector (dipole) 
magnets. Typical FOFB systems apply corrections at a 
rate of several kHz, with overall feedback loop latencies 

in the order of some 100μs to 1ms. This allows 
suppression of perturbations due to e.g. mechanical 
magnet vibrations, power supply noise, or changing 
insertion device gaps. Most FOFB systems suppress 
perturbations up to a cut-off frequency in the order of 
100-200Hz [1]. 

BPM requirements for 3G storage rings are primarily 
driven by FOFB systems, since BPM electronics noise 
and drift as well as movements of BPM pickup mechanics 
are modulated back onto the beam or even amplified by 
the feedback loop if they exceed its cut-off frequency. 
Noise and drift of the BPM system within the FOFB 
bandwidth of some 100Hz should therefore be lower than 
the desired beam stability of typically some 100nm. 

In contrast to 3G ring accelerators with continuously 
circulating bunches and typical bunch spacings of a few 
ns, 4G linac-based light sources often operate in single-
bunch mode, at typical bunch repetition rates of 10-
100Hz. This limits the cut-off frequency of beam-based 
transverse feedback systems to about 1-10Hz, thus not 
allowing to suppress perturbations induced e.g. by girder 
vibrations or power supply noise in the order of some 
10Hz. Consequently, such 4G accelerators must be 
inherently stable and need a very careful design of 
mechanical and electrical subsystems in order to achieve 
sufficient beam stability. Therefore, the BPM 
requirements of 4G accelerators are not primarily driven 
by the requirements of fast feedbacks: Their BPMs only 
allow to observe fast perturbations and to identify their 
sources, but not their active suppression. 

An exception are 4G linear or re-circulating energy 
recovery accelerators with bunch repetition rates above 
~1kHz that may operate in CW mode, or superconducting 
pulsed accelerators with long accelerating RF pulses like 
ILC or the European X-Ray FEL (E-XFEL) where trains 
of several 1000 bunches with 200ns bunch spacing and 
~10Hz repetition rate allow the implementation of intra 
bunch train feedback systems [2] with sub-microsecond 
latency that are able to suppress perturbations from DC up 
to a cut-off frequency in the order of 100kHz. 

4G hard X-Ray FEL accelerators typically have round 
beams with σ~30-40μm in the undulators, while modern 
3G accelerators with usual emittance couplings of 0.1-1% 
have flat beams with typically 2-5μm vertical size and at 
least an order of magnitude larger horizontal size. Thus, 
the absolute transverse stability requirements of 4G 
accelerators in both planes are similar to the horizontal 
plane in 3G rings and relaxed compared to the vertical 
plane in 3G rings. However, future 4G SASE FELs might 
operate at very low emittance and bunch charge (~10pC 
or less) in order to lase in single-spike mode with beam 
sizes below 10μm in the undulators [3], thus converging 
towards the vertical stability requirements of 3G rings. 
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Beam Based Calibration and Alignment 
In 3G rings, the beam position displayed by an 

uncalibrated BPM and the real position as defined by the 
magnetic centers of adjacent (well-aligned) quadrupole 
magnets can differ by some 100μm due to mechanical 
tolerances of the pickup and imperfections of the 
electronics. This undesired offset is usually measured by 
varying the beam position in each quadrupole and 
determining the position where a change of the 
quadrupole focussing strength has minimal impact on the 
global beam orbit. BPM resolution and drift requirements 
for such beam based calibration methods in 3G rings are 
usually in the order of 10μm or more at ~1Hz bandwidth, 
which is relaxed compared to the requirements imposed 
by FOFB systems. The main goal of beam based BPM 
offset calibration with subsequent adjustment of the beam 
orbit to the quadrupole magnet centers is the reduction of 
coupling and thus vertical beam size, assuming that 
quadrupoles and sextupoles are sufficiently well aligned 
relative to each other. 

In contrast to 3G rings, beam based BPM calibration 
and magnet alignment methods in 4G linac-based FELs 
may impose very high requirements on BPM 
performance. SASE linac FELs may have undulators with 
overall lengths in the order of 200m that typically consist 
of segments of a few meters length, with a quadrupole 
and BPM between adjacent segments. In order to achieve 
reproducible lasing and photon pulse saturation within the 
available undulator length, the trajectory of the electron 
bunch should not deviate more than ~σ/10 from a 
tangential straight line to the usually slightly curved beam 
trajectory over a few nominal gain lengths (typically over 
~10-20m) at any position in the undulator. 

A common method to obtain the required trajectory 
straightness and electron-photon beam overlap is the so-
called dispersion-free steering (DFS) method [4] where 
the quadrupole magnet centers are adjusted iteratively by 
mechanical movers or dipole correction coils until the 
trajectory becomes (nearly) independent of the beam 
energy for a fixed beam position and angle at the 
undulator entrance. This is basically equivalent to a 
minimization of the integrated dipole field along the 
trajectory, which should thus result in an optimal 
trajectory straightness. One advantage with respect to 
other methods where e.g. the trajectory variation as a 
function of the quadrupole magnet current is measured is 
the fact that DFS accounts for all undesired dipole fields. 
Such fields may not only result from quadrupole magnet 
position offsets, but also e.g. from undulator field errors, 
external stray fields, or the Earth’s magnetic field. It 
should be noted that the DFS method only requires the 
measurement of the relative position change with energy. 
Initial absolute position offsets of BPMs and quadrupoles 
relative to the ideal beam trajectory up to several σ due to 
mechanical alignment errors and electronics offsets are 
uncritical since such offsets are measured and corrected 
by the DFS method. The BPM resolution required for the 
DFS method in order to achieve typical acceptable 

quadrupole magnet alignment errors of ~1μm for hard X-
ray FELs [5] scales with the maximum relative energy 
variation that can be applied: A variation in the order of 
some 10% may result in BPM resolution requirements in 
the order of σ/30, while a accelerator that only allows a 
few percent variation may need ~σ/300 resolution and 
drift over the duration of the measurement. However, 
depending on the way the measurement is performed and 
the accelerator is operated, this resolution and drift may 
not necessarily be required for single bunches but may be 
obtained by averaging over several bunches or 
measurement iterations. 

ACCELERATOR DESIGN AND 
OPERATION ASPECTS 

The design of an accelerator facility and the way it is 
operated have a large impact on the BPM requirements 
for a given accelerator performance goal. The following 
sections discuss some related design and operation 
considerations. 

Bunch Shape 
While the longitudinal and transverse charge 

distribution of a single electron bunch in a 3G light source 
is usually quasi-Gaussian due to synchrotron radiation 
damping, 4G accelerators may have very complex non-
Gaussian asymmetric distributions in all 3 dimensions 
caused mainly by longitudinal bunch compression 
schemes in combination with nonlinearities of the 
accelerating RF fields. 

In 4G SASE FELs, such charge distributions may entail 
that the part of the bunch with sufficient charge density 
for lasing has a transverse offset in the order of the bunch 
size relative to the center of charge that is measured by 
RF BPMs [6]. While this is irrelevant for beam-based 
magnet alignment techniques like e.g. the DFS method, it 
may cause problems for RF BPM based beam position 
feedbacks meant to correct the beam trajectory e.g. in the 
undulators: The BPMs may display a perfectly straight 
trajectory, while the part of the bunch with enough charge 
density for lasing performs large betatron oscillations 
around the desired straight trajectory so that the spatial 
overlap with its generated photon field is not sufficient for 
stable SASE operation. In order to avoid this, 4G 
accelerator facilities usually employ higher-harmonic RF 
systems that linearize the accelerating RF fields, leading 
to charge distributions with a sufficiently small offset of 
the lasing part of the bunch relative to the center of 
charge. 

Magnet Lattice and BPM Pickup Locations 
Many transverse feedback systems in 3G and 4G light 

sources and colliders use the singular value 
decomposition (SVD) method, where the changes of the 
corrector magnet kicks ΔKj that are required to achieve a 
desired change of the beam positions ΔBi are calculated 
using pseudo-inversion of the beam response matrix Mij = 
ΔBi /ΔKj that can be obtained either by measurement or 
by a theoretical optics model. M can be written as product 
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M = UΣVT, where U and V are orthonormal square 
matrices, and Σ is a diagonal matrix with only non-
negative elements Σii=λi, the so-called singular values of 
M that are usually sorted in descending order. The 
pseudo-inverse of M is M+=VΣ+UT, with Σ+

ii=1/λi for λi ≠ 
0 and Σ+

ii= 0 otherwise. The quotient C=max(λi)/min(λi), 
λi ≠ 0 is called conditioning number. The positions of 
BPMs and magnets in an accelerator as well as the beam 
optics should be designed in a way that minimizes C, 
since a large value of C means that at least one orbit 
perturbation pattern (represented by the ith row vector of 
UT that belongs to the smallest λi) requires a C-times 
larger RMS change of the corrector magnet kicks than 
another pattern (represented by the row vector that 
belongs to the largest λi) in order to obtain a certain RMS 
orbit change. Since (uncorrelated) BPM electronics noise 
contributes equally to all measured BPM patterns while 
real orbit perturbations are usually dominated by patterns 
belonging to large λi, a fast trajectory feedback in a 
accelerator with e.g. C=100 may cause ~10x larger noise-
induced perturbations than in a accelerator with C=10. 

Many accelerators with large C values therefore set 
small λi to 0 (singular value cut-off). This reduces the 
BPM-noise induced orbit perturbations, but also causes 
the feedback not to correct certain orbit perturbation 
patterns, so that the beam positions are usually not 
corrected exactly to the desired values. Alternatively, all 
λi below a certain limit (but still above the noise level) 
can simply be set to larger values before performing the 
pseudo-inversion. Then the respective perturbations are 
still corrected, but with a smaller feedback loop gain than 
other perturbations, thus reducing the amount of BPM 
noise being modulated onto the beam by the feedback [7]. 

In addition to a small conditioning number C, 3G and 
4G accelerators should be designed with large beta 
functions at the locations of BPMs (preferably without 
increasing C), especially in case of BPMs adjacent to 
insertion devices that are used by orbit feedbacks, since 
the contribution of BPM electronics noise and drift to the 
photon beam movement for given optical functions at the 
photon beam source point scales with 1/sqrt(βBPM). 

Bunch Charge Stability 
Differences between measured and real beam position 

due to electronics nonlinearities usually depend on the 
(average) beam current or bunch charge as well as on the 
temporal charge variation of subsequent bunches in linear 
and circular accelerators (for a constant average current). 
While this bunch charge dependence can be reduced by 
suitable electronics design and calibration techniques, it 
may still be large enough to have an undesired impact on 
beam stability. In 3G ring accelerators, this can be 
avoided by keeping the beam current at a nearly constant 
level by sufficiently frequent injections (“top-up 
injection”) [8], and by using a “filling pattern feedback” 
[9] that not just keeps the overall beam current but also 
the relative charge distribution among the different RF 
buckets constant. Such feedbacks not only relax the BPM 
electronics requirements with respect to linearity and 

bunch charge dependence for a given beam stability goal, 
but they also improve the medium- and long-term photon 
beam stability drastically by keeping the thermal load on 
the beam pipe and photon beam line optics components 
nearly constant. 

Environmental Aspects and Non-RF BPMs 
Variations of the environmental temperature cause 

mechanical drift of BPM pickups as well as drift of BPM 
electronics components, e.g. gain and offset drift of 
amplifiers, attenuators, mixers or ADCs. The resulting 
temperature-dependent beam position offset due to 
mechanical pickup drift can be measured on-line with 
suitable sensors and added to the measured beam position. 
Temperature-induced drift of the beam position caused by 
BPM electronics components can be reduced by suitable 
design techniques. However, it may still be desirable or 
necessary to control and stabilize the air temperature and 
air flow speed in the area of BPM pickups and electronics 
in order to improve the beam stability. Additionally, non-
RF BPMs like photon BPMs can be used to improve the 
photon beam stability in 3G and 4G light sources, e.g. by 
correcting the reference orbit of an RF BPM based FOFB 
in a way that keeps the photon beam positions constant 
[10]. Thus, any bunch charge and temperature drift effects 
of RF BPM electronics within the correction bandwidth 
of the photon BPM feedback become irrelevant for the 
photon beam stability. 

BPM PICKUPS AND ELECTRONICS 
Table 1 contains a qualitative overview of the 

properties of some RF BPM pickup types with respect to 
performance requirements, design effort, and costs. The 
table is based on a somewhat subjective selection and 
evaluation of existing pickups. A “+” (or “++”) symbol 
indicates that it is usually less (or much less) challenging 
to meet a requirement or to keep the design effort or costs 
low, while a “-” (or “- - ”) symbol denotes that it is more 
(or much more) challenging to reach the respective goal.  

 
Table1: Qualitative Properties of Various BPM Pickups 
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Button Pickups 
Most 3G storage rings use button pickups, since they 

are inexpensive, have minimal impact on the beam, and a 
broadband spectrum that allows to use commercial types 
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for different accelerator RF frequencies. Since submicron 
resolution is usually only required within the FOFB 
bandwidth below 1kHz where the overall integrated beam 
charge for 3G accelerators during user operation is 
usually >100μC, the signal-to-noise ratio is uncritical, and 
a resolution of some 100nm can be reached with moderate 
electronics design effort. This is different in 4G linac-
based FELs, especially for single-bunch operation with 
10-1000pC bunch charge at 10-100Hz rep rate, where the 
single-shot position resolution of button BPM systems is 
usually ranging from a few microns to tens or even 
hundreds of microns depending on bunch charge and 
pickup geometry. 

Striplines 
Matched or resonant stripline pickups are typically used 

for beam transport lines where single bunches have to be 
measured with higher precision than achievable with 
button pickups. The signal level and spectrum of stripline 
pickups enable higher signal-to-noise ratio, especially in 
case of resonant striplines The output signal of matched 
striplines consists of two pulses with opposite polarity, 
where the pulse spacing is twice the flight time along the 
four pickup strips. Resonant striplines are basically four 
λ/4 resonators with 90° rotation symmetry parallel to the 
beam. Their output signal is an exponentially decaying 
sine at the fundamental mode frequency (determined by 
the strip length) plus harmonics at odd integer multiples 
of that frequency. Since the four strips are individual 
resonators with mutual coupling, the pickup actually has 
four fundamental modes: A monopole mode proportional 
to the bunch charge, two dipole modes proportional to the 
product of bunch charge and horizontal or vertical 
position, and a quadrupole mode. The natural frequency 
separation between these modes is typically a few 
percent, although monopole and dipole mode frequencies 
can be matched by using non-uniform strip widths that 
increase towards the open end of the strip [11]. 

Monopole and dipole mode signals of resonant stripline 
and single-cell cavity BPMs (see below) can be separated 
using an external hybrid followed by bandpass filters. 
Resolution and drift are typically limited by the imperfect 
suppression of the monopole mode in the dipole channel 
of the electronics. 

Cavities 
While the performance of button and stripline BPMs is 

usually sufficient for beam transport lines, most 4G FEL 
undulators are equipped with cavity BPM pickups that 
allow to reach sub-micron resolution even at low charges. 
The simplest cavity BPM pickup consists of a single 
cylindrical cavity with four 90° rotation symmetric 
electrodes that couple directly to the resonator. The beam 
position is obtained by dividing the amplitude of the TM11 
(“dipole”) mode that is proportional to the product of 
bunch position and bunch charge through the TM01 
(“monopole”) mode amplitude that is only proportional to 
the bunch charge. A comparatively large spectral mode 
separation of typically some 10% allows easier monopole 

mode suppression in the electronics via band-pass filters 
as compared to stripline pickups. However, the different 
frequencies of dipole and monopole mode may cause 
significant temperature-induced position drift due to 
frequency-dependent properties of electronics 
components in monopole and dipole signal channel. 

In order to overcome these drawbacks, several 4G linac 
FELs use cavity BPMs consisting of two adjacent, usually 
cylindrical cavities, one for the dipole and one for the 
monopole mode signal, with the same frequency of 
typically 3-12GHz for both signals. The dipole cavity 
often uses a mode-selective (“hybrid”) coupling scheme 
[12] where more or less short waveguides couple only to 
the desired dipole mode while suppressing other modes, 
thus enabling a much lower drift- and resolution-limiting 
monopole mode leakage into the dipole signal channel. 

Cost and Performance Aspects 
Recent progress in the design of cost-optimized dual-

cavity pickups with mode-selective couplers [13] allows 
their production at costs comparable to stripline pickups. 
Therefore 4G accelerators like the European XFEL plan 
to use dual-cavity pickups where high resolution is 
needed, and inexpensive button pickups elsewhere in the 
beam transport lines, without a third “medium-resolution” 
pickup type like matched or resonant striplines. However, 
striplines are still an attractive option for accelerators 
operating at very low bunch charge, e.g. for locations in 
the accelerator where the beam pipe diameter is too large 
for cavity BPMs (that tend to become large, heavy and 
expensive for large pipe diameters) and where the 
resolution of button pickups is not sufficient. 

Electronics 
Figure 1 shows simplified sketches of typical 

architectures of 3G ring button BPM (top) and 4G linac 
cavity BPM electronics (bottom). Modern 16-bit ADCs 
with 100-200MSamples/s and a bandwidth well above 
500MHz allow direct sampling of button pickup signals at 
the main RF frequency of 3G ring accelerators, with a 
comparatively small analog input stage consisting mainly 
of bandpass and amplifier/attenuator stages.  

 

 
Figure1: BPM electronics for 3G and 4G light sources. 

The main challenge is often not the required resolution 
of typically some 100nm at ~1kHz bandwidth but a low 
temperature drift and beam charge dependence in the 
same order as the resolution. Common electronics design 
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techniques to reduce drift and charge dependence include 
single- or multi-channel multiplexing schemes, real-time 
normalization on pilot signal tones, active temperature 
stabilization, or the compensation of nonlinearity and drift 
using lookup tables obtained by a lab calibration setup. 

Since matched or resonant stripline pickup signals 
usually have a significant amount of their spectral energy 
within the bandwidth range of fast high-resolution ADCs, 
their signals can be sampled directly using similar 
electronics than storage ring button BPMs, typically with 
higher input stage gain, and resolutions down to a few 
microns for higher bunch charges. An alternative direct 
sampling approach for single-bunch linacs is the use of 
single-shot waveform digitizer chips that allow extremely 
cost-efficient recording of raw or bandpass-filtered BPM 
pickup signals at several GSamples/s [14]. 

 
Dual-cavity BPMs generate decaying sine signals with 

a typical frequency of 3-12GHz and loaded Q values in 
the order of 100 to several 1000. While higher 
frequencies theoretically enable higher resolution, lower 
frequencies allow larger pipe diameters, more flexibility 
and larger tolerances with respect to electronics 
components, as well as the use of several meters of cable 
from pickup to electronics instead of rigid waveguides 
that are used e.g. for X-band cavity BPMs in order to 
limit the signal attenuation to reasonably small values. 
Cavity BPM electronics usually employ IQ mixing to an 
IF in the order of 100MHz or to baseband before 
sampling the signals with high-resolution ADCs. An 
overview of existing high-resolution cavity BPM pickup 
and electronics designs can be found in Ref. [15]. 

Since ADC and digital signal processing electronics for 
3G ring and 4G linac BPM electronics have very similar 
requirements, accelerator labs with both accelerators 
types may design generic BPM electronics consisting of 
pickup-specific  RF front-ends and a common digital 
back-end and ADC type. In addition to FPGA- or ASIC-
based digital IQ downconverters for direct sampling or 
IF-based BPM systems, digital back-ends [16,17] of 
modern BPM systems usually have serial multi-gigabit 
fiber optic or copper cable links that allows their 
integration into 3G ring FOFBs or 4G linac intra-
bunchtrain feedback systems, with the possibility to use 
the same communication protocols, timing and control 
system interfaces for both accelerator types. 

SUMMARY 
Beam position measurement with sub-micron 

resolution and drift does not only involve BPM pickup 
and electronics technology, but should be based on an 
overall concept regarding the design and operation of an 
accelerator and its subsystems. The BPM system 
requirements for fast transverse feedbacks or beam based 
alignment in 3G and 4G light sources and colliders can be 
significantly relaxed by suitable accelerator design, 
alignment and operation techniques. BPM system 
architectures with accelerator-specific pickups and RF 
front-end electronics combined with generic digital-

backend and ADC solutions enable large synergies 
between different accelerator types. 
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CAVITY BPM DESIGNS, RELATED ELECTRONICS AND MEASURED
PERFORMANCES

D. Lipka∗, DESY, Hamburg, Germany

Abstract

Future accelerators like the International Linear Collider
and Free-Electron Lasers require beam position measure-
ments with submicron resolution in critical parts of the ma-
chines. This is achievable using the Cavity Beam Position
Monitors (BPM). This paper presents the basic principles
of this monitor type. Different institutes are working on
the design of cavity BPM systems. An overview of recent
developments with results and limitations is given.

INTRODUCTION

The international linear collider (ILC) will require high
performance beam position monitors (BPM) to control the
beam trajectory with high precision in order to maintain a
stable collision of nanometer sized beams. The BPMs have
to be located at specific positions along the linac up to the
interaction point, where a few nanometer resolution is re-
quired. Additionally a spectrometer will be used in order
to measure the beam energy. The spatial beam offset corre-
sponds directly to the beam energy. To minimize the influ-
ence to the emittance the offset has to be small, therefore
high precision BPMs are required for the ILC spectrometer
with a resolution of 500 nm or better [1].

In case of Free-Electron Lasers (FEL) the overlap of the
electron beam with the photon beam along the undulators
less than 10 % of the transverse size is required. Typical
transverse sizes of beams are of the order of 30 μm. There-
fore a resolution better than 1 μm is required.

In comparison to other types of BPMs, like e.g. the but-
ton [2] or stripline [3] BPM, only the cavity BPM has the
potential to achieve such high resolutions on a bunch by
bunch time-scale. In this paper the cavity BPM principle
is discussed, followed by the description of the electronics,
resolution limitations and measurement methods. A few
examples of such BPMs are presented.

THEORY OF CYLINDRICAL CAVITY
BPMS

Electric Fields

The electric field E of a cavity can be derived from the
d’Alembert equation

ΔE − 1
c2

δ2E
δt2

= 0 (1)

with c being the speed of light. For a cavity with radius
R and length L only the z component is of interest. The

∗ dirk.lipka@desy.de

solution can be represented as

Ez,mnp(r, φ, z, t)=CJm

(
jmnr

R

)
cos (mφ)e−i(ωmnpt∓ pπz

L ).

(2)
Here jmn denotes the n-th zero of the Bessel function Jm

of order m and

ωmnp = c

√(
jmn

R

)2

+
(pπ

L

)2

(3)

is the angular resonant frequency of the mode mnp. The
two first modes have j01 = 2.405 and j11 = 3.832 [4].
The first mode (monopole mode, TM010) does not depend
on the spatial component φ, therefore a cylinder symmetric
mode is generated, as shown in Fig. 1. The Bessel func-

Figure 1: Field distribution of the first monopole mode in a
cylindrical resonator. Simulation [5] is used.

tion of the order m = 0 does not depend of the radius r
close to the cavity center. Therefore the field strength is
proportional to the beam charge. The second mode (dipole
mode, TM110) depends on φ resulting in a field distribu-
tion as shown in Fig. 2. For a beam passing close to the
cavity center the Bessel function of order m = 1 can be
derived proportional to r. For that reason the field strength
is proportional to the beam offset and charge.

Nowadays cylindrical cavities can be produced with very
high accuracy. Therefore by measuring the field strength of
the dipole mode a high resolution of the position informa-
tion can be obtained.

Line Voltage
The normalized shunt impedance

R

Q
=

V 2

ωW
(4)
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Figure 2: Field distribution of the first dipole mode in
a cylindrical resonator (horizontal orientation), a second
dipole mode with vertical orientation and the same reso-
nance frequency is generated as well, not shown here. Sim-
ulation [5] is used.

characterizes the energy exchange between the beam and
the cavity. Here W is the energy stored in the cavity and

V =

∣∣
∣
∣
∣

∫ L

0

Ezdz

∣∣
∣
∣
∣
. (5)

The integration path goes along the particle trajectory. It is
convenient to define a shunt impedance (R/Q)0 at a certain
offset x0 with respect to the electrical center of the cavity
for the dipole mode

R

Q
=

(
R

Q

)

0

x2

x2
0

. (6)

The energy after passing a longitudinally Gaussian-like dis-
tributed bunch with a length σz and a charge q is given
by [6]

W =
ω

4

(
R

Q

)

0

x2

x2
0

q2 exp
(
−ω2σ2

z

c2

)
. (7)

Only a fraction of the energy will be coupled out of the
cavity depending on the external quality factor

Qext =
ωW

Pout
. (8)

Taking into account an output line with impedance Z the
voltage is

Vout =
√

ZPout =

√

Z
ωW

Qext

=
ω

2

√[
Z

Qext

(
R

Q

)

0

]
q

x

x0
exp

(
−ω2σ2

z

2c2

)
.

(9)

The fraction Vout/(qx) defines the sensitivity of the BPM.
The power dissipated in the cavity wall can be described

by the internal quality factor Q0

Pdiss =
ωW

Q0
. (10)

By combining both quality factors the loaded quality factor
is

1
QL

=
1

Q0
+

1
Qext

. (11)

The energy stored in the cavity decays proportional to the
loaded quality factor

τ =
2QL

ω
. (12)

For a single bunch measurement the signal should decay
faster compared to the bunch spacing.

The line voltage parallel to the cavity axis results in

Vx(t) = Voute
− t

τ sin (ωt). (13)

Note: There are two definitions of τ , the other is without
factor 2 in (12), in this case the factor 2 has to be added in
the denominator of the exponential in the equation (13).

The amplitude Vout depends on the product of beam off-
set and beam charge, therefore by measuring the ampli-
tude and charge separately the offset can be obtained. The
charge can be measured from the amplitude of a monopole
mode. In most cases a second (reference) resonator tuned
to the TM010 mode is used, also giving the relative phase
between the dipole and the monopole mode and thus the
direction of the beam offset.

Influence of the Beam Angle

If a beam enters the cavity under an angle α, each half
of the resonator induces an offset with ±αL/4, see Fig. 3.
The induced field is a dipole mode. The timing oscillation

L

L/2 L/2

� � L/4

Beam

Figure 3: Sketch for the influence of the beam angle α.

in the equation (13) can be divided in each half of the res-
onator. The measured voltage is then

Vα = C∗ [sin (ω(t + L/4c))− sin (ω(t − L/4c))]

= 2C∗ sin
(

ωL

4c

)
cos (ωt).

(14)

Note that the oscillation caused by a beam angle is shifted
by 90◦ with respect to the signal caused by an offset. The
fraction of the angle influence to the offset signal x is about
ωL2α/(8

√
2cx). For short cavities the influence of the

beam angle is reduced.
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Influence of the Bunch Tilt

Consider a bunch with a tilt Θ with respect to the cavity
axis, as shown in Fig. 4. In this case the bunch can be

Bunch

z

q/2

q/2

Figure 4: Sketch for the influence of the bunch tilt Θ.

divided into two parts each carrying a half of the bunch
charge and contributing to the dipole mode. The measured
voltage from the BPM in this case is:

VΘ = C∗∗ [sin (ω(t + σz/c)) − sin (ω(t − σz/c))]

= 2C∗∗ sin
(ωσz

c

)
cos (ωt).

(15)

The signal is shifted by 90◦ with respect to the offset signal.
The fraction of the tilt influence to the offset signal is about
Θωσ2

z/(2cx). A shorter bunch will have less effect to the
dipole mode.

Rejection the Monopole Mode

The resonance frequency of the monopole mode is dif-
ferent of that of the dipole mode but the amplitude of the
monopole mode is orders of magnitude larger compared to
the dipole mode. Furthermore, at a moderate loaded quality
factor there is a contribution at the dipole mode frequency
due to the given bandwidth of the monopole mode.

Therefore a spatial filter (a slot or a waveguide) has to
be inserted on the resonator, as described in ref. [7]. Usage
of the slot exploits the differences in the field distribution
of the monopole and dipole modes in order to reject the
tails from the monopole mode, as shown in Fig. 5. The
monopole mode is damped in the slot but the dipole mode
can still propagate. By inserting an antenna in the waveg-
uide/slot the voltage of the dipole can be measured like rep-
resented in the equation (13).

Waveguides provide a larger orthogonal coupling reduc-
tion compared to antennas mounted directly in the cavity.
One has to point out that the waveguides/slots have to be
implemented with high precision. Otherwise it would shift
the dipole mode distribution resulting in higher orthogonal
coupling [9].

ELECTRONICS

The signal processing can be done as shown in Fig. 6. In
a hybrid the two opposite signals (which have a phase shift
of 180◦) are subtracted. This reduces the influence of the
monopole mode and doubles the amplitude of the dipole
mode. Due to different cable length the phase of 180◦ can
be shifted. Therefore phase shifters are connected before
the hybrid to compensate the shift. In some cases the am-
plitude from the rejection of dipole and monopole modes

Figure 5: The dipole mode is selectively coupled out by
means of two long, narrow, radial slots on one cavity face.
The beam is indicated by a black dot, the electric field vec-
tor points circumferentially across the slot while the mag-
netic field vector points radially. The cavity has four slots
(two for each plane to assure the symmetry). Details are
given in ref. [8]

�

�

�

Attenuator
switch

Hybrid
BPF

LO

BPF 90o

BPM

Reference

ADC

I

Q
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Figure 6: Block diagram of the electronics used for the
signal processing of the dipole resonator.

due to spatial filter is large enough to dispense this part.
This scheme is less sensitive to phase drifts due to temper-
ature changes. To increase the dynamic range a switchable
attenuator can be integrated in the electronics. A band-pass
filter rejects higher order modes and an amplifier increases
the amplitude.

If the following electronics can not be positioned close to
the BPM, the signal has to be transmitted via long cables.
The transmission of high frequency signals via cables is
low, therefore down conversion with a local oscillator (LO)
is done to an intermediate frequency. Two frequencies are
multiplied:

A sin (ω1t + φ1) · B sin (ω2 + φ2) =
AB

2
[cos ((ω1 − ω2)t + (φ1 − φ2))−
cos ((ω1 + ω2)t + (φ1 + φ2))].

(16)

Followed by a low-pass filter only the lower frequency ω1−
ω2 is received.
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The intermediate frequency can be transported with
lower attenuation to the other part of the electronics. Here
a second band-pass filter for the intermediate frequency is
used followed by an amplifier. Two parallel down conver-
sions (I-Q demodulation) are used with a reference fre-
quency either with a matched phase (realized with the
phase shifter beforehand) and with reference frequency
shifted by 90◦. This reduces the influence of beam an-
gle α and bunch tilt Θ, compare with equations (13), (14)
and (15).

Two methods are in use for the I-Q demodulation: Ho-
modyne and Heterodyne one. The first one uses the same
frequency as the dipole mode. Therefore the same inter-
mediate frequency enters the conversion. This results in
a zero frequency, as follows from equation (16) and only
the amplitude information is maintained. The Heterodyne
method uses a reference frequency, which is different from
the intermediate frequency. In this case a lower frequency
provides the amplitude and phase information.

The used electronics can imply all components men-
tioned above as shown in Fig. 6, but some of those can
be dispense. For example the remote controlled attenuation
switch is used only when a large dynamic range is required,
or the first down conversion is used only if the I-Q demod-
ulator is positioned far away from the BPM. In case the
resolution above 1 μm is required, the I-Q demodulation is
not in use.

RESOLUTION

The position signal is influenced by the monopole signal,
by the beam angle and bunch tilt, by orthogonal coupling
and cavity noise. The latter can be calculated as

Vnoise =
√

4kTZBW, (17)

where k is the Boltzmann constant, T is the temperature, Z
is the impedance (usually 50 Ω) and BW is the bandwidth
of the entire system including the electronics. The ampli-
fiers of the electronics will amplify also the cavity BPM
noise. Additional electronics noise will contribute, degrad-
ing the resolution. The amplifiers and the ADC usually
have the largest contributions to the noise. Therefore low
noise components for the electronics with stabilized envi-
ronment temperature have to be chosen.

MEASUREMENTS

The resolution of a cavity BPM is measured by using 3
BPMs placed one after another with distances zij = zi−zj

(i, j = 1, 2, 3) to exclude the beam jitter. The outer BPMs
(1,3) are measuring the beam position and predict the posi-
tion on the BPM 2. The difference of several measurements
gives the RMS value σ2. For the resolution R2 a geometric
factor has to be taken into account as described in ref. [6]

R2 =
σ2√

12 +
(

z12
z13

)2

+
(

z23
z13

)2
. (18)

Here one has to assume that all three BPM have the same
resolution. For z13/2 = z12 = z23 the equation (18) sim-
plifies to R2 = σ2

√
2/3.

Another method for the resolution measurement is the
correlation of a large number of BPMs with a single BPM
of a long beamline. In this case the resolution will be over-
estimated because the other BPMs are assumed to be noise
free.

EXAMPLES OF RECENT
MEASUREMENTS

SPring-8 Compact SASE Source Cavity BPM
Prototype

The design of the cylindrical cavity BPM with 4.76 GHz
resonance frequency can be found in [10]. First measure-
ments have been made with 4 BPMs placed between the
undulators. The electronics was build without I-Q demod-
ulator. Therefore phase drifts for different machine condi-
tions and beam angle and bunch tilt influences the resolu-
tion measurement. The resolution between 1.7 and 5.2 μm
was obtained [10].

A new circuit has been realized with an I-Q demodula-
tion, applying the homodyne method and the beamline was
rearranged with only drifts between 3 BPMs. With this
configuration the resolution improved to 0.2 μm [11].

Re-entrant Cavity BPM for the European XFEL

Cylindrical re-entrant cavity BPM built at Saclay with
dipole mode resonance frequency of 1.724 GHz will be
used in the cold accelerator at cryogenic temperature. The
design is realized without slots, therefore the monopole
mode at 1.255 GHz is filtered with hybrids, as described
in details in ref. [12]. A single down conversion per plane
is used, applying the homodyne method. The charge cal-
ibration is made by using the sum signal from the hybrid,
corresponding to the monopole mode. Measurements at
FLASH show a resolution of 4 and 8 μm, the difference is
caused by different low-pass filters [12, 13]. This results
fulfills the requirement for the resolution of 50 μm.

Undulator Cavity BPM for the European XFEL

The design of the cavity BPM is based on [10] adapted
to the requirements of the European XFEL: smaller beam
pipe (10 mm diameter) and a lower resonance frequency of
3.3 GHz. Few prototypes already produced at DESY, one is
installed at FLASH. The measured frequency, loaded qual-
ity factor and sensitivity are in agreement with the predic-
tion. An improvement of the orthogonal coupling has been
done, see [9]. Next step is to include 3 BPM in FLASH
with electronics to measure the resolution.

Linac Coherent Light Source Cavity BPM

The cylindrical cavity BPMs were developed at the Ar-
gonne National Laboratory with a dipole mode resonance
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frequency of 11.384 GHz to be used between the undula-
tors at LCLS. The detail of the design can be found in ref.
[14]. The fields of the cavities are transmitted with waveg-
uides to the receiver, below the undulator girder. The re-
ceiver uses a single-stage heterodyne method, as described
in [15]. Measurements at the Advanced Photon Source low
energy undulator test line result in resolution between 0.26
and 0.32 μm [16]. Meanwhile 33 cavity BPMs are used
for the resolution measurements at LCLS with the cross
correlation method. The median resolution of all BPMs
is 0.44 μm for the horizontal, and 0.23 μm for the vertical
plane, as described in ref. [17].

ILC Spectrometer With Cavity BPM

A prototype of an ILC spectrometer using cylindrical
cavity BPMs as described in ref. [18] is installed at the
SLAC end station A. The design is presented in [19] and
provides a resonance frequency of about 2.9 GHz. The
electronics consists of a I-Q demodulation with Heterodyne
method, a single stage down-conversion is used. The mid-
dle BPM (of three) is mounted on a dual axis mover sys-
tem. The BPMs vibrational motion of the horizontal plane
is monitored by an interferometer system. It was shown
that the non-rigid motion for the middle BPM is 620 nm,
for the other two it is below 100 nm. Therefore by mea-
suring the BPM resolution and assuming all three have the
same behavior the non-rigid motion dominates the result.
The measured resolution is about 0.5 μm [1] which fulfills
the requirement.

Cavity BPM for the ILC Interaction Point

To control the interaction of the beam collisions the res-
olution of the BPM has to be few nanometers. Some it-
erations are made to improve the resolution. Cylindrical
cavity BPMs are tested with a special metrology system to
stabilize the non-rigid motion, which leads to the resolution
of 15 nm [20] at the KEK Advanced test facility. The next
tested prototype was a rectangular design for each trans-
verse plane to suppress the orthogonal coupling. These
prototypes were fixed on a heavy granite table. The steerers
available for the calibration produce a certain offset. This
system uses a hybrid to increase the weak amplitude and
a homodyne method is applied for the I-Q demodulation.
The resolution of (8.72±0.28(stat.)±0.35(syst.)) nm was
measured [21].

SUMMARY

The basic principles of the cavity BPM designs are pre-
sented. The influence of the beam angle and bunch tilt are
discussed and the rejection of the monopole mode is de-
scribed. An overview of the signal processing is shown and
the main influence on the resolution is discussed. The ex-
amples from different institutes have shown that the cavity
BPMs are able to provide resolutions at a few nanometer
level.
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Abstract 
The Linac Coherent Light Source (LCLS) is a free-

electron laser (FEL) at SLAC producing coherent 1.5 Å 
x-rays. This requires precise, stable alignment of the 
electron and photon beams in the undulator. We describe 
the beam position monitor (BPM) system which allows 
the required alignment to be established and maintained. 
This X-band cavity BPM employs a TM010 monopole 
reference cavity and a single TM110 dipole cavity 
detecting both horizontal and vertical beam position. 
Processing electronics feature low-noise single-stage 
three-channel heterodyne receivers with selectable gain 
and a phase-locked local oscillator. Sub-micron position 
resolution is required for a single-bunch beam of 200 pC. 
We discuss the specifications, commissioning and 
performance of 36 installed BPMs. Single shot 
resolutions have been measured to be about 200 nm rms 
at a beam charge of 200 pC. Initial LCLS commissioning 
is described. 

FEL COMMISSIONING 
LCLS photocathode RF gun and injector systems were 

commissioned in 2007, followed by linac and bunch 
compressor systems in 2008. Beam was first taken  
through the undulator beamline (with no undulators 
installed) in December, 2008. After aligning each 
undulator segment individually, 21 undulator magnets 
were inserted in April 2009. We observed lasing at 1.5 
Angstroms essentially immediately [1]. 

 
Figure 1:  FEL power gain length measurement  at 1.5 Å 
made by kicking the beam after each undulator 
sequentially (red points), a prediction (blue line) and the 
laser spot seen on a YAG screen. 

BPM REQUIREMENTS 
Laser saturation in the LCLS FEL requires the electron 

and photon beams be collinear in the 131 meter-long 
undulator to about 10% of the 37 μm rms transverse beam 
spot size over scales of the FEL amplitude gain length 
(~4m) [2,3]. BPM system requirements include centering 
accuracy, reproducibility, small physical size, radiation 
hardness, and sub-micron resolution at 200 pC. 

SYSTEM DESIGN 
The major subsystems for the LCLS undulator BPM 

system are the cavity BPM, receiver, and data acquisition 
components. The cavity BPM and downconverter reside 
in the tunnel while the analog-to-digital converters (ADC) 
and processing electronics are in surface buildings. 

 Thirty-four BPMs are installed on undulator girders 
while two are placed in the linac-to-undulator (LTU) 
transport line. The BPMs provide stable and repeatable 
beam position data for both planes on a pulse-to-pulse 
basis for up to a 120-Hz repetition rate.  

 

 
Figure 2: BPM Cavity schematic with electric fields of 
position (dipole) and reference (monopole) cavities. 

X-Band Cavity 
Figure 2 shows the electric field vectors in the cavity 

BPM simulated when the beam is offset[4,5]. Beam 
passes through the monopole reference cavity on the 
right, exciting the TM010 monopole mode signal resonant 
at 11.384 GHz. The TM110 dipole cavity is located 36 mm 
downstream through the 10-mm-diameter beam pipe. 
Monopole-dipole isolation is 130 dB, due to a below-
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Y-Port 

Vertical dipole 
mode 

X-Port 

____________________________________________ 
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cutoff beampipe, copper losses, and poor coupling of the 
TM beampipe mode to the cavity dipole mode.  

The position cavity dipole mode is resonant at 11.384 
GHz, its output proportional to the product of beam 
position and bunch charge. The X and Y position modes 
are nominally degenerate in frequency, with the 
appropriate component chosen by the geometry of the 
couplers. The dipole coupler geometry is chosen to reject 
(the generally larger) monopole modes[4-8]. 

Iris couplers are precisely electrical discharge machined 
(EDM) into a solid copper block to ensure repeatable and 
accurate coupling. This technique ensures that the 
waveguide braze has little or no effect on the cavity 
performance. The dipole cavity was designed as a 4-port 
device with two opposing X couplers orthogonal to two 
opposing Y couplers. This is useful for cold testing and 
preserves symmetry. Unused ports are terminated with the 
potential for using them for future diagnostics. 
  Forty BPMs were built to a tolerance of ±10 MHz of 
design frequency. Accomplishing this without demanding 

unrealistic machining tolerances requires tuning. First, 
parts are inspected and cleaned. End caps are fitted to the 
body and clamped to a test fixture. Frequency and 
bandwidths are measured, then endcap beam pipe inner 
diameters are micro-machined as needed. BPMs are 
reassembled and checked to ensure the cavities are within 
the tolerance of +0, -10 MHz to compensate for frequency 
shift in the brazing process. End cap brazing was strictly 
controlled and a 10 MHz frequency shift was typically 
measured after the braze. 

Dipole cavity final tuning was done with a sliding 
hammer in up to eight boss locations in the endcap to 
dimple the wall of the cavity. Four tuners in-line with the 
iris couplers are used for frequency adjustment. Four 
cross-talk tuners on the dipole cavity end cap are located 
at 45 degrees to the couplers. They reorient the dipole 
mode such that the modes are symmetric about the 
vertical and horizontal planes.  These tuners are used to 
set the symmetry of the modes and optimize the isolation 
between planes.     

 
Figure 3: System block diagram. The receiver is mounted on the undulator stand while the digitizers are upstairs. 

Receiver 
A three-channel heterodyne receiver (Figure 3) mixes 

incoming X-band signals to a 25-50 MHz intermediate 
(IF) frequency. Each receiver input is limited to a 35 MHz 
bandwidth around 11.384 GHz. Filters also provide a 
broadband -10 dB return loss match to the cavities. Out-
of-band filtering of -60 dB prevents higher modes from 
saturating the receiver input. Signals are first amplified in 
a low noise stage (LNA), then translated to the lower IF 
by mixing with a local oscillator (LO). The LNA is 
protected against high-power surges by a limiter that is 
rated at 50 W peak. The dynamic range of the electronics 
is extended by switching the gain of the receiver. Overall 
conversion gain/loss is +10 dB in the high gain mode and 
-15 dB in low gain. The LO is a low noise phase-locked 
dielectric resonant oscillator (PDRO) locked to the 119-
MHz timing reference [9]. 

Digitizer 
The X, Y, and Reference signals are digitized to 16 bits 

at a 119 MHz sampling rate in 4-channel VME digitizers 
designed and built at SLAC. Waveforms are transmitted 
over the backplane to a VME processor which reduces 
raw waveforms to beam position and charge. 

 

 
Figure 4: BPM raw waveforms sampled at 119 MHz. 

ALGORITHM 
Beam charge at each BPM is estimated by scaling the 

amplitude of the reference cavity. Each position 
waveform is reduced to amplitude and phase in an 
appropriate bandwidth around the cavity frequency. 
Normalized amplitudes are formed by dividing by the 
amplitude of the reference cavity and rotating by its 
phase. Position is estimated by rotating this complex 
normalized amplitude by a phase established with beam 
calibration, projecting out the position component, and 
scaling to microns. Finally a linear transformation 
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accounts for potential physical rotations of the BPM, non-
orthogonality of the X and Y ports, and  coupling between 
the ports. 

CALIBRATION  
Recovering beam position and charge from the 

digitized cavity waveforms requires knowledge of cavity 
phases and scales. Undulator BPMs are calibrated by 
mechanically moving the girder on which the BPM is 
fixed, fitting the phase and amplitude of  the position 
signals normalized in phase and amplitude to the 
reference. Presently production BPM code calibrates by 
moving BPMs in 100 micron steps, much larger than 
typical 10 to 20 micron beam jitter. In principle we can 
use uncalibrated measurements from nearby BPMs to 
remove beam jitter during calibration, and calibrate with 
motion below alignment tolerances. The results of such a 
small-move calibration are shown in Figure 5. Transfer 
line BPMs, which are not mounted on movers, are 
calibrated by moving the beam on the BPM with a 
corrector. 

 
Figure 5: Calibration moving BPM in 5 micron steps. 

PERFORMANCE 

Resolution 
We evaluate BPM resolution in the presence of >10 

micron beam jitter by acquiring beam position 
synchronously over many beam pulses from many BPMs. 
A least-squares fit predicts position in each BPM as a 
linear combination of position measured in neighboring 
BPMs. Figure 6 shows this procedure applied to the 26th 
cavity BPM. It shows Y measured 120 times in 3 adjacent 
BPMs, Y versus that predicted from four closest 
neighbors, and the fit residual, or difference between 
measurement and prediction. The scatter of fit residual is 
an estimate of BPM resolution. Also plotted is a 
histogram of Y resolutions for 33 BPMs. 

Stability 
We evaluate two aspects of BPM stability. Calibration 

stability is evaluated by repeatedly calibrating about once 
a shift  over three days. We find the scale drifting by less 
than 0.5% in 24 hours and the phase stable to 0.1 degree. 

Secondly we record groups of about 100 beam pulses 
every 20 minutes over a 3.5 day period using a single 
calibration. Using adjacent BPMs to remove beam jitter, 
we plot measured beam position at each BPM. Typical 
stability is better than 1 micron drift over 24 hours. 

 

Figure 6: Upper-left: Y position measured at adjacent 
BPMs for 120 pulses. Upper right: Y at BPM26 vs. best 
fit prediction from its neighbors. Lower left: Fit residual, 
Lower right: Histogram of measured BPM resolutions. 
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Max-Planck-Institut für Kernphysik, Heidelberg, Germany

Abstract

A cryogenic electrostatic storage ring (CSR) is under
construction at the Max-Planck-Institut für Kernphysik in
Heidelberg (MPI-K), which will be a unique facility for
low velocity and in many cases also phase-space cooled
ion beams. Amongst other experiments the cooling and
storage of molecular ions in their rotational ground state
is planned. To meet this demand the ring must provide
a vacuum in the XHV range (10−13 mbar room tempera-
ture equivalent) which will be achieved by cooling the ion
beam vacuum chambers to 2 - 10 K. This also provides a
very low level of blackbody radiation. The projected beam
current will be in the range of 1 nA - 1 μA. The result-
ing low signal strengths together with the cold environment
put strong demands on the amplifier electronics. We plan
to make use of a resonant amplifying system. Using coils
made from high purity copper, we expect quality factors of
∼1000. The mechanical design has to provide stability and
reproducibility of the alignment despite thermal shrinking
when switching from room temperature operation to cryo-
genic operation. A prototype pickup has been built in order
to test resonant amplification and the mechanical design us-
ing the wire method. The resonant amplification principle
was tested in the MPI-K’s Test Storage Ring (TSR).

INTRODUCTION

The CSR will be a fully electrostatic storage ring used
to store atomic and molecular ion beams [1]. The beam
optics consist of quadrupoles, 6◦ deflectors to separate the
ion beam from neutral reaction products and 39◦ deflec-
tors. It will be possible to merge the ion beam with neutrals
and a laser beam. The experimental straight sections con-
tain an electron cooler and a reaction microscope for reac-
tion dynamic investigations. One linear section is uniquely
reserved for diagnostics which will contain quartz profile
monitors, Schottky pickups, an ionization rest gas monitor,
a sensitive squid based cryogenic current comparator and
two beam position monitors [2].

For the cold supply a commercially available Linde
4.5 K helium liquefier is combined with an additional con-
nection box assuring the adaption to the CSR’s helium
pipe system. To reduce blackbody radiation, a maximum
temperature of 10 K of the inner vacuum chamber is re-
quired. Efficient pumping of hydrogen as the main rest
gas component is necessary to reach a vacuum in the XHV
range which will be achieved by cooling parts of the vac-
uum chamber down to 2 K. For commissioning of the ring
the ability of room temperature operation is required and
part of the cryogenics concept is the possibility of baking

Figure 1: Overview over the CSR beam diagnostics system.

out the system to at least 300 ◦C. The cryogenic concept
leading to the ability to reach vacua in the desired range
was successfully tested with the Cryogenic Trap Facility
(CTF) [3].

The extremely low temperatures, the large operational
temperature range and the low pressures together with ex-
pected low signals are extremely challenging factors for the
design of the storage ring components, particularly for the
diagnostics equipment.

POSITION PICKUPS

Mechanical Design

In total six beam position monitors, each consisting of
two pickups, are foreseen. One beam position monitor will
be placed at each end of the diagnostics section as well as
on both sides of the reaction microscope and of the third
experimental section. The diagonal slit type linear pickups
with a circular aperture will be used. The overall beam
position monitor length will be ∼ 35 cm and the diameter
of the electrodes will be 10 cm.

The pickups themselves will be situated in a grounded
shielding chamber which has two functions. Firstly, it
shields the pickup plates from the cryo-pump, which is a
panel made from metal and coated with charcoal to pro-
vide a large absorption area. This layer introduces extra
electrical capacity and an implied unsymmetry into the sys-
tem and it added up to the loss budget lowering the qual-
ity factor of the resonant circuit. Secondly, the shielding
separates the actual signal from disturbing signals on the
ground set up by the storage ring chambers. A provision
of small holes in the chamber that shield against high fre-
quency electric fields but improves pumping will be con-

POSITION PICKUPS FOR THE CRYOGENIC STORAGE RING
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sidered. The grounded shielding chamber is terminated by
massive plates having an aperture of 10 cm, which is the
smallest aperture in the beam pipe. These plates also serve
as mounting points for the electrode struts. The grounded
shielding chamber is placed on a cylindrical metal pillar,
which is itself mounted on the 40 K shield. This cylin-
der must be thin-walled to prevent heat flux from the 40
K shield to the grounded shielding chamber. It will addi-
tionally be interrupted by a ceramic insert to electrically
disconnect the grounded shielding chamber from the ring
ground. Since the ring is supposed to be operated be-
tween 2 - 300 K, the height of the optical elements such
as the quadrupoles will vary and the vertical position of
the pickups must vary likewise. The capability of the pick-
ups for absolute position determination is required to be 0.5
mm. The suspension of the optical elements will be made
from glass fiber reinforced plastics and the pickup suspen-
sion must be composed of materials that compensate for
the temperature shrinkage. The electrically and thermally
floating pickup chamber has to be thermally connected to
the experimental vacuum chamber by copper bands with
sapphire inserts that ensure the electrical separation of the
ring ground and the shielding chamber ground.

Figure 2: Preliminary mechanical design of the beam posi-
tion monitor.

Amplification Principle

Table 1 summarizes some of the relevant beam parame-
ters. The lower current limit derives from a minimum de-
sign current to operate the ring in connection with exotic
large molecules with a low current source and in experi-
ments with high reaction cross sections in which it will be
necessary to lower the reaction rate to prevent from detec-
tor saturation.

For amplification of pickup signals in the kHz to MHz
regime, originating from bunched beams with long bunch
lengths, usually high impedance amplifiers with an input
DC-resistance of 1 MΩ are used. This ’conventional’ -
non-resonant - method is planned to be used in the CSR

Table 1: Beam parameters

Mass range 1-100 amu
Energy range (1+ ions) 20 - 300 keV
Frequency range 5 kHz - 200 kHz
Intensity range 1 nA - 1 μA

as well. Additionally it is planned to extend the system
with the possibility of resonant amplification which is, to
first order, set up by an inductance supplementing the cir-
cuit in parallel with the combined capacity of the pickup
electrodes, the signal feedthroughs and other extra capac-
ities. At resonance the impedances of both the capacity
and the inductance have the same absolute value but phase
shifted by π and thus the impedance of the total circuit
equals its purely resistive part. The large range of planned
frequencies is set by the extended mass range of the stored
ions. A resonant system which would cover the first har-
monic frequency range would have to have an extremely
large and variable capacity or inductance range, which is
not feasible. Therefore a system with a frequency range
from 200 kHz to 400 kHz is planned, so that e.g. a beam
coasting at 5 kHz had to be bunched to its 40th harmonic.
From the viewpoint of the coupling to the resonance cir-
cuit a narrow span of signal frequencies would allow op-
timal impedance matching to minimize noise transfer. In
principle it is possible to bunch the beam to even higher
harmonics to also move the signal frequency further away
from the 1/f-noise regime. Additionally the manufacturing
of the inductance for which we intend to use coils made
from high purity copper became much simpler and the side
effects of a high inductance coil such as self-capacity and
wire resistance lowering the quality factor were of minor
importance. There is, however, an upper limit for the har-
monics with which the beam can be bunched, yet alone if
the beam displacement is calculated from the pickup sig-
nal based on a calibration function obtained using a wire
with an applied RF-frequency as a beam replacement. The
EM wave generated by the wire has no component in the
longitudinal direction and thus represents a TEM wave in
the pickup and therefore a field of a beam with β = 1. As
described by R. E. Shafer [4], for beams with β ≈ 1 the
difference signal divided by the sum, which is usually eval-
uated, if the beam displacement is determined, is frequency
independent. There is, however, a dependence of the cali-
bration curve on the frequency for low-β beams. Estima-
tions using equations provided in [4] indicate that up to a
harmonic number h=40 no low-β effects are expected. This
number, together with the low frequency limit of a coasting
beam, leads to the lower limit of the frequency range which
must be covered by the resonant amplifying system. How-
ever, calculations of the low-β effects based on the finite
elements method, are considered which include the special
geometry of our pickup system, the result of which may
shift the desired frequency range.

The tuning of the resonant circuit, that was used in test
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measurements at the Test Storage Ring, was done with a
tuning capacity, which is appropriate to withstand cryo-
genic temperatures and does not affect the quality factor of
the resonant circuit. However its range of capacity change
is not sufficient to tune the resonant circuit to frequencies
in the desired range. As an alternative we will investigate
piezo-element driven mechanic capacitors which have the
advantage of a highly adjustable capacity range, but the dis-
advantage of slow variational speed.

R L C CK

VL VR
IRIL

V

Figure 3: The effect of the coupling capacity on the reso-
nant pickups. Upper plot: Equivalent circuit with the ca-
pacity of the pickup electrode (+cables etc.) and the cou-
pling capacity Ck. The difference of the signal currents IL
and IR is for a diagonally slit pickup linearly dependent on
the beam displacement. For beam position measurements
the left and right voltages VL and VR are processed. Mid-
dle: Frequency response with the resonant circuits tuned to
200 kHz and C = 4 pF. The curves (red: VR, blue: VL)
are calculated for a beam position of x = 30 mm. Lower:
Plot of the calibration curves. Black: Calibration curve for
non-resonant amplification, i.e. without the inductances.
The slope is decreased due to coupling with respect to the
ideal case where (V R − V L)/(V R + V L) = 1 at x = 50
mm. Red: Calibration curve with resonant amplification.
Its slope is decreased by a factor of 20 with respect to non-
resonant amplification.

For the position measurement a simultaneous measure-
ment of the signals from both pickup electrodes is prefer-
able. Due to the large opposing areas of the pickup elec-
trodes, there is always a considerably large coupling capac-
ity present. Using non-resonant amplification, a high cou-

pling capacity lowers the displacement sensitivity, which
can be partially improved using grounded guard rings that
are inserted in the gaps between the electrodes. If reso-
nant amplification of both electrodes is used, the presence
of a capacity between the electrodes causes a coupling of
the resonant circuits, resulting in a double resonance and a
drastically reduced displacement sensitivity (Fig. 3).

A measurement system as depicted in Fig. 4 is currently
planned to be used, with which the position will be mea-
sured stepwise. With relays, one electrode will be short cut
to ground. By this the coupling capacity simply adds up
to the capacity of the active electrode which is itself con-
nected to the resonant amplifying system. In a second step
the relays are switched to the other electrode. This method
doubles the acquisition time with respect to a narrow band
measurement in one step. The switching time of relays,
which is typically <5 ms, must additionally be considered.

Figure 4: An amplification scheme using two relays and
one tuning diode Cv.

OUTLOOK

A measurement with a copper coil at room temperature
at the MPI-K’s Test Storage Ring (TSR) has shown the ex-
pected increased signal by the quality factor of the reso-
nance circuit. However, strong background signals from
the RF-buncher of the TSR have significantly increased the
uncertainty of the location measurement, in part because
the background has unpredictable long term changes and at
this time it was not possible to quickly switch between the
electrodes. Changes of the amplifying system are currently
underway which will reduce the background and allow for
a quick electrode change to reduce measurement systemat-
ics.
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EXPERIENCE WITH THE COMMISSIONING OF THE LIBERA 
BRILLIANCE BPM ELECTRONICS AT PETRA III 

 A. Brenger, I. Krouptchenkov, G. Kube, F. Schmidt-Föhre, K. Wittenburg, DESY, Hamburg, 
Germany 

 
Abstract 
   PETRA III, a new 3rd generation synchrotron 

radiation source, is presently under commissioning at 
DESY. Its beam position measurement system is based on 
the Libera Brilliance electronics. The BPM system is used 
for the machine start up and development. Later on, the 
system will be used for the orbit monitoring and orbit 
feedback. This paper presents the infrastructure and 
features of the BPM system together with the 
commissioning experience of the BPM electronics. 

INTRODUCTION 
   In 2004 DESY decided to reconstruct its storage ring 

PETRA II into a new 3rd generation synchrotron radiation 
source PETRA III [1]. After two-years upgrade, one 
eighth of the 2.3-kilometer long ring was completely 
rebuilt and equipped with 14 undulator beamlines. The 
remaining seven eighth were completely removed, 
modernized and reinstalled.  The electron beam position 
monitor (BPM) system that was installed in PETRA II did 
not meet the resolution and stability requirements of 
PETRA III. A simple upgrade was not possible; therefore 
it was decided to equip PETRA III with a completely new 
BPM-system. The BPM pickup stations, cables, BPM 
read-out electronics and all related infrastructure were 
renewed. Installation of the BPM system began in 
summer 2008 and commissioning with beam started in 
the end of March 2009. 

BEAM POSITON MONITORS AND 
 READ-OUT ELECTRONICS  

   PETRA III is equipped with 227 BPMs for the orbit 
measurement. There are 8 different types of electrostatic 
button pickup stations because the vacuum system of 
PETRA III has various types of vacuum chamber cross 
sections. Commercial RF button feedthroughs from PMB 
and Meggitt are used as pickups for the BPM blocks.  All 
feedthroughs were individually tested and grouped 
together per BPM by similar test pulse response.  

   The requirements for the readout electronics are quite 
tight for new light sources. The BPM system for PETRA 
III has to support the machine commissioning as well as 
orbit feedback and the beam position observation. All of 
the BPMs have to be equipped with single turn and single 
pass, i.e. Turn-by-Turn (TbT) capabilities with the 
resolution of 50…100 μm (rms) in this operation mode. 
For standard user operation the orbit of the stored beam 
has to be kept constant with high accuracy: the beam 
should be stabilized to 1/10th of the beam width σ.  For 
the BPMs located near the undulators required vertical 

resolution is 0.3μm (rms), i.e. the BPM system must have 
very high accuracy. Additionally, position data with TbT 
frequency about 130 kHz and resolution not worse than 
50μm (rms) are needed for the Fast Orbit Feedback 
(FOFB) system. Other important requirements are the 
temperature drift (≤ 0.2 μm/oC) and 8-hours stability 
(1 μm peak to peak). 

   Libera Brilliance BPM electronics from 
Instrumentation Technologies was chosen as BPM read-
out electronics. This beam position processor meets all 
technical requirements of the BPM electronics. 
Additionally it is an all-in-one solution that allows 
simplifying the infrastructure, and therefore the reliability 
of the system. Liberas were successfully used at other 
light sources like Soleil, Diamond, Elettra and ESRF. 

   In the beginning, the Libera Electron version was 
comprehensively tested in the laboratory and during a 
beam test at the ESRF [2]. Later on it was estimated that 
the monitor signals from the buttons might be higher than 
allowable input signal level of the Libera Electron [3]. 
Libera Brilliance, the next version of the beam position 
processor, has different characteristics of the input RF 
chain and allows operating with higher input signal levels. 
In addition the Brilliance version has better TbT 
resolution, temperature drift, beam current and bunch 
pattern dependency. Finally it was decided to equip 
PETRA III with the Libera Brilliance. The functional 
block diagram of Libera Brilliance together with the input 
chain is shown in Fig. 1.  

 

Figure 1: Functional block diagram of one channel of the 
Libera Brilliance BPM read-out electronics at PETRA III. 

 
There are five data paths: ADC raw data, TbT data, 

decimated TbT data (factor 64), slow acquisition (SA) 
data for closed orbit measurement at approx. 10 Hz and 
fast acquisition (FA) data. External 10 dB attenuators are 
placed on each input in order to avoid damage of the 
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Libera’s input circuit by high peak voltage. The 
performance of the attenuators was tested and meets the 
resolution requirements of the BPM system as well as the 
temperature stability using thermally-coupled mounting. 
The Libera Clock Splitter from Instrumentation 
Technologies is used to apply clock and trigger signals to 
each Libera device. Orbit interlock signals are directed to 
the Machine Protection System. The fast data stream with 
TbT update rate is used to collect the beam position at 
each BPM location for the FOFB system. Fast acquisition 
data from all BPM electronics located into the same rack 
are streamed via Libera’s Rocked IO to the signal 
combiner and then towards the FOFB system. One BPM 
rack has up to 14 BPM electronics. Communication with 
the control system and feeding the slow acquisition data 
for closed orbit observation as well as slow orbit feedback 
are accomplished via Fast Ethernet switches.  

BPM SYSTEM INFRASTRUCTURE  
   In order to achieve the required BPM resolution and 

stability, the BPM system must have proper environment 
and infrastructure. Important points are cables, pickup 
support and movement, temperature control and 
stabilization. High performance cables are used for the 
BPM-signal cabling. There are 3 types of cables 
depending on the distance between the pickups and the 
location of the read-out electronics. The maximal cable 
length is about 160m. A set of four cables should provide 
the signals with equal phases to the inputs of the 
electronics in order to fulfill beam current dependency 
requirements [4]. Therefore the cables have been 
precisely cut to equal lengths within 3-4 cm for each set. 
All of the input signal cables are additionally fixed in 
order to avoid unwanted vibrations that can affect the 
resolution of the system. All button pickups located in the 
new octant are joined to a High Frequency Movement 
Monitor in order to measure their position and movement 
with respect to the girder or ground floor. The resolution 
of this measurement system is better than 0.01 μm. 

   The BPM electronics are housed in 24 racks. 10 of 
them are placed in the new experimental hall. 
Temperature stabilization of the electronic racks is 
necessary in order to improve the reproducibility of the 
system. The hall has its own air conditioning system that 
provides temperature stabilization within ± 0.1 oC. Each 
rack has a fan-driven panel placed on the top in order to 
get proper ventilation. 14 BPM electronics rack are 
positioned in 8 halls around the remaining seven eighth of 
the ring. The BPM together with the FOFB racks are 
located into special air-conditioned huts as these halls 
have no temperature stabilization. The requirement to the 
beam stability is not too tight in these locations. The 
temperature inside the huts can be varied within ± 1oC. 
An absolute value of this temperature is important and 
should not exceed a certain value. Therefore the 
temperature and the speed of the fan rotations inside the 
Libera are monitored by software. 

COMMISSIONING OF THE BPM 
ELECTRONICS 

   Site acceptance tests of each unit have been 
performed after delivery of the BPM electronics. The 
results of the tests were within specifications [5]. After 
finishing the hardware installation and before beam start 
up, all BPM electronics have been verified together with 
the input signal cables to avoid wrong cabling. Server, 
client and dedicated MATLAB® application programs, 
required for the commissioning, were developed. 

Turn by Turn Measurements 
   After first beam injection, the sum signal from the 

four buttons was used at the first stage of the 
commissioning for guiding the beam around the ring. TbT 
data together with the ADC raw data were used for the 
position measurements. It allowed to proceed with the 
injection improvement and to correct the beam position. 
Figure 2 shows the first sum signal from the beam at 
PETRA III. 

 

 
Figure 2: First beam at PETRA III. Response of a single 
BPM near injection.  Due to an adjusted timing offset the 
first turn appears in turn no. 129. 
 

After obtaining the position information from several 
BPMs one of the priorities became synchronization of the 
acquisition of all Liberas in the ring, i.e. first-turn sum 
signal should be observed at the same turn with respect to 
the acquisition trigger for all devices. Correct 
synchronization was set by finding proper external 
trigger, adjusting the hardware trigger delay inside Libera 
(available in the software release 1.80), and looking to the 
ADC data. Bunch signals have to be seen on the same 
position in the ADC samples for all BPMs. Additionally 
the phase of the Machine Clock (MC), coming with the 
revolution frequency, was adjusted in order to get correct 
beam phase with respect to the MC. Figure 3 shows first 
turn sum signals from all BPMs in the ring with the 
correct synchronization.  

 ADC raw data are very useful for finding certain 
hardware failures (e.g. noisy channels) in the beginning of 
the commissioning when the beam current is small and 
therefore the signals from the buttons are difficult to see. 
An essential application of the TbT data is the tune 
measurements. The tune measurements have been done as 
soon as a few hundreds turns were injected (Fig. 4). 
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Figure 3: First turn sum signals from 227 BPMs observed 
at the same turn. Top: un-normalized sum signal. The 
narrow gap BPMs near the undulators are clearly visible. 
Bottom: Due to a readjusted delay the first turn appears in 
turn no. 4 now. BPM no. 121 and 122 are not installed. 
 

 
Figure 4: Horizontal and vertical turn by turn data 
together with FFT for tune measurement. 

 

Slow Acquisition 
   The first stored beam was obtained shortly after the 

start of PETRA III commissioning [6]. Slow acquisition 
data have since been used for monitoring the closed orbit 
(Fig. 5). The SA data streams from all Liberas should be 
synchronized. Therefore their internal system and 
machine times had to be set simultaneously in advance for 
all devices.   Automatic gain control was used to find the 
proper level for the attenuators in the Libera inputs. The 
resolution of dedicated monitors close to the undulators 
was better than 1μm in horizontal and about 0.5 μm in 
vertical plane at input signal levels of -45 dBm (1.9 mA; 
6 GeV; 40 bunches) in SA mode. Interlock and post 
mortem functionality were successfully tested with beam. 

 

 
Figure 5: Orbit of the stored beam. 

 

CONCLUSIONS 
   The PETRA III BPM system was completely renewed 

after reconstruction. Substantial effort was put into 
design, installation and testing of the system. As a result, 
the BPM system was put into operation in time and 
without any trouble. It enabled a successful start to the 
commissioning of PETRA III. Some features of Libera 
Brilliance BPM-readout electronics like trigger delays, 
possibility to use ADC data etc. helped a lot during the 
commissioning. 
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DUAL BEAM X-RAY BEAM POSITION MONITOR

C. Bloomer, J. Brandao-Neto, G. Rehm, C. Thomas, Diamond Light Source, Oxfordshire, UK

Abstract

Presented are the first results from the custom built I04
X-ray Beam Position Monitors at Diamond Light Source,
using a single device to measure two adjacent beams in one
front end. Synchrotron Light Sources are increasingly in
demand by both academic and commercial users, and the
number of 3rd generation light sources is growing rapidly.
In order to make best use of the facilities a number of syn-
chrotrons have adopted a scheme whereby two canted In-
sertion Devices occupy a single straight. Two beams are
produced, separated by an angular divergence in the order
of 1mRad, and both beams proceed down the same front
end before being separated into two experimental hutches.
This paper describes the techniques used at Diamond to
accurately measure the position of both beams simultane-
ously with micron precision.

INTRODUCTION

A relatively new development in Synchrotron Sources
is the concept of utilizing a single Insertion Device (ID)
straight to produce two independent X-ray beams into two
experimental stations. Such beamlines have been con-
structed and operated at both the APS [1], and at the
ESRF [2]. At Diamond such a system has been designed
and developed for the I04 Macromolecular Crystallography
(MX) beamline. I04 has been operating now since January
2007 as an in-vacuum 23mm period undulator beamline,
tunable over the wavelength range 0.5 - 2.5Å, to enable
Multiwavelength Anomalous Diffraction (MAD) experi-
ments to be carried out. J04 is a complimentary out of vac-
uum monochromatic undulator for MX fixed at 0.916Å that
was installed in November 2008.

The IDs are located in the same straight, spatially sep-
arated by 1.9m and canted to produce beams separated by
0.98mRad (Fig. 1).

Figure 1: Schematic of I04 ID straight.

Both beams pass down the same front end and enter the
first optics hutch where a beam splitter separates the beams
further into two separate experimental cabins. This tech-
nique saves space within the synchrotron and allows more
experiments to be performed for lower additional cost.

Each beam is capable of being independently tuned by
altering each ID gap without the neighboring beam being
affected. We verify this by observing the behavior of the
electron orbit as the gap changes.

BEAM POSITION MEASUREMENTS

Traditional tungsten blade X-ray Beam Position Moni-
tors (XBPMs) are capable of making sub-micron precision
measurements of the position of a single beam. Four nega-
tively biased blades intercept the edges of the X-ray beam
(Fig. 2, left) and photons striking the surface of the blades
liberate electrons. A low current monitor detects this loss
of electrons as a current, and using the difference-over-sum
method [3] one can deduce the position of the centre of the
beam.

The four blade device is an elegant solution to the prob-
lem of accurately resolving beam positions, but unfortu-
nately the system only works when dealing with a simple
near-Gaussian beam distribution. Trying to resolve the cen-
tre of none-Gaussian distributions, such as that from a Heli-
cal Undulator, is much harder [4], and trying to resolve the
distribution formed by two beams (Fig. 2, right) is impos-
sible. Other Light Sources do not even attempt to measure
the beam position in the front end in these circumstances.

Figure 2: A standard four blade XBPM with the light from
a normal ID (left) and light from two canted IDs (right).
In this example the light from the two canted IDs has been
normalised so they are of equal intensity.

EIGHT BLADED XBPM

However, a new XBPM designed and built as part of
a collaboration between Diamond Light Source and FMB
is capable of making sub-micron precision position mea-
surements of both beams independently. Two sets of four
blades are arranged within a single device using two blade
holders (Fig. 3, Fig. 4). The two sets of four are treated
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independently and connected to separate low current mon-
itors.

This setup requires very precise positioning of the
XBPM blades. At the location of XBPM-01, 12m from
the centre of the straight, the beams are separated by only
11mm.

Figure 3: Eight blades, positioned correctly, are able to re-
solve the two beams.

In order to minimize noise or interference from one set of
blades to the other (and to help ease overcrowding within
the XBPM) the blade holders are longitudinally offset by
70mm (Fig. 4). This helps prevent liberated electrons from
one set of blades interacting with the second set of blades.

The photo-electric cross section of tungsten dictates at
what photon energy electrons are liberated. This cross sec-
tion is weighted heavily towards low energy photons [5]
and as a result most electrons liberated have an energy of
less than 10keV. Electrons in the energy range of a few keV
tend to be emitted approximately perpendicular to the pho-
ton path, as described by the Sauter distribution [6]. As a
result free electrons released from one set of blades do not
tend to interfere with the other set of blades in this config-
uration.

Figure 4: Dual beam XBPM schematic.

Each of the blades is biased at -70V in order to aid the
liberation of electrons, and to ensure that free electrons are
repelled.

Although the two beams are separated by 0.98mRad
there is some overlap of their fringes. Each set of blades
picks up a small amount of signal from the neighboring
beam. However, we expect this cross talk to be a constant

signal and thus can correct for it using a simple background
subtraction script.

DETERMINING THE BEAM POSITIONS

The XBPMs are mounted on 2-axis stepper motors. By
scanning the stepper motor back and forth across the aper-
ture it is possible to build up an image of the flux seen at
each position by each of the XBPM blades. This is a use-
ful diagnostic aid for determining the position and approx-
imate shape of the beam, and can be used to calibrate the
XBPMs as relative beam movements can be compared to
absolute and known stepper motor positions.

These scans can be performed with the ID closed in order
to determine the effects of the beam, and also with the ID
open as a way of gauging background contamination from
other sources.

The scan presented below taken using XBPM-01 (Fig. 5)
shows the flux seen by each XBPM blade when both IDs
are closed to their nominal operating gaps (I04 to 7mm and
J04 to 16mm). The image from each blade is scaled to the
same limits, distances are in mm. The signal received (nA)
has been normalised to a constant storage ring beam current
of 1mA.

Figure 5: When both IDs are closed each beam is clearly
visible.

This image clearly depicts the two beams passing down
the front end, each beam centred on one of the sets of four
blades. The J04 beam appears so much weaker than the
I04 beam since it is produced by a 31mm period out of
vacuum undulator whilst I04 is an in-vacuum 23mm period
undulator. The lower photon count from J04 is exactly what
one would expect from this device, but it does present some
problems in accurately calculating the beam position since
the signal detected has the potential to be skewed by stray
radiation from the I04 beam.

Before an exact beam position can be calculated these
stray radiation effects on one set of blades from the neigh-
bouring beam must be determined. To do this one ID re-
mains closed whilst the other is fully opened, and then the
signal from both sets of blades is recorded.

The I04 blade signal at the nominal XBPM position
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(0mm, 0mm) is 500nA per mA stored beam current. In
order to determine how much of the signal comes from
the ‘wrong’ beam, J04 is fully opened whilst I04 remains
closed. In this arrangement J04 blade signal is 40nA per
mA stored beam, 10% of the signal seen on I04. This signal
is coming from the outer fringes of the I04 beam striking
the J04 blades.

I04 signals J04 signals

I04open I04closed I04open I04closed

J04open 10 498 13 40
J04closed 16 504 148 171

Table 1: Average blade signal received by each XBPM for
various I04 and J04 undulator positions. Values are nA sig-
nal current per mA stored beam.

Since we know that the beam maintains a stable position
we can assume that this signal remains constant as long as
the I04 gap remains unchanged. By taking data at vari-
ous I04 gaps a lookup table of background contamination
is made, and the detected background signal seen on J04 is
interpolated from this for any I04 gap. It becomes a sim-
ple matter to subtract one from the other to correct for the
background signal.

This problem has less impact when considering the ef-
fect of the J04 beam on the I04 blades since the J04 beam
is considerably less intense than I04. Only a small signal of
a few nAs per mA stored beam contaminate the I04 blades.
The corrections will still be applied though in order to elim-
inate even this small error.

CALIBRATED BEAM POSITION

Once the background signals have been subtracted a cal-
ibration of the XBPM is made. The response of the blades
is measured against the known electron beam movements
(Fig. 6). The fast orbit feedback system is used to alter
the path of the electron beam through the IDs and pro-
duce parallel bumps. These known offsets are compared
to the XBPM readings in order to provide calibrated posi-
tion measurements in mm.
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Figure 6: Response of the XBPM as the stepper motor po-
sition changes.

From this the two separate beam positions can be calcu-
lated using a simple asymmetry calculation [3].

CONCLUSIONS

The new twin beam XBPM is able to simultaneously re-
solve the position and pointing angle of two separate and
independent ID beams in a single front end, despite only
using one stepper motor to centre the XBPM. This device
has enabled us to make accurate position measurements
of the X-ray beam and thus confirm the alignment of the
canted electron beam. Horizontally the separation of the
two beams is measured to be 0.98mRad, and the vertical
separation is measured to be 0.01mRad. This confirms the
canting angle of the two IDs, as well as the quality of the
ID trim tables to produce such small deviations from the
expected alignment.

In summary this design of XBPM is verified to be ca-
pable of making sub-micron position measurements of ad-
jacent beams from twin canted ID straights. The design
is flexible enough to meet the requirements of a range ID
parameters and positions within the front end (at DLS we
have another set of these XBPMs installed for use on a U21
beamline). Their manufacture is not significantly more
costly or time consuming compared to that of a normal
XBPM, and their setup and calibration is relatively easy.
These XBPMs are a very valuable addition to our diagnos-
tics equipment.
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IMPROVEMENT OF THE FAST ORBIT CORRECTION 
ON THE ESRF STORAGE RING 

  
E. Plouviez, L. Farvacque, J.M. Koch, J.L. Pons, F. Uberto, ESRF, Grenoble, France 

Abstract 
Until the end of 2008, the suppression of the closed 

orbit distortion on the storage ring of the ESRF was 
obtained using two separate systems: A slow system 
using 224 BPM and 96 correctors performing a correction 
every 30 seconds with a bandwidth of 1.5 10-2 Hz, and a 
fast system, using only 32 BPMs and 32 correctors but 
working at 4.4 KHz, damping the orbit distortion from 
5 10-2 Hz up to 150 Hz; the 1.5 10-2 Hz to 5 10-2 Hz 
frequency span was left uncorrected [1]. 

This separation of the frequency range of the two 
systems by a dead frequency span avoided cross talks 
between them, but prevented the efficient cancellation of 
the very low frequency orbit distortions caused by the 
frequent modification of the insertion device (IDs) 
settings required by the beamlines operation. We found a 
way to coordinate the operation of the slow and fast 
systems in order to suppress this dead frequency span. 
This paper describes the principle and the beneficial 
effect of this new scheme, and its limitations. To 
overcome these limitations, we are now developing a 
single new orbit correction system that will damp the 
orbit distortion from DC to 150 Hz; this system will use 
the Libera Brillance BPM electronics recently 
implemented at ESRF, and new fast correctors. This new 
scheme is also briefly presented in this paper. 

INITIAL SLOW AND FAST CORRECTION 
SCHEMES 

Both slow and fast correction systems derive the orbit 
correction from the BPM data using a correction matrix 
obtained from the inversion of the response matrix of the 
BPMs to each corrector. These response matrixes are 
inverted using the SVD method; for the slow correction 
96 Eigen vectors are used; for the fast correction 16 
vectors are used. As mentioned in the abstract, the slow 
and fast orbit correction systems used at ESRF were able 
to operate independently by leaving the 1.5 10-2 Hz to 
5 10-2 Hz frequency span uncorrected; the cancellation of 
the DC response of the fast system was obtained by the 
following algorithm: the vector Iav, average value of the 
currents in the fast system correctors magnets is 
continuously computed; using the response matrix of the 
BPMs of the fast system to the fast correctors, it computes 
the position offset at the location of the fast BPMs 
produced by this currents set Iav. If we subtract this offset 
to the reading of the fast BPMs, it will result in the 
cancellation of the fast correctors currents at low 
frequency; the proper choice averaging time used for the 
calculation of Iav and for the frequency of the fast BPMs 
offset subtraction allows us to set the cut off frequency of 
the cancellation of the DC response of the fast system to 

5 10-2 Hz. At the startup of the fast system, the initial 
offset of the BPMs is set at the values read before the 
loop closing, so the initial value of the currents set in the 
fast correctors magnets should be null. When the IDs 
settings are fixed, there are very few orbit perturbations in 
this 1.5 10-2 Hz to 5 10-2 Hz frequency span, so the choice 
of this dead span looked good. But over the last years of 
operation of the ESRF storage ring we found that the 
most detrimental cause of orbit distortion had become the 
frequent changes of the settings of the insertion devices 
(gap and phase) which perturb the orbit precisely in this 
1.5 10-2 Hz to 5 10-2 Hz frequency span. Each of the most 
troublesome IDs have then been equipped with a 
feedforward correction system which sets the field of two 
dedicated correctors magnets located at both ends of the 
ID as a function of the insertion device settings, using a 
look up table; however the maintenance and periodic 
calibration of a large number of these feedforward 
systems is very inconvenient. To overcome this problem, 
we have implemented a control of the slow and fast orbit 
correction system allowing them to coordinate their 
correction over the DC to 5 10-2 Hz frequency span 
allowing the fast correction system to cancel without 
delay the orbit distortion caused during a change of the 
settings of an ID occurring during the 30 s time interval 
between two slow orbit corrections. 

PRINCIPLE OF THE COUPLING 
METHOD 

We are using the following scheme to operate both 
systems down to DC; the slow system computes and 
applies an orbit correction every Ts period of 30 s; it is 
able to offset the closed orbit over a range of several mm; 
in this new scheme, the fast system should also works 
from DC to 150 Hz between two slow corrections, 
without the scheme described above for the cancellation 
of Iav; the correctors of the fast system are only able to 
offset the closed orbit by a fraction of mm; so, before the 
computation of a slow correction, the slow system reads  
the vector Iav, average value of the currents in the fast 
system correctors ; using the response matrix of the BPMs 
of the slow system to the fast correctors, it computes the 
orbit offset at the location of the slow BPMs which was 
caused by the current set Iav; then by adding this offset to 
the real orbit read by the its BPMs, the slow system will 
compute a correction which will be the sum of the 
correction that he would apply plus the static correction 
already applied by the fast system; when the slow system 
applies this total correction, the fast system automatically 
removes from the fast correctors the set of currents Iav; in 
this way the slow system downloads the DC part of the 
correction from the fast system every 30 seconds avoiding 
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the saturation of the power supplies of the fast correctors 
which have a much lower dynamic range than the slow 
correctors.  

Adjustment of the Fast System Goal Orbit 
 The ideal orbit that the fast system working down to DC 
will try to reach is the orbit that was measured at its start 
up and which was set previously by the slow system; the 
ideal beam position set as a goal for both the slow and 
fast system at the location of the fast system BPMs is the 
same at the system start; however this is usually no longer 
true after, for instance, one hour of beam decay and ID 
setting changes, because the orbit distortion to cancel may 
have significantly changed, and due to the difference in 
the basis and number of the Eigen vectors used by both 
systems for the orbit correction computation. 

The solution would be to continuously adjust the goal 
orbit of the fast system to follow the change of the 
optimum orbit set by the slow system; the solution that 
we found to achieve that was to eventually reintroduce a 
cancellation of the DC response of the fast system 
through a change of the fast BPM offset, as in the initial 
operating mode without coupling to the slow system, but 
this time with a cut-off frequency much lower than the 1.5 
10-2 Hz cut-off frequency of the slow correction, and not 
higher as previously; now the bandwidths of the slow and 
fast system are not separated by a dead frequency span 
but overlap; in this way, the average value of the 
correction applied by the fast system between two slow 
corrections is almost unchanged compared to a fast 
correction down to DC and the Iav vector  read by the slow 
system to cancel the DC current in the fast system 
magnets is also nearly unchanged; then the only effect of 
the suppression of the DC response of the goal orbit of the 
fast system is the automatic adjustment of the fast system 
to the slow drifts of the goal orbit of the slow system. The 
evolution of the currents of the fast magnets after storage 
ring refill, with this algorithm, is shown in Fig. 1, no 
divergence is visible. 

 
Figure 1: evolution of the horizontal fast correctors 
currents over a 7 hours beam decay. 

EFFECT ON THE BEAM STABILITY 

Effect on the Beam Stability 
The plot of Fig. 2 shows a typical record of the position 

read by a horizontal fast BPMs, with a bandwidth of 
0.1 Hz, without and with slow and fast correction 
coupling; after coupling, the low frequency orbit 
distortion occurring between two slow correction are very 
well damped by the fast system. 

 
Figure 2: Effect of the operation of the fast orbit 
correction down to ultra low frequency. 

Case of Local Orbit Perturbation 
In the case of a single local perturbation, the correction 

produced by the fast system will not be very effective in 
the interval between the two correctors surrounding the 
perturbation; this interval will extend over at least one cell 
but can be as large a three or four cells, due to the low 
number of fast correctors (32 horizontal and 16 vertical 
correctors). Unfortunately we are faced with this type of 
single local perturbation in the case of the change of an 
ID setting. It is a major limitation of our present orbit 
correction scheme.  

UPGRADE PROJECT 
If we want to avoid having locally large local orbit 

distortion when the cause of the distortion is localized, we 
must drastically increase the number of fast BPMs and 
fast correctors. Since the former slow BPMs of our 
storage ring are now equipped with Libera Brillance 
electronics [2], we now already have a set of 224 very 
high resolution BPMs with an orbit measurement rate of 
10 KHz. Concerning the correctors, we considered two 
options: to use the present set of 96 slow correctors with 
low bandwidth power supply, and increase the number of 
fast correctors, or to increase drastically the bandwidth of 
the slow correctors power supply, and use only one type 
of fast correctors. 

Correctors Magnets 
The present slow correctors are implemented by adding 

3 pairs of auxiliary coils on the yoke of the sextupoles; 
using the proper combination of currents in these 3 coil 
pairs as shown in Fig. 3, we can produce any combination 
of vertical and horizontal kicks. The bandwidth of these 
correctors will be affected by the eddy currents in the 
sextupole core and at the surface of the vacuum chamber 
(the vacuum chamber all over our storage ring is made of 
2mm stainless steel). Measurements showed that the 
vacuum chamber is the main cause of the magnet field 
attenuation due to eddy currents, compared to the eddy 
currents in the sextupole core; but the inductance of these 
correctors is also quite large: 0.6 H. However, it is 
possible to achieve, for the small currents amplitude 
needed for the fast correction, a bandwidth of 150 Hz for 
these correctors with a proper design of the power supply. 
This bandwidth is lower than the bandwidth of the present 
air cored fast correctors, but it should be possible to make 
up for it by a proper design of the controller of the orbit 
control loop, so the implementation of dedicated fast 
correctors is not an absolute requirement as it would be 
on ring built mostly with Aluminium vacuum vessels. 

5μm 

3 hours 

Coupling OFF Coupling ON 
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Simulations showed that using a PID type controller 
instead of the PI controller that we are using now is a 
solution; more sophisticated controllers like the IMC 
controller can also be used [3]. So for the future we will 
go for an upgrade of our orbit correction system using a 
single type of correctors, instead of mixing fast and slow 
correctors as in our present system.   

 
Figure 3: Layout of the auxiliary correctors in a 
sextupole. 

New System Layout 
The design of our new system will be based on the 

availability of the Libera Brillance electronics and an 
associated “Communication Controller” developed at 
DIAMOND [3] using the Libera Rocket I/O ports, which 
allows the measurement and broadcast of the beam 
position with a very good resolution at a rate of 10 KHz. 
As indicated above we want to use the corrector magnets 
embedded in the sextupole cores; we also want to use the 
existing cables connecting the magnets to the existing 
power supplies, so the new fast power supplies of the 
corrector will be located in the same cabinets as the old 
one, in 4 different technical galleries; this constraint sets 
the architecture and topology of our system;  

Since the power supplies will be spread in 4 locations, 
we will also distribute the correction computation in the 
same locations, over 8 processors; For the choice of the 
processor, we noticed that SOLEIL and DIAMOND were  
using a PMC board embedding a Xilinx Virtex 2 pro  
FPGA to concentrate the 10 KHz BPM data for 
diagnostics purpose using the Communication Controller, 
and that a FPGA model and a Tango device server were 
already available for this application; the RS485 digital 
outputs for the digital control of the power supply are also 
available for this type of board; with a ready-to-use 
communication interface with the BPMs and the 
correctors, this board appears as an almost natural choice 

as a platform for the orbit correction calculation, after 
addition of the feedback algorithm in the FPGA model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Layout of the future orbit correction system. 

CONCLUSION 
We have managed to combine the operation of two very 

heterogeneous orbit control systems using different 
BPMs, different correctors, with very different dynamic 
characteristics, to obtain a stable orbit correction on their 
combined frequency range of operation, without 
uncorrected frequency span. However, for the future 
upgrade of our orbit control system, we have decided, in 
order to end up with a simpler layout, to use only one type 
of BPMs and correctors; this choice is possible since the 
vacuum vessels of our storage ring are made of stainless 
steel instead of aluminium, which is a big advantage, at 
least in this respect.  
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OPTIMISATION STUDIES OF A RESONANT CAPACITIVE PICK-UP
FOR BEAM POSITION MONITORING OF LOW INTENSITY, LOW

VELOCITY ANTIPROTON BEAMS AT FLAIR∗

J. Harasimowicz† , C.P. Welsch, Cockcroft Institute and the University of Liverpool, UK

Abstract
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(FLAIR) at GSI, Germany will decelerate antiproton beams
of very low intensities from 300 keV down to 20 keV. Such
beams can be easily disturbed by standard monitoring de-
vices and the development of new sensitive diagnostic tech-
niques is required. To overcome the limitations related to
a very low number of particles, a low signal-to-noise ratio
and ultra-low kinetic energies, a resonant capacitive pick-
up has been proposed as a beam position monitor. In the
planned solution, the signal gain will be realised by the use
of a specially designed resonant circuit optimized to meet
the requirements of the USR. The current overall design
studies of the resonant capacitive pick-up, including sim-
ulations of the beam displacement sensitivity and linearity
for different pick-up geometries and the equivalent reso-
nant circuit characterisation, will be discussed.

INTRODUCTION

The novel U
¯

ltra-low energy S
¯
torage R

¯
ing (USR) is cur-

rently being developed for the future F
¯
acility for L

¯
ow-

energy A
¯

ntiproton and I
¯
on R

¯
esearch (FLAIR) [1]. It will

be able to accept, store and decelerate a 300 keV beam of
≤ 2 · 107 antiprotons down to 20 keV.

For the standard operation of the USR, ∼100-ns-long
bunches might be of the main interest. With the ring cir-
cumference of 42.6 m, the revolution time trev of the 300
keV antiproton beam will be equal to 5.6 μs. In this case,
a harmonic mode h = 10, corresponding to the RF fre-
quency fRF = 1.78 MHz and RF buckets of about 560 ns,
might be chosen. The RF field will typically be applied af-
ter the beam has reached a quasi-DC state which will lead
to the generation of 10 bunches not longer than ≈150 ns.
After the deceleration stage, the main RF frequency will
have to be decreased to 459 kHz to follow the longer revo-
lution time trev = 21.8 μs of 20 keV antiprotons resulting
in bunches being not more than ≈550 ns long. Therefore,
the standard operation of the USR will include≈1.1 m long
bunches of ultra-slow particles (β = 0.006–0.025) carrying
a very low charge (300 fC) with the repetition rates in the
range of ∼0.4–2 MHz.

∗Work supported by the EU under contract PITN-GA-2008-215080,
by the Helmholtz Association of National Research Centers (HGF) under
contract number VH-NG-328, and GSI Helmholtz Centre for Heavy Ion
Research.

† Janusz.Harasimowicz@quasar-group.org

In addition, a production of ultra-short (1–2 ns) bunches
for in-ring experiments is also foreseen for the USR [2].
Initially, a 20 keV coasting beam is planned to be adia-
batically captured into 50 ns stationary buckets formed by
a 20 MHz cavity operating at a high harmonic mode. With
h = 436 one gets only ≤ 5 · 104 particles (8 fC) per bunch.
The final bunch length will depend on the initial RF volt-
age applied to capture the circulating beam. The desired
ultra-short bunches of 1–2 ns duration, corresponding to
≈2 mm only, will then be formed by an additional double
drift buncher with a voltage of ≈300 V.

Accurate beam position measurements, necessary for the
successful operation of the USR, will require devices suit-
able for the proposed beam distributions. For the standard
mode (h = 10) with the bunch repetition frequencies of
the order of 1 MHz and the bunches much longer than the
space available for a beam monitor, a capacitive diagonal-
cut pick-up (PU) is a favourable solution. It offers a high
linearity which is a huge advantage when the beam diame-
ter can reach up 2 cm in some parts of the USR before elec-
tron cooling. However, this relatively simple device will
not be suitable for the ultra-short, very slow bunches in-
tended for the in-ring experiments. In this case, other mon-
itors extracting information from electromagnetic fields of
moving charged particles might also fail to measure the
beam displacement. Figure 1 shows the transverse electric
field calculated at a distance of 125 mm from the beam for
20 keV antiproton cos2-like bunches formed with h equal
to 10, 75, 200 and 436. For the highest h, the modulation of
the signal is practically lost, thus none of the beam position
pick-ups will work.
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Figure 1: Normalized transverse electric field at a distance
of 125 mm from the 20 keV cos2-like bunches formed with
h = 10 (460 kHz, blue curve), 75 (3.5 MHz, red curve), 200
(9.2 MHz, yellow curve), and 436 (20 MHz, green curve).
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CAPACITIVE PICK-UP DESIGN AND
SIGNAL ESTIMATIONS

As already mentioned, a diagonal-cut capacitive pick-
up will be used for the beam position measurements. The
whole monitor will consist of two units, each l = 100 mm
long and able to monitor the displacement in one axis. In
order to avoid beam-to-ground impedance jumps and so the
beam instabilities, the PU should have the same diameter
as the beam tube, thus the radius r = 125 mm has been
assumed. The coupling capacitance between opposite PU
plates and adjoining PU units can be minimised by intro-
ducing guard rings on ground potential [3]. Figure 2 shows
the simulations performed for different PU geometries. In
all cases, not only is high linearity achieved, but also the
guard ring separating two plates results in a greater sensi-
tivity to the beam displacement.
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Figure 2: Response curves for two exemplary PU geome-
tries with (squares) and without (triangles) ground voltage
set to a guard ring introduced between PU plates.

For the 300 keV bunches at fRF = 1.78 MHz consist-
ing of 2 · 106 particles each and the foreseen PU length
l = 100 mm, radius r = 125 mm and plate-to-ground ca-
pacitance C ≈ 100 pF, the expected peak voltage can be
as low as ∼100 μV [4]. If the coupling capacitance be-
tween two plates is ignored, one can assume a simple lin-
ear response ΔU/ΣU = x/r, where ΔU is the differential
signal between two opposite plates, ΣU is the sum signal
and x is the beam displacement. In this case, the differ-
ential signal for x = 0.1 mm will be as small as 150 nV
and a low-noise amplifier will be required. Nevertheless,
even with the equivalent amplifier input noise lowered to
0.6 nV/

√
Hz (e.g., see [5]), a 20 MHz bandwidth system

necessary for the USR bunch structure observation will re-
sult in the signal-to-noise ratio S/N ≈ 0.3 for 0.5 mm of
beam displacement. Smaller bandwidth of 2 MHz could at
least allow for the bunch-by-bunch observation, but in this
case S/N ≈ 0.9 is still quite low. If a resolution better
than 0.5 mm is to be achieved, a further bandwidth reduc-
tion will be required. Therefore, it has been proposed to
build the pick-up as a part of a resonant circuit well tuned
to the repetition frequency. Due to the bandwidth restric-
tion, it will not be possible to measure the individual bunch
properties, but a much higher sensitivity can be expected.

EQUIVALENT CIRCUIT STUDIES

An equivalent circuit of a capacitive PU plate with an
external inductance coil introduced to create a resonant so-
lution is shown in Fig. 3. The image current I flowing from
the pick-up into the circuit can be estimated for a point
charge moving inside the PU; then the total bunch signal
can be calculated by summing up the weighted contribu-
tions. Although cos2-like bunches with the full width at
the baseline T = 150 ns and fRF = 1.78 MHz have been
assumed for the purpose of this study, the differences in the
signals from arbitrary charge distributions for low β values
can be neglected [6]. Figure 4 shows the calculated image
current. A sine function of the same amplitude of ≈500 nA
has been used for the resonant circuit analysis.

RCI L

Figure 3: Equivalent circuit of the resonant capacitive PU
plate with the image current I , plate-to-ground capacitance
C, added inductance coil L and amplifier input resistor R.

�600 �400 �200 0 200 400 600
t �ns�

�400

�200

0

200

400

I�t� �nA�

Figure 4: Image current flowing from the pick-up into
an external circuit (blue curve) and a sine function with
the same amplitude and repetition frequency (dashed red
curve). The signal is generated on a PU plate of l = 100
mm and r = 125 mm by cos2-like bunches with β = 0.025
and T = 150 ns.

The behaviour of two PU plates has been compared and
studied in terms of the detectable voltage difference for
Ipeak = 500 nA, C = 100 pF, R = 1 MΩ, ω0 = 2πfRF

and L = 1/(ω2
0C) = 80 μH. Signals from the off-centre

beam has been estimated according to [7]. In the first as-
sumption, ohmic losses RL << R in the inductance coil
and the coupling capacitance Cc between the plates were
ignored which resulted in the peak voltage of 0.5 V and the
differential signal of 4 mV for 0.1 mm of beam displace-
ment. However, damping and a shift of the resonance fre-
quency ωd = ω0

√
1 − R2

LC/L occurs when RL is taken
into account. With RL = 50 Ω, the change in the resonance
frequency Δf is smaller than 3 kHz, but the peak voltage
and the differential signal for x = 0.1 mm decrease to about
8 mV and 50 μV respectively. When the coupling capaci-
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tance is considered, the differential voltage at fRF = 1.78
MHz may drop down even by three orders of magnitude for
Cc as low as 2 pF and no RL included; with RL = 50 Ω,
the same signal is decreased only by a factor of 2. In both
cases, the effect is due to the resonant response distortion.
Figure 5 shows the behaviour of the system for Cc = 10 pF
and RL = 50 Ω. As can be seen, the signal from each plate
is maximized at the desired frequency, but the maximum of
the differential signal, still about 50 μV, is shifted to f =
1.62 MHz. Therefore, a careful selection of the inductance
and the frequency is necessary. One can also consider a dif-
ferent setup with one inductance coil only connecting two
plates for the direct measurement of the differential signal.
In this case, the signal is not increased above the previous
value of 50 μV, but the required inductance L ≈ 130 μH is
higher.
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Figure 5: Equivalent circuit of two plates of the resonant
capacitive PU and the resulting signal: peak voltage (blue
curve) and differential voltage scaled by a factor of 100 for
the picture clarity (red curve).

LOW-β EFFECT

The influence of the low β value on the pick-up response
should be discussed as well. The sensitivity of the beam po-
sition monitor for a logarithmic ratio processing and small
beam displacements can be expressed by a relativistic com-
ponent multiplied by (1 − G), where the correction factor
for a non-relativistic beam is approximately [8]:

G ≈ 0.139
(

2πfRF r

γβc

)2

− 0.0145
(

2πfRF r

γβc

)3

(1)

Figure 6 shows the pick-up sensitivity deviation from the
relativistic case for 300 keV and 20 keV beams. As can be

noted, the correction factor increases with the increasing
harmonic mode, but for the considered standard operation
of the USR it should still be as low as 0.5%.

1 2 3 4 5
�MHz� fRF

0.001

0.01

0.1

1

Correction factor ���

Figure 6: Correction factor calculated for 300 keV (blue)
and 20 keV (red) bunches as a function of their repetition
frequency (dots correspond to harmonic mode h = 10).

CONCLUSIONS

The studies of the foreseen capacitive pick-up design
were presented. The diagonal-cut plates assure high lin-
earity of the monitor, whereas grounded rings provide its
greater sensitivity. Due to a very low number of particles
and a low signal-to-noise ratio, a narrowband system is re-
quired and it has been decided to adopt a resonant circuit
solution. Although the values of the considered circuit pa-
rameters were only estimated, the study provided an insight
into the behaviour of the proposed system and the differen-
tial signal at least several times stronger is expected. Fi-
nally, it was shown that the sensitivity of the PU is strongly
dependent on a harmonic mode h and not the β value itself.
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Abstract

The demand for beam orbit stability for frequencies up
to 1kHz resulted in the need for a fast orbit position data
acquisition system at DELTA. The measurement frequency
was decided to be 10kHz which results in a good margin
for 1kHz corrections. It is based on a Xilinx University
Program Virtex-II Pro Development System in conjunc-
tion with an inhouse developed Analog-Digital Converter
board, featuring two Analog Devices AD974 chips. An in-
house developed software written in VHDL manages mea-
surement and data pre-processing. A communication con-
troller has been adopted from the Diamond Light Source
[1] and is used as communication instance. The commu-
nication controller is versatile in its application. The data
distribution between two or more of the developed measur-
ing systems is possible. This includes data distribution with
other systems utilizing the communication controller, e.g.
the Libera beam diagnostic system1.
To enhance its measuring capabilities one of the two on-
board PowerPC cores is running a Linux kernel. A ker-
nel module, capable of receiving the measurement data
from the Field Programmable Gateway Array (FPGA)
measurement core, was implemented [2], allowing for ad-
vanced data processing and distribution options. The paper
presents the design of the system, the used methods and
successful results of the first beam measurements.

INRODUCTION

Since DELTA faces the demand for improved beam orbit
stability for supplying a higher brilliance synchrotron radi-
ation, a suitable data acquisition system for fast orbit feed-
back had to be found. Measurements regarding the elec-
tron beam disturbances have shown a variety of sources [5].
Slow orbit shifts have been observed, caused by thermal
drifts on a day to week scale. In addition ground motion
and girder movement in the low frequency range of up to
10Hz (DELTA girder resonance) have also been observed.
On the other hand much faster excitation is caused by the
mains power frequency of 50Hz and its harmonics up to
300Hz. The existing analog position measurement system
used for the slow orbit feedback at 0.1Hz may be operated
at a maximum orbit position data rate of 10kHz. To exploit
this capability a most versatile adoption to this data had to
be found and a data acquisition system had to be designed
and implemented without any interference with the existing
global slow orbit feedback system, which is supplied with

1Instrumentation Technologies d.o.o., Solkan, Slovenia

orbit data from the same orbit calculating devices. This
approach includes cost effectiveness (by using existing or-
bit electronics) as well as modularity (modular system) and
versatility (broad range of communication options).

GENERAL LAYOUT

DELTAs orbit feedback is a classic control loop. The
data is acquired, corrections are calculated and applied to
the beam by means of magnetic fields. Modern fast orbit
feedback systems [1, 3] are based on turn-by-turn (TBT)
beam position data reduced to kHz bandwidth. Only a mi-
nor number of Deltas BPMs are TBT measurement capa-
ble. Therefore the idea to use the existing analog Bergoz
MX-BPMs in combination with TBT capable devices for
a fast orbit data acquisition system came up. To achieve
the systems desired versatility and modular design a de-
centralized solution was chosen. Initial design ideas were
adopted from the concept of the Libera Electron fast or-
bit feedback at Diamond Light Source, England, includ-
ing data interchange with any device running the under-
lying communication structure, the Diamond Communica-
tion Controller (DiamondCC) [1].

Figure 1: Data acquisition system (DAQ) layout. Addi-
tional bus participants can be connected if desired.

The system follows the idea of a classic control loop
(see figure 1). The electron beam induces a voltage on
the four beam pickup buttons. The position of the elec-
tron beam is calculated by the Bergoz MX-BPMs. The
analog position value is then digitized by an ADC-board
and transferred to the FPGA being part of the Xilinx Uni-
versity Program development board [6]. The FPGA takes
over the task of pre-processing and then distributing the
data amongst the feedback participants. These are typically
either data pickup stations, correction calculation instances
or data logging devices. The DiamondCC is the communi-
cation instance used for this data distribution. It features a
synchronized, global position data exchange on a fast time
basis, thereby avoiding the common bottleneck for orbit
feedback applications. Adjustment to the possible maxi-
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mum number of bus participants is accomplished through
the number of communication interfaces. The necessary
correction is then calculated by each corrector station and
applied accordingly (see figure 1).

ORBIT POSITION GENERATION & DATA
READOUT

The analog orbit position data at DELTA is generated by
Bergoz MX-BPMs. These analog electronics use a multi-
plexer to sample each of the four orbit position pickup but-
ton signals to make use of a single amplifier stage and an
additional sample/hold and position calculating circuit [4].
Due to the input multiplexing technique used, the maxi-
mum position data output rate is a quarter of the multiplex-
ing frequency. Without a possible external clock this fre-
quency is coasting with approximately 8kHz, resulting in a
2kHz position data rate. The maximum specified operation
range however is a 40kHz multiplexer frequency creating a
10kHz position data rate. Measurements have shown that
the MX-BPMs indeed are able to run at 40kHz, the only
drawback being a fluctuation of the position signal at the
start of the multiplexing cycle. Fortunately the start of this
cycle is indicated by a trigger, thus making a workaround
to this problem by clever timing possible (see figure 2).
These demands resulted in the development of the data
readout board. The core component is the Digital Analog
Converter, in our case the AD974 by Analog Devices was
chosen, having a 16Bit, 200kHz data conversion rate in the
required voltage range. Additionally it features four mul-
tiplexed inputs. It was decided to use one AD974 chip for
the horizontal plane and one AD974 chip for the vertical
plane. By using the multiplexing feature four Bergoz MX-
BPMs can be read out with one ADC-Board. The data rate
is split into a four times 50kHz signal rate, resulting in an
five times oversampling of each Bergoz MX-BPM position
signal. To enhance the signal quality and to filter higher
frequency artefacts an optional 10kHz lowpass-filter for the
input signal was integrated into the board. Apart from the
data conversion part the ADC-board integrates the signal
connectors for the additional control signals provided by
the Bergoz MX-BPMs, e.g. the multiplexer sequence start
signal (SYNC). Two additional triggers and two additional
clock inputs are also installed for future use. As the com-
munication of the FPGA-board requires special clocking,
the quartz and suitable connectors are also installed on the
printed circuit board.

ADC CONTROLLING & READOUT
TIMING

The readout of the two ADCs is accomplished directly
from the FPGA on the FPGA-board. The AD974 features
different readout modes, set by configuration signals. In
our case the fastest possible mode has been chosen. Due to
internal design this is also the mode ensuring highest con-
version precision [7]. The conversion is initiated by the

FPGA. The conversion result, the digitized analog value,
is then transferred from the ADC to the FPGA during the
next conversion cycle. Special care has been taken on the
FPGA side to synchronize the two AD974 chips and to de-
tect possible errors. Two ensure a high quality readout sig-
nal a special, additional timing block was created on the
FPGA.
The reason for this is the structure of the Bergoz MX-
BPMs. Since four MX-BPMs are usually connected to
one ADC-board, each multiplexer runs at a random clock
around 8kHz. As soon as the external 40kHz clock is ap-
plied, the multiplexers start to run synchronized, except for
the cycle of each individual multiplexer (from button one
to button four), which is again random and indicated by
the SYNC signal (see figure 2). This SYNC signal spoils
the position readout. The workaround found is the appli-
cation of the following procedure: Enabling of the external
clock, checking whether the sequence of SYNC signals is
suitable and re-applying the clock if necessary, hoping for
a drift during the non-clocking period.

Figure 2: Signal sequence of two BPMs. The SYNC signal,
always at position 1 of the Bergoz MX-BPMs multiplexer
distorts the output signal. The time of readout has been
adopted to the least distorted region of the signal.

Once a suitable sequence is found, the readout sequence
is adjusted accordingly. The system is designed fault tol-
erant, thereby the number of Bergoz MX-BPMs is com-
pletely variable from one to four including hot-plugging.

DATA PRE-PROCESSING

In the ideal case one complete readout sequence takes
100µs, resulting in four (one from each MX-BPM) times
five (readouts of one position) by two (horizontal and ver-
tical plane) datasets. At present only a very limited pre-
processing of this data is undertaken. The last of each of
the five position values is discarded and the other four are
averaged for higher precision. These four by two datasets
are then passed on to the communication instance.
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DIAMOND COMMUNICATION
CONTROLLER

Developed for the fast orbit feedback system at the Di-
amond Light Source, the DiamondCC has been designed
for fast global data exchange. The communication is based
on point to point two way connections, eliminating data
collision problems. It is synchronized, clocked and deter-
ministic. A trigger network connects all communication
participants for synchronization. Once synchronized, the
communication is split into 10kHz frames, each frame is
completed when all position data is globally exchanged. It
is a distributed communication protocol without a central
server. The communication structure can be user-specified.
Specific demands like fault-tolerance, lower delay or a
varying number of communication participants can easily
be implemented [1].
The DiamondCC was integrated onto the FPGA after adop-
tion to the specific needs of this application. The Di-
amondCC was designed for I-Tech Libera Electron [8],
therefore its data retrieval is adjusted to the Libera data
chain. This data chain has been adopted to our ADC-Board.
The most prominent alteration is the existence of four po-
sition values instead of one.

EXTERNAL CONNECTION

Instead of using the slow and the fast orbit data acqui-
sition in parallel, a single fast data source with a reduced
data rate to run a slow orbit feedback reduces the amount
of complexity. The present control system has no Dia-
mondCC interface, hence the PowerPC cores available on
the FPGA fabric are utilized for this purpose. The aver-
aged data is transferred from the pure FPGA side to one
of the PowerPC cores running Linux. This enables a data
exchange with an easily accessible system [2].

SOFTWARE DESIGN

The software has been designed and implemented in
VHDL. The ADC-Board is controlled by the Bergoz Con-
trol unit, taking care of clocking, SYNC signal process-
ing and readout timing. A second entity, the ADC Control
Module, is solemnly for the control of the AD974 chips and
reception of the digitized data. The data is passed on to the
data processing unit and then on to the DiamondCC. The
DiamondCC is controlled from the control module contain-
ing all global configuration informations and settings.

Figure 3: DAQ software layout.

CONCLUSION

The data acquisition system has proven its functional-
ity in test measurements with beam (see figure 4) showing
its broad capabilities as DAQ for a global fast orbit feed-
back. In a first step a local fast orbit feedback, using this
fast communication structure, has been implemented suc-
cessfully by P. Towalski [5]. In addition calculations have
shown a precision increase in the order of one magnitude
concerning the slow orbit feedback position data.

Figure 4: Horizontal beam position versus time (top), spec-
tral rms orbit deviation versus frequency (bottom left) and
integrated power density spectrum (bottom right).
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BEAM TESTS WITH LIBERA IN SINGLE PASS MODE 
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Abstract 
The single pass functionality available in the recent 

release of the Libera Brilliance software, takes particular 
interest when compared with the requirements of FEL 
machines, that need stable and precise control of the beam  
trajectory throughout Linacs and transfer lines in order to 
meet the stringent beam quality and transverse position 
constraints inside undulators. 

Results from tests performed on Libera with beam from 
ELETTRA, SPARC and DAFNE operating in Sincrotrone 
Trieste and LNF Frascati are reported to characterize the 
resolution of single shot transverse beam position 
measurements.  

INTRODUCTION 
The Libera Brilliance detection electronics, developed 

by Instrumentation Technologies, implements the digital 
receiver technology to measure the beam position. 

When used on a machine with stored beams, the narrow 
band signals from the pickups are downconverted to 
baseband with an undersampling technique for amplitude 
measurement. 

Nevertheless one can perform accurate measurement of 
short single bunches signals, typical of transfer lines or 
Linacs, by working directly on the ADCs samples 
provided by the same boards used for the storage rings 
[1].  

In the following chapter we report results of single pass 
tests obtained with beams from different accelerators, 
acquired as reported in Table 1.  

 

Table 1: Beams parameters during measurements 

 

SINGLE PASS DATA 
Signals from beam position monitor (BPM) have been 

connected, through low attenuation coaxial cables, to 
Libera Brilliance. 

Before sampling, the short single pulses are fed to the 
Libera RF front-end which includes passband filters of 
bandwidth larger than the accelerator revolution 
frequency and placed around a center frequency given by 
the RF frequency. 

Raw data are collected from the four 16 bit ADCs 
buffer at a sampling frequency of ~116.8 MHz, which is 
customizable for each accelerator. To allow measurement 
on the stored beam it is usually chosen as a multiple of 
the revolution frequency. The buffer is 1024 samples long 
and acquisition can be started by an external trigger. 

Beam Position Reconstruction  
Stripline BPM have been used. The beam position is 

reconstructed from the amplitude difference of voltage 
signals from opposite pickups times the k sensitivity, 
according to: 

V

V
kx

Σ
Δ⋅=  

Different BPM sensitivities k, dependent solely on the 
vacuum chamber geometry, must be taken into account 
when comparing results (Tab  2). 

Table 2: Pickup parameter 

  BPM type chamber k [mm] 

DAFNE Short circuited 
stripline 

Circular  18.3 mm 

ELETTRA 50 Ω matched 
stripline 

Diamond 
shape 

19.8 mm 

SPARC 50 Ω matched 
stripline 

Circular  10 mm 

 
Libera release 2.00 provides a dedicate algorithm 

working over the raw buffer data and implemented 
directly onboard, to reconstruct the beam position 

The amplitude from each electrode is assumed as the 
square root of the sum of the squared samples. Data used 
for this calculation are selected by setting an amplitude  
threshold on the waveform and taking into account only N 
points specified with the pre-trigger and post-trigger 
Libera parameters [2].   

A further algorithm based on the Hilbert transform [3] 
has been applied offline to the sampled data.  In this case 
the Hilbert transform has been used as amplitude 
envelope detector on the narrowband ADC samples.  

The signal amplitude from each electrode has been 
extracted from the integral of the envelope amplitude. 

RESOLUTION MEASUREMENTS 
SPARC, the 150 MeV S-band photoinjector operating 

in Frascati (Italy) to produce high brightness electron 
beams for SASE-FEL experiments,  has been equipped 
with stripline BPMs for trajectory measurement. Figure 1 
shows a typical signal from a single stripline at the end of 
the coaxial cable and the sampled waveform available in 
the Libera ADC buffer. 

 Bunch 
Charge 

Acquisition 
Rate 

FWHM 
Pulse 

Length 

SPARC  0.08 nC 10 Hz .5 ns  

ELETTRA .01÷1 nC 10 Hz .2 ns 

DAFNE  1 nC 2 Hz .8 ns 

le
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Figure 1: SPARC BPM signal (top) and Libera ADC 
sampled waveform (bottom), along with the computed 
Hilbert amplitude. 

The data set acquired at SPARC is related to a bunch 
charge of ~80 pC. The results reported in Fig. 2 show the 
maximum of Libera ADCs counts for each acquisition on 
the left and the scatter plot of the beam positions on the 
right. The measured standard deviations of the (x,y) 
distributions are respectively 12.6 μm and 14.6 μm. 
However we cannot exclude a contribution to this values 
coming from actual beam jitter. 

 
Figure 2: Histogram of maximum of ADC counts (left) 
and beam position (right) at a particular BPM at SPARC. 

Measurements at the Elettra Synchrotron beam have 
been performed by sampling, at the location of a stripline 
BPM routinely used for tune measurements, non 
consecutives passages of a stable stored single bunch with 
a 10 Hz external trigger synchronous with the RF.  

 

 

Figure 3: Stripline BPM signals at Elettra [400 mV/div vs 
400 ps/div] (top) and Libera sampled data (bottom).  

Several data sets of one hundred passages each,   
performed at different beam current, allowed to 

characterize the resolution vs. bunch charge. The results 
are reported in Fig. 4, where the beam position has been 
calculated using the two different algorithms described 
above. 

 

Figure 4: Measured resolution vs. bunch charge at Elettra. 

The Hilbert method showed better accuracy in the 
reconstructed position without the needs to specify Libera 
parameters, at the price of an increased computing load 
after the acquisition. 

A further set of measurements have been performed at 
a constant bunch current by equally splitting the signal 
from a single BPM electrode to the four Libera inputs, 
after the insertion of a variable attenuator.   

With this setup, acquisitions for variable input levels 
have been collected by increasing the Libera sensitivity 
front-end with the programmable variable attenuators, in 
order to keep a stable signal level at the ADCs. 

In Fig. 5 we report the measured resolution vs. the 
board sensitivity and the related linearity of the measured 
positions. 

 

Figure 5: Position linearity (bottom) and resolution (top) 
vs. Libera input signal attenuation. 

Measurements at DAFNE have been performed in the 
transfer lines used to connect the damping ring to the 
collider, with a bunch charge of ~1 nC.  
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Figure 6 (right) reports the histogram of the maximum 
ADC counts recorded for each acquisition, while Fig. 6 
(left) shows beam positions for 100 consecutives pulses. 

 The (x,y) distribution is affected by the beam stability 
of the injection mostly horizontally, due to the operation 
of a pulsed bending magnet and kickers operating in the 
horizontal plane. 

To evaluate the resolution in the presence of beam 
jitter, we used a least-square fit to evaluate a linear 
regression between the positions measured 
simultaneously at three BPMs over 100 consecutives 
beam pulses.  

The standard deviation of the distribution of the 
residuals (i.e. the difference between the measured beam 
position and the predicted position as calculated from the 
fit equation) has been taken as an estimate of the 
resolution.  

 

Figure 6: Histogram of maximum of ADC counts (left) 
and beam position (right) at a particular BPM in DAFNE. 

Figure 7-8 show the vertical and horizontal position 
predicted with the best-fit linear combination of the other 
BPMs compared with the measured values.  

The standard deviation of the residual distribution 
yielded a resolution of 9.7 μm for vertical position and 
12.8 μm for radial position.  

It must be noted that the measured resolutions should 
be related to the vacuum chamber aperture through the k 
constant of each BPM, for DAFNE the radius of the 
chamber is 37 mm. 

  

Figure 7: Expected vertical position vs. measured position 
for the BPSTT03 BPM in the DAFNE transfer line. 

 

Figure 8: Expected horizontal position vs. measured 
position for the BPSTT03 BPM in the DAFNE transfer 
line. 

CONCLUSIONS 

Tests performed with real beam signals showed the 
feasibility of using Libera Brilliance for beam position 
measurements of single pass bunches. Very good results 
for RMS resolution have been reported. 
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THE BPM MEASUREMENT SYSTEM IN HIRFL-CSR * 
J.X. Wu#, J.W. Xia, G.Q. Xiao, R.S. Mao, T.C. Zhao, Y.J. Yuan, J.H. Zheng, IMP, Lanzhou, China

Abstract 
HIRFL-CSR [1], a new heavy ion cooler-storage ring in 

China IMP, had been installed and started commission 
from 2005. We report here the BPM system on the main 
ring (CSRm) and the experimental ring (CSRe). The BPM 
structure, the signal processing system and on-line 
measurement experiments are presented. The 
measurement results such as turn-by-turn bunch 
observation, closed-orbit measurement, Schottky noise 
measurement are also presented in this paper. 

INTRODUCTION 
HIRFL-CSR is a new heavy ion cooler-storage ring 

synchrotron system in Lanzhou. It consists of a main ring 
(CSRm) and an experimental ring (CSRe) with multi-
usages and multi-functions, shown in Fig. 1. The two 
existing cyclotrons SFC (K=69) and SSC (K=450) of the 
Heavy Ion Research Facility in Lanzhou (HIRFL) are 
used as its injector system. The heavy ion beams from 
HIRFL with the energy of 7-25MeV/u will be first 
injected into CSRm, accompanying with the 
accumulation, e-cooling and acceleration, and finally 
extracted slowly with the energy of 500-1100MeV/u for 
many external-target experiments, or extracted fast with 
the energy of 200-700MeV/u to produce radioactive ion 
beams (RIBs) or high Z beams at the primary target of the 
beam line. The secondary beams will be accepted and 
stored in CSRe for many internal-target experiments. 
From 2006 to 2008 all the commissioning activities of 
HIRFL-CSR were made, including stripping injection, 
multi-turn injection, cooling accumulation with hollow 
electron beams, ramping in a wide range with different 
RF harmonics, isochronous mode commission of CSRe, 
mass measurement of RIBs in CSRe with ToF and slow 
extraction from CSRm. 

As the eyes of an accelerator, the diagnostic system is 
built together with the construction of the CSR. The 
whole CSR commission was proceeded and succeeded 
with the support and help of it. Of course the BPM system 
is the key part of the diagnostic system. The shoe-box 
type BPMs are used in CSR because of its good linear 
dependence with respect to the beam displacement [2]. 
There are 16 BPMs distributed around the CSRm and 11 
around the CSRe. The structure is shown in Fig. 2. The 
length of the BPM is 300 mm and the cross section is 
170*110 mm2 for the CSRm and 250*130 mm2 for the 
CSRe. To avoid the influence of the beam injection and 
extraction of the CSRm, the dimension of the BPM at 
these two positions is larger than others and its cross 
section is 240*170 mm2. 

 

Figure 1: Overall layout of HIRFL-CSR. 

 
Figure2: The BPM structure of HIRFL-CSR. 

BPM PROCESSING SYSTEM 
As the beam frequency is low in CSR and the range of 

the frequency is 0.25~1.7MHz in CSRm and 0.5~2.0MHz 
in CSRe. So the broadband processing is used in the CSR 
BPM system, as in Fig.3. After pre-amplification, the 
BPM signal is directly digitized by a fast ADC. The low-
noise amplifier has the bandwidth of DC-1GHz, the gain 
of 52dB and the noise figure of 1.7 /V Hzμ . It has a 

___________________________________________  
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good stability and linearity in the dynamic range. Then 
the plate signal is digitized with the NI PXI-5105. This 
digitizer has a 12-bit vertical resolution rate, 60 MS/s 
real-time sampling rate and 60 MHz analog bandwidth. 
After that, the digitized signals are done by the 
LABVIEW software to get the beam signal, beam 
position and orbit, to do the Fourier transform to get the 
beam frequency, energy, frequency spread and also the 
tune value of the machine and so on. The trigger of the 
ADC is from the accelerator trigger system and the 
sampling time can be controlled precisely. We can also 
put the amplified pickup signal directly into the spectrum 
analyzer through the switch to look at the longitudinal or 
transverse spectrum, the ramping process and to do the 
Schottky noise analysis. 
 

  
Figure 3: BPM processing system setup. 

BEAM MEASUREMENT RESULTS 
The BPM system played a vital role during the 

commissioning of the HIRFL-CSR. As mentioned above, 
we use the broadband processing system, so the single 
bunch can be monitored, turn-by-turn [3]. Figure 4 is the 
stored beam signal of C6+- 6.89MeV/u from a BPM at the 
beginning of the CSRm commissioning.  In this case the 
RF system of the CSRm wasn’t used, thus the bunched 
beam from the cyclotron SFC would become as a costing 
beam gradually after the single-turn stripping injection, 
and the beam signal from BPM also became weak turn by 
turn. At the 20th turn the beam signal had already become 
very weak. Figure 5 is the BPM signals measured from a 
C6+ beam with the energy of 600MeV/u in CSRe. The 
four channels from up to down correspond to the signals 
from four electrodes of one pickup: left side and right side 
for horizontal measurement, upside and downside for 
vertical measurement.  From that we can see that there 
was an oscillation in the vertical direction. The interval 
between the two signals is 0.557µs and that was the right 
revolution time of the beam at that energy in the CSRe.  

Figures 6 and 7 are the longitudinal and transverse 
Schottky spectrum measurement in CSRe done by the 
LABVIEW software. From the results we got that the 
momentum dispersion was 2.39E-4, the tune value in x 
plane was 2.5177 and in y plane it was 2.5239. The 
designed tune value is 2.5300 in horizontal plane and 
2.5258 in vertical plane. In Fig 7 there are 4 sidebands in 
each plane. But two of them are real transverse sidebands 
and the other two are the coupled signals from the other 

plane. We judged that by adjusting the corresponding 
quadruple magnet, if we adjust the quadruple strength in 
horizontal direction, then the horizontal sidebands would 
move, so from that we could distinguish them.  

 
 

 
 

Figure 4: The stored beam signal from BPM in CSRm. 
 

 
Figure 5: BPM signal from CSRe. 

 

 
Figure 6: Momentum dispersion measurement in CSRe. 

 

The closed-orbit measurement and correction were also 
done with the BPM system. Figure 8 is one of the closed-
orbit measurement results in horizontal and vertical plane 
of CSRm. Furthermore, the BPM system can give the 
information about betatron and synchrotron oscillations, 
transfer functions, betatron amplitudes, and many other 
static and dynamic beam parameters. 
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Figure 7: Tune measurement in CSRe. 

. 

 

CONCLUSION 
So far the BPM system has been successfully used in 

HIRFL-CSR. But for very weak beam or single particle 
measurement, it is impossible because the sensitivity is 
too low and the noise is too large. Now we are doing a 
resonant pickup to measure the very weak beam or single 
particle. 
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Figure 8: Closed orbit measurement of CSRm. 
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BPM SYSTEM A D FAST ORBIT FEEDBACK UPGRADE FOR THE 
TAIWA  LIGHT SOURCE 

C.H. Kuo, P.C. Chiu, K. H. Hu, Jenny Chen, C.Y. Wu, Demi Lee, K.T. Hsu 
NSRRC, Hsinchu 30076, Taiwan

Abstract 
The BPM electronics of the Taiwan Light Source (TLS) 

have been upgraded to the Libera Brilliance in August 
2008 to improve performance and functionality. Orbit 
feedback system is also migrated into fast orbit feedback 
system to enhance orbit stability. Infrastructure of the 
orbit acquisition system and orbit feedback system has 
been reconstructed to accommodate the new BPM 
electronics and to satisfy requirements of fast orbit 
feedback loops. Gigabit Ethernet grouping was adopted 
for the data transfer of 10 KHz rate orbit date to the orbit 
feedback system. The efforts and performance of this 
upgrade will be summarized in this report. 

 

I TRODUCTIO  
Orbit stability is an extremely important for a modern 

synchrotron light source. Generally, beam motion should 
be less than 10 % of its beamsize or even smaller. There 
are many efforts make to improve orbit stability of 
Taiwan Light Source (TLS) such as control of the 
ambient environment, removing various mechanical 
vibration passively, feed-forward compensation of 
insertion devices, locating faulty power supply and etc. 
Nevertheless, the limited loop bandwidth led incapability 
to suppress fast orbit excursion above 6 Hz. The fast orbit 
feedback system was thus proposed. The commissioning 
of the new fast orbit feedback system will come to an end 
soon. In the report, the upgrade progress and performance 
of the BPM system will be presented. Measurement of the 
system response and latency are discussed next. Finally, 
the infrastructure and performance of fast orbit feedback 
are summarized. 

BPM SYSTEM UPGRADE A D 
ACQUIRED DATA MEASUREME T 

The Libera Brilliance [1] is employed to replace the 
existed BPM electronics for the TLS. Its integration 
started from 2007 until finish in August 2008. It was 
gradually deployed and performed without interfere 
routine operation. There are 59 Libera Brilliances online 
operation for more than 8 months.  The adequate long-
term reliability has been achieved. The typical Libera 
acquired slow and fast data which are extreme critical for 
FOFB performance will be shown in the latter. 

Libera Grouping 
The Libera provided a Gigabit Ethernet interface to 

transfer data with 10KHz update rate. The data sending in 

the same time, there is network packet collision and 
interrupt queue over buffer problem in the receiving node. 
That will take fatal jitter effect and data lost. To eliminate 
this phenomenon, Libera Brilliance units are grouped 
together by a redundant multi-gigabit links via the LC 
optical links and copper “Molex” cables. This link can 
exchange the data among all Libera Brilliance units to be 
a single and large packet size by FPGA and send the 
gathered data via Gigabit Ethernet. It is effective to reduce 
the packet numbers in network, banish jitter and data lost 
in the communication with processor [3,4].  

 

Fast Data 
Resolution is an important issue for fast orbit feedback 

system. The resolution of the Liberas FA data at 10 kHz 
is around 0.2~0.3 μm when the simulated beam current 
intensity is operated at 300 mA. Each unit slightly differs 
while the whole of 59 Liberas should be within 0.35μm.  

Slow Data 
  Vertical orbit data is shown as Fig. 1. The standard 
deviation is around 0.1~0.8 with real beam corresponding 
to respective location.  
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Figure 1: Slow data of vertical position and its RMS value. 
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VARIOUS SYSTEM MEASUREME T 
SUMMARY 

There are several kinds of corrector magnets installed 
in the TLS due to historical reasons. They have different 
response. To understand the compound response of the 
power supplies, correctors, vacuum chamber and the 
stored beam, pseudo-random binary sequence (PRBS) 
excitation is employed to measure system response and 
latency.  

Open Loop System Response 
The various correctors are installed in the storage ring 

of the TLS at different period section; Fig. 2 shows the 
overall PRBS response of the three vertical correctors in 
section R6. It includes power supply, corrector, vacuum 
chamber, correctors to BPM readings. The dynamics of 
these three correctors differ from each other. There are 
some vertical correctors’ bandwidth that can achieve to 
80 Hz, but others may be below 30 Hz, through 
measurements around the whole storage ring. Choosing 
the proper correctors for FOFB is thus necessary. 

Latency Time Evaluation 
The estimated I/O latency time is around 500 μsec of 

which is at the peak location of the cross-correlation 
function between the corrector action and BPM response, 
as shown in Fig. 3.  

 

-2 0 2 4 6 8 10

x 10
-3

-2

0

2

4

6

8
x 10

6

Time (sec)

C
or

re
la

tio
n

 
Figure 3: Cross-correlation function of PRBS sequence 
and BPM reading, the peak location corresponding to the 
overall latency from the DAC output the BPM reading. 
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Processing latency of the data acquisition and 
computation are also detailed evaluated as Fig. 4. 
Transfer BPM data, rearrangement and scaling takes 
around 40 μsec; S-1UT matrix (response matrix R=USVT) 

and PID computation around 60 μsec; V matrix 
computation and DAC settings 20 μsec. The time for 
whole feedback loop takes about 120 μsec. It infers that 
we can push feedback sampling frequency from the 
current 1.25 kHz to higher frequency under constrains of 
the current orbit feedback infrastructure which is 
implemented in economic way. The overall latency time 
is about 620 us that includes of calculation, chamber eddy 
current effect, bpm reading and corrector setting delay,… 
etc. 

FOFB I FRASTRUCTURE A D 
ALGORITHM 

The infrastructure of the new orbit feedback system is 
shown in Fig. 5. The orbit controls for the horizontal and 
vertical plane are separated from the old version to 
increase available computation power. The reflective 
memory is employed to shares fast orbit data without 
consuming extra CPU resource and support data 
acquisition for other subsystems.  
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subsystems 

Tikhonov Regularization 
Orbit response matrix R is a linear mapping, between 

the orbit and the steering magnet relation.  Singular value 
decomposition, as a most commonly is used to invert this 
mapping in the feedback correction algorithm [5,6]. 
Furthermore, to obtain a stable solution, Tikhonov 
regularization is also adopted [3,6].  
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Figure 6: Noise sensitivity function comparison before 
and after FOFB upgrade. 
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PRELIMI ARY PERFORMA CE TEST 
oise Sensitivity Function Measurement 
The bandwidth and performance of FOFB are 

measured and estimated by PRBS. Fig. 6 shows that the 
new FOFB is promoted to suppress noise of bandwidth to 
around 60Hz from old 6Hz system after all components 
are upgraded. The new BPM performance in wideband is 
better than before. As a result, vertical orbit stability can 
be reasonably expected down to submicron from DC to 
60Hz. 

Orbit Stability for User Operation 
The feedback system can improve beam stability as 

shown in Fig. 7 and Fig. 8. The standard deviation of all 
BPM reading can be reduced to 0.2 um from 0.8 um 
between feedback on and off in the normal user mode for 
vertical plane. Both of horizontal and vertical orbit 
displacement can be less than one micron in SA readings. 
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0 10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1

y 
P
os

iti
on

 σ
 ( μ

m
)

 

 
FOFB OFF

0 10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1

BPM ID

y 
P
os

iti
on

 σ
 ( μ

m
)

 

 
FOFB ON

 
Figure 8: The standard deviation of vertical orbit 
displacement between FOFB on/off. 
 

Figure 9 shows the  R6BPM7 FA data  spectrum 
comparison when FOFB on and off. The orbit stability 
can be suppressed to one micron at this location with 
higher β function therefore the overall RMS orbit 
stability should be submicron from DC to 50 Hz. 
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Figure 9: The spectrum and integrated PSD of R6BPM7 
for FOFB on/off. 

Effects of FOFB for Insertion Device Operation 
Fast operations of gap and phase of the insertion 

devices are highly desirable. However, the old orbit 
feedback loop cannot effectively suppress the orbit 
excursion when insertion devices gap or phase motion is 
fast than the limited component and bandwidth. The wider 
bandwidth of the new orbit feedback loop can promote the 
motion speed. Fig. 10(a) shows the 1 mm/sec phase move 
of the EPU5.6. The orbit displacement is shown in Fig. 
10(b). It is clearly observed that the feedback loop can 
eliminate the orbit excursion.  

 
(a) History of the EPU5.6 phase motion at speed of 1 
mm/sec. 
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(b) Beam position reading of all BPMs 

Figure 10: Effect of the new FOFB to suppress orbit 
excursion of 1 mm/sec phase change of EPU5.6. 

SUMMARY 
Infrastructure of the FOFB for TLS has been revisited.  

Commissioning of the FOFB system is on going. Various 
R&D including modelling, measurement, control rules, 
and etc. are in proceed.  Preliminary results and many 
exercises confirmed that the FOFB system effectively 
improve orbit stability.  
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PHOTODIODE-BASED X-RAY BEAM-POSITION MONITOR WITH HIGH
SPATIAL-RESOLUTION FOR THE NSLS-II BEAMLINES∗

†, NSLS-II, Brookhaven National Laboratory, Upton, NY 11973 USA

Abstract

We developed a photodiode-based monochromatic X-
ray beam-position monitor (X-BPM) with high spatial res-
olution for the project beamlines of the NSLS-II. A ring
array of 32 Si PIN-junction photodiodes were designed for
use as a position sensor, and a low-noise HERMES4 ASIC
chip was integrated into the electronic readout system. A
series of precision measurements to characterize electri-
cally the Si-photodiode sensor and the ASIC chip demon-
strated that the inherent noise is sufficiently below toler-
ance levels. Following up modeling of detector’s perfor-
mance, including geometrical optimization using a Gaus-
sian beam, we fabricated and assembled a first prototype.
In this paper, we describe the development of this new
state-of-the-art X-ray BPM along the beamline, in particu-
lar, downstream from the monochromator.

MOTIVATION

The end stations for user’s experiments at NSLS-II are
located far from the X-ray sources. Hence, a small number
of displacement- and angular-errors in a radiation source
can degrade the end experiments. Accordingly, there is a
pragmatic demand for a novel X-ray beam-position mon-
itor (X-BPM) with high spatial resolution. A suite of six
project beamlines under design are to be commissioned in
the NSLS-II infrastructure[1]. A new X-BPM system de-
veloped specifically for these beamlines will serve as a di-
agnostic device for aligning beamline components and for
real-time monitoring of a series of the beamline optics ele-
ments. The beam shape changes during its transportation
through various optical elements. Therefore, it is antic-
ipated that the performance of the new X-BPM will be
less dependent upon the beam optics. Moreover, the mode
of operation should affect the beam as little as possible to
meet the stringent requirements for beam stability.

PHOTODIODE-SENSOR DESIGN

Figure 1 depicts the ring array of 32 photodiode pads that
were designed and fabricated at in-house facilities1. Boron
ions are implanted on the front side of the wafer through 1

∗This work was supported by the Department of Energy under contract
number DE-AC02-98CH10886.

† yoon@bnl.gov
1There is a one-on-one correspondence between 32 pads and 32 ASIC

channels.

kA oxide, forming a p-n junction[2]. Phosphorous ions are
implanted on the back side to make an ohmic contact with
the front side. All 32 pads, configured as a polar array, are
positioned between an inner ring radius of 5,050 μm and an
outer ring radius of 6,763 μm. The active surface area of
each pad is about 2.0 (mm2), and each photodiode is 470-
μm thick. In the photoconductive mode, the photodiodes
are operated with reverse bias voltage of about 100. Upon
impinging on a scatterer as a source of fluorescence radia-
tion, the incident X-ray beam scatters and isotropically il-
luminates the backside of the ring photodiode. The photon
sensor was devised for both back-side and front-side illu-
mination. Our first prototype adopts a scheme of forward
scattering using a silicon-nitride (Si3N4) substrate metal-
ized with different species such as Cr, Ni, T i, and Au. As
Fig. 2 illustrates, the next version will utilize a backward-
scattering scheme, employing bi-HERMES4 configuration
that will be implemented later in the electronic readout.

Figure 1: The ring array of segmented Si photodiodes. –
drawing courtesy of the Instrumentation Division of BNL.

ELECTRICAL CHARACTERIZATION OF
PHOTODIODE SENSOR

Achieving the desired level of detector performance re-
quires a detailed electrical characterization of the optical
sensor of the position-monitoring system. Hence, we un-
dertook a comprehensive evaluation of each individual seg-
ment on the photodiode ring prior to completing the assem-

 P.S. Yoon
   D. P. Siddons, NSLS, Brookhaven National Laboratory, Upton, NY 11973 USA
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Figure 2: A schematic illustration of the backward-
scattering scheme and the structure of the PIN-junction
photodiode.

bly of our prototype detector. The inherent noise is reduced
by reducing capacitance, followed by the segmentation of
a photodiode array in parallel connections. I-V characteris-
tics are acquired by sweeping the DC reverse-bias voltage,
Vrb from 0 (V ). One main design consideration for the
ring-array Si photodiode is to ensure that most of an inci-
dent X-ray photon is absorbed within the depletion region
of a reverse-biased junction. Because of the considerable
width of depletion region (a few hundred μm), we selected
the PIN junction. As shown in Fig. 3, leakage current mea-
sured from one pad is linear against the increasing reverse
bias voltage on a log-log scale. Up to the operational bias
voltage of 100 (V ), the leakage current is held at the order
of nA. As Fig. 4 shows, the depletion region is created at
around 200 (V ) from the C-V characteristic.

rb
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Figure 3: I-V characteristic curve.

GEOMETRICAL OPTIMIZATION

To maximize the detector’s performance, an analyti-
cal model for optimizing its detector geometry was con-
structed. Because of the geometrical configuration of the
ring-array photodiodes, the solid angle (Ω)[3, 4] of the pho-
todiode sensor was calculated with parameterization as in
Eqn. (1): In Fig. 5, the solid angle (Ω), which is an effective
area seen by a beam, is plotted against the distance (Z�)
between the sensor and the fluorescence target. From our
calculations, it was determined that an optimized working
distance is 3.0 (mm) and the peak solid angle (Ω̂) is 0.76
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Figure 4: C-V characteristic curve.
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Figure 5: A plot of solid angle vs. working distance.

NEW ASIC DESIGN

We employed HERMES4, an application-specific inte-
grated circuit (ASIC), which was redesigned at BNL for
photon-counting application[5]. The new HERMES4 uti-
lizing CMOS technology provides 32 channels, a charge
pre-amplifier, a high-order charge shaper, a discriminators,
an array of five 10-bit global DACs, and counters per chan-
nel. The HERMES4 was redesigned to read out input sig-
nals generated by the Si-photodiode sensor. The measured
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electronic resolution is good, viz., 15 rms e− at a peaking
time of 4 μsec. The gain settings available on HERMES4
are 750 mV/fC and 1,500 mV/fC. The settable peaking
times are 0.5, 1, 2, and 4 μsec. Stray capacitance is reduced
by direct Al-wire wedge-bonding between the 32 channels
and sensor pads.

PROTOTYPE ASSEMBLY

As shown in Fig. 6, four linear stages are incorporated
into the prototype detector. The two stages are for posi-
tioning the X-BPM in horizontal and vertical directions.
The third one is for scanning a fluorescence source along
the axial direction, and the last one is for setting a working
distance between the photon sensor and the fluorescence
target.

(a) an open enclosure.

(b) an assembled detector.

Figure 6: (a) An open enclosure of the new X-BPM. (b) a
completely-assembled prototype detector.

BENCH-TOP MEASUREMENTS

Prior to beamline tests of the new X-BPM, we carried
out bench-top measurements. After irradiation of the de-
tector from a sealed radiation source of Fe-55, consistent
signals were generated from each individual pad (Fig. 7),
and registered with the ASIC chip.

Figure 7: An example of a signal acquired after irradiation.

CLOSING REMARKS AND PLANS

Encouraged by the results from bench-top experiments
and recent calibration runs on an existing beamline at
NSLS, we are planning to undertake more detailed experi-
ments to measure position sensitivity. Our analytical mod-
eling enables us to predict the detector’s performance in
advance, and to develop enhanced photodiode sensors with
larger solid angles. As a result, the new photodiode sensors
will be used for the next version of prototypes.
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CHARACTERIZATION TESTS OF THE BEAM POSITION MONITOR
SERIES PRODUCTION FOR THE TBL LINE OF THE CTF3 AT CERN∗

C. Blanch-Gutierrez, J.V. Civera-Navarrete, A. Faus-Golfe, J.J. Garcı́a-Garrigós
IFIC (CSIC-UV), Valencia, Spain

Abstract

A set of two Inductive Pick-Up (IPU) prototypes with
its associated electronics for Beam Position Monitoring
(BPM) in the Test Beam Line (TBL) of the 3rd Compact
Linear Collider (CLIC) Test Facility (CTF3) at CERN were
designed, constructed, and tested by the IFIC team. One
prototype and two units of the series production are already
installed in the TBL line. In the first part of the paper we
describe the characterization tests of these two prototypes
carried out at CERN, and the first beam tests performed to
one of them. The second part of this paper is dedicated to
the description of the issues addressed by the start of the
series production and the characterization tests of the first
series units performed with a custom-made low-frequency
wire setup. This setup which emulates the beam position
variation allows to carry out the series tests in an automa-
tized manner and with higher accuracy.

INTRODUCTION

The CLIC Test Facility will demonstrate the essential
parts of the CLIC drive beam generation scheme consist-
ing of a fully loaded linac, a delay loop and a combiner
ring. The final CTF3 drive beam is delivered to the CLIC
Experimental Area (CLEX) comprising the TBL and a two
beam test stand. The TBL is designed to study and vali-
date the drive beam stability during deceleration. The TBL
consists of a series of FODO lattice cells and a diagnostic
section at the beginning and end of the line to determine
the relevant beam parameters. Each cell is comprised of a
quadrupole, a BPM (labeled as BPS) and a Power Extrac-
tion and Transfer Structure (PETS) [1]. A 3D view of a
TBL cell is shown in Fig. 1. The available space in CLEX
allows the construction of up 16 cells with a length of 1.4 m
per cell. The BPS’s are IPU type and the expected perfor-
mances for a TBL beam type (current range 1-32 A, energy
150 MeV, emittance 150 μm, bunch train duration 20-140
ns, microbunch spacing 83ps (12GHz), microbunch dura-
tion 4-20 ps, microbunch charge 0.6-2.7 nC) are summa-
rized in Tab. 1.

BPS PROTOTYPES

A set of two prototypes of the BPS’s labeled as BPS1
and BPS2 with its associated electronics has been designed,
constructed and characterized by the IFIC team with the
collaboration of the CTF3 team at CERN. The BPS has

∗Work supported by FPA2007-31124-E

Figure 1: 3D view of a TBL cell with the PETS tanks, the
BPSs and the quadrupoles.

Table 1: Expected BPS Characteristics
Analog bandwidth 10 kHz-100 MHz
Beam position range ±5 mm (H/V)
Beam aperture diameter 24 mm
Overall mechanical length 126 mm
Number of BPS’s 16
Resolution at maximum current ≤5 μm
Overall precision σH/V ≤50 μm

four electrodes setting up the vertical and horizontal coor-
dinate planes. The current intensity induced by the beam is
distributed through these electrodes depending on the beam
proximity. The electrodes current is then sensed by their
respective transformers in a conditioning circuit placed in
a internal PCB. This gives the four output voltage signals
(V+,H+, V−,H−) that will drive an external amplifier to
yield three signals for determining the beam position: sum
signal (Σ = V+ +H+ +V− +H+), to get the beam current
intensity; and two difference signals (ΔV = V+ − V− and
ΔH = H+ − H−) which are proportional to the horizon-
tal and vertical coordinates of the beam position. There is
also two input calibration signals, Cal+ and Cal-, to check
the correct function of the sensing PCB halves. A detailed
description of the mechanics, electrical model and the elec-
tronics of this two prototypes can be found in [2].

Prototypes Characterization Tests

The BPS characterization parameters for each coordinate
plane: sensitivity, overall precision (accuracy), electrical
offset and cut-off frequencies with its associated time con-
stants; has been determined with the wire method test in
the BI-PI labs at CERN. This test is based on a test bench
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setup that allows moving the BPS with respect to a current
wire that simulates the beam passing through the BPS un-
der test. The BPS1 prototype reference performance com-
ing from the first characterization tests are summarized in
the Tab. 2. From the linearity test, which fits the normalized
Δ(V,H)/Σ signals to the wire position in each coordinate
plane, are obtained the main BPS characterization parame-
ters: the sensitivity, as the proportional factor between the
BPS signals and the beam position coordinate; the electri-
cal offset from the true mechanical center or zero position;
and the accuracy, as the rms linearity error in the range of
interest. The frequency response test of the BPS output
signals gives the cut-off frequencies that define the needed
bandwidth (see Tab. 1) to let pass the rectangular pulse sig-
nal without deformation induced by the pulsed beam struc-
ture. The pulse-time constants derive inversely from these
cut-off frequencies. In the most relevant case of the expo-
nential droop time constant, it has to be a factor hundred
larger than the beam pulse duration (140 ns) to ensure the
desired flat-top pulse output signals of the BPS.

The performed tests in the wire setup yield good linear-
ity results and reasonably low electrical offsets from the
mechanical center. From the linearity errors analysis can
be stated that the overall precision results have to be ame-
liorated, considering the effect of the very low excitation
current in the wire (13 mA) and the misalignment for the
horizontal plane electrodes. Concerning the frequency re-
sponse measurements, the low cut-off frequencies for the
Δ signals, flΔ , are equal for the vertical and horizontal
planes, and they are given for performing the compensa-
tion of droop time constants with the external amplifier,
decreasing so these cut-off frequencies down to the spec-
ified bandwidth lower limit (10 kHz). The low cut-off fre-
quencies for the sum (Σ) signals, flΣ , corresponding also to
each electrode output frequency response, are the same for
both cases wire/beam and calibration excitation (flΣ[Cal]),
and they are under specifications (below 10 kHz), as well
as, the high cut-off frequencies, fh and fh[Cal], that we
could determine to be above the required 100 MHz. The
fact that the flΔ are much higher than flΣ , is due to a
coupling effect among the BPS opposite electrodes for a
displaced wire/beam. This effect leaves the electrodes fre-
quency response equal and constant in magnitude, becom-
ing the Δ signals insensitive to a wire/beam displacement,
only for the low frequency components. Moreover, it was
measured a significant, and never seen before, difference
of around 100 kHz between the Δ low cut-off frequencies
for the wire/beam and the calibration excitations, flΔ and
flΔ[Cal] respectively. In the attempt of eliminate this differ-
ence, both low cut-off frequencies were lowered changing
the output resistor values in a new PCB version, but the
difference between flΔ and flΔ[Cal] remained unchanged.
Both effects involving the Δ signals are related, and a new
electrical model for taking into account those effects will
be investigated in a future work.

Figure 2: BPS1 and its support installed in the TBL line.

Figure 3: Σ beam pulse measurement of the BPS1 (yellow
trace) in the TBL line.

First Beam Test

The BPS1 and its support was installed in the TBL line as
it is shown in Fig. 2. In December 2008 some preliminary
test with beam losses was performed. In these first series
of measurements with beam we observed a ringing problem
with calibration pulses which was investigated and solved
in a collaborative effort. The results of the second series
of beam measurements were satisfactory after solving the
initial ringing problem and in Fig. 3 is shown the Σ signal
corresponding to a beam pulse. The BPS2 remained at the
IFIC labs for testing, performing the necessary improve-
ments for the series and help in the design and construction
of the new wire setup.

BPS SERIES PRODUCTION

The series production of the 15 unit (BPS1 + 15) has
been started at the IFIC labs in November 2008. After solv-
ing some mechanical design adjustments based on the pro-
totyping experience, the production of the different parts,
described in [2], is finished. The PCBs for the full BPS se-
ries are also finished and validated, implementing the final
version of the PCB design with some improvements with
respect to the first prototype versions. Mainly, the redesign
of the PCB was focused on trying to diminish the high cou-
pling effects that exists between the BPS strip electrodes.

Proceedings of DIPAC09, Basel, Switzerland TUPD14

02 BPMs and Beam Stability

319



Table 2: BPS1 Prototype and BPS2/3 Series Performance

BPS1/2/3 Sensitivity and Linearity Parameters
V Sensitivity SV 41.09/43.16/43.70 m−1

H Sensitivity SH 41.43/42.60/42.10 m−1

V Electric Offset EOSV 0.03/-0.67/-0.84 mm

H Electric Offset EOSH 0.15/0.50/0.52 mm

V overall precision σV (±5 mm) 78/89/94 µm

H overall precision σH (±5 mm) 109/90/98 µm

BPS1/2/3 Characteristic Output Levels
Sum signal level Σ 16.5 V
Diff signals levels ‖ΔV/H‖max 8.25 V
Centered beam level, Vsec(0, 0) 4.125 V

BPS1/2/3 Frequency Response Parameters
Σ low cut-off freq flΣ 1.76/2.90/1.70 kHz

Δ low cut-off freq flΔ 282/271/275 kHz

Σ[Cal] low cut-off freq flΣ[Cal] 1.76/2.80/1.70 kHz

Δ[Cal] low cut-off freq flΔ[Cal] 180/163/171 kHz

High cut-off freq fh >100 MHz
High cut-off freq [Cal] fh[Cal] >100 MHz

BPS1/2/3 Pulse-Time Response Parameters
Σ droop time const τdroopΣ 90/55/93 µs

Δ droop time const τdroopΔ 564/587/579 ns

Σ[Cal] droop const τdroopΣ[Cal] 90/57/93 µs

Δ[Cal] droop const τdroopΔ[Cal] 884/976/931 ns

Rise time const τrise <1.6 ns
Rise time const [Cal] τrise[Cal] <1.6 ns

The assembly of the full series, including the PCBs, is fore-
seen to start at the end of May 2009.

Due to installation schedule requirements two new units
has been installed in the TBL line in advance of the rest of
the series. The BPS2 which was previously manufactured
as a second prototype, and the BPS3, a new assembled unit
belonging to the series production, both incorporating the
PCBs final version.

Series Characterization Tests

Prior to send these two units to CERN, their characteri-
zation test were performed at IFIC labs with the new low-
frequency wire test setup (Fig. 4). It has been custom de-
signed for the BPS series tests and built also at IFIC. The
BPS2/3 characterization results are presented in Tab. 2.

The main features of this new test bench setup is that
the BPS under test will be moved by a motorized XY and
rotatory micromovers to change the relative wire position
(0.25 mm) with respect to the BPS. For the sensitivity and
linearity test the wire input is fed by a sinusoid signal in the
pass-band of the BPS (1MHz) which comes from a Vector
Network Analyzer (VNA) after passing through a current
amplifier. The last will boost the wire current more than
250 mA, improving the signal to noise ratio of the previous
tests made at CERN. The BPS external amplifier is con-
nected to the BPS electrode outputs to send the Δ and Σ
signals to the VNA. Then, a PC running LabVIEW acquire
the Δ(V,H)/Σ and the wire position signals managing the

VNA and the micromovers controller through GPIB bus.
This allows to program the measurement of many samples
for each BPS unit by automatizing all the equipment. The
frequency and pulse response tests are performed in the
same way but with the signals coming directly from the
BPS outputs. Other setup characteristics are: the pneu-
matic isolation workstation to avoid wire vibrations, the
2/0.2 μm precision/resolution of the XY linear stages, and
the rotatory stage with 0.2/0.009 μrad. These are enough
features to obtain the desired accuracy in the position mea-
surements and to estimate the minimum position resolution
down to 5 μm according to TBL specifications. The criti-
cal part observed during these tests is that the wire must be
aligned with the BPS very precisely. The BPS2/3 accuracy
measures was affected by this issue, although both coordi-
nate planes now show good balance. This will be corrected
for the rest of the series characterization.

Figure 4: Low-frequency wire test setup in the IFIC labs.

CONCLUSION AND FUTURE TASKS

The series production of 15 units has already started.
BPS1 prototype and BPS2/3 series units are already in-
stalled in the TBL. The rest of the series will be installed
in July 2009. A custom low-frequency setup has been de-
signed and constructed at IFIC labs to automatize the BPS
series measurements. Furthermore, a high frequency setup
is also being constructed at IFIC for measuring the longitu-
dinal impedance in some of the series units.
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PARTICLE IDENTIFICATION DEVICES IN MICE
V. Verguilov,∗ University of Geneva - DPNC, Geneva, Switzerland   

V. Pa ladin INFN-Napoli, Napoli

Abstract

The international Muon Ionization Cooling Experiment
(MICE) is being built at the Rutherford Appleton Labora-
tory (RAL). It will carry out a systematic investigation of
ionization cooling of a muon beam. This is one of the major
technological steps needed in the development of a muon
collider and a neutrino factory based on muon decays in a
storage ring. MICE will use particle detectors to measure
the cooling effect with high precision, achieving an abso-
lute accuracy on the measurement of emittance of 0.1%
or better. A PID system based on three Time-of-Flight
stations, two Aerogel Cerenkov detectors, a KLOE-like
calorimeter in combination with Electron-Muon Ranger
calorimeter has been constructed in order to keep beam
contamination (e, π) well below 1%. The MICE time-of-
flight system will measure timing with a resolution better
than 70 ps per plane, in a harsh environment due to high
particle rates, fringe magnetic fields and electron back-
grounds from RF dark current. The aim of this paper is to
give a quick overview of the particle identification system
in MICE.

OVERVIEW
The physics program at a neutrino factory is very rich

and includes long-baseline ν oscillations, short-baseline ν
physics and slow muon physics [1]. The performance of a
Neutrino Factory depends not only on its clean beam com-
position (50%νe, 50%νµ for the μ+ �→ νµνee

+ case), but
also on the available beam intensity. The cooling of muons
(accounting for ∼ 20% of the final costs of the factory) is
thus compulsory, increasing the performance up to a factor
10 [2], [3], [4], [5].
The process of ionization cooling of the transverse phase-
space coordinates of a muon beam was proposed more than
20 years ago by A.N. Skrinsky [6]. Essentially it can be ac-
complished by passing it through an energy-absorbing ma-
terial and an accelerating structure, both embedded within
a focusing magnetic lattice. Both longitudinal and trans-
verse momentum are lost in the absorber while the RF-
cavities restore only the longitudinal component. The
Muon Ionization Cooling Experiment (MICE) [7], [8], [9]
at Rutherford-Appleton Lab is the first test of the ioniza-
tion cooling concept for muon beams in the approximate
momentum range 140 to 240 MeV/c. A minimum ioniz-
ing muon beam will be transversely cooled by stages of
-dE/dx in LH2 absorbers and longitudinal energy restora-
tion in a series of 201 MHz RF cavities; (Figure 1) The 6D
emittance reduction is measured before and after the cool-
ing stage by tracking individual muons through the sys-
tem. To establish muon cooling the in-flight muon beam is
positively identified by three time-of-flight (TOF) stations

∗ for the Mice Collaboration

[10], by two threshold Cherenkovs (CKOVs), and by a low
energy ranging electron-muon calorimeter (KL/EMR) near
the beam exit.

Figure 1: MICE Spectrometer Layout.

TIME OF FLIGHT DETECTORS

Three time-of-flight (TOF) stations are positioned in the
MICE channel at the beginning (TOF0), midway(TOF1),
and near the rear(TOF2). Each station is approximately
50cm × 50cm in active cross section and spaced apart by a
≈10 m flight path. The TOF stations are used in establish-
ing a precision particle trigger which can be synchronized
to within ≤ 70ps of the RF cavity phase of the experiment.
The TOF 0/1/2 stations consist of 10/7/10 X-counter and
10/7/10 Y-counter arrays constructed of BC404/420 scin-
tillator bar with dual R4998 PMT (TOF0) readout (Fig. 2).
The HV dividers have been modified for high rate perfor-
mance (≈2 MHz). The dual photomultiplier (PMT) read-
out gives typically σt=50-60 ps intrinsic timing resolution
for each bar assembly. The bars are 2.5 cm thick, optimiz-
ing between light collection and energy loss. The transit
time and associated dispersion, σtt, of the signal through
the PMT, cable delay, and the discriminating electronics
is not known and are measured measured for each chan-
nel by a calibration procedure which can use particle beam
and/or cosmics. Leading edge discriminators have been

Figure 2: X/Y planes for TOF0 station. Each bar assembly
is 4 cm wide.

adopted for the timing measurements. This introduces a de-
pendence of the discrimination crossing time, ”time-walk”,
with its associated dispersion σtw. To calculate the time-
walk correction the difference of the time measured by the

l o, , Italy
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PMTs and a reference time is measured for a series of data,
and a correction function is applied offline. The projected
time-of-flight resolution between 2 stations is given by

Δt12 =
√

2(σt/
√

2)2 + σ2
tt + σ2

tw ≤ 75 ps (1)

The TOF data acquisition utilizes three TDC boards
(CAEN V1290). The digital values recorded by the TDCs
correspond to the absolute time since the last reset of each
TDC board. A ”particle trigger” signal is generated by
hardware logic units in the data acquisition (DAQ) racks.
It is given by the first dual coincidence of the PMTs con-
nected to the same TOF0 bar unit. The first channel of
each TDC board receives a copy of a particle trigger sig-
nal and this signal is used as a reference for all the PMT
signals of the TOF stations. In the fall of 2008, compo-
nents of the TOF0 and TOF1 stations were commissioned
in the MICE beamline. For a set of pion runs, with time-
walk corrections applied, the intrinsic detector resolutions
were measured to be in the 55 ps to 65 ps range, very close
to design specification. These intrinsic timing distributions
are shown in Figure 3 and Figure 4. The time-of-flight dis-
tribution for the nominal 300 MeV/c pion tune is shown in
Figure 5, displaying a good separation between positrons,
muons, and pions in the beam at this early stage of analysis.

Figure 3: TOF0 detector’s
intrinsic timing.

Figure 4: TOF1 detector’s
intrinsic timing.

Figure 5: TOF1-TOF0 timing of e+, μ+, π+ in nominal
300 MeV/c π+ beam.

AEROGEL CHERENKOV COUNTERS

It is not possible to select a single material as Cerenkov
radiator that is sensitive to muons and blind to pions
over the entire range. To overcome this, high density
aerogel Cherenkov radiators were selected, [11], with in-
dexes of refraction and muon threshold momenta of n=1.07
(pµ

th=278 MeV/c ) and n=1.12 (pµ
th=220 MeV/c). Each

counter consists of a 2.3 cm thick aerogel radiator sealed

behind a thin UV-transmitting window. The Cherenkov
light is collected by four 8 inch 9354KB Electron Tubes
PMTs. The PMT dividers have been designed to operate at
≤ 5 MHz beam rate with transistorized last dynode stages.
The charge is collect in a 500 MHz flash ADC (CAEN
V1721 500MS/s FADC) in the DAQ rack. A model of the
aerogel Cherenkov detector with open PMT ports is shown
in Figure 6.

Figure 6: Model sketch of aerogel Cherenkov detector.

The saturation (β=1) photoelectron calibration for parti-
cles is found in 100 MeV/c positron runs. A typical PMT
spectrum is shown in Figure 7. We collect between 20
and 25 photoelectrons in the aerogel counters. This yield
gives sufficient photostatistics for a good muon tagging ef-
ficiency of 98% at low pion misidentification rate (≤10−3 )
over the 220-360 MeV/c momentum range.

Figure 7: Typical light spectrum from single CKOV PMT,
about 5-6 p.e. per channel × 4 .

KLOE LIGHT + ELECTRON-MUON
RANGER

The downstream calorimeter (EMCAL) is a Pb-
scintillating fiber calorimeter (KL), of the KLOE type [12],
[13], with 1-mm diameter blue scintillating fibers glued
between 0.3 mm thick grooved lead plates followed by a
Electron-Muon Ranger (EMR), made of higly segmented
70 cm long fully active scintilators. The combination of
both detectors will provide the final clean muon tag veto
μ+ → e+νeνµ decays at the 10−2 level. EMCAL sys-
tem offers adequate energy resolution to perform muon and
electron identification in the momentum range of interest
for MICE.

KL The KL preshower calorimeter is constructed of
0.3mm grooved Pb with BF12 scintillating fiber inlay in

TUPD15 Proceedings of DIPAC09, Basel, Switzerland

07 Hadron Accelerator Instrumentation

322



a KLOE-type layout. The original KLOE design repre-
sents 2.5 X0 in depth, a 4 cm thick active depth. It
has an energy resolution for electrons of ΔE/E(GeV =
7%/

√
(E(GeV )) , and timing resolution of Δt = 70 ps /√

E. The KL was commissioned in fall 2008 MICE run.
Below we show a scan with 300 MeV/c pion beam into the
calorimeter. The ionizing response shown in Figure 8 was
nominally what is expected. Further calibrating exposures
to electron beam are planned for fall 2009.

Figure 8: KL response to 300 MeV/c pion beam. The hor-
izontal scale is in ADC channels.

EMR The EMR is currently under construction for
MICE and utilizes a MINERνA-like design [14]. It will
consist of 40 layers of 59 extruded scintillator bars with
a triangular shape (Figure 9). Each bar is interfaced with
a multianode PMT through WLS fibers (4 with a diame-
ter of 0.8 mm); in total there will be 32 64-channel PMTs
(Hamamatsu, H7645B) and 2 256-channel PMTs (Hama-
matsu, H9500) to obtain an indication on the charge deposit
in each layer, the analog signal of each PMT dynode will
be digitized with a CAEN V1731; this will require 3 digi-
tizers for the whole detector. With the foreseen electronics
it is not possible to obtain the analog information of every
bar without introducing dead time. The front-end electron-
ics will allow to obtain a digital information for every bar,
that is the time when the bar signal is over threshold. The
system will not work in self triggering mode; the trigger
will be given by an external detector (e.g. TOF0) or by
the machine itself (the so-called ”MICE spill gate”) Sim-
ulations show that MICE can achieve a longitudinal mo-
mentum resolution of σPz ≈ 4 MeV/c for muons under
270 MeV/c, which range out in the calorimeter. See Figure
10. The error of this momentum is complementary to the
MICE tracker measurement.

Figure 9: Sketch of MINERνA-like EMR calorimeter de-
sign to be used in MICE.

CONCLUSIONS
Muon cooling is necessary for building a neutrino fac-

tory. MICE, The Muon Ionization Cooling Experiment,

Figure 10: Muon range simulation in the EMR.
∑

E vs
Layer # is plotted. The horizontal axis is in MeV/c. Muons
above 2̃70 MeV/c will range through.

based at RAL, UK will try to achieve a transversal cool-
ing of a muon beam in the range 140 to 240 MeV/c. To
reduce the systematics in the measurement of the cooling
effect, a combination of PID detectors was designed and
manufactured. Two Time-of-Flight detectors, two Aerogel
Cerenkov detectors and a KLOE-like calorimeter were al-
ready installed and commissioned along the MICE beam-
line. Third Time-of-Flight detector as well as the second
part of the EMCAL system - the Electron-Muon Ranger
will be installed in the next year.
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BASEBAND TUNE MEASUREMENTS AT GSI SIS-18 USING DIRECT
DIGITIZED BPM SIGNALS∗

Abstract

A precise tune determination is crucial for stable op-
eration of GSI SIS 18 synchrotron especially for intense
beam conditions. In order to avoid nearby resonances in
the tune diagram the fractional part of coherent betatron
motion needs to be measured with a resolution of 10−3 also
during ramping mode. This is achieved using a fast digital
readout system for Beam Position Monitors (BPM) which
delivers a bunch-by-bunch position. The tune is then de-
termined in baseband directly by Fourier-transformation of
the positions of a certain bunch typically over 2048 turns.
This algorithm does not require any additional input param-
eter. Since particle losses due to emittance blow-up have
to be avoided, excitation power has to be kept as low as
possible. In order to find a working range where tune mea-
surement can be implemented in normal machine operation
without disturbing the beam several series of measurement
have been performed using a digital random noise gener-
ator for beam excitation and an Ionization Profile Monitor
for displaying alterations of beam profile.

SYSTEM OVERVIEW

The new data acquisition system for BPMs based on
fast and direct signal digitization followed by digital sig-
nal processing offers a sensitive method for tune measure-
ment [1, 2, 3]. By using the integrated bunch-by-bunch
position information the coherent betatron motion can be
extracted in baseband without external parameters. Such
frequency spectrum is expressed in units of q and ranges
from 0 < q < 0.5. The GSI heavy ion synchrotron has
some particular machine parameters, namely the compar-
atively long bunches, the injection at non-relativistic ve-
locity β = 15,5% and the acceleration frequency ramping
from 0.8 to 5 MHz. The new method acts as a low pass
filter with dynamically adapted filter bandwidth. Therefore
it offers a high flexibility for the varying beam parameters
at SIS 18, which cannot be realized by the sensitive analog
baseband-q detection system BBQ [4].

As schematically shown in Fig. 1, the analog single plate
BPM signals from all four plates of a shoebox type BPM
[5] are fed to a high impedance amplifier and digitized. The
digitization of the broadband BPM signal is performed us-
ing a sampling rate of 125 MSa/s which corresponds to a
range of 18 to 140 Sa per bunch for SIS 18 typical beam pa-
rameters, depending on the revolution frequency. The sig-
nal is integrated bunch-by-bunch which minimizes thermal
and digitization noise and the beam position is calculated.

∗Work supported by EU, DIRAC secondary beams, 515873
† u.rauch@gsi.de

Figure 1: System schematics. The Beam Position Monitor
is read out using a fast ADC. A white noise generator with
limited bandwidth is connected to an exciter.

The position processing algorithm delivers a single value
for vertical and horizontal position for each bunch and thus
a certain bunch can be traced digitally. Signal shape and
treatment as well as algorithm details for position evalua-
tion have been described earlier [1, 2].

The coherent betatron motion cannot be observed for a
stable and well adjusted beam, therefore the beam has to be
slightly excited. This excitation is applied using a digital
random noise generator connected to an exciter installed
at SIS 18 (Fig. 1). It produces white noise with adjustable
bandwidth on side bands of a carrier frequency f c [6]. fc is
set by a frequency tracker connected to the SIS 18 rf signal.
The noise bandwidth is set broad enough to cover the range
of expected maximum tune deviation, which usually was
chosen as Δq = 0.05. The noise generator signal is split
and each branch is amplified up to a maximal power of 25
W. Both signals are fed to a stripline exciter of 750 mm
length and 200x70 mm horizontal/vertical aperture. Two
independent exciters are installed at SIS 18 for horizontal
and vertical plane respectively.

Excessive excitation of the beam must be avoided to pre-
vent emittance blow-up. The search for a standard working
range for tune measurement is subject of the studies pre-
sented in this contribution.

TUNE AND BEAM POSITION RESULTS

Detailed measurements have been performed with this
system for various beam parameters. In the following we
discuss the properties for a typical beam with the following
parameters: 6.5 · 109Ar18+ ions accelerated from 11.4 to
300 MeV/u within 400ms, which corresponds to 220.000
turns. The vertical plane is discussed if not otherwise men-

U. Rauch† , P. Hülsmann, GSI, Darmstadt, Germany and Goethe University, Frankfurt, Germany
P. Forck, P. Kowina, P. Moritz, GSI, Darmstadt, Germany
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tioned. The achieved results serve as a representation for a
typical beam response.

Fig. 2 shows an example for the development of tune
along the acceleration ramp. Every 2048 turns one value
for tune and for beam position are obtained, which gives a
repetition rate of more than 100 FFTs per second at SIS 18.
Moreover, Fig. 2 shows the system dependency on beam
excitation: the excitation level applied to the beam, from
which data for the middle graph has been used, is too low in
order to safely observe the tune along the whole ramp. As
can be seen, the detection interrupts at about 180.000 turns
due to a low signal intensity. When the excitation level in-
creases the frequency is detected more precisely due to a
better signal to noise ratio over the whole cycle. The pre-
set machine tune for this measurement was 3.23, a mean
fractional tune of 0.221 with fluctuations ±0.005 has been
measured. Other comparable results can be found in [7].

Figure 2: Vertical beam position and fractional tune, see
text for beam parameters. Excitation at qex = 0.23 ± 0.05
with amplitudes of Pex = 0.7 W for middle graph and
Pex = 3.5 W for lower graph.

EXCITER WORKING RANGE

In order to investigate the correct working range for the
excitation level, where the tune can be displayed properly
without unnecessary emittance blow-up, a series of mea-
surements has been performed. The exciter power was
increased from zero to the maximum possible excitation
power setting of 50W, which corresponds to a power spec-
tral density (PSD) of 0.72 mW

Hz . Other beam conditions
were untouched (Fig. 3). Out of the digitally stored posi-
tion data for these different excitation levels spectra taken
over 2048 turns are used.

As expected, an increase in excitation level leads to a
linear increase in the tune signal amplitude. Up to a certain
threshold for the excitation amplitude the frequency is not
tracked safely. On the other hand, above about 10 W of
exciter power, a PSD of 0.14 mW

Hz , the beam transmission
suffers from particle losses.

Figure 3: Beam response on noise excitation for dedicated
times on ramp. Red arrow in lower part marks the machine
preset tune value.

A possible way to mark the begin of the exciter work-
ing range is to analyze the variation of the obtained tune
frequencies for a certain excitation amplitude. If the PSD
is not large enough, noise dominates the spectrum and the
result fluctuates statistically. Fig. 4 identifies the beginning
of the working range. Each point represents the momen-
tum value of 50 tune frequency spectra measured for each
respective exciter amplitude setting. As the standard devi-
ation of each value in the working range is typically close
to its mean value, which is 0.0019 for this example, a small
tolerance limit of Δσ = 4 · 10−4 can be found. This is
the decisive parameter which defines the minimum excita-
tion power to about 2 W, which equals to a PSD of 0.029
mW
Hz . The typical system resolution within the working

range based on several measured machine tune spectra is
better than Δq = 2 · 10−3, including machine fluctuations.

It is of interest whether beam excitation leads to an emit-
tance blow-up, which has to be avoided. An Ionization Pro-
file Monitor (IPM) installed at SIS 18 [8] has been used to
observe the effect of beam profile broadening by monitor-
ing one profile for both horizontal and vertical plane every
10 ms. By observing the profile alteration of several con-
secutive profiles of an excited beam, the difference between
excited beam profiles and those taken from a non-excited
beam can be compared. As shown in Fig. 5, the beam pro-
files show a broadening only for high excitation levels.

Again a series of measurements has been analyzed in or-
der to find a range, where tune measurement is possible
but no profile alteration can be measured. The broaden-
ing of the beam profile can be expressed by measuring its
alteration of the standard deviation σ compared to a non-
excited one. For this purpose profiles at the end of the ramp
are taken and averaged over 20 cycles, leading to an error
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Figure 4: Points represent the mean value of 50 tune spectra
with equal time offset to ramp start. Due to the fluctuations
of obtained tune at low excitation the exciter power needed
for the working range can be defined.

level below 5 %. As can be seen in Fig. 6 no effect on
beam profiles at all could be detected for excitation levels
below 8.5 W (PSD = 0.12 mW

Hz ). If the excitation level is
increased, the profiles start to broaden and above 10 W of
excitation power beam losses occur, as depicted in Fig. 3.
Thus we have shown, that the working range for stable tune
measurement without emittance blow-up is below 10 W,
which gives a satisfying range. Fig. 6 shows in addition
horizontal profile broadening. For higher excitation levels
a slight width increase is visible, which serves as a sensitive
method for measuring the horizontal-vertical tune coupling
strength; further investigations are necessary.

Figure 5: Vertical beam profiles of Ar18+-beam measured
by an IPM. Profile alteration by increasing exciter power is
shown.

Figure 6: The increase of the standard deviation of beam
profiles is shown as a function of exciter power. Points rep-
resent a mean value of 200 beam profiles of IPM, recorded
at the end of the ramp.

CONCLUSIONS

The baseband digitization of BPM signals together with
limited white noise excitation of the beam allows precise
tune determination on the synchrotron ramp. The measure-
ments yield reproducible results on a low excitation level
using a PSD of below 0.1 mW

Hz , thus defining the right
working range for tune measurements and preventing detri-
mental emittance blow-up. Displaying the measured ma-
chine tune with a resolution of Δq < 2 · 10−3 next to a
precise beam position with a resolution below 30 μm [1, 3]
gives a powerful tool for machine operation. Therefore, the
presented system is a promising prototype for tune mea-
surements at FAIR and is actually being implemented at
SIS 18.
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PHASE AND AMPLITUDE MEASUREMENT  
FOR THE SPIRAL2 ACCELERATOR 

C. Jamet, W. Le Coz, C. Doutressoulles, T. Andre, E. Swartvagher, GANIL, Caen, France

Abstract 
The SPIRAL2 project is composed of an accelerator 

and a radioactive beam section. Radioactive ions beams 
(RIBs) will be accelerated by the current cyclotron CIME 
and sent at GANIL experimental areas. The accelerator, 
with a RFQ and a superconducting Linac, will accelerate 
5 mA deuterons up to 40MeV and 1 mA heavy ions up to 
14.5 MeV/u. A new electronic device has been evaluated 
at GANIL to measure phase and amplitude of pick-up 
signals. The principle consists of directly digitizing pulses 
by under-sampling. Phase and amplitude of different 
harmonics are then calculated with a FPGA by an I/Q 
method. Tests and first results of a prototype are shown 
and presented as well as future evolutions. 

SPIRAL2 ACCELERATOR DESCRIPTION 
 
 
 
 
 

 

Figure 1: Accelerator Layout. 

The accelerator is divided in 3 main parts, an injector, a 
superconducting linac and a high energy line. The injector 
part is composed of a deuteron/proton line, an ion line 
(LEBT), a RFQ and a MEBT line. Two kinds of 
superconductivity cavity are used for the Linac (β=0.07, 
β=0.12). 

Table 1: Beam Intensity and Power 

 

BEAM ENERGY MEASUREMENT 
During the RFQ and the MEBT commissioning, an 

Injector Test Bench (BTI) will be used to qualify beam 
characteristics. Beam energy will be measured at the exit 
of the RFQ by the “time of flight” method. Another beam 
energy measurement by TOF is foreseen in the HEBT at 
the exit of the superconducting LINAC. 

Table 2: Phase Measurement Accuracy 

 
Energy  

Accuracy 

Distance 

(mm) 

Phase  

Accuracy 

BTI 10-3 1500 ± 0.2 ± 0.5° 

HEBT 5.10-3 5000 ± 2 ± 2 ° 

 
Intensity dynamic (50 µA < Ibeam < 5mA) 
Beam ratio (CW to 100µs/100ms)   10-3 
Phase measurement gives the possibility to subtract the 

offset, an advantage compared to the time measurement.  

INJECTOR TEST BENCH PICK-UP 
3 pick-ups will be used to measure beam energy. The 

third pick-up allows determining the bunch number 
between two first pick-ups. 

 

 

Figure 2: Pick-up Design. Diameter: 80 mm, Length: 30 
mm. 

PICK-UP SIGNAL SIMULATIONS 
 
 
 
 
 
 
 
 
 
 

 

Figure 3: MEBT Pick-up Signal Simulation.   

 
Signal amplitudes 
- 1mA ions Q/A =1/3:   Vh1 = 50 mV 
- 5mA deuterons        :   Vh1 = 230 mV 
Ratio h1/h2 = 13 
 
 

 Intensity Energy Power 

LEBT1 
(ions) 

1 mA 20 keV/A 60 W 

LEBT2 
(deut.) 

5 mA 40 keV 200 W 

MEBT 5 mA 750 keV/A 7.5 kW 

HEBT 5 mA 20 MeV/A 200 kW 

Pick-up Signal Simulation in the SPIRAL2 MEBT
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Figure 4: HEBT Pick-up Signal Simulation. 

 
Signal amplitudes 
- 1mA Ions Q/A= 1/3: Vh1= 27mV  Vh2= 44mV  
- 5mA Deuterons       : Vh1= 136mV Vh2= 220mV  
Ratio h1/h2 = 0,62 

PHASE MEASUREMENT METHOD 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Assembly Scheme. 
 
Three pick-up signals and the accelerator frequency 

signal will be connected directly to the FPGA phasemeter.    

Under-sampling 
Every signal is digitized at a sampling frequency lightly 

different from the signal frequency. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: Under-sampling Timing. 

 
  
 
Nb: number of samplings to reconstruct a signal period 
 

Under-sampling uses ADCs at a lower frequency than a 
classical digitalisation frequency. The sample period is 
higher and allows digital signal processing directly by 
FPGA. The ADC accuracy increases and improves the 
dynamic measurement.  The reference is also under-
sampled and used in the FPGA digital signal processing. 

I/Q Method 
 

 
Figure 7: I/Q Diagram. 

 
 

 
 

 
 
Digital signals are processed by an I/Q method in a 

FPGA. A synchronisation input is foreseen for pulsed 
beam, which indicates the beam presence.  

Under-sampling and digital process simplify the 
analogic chain and remove mixers used classically with 
an I/Q method. 

FPGA BOARD PROTOTYPE 

 
Figure 8: Board Diagram. 

 
The FPGA board prototype is composed of analog to 

digital converters AD6645 Analog Devices (14 bits), a 
FPGA Virtex2 Xilinx, a double digital to analog converter 
AD9765, a parallel and a serial interface.  
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TEST BENCH DESCRIPTION 
 
Tests and measurements are realized at a GANIL 

frequency (7MHz). The goal is to compare the measures 
in laboratory and on the accelerator. 

CW Sinusoidal Signal  
 
 

 
 
 
 
 
 
 
 
 

 
Figure 9: Test Bench Diagram. 

 
Synthesizer R&S and splitters generate references and 

signals. FPGA Phase and module values are compared 
with the lock-in amplifier measures (SR 844 Stanford 
Research). The reference frequency is calculated to have 
256 values per period in the FPGA process. 
Programmable Delay lines change the signal phase from 
0° to 360°. Tests consist of measuring phase and module 
variations between FPGA and SR844 with shifting the 
signal phase. A variable attenuator decreases module 
signal from 0dB to 60 dB and allows comparing results 
with different signal levels.  

RESULTS 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Phase and Module Variations. 
 

 
Results are the same with a duty cycle (1ms/100ms), 

measurement time increases proportionally to the ratio. 

CW Pulse Signal  
A pulse generator (Avtech AVM-1-C) is installed in 

front of the attenuator. The pulse width is about 10 ns.  
 

 

 
 
 
 
 
 
 
 
 

Figure 11: Phase Variations. 
 
Main variations are due to the h2 and h3 harmonics of 

the reference signal. Results will be improved after 
filtering the reference by process. 

CONCLUSIONS AND EVOLUTIONS 
Under-sampling and numerical processing by I/Q 

method gives good results in laboratory. On a great 
dynamics (60dB), FPGA phasemeter is able to measure 
sinusoidal signal phase precisely (+/-0.1°).  With pulse 
signals, improvements must be done to filter the reference 
signal and optimize the accuracy. 

Pick-up signal digitalization gives also the possibility to 
calculate module and phase of different harmonics. This 
electronics can also give the opportunity to follow beam 
intensity on line. 

The next step consists in using FPGA phasemeter on 
the GANIL accelerator, measuring the time of flight with 
two pick-ups, calculating the beam energy and comparing 
this value with the spectrometer measure. 

A new prototype is also in development to improve 
analog input adaptation, sampling frequency distribution, 
integration with the FPGA. 
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LONGITUDINAL EMITTANCE MEASUREMENT USING PARTICLE
DETECTORS

T. Milosic, P. Forck, GSI, Darmstadt, Germany
D. Liakin, ITEP, Moscow, Russia

Abstract

A device for accessing the longitudinal phase space at
low energy sections (1.4 MeV/u) of the GSI heavy ion
LINAC is presented. The interceptive measurement is
based on the coincident detection of single particles by
means of two detectors: The first detector provides mea-
surement of secondary electrons emitted from a thin Al-foil
by the impinging ion beam. Secondly, after a drift beam
particles are registered directly by a fast diamond detector.
This contribution describes the measurement setup in detail
including the principle of particle number attenuation by
Rutherford scattering in the Ta foil. The achievements con-
cerning the required timing resolution are presented and the
investigations are accompanied by recently recorded data.
Finally an outlook towards post-processing is given.

MOTIVATION

The existing facility at GSI will be used as injector for
the future project FAIR which requires optimizations of the
existing accelerator facility. Depending on the kind of a
certain optimization crucial information may be obtained
from beam diagnostics. The device presented is located at
the linear acceleration UNILAC and is aimed at providing
information about the longitudinal phase space in order to
improve injection into the Alvarez section (Fig. 1). Due to
the location in front of the Alvarez tank spatial constraints
led to a novel approach that is based on the time-of-flight
(TOF) between two particle detectors [1].

WORKING PRINCIPLE

The measurement setup can basically be divided into
three crucial parts. At first a mechanism has to provide
feasible particle number attenuation to satisfy single parti-
cle coincidence measurements. Secondly, two timestamps
are needed to account for the energy of the particle. Lastly,

Figure 1: Setup located at GSI UNILAC after IH structures,
accessible by the high current injector.

Figure 2: Device schematics. Single particles are detected
indirectly at MCP module (2) and directly at diamond de-
tector (1). UNILAC rf (3) is used as timing reference.

a method to determine the relative phase information is
required to complete the longitudinal degrees of freedom
within the phase space. The schematic of the measurement
setup is depicted in Fig. 2.

Particle number attenuation is accomplished in two
stages. Once the beam enters the device attenuation is
carried out by coulomb scattering using a thin Ta foil of
210 μg/cm2 and selecting scattered particles under an
laboratory angle of 2.5◦ with respect to the beam axis.
Two plates with � 0.5 mm and 1 mm at a distance of
155mm act as a collimator to achieve a small solid angle
of Ω ≈ 10−4. This assumes incoming beam intensities
that have already been lowered to several μA in order to
prevent damages of the Ta foil. This allows for a single
particle coincidence per bunch at maximum in conjunction
with coulomb scattering utilising the aforementioned selec-
tion of particles under a certain solid angle. Primary beam
attenuation needs different approaches for low current and
high current measurements. The attenuation of the primary
beam from a maximal current of ≈ 10 mA to about 10 μA
is done using transverse defocusing at different locations
along the UNILAC. By this space charge effects along the
Linac structures are influenced. Variation of the gas pres-
sure inside the stripper section provides an additional pa-
rameter to adjust the primary beam attenuation which is
used in particular at high current measurements.

The detector setup consists of a Microchannel Plate
(MCP, Hamamatsu F4655-13) and a diamond detector sep-
arated at 80 cm, the drift length relevant for the TOF.
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Due to the high stopping power at 1.4 MeV/u, it is not
possible to have a direct measurement of the traversing
ions in both detectors. Therefore the MCP module has
been designed to provide an indirect timing signal by mea-
surement of secondary electrons emitted by a thin Al foil
(9 μg/cm2) which is exposed to the particle trajectory. A
potential of −2 kV with respect to the MCP front is ap-
plied to the Al foil. Electrons emitted from the Al foil
are accelerated towards the MCP working at a potential
of ΔUMCP = −1.9 kV and are assumed to have a suf-
ficiently sharp peaked velocity distribution to legitimate
a constant time offset imposed by their TOF. Signals are
taken at the MCP anode using a bias tee connected to
ground preventing damages of the DAQ electronics due to
possible charge accumulation.

Eventually the ions are detected directly at a diamond
detector. The diamond detector has a diameter of 8 mm
with a thickness of 200 μm and is supplied by 200 V . Both
detector signals are further processed by double threshold
discriminators [3] and subsequently fed to a high resolu-
tion TDC (CAEN V1290). Derived from the UNILAC rf of
36.136 MHz a logical pulse representing the period length
is generated and recorded by the TDC. To reduce data over-
head a prescaler of 10 is used on the regular rf data by
analog gating. Linear regression is applied on the stable
timing data to improve precision. The relative phase infor-
mation is acquired by the time difference of the diamond
time information with respect to the UNILAC rf reference.
A custom-made VME beam timing module provides the
macro pulse start timing.
The longitudinal phase space information is reconstructed
by transformation of the TDC data into the relevant scales
and subsequent filling appropriate histograms. With Δt =
tDia − tMCP and assuming that ΔE � 〈E〉 the relative
energy deviation in linear approximation is given by

ΔE

〈E〉 ≈ dE

E

∣
∣∣
∣
∣
E=〈E〉

= −2
dt

t

∣
∣∣
∣
∣
t=t〈E〉

≈ −2
Δt

t〈E〉
,

where 〈E〉 = E(t〈E〉) is the mean energy and t〈E〉 is the
TOF for a particle at mean energy. To account for rela-
tive cable offsets and latency effects at the MCP module,
the design energy of 1.4 MeV is used a priori, i.e. data
evaluation is based on central moments. It should be noted
however that without linear approximation it is particular
difficult to determine the correct phase space since it is not
invariant under translation in t〈E〉.

MEASUREMENT EXAMPLE
An example of data recorded with a high current setting

is depicted in Fig. 3. The lower left pad shows the actual
recorded data with its projection on bunch structure (up-
per left) and its relative energy deviation (lower right). In
the upper right pad the expected longitudinal phase space
at Alvarez injection has been calculated using the in-house
Dynamion code. The measured phase space deviates sig-
nificantly in the energy spread compared to the phase space
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Figure 3: High current data recorded at HIPPI [2] ’08 cam-
paign - Ar10+ 6.5 mA. Histograms in black show projected
measured data whereas red histograms show the projected
Dynamion simulation.

received by the tracking code and gives a hint for the ex-
perimental resolution. This is also reflected in the actual
values of emittance (rms) and Twiss parameters given in
Tab. 1. Including the almost Gaussian shape of the energy
projection this is a clear hint that a direct measurement is
not capable of reconstructing the energy spread with the
required resolution.

Table 1: Direct Measurement vs. Dynamion code (Fig. 3)

Fig. 3 Measurement Dynamion

εrms [(keV/u)ns] 0.03 0.004
α 0.5 3.9
β [ns/(kev/u)] 200 862
γ [(keV/u)/ns] 0.01 0.02
Covar. [(keV/u)ns] -0.014 -0.015
ΔErms [keV/u] 24 12
ΔL∗

rms [ns] 1.8 1.8
∗ Bunch length has been used as constraint in simulation.

TIMING REQUIREMENTS

To get a better understanding on the very high timing re-
quirements it is useful to have a look at the expected energy
width of an optimized beam at Alvarez entrance. ΔErms

is expected to be around 1%〈E〉 and thus

ΔEexpected
rms ≈ 14 keV/u,

which corresponds to a difference in TOF of only about
240 ps at the given drift length of 80 cm.
Uncertainties within the measurement can be classified into
dissipative effects and the plain net timing resolution of
the setup. Dissipative effects due to straggling occurring
in both foils have been estimated using SRIM. The energy
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spread for a monochromatic ensemble of incidenting par-
ticles is calculated to be about 1.7 keV/u for the differ-
ent species of ions, Ar, Ta and U at the first foil (Ta) of
723 Å thickness and about 0.6 keV/u at the second foil
(Al) of 334 Å thickness. As those affect the real physical
phase space the corresponding relative error does not de-
pend on the drift length.
On the other hand the timing resolution is a critical limita-
tion which depends on several contributions from the elec-
tronics and detector setup. An input jitter of 35 ps has to
be considered for each channel of the TDC. Varying sig-
nal shapes of MCP pulses do not allow for a better esti-
mation of timing performance than at least 100 ps. Also
discrimination of diamond pulses show a jitter of at least
50 ps. Additionally, as the MCP can not be mounted or-
thogonal to the beam axis, the foil is adjusted with an an-
gle of 37.5◦ with respect to the particle trajectory. This
implies an uncertainty of the drift length that can be esti-
mated from the mean drift length and diamond radius to
about Δtrms

foil ≈ 24 ps. As there is no way of calibrating
the device it is difficult to state quantitative error values
especially for discrimination behaviour of the given signal
shapes. Still, it is apparent from all recorded data sets that
the device has a limiting energy resolution, and thus the
inability to provide a direct measurement of the energy de-
viation.

PRELIMINIARY POST-PROCESSING

Resolution deficiencies can be treated numerically to
some extend. If the response function of the setup is well
known deconvolution can improve the interpretation of the
recorded data. However, the process of deconvolution is
very sensitive to noise which might be a limit of the present
setup due to the low event rate. In Fig. 4 deconvolution
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Figure 4: Preliminary post-processing using Gold Decon-
volution as implemented in ROOT. Apart from the sup-
pressed artefacts the resulting distribution tends towards
the expected phase space as given in Fig. 3.
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Figure 5: Comparison of measured, deconvoluted and Dy-
namion data. Integral cutoffs are evaluated by homoge-
neous removing of events ending on a certain fraction left.

has been applied to each vertical energy slice separately
using the TSpectrum class implemented in ROOT for the
data represented above in Fig. 3. The response function
is chosen to be of Gaussian shape with an rms width of
1.25%〈E〉. The original data has been processed with 100
iterations and 10 repetitions with a boost parameter of 1.
To stress the fact of preliminary work these values should
be considered of arbitrary character and do not represent
a consistent procedure for now. A comparison of the data
and simulation is given in Fig. 5 for different integral cutoff
levels.

CONCLUSION & OUTLOOK

A novel type of device for measurement of the longitudi-
nal phase space based on TOF using particle detectors has
been presented. The high timing requirements for the direct
measurement of the energy can not be matched with the
resolution achievable at the given drift length. Although a
direct measurement is out of scope concerning the full lon-
gitudinal phase space, direct bunch length measurements
have proven trustworthy as the timing requirements are sig-
nificantly lower with typical bunch lengths starting at 2ns.
First attempts have been made to use post-processing tech-
niques on the degree of freedom connected to the energy of
the particles. Current efforts focus on finding a consistent
method to apply deconvolution on a wide scale of recorded
data.
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BEAM PROFILING AND MEASUREMENT AT MIBL 

O. F. Toader and F.U. Naab,                                                                         
Michigan Ion Beam Laboratory, University of Michigan,  Ann Arbor MI, U.S.A.

Abstract 
Michigan Ion Beam Laboratory (MIBL) is equipped 

with a 1.7 MV tandem particle accelerator and a 400 kV 
ion implanter.  Ion beams can be produced from a variety 
of ion sources and delivered to different beamlines.  
Precise beam profiling and current measurements are 
critical aspects of everyday activity in the laboratory and 
influence the success of each experiment.  The paper will 
present the devices used at MIBL to precisely determine 
the parameters of the ion beams in order to produce 
successful proton irradiations and ion implantations.  

INTRODUCTION 
The Michigan Ion Beam Laboratory (MIBL) is located 

in Ann Arbor and is a part of the Department of Nuclear 
Engineering and Radiological Sciences at the University 
of Michigan.  The laboratory is equipped with a 1.7 MV 
Tandetron accelerator, a 400 kV ion implanter and an ion 
beam assisted deposition system (IBAD).  The accelerator 
is a solid-state gas insulated, high frequency device, 
capable of operation between 0.4 and 1.7 MV (Fig. 1).   
 

Figure 1: 1.7 MV Tandetron accelerator. 
 
Various beams can be produced, starting with protons 

(up to 300 μA) and continuing with D+, He+, C+, O+, N+,  
heavier ions like Fe+ and Ni+ and many others.  The 
Tandetron can operate with three types of sources: a 
Torvis by (NEC) [1] that reliably delivers proton and 
deuterium beams, a duoplasmatron 358 source 
(HVEE) [2] used mainly for Alfa particles for surface 
analysis and a sputtering source PS120 (Peabody 
Scientific) [3] used to produce heavy ions.  The 
Tandetron has two beamlines; a 150 beamline for ion 
beam modification (implantation, and ion mixing) and 
radiation damage, and a 300 beamline for ion beam 
analysis, each terminated with a target chamber. Both 
beamlines contain a quadrupole triplet for focusing, an 
analyzing magnet, a raster-scanner and a steerer. The 150 
beamline and the chamber are equipped with cryopumps 
that can routinely achieve pressures in the 10-9 Torr range. 

Beyond the main chamber on the 150 beamline there is an 
electrically isolated irradiation sub-chamber. A 
temperature controlled sample stage can be attached next 
for radiation damage experiments (between 50 and 600 
°C). The 300 beamline contains an aperture system, a 
Faraday cup for charge collection, a beam viewer, a 
translation two-axis goniometer and detectors for 
backscattering and glancing angle measurements.  It is 
turbo-pumped and equipped for rapid sample turn-around.  
Rutherford backscattering spectroscopy (RBS), nuclear 
reaction analysis (NRA), elastic recoil detection (ERD), 
and ion channelling are conducted in this chamber.  All 
the control and monitor software programs for the proton 
irradiation and the Torvis source are written in Labview 
from National Instruments (NI) and were developed at 
MIBL 

The 400 kV NEC is an air-insulated ion implanter 
(Fig. 2). The ion source Model 921 made by Danfysik [4] 
is designed for production of high current and high 
brightness ion beams.  It is capable of ionizing materials 
that have low vapor pressure, and can produce ions by 
sputtering solid targets or by ionizing gases.  
 

 

Figure: 2 NEC’s 400 kV ion implanter. 

 
The implanter can provide beams from most elements 

in the periodic table, with energies between 10 and 400 
kV and with beam currents ranging from several 
microamperes to more than a milliampere (in some 
cases).  Beam fluencies of up to 1020 atoms/cm2 could be 
achieved in an area of a square inch in a few hours.  
Double ionization states for some elements (Ar2+, O2+, 
etc) allow for implants at energies of up to 800 kV. The 
target chamber and beam line operating pressure is in the 
10-8 Torr range.  A rotating carousel permits simultaneous 
loading of twelve 2-inch wafers, five 4-inch wafers or 
four 6-inch wafers for sequential implantation. The target 
chamber (3) is equipped with a 4-point Faraday cup 
system that allows for precise beam monitoring and dose 
measurements. 
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BEAM PROFILE MONITORS 

Proton Irradiations  
In the case of proton irradiations, the beam is raster 

scanned over an area that encompasses the samples to be 
irradiated and over a set of slits (apertures) that is used to 
monitor the current (Fig. 3).  If the beam is not centered,   
(as determined by reading the amount of current detected 
on the 4-slits set) the beam can be corrected accordingly 
using the Tandetron’s steerers.  

 

 

Figure 3: Beam alignment procedure. 

 

Figure 4: Actual irradiation stage. 

This way we ensure that the stage (Fig. 4) where the 
samples are loaded is uniformly exposed to the beam 

The Full-Width-Half-Maximum Profile 
If the beam is not ~3 mm or less in diameter during the 
scanning process, there will be places on the sides of the 
irradiated area that will “see” less beam. The beam will 
spend less time on the edges than in the center of the 
stage, resulting a non-uniform irradiated set of samples.  
The beam profile gives the beam’s spatial characteristics 
(shape and size) and determines its quality. The Beam 
Profile Monitor (BPM) outputs the signal to an 
oscilloscope. The X and Y profile of the beam as 
displayed on the oscilloscope resemble a Gaussian curve 
(Fig. 5).  

Figure 5: Typical Gaussian curve. 

The Full-Width-Half Max (FWHM) specifies where the 
power drops to one half the maximum and represents the 
beam’s “calculated” diameter.  As the edge of the beam is 
not perfectly defined we generally agree that the beam’s 
diameter is measured between two points that contain a 
selected percentage of the meaningful energy – and in the 
case of a Gaussian this is at the (1/e2)*diameter.  This  is 
where the beam contains 4-sigma of the energy 
distribution and the beam power is at this point 13.5% of 
the power at maximum height.  

Measuring the Beam Size  
The FWHM is used in determining the width of the 

beam according to the BPM manufacturer’s 
characteristics. The BPM is located close to the target 
(about 75 cm away) as a minimum beam is of crucial 
importance for the success of the irradiation experiments.   
MIBL is equipped with two BPMs – one on the Tandem 
and one on the Implanter. They were both manufactured 
by NEC [1]. The BPMs are model number BPM80 and 
BPM 82 respectively with controllers model S55A (Fig. 6 
and 7). 

  

Figure 6: BPM and cont-
roller of the Tandetron. 

Figure 7: BPM and cont-
roller of the Implanter. 

These BPMs consist of a helical tungsten wire that is 
driven horizontally and vertically across the beam at a 
frequency of about 19 cps.  The position is electronically 
monitored and the secondary electrons generated by the 
interaction with the beam are collected, the charge 
amplified and displayed on an oscilloscope.  The main 
advantages of this BPM setup are: long term stability and 
reproducibility, low current detection (~1 nA) and the 
capability to quantify and center the beam in the 
beamline.  This is done by setting some reference points 
on the oscilloscope screen and knowing the relationship 
between the divisions on the screen and the location and 
size of the beam, the beam is steered in the correct 
location.  
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Measuring the Beam Size  

If the two peaks (X and Y) correspond to the fiduciary 
marks of the BPM, by measuring the FWHM of the peaks 
(set identical for a circular beam) one can determine the 
diameter of the beam in the X and Y direction (Fig. 8). In 
the case depicted in Fig. 8, the FWHM is about 1.5 small 
units (one unit = 2 mm) on the scope, giving a beam 
diameter of ~3 mm and guaranteeing a successful 
irradiation.  After the beam is centered and focused, is 
raster scanned (Fig. 9) to cover the desired area. 

 

  

Figure 8: X and Y displays 
of the beam. 

Figure 9: Beam during 
scanning. 

A similar procedure is applied to the implanter to 
determine the beam’s characteristics.  

SUMMARY 
Michigan Ion Beam Laboratory is a user’s facility that 

can perform a wide range of services in the surface 
analysis, ion beam irradiation and ion implantation fields. 
It can produce a wide variety of ion beams with energies 
varying form 10 keV to 3.4 MeV and higher (for higher 
charge states).  Beam measurements are a prerequisite 
part of a successful experiment.  At MIBL this is 
guaranteed by a set of BPMs and current measurements 
performed before and during the runs.   
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DESIGN AND OPERATION OF A CURRENT MONITOR 
UNDER HEAVY HEAT LOAD 

P. A. Duperrex, P. Baumann, S. Joray, D. Kiselev, Y. Lee, U. Müller,  
Paul Scherrer Institut,  5232 Villigen PSI, Switzerland

Abstract 
For high intensity beam operation (3 mA, 1.8 MW) in 

the PSI 590 MeV 50 MHz cyclotron, a new current 
monitor for proton beams has been built.  This monitor 
uses a re-entrant cavity tuned at the 2nd RF harmonic. 
Compared to the current monitors already in operation, 
the design has improved cooling. The circuit resonance 
has been optimized in the laboratory to minimize the gain 
drift due to temperature changes. Energy deposition 
simulations and thermal analysis were performed to 
estimate the cooling efficiency, and preliminary results 
indicate that the temperature rise of the resonator 
corresponds to values predicted with MARS. Anomalous 
gain drift is nevertheless observed even with an active 
cooling system. A drift compensation scheme using a pilot 
signal 600 kHz off the designed resonator frequency is 
being presently tested and the preliminary results are 
encouraging. 

INTRODUCTION 
A new proton beam current monitor called “MHC5” 

has been installed in the PSI 590 MeV proton cyclotron. 
The current monitor is located approximately 8 m behind 
a 4 cm thick graphite target used for muon and pion 
production. As a consequence, the monitor is exposed to 
scattered particles and their secondaries from this target. 
The resulting thermal load is the main concern for this 
monitor. This problem will be even acuter for future high 
intensity beam operation (3 mA, 1.8 MW). Thus the main 
improvements of the new monitor were an active water 
cooling system and a surface blackening to improve the 
radiation cooling. 

MAIN FEATURES 

Measurement Principle 
The current monitor consists of a TM01-mode coaxial 

resonator, coaxially symmetric with the round proton 
beam pipe. The resonator is modelled as a quarter-wave 
transmission line, the open-end gap in the beam pipe 
couples some of the wall current into the resonator.  The 
cavity is tuned at 101.26 MHz, the 2nd harmonic of the 
proton beam pulse frequency. This frequency is used 
because of the better signal-to-noise ratio, the RF noise 
components from the generator being mainly at the odd 
harmonics. No significant shape dependency of the 2nd 
harmonic amplitude for relative small beam pulses is 
expected [1]. The oscillating magnetic field in the 
resonator is used to measure the beam current.  

Resonance Condition 
For a given resonant frequency, using an external 

capacitor shunt reduces the physical length of the 
resonator. The corresponding resonance condition is given 
by: 

2
tan

2
m

m o

L

cC Z

λπ
λ π

⎛ ⎞
=⎜ ⎟

⎝ ⎠
 

 
with L the resonator length, C the capacitor shunt, Zo the 
characteristic impedance of the transmission line, and λm 
the resonant wavelength. 

Mechanical Design 
The monitor is made of aluminium (anticorodal 110), 

with a 10μm coating layer of silver to improve the 
electrical conductivity. Compared to the monitors already 
into operation, the thermal coupling conductance was 
increased to improve the efficiency of the active water 
cooling. The monitor itself being in vacuum, the external 
surfaces have been chemically blackened to increase the 
emissivity of the monitor to provide an additional cooling. 
Four type K thermocouples monitor the resonator 
temperature. 

 

  

Figure 1: The new current monitor, showing the water 
cooling circuitry at the beam entry side (left). The four 
thermocouples are installed on the beam exit side (right). 

Temperature Drift Compensation 
Effect of temperature changes on the resonant 

frequency has been measured on a laboratory test bench 
before the installation of the monitor. External resonant 
circuits have been added to compensate the temperature 
drifts. Gain drifts smaller than 0.3dB were measured for 
the expected temperature variations during beam 
operation (30 to 70 oC). 
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POWER DEPOSITION 
To predict the thermal load, the proton deposition rate 

in the current monitor MHC5 was simulated, using Monte 
Carlo methods with the MCNPX [2] and MARS [3] 
programs. In MCNPX, the effect of the magnetic 
quadrupoles QHG 21 & 22 located between the target and 
the current monitor cannot be taken into account due to 
the lack of magnetic module. In MARS, the quadrupole 
induced beam deflection is taken into account. The 
MCNPX and the MARS calculations respectively predict 
562 W and 345 W energy deposition rate for 3 mA proton 
beam current. In MCNPX, the Coulomb scattering at the 
meson target is observed to be stronger, which causes 
more widely scattered beam thereafter, giving the higher 
energy deposition rate. In MARS, the beam is more 
focused due to the presence of quadrupole effect, and the 
current monitor is less exposed to scattered particle 
shower. 

THERMAL ANALYSIS 

Simulation Tools 
The applied simulation methods for the thermal 

analysis include the coupled flow and heat simulations 
based on second order accurate finite volume scheme and 
the Monte Carlo simulations for particle transport. The 
coupled flow and heat simulations have been performed 
by the multiphysics commercial tool CFDACE+ [4]. For 
calculation of the heat exchange rate between MHC5 and 
water, the shear stress transport (SST) k ω−  turbulence 
model [5] has been used. The mesh in the boundary layer 
region was refined until the desired value of the wall 
function is achieved. 

Water Cooling Efficiency 
For the laboratory test, the monitor MHC5 was 

thermally isolated and first heated by circulating 80 oC 
water through the cooling circuitry. As the monitor 
reached a thermally stable condition, the monitor was 
then suddenly cooled down using 30 oC water. The 
monitor temperature was observed to decrease 
exponentially in time during this cooling phase. The 
corresponding time constant was measured for different 
water speeds and then compared with the simulation 
results (Fig. 2). The time constants agree well within the 
10 % error for water speeds larger than 0.5 m/s. There is 
relatively large disagreement in values, for the water 
velocities below 0.25 m/s. One reason is that the 
simulation setting uses the turbulence module which 
might describe the laminar flow region with low water 
speed inaccurately. Another reason is that there have been 
more uncertainties in accurately controlling the water 
velocity for small mass flux.  

For reference, the transition from laminar to turbulent 
flow is expected to occur inside the 10 mm diameter 
water pipe at around 0.25 m/s. Then, the fully developed 
turbulent internal flow is formed at a water speed around 
0.4 m/s (or Reynolds number 4x103, see Ref. [6]). Once 

the turbulence is fully developed, the improvement of the 
cooling efficiency with increasing water inlet speed is 
marginal. This phenomenon is well reproduced by the 
simulation and the measurement. 

 

 

Figure 2: Comparison between measured and simulated 
time constants at the upper thermocouple location. 

 
Based on these cooling efficiency tests, a speed of 

2 m/s was chosen for the water inlet flow. Larger speeds 
would just accelerate the wearing out of the tube wall 
without improving the cooling. 

Predicted Operating Temperature 
 For the prediction of the operating temperature of 

MHC5, a coupled flow and thermal simulation for the 
energy deposition rate given by MCNPX was performed. 

 
 

 

Figure 3: The simulated temperature profile of MHC5 for 
the proton beam current 3 mA.  The temperatures range 
from 308°K to 363°K. 
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Figure 4 shows the simulated temperature distribution 
for a proton beam current 3 mA, with the peak 
temperature being 90 oC. For the energy deposition input 
from MARS, the peak temperature is simulated to be 
below 70 oC. 

Comparison with Experiment 
For the present operating beam current of 2 mA and for 

a inlet cooling water temperature of 38 oC, the MARS 
thermal simulation predicts a temperature of 48 to 49 oC 
at the upper PT100 sensor location. This is in excellent 
agreement with experimentally observed temperature 
(also 48 to 49 oC) for a 2 m/s cooling water speed. Thus, 
MARS delivers a realistic estimate of the power 
deposition. 

PRELIMINARY RESULTS 
Measurements of the beam current showed however 

significant and unexpected drifts for large currents (>1 
mA). The drifts are clearly visible when the MHC5 
current measurement is compared with a standard current 
monitor (MHC6) on the same beam line (Fig. 4). After 
each short beam interruption, MHC5 measurement drifts 
can be observed whereas MHC6 measurements remain 
stable. The temperature variations during these 
measurements were smaller than 5 oC and they could not 
account for the observed 10% current measurement drift. 
Transfer function measurements were thus performed 
during beam operation and the results clearly show 
changes larger than those observed during the bench tests. 

 

 

Figure 4: Time evolution of the beam current as measured 
with standard monitor (MHC6) and with the new monitor 
(MHC5). MHC5 drifts are clearly visible. 

 
The use of a pilot signal (test signal 600 kHz off the 

cyclotron RF frequency) to monitor these drifts and to 
provide a calibration has been investigated. An off-line 
analysis using MATLAB shows that the pilot signal may 
indeed compensate the observed drift (Fig. 5) at least 
during stable beam operation (i.e. no long beam 
interruptions). 

 

Figure 5: Time evolution of the MHC6 and of the corrected 
MHC5. The drifts could be compensated by using a pilot 
signal. 

CONCLUSION 
The preliminary measurements indicate that 

temperature measurements are in agreement with power 
deposition simulations when the magnetic field effects are 
taken into account (MARS). The beam current 
measurement drifts are larger than expected and remain 
for the moment unexplained. Correction schemes using a 
pilot signal are under investigation and the preliminary 
results are positive. 
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A “NOT-INTERCEPTIVE”  FARADAY CUP IN THE CNAO LOW ENERGY 
INJECTION LINES 

G. Balbinot, J. Bosser, M. Caldara, L. Lanzavecchia, M. Pullia, A. Parravicini, Pavia, Italy 
 on behalf of the CNAO collaboration 

Abstract 
The CNAO, the first Italian synchrotron for deep 

hadron therapy [1, 2], is presently in its final step of 
installation. It will deliver beam of both Protons and 
Carbon ions, in three treatment rooms, in order to cure 
solid tumours with active scanning technique.  

CNAO beams are generated by two ECR sources, able 
to produce both particle species, and transferred to a RFQ 
and a LINAC through a Low Energy Beam Transfer line 
(LEBT) at 8 keV/u and then accelerated up to 7 MeV/u 
before being injected in the synchrotron ring. 

At the end of the LEBT line, just upstream the RFQ 
(L2-011A-IC1 in Fig. 1), an electrostatic Chopper 
deviates the beam on the vacuum chamber except for 
about 100 micro-seconds every 2 seconds, in order to 
shape the particles batch according to LINAC 
requirements and to minimize the beam losses at the RFQ 
entrance. An electrically insulated vacuum pipe section 
hit by the deviated beam allows reading the LEBT beam 
current: this detector is called Chopper Faraday Cup 
(CFC) and is based on the Faraday Cup working 
principle: it results a “not-interceptive” monitor that is 
able to measure, continuously, the source beam current 
ripples and stability, without affecting the beam delivered 
to the synchrotron. The CFC detector is presently under 
commissioning and preliminary results are presented. 

 

CFC DESCRIPTION 
The CFC is a detector installed in the LEBT line, 

devoted to monitor, continuously, source current ripples 
and stability, even during treatments, without affecting 
the beam delivered to the synchrotron: the goal is the 
monitoring of beam current slow variations due to sources 
instabilities and ripples. This implies that the system 
should be able, in the worst case, to have 1% resolution of 
the minimum nominal beam current, which corresponds 
to 1.5 μA, according to LEBT beam parameters at 
chopper level (Table 1). 

The CFC key idea (Fig. 2) consists of insulating the 
vacuum chamber sector downstream the chopper and 
measuring the collected current: the cup measures the full 
beam intensity while the Electrostatic Chopper is 
powered. The result is an on-line monitor based on the 
Faraday Cup (FC) principle but not interceptive for the 
beam directed to the synchrotron: it will be blind only 
when the beam is directed into the LINAC section, that is 
nominally 100 μsec every 2 sec. Like a conventional 
Faraday Cup, the CFC is constituted by a body (A to B on 
Fig. 2), collecting the charge to be measured, and a 
repeller, aiming to push back the secondary emitted 

electrons produced by the beam-to-body interaction, 
whose escape would affect the measurement. The CFC 
body is the insulated section of the vacuum chamber 
where the beam is bent; it is showed grounded by a 
“resistance” in Fig. 2. The voltage across the “resistance” 
is proportional to the LEBT current. It is defined by 
inserting two insulating gaskets at its extremities. CFC 
length and diameter are optimized to the Chopper kick 
range and to the beam rigidity (Table 2). 

L2-011A-IC1L2-011A-IC1
 

Figure 1: LEBT Instrumentation Layout with elements 
names. SLA are Slits, BWS are Wire Scanner in both 
planes, FCA is Faraday Cup, CFC is the Chopper Faraday 
Cup , PIA is Profile Grid, GCT is a current transformer 
and IC1 is the electrostatic chopper. 

 
 

The repelling field, aimed to send back secondary 
electrons to the body, is generated by a metallic cylinder 
having an aperture where the beam is expected to pass 
(Fig. 2); this cylinder is inserted into the CFC tank and 
grounded, while the chamber is polarized with a positive 
voltage (Vbias= 50÷100V) and so protected with a 
Plexiglas cover (Fig. 3) for safety.  

Proceedings of DIPAC09, Basel, Switzerland TUPD21

06 Beam Charge Monitors and General Diagnostics

339



Table 1: Beam Parameters at LEBT Chopper 

 
Table 2: CFC Mechanical Parameters 

 Material Length Inner diameter 

Repeller Al 360 mm 80 mm 

Repeller support Al 360 mm 65 mm 

Body Al 360 mm 90 mm 

Insulators Viton 3.53 156 mm 

  

 

The beam enters the CFC continuously for most  
(99.995%) of the machine cycle time (2 sec) so over 
heating problem cannot be neglected. Large cooling fins 
(Fig. 3) on the outside of the CFC tank improve the air-
cooling efficiency: at the maximum Carbon ion current 
the power to be dissipated is about 3.6 W. This kind of 
cooling is estimated to be sufficient to preserve the 
detector under these conditions. Moreover, two power 
feed-throughs (OFHC Copper, 1 pin, 9.5mm diameter) 
are used to ground the repeller and allow some heat 
transfer. Using Plexiglas shield, the air convection 
efficiency is reduced. On a test bench, a power of 150 W 
has been applied to the CFC: it reached the steady state 
temperature of 70°C, which is fully acceptable without 
any risk. Anyway, in order to increase the device safety, 
the CFC temperature is always monitored by an infrared 
thermometer remotely readable from the control room. 

EXPERIMENTAL RESULTS 
Particles deflection angle depends on the beam 

barycentre position and chopper electrodes polarisation 
value. It has been simulated by using the Simion 7.0 
program. The first measurement is, indeed, the CFC 
current acquisition at different chopper deflection 
voltages (Fig. 5); a Proton probe beam of 100 μA, having 
a spot diameter of about 10 mm and positioned at the 
CFC mechanical centre, was available for such a test.  

 

 

Figure 5 reports the average beam current read with the 
CFC body polarised at 100V at various chopper 

 
Figure 2: Schematic top view of the CFC working 
principle. 

H3
+ Current intensity at Chopper 0.70 mA 

C4+ Current intensity at Chopper 0.15 mA 

Beam Current stability ± 1.5% 

Beam Current ripple ± 2 % 

Beam before Chopper Continuous  

Beam after Chopper 100μs pulse at 0.5 Hz 

Beam Energy 8 keV/u 

Chopper electrodes CFC

Beam pipe

Chopper electrodes CFC

Beam pipe  
Figure 4: CFC Simion Code 7.0 simulation,  top view:  
chopper electrodes polarized at ΔV=4kV. 

CFC polarisation 100V, H3
+ 100 μA.
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Figure 5: CFC measured current at different chopper 
deflection voltages (Chopper Bias [V] on abscissa) with 
a H3

+ probe beam of 100 μA. 
 

 
Figure 3: CFC with Plexiglas cover. 
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deflection voltages and also compared with the current 
read on the FC upstream the dipole (L1-022F-FCA) and 
downstream the CFC (L2-014D-FCA) where the 
measured beam current is the same. The CFC readout 
current value is coincident with the one obtained with the 
classical FCs when the chopper electrodes are polarised at 
4 kV. The peak at lower deflection voltage (~2kV), which 
is not the normal working setting, could be due to the fact 
that the beam interacts in a region where, for mechanical 
reasons, the electric field is stronger: peak amplitude is 
CFC polarisation voltage dependant. With these 
parameters (chopper electrodes at 4 kV and CFC 
polarisation at 100V), the beam current measured on the 
CFC has been plotted versus the FC upstream the dipole 
current by changing beam intensity (Fig. 6) modifying the 
slit aperture at L1-017B-SLA. 

The CFC has a linear response coefficient that is 5% 
below that of the normal Faraday-Cup; the error could be 
due to a not optimized secondary electrons repelling 
which could be improved increasing the CFC polarisation 
voltage. Looking at the horizontal profiles downstream 
the CFC (Fig. 7), it appears that the repelling field 
asymmetry affects the beam trajectory even at 100V 
polarisation, kicking the beam on the right with respect to 
the tank centre. In order to solve this problem, the CFC 
electronics has to be modified as described in following 
chapter. 

 

ELECTRONICS CHAIN 
Figure 8 sketches the electronic chain connected to the 

CFC is used to polarise the cup and to acquire the beam 
current. Appling on the CFC a polarisation (0÷1250V) 
through a voltage-regulated power supply like FUG 
MCP140-1250 with floating outputs, a DC current of few 
microamperes entering the cup can be read imposing the 
power supply to generate a current larger than the beam 
into a resistor (R2 in Fig. 8) to ground: the PS regulation 
reacts when beam adds to the normal current in order to 
keep the voltage constant. Measuring the variation of the 
power supply current monitor output (“IMON” in Fig. 8), 
the CFC beam current can be computed. Using a 
capacitor (C2), the monitoring of beam pulse duration 
injected in the RFQ and LINAC is also possible.  

During the measurements, the relay that grounds the 
cup is opened; the problem of beam deflection due to the 
repeller could be solved closing the relay when the beam 
is no more bent by the chopper but sent into the LINAC. 
This solution is presently under investigation.  

CONCLUSION 

Insulating the vacuum pipe downstream the 
electrostatic chopper, it’s possible to monitor a Proton 
beam current using the Faraday Cup working principle, 
without intercepting the beam for treatments: the 
preliminary results show that the CFC response is linear 
by 5%. Problems remain on the repelling field system that 
can perturb the beam trajectory: once solved with a 
modified electronic chain, the detector commissioning 
with a full, Carbon and Proton, beam, can be performed. 
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Figure 8: CFC electronics chain.  
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Figure 6: CFC current at different H3

+ beam intensity. 
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Figure 7: CFC polarisation effect on H3

+ beam profiles.  
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BEAM BASED MEASUREMENTS OF THE RF AMPLITUDE STABILITY
AT FLASH USING A SYNCHROTRON RADIATION MONITOR

Ch. Gerth, F. Ludwig and C . Schmidt
Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany

Abstract

To exploit the short radiation pulses in pump-probe ex-
periments at single-pass free-electron lasers, stabilization
of the longitudinal profile and arrival time of the electron
bunches is an essential prerequisite. Beam energy fluc-
tuations, induced by the cavity field regulation in the ac-
celerating modules, transform into an arrival time jitter in
subsequent magnetic chicanes used for bunch compression
due to the longitudinal dispersion. The development of
beam based monitors is of particular importance for the
validation and optimization of the cavity field regulation.
In this paper we present bunch-resolved energy jitter mea-
surements that have been recorded with a synchrotron ra-
diation monitor at the Free-electron LASer in Hamburg
(FLASH). The (rms) beam energy jitter was determined to
be 8.8 10−5, and the cavity field detectors of the accelerat-
ing module have been identified as the main noise source
within the cavity regulation system with an (rms) amplitude
fluctuation of 6.5 10−5. The reduction of deterministic cav-
ity field imperfections by applying a feedforward learning
algorithm for the cavity field regulation is demonstrated.

INTRODUCTION

Stable and reliable user operation of the Free-electron
LASer in Hamburg (FLASH) requires precise control and
stabilization of the RF accelerating amplitudes and phases.
This is in particular true for RF accelerating fields prior
to bunch compressors, as the ultra-short electron bunches
with high peak currents are produced by off-crest accelera-
tion in combination with magnetic dipole chicanes. Small
fluctuations in the energy chirp rate may cause unaccept-
able peak current and bunch arrival time jitters. For in-
stance at FLASH, RF amplitude and phase stabilization of
about 10−4 and 0.01◦ are required to achieve peak current
variations on a percent level.

A schematic of the FLASH injector is shown in Fig. 1.
The RF photo-cathode gun is directly followed by the
super-conducting 1.3 GHz accelerating module ACC1
which accelerates the electrons to a beam energy of typi-
cally 130 MeV. The module comprises eight 9-cell niobium
cavities with a very high quality factor, i.e. very narrow
bandwidth and very long response times. The maximum
feedback gain g0 that can be applied in the low-level RF
(LLRF) system for the regulation of ACC1 is limited due
to instabilities generated by the digital control loop, and,
therefore, imperfect compensation of effects such as beam
loading may occur.

A deviation of the beam energy ΔE/E transforms into a

Figure 1: Schematic of FLASH injector.

horizontal beam displacement Δx in the dispersive section
of the bunch compressor (BC) downstream of ACC1 and a
beam arrival time difference Δt at the end of the BC given
by (first order transport theory, β � 1):

Δx = R16 · ΔE

E
and Δt = R56 · ΔE

E
, (1)

where R16 ≈ 300−400 mm and R56 ≈ 140−230 mm are
the the horizontal and longitudinal dispersion of the BC.
The beam energy can be determined by recording the beam
position Δx with a synchrotron radiation (SR) monitor.

SR MONITOR

The SR emitted in the third dipole of the first BC at
FLASH is imaged by a SR monitor which comprises an in-
tensified CCD camera (SR-Camera) and a multi-array pho-
tomultiplier tube (SR-PMT). By utilizing a beam splitter,
both the SR-camera and SR-PMT can be used simultane-
ously.

The SR-camera [1] records the full x-y projection of the
electron bunches. By adjusting the gate and delay of the
camera timing, single bunches or any number of subse-
quent bunches can be chosen out of a bunch train. How-
ever, the readout of the CCD is too slow to resolve more
than one electron bunch within a bunch train.

Two adjacent anodes of the SR-PMT [2] are used to mea-
sure the centre-of-gravity beam position which is given by
the normalized difference signal s of both anodes:

s =
I1 − I2

I1 + I2
, (2)

where I1 and I2 are the signal intensities of each anode.

h
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Figure 2: Correlation plot for 500 bunches recorded simul-
taneously with the SR-PMT and SR-camera.

The fast SR-PMT signals are digitized by analog-to-
digital converters (ADC) which enables bunch-resolved
beam energy measurement within the bunch trains. By
changing the dipole current and, therewith, the beam po-
sition, both the SR-camera (in pixel) and SR-PMT (in V)
can be calibrated as a relative change in the magnetic field
corresponds to a relative change in beam energy.

An upper limit for the energy resolution can be esti-
mated by recording simultaneously the relative energy jitter
with the SR-camera and SR-PMT. Figure 2 shows the cor-
relation of the energy jitter measured for 500 subsequent
bunch trains. The difference of the measured energy jitter
is 1.08±0.04 10−4 which gives an upper limit for the reso-
lution of both detectors. Assuming that both detectors have
the same resolution, the resolution of each detector would
be 1.08 ± 0.04 10−4/

√
(2) = 7.6 ± 0.3 10−5.

LEARNING FEEDFORWARD

The RF field regulation is subject to various disturbance
sources which can be distinguished into stochastic and de-
terministic disturbances. The effect of both disturbances
can be minimized to a certain level by usage of a feed-
back compensator. Repetitive disturbances can also be sup-
pressed by using the knowledge from previous regulations
to adapt the system input drive for the following ones. The
basic update algorithm [3] is given by:

uk+1(t) = uk(t) + L(t) ek(t) , (3)

where u is defined as the system input and e the deviation
of the measured RF output to the given setpoint. L is a lin-
ear, non-causal, time-varying filter based on the identified
system model.

Figure 3 shows the energy slope along bunch trains with
29 bunches measured with the SR-PMT for several itera-
tions of a learning feedforward (FF) algorithm. Note that
stochastic effects were eliminated by normalising the en-
ergy of the first bunch for each bunch train to zero. As
can be seen, the energy slope over the bunch train is about
4 10−3 (lowest curve) even with the feedback controller
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Figure 3: Removing beam induced RF field deviations
along the bunch train with a learning FF algorithm.

turned on. Only a few iterations of the leaning FF algo-
rithm were necessary to reduce the energy slope caused by
beam loading.

The standard deviation of the beam energy of all bunches
in the bunch train relative to the corresponding mean value
is shown in Fig. 4. The convergence speed of the learning
FF algorithm is high enough to achieve a rms beam energy
stability of below 10−4 within a bunch train after several it-
erations. Each iteration step corresponds to a measurement
over 10 bunch trains.
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Figure 4: Minimization of the rms energy deviation of all
bunches within a bunch train by applying the learning FF
algorithm.

BEAM STABILITY

The cavity field amplitude and phase fluctuations within
the LLRF regulation system depend mainly on the con-
troller loop gain and amplitude and phase noise of each
subsystem: cavity, master reference, field detectors, mod-
ulator and klystron [4]. To clarify how the LLRF system
contributes to the beam energy and bunch arrival time fluc-
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tuations, we have determined its correlation to the cavity
vector sum field of ACC1. For minimum noise contribu-
tion and closed loop operation of the regulation system,
the measured closed-loop cavity vector-sum-field noise de-
creases with increasing loop gain and is not suitable for
correlation measurements. Nevertheless, the cavity field
noise in correlation to the beam energy jitter can be de-
tected by using a second noise ’watchdog’ system which
is operated simultaneously in open loop mode as depicted
in Fig. 1. Solving both LLRF systems using algebraic
methods presented in [4] and neglecting phase noise con-
tributions, both the beam energy noise SΔE(f) and cavity
field noise Sα,DEV (f) detected by the watchdog system
are given by

SΔE(f) = Sα,CAV (f) (4)

Sα,DEV (f) = Sδα,DEV (f) + Sα,CAV (f) , (5)

where Sα,CAV (f) is the vector sum amplitude noise of
the cavity field and Sδα,DEV (f) the field detector noise.
Using a perfect controller with a gain of g0 � 1, which
eliminates most of the regulation noise, indicated by a
nearly noiseless cavity vector sum signal, shifts the field
detector noise directly onto the beam in closed loop oper-
ation. Using Sα,CAV (f) = Sδα,ACC1(f) and Eq. (5), the
correlation between the beam energy fluctuations and the
detected cavity field noise is given by

γδE,α(f) =
(

1 +
Sδα,DEV (f)
Sδα,ACC1(f)

)− 1
2

. (6)

The correlation between the beam energy jitter measured
with the SR-PMT and the cavity field measured with the
watchdog system is shown in Fig. 5 for 6000 bunch trains
at 6 degree off-crest operation of ACC1. Long-term drifts
were eliminated in the data. Except for some occasional de-
viations, the measurements are in accordance with Eq. (6)
for γδE,α(f)=1/

√
2≈0.707, only assuming that the field

detectors have the same noise spectral density.
The upper part of Fig. 5 shows the rms amplitude field

detector noise measured with the watchdog system, The
value of 9.2 10−5/

√
2 = 6.5 10−5 is in agreement with

an independent characterization of the field detectors at
FLASH of 6.5 10−5 amplitude and 5.0 10−5 phase stabil-
ity using the master reference. The expected noise reduc-
tion factor of

√
8 using the vector sum principle of 8 single

field detectors, each characterized to be 1.5 10−4, has been
demonstrated in machine operation. Using Eq. (1), the rms
arrival time jitter caused by the LLRF system, dominated
by the field detector noise, amounts to about 40 fs.

A slightly higher beam energy jitter of 8.8 10−5 mea-
sured with the SR-PMT (Fig. 5 (middle)) indicates either
the presence of additional uncorrelated beam charge or
bunch arrival time fluctuations entering the accelerating
module of the same order or resolution limitations by the
SR-PMT. These limitations might decrease the correlation
(Fig. 5 (bottom)). Other effects increasing the correlation,
e.g. phase noise fluctuations, controller imperfections and
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Figure 5: (top) Cavity vector-sum field amplitude fluctua-
tions measured with the watchdog system, (middle) beam
energy fluctuations measured with the SR-PMT, (bottom)
correlation between watchdog system and SR-PMT.

higher order cavity passband modes, will be investigated in
the future.

CONCLUSIONS

A SR monitor based on a multi-anode photomultiplier
tube, installed in the first bunch compressor at FLASH,
has been used to measure the beam energy jitter com-
pared to the field regulation in the first accelerating mod-
ule. We have demonstrated that deterministic disturbances,
e.g. beam loading, can be suppressed to a rms value below
10−4 over a bunch train by applying a learning feedfor-
ward algorithm. Using a noise watchdog system, the cavity
field detectors have been identified as the main noise source
within the cavity regulation system with an amplitude fluc-
tuation of 6.5 10−5. The beam energy jitter measured with
the SR-PMT was determined to be 8.8 10−5.
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Abstract 

The Frascati electron-positron collider DAFNE is 
testing the crabbed waist scheme, aiming to reach a large 
improvement of the specific and integrated luminosity of 
the accelerator. In order to have a reliable, fast and 
accurate measurement of the absolute luminosity, a 
number of dedicated detectors have been designed, built, 
tested, calibrated and put into operation. 

INTRODUCTION 
At the Frascati DAFNE accelerator, running at the Φ 
meson peak (√s=1.02 GeV), the idea of enhancing the 
luminosity of an electron/positron collider with the 
introduction of a large Piwinski angle and low vertical 
beta function compensated by crab waist [1], is being 
tested. The accelerator has been modified to test the crab 
waist sextupoles compensation scheme and has restarted 
operations at the beginning of year 2008. Dedicated 
detectors have been installed for the measurement of the 
luminosity and the backgrounds. 

Luminosity Detectors 
Three different types of detectors using different 

physical processes are used, with different degrees of 
statistical and systematic accuracy: 

• resonant decay e+e− → Φ → K+K−: a set of 
scintillators (Kaon monitor) has been installed 
around the vertical axis (θ~90°) by the SIDDHARTA 
collaboration to count back-to-back high-ionization 
tracks: a rate of about 25 Hz at 1032 is expected.  

• The elastic (Bhabha) scattering e+ e− → e+ e−:  two 
calorimetric detectors have been placed on both sides 
of the interaction region (IR) to detect back-to-back 
tracks with energy deposit of about the beam energy 
∼510 MeV. Even though the polar angle is limited 
due to the presence of the low-β quadrupoles, the 
rate expected in the covered acceptance of 
18°≤θ≤27° is high enough (~440 Hz at a luminosity 
of 1032 cm−2 s−1) to provide a clean measurement on-
line. 

The radiative Bhabha process: e+e− → e+e− γ; it has the 
advantage of a very high rate and that the emission of 
highly collimated photons ( 95% of the signal in 
contained in a cone of 1.7 mrad aperture), but it is heavily 
affected by backgrounds. In particular beam losses due to 
interactions with the residual gas in the beam-pipe, 

Touschek effect, and particles at low angles generated 
close to the IR. Very limited space is available at very 
small angles, close to the beam pipe, so that compact 
crystal calorimeters have been realized, in order to count 
events with a radiated photon. 

 

 
Figure 1: View of the DAFNE interaction region, with the 
detectors for luminosity measurement around the 
SIDDHARTA experiment setup. 

BHABHA DETECTORS 
The Bhabha monitors consist of two different detectors: 

a couple of calorimeters and two GEM trackers of annular 
shape, on either sides of the IR. 

Calorimeters 
Two modules of calorimeters surround each of the two 

final permanent quadrupole magnets, located at a distance 
of 32.5 cm on both sides of the IR, as shown in Fig. 1. 
Each of the four modules are segmented in the azimuth 
angle in five sectors, 30° wide. A 1/6 of the acceptance, 
i.e. the ±15° region, has not been instrumented, both for 
leaving space for the supporting structure, and for the 
high rate of background events expected on the machine 
plane.  

Each sector is a sandwich of 12 trapezoidal tiles of 1cm 
thick scintillator, wrapped with Tyvek, alternated with 
lead plates: eight 5 mm thick plates towards the 
interaction point and three 1cm thick plates in the back 
part, for a total thickness of 19 cm. This choice was 
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driven by the compromise between the need of having a 
good longitudinal containment of 510 MeV electron 
showers (the total depth corresponds to about 12.5 X0), 
and the necessity of having a detector not exceeding the 
permanent quadrupole length.  

Each of the 240 scintillator tiles (produced by injection-
molding in IHEP, Protvino) has three radial grooves on 
one face, 2 mm deep (one in the middle and two 1 cm 
from the edge of the tile) inside which wavelength 
shifting (WLS) fibers of 1 mm diameter are placed; the 36 
WLS fibers of a sector  are collected to an optical adapter 
to fit the photocathode of a Photonis-Philips XP 2262B 
photomultiplier. The assembly of the five sectors of a 
calorimeter module, before the coupling of fibers to the 
photomultiplier, is shown in Fig. 2.  

 

 
Figure 2: One of the four Bhabha calorimeter modules, 
each composed by five sectors of 12 scintillator 
trapezoidal tiles sandwiching 11 lead plates.  

 
The DAQ is based on the KLOE experiment system: 

the analog signals are actively splitted to be digitized by a 
constant fraction discriminator for time measurement 
(using the KLOE TDC, 1.04 ns resolution), and for the 
pulse height measurement by the KLOE charge ADC, 
with a 0.25 pC resolution. 

An energy resolution of 15% at 510 MeV has been 
measured, before the installation in the IR with a 510 
MeV test-beam at the Frascati BTF, and afterwards with 
collisions data. This is adequate to define the trigger 
threshold for selecting Bhabha events. For each of the 
four modules indeed the analog sum of the five sectors 
signals is discriminated with a given threshold; then the 
trigger for a candidate Bhabha event is simply given by 
the coincidences of two back-to-back modules. 

The Triple GEM Trackers 
In front of each calorimeter, at a distance of 18.5 cm 

from the IR, a ring of triple-GEM detectors [2] is installed 
around the beam pipe. The trackers are divided in two 
units, with an half-moon shape; the top (bottom) half 
covering azimuth angles between 14° and 166° (194° and 
346°), as shown in Fig. 3. Each of the four GEM units is 
segmented into 32 pads: eight cells in azimuth (covering 
19° each) are arranged in four rings of equal radial 
extension. When a charged particle crosses the 3 mm drift 
gap, it generates electrons that will be multiplied by the 
three GEM foils separated by 2/1/2 mm. Each of the 
GEM planes is made of a thin (50μm) kapton foil 

sandwiched between two copper clads and perforated by a 
dense set of holes (70μm diameter, 140 μm pitch).  

 

 
Figure 3: Triple-GEM ring detectors, composing one of 
the two trackers installed on each side of the IR.  

 
As a high potential difference (about 400 kV) is applied 

between the copper sides, the holes act as multiplicating 
channels and the gain of each layer is about 20 (8,000 in 
total). 

The GEM trackers have been included into the main 
DAQ system, read by KLOE TDC modules. 

RADIATIVE BHABHA DETECTORS 
 Two gamma monitor detectors are located 170 cm 

away from the IR, collecting the photons radiated by 
electron or positron beam. Each detector is made of four 
PbW04 crystals (squared section of 30×30mm2 and 
110mm high) assembled together along z, in order to have 
a 30 mm face towards the photon beam, and a total depth 
of 120 mm corresponding to about 13X0. Each crystal is 
readout by a Hamamatsu R7600 compact photomultiplier. 
Each of the crystal signals is splitted: one half is sent to 
the charge ADC of the data acquisition system, while the 
other is sent to an analog mixer. The analog sum of the 
four crystals is then discriminated and the counts are read 
by the DAFNE Control system, providing a prompt 
estimate of the luminosity for machine optimization.  

Because of the boost introduced by the beam crossing 
angle, the trajectories of the photons are shifted towards 
the inner side (along x coordinate) of the machine; the 
gamma monitors and GEM trackers are then placed along 
the beam pipe at x=−5cm and rotated by 4o in the 
horizontal plane with respect to the beam axis. 

Thanks to the high rate, those detectors are very useful 
as a fast feedback for the optimization of machine 
luminosity versus background, more than providing a 
measurement of the luminosity, since the relative 
contribution of background is changing with the machine 
conditions. 

SIMULATION 
In order to get the absolute luminosity from the 

measured coincidence rate in the Bhabha calorimeters, the 
event rate should be corrected for the detectors’ 
acceptance and selection efficiency. In order to compute 
these factors we developed a full simulation of the whole 
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experimental set-up, based on the GEANT3 package.  
This includes all the materials and fields present in the 
interaction region as well as a simulation of the detectors 
response. 

The BHWIDE package is used to generate Bhabha 
events with a full treatment of the radiation [3]. The 
contamination due to the Touschek background is 
investigated by interfacing an ad hoc generator [4] with 
the simulation.  

 The simulation predicts a measured Bhabha event rate 
of ~440 Hz when the luminosity equals 1032 cm-2 s1.  The 
rate actually measured at the IP is compared with this 
number to derive the actual luminosity. The simulation is 
also used to evaluate the systematic uncertainties 
affecting this measurement. Using only the calorimeters, 
an uncertainty of 11% can be estimated. It drops to 7% 
when the GEMs are also used.  

We also used the simulation to determine the optimal 
location for the GEMs. They’re shifted in the horizontal 
plane by 5 mm in the direction of the boost to compensate 
for the loss of back-to-back-ness caused by this boost. 

RESULTS 
The four calorimeters, the GEM trackers and the crystal 

gamma detectors are acquired by KLOE farm data 
acquisition prototype. The trigger condition (T1FREE) 
consists of the OR of the two possible coincidences of 
opposite, upside-down modules when the energy released 
in the modules is above a threshold of about 200MeV. 

The precise knowledge of the effective energy threshold 
in our trigger is essential for the determination of the 
acceptance with the Monte Carlo simulation. A good 
estimate of the threshold can be obtained looking at the 
ratio of the events triggering a given module, with respect 
to the total acquired events. The threshold profile that one 
obtains by taking this ratio (bottom plot in Fig. 4) is not a 
step function due to smearing introduced by the 
electronics.  

  

Figure 4: Determination of the trigger threshold by taking 
the ratio of triggering/total events in one module. 

 

The equivalent energy of the threshold can then be 
determined from the knowledge of the peak in the energy 
deposit, which corresponds to the beam energy (510 
MeV). 

Single and coincidence rates are acquired by the 
DAFNE control system, in order to provide a fast reading 
of luminosity and background condition very useful for 
machine parameters optimization.  

The T1FREE rate is affected by background 
contamination, especially during beam injections. In order 
to get an accurate and clean luminosity estimate, an 
online filtering process runs on the DAQ farm, providing 
an offline estimate of the rate (T2FARM), corrected by 
the measured percentage of background events. This 
correction is computed analyzing blocks of events (1000 
events, corresponding to about 1 s at 2.5×1032), and by 
looking at the time distribution of the two triggering 
modules. In order to isolate genuine Bhabha’s, the online 
filter selects events in around around Δt=0 in a ±3 σ 
window (±6 counts). The amount of background beneath 
the peak is also taken into account: events in the sideband 
(of the same time width) are counted and subtracted.  

All online and filtered data are stored by DAFNE 
control system with a sampling time of 15 seconds and 
are available for analysis and on web for online 
presentation (Fig. 5). 

 

 
Figure 5: Online display of the currents in the machine 
(upper plot) and the luminosity measured by our 
luminometers (bottom plot, including the correction for 
the acceptance and background subtraction).  
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HIGH DYNAMIC RANGE SPECTRAL ANALYSIS IN THE kHz BAND  
M. Gasior, A. Boccardi, CERN, Geneva, Switzerland

Abstract
Many beam instrumentation signals of large circular 

accelerators are in the kHz range and can thus be digitised 
with powerful high resolution ADCs. A particularly large 
dynamic range can be achieved if the signals are analysed 
in the frequency domain. This report presents a system 
employing audio ADCs and FPGA-based spectral 
analysis, initially developed for tune measurement 
applications. Technical choices allowing frequency 
domain dynamic ranges beyond 140 dB are summarised. 

INTRODUCTION
The large market for PC sound cards and audio 

processing devices has resulted in the availability of 
excellent and inexpensive audio ADCs. Often they have 
two channels and are accompanied by two (or more) 
DACs in a single chip, commonly referred to as “codec”. 
Good audio ADCs have 24-bit resolution with excellent 
linearity given by the /  architecture and datasheet 
signal-to-noise ratios (SNRs) in the order of 100-120 dB, 
corresponding to some 16-20 effective number of bits. 
The remaining bits normally contain noise, but as this is 
to a large extent white noise, it can be lowered by spectral 
analysis or time domain filtering, resulting in an increased 
dynamic range. Since the frequency domain SNR 
improves as 2/N for an N-point FFT, for 4K-point FFT 
one gains some 33 dB and for 64K-point FFT the gain is 
about 45 dB, giving potential SNRs above 160 dB. 

As illustrated in Fig. 1, the presented spectral analysis 
system is based on an audio codec, connected to a digital 
acquisition board (DAB) through an LVDS link. The 
DAB, hosting a large FPGA and memory, is a standard 
CERN acquisition/processing VME board used for most 
of the LHC beam instrumentation systems. In the 
discussed system the DAB stores the acquired data and 
performs FFT calculation, prior to transmitting raw data 
and calculated spectra to a VME front-end computer 
(FEC). The FEC, connected to the control infrastructure 
by a fast Ethernet link, makes the data available for end 
applications [1]. 

As the DAB-based real-time FFT analysis providing 
180 dB dynamic range is described in [2], this paper 

focuses on the remaining crucial aspects of the system, 
making it a powerful, inexpensive high dynamic range 
acquisition and spectral analysis system.  

24-BIT ADC/DAC MODULE 
The system described in this paper was built primarily 

for the LHC tune and chromaticity measurement systems 
[1], which process two beam signals and provide two 
excitation signals that are band-limited to half the 
revolution frequency (fr  11.2 kHz for the LHC). An 
audio stereo codec with two ADCs and two DACs was 
the natural choice for the core of the system. Since system 
prototypes were studied at the CERN SPS (fr  43 kHz) 
and BNL RHIC (fr  78 kHz), the design is compatible 
with all these machines.  

The 24-bit ADC/DAC circuit was built not as a VME 
module, but in a NIM format, at the expense of having an 
additional crate in the system. This solution offered more 
room to accommodate input and output insulation 
transformers, which have substantial dimensions as they 
carry low frequency signals of relatively large amplitudes. 
Furthermore, NIM chassis typically offer lower levels of 
electromagnetic interference, since they usually contain 
analogue electronics in shielded modules, and as they 
provide power supplies of good quality that are less 
subject to perturbations from complex digital modules 
rare in NIM chassis.  

From the many audio codecs available in the market 
Cirrus Logic CS4272 was selected, a 28-pin chip 
containing two 24-bit ADCs and two 24-bit DACs with 
differential inputs and outputs. The choice was a 
compromise between the chip performance and 
complexity, mainly of the configuration protocol. Its 
datasheet SNR is 111 dB and the maximal sampling 
frequency (fs) 200 kHz, however, its best SNR was found 
to be for fs below 50 kHz.  

The codec inputs and outputs allow differential 
architecture for the input amplifiers and low pass filters 
(LPFs) as well as for differential output interpolation 
LPFs. This increases the immunity to interference and the 
dynamic range.  

Despite the fact that the 24-bit ADC/DAC module 
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Figure 1: Block diagram of the kHz range spectral analysis system. 
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circuits work at low frequencies, in order to maximise the 
dynamic range, its four-layer PCB was designed 
according to high frequency design rules, such as using 
only small surface mount components, low inductance 
power supply decoupling, solid ground planes and no 
thermal reliefs on the component layers. 

The inputs and outputs of the NIM module have 
insulation transformers. The purpose of the input 
transformers is to prevent ground loop currents that may 
arise if the module and the source of the analysed signal 
(typically an analogue front-end) are distant from each 
other and if their local grounds are not exactly on the 
same potential. This is especially common in the vicinity 
of large power systems. In case the signal cable 
connecting the module and the source is grounded on both 
ends, any ground potential difference will drive a current 
through the cable ground conductor. This current creates 
in turn a voltage on the cable resistance and the voltage 
appears on the input of the ADC. Introducing insulation 
transformers between the two ground domains reduces the 
ground currents to the one flowing through the inter-
winding capacitance of the transformer. While in the kHz 
range this current can be kept small, insulation 
transformers significantly reduce ground loop interference 
for low frequencies.  

The purpose of the output insulation transformers is to 
prevent ground loops for the input of the remote system 
connected to the DACs (e.g. high power transverse 
damper amplifiers). 

Unfortunately, the insulation transformers for the kHz 
range have to be of substantial size and wound on a high 
permeability core with many windings. To minimise their 
size and number of turns, the NIM module has 50  input 
and output impedance, contrary to typical audio systems. 
Low input/output impedance also helps to achieve good 
transformer insulation. 

The drawback of using insulation transformers is 
measurable signal distortion that depends on signal 
amplitude and frequency. This was one of the reasons to 
limit the full scale (FS) amplitude to 2.8 Vpp for the 
inputs and to 2.5Vpp for the outputs. 

It was observed that the insulation transformers 
captured some stray magnetic fields (e.g. of the NIM 
power supply transformer, however below the –100 dBFS 
level), thus they are useful only if the ground loop 
interference dominates, which is usually the case in large 
accelerator installations. 

For tune measurement applications it is necessary that 
the ADC sampling is synchronised to the machine 
revolution frequency fr. The ADC sampling clock is thus 
derived from the machine RF system. In addition, 
typically for the /  architecture, the master clock 
(MCLK) frequency supplied to the codec is a multiple of 
fs. To fulfil these requirements the codec MCLK was 
produced by a PLL synchronised to the RF frequency 
(fRF), as shown on the system block diagram in Fig. 1. 

To minimise MCLK jitter, the voltage controlled 
oscillator (VCO) was built as an LC generator tuned with 
a varicap diode. Since fr variations for all considered 

machines are small (e.g. maximal relative change of LHC 
fr is some 25 ppm), the VCO tuning range was limited to 
some 1 %, determined by potential drifts of resonator 
components. The phase detector (PD) is a part of an 
integrated PLL circuit, followed by a passive low-pass 
filter. The MCLK jitter was measured to be about 5 psrms.

Since the system is supposed to work for three 
machines, the required clocking flexibility was achieved 
by programming the fRF divider in the FPGA and the VCO 
frequency divider in the NIM module, as shown in 
Table 1, listing also other parameters of the clocking 
scheme. With such a scheme, it was possible to maintain a 
similar VCO frequency for all machines, and only the 
simple LPF of the PD is machine specific, in order to 
achieve an optimal PLL dynamic for different loop gains. 

For the LHC system fs is a fourth multiple of fr and 
samples are filtered and decimated to fr, in order to 
improve the system SNR by 6 dB. 

Tune measurement of smaller CERN accelerators 
required extending the system bandwidth to a few MHz 
and this was achieved by replacing the 24-bit ADC/DAC 
module with two DAB mezzanines, one accommodating 
two 16-bit, 40 MHz ADCs and the second with two  
12-bit, 40 MHz DACs. The FPGA signal processing 
required only a few minor changes. The achieved ADC 
SNR, largely sufficient for the small accelerators, is lower 
by some 30 dB with respect to the system based on the 
audio codec. 

Table 1: Codec Clocking Parameters 

fr
[kHz] r

s

f
f

sf
fMCLK

rf
fRF fRF

[MHz] n m fMCLK
[MHz]

LHC 11.25 4 384 3564 40.08 297 128 17.27
SPS 43.4 1 384 924 40.08 77 32 16.66

RHIC 78.0 1 192 360 28.08 60 32 14.98

RESULTS 
Beam measurements obtained with the described 

system are presented in [1, 2] and this report focuses on 
lab measurement results shown in Fig. 2, documenting an 
ultimate SNR performance of the system in the LHC 
version.  

In typical applications of the system the DAC signal 
quality is much less important than the performance of the 
ADCs. However, for the presented measurements the 
DAC signals were put on the ADC inputs, as the DAC 
signal quality surpasses all typical lab sine wave sources.  

Figure 2a shows a 4K-point FFT magnitude spectrum 
for a measurement done with the DAC signals (in blue), 
alongside with a measurement with no ADC input signal, 
averaged 100 times (in red). As the DAC signal amplitude 
was close to the FS, many harmonics of the fundamental 
tone are present. They are related to nonlinearities of the 
two insulation transformers and the rest of the chain, in 
particular the DAC output amplifier driving low 
impedance load. The noise floor for the measurement 
without signal is about –152 dBFS, clearly seen due to the 
averaging. It rises ( 2 dB) for low frequencies, because of 
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low-pass filtered noise from an ADC input bias resistors. 
If from the –152 dBFS noise floor are subtracted SNR 
improvements due to the FFT (33 dB) and the time 
domain averaging by four (6 dB), one gets the time 
domain noise floor of –113 dBFS, which is compatible 
with the datasheet typical SNR of 111 dB. 

Corresponding measurements for a 64K-point FFT 
magnitude spectrum are shown in Fig. 2b. The noise 
floor, having similar low frequency slope, reduces to 
about –163 dBFS, i.e. by 11 dB, which is close to the 
theoretical 12 dB related to the FFT length increase by 
factor 16. 

Figure 2c shows an average of 100 spectra with a lower 
DAC output (in blue) and a spectrum obtained with the 
digital signal processing in the loopback mode (in red). In 
this mode calculated DAC samples directly undergo 
processing normally performed on the ADC data. It can 
be seen that smaller DAC amplitude decreases the 
harmonic level. The noise floor, now being the 
superposition of the ADC and DAC noise performance, is 
higher by 4 dB than the one with no input signal shown 
in Fig. 2b. The loopback spectrum contains only three 
non-zero bins: the fundamental tone, the third harmonic 
and the DC component, both accommodating all the 
quantisation noise related to digital sine generation and 
truncations in signal processing. The achieved spurious 
component level is a measure of quality of the sine 
generation and the remaining bins containing zeros 

(which have been omitted on the logarithmic scale plot) 
show the dynamic range of the FFT calculation [2].  

Figure 2d shows the fundamental tone averaged 100 
times and zoomed within 0.001 fs (65 bins). 

CONCLUSIONS 
The described high dynamic range frequency analysis 

system was built primarily for the LHC tune and 
chromaticity measurement applications. At the expense of 
designing algorithms and code for the FPGA of the DAB 
and building the NIM 24-bit ADC/DAC module, the 
CERN Beam Instrumentation Group gained a powerful 
and inexpensive system, which is used also for the LHC 
4.7 GHz Schottky monitor [3] and special RF system 
diagnostics based on wall current monitor signals [4]. 
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Figure 2: Results of lab measurements with the system LHC version. 
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MACHINE PROTECTION SYSTEM FOR PETRA III 

T. Lensch, M. Werner      
Deutsches Elektronen Synchrotron DESY, Hamburg, Germany 

 

Abstract 
The basic design for the machine protection system 

(MPS) for the light-source PETRA III is discussed. High 
synchrotron radiation can damage absorbers and vacuum 
chambers. Therefore the MPS identifies alarm conditions 
from different systems, including the beam position 
monitors (BPM), temperature and vacuum systems and 
creates a dump command within 100us. For diagnostic 
purposes a post-mortem trigger is implemented and a first 
alarm detection is planned. The initial commissioning of 
the MPS with its alarm-delivering systems is described. 

INTRODUCTION 
The former electron and proton preaccelarator PETRA 

II was reconstructed into a high brilliant X-ray source. 
PETRA III will operate at 6 GeV. The circumference of 
the accelerator is 2.3 km. In the first step a beam current 
of 100mA is planned, the goal is 200mA [1]. The 
experiments are placed behind 14 undulator beamlines. 
Absorbers and beam chambers in the damping wiggler 
section and the undulator section have to be protected 
against synchrotron radiation. Closed vacuum shutters in 
the whole storage ring have to be protected as well  
against the electron beam. A dump trigger from the MPS 
is connected to the RF system which stops delivering 
power to the beam. The beam will be lost within 1ms at a 
dedicated scraper. In addition the beam shutters will be 
driven into the beam. 

 

 

Figure 1: Overview PETRA. 

MPS SPECIFICATION 
The MPS should provide a dump trigger within 100µs 

after alarms are received. After a beam loss the MPS 
should provide a post mortem trigger which is delivered 

to other systems. In order to locate the initial alarm which 
triggered the dump, a first alarm detection should also be 
implemented. 

About 170 alarms are connected to the MPS to protect 
the machine against damage from synchrotron radiation 
or the electron beam. Further 50 alarms are connected to 
the MPS for optimizing the first alarm detection. The 
alarms are distributed over nine PETRA halls but with 
main contributions from the damping wiggler sections 
and the experimental hall. Partially alarms are merged to 
one alarm for the MPS. The Tables 1 - 3 give an overview 
of all alarms connected to the MPS. 

Table 1: Dump Triggering Alarms  

System Total Count  
of Alarms 

Inputs  
at MPS 

Beam Position Monitors 95 95 

Temperature 260 17 

Vacuum Shutters 35 8 

Fast Vacuum Shutters 14 14 

Personnel Interlock 1 1 

Getter pumps 26 13 

Vacuum Hand Shutters 14 4 

Water Flow 33 5 

Screen Monitor 1 1 

Total 479 158 

 
Table 2: Alarms for Masking Other Inputs 

System  Inputs  
at MPS 

Undulator Gaps  14 

Damping Wiggler Gaps  2 

Total  16 

 
Table 3: Alarms First Alarm Detection 

System Total Count 
of Alarms 

Inputs  
at MPS 

Magnet Power Supplies 700 42 

RF System 8 8 

Total 708 50 
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A dump button is implemented into the software 
console program in addition to a hardware dump button. 
Both dump buttons are connected to standard alarm 
inputs. 

Every alarm input is masked with an individual beam 
current threshold. In the damping wiggler sections and the 
undulator sections several alarm inputs have to be 
combined. Figures 1 - 3 show the different assemblies. 

 

Figure 2: Single Undulator Section. 

For a single undulator module section a dump is 
triggered if one of the BPMs or the fast vacuum shutter 
gives an alarm and the undulator gap is closed. 

 

Figure 3: Double Undulator Section. 

For a double undulator section a dump is triggered if 
one of the three BPMs gives an alarm in combination 
with one or both undulator gaps or if a fast vacuum 
shutter gives an alarm in combination with the 
corresponding undulator gap. 

 

Figure 4: Damping Wiggler Section. 

In a damping wiggler section a dump trigger is created if 
a minimum of two BPMs or the summary alarm of water 
flow sensors gives an alarm in combination with the 
closed wiggler gap. The water flow sensor in the last 
absorber in the section creates an alarm itself. 

MPS DESCRIPTION 
The MPS is a distributed system without a central unit. 

In every PETRA hall a crate is located which collects up 
to 112 alarms and provides a dump trigger as well as a 
post mortem trigger. The MPS crates are linked together 
with a redundant optical fibre loop. The connection to the 
control system is done through the SEDAC fieldbus, 
which is an inhouse development. All modules needed for 
the MPS were developed and built at DESY. 

Figure 5: Overview of MPS Components. 

Alarm Inputs 
Alarm delivering systems provide a potential free 

contact to the MPS. An alarm corresponds to an open 
contact. An MPS input provides a 5V / 10mA source 
combined with a differential input to read the contact as 
shown in Fig. 6. The advantage in comparison to a 24V 
technique is very fast alarm detection (~1µs). By the use 
of shielded differential cables EMI problems are reduced 
to a minimum. 

 

 

Figure 6: Differential Alarm Input. 

Signal Flow Inside an Input Module 
All alarm inputs can be configured by software with 

individual beam current thresholds. The active beam 
current is received from a dedicated DCCT beam current 
monitor through the optical fibre link. It is possible to 
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combine the 16 inputs within a module into an and/or 
matrix. Figure 7 shows the alarm flow.  

 

Figure 7: Alarm flow. 

BEAM CURRENT MEASUREMENT 
The beam current is measured with a dedicated DCCT 

and transferred via the optical fibre loop to the whole 
system. An integrated test loop through the toroid is used 
for an ongoing test of the complete DCCT installation as 
shown in Fig. 8. Such a permanent test is important since 
a zero-reading of a non-working monitor disables alarms. 

 

Figure 8: DCCT Layout. 

REDUNDANT OPTICAL FIBRE LOOP 
The MPS crates in the 9 PETRA halls are linked 

together with a redundant optical fibre loop. The 
following information is transmitted: 

 
• beam current from the DCCT 
• timing synchronisation of all MPS crates (planned) 
• post mortem trigger 
• dump trigger 
 
The redundancy serves two purposes: The machine 

availability is increased by allowing machine operation 
when one fibre is damaged. For a timing synchronisation 
the second fibre is also needed. 

  

Figure 9: Redundant Optical Fibre Loop. 

CONTROL SYSTEM 
The server and console programs are implemented in 

JAVA. In the console program each alarm input is 
represented by an icon. The different icon styles and 
colours show the input status. Choosing a column gives 
more detailed information about a module and its alarm 
inputs. Figure 10 shows the console program. 

 

Figure 10: MPS Console Program. 

MPS Data Archive 
When states of the alarm inputs change this information 

is saved with a timestamp in an event archive. In a special 
mode of the console program the archive data can be 
viewed in the same way as live data. 

COMMISSIONING 
In the end of January the MPS started its first test 

operation and since April with the first turns in PETRA 
the system is active.  With increasing machine current 
more alarm inputs are activated and viewed in the control 
room. The first experiences are positive. Up to now no 
malfunction such as unwanted dumps were noticed. 

CONCLUSIONS AND OUTLOOK 
The MPS is a tool which keeps the machine safe.  

Presently 10 crates are installed with a possible total 
number of 1120 alarms over 9 PETRA halls. Additional 
crates can easily be integrated in the system. With a 
firmware upgrade it is possible to combine any alarm 
inputs throughout the whole MPS by transferring the 
input status over the optical fibre loop. 

The effect of the planned timing synchronisation will 
be a post mortem trigger and a first alarm detection with 
an accuracy of ~1µs. 
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LHC BLM SINGLE CHANNEL CONNECTIVITY TEST USING THE 
STANDARD INSTALLATION 

J. Emery, B. Dehning, E. Effinger, G. Ferioli, C. Zamantzas, CERN, Geneva, Switzerland 
H. Ikeda, KEK, Ibaraki, Japan; E. Verhagen, IceCube, UW-Madison, USA 

 
Abstract 

For the LHC beam loss measurement system (BLM), 
the high voltage supply of the ionisation chambers and the 
secondary emission detectors is used to test their 
connectivity. A harmonic modulation of 0.03 Hz results 
in a current signal of about 100pA measured by the beam 
loss acquisition electronics. The signal is analyzed and the 
measured amplitude and phase are compared with 
individual channel limits for the 4000 channels. It is 
foreseen to execute an automatic procedure for all 
channels every 12 hours which takes about 20 minutes. 

The paper will present the design of the system, the 
circuit simulations, measurements of systematic 
dependencies of different channels and the reproducibility 
of the amplitude and phase measurements. 

TEST PURPOSE AND PRINCIPLE 
The primary purpose of this test is to ensure the 

integrity of the cabling of each beam loss monitor. By 
adding a small harmonic modulation signal on the high 
voltage supply of the monitors, it is possible to detect a 
small current on the measurement side (Fig. 1). If 
anywhere in the signal chain a cable is missing, 
disconnected or discontinued for any reason, the 
measurement will not show any harmonic variation of the 
current. 

The second goal is to survey the integrity of the 
components. The measured amplitude and phase of every 
channel (monitor or spare) is compared to a predefined 
threshold measured for every channel. If one of them is 
outside the limits, the test will fail and the beam permit 
[1] will not be raised. 

 
Figure 1: Four ionisation chamber signals modulated. 

LHC BLM SYSTEM 
The LHC BLM system is organised in eight different 

groups. Each group has a high voltage power supply, 
which covers two half arcs and one straight section. For 
each group, there are three or four crates, which can hold 
up to 256 channels each, connected to one ionisation 
chamber (IC) or two in certain case (IC2) or one 

secondary emission monitor (SEM). Each monitor has a 
low pass filter with a serial resistor and a capacitor used 
to stores charges. With this structure, the surface power 
supply can be small. When a beam loss or a variation of 
the high voltage occurs, charges are moving to the tunnel 
card BLECF [2]. This card integrates charges for 40μs 
and sends the result digitally to the surface electronic 
threshold comparators BLETC [3]. Longer integration 
windows (running sums) are then computed. When a 
connectivity test is performed, the central processing unit 
(CPU) sends one of the running sums every second to the 
combiner and survey card BLECS for analysis (Fig. 2). 
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Figure 2: The LHC BLM system looped for the 
connectivity test. 

Connection to the Beam Interlock System 
The LHC BLM system is connected to the beam 

interlock system through the CIBUS interface [1]. There 
are two of these interfaces per point. One is for 
unmaskable and the other for maskable channels. The 
BLM system receives from this interface the status of the 
global beam permits (beam info). The BLM logic used to 
generate the beam permits includes the results of various 
system tests including the connectivity test. 

Hardware Timers and Test Triggering 
The LHC BLM system includes two hardware timers to 

ensure regular testing of the system. The first timer is 
linked to the “system test” which includes the 
connectivity test. The second one is linked to the online 
check [4] which ensures agreement between settings held 
inside the front-end and in the LSA database. If the tests 
are not triggered within a fixed time, the next injection 
will be blocked through the beam permits lines. To allow 
LHC operation again, the tests have to be triggered and 
their results need to be satisfactory. 

When a test is requested by the internal timer, the BLM 
system raises a status bit and the LHC sequencer (or a 
manual operation) triggers the test. No test can start if 
there is beam inside the machine (hardware check of the 
beam info). 
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TEST DESCRIPTION 
The connectivity test, also called modulation test, 

consists of adding a small harmonic signal to the control 
voltage of the high voltage power supply of the monitors 
(Fig. 1). This variation is propagated to the monitors, 
which are reacting by generating a current. This variation 
is measured with the standard acquisition chain (Fig. 2) 
and the results transferred to the combiner card by the 
CPU at the nominal rate of one per second. The combiner 
is performing an analysis of the resulting signal and 
calculates the peak to peak amplitude of the signal and its 
phase difference compared to the modulation introduced 
in the system. 

Simplified Equivalent Circuit 
The equivalent circuit of the system is shown in Fig. 3. 

The high voltage supply is connected to the detector 
through an 11MΩ resistor. The parallel capacitor (Cfilter) is 
used as a supply of charges when a fast loss occurs. The 
IC, IC2 or SEM is represented by Cmonitor. The input 
circuit of the tunnel card is represented as a resistor and 
capacitor, the virtual ground of the integrator is 
represented as a shunt resistor. The contribution of the 
cables capacity and resistivity is small compared to the 
component values for the frequency range (1mHz to 
1Hz); they are ignored for this simulation. 

HV
source

1 MΩ 10 MΩ 2.7 kΩ

1 
Ω

C monitor

C filter
470nF

C input
0.47nF

 
Figure 3: Simplified equivalent circuit. 

Simulation Results 
The simulation of the equivalent circuit shows the 

behaviour of the system depending on the harmonic 
frequency injected in the system (Bode diagram Fig. 4 
and 5). The goal is to find a good working point to test the 
integrity of the cabling. We are also interested in the 
dependence of this diagram to the variation of the key 
component values: The monitor capacity (Cmonitor), as it 
varies with the monitor type, and the Cfilter, as it is directly 
under a lot of stress (radiation) and may lose its capacitive 
property. 
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Figure 4: Magnitude of the Bode diagram for the 3 
monitor types (SEM, IC and IC2). 

 
The working frequency of 0.03Hz was selected as it 

gives the best sensitivity (in phase) for a variation of the 
Cfilter (Fig. 5) with small magnitude changes (not shown). 
In Fig. 4, the magnitude of the signal at this frequency is 
nearly optimal and the monitor type can easily be 
distinguished. The variation of Cmonitor doesn’t contribute 
at all to the phase change (not shown). 

           Frequency
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Figure 5: Phase of the Bode diagram for different 
values of Cfilter. 

Implementation of the Test 
The generation and the processing of the test are done 

inside the combiner and survey card. When a test is 
triggered, the field programmable gate array (FPGA) 
starts generating the modulation signal added to the high 
voltage. The CPU provides the measurements every 
second to the card for processing. Once the complete set 
of the 256 channels has been written, the amplitude and 
the phase are calculated using the cross correlation 
between the measured signal and the initial recorded 
modulation. 

Threshold Comparison and Results Availability 
When the results of the test are available, they are 

compared to the channel specific thresholds to compute 
final passed/failed information for each channel. A global 
status with the 256 channels of the crate is being used to 
generate the beam permit signal.   

The results of the test are automatically logged to the 
LHC logging system and are available shortly after the 
end of the test. 

MEASUREMENTS ANALYSIS 
An analysis of the behaviour of the system has been 

conducted to validate the test. The results are also used to 
produce thresholds to be loaded inside the front-end for 
the automatic test. 

Data Retrieving 
The measurements and the status generated by the 

electronics (passed/failed for each channel) are 
automatically stored in the Measurement database, from 
where they are sent to the Logging database without 
filtering for long term availability. The information is 
grouped per threshold comparator card and per crate. To 
link a channel to a detector name, the Layout database is 
accessed. To know if a channel is connected to the 
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maskable or unmaskable beam interlock interface, the 
LHC Software Architecture (LSA) database is accessed. 
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Figure 6: Overview of the analysis for system validation, 
parameter optimisation and threshold calculation. 

Detector Recognition 
The type of the detector can be identified as shown in 

the simulation by looking at the level of the induced 
current. By applying a simple rule it is possible to place 
the channel into four categories. Fig. 7(a) shows that 
starting from a modulation voltage of 8V, the SEM, the 
IC, the double IC (IC2) and the SPARE channels are 
clearly identified and not overlapping.  

This detector identification is compared with the 
database expert name and appears in the report. 

 (a) 

 (b) 
Figure 7: Average induced current (a) and phase (b) 
versus different modulation amplitudes. Data are 
collected from the LHC point 8 right and straight section 
including spare channels. 

Modulation Voltage Optimisation 
In order to optimise the harmonic modulation voltage 

control, different settings were studied. The average and 
variance of the harmonic induced current and phase for 

the three different detector types and the spare channels 
(without monitor) shown in Fig. 7(a) and 7(b) is used. 

The SEM signal shows a large variance at low voltage 
(Fig. 8), since the absolute value of the induced current is 
very small. For 15V and above, the error increases for IC 
(and IC2) probably due to saturation effects. We chose 
10V for the modulation amplitude for good signal to noise 
ratio and reproducibility of the measurements for all 
monitor types. 

 
Figure 8: Measurement reproducibility versus modulation 
amplitude. Different options are being investigated to 
reduce the SEM error. 

Thresholds Production 
The individual thresholds, to be set inside the 

electronics for each channel, are the minimum and the 
maximum boundaries for the harmonic induced current 
and the phase. To calculate them, the average value over 
multiple measurements for each parameter (Fig. 7) is 
taken and a 15% margin (Fig. 8) is added. 

SUMMARY 
The BLM system of the LHC is now capable of self 

testing its connections and removing ambiguities due to 
cabling malfunction. The system sensitivity and 
measurement reproducibly (better than 1% for the IC and 
5% for the SEM) exposed in this paper allows the 
distinction between monitor types and different setups. 
Component value changes due to radiation or ageing can 
be detected with high sensitivity. The threshold 
comparison automatically blocks beam injection in case 
of system nonconformity. 
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UPGRADE OF THE TIMING SYSTEM
AT THE AUSTRALIAN SYNCHROTRON

E. van Garderen, M. ten Have, G. LeBlanc, A. Starritt, K. Zingre
Australian Synchrotron, Melbourne, Australia

Abstract

The Australian Synchrotron (AS) timing system is based
on a hybrid design: an Event Generator-Event Receiver
(EVG-EVR) system creates the injection trigger and var-
ious clocks, while a network of digital delay generators ad-
justs pulse delays and widths. This architecture, combined
with a storage ring fill pattern monitor, allows the targeting
of injection into specific buckets in the storage ring. Never-
theless, more demanding needs from the machine and the
beamlines require an upgrade of the system. Delay gener-
ators will be removed and replaced by EVRs. This will al-
low fixed or variable frequency clocks to be made available
to beamlines or to trigger diagnostic hardware in a flexible
way, while reducing jitters to below 100 ps.

INTRODUCTION

The Australian Synchrotron is a 3rd generation light
source [1]. It consists of a 100 MeV linac, a 100 MeV
to 3 GeV booster synchrotron and a 3 GeV storage ring
composed of 14 sectors. The storage ring can store up to
200 mA. First beam was delivered to users in 2007 and,
currently, eight of the nine beamlines are in operation.

The timing system was partly commercially delivered.
Its in-house design was limited to the storage ring fill
pattern monitor, AC synchronization and a down-graded
EVG/EVR-200 to provide just the storage ring orbit clock
for diagnostics and the injection trigger.

The first improvement in 2007 included the upgrade to
the EVG/EVR-230RF with Radio Frequency (RF) recov-
ery. The event system gun transmitter (GTX) and receiver
(GRX) were also added to improve jitter performance of
the electron gun while replacing the original LiteLink fibre
optics transmission system.

This upgrade will replace all the delay generators and
other smaller parts to improve reliability and maintainabil-
ity, with easy-to-program signals.

TIMING REQUIREMENTS

The AS injection process uses a static injector [2] with a
repetition rate of 1 Hz. Buckets are targeted by delaying the
whole injector from the gun to the injection of the electrons
into the storage ring instead of just the extraction from the
booster. All trigger signals are therefore fixed with respect
to the gun that can be delayed in ∼2 ns steps, given by the
RF from the Master Oscillator: fRF = 499.671838 MHz
± 20 kHz. Moreover, the injection system is synchronized

Table 1: Summary of relevant timing requirements

Clocks Frequency

RF 499.671 MHz
Event Clock 125 MHz
SROC 1.38 MHz

Items Trigger Delay/Width
GUN
Gun single-bunch 181.4 µs / 1 ns
Gun multi-bunch 181.4 µs / up to 150 ns
LINAC
500 MHz pre-buncher 175 µs / 140 ns
3 GHz electron multiplier 184 µs / 140 ns
MAGNETS
Booster injection septum 0 ns / 300 µs
Booster injection kicker 175 µs / 10 µs
Booster ramping magnets 2 ms / 500 µs
Booster extraction septum 601 ms / 100 µs
Booster extraction kicker 601 ms / 5 µs
SR injection septum 601 ms / 1 µs
SR injection kicker 601 ms / 830 ns

to the 50 Hz mains frequency (AC sync) to minimize the
influence of the AC heated linac modulator and gun.

The 90 keV gun can be run in single-bunch or multi-
bunch modes. Multi-bunch mode is limited by the size of
the booster ring and speed of the kicker magnets for up
to a bunch train of 75 buckets. The single-bunch trigger
requires a very low jitter of a few tens of picoseconds to
optimize capture in the booster, whereas the multi-bunch
trigger does not have those tight demands because bunches
are separated by the 500 MHz modulation of the gun.

Most triggers require TTL, CML or LVPECL levels ter-
minated into 50 Ω and a few optical links. All triggers
should have low jitter performance of a few hundreds of
picoseconds, as discussed further. Table 1 summarizes im-
portant trigger requirements.

PRESENT ARCHITECTURE

The current hybrid timing features the event system [3]
from Micro Research Finland, including a VME-EVG-
230RF, two VME-EVR-230RF, an optical fanout VME-
OUT-12, a GTX VME-GUNTX-200, plus a stand-alone
GRX GUNRC-202, and delay generators DG535s from
Stanford Research Systems and with details shown in
Fig. 1.
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Figure 1: Overview of the current timing system. See text
for description of the abbreviations.

High speed counters inside the EVG derive the Storage
Ring Orbit Clock SROC (1.38 MHz) from the fRF divided
by the storage ring harmonic number (360), and the event
clock (125 MHz) fRF /4. The 1 Hz master trigger, how-
ever, results from the AC divided by 50 and is internally
synchronized with SROC. The event clock is used as the
clock signal for the EVG and EVRs; the EVG and the EVR
are therefore phase locked with the RF. Signals from the
EVG are transmitted to the EVRs by multi-mode optical
fibres (OF) via the fanout.

The first EVR decodes the master clock and converts it
into an injection trigger by adding 8 ns step delays, equiv-
alent to an event clock cycle or 4 buckets. The injection
trigger is then delivered to the network of DG535s, which
generate fixed triggers to the end devices. This EVR also
provides the necessary CML signals to the GTX which gen-
erates 2 ns step delays and drives the GRX via OF. Each
storage ring bucket is therefore targeted by delaying the
gun by a calculated amount of 2 ns steps, which is a com-
bination of 8 ns coarse delays from the EVR and 2 ns fine
ones from the GTX. The second EVR supplies the 1 Hz
master trigger, injection trigger, RF and SROC signals to
the optical diagnostics beamline.

Need for Improvement

A major drawback of this architecture was the high jitter
observed on triggers with delays larger than 1 ms, as re-
ported in [4]. In particular, the storage ring kickers, with a
delay of 600 ms, were subject to 5 ns jitter. However, in-
stabilities could be reduced by changing DG535s from an
internal to an external timebase, fed from a 10 MHz refer-
ence clock supplied by the master oscillator.

Nevertheless, an upgrade was desired to improve the per-
formance of the machine and to deliver the timing system
to the beamlines in an advanced way. EVR cards were
found to be accurate and flexible, providing multiple out-
puts which can be triggered out of different clocks, with a
very low jitter (25 ps rms). They also offer various types of

Figure 2: Overview of the future timing system.

outputs to avoid external level converters. It was therefore
decided to replace all delay generators by EVRs.

FUTURE ARCHITECTURE

The new timing system is composed of an EVG and
twelve EVRs: seven for the machine and five for the beam-
lines (see Fig. 2). Machine EVRs are located in various
areas of the facility in order to reduce cable lengths to end
devices.

Five events are created by the EVG: the master
trigger, the injection trigger, SROC, SROC/N1 and
SROC/(N1*N2), where N1 and N2 are integers. The two
latter clocks are required by the optical diagnostic beamline
to trigger diagnostics equipment such as the streak camera.

The starting time of all clocks has been carefully chosen
to avoid most conflicts between events, in order to prevent
jitter in signals derived from the injection trigger.

Considering internal delays inherent to the EVG pro-
gramming of events and event sources priority [5], the tim-
ing scheme as been designed as follows (see Fig. 3):

The master trigger is delayed by 91 event clocks (e.c.).
The first possible injection trigger, targeting buckets 1 to 4,
is set 92 e.c. later than the master trigger. Injection triggers
aiming at later buckets are further delayed in 1 e.c. steps. In
that way, conflicts between master trigger, injection trigger
and SROC related clocks result in the latter being delayed
by 1 e.c.. The priority is thus left to the master trigger and
the injection trigger. Interferences with the injection trig-
ger are observed for buckets 357 to 360 only, which coin-
cide with SROC. However, those buckets are currently not
used in user beam mode fill patterns. Similarly, the slower
SROC related clock has a lower priority than the faster one.

The timing system software is based on EPICS. It exe-
cutes an EPICS base-3.14.8.2 IOC running on a Redhawk
(real time RHEL derivative) Linux box. This IOC also
manages fill pattern and ultimately bucket selection using
an EPICS seq-2.0.11 sequencer program. For the IOC new
records (with new names) have been defined together with
new EVG/EVR device drivers, although these are based on
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the existing records and drivers. This allows for a combi-
nations of old and new systems to run at the same time for
testing and calibration. The OPI software uses the existing
AS OPI framework, which is based on the Borland Delphi
development system. It creates a Windows executable that
runs both natively on Windows boxes and under Wine on
Linux machines. New forms have been developed for the
new functionality and integrated into the overall acceler-
ator control OPI program. Fig. 4 shows part of the EVR
control form for one of the pulse delay channels, and il-
lustrates how the operator can control and monitor pulse
enable/disable, polarity, select the trigger event and specify
the delay and the width.

The signal cabling has also been replaced in the up-
grade. Short ENVIROFLEX 316 D cables now provide a
link from the LEMO outputs of the EVRs to a nearby SMA
patch panel followed by low attenuation highly screened
microwave cables of type S04272B in order to maintain
good phase stability, fast rising edges and reduce noise.

External level converters have been replaced by OF and
LVPECL universal boards inserted in EVR cards to drive
booster kickers and Liberas [6], respectively. Replacement
of the repeaters for the ramped booster power supplies is
also considered due to poor matching and the inability to
drive 50 Ω.

Pros and Cons

The new timing system is flexible, easily programmable
and introduces no jitter degradation over long delays due
to RF synchronization which automatically readjusts all de-
lays if fRF changes. It also offers the option of reconstruct-
ing fRF on CML outputs, which is a convenient alterna-
tive to pulling cables from the master oscillator. Moreover,
the variety of output boards available (LVPECL, OF, NIM)
makes conversion equipment obsolete.

Unlike the delay generators, which allowed modification
of the amplitude of signals, EVRs provide a maximum am-
plitude of 3 V, demanding a change to the trigger levels of
some devices.

EVR cards need to be tuned regularly [7]. Failure to
do so results in unstable signals which are no longer phase
matched with the RF. In those cases, jitters up to 800 ps
have been observed.

Figure 3: Schematics of various clocks generated by the
EVG. See text.

Figure 4: Detail of the EVR user interface.

CONCLUSION

The current Australian Synchrotron timing system is
about to be upgraded from a hybrid system to a complete
event system with multiple stations distributed via fibre op-
tics around the machine and to the beamlines. The upgrade
is intended to cover the increasing demands of users, to
provide better flexibility and performance, and to reduce
jitters below 100 ps.

Ten new EVR cards have been deployed throughout the
facility to eventually replace all delay generators. The con-
trol software of the EVG and EVRs, including user inter-
faces, has been improved to conform with the new require-
ments. Injection into the storage ring using the new archi-
tecture was successful. Presently, a few adjustments still
need to be performed before all delay generators are re-
moved.
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Abstract

The Photo Injector Test facility at DESY, Zeuthen site,
(PITZ) develops and optimizes high brightness electron
sources for Free Electron Lasers (FELs) like FLASH and
the European XFEL. A new multi-purpose dispersive sec-
tion was designed [1, 2] and installed to characterize the
momentum distribution, the longitudinal phase space dis-
tribution and the transverse slice emittance of the electron
bunch for an electron energy up to 40 MeV. The spectrom-
eter consists of a 180 degree dipole magnet followed by
a slit, a quadrupole magnet and two screen stations. One
of the screen stations allows the measurement of the lon-
gitudinal phase space distribution. The first measurement
results and corresponding beam dynamics simulations of
the momentum and the longitudinal phase space distribu-
tions will be reported in this contribution. The resolution
of the system will be analysed and compared to the design
expectations.

INTRODUCTION

The main goal of PITZ is to test and to optimize L-Band
RF photo injectors for Free-Electron Lasers (FELs) like
FLASH and XFEL at DESY in Hamburg and to study the
emittance conservation by using a matched booster cavity.
The demands on such a photo injector are a small trans-
verse emittance, a charge of about 1 nC and short bunches
(of about 20 ps). Besides the accelerating (gun and booster)
cavities, the electron beam line of PITZ consists mainly of
diagnostics elements. In 2008 a new multi-purpose disper-
sive section was installed downstream the booster cavity
to characterize the momentum distribution, the longitudi-
nal phase space distribution and the transverse slice emit-
tance [3] of the electron bunch for an energy up to 40 MeV.
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THE SETUP

Figure 1 shows the layout of the new installed first high-
energetic dispersive arm (HEDA1). It consists of a 180
degree dipole spectrometer (deflecting in vertical direc-
tion) followed by an insertable slit, a quadrupole magnet
(DISP2.Q1) and two screen stations (DISP2.Scr1&2). The
first screen stations (DISP2.Scr1) is equipped with a YAG-
screen imaged onto a 8-bit TV-camera1 for momentum
measurements and a Cherenkov radiator (Silica aerogel,
thickness of 5 mm and a refractive index of n = 1.05) [4]
to measure the longitudinal phase space distribution us-
ing an extended optical read-out and a streak camera [5].
All the results presented in this paper have been made us-
ing DISP2.Scr1. DISP2.Scr2 is currently mainly used for
transverse slice emittance measurements [3] which are not
presented in this paper.

The position where a particle hits the screen after passing
the dipole magnet depends on the momentum, the trans-
verse position and the angle of the particle before it enters
the dipole spectrometer, according to the first order trans-
port matrix:

yDA = R11y0 + R12y
′
0 + R16

Δp0

p0
, (1)

where y0, y′
0 and Δp0

p0
are the position, divergence and rel-

ative momentum deviation of the particle at the entrance of
the dipole magnet and R11, R12 and R16 are the dipole ma-
trix elements. For a 180 degree dipole spectrometer with-
out pole face rotation these values become:

R11 = −1, R12 = −LDA, R16 = 2r, (2)

with LDA the drift length between the dipole exit and the
screen station where the measurement is performed and r
the deflecting radius.

When the dipole magnet is switched off the vertical po-
sition of a particle at longitudinal position Ldrift down-
stream the dipole entrance is given by:

y = 1y0 + Ldrifty
′
0. (3)

1In the future this 8-bit camera will be replaced by a 12 bit camera
with a higher sensitivity
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Figure 1: Schematics of the design of the first high-energetic dispersive arm (HEDA1).

This means, when the vertical beam size is minimized at
a screen located Ldrift = LDA (labeled L1 in figure 1)
downstream the dipole entrance also the influence of the
initial beam size and divergence to the momentum spread
measurement is minimized.

In front of the dipole magnet two quadrupole-doublets
are situated, mainly the quadrupole-doublet HIGH1.Q1&2
is used to focus the beam to reach a high resolved momen-
tum measurement.

MEASUREMENTS OF THE MOMENTUM
DISTRIBUTION

Figure 2 shows a measured momentum distribution com-
pared to simulations for a main solenoid current of 390 A, a
maximum accelerating field of 60 MV/m at the photo cath-
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Figure 2: Comparison of measured and simulated mo-
mentum distribution for a charge of 250 pC, a gradient of
60 MV/m at the cathode, gun phase of maximum momen-
tum gain + 10◦ and booster phase of maximum momentum
gain +10◦.

ode, a charge of 250 pC, a gun phase of maximum momen-
tum gain + 10◦ and a booster phase of maximum momen-
tum gain + 10◦. The beam was focused on the reference
screen (HIGH1.Scr5) in vertical direction, in order to min-
imize the influence of the beam size and divergence to the
resolution. Both distribution show a good agreement, nev-
ertheless some difference are visible in the distributions.
These differences are caused by the residual influence of
beam size and divergence as well as inaccuracies in the en-
trance parameters of the ASTRA simulation (e.g. of the
cathode laser distribution).

MEASUREMENTS OF THE
LONGITUDINAL PHASE SPACE

DISTRIBUTION

Figure 3 shows the measured longitudinal phase space
distribution for a maximum accelerating field of 60 MV/m
at the photo cathode, a gun phase of maximum momentum
gain and a booster phase of maximum momentum gain -
10◦. In figure 4 the corresponding simulated longitudinal
phase space distribution is shown.

The shape of the measured longitudinal phase space dis-
tribution for gun and booster phase of maximum momen-
tum gain is comparable to the simulated one, but the area
of the phase space distribution and thus the longitudinal
emittance and the slice momentum spread is still larger
in the measurement than in the simulation. This limita-
tion is mainly caused by the resolution of the streak cam-
era of 2 ps (Hamamatsu C5680) and the optical transmis-
sion line. Therefore the simulated longitudinal phase space
distribution was convoluted with the response function of
the streak camera (shown in figure 5) to estimate the lim-
itation of the resolution of the measurement by the streak
camera. This distribution including the streak camera res-
olution smears out the details in the simulated longitudi-
nal phase space distribution and small modulations are not
recognizable anymore. It is much closer to the measure-

Proceedings of DIPAC09, Basel, Switzerland TUPD29

03 Time Resolved Diagnostics and Synchronization

361



t (ps)
-15 -10 -5 0 5 10

p
 (

M
eV

/c
)

12.26

12.28

12.3

12.32

12.34

12.36

12.38

12.4

12.42

In
te

n
si

ty

0

1

2

3

4

5

Figure 3: Measured longitudinal phase space distribution
for a gradient of 60 MV/m at the cathode, gun phase of
maximum momentum gain and booster phase of maximum
momentum gain −10◦.

t (ps)
-15 -10 -5 0 5 10

p
 (

M
eV

/c
)

12.26

12.28

12.3

12.32

12.34

12.36

12.38

12.4

12.42

in
te

n
si

ty
 (

a.
u

.)

0
20
40
60

80
100
120
140
160
180

200

Figure 4: Simulated longitudinal phase space distribution
for a gradient of 60 MV/m at the cathode, gun phase of
maximum momentum gain and booster phase of maximum
momentum gain −10◦.

ment, even there are still discrepancies between measure-
ment and simulation. The low intensive head of the bunch
seen in the simulation is not visible in the measurement,
most probably this is a problem of sensitivity. One also
has to take into account that the measurement is an aver-
age of 100 bunches and a small phase or gradient jitter of
the accelerating cavities is impacting the bunch momentum
and blurs the longitudinal phase space with its narrow slice
momentum spread.
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Figure 5: Simulated longitudinal phase space distribution
for a gradient of 60 MV/m at the cathode, gun phase of
maximum momentum gain and booster phase of maximum
momentum gain −10◦ convoluted with the resolution of
the streak camera.

SUMMARY

The measurement of the momentum distribution and
longitudinal phase space distribution using the new multi-
purpose dispersive section (HEDA1) has been presented.
A reproduction of the measured momentum distribution by
simulations has been shown. Also the measured longitu-
dinal phase space distribution could be reproduced by AS-
TRA simulations taking into account the resolution of the
streak camera used for the measurement.
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MEASUREMENT DEVICES FOR THE SPARC SYNCHRONIZATION
SYSTEM

M. Bellaveglia, D. Alesini, A. Gallo, C. Vicario,
INFN-LNF, Via Enrico Fermi 40, Frascati, Italy

Abstract

The SPARC FEL facility is under commissioning at the
Frascati National Laboratories of INFN. The synchroniza-
tion system is working as expected and various devices are
used to monitor its performances. In particular this paper
is focused on a comparison between the results obtained
using different methods and instruments to perform laser,
RF and beam synchronization measurements. Both electro-
optical and full electrical techniques are used to obtain in-
formation about the phase noise of the RF fields inside the
accelerating structures, the phase noise of the IR laser os-
cillator, the time of arrival of the laser UV pulse on the
cathode and the time of arrival of the accelerated electron
bunch at a selected reference position along the linac.

INTRODUCTION

The SPARC project is now under its commissioning
phase at the Frascati National Laboratories of INFN. First
FEL lasing in the SASE regime has been observed and
other experimental activities are on the way [1]. The syn-
chronization system is working as expected. Its perfor-
mance has been recently upgraded using a new scheme
and also new diagnostic devices have been installed, as de-
scribed later in this document.

System Layout

Figure 1: Layout of the synchronization system of SPARC.

Figure 2: Phase noise spectra of the RF reference signals
with integrated absolute jitter (from 100 Hz to 10 MHz).

The synchronization system has been modified and up-
graded respect to the one operating during the last SPARC
run [2]. We chose to use the Ti:Sa oscillator of the photo-
cathode laser as optical master oscillator (OMO) instead
of using a RF synthesizer. Doing this, we can bypass
the electro-mechanical PLL used to synchronize the laser
cavity oscillation to the RF reference. This loop has a
bandwidth of ≈ 5 kHz and was the main limitation of the
SPARC synchronization system. Using the new scheme
and starting from the laser cavity frequency, we can lock
the RF synthesizer to that, using a PLL with a larger band-
width (≈ 1 MHz). Thus the RF-to-laser relative jitter re-
sults pretty much reduced, as reported later in this paper.
The long term frequency stability of the laser cavity is
granted by a 79.3 MHz signal coming from a RF synthe-
sizer and squared by dedicated standard NIM electronics.
The PLL around the oscillator cavity make use of both the
fundamental and the 9th harmonic to lock the laser repeti-
tion rate.

Reference Generation

As described in Figure 1, the RF reference signals are
obtained by the 79.3 MHz pulse train coming from a solid
state 10 GHz bandwidth photodetector illuminated by the
laser Ti:Sa oscillator. In particular we used two filters to
isolate the 27th (2142 MHz) and the 36th (2856 MHz) har-
monic of the laser repetition rate. The signal has been also
pre-filtered after the photodetector to eliminate the funda-
mental frequency and the unwanted harmonics that could
generate distortion in the RF amplification process. Actu-
ally a commercial RF synthesizer from Rhode&Schwarz is
used to generate the reference sent to the RF power sta-
tions. We used its FM port to close a PLL to have a copy of
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the 2856 MHz laser reference that is distributed in the sys-
tem. Due to the pretty large PLL bandwidth (about 1 MHz)
the two SSB phase noise spectra are very similar at low
frequencies as shown in Figure 2. We also report in the
same figure the spectrum of the 2142 MHz signal coming
from the photodetector and used for diagnostic purpose.
The measurements have been performed using a Agilent
E5052A Signal Source Analyzer.

DEVICES AND MEASUREMENTS

All the signals coming from the RF devices and from
other diagnostics elements of the synchronization system
are gathered into the demodulation boards located in the
SPARC tunnel. The phase detection relative to the RF ref-
erences is accomplished by mixers and the information is
digitalized and sent into the control system by a dedicated
CPU. All the synchronization measurements are easily per-
formed in the control room using custom applications.

RF Phase Noise

To reduce the phase noise of the RF power signals inside
the accelerating structures relative to the RF reference, we
implemented PLLs working around the two klystrons [3],
that are the main noise sources in the RF network. The
loop has a large bandwidth, so that its transient has a dura-
tion of about 1 µs and it can easily operate inside a single
4.5 µs RF pulse. This allowed us to compress the noise of a
factor ≈ 10 resulting in a relative jitter less than 100 fsRMS

measured at various RF probes along the linac. The phase
information for each RF square pulse is obtained sampling
the RF demodulated signal with a 60 Msample/s-12bit dig-
itizer card and averaging the data over about 200 samples.
The long term phase stability is provided by slow feedback
loops acting at RF low level. They use motorized delay
lines to keep the phase stable, compensating possible tem-
perature drifts [3].

Figure 3: Block diagram of the BAM and LAM devices.

LASER Time of Arrival Monitor (LAM)

The innovative idea for SPARC is to have timing in-
formation on the single laser UV pulse at the end of the
amplification chain and to use it to build a pulse-to-pulse
phase lock feedback. Normally one needs a continuous
sinusoidal waveform to analyze its spectrum and give an
estimation of the phase stability of an oscillator. Unfortu-
nately, in the case of a pulse train with 10 Hz of repetition
rate it is almost impossible to extract this information. To
overcome the problem, we implemented the experimental
setup shown in Figure 3. The measured signal comes from
a cavity tuned at 2142 MHz, fed by a high voltage elec-
tric pulse (with a peak of 70 ÷ 100 V) formed by a fast
photodiode illuminated by the laser UV 10 ps pulse, with
a repetition rate of 10 Hz. This photodetector is a biplanar
vacuum photodiode with a rise time less than 100 ps op-
erating at 5 kV bias voltage. A resonant cavity shown in
Figure 4a has been designed and built to accomplish these
measurement. It works with a solenoidal T E011 mode and
has a high Q factor (Q0 = 60000, QL = 20000). This
grants an exponential decaying RF pulse with a duration
of about 3 µs and allows to perform a consistent measure-
ment. Due to the interference of the signals with the strong
electric fields inside the accelerating structure, the cavity
has been designed with a central frequency of 2142 MHz,
equal to the 3/4 RF SPARC frequency. This device is also
equipped with a motorized tuner that can be remotely con-
trolled. The out-coming signal is then compared with the
2142 MHz RF reference obtained from the Ti:Sa oscillator.

(a) (b)

Figure 4: (a) Picture of the resonant cavity for the LAM
and (b) an acquired phase data for a single UV pulse with
emphasis on the analysis algorithm.

After the signal sampling, performed using a
60 Msample/s-12bit digitizer card, we obtain the phase
data shown in Figure 4b. To extract a single phase value
associated to each laser shot we had to overcome two
problems: (i) due to a non perfect tuning of the cavity,
a slope can be present in the phase signal and (ii) the
initial part of the signal is distorted by the presence of
some higher cavity mode excited by the short electric
pulse. Thus we post-process the data performing a fit in
the central part of the pulse using a linear model and we
reconstruct the phase information at the pulse initial time.
This tasks are performed at the machine repetition rate of
10 Hz and allow us to have a real time information of the
laser time arrival. The best result we obtained after the
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synchronization system upgrade is a jitter of 220 fsRMS.

e-bunch Time of Arrival Monitor (BAM)

Resonant Cavity BAM The principle used in the res-
onant cavity BAM [4] is identical to the one reported in
the previous section about the LAM. The only difference is
that the exciting electric pulse comes from the e.m. field
of the electron bunch propagating inside the beam pipe,
as shown in Figure 3. The consequent cavity free oscil-
lations are carried outside by 2 antennas connected to vac-
uum coaxial feedthroughs and are sampled as described in
the LAM section. Two pill-box like cavities have been de-
signed and realized at LNF and a resonant frequency of
2142 MHz has been chosen to avoid interference coming
from the 2856 MHz power signal present in the accelerat-
ing structures. The first cavity has been installed between
the first two accelerating sections and the second one will
be installed at the end of the linac. A picture and some of
the main parameters of the first cavity are shown in Fig-
ure 5a and b. The BAM cavities are equipped with two
tuning ports. The larger port accommodates a fixed tuning
plunger to coarsely tune the cell, while the smaller port host
a remotely controlled tuner plunger to finely correct the
cavity natural resonant frequency of the fundamental mode
to < 10 kHz respect to the reference 3/4 RF to limit the
detected phase slippage during the measurement time slot.
The coupling of the antennas is designed to produce large
detectable signals (≈ 2 V for 1 nC bunch) which will even-
tually require no extra RF front-end amplification before
being demodulated. The use of BAMs on the SPARC linac
will allow to direct monitor the electron bunch synchro-
nization and, by differentially comparing the measurements
of 2 different BAMs, to finally qualify the ultimate reso-
lution attainable by the pulse resonant stretching method
which is fully based on electrical microwave techniques.

(a)

Operating mode T M010
Frequency f0 = 2142 MHz
Unloaded Q factor Q0 = 16000
R/Q factor R/Q = 40Ω
Antenna ext. Q fact. Qext = 30000
Loaded Q factor QL = 7500
Decay time τd = 1 µs
Output peak voltage

Vpk ≈ 2V
@1 nC bunch charge

(b)

Figure 5: (a) A picture of the BAM cavity and (b) some of
its useful parameters.

RF deflector BAM This BAM technique uses the
SPARC RF deflector developed at SPARC that is a 5-cell
SW structure reaching a maximum transverse deflecting
voltage of more than 3 MV with an input power of nearly
2 MW. This device has been designed for longitudinal pro-

file and slice emittance measurements that have been al-
ready performed at SPARC [5]. A sketch of the deflector
working principle and a sample of the measured longitudi-
nal bunch shape are reported in Figure 6a and b. Due to the
deflection, the longitudinal distribution of the bunch is pro-
jected into the vertical plane of a target placed after the RF
deflector. After a necessary calibration, the BAM in this
case works analyzing some tens of raw images acquired by
a digital camera and extrapolating the information about
the jitter of the beam centroid vertical position. Also the
phase noise of the RF field inside the deflecting structure
affects the measurement, changing the deflecting force that
the beam centroid ”feels”. The contribution has been esti-
mated measuring the phase noise from a deflector vacuum
probe. Thus we could easily eliminate this systematic error
that is of the order of 100 fsRMS. The residual jitter of the
bunch arrival time is finally estimated to be ≈ 140 fsRMS.

(a) (b)

Figure 6: (a) Sketch of the RF deflector working principle
and (b) an acquired image showing the longitudinal beam
shape.

CONCLUSION

After implementing a synchronization system upgrade
we measured the signals jitter observing a significant im-
provement on the performance respect to the previous con-
figuration. The photocathode laser time arrival monitor
measured a ≈ 200 fsRMS jitter while the RF deflector bunch
time of arrival monitor measured 140 fsRMS. The resonant
BAM will be tested as soon as possible during the next
SPARC run. Also correlated measurements will be per-
formed between BAM, LAM, gun launching phase and
other other RF signals sampled along the linac to com-
pletely characterize the sources of noise in the system.
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YTTERBIUM FIBER LASER FOR ELECTRO-OPTICAL PULSE LENGTH
MEASUREMENTS AT THE SWISSFEL

F. Müller∗, S. Hunziker, V. Schlott, B. Steffen, D. Treyer, Paul Scherrer Institute (PSI), Switzerland
T. Feurer, University of Bern, Switzerland

Abstract

Pulsed Yb fiber lasers emit at 1030 nm which provides a
better phase matching in standard EO crystals (GaP, ZnTe)
than the wavelength of Ti:Sa lasers (800 nm). We present
a mode locked ytterbium fiber laser which is phase locked
to the RF. A subsequent fiber amplifier is used to boost the
power and to broaden the spectrum due to nonlinear effects.
The produced pulses have a spectral width of up to 100 nm
and are therefore suitable for EO bunch length measure-
ments, especially for spectral decoding.

INTRODUCTION

In accelerator diagnostics the knowledge of the electron
bunch length and the temporal structure plays an important
role. Electro optical (EO) techniques offer the possibility
for non destructive single shot pulse length measurements
[1]. This laser based method requires an environmentally
stable and robust laser system with a small jitter and a broad
spectrum. Ytterbium (Yb) fiber lasers fulfill these crite-
ria. Yb has a number of interesting properties as a small
quantum defect which leads to high pump efficiencies, a
long upper state lifetime, a broad gain spectrum and a good
phase matching to the THz field in GaP and ZnTe crys-
tals [2, 3]. Combined with the advantages of fiber based
systems, as compactness, freedom from misalignment and
robustness, Yb fiber laser systems offer an attractive alter-
native to Ti:Sa lasers for EO measurements. Besides, the
price of an Yb laser system is only a fraction of the costs of
a Ti:Sa laser system. The EO setup contains the fiber laser
and a compact bunch length monitor [4].

LASERSYSTEM

Setup

The laser consists of an oscillator and a single pass am-
plifier. A schematic of the oscillator is depicted in Fig. 1.
The ring resonator has a fiber and a free space part. The lat-
ter is basically necessary for dispersion compensation and
for the mode locking mechanism, which is based on non-
linear polarization evolution (NPE) [5]. The polarization
state is controlled by the three wave plates, which allow to
rotate the polarization in a way, that the short and intense
part of the pulse remains in the oscillator where the rest,
which underwent less polarization rotation is coupled out

∗ felix.mueller@psi.ch
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Figure 1: Scheme of the oscillator; WDM, wavelength di-
vision multiplexer

by the polarizer. This fast and passive effect is responsible
for mode locking. The unidirectional way of propagation is
defined by the isolator. The amplification and the pumping
is done in fiber. The piezo stretcher modulates the resonator
length and therefore the repetition rate, which is used to
synchronize the laser to a reference signal.

oscillator

grating

compressor

isolator

AOM

Pumpmodule

550 mW

WDM

Yb gain fiber
isolator

Figure 2: Scheme of the amplifier; AOM, acousto optic
modulator; WDM, wavelength division multiplexer

The amplifier is shown in Fig. 2. After the oscillator a
first grating compressor modulates the pulse width in or-
der to compensate the dispersion of the following fiber sec-
tion. The AOM reduces the repetition rate which allows
to boost the pulse energy without increasing the average
power. Near the end of the fiber, the amplified pulses be-
come short, the intensity increases and strong nonlinear ef-
fects occur which broaden the spectrum.

The according spectra are shown in Fig. 3. In the in-
set plot the spectrum of the oscillator is depicted, which
has a spectral width of about 40 nm. It has the typical
parabolic shape of self similar pulses [6]. After amplifi-
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Figure 3: Broad spectrum of the amplifier as used for the
EO monitor. Inset: Spectrum of the oscillator

cation, the broadened spectrum goes from 1 µm to 1.1 µm,
providing more than 100 nm of useful bandwidth. For spec-
tral decoding [7, 8] the spectral width directly determines
the resolution respectively the temporal range of measure-
ment. Due to the large product of intensity and interaction
length in fibers, the oscillator as well as the amplifier pro-
duce chirped pulses of up to 10 ps FWHM. The spectral
phase of the oscillator is mainly linear, which means that
the pulse length can be easily compressed with standard
grating compressors down to 60 fs FWHM. After the am-
plifier the phase has also higher order terms which compli-
cates the pulse compression. The pulses can still be com-
pressed to less than 50 fs FWHM but with some remaining
pedestals.

Table 1: Specifications of the Laser System

Oscillator Amplifier
Average power 50 mW 20 - 100 mW
Repetition rate 50 MHz 0.1 - 1 MHz
Pulse length 60 fs 50 fs
Pulse energy 2 nJ 20 - 200 nJ
Spectral bandwidth 40 nm 100 nm
Central wavelength 1030 nm 1050 nm

Some of the specifications of the laser are summarized
in Table 1.

Synchronization

EO Measurements are based on a spatial and temporal
overlap between a chirped laser pulse and the electric field
of an electron bunch in a nonlinear crystal. This requires
a good synchronization to a reference signal (RF) and a
low jitter of the laser above the loop bandwidth. The phase
locked loop (PLL) modulates the resonator length with a
piezo fiber stretcher and locks the 10th harmonic of the rep-
etition rate to the reference clock (500 MHz).
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Figure 4: Phase noise measurement of the reference signal,
the free running and the locked laser

In Fig. 4 the phase noise measurement of the reference
signal and of the fiber laser is illustrated. The phase noise
of the free running laser for low offset frequencies is typi-
cally quite high, where it decreases rapidly for higher fre-
quencies and becomes even smaller than the phase noise
of the reference signal. Hence, the laser has to be locked
only up to about 1 kHz offset frequency. This loop band-
width can be seen in the measurement of the locked laser.
It follows the reference signal as long as it is more stable
and stays freeruning above. The remaining integrated jitter
between 1 kHz and 10 MHz is 41 fs.

PREPARATIONS FOR EO
MEASUREMENTS AT THE SLS

First EO measurements will take place at the Swiss Light
Source (SLS) at PSI where the bunch length of the elec-
tron bunches is between 2 ps (LINAC) and 70 ps (storage
ring) FWHM. Additionally, there is an ongoing experiment
(FEMTO slicing) which generates much shorter pulses by
cutting a temporally short part (100 fs) out of the main
bunch [9, 10]. An amplified femtosecond Ti:Sa laser pulse
interacts with the electrons and modulates their energy. Af-
ter a dispersive element the energy modulation transforms
into a longitudinal one.

The simulated charge distribution is depicted in Fig. 5
for several turns at the THz beamline [11]. Directly after
the interaction the modulation has more or less the same
temporal length as the laser pulse. Due to the damping
of the machine, this modulation becomes longer from turn
to turn and finally vanishes. This behavior is shown for
turn 0 up to turn 3, which shows the temporal shape af-
ter three round trips. The coherent synchrotron radiation
can be used to test the EO setup with a whole set of pulse
lengths from several ps down to 100 fs, which is the lower
limit of the EO techniques due to the limited bandwidth of
the EO crystals [2]. Since this modulation of the electron

Proceedings of DIPAC09, Basel, Switzerland TUPD31

03 Time Resolved Diagnostics and Synchronization

367



−0.5 0 0.5
−1

0

1
turn 0

105 fs (FWHM)

time [ps]

ch
ar

ge
 [a

.u
.]

−5 0 5
−1

0

1
turn 1

765 fs (FWHM)

time [ps]

ch
ar

ge
 [a

.u
.]

−10 0 10
−1

0

1
turn 2

1.7 ps (FWHM)

time [ps]

ch
ar

ge
 [a

.u
.]

−20 0 20
−1

0

1
turn 3

2.3 ps (FWHM)

time [ps]

ch
ar

ge
 [a

.u
.]

Figure 5: Charge distribution of the sliced bunches from
turn 0 to turn 3

bunch is done with a second synchronized laser, the laser to
laser stability and the relative jitter plays a decisive role for
pulse length measurements. The jitter determines how long
the chirped laser pulse has to be in order to get a temporal
overlap. It can be deduced from a cross correlation be-
tween these two pulses. This measurement delivers a first
characterization of the whole laser setup. It has been done
in a collinear cross correlation setup in a BBO crystal of
50 µm thickness. The initial pulse length of the lasers were
60 fs (Yb) and 100 fs FWHM (Ti:Sa). In case of an ideal
synchronization with no jitter, one would get the cross cor-
relation as depicted in Fig. 6 (blue curve), any jitter results
in further broadening this curve.

Figure 6: Calculated jitter-free (blue curve) and measured
(red curve) cross correlation of the Yb and the Ti:Sa Laser.

The relative jitter between the two lasers is about 120 fs,
which is suitable for the planned experiments.

CONCLUSION AND OUTLOOK

A mode locked Yb fiber laser has been built, which suf-
fices the requirements for EO pulse length measurements.
The synchronization has been characterized and success-
fully tested with a cross correlation experiment. First mea-
surements with the EO setup, consisting of the laser and
the EO monitor, are planned at the SLS linac during sum-
mer 2009. Further optimizations can be done by measur-
ing shorter pulses during FEMTO slicing. In parallel we
are planning a packaging of the laser for operation at the
250 MeV Injector which is currently under construction.
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ULTRA-FAST MM-WAVE DETECTORS FOR OBSERVATION OF
MICROBUNCHING INSTABILITIES IN THE DIAMOND STORAGE RING

G. Rehm, A.F. Morgan, Diamond Light Source, Oxfordshire, U.K.
R. Bartolini, I.P. Martin, DLS, Oxfordshire and John Adams Institute at Oxford, U.K.

P. Karataev, John Adams Institute at RHUL, London, U.K.

Abstract

The operation of the Diamond storage ring with short
electron bunches using low alpha optics for generation
of Coherent THz radiation and short X-ray pulses for
time-resolved experiments is limited by the onset of
microbunching instabilities. We have installed two ultra-
fast (time response is about 250 ps) Schottky Barrier Diode
Detectors sensitive to radiation within the 3.33-5 mm
and 6-9 mm wavelength ranges. Bursts of synchrotron
radiation at these wavelengths have been observed to
appear periodically above certain thresholds of stored
current per bunch. The fast response allows a bunch-by-
bunch and turn-by-turn detection of the burst signal, which
facilitates study of the bursts structure and evolution. In
this paper we present our first results for various settings of
alpha and also discuss future plans.

INTRODUCTION

Diamond Light Source has recently started an exper-
imental programme for the generation of short radiation
pulses in the storage ring. Dedicated low-alpha optics[1]
have been developed and tested for users providing radia-
tion pulses as short as 1 ps r.m.s. Both X-ray time resolved
experiments and THz users are expected to benefit from
such operating mode. In order to study microbunching
instabilities and the potential for coherent emission at mm
and sub-mm wavelengths, additional diagnostic instrumen-
tation has been installed.

EXPERIMENTAL SETUP

Schottky Barrier Diode (SBD) detectors are common
devices at microwave and mm-wave applications. In com-

Table 1: Specifications of the two Schottky Barrier Diode
Detectors (terminated into 50 Ω) and Connected Standard
Gain Horn Antennas [2, 3]

Detector Model DXP-22-RPFW0 DXP-12-RPFW0
Frequency range 33-50 GHz 60-90 GHz
Video sensitivity 40 mV/mW 23 mV/mW
Video bandwidth 1 GHz 1 GHz
Horn Model SGH-22-RP000 SGH-12-RP000
Gain [dB] 24 24
Input aperture 55 mm· 42 mm 30 mm· 23 mm

Figure 1: Photo of the 60-90 GHz detector with horn
antenna mounted next to the visible light extraction.

parison to other detectors for mm and sub-mm-wavelengths
like bolometers and Golay cells they have a very fast
response, allowing turn by turn observation of emissions.
The only alternative with similarly fast response are hot
electron bolometers, which are more expensive, delicate
and space consuming due to the required dewar. While at
microwave frequencies SBD detectors are typically pack-
aged with coaxial connectors, for mm-wave frequencies
they are waveguide mounted, which limits their bandwidth.
Coupling to free space fields is then achieved using a horn
antenna, for instance of pyramidal design.

For the evaluation of SBD detectors to detect mm-wave
synchrotron radiation emissions, we have mounted two
types of detector with the according horn antenna near
the window of the visible light extraction used for optical
diagnostics (streak camera and fill pattern measurement
from photon counting). The two detectors from Millitech
differ in their frequency range, sensitivity and dimensions,
and were mounted one at a time, as the current setup does
not provide the space to mount both at the same time
without interfering with the visible light transport. The
frequencies of the two detectors have been chosen close
to the vacuum vessel cutoff, estimated to be 54 GHz from
the relation fc = 2h

√
h/ρ with our total vertical aperture

h = 38 mm and the bending radius ρ = 7.13 m.

Figure 1 show the setup where the detector can be seen
mounted off centre near the window, so that visible light
which comes from a mirror inside the vessel [5] can still
pass beneath the horn antenna. The detector is oriented to
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Figure 2: Pulse shape from 30-50 GHz detector without
and with amplifier. Both traces are averages of 512
acquisitions triggered only on strong pulses.

receive the horizontal polarisation. The detector signal was
then transported through a 25 m long RG-213 cable to an
Agilent DSO-91304A oscilloscope outside the storage ring
tunnel. During later experiments and to increase sensitivity,
a FEMTO HSA-X-1-40 amplifier with 40 dB gain in a
10 kHz to 1.1GHz bandwidth was added, at first near the
oscilloscope and subsequently near the detector, with the
latter greatly reducing noise pickup. A typical pulse shape
from the detector receiving strong mm-wave pulses from a
5.6 nC single bunch is shown in Figure 2 illustrating also
the influence of the amplifier on pulse shape and amplitude.

It was found that both the 30-50 GHz and the 60-
90 GHz detectors produced comparable signals under
similar conditions. It is not clear whether this means that
there are actually emissions below the estimated 54 GHz
vacuum pipe cutoff frequency, or whether the 30-50 GHz
detector is sensitive to radiation at frequencies above its
upper specification limit. Further experiments with a filter
fitted on the lower frequency detector and both detectors in
place at the same time will be carried out in the future.

OBSERVATION OF MM-WAVE BURSTS

Without the pulse amplifier, mm-wave emissions could
only be detected from bunches above a certain charge
threshold. For normal user optics with a momentum
compaction factor α = 1.7 · 10−4 and theoretical zero
current bunch length of 11 ps r.m.s the charge threshold
was at around 3.7 nC, while for low-alpha optics with
a momentum compaction factor α = −1 · 10−6 and
theoretical zero current bunch length of 1 ps r.m.s the
charge threshold was at around 100 pC.

Beyond these thresholds, the burst intensity increases
and the structure and frequency of the bursts changes
irregularly as can be seen in Figures 3 and 4. The emissions
were bursts with a complex and partially irregular structure
typically 1 ms long (with further structure at 80 μs
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Figure 3: SBD signal (60-90 GHz, unamplified) for
increasing single bunch charge with normal optics.
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Figure 4: SBD signal (60-90 GHz, unamplified) for
increasing single bunch charge with low-alpha optics.

intervals) with 2 ms spacing. We presume these bursts
to originate from microbunching instabilities introducing
coherently emitting structure into parts of the electron
distribution inside a bunch.

On a longer time scale, 10-300 ms long periods of
stronger peak intensity have been observed, still showing
essentially the same structure of bursts. This can be
seen in from the spectrogram in Figure 5 which shows
the persistent spectral features at 500 Hz and 12 kHz
corresponding to the time structure as described above.

OBSERVATION OF CONTINUOUS
MM-WAVE EMISSIONS

With the amplifier fitted, it was also possible to observe
the mm-wave signal emitted on every turn from each
bunch, for instance in the normal user fill with 700 of
936 bunches filled to 670 pC on average, as shown in
Figure 6. However, it can be seen from the inset that the
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Figure 5: SBD signal (30-50 GHz, amplified) shows
rare strong bursts with continuous weaker bursts between.
Colour coded spectrogram is generated from block FFT of
2048 points at 500 kS/s.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

x 10
−6

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

time (s)

S
B

D
 s

ig
na

l [
a.

u.
], 

ch
ar

ge
 [n

C
]

 

 

SBD signal

bunch charge

6 8 10

x 10
−8

0

0.2

0.4

0.6

0.8

1

Figure 6: SBD signal (30-50 GHz, amplified) from normal
3/4 fill in user optics.

sensitivity of the detector appears to increase for the first
few bunches. This is thought to be a result of self-biassing
of the detector connected to the high pass input filter of
the amplifier: As a voltage across the coupling capacitor
builds up with subsequent bunches, the working point of
the detector shifts. This will require further investigation as
it clearly limits the ability to detect emissions from single
bunches.

Still, with the increased sensitivity due to the added
amplifier, it was possible to observe stable continuous
emissions (see Figure 7) from a single bunch in low-alpha
optics with a momentum compaction factor α = −3 · 10−6

and theoretical zero current bunch length of 1.3 ps r.m.s.
The intensity of these emissions increases faster than the
charge in the bunch, ie the normalised intensity per charge
increases. This could suggest partially coherent emissions,
but will need further investigation.

Figure 7: SBD signal (30-50 GHz, amplified) from every
turn of an increasing single bunch in low-alpha optics.

CONCLUSION AND OUTLOOK

We have presented first measurements with an ultra fast
mm-wave detector based on a compact Schottky Barrier
Diode detector. The fast response and high sensitivity in
combination with a pulse amplifier have allowed inves-
tigation of continuous and bursting mm-wave emissions
over timescales of individual single bunch signals with sub-
ns resolution to many seconds, documenting the complex
structure of bursting emissions. Initial variations of pa-
rameters such as bunch charge or momentum compaction
factor have shown the usefulness of the detector and
helped optimising the setup, but clearly more rigourous
investigations will have to follow.

Furthermore, we intend to move the detector into a
location where more than one can be used at the same
time and improve the extraction of mm-waves. To this
end, we intend to build a special mm-wave extraction by
modifying one of the beam port absorbers on an unused
bending magnet port. This will also provide enough
space to allow the installation of a Michelson or Martin-
Puplett interferometer to characterise the spectral content
of the mm-wave emissions further. In addition, with the
IR beamline B22 becoming operational later in 2009 we
should have one more valuable source of measurements.
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Abstract 
We have continuously developed the Optical Transition 

Radiation (OTR) monitor with optics system based on the 
Newtonian telescope to measure a profile for a high 
intensity proton beamline. Now we installed the OTR 
monitors of production version on the J-PARC hadron 
beamline, and successfully observed a first OTR light. 
This led to the establishment of high S/N profile 
measurement with minimum beam disturbance. At this 
commissioning stage, beam intensity is expected to be as 
small as 1.2 KW, but expected to increase up to 750 kW, 
so that maintenance work becomes important. To improve 
ease of maintenance, we plan to replace the focusing lens 
system with reflective mirror system with higher 
resistance to radiation. A result of beam profile 
measurement, an estimation of dependence of an OTR 
background on a beam loss, and a future plan for an 
upgrade of our optics system will be presented.  

INTRODUCTION 
We have finished constructing first stage J-PARC 

hadron facility to provide high intensity proton beam 
whose design intensity is 750 kW for various particle and 
nuclear physics experiments such as strangeness nuclear 
physics, exotic hadron physics, kaon rare decay physics, 
and so on. A 50 GeV proton beam is slowly extracted via 
switchyard (SY) section into T1 target (Ni disk; 30 % 
beam loss). It is crucial to minimize a beam loss to 
observe the beam status by various monitors for such high 
intensity beamline. For this purpose, the OTR monitor is 
one of the best solutions because the OTR is a surface 
phenomenon so that we can minimize a screen thickness. 
Thus the OTR is widely used at electron and proton 
facility for the profile measurement [1-3]. We have 
developed the OTR monitor for a profile measurement at 
the upstream part of the SY section. 

OPTICS DESIGN AND INSTALLATION 
We performed a test experiment at KEK 12-GeV PS 

with proto-type OTR monitor, and realized that it is 
important to reduce background and radiation to detector 
system [4]. Therefore, we prepared an OTR optics system 
like Catadioptric-type telescope and planned to put this 
system 5 m away from a beamline. Detailed design and 
optimization are described in Ref. [4].  

After the fine tuning of each component of optics 
system, we installed the OTR chamber and optics system, 
and finely aligned them with a beamline. As shown in 
Fig. 1, OTR1 is installed just upstream of a q01 
quadrupole magnet, OTR2 is just upstream of a q02 
quadrupole magnet, and OTR3 is just upstream of a v04 
vertical steering magnet. 

 

Figure 1: Layout of OTR monitors. 

 
 
Figure 2 shows the OTR optics layout. There is an OTR 

screen (Al foil, 7 μm thickness) with rotating drive 
mechanism which enables to remove and install the 
screen remotely inside the OTR chamber. An OTR light 
emitted downward at the screen is first reflected by a 
planer mirror, and introduced into the dark box containing 
the OTR optics.  
 

Figure 2: OTR optics installation upstream of q02. 

 ___________________________________________  

*Work supported by Grant-in-Aid for Young Scientists (B) (20740155), 
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For OTR2 and OTR3, a Luminescence screen composed 
of alumina ceramic is installed just upstream of OTR for a 
comparison of a beam profile. An Image Intensifier (IIT) 
is prepared to measure a weak OTR signal.  

For OTR1, instead of an OTR screen, a Luminescence 
screen is installed to check the OTR optics. A light output 
of a Luminescence screen is expected too high to use IIT, 
so that we remove IIT for this layout.  

FIRST OTR LIGHT AT THE J-PARC 
The commissioning was started on January 27th, 2009. 

A proton beam is successfully transported to a beam 
dump at 19:35 on the same day. Slow extraction beam 
tuning was performed until the end of this past February. 
Final beam performance was as low as 120 W (1.5 x 1011 
protons/spill) due to accelerator troubles. Spill cycle was 
1/6 Hz, and beam duration was about 100 ms.  

Despite this low intensity, we successfully measured 
the OTR light as shown in Fig. 3. Each shot is 
accumulated image for 40 ms. Consecutive three profile 
images reflecting the beam duration are measured. There 
is no long persistent component coming from such as the 
infrared ray, so that this signal should mainly come from 
the OTR.  

 

Figure 3: Typical sequential shots of the measured OTR 
light at v04.  

ANALYSIS RESULT 
Captured images are averaged, and its background is 

subtracted for both OTR data and Luminescence data. 
Figure 4 shows the resulting images for OTR data and 
Luminescence data, respectively.  

We projected these image data into X and Y axis. We 
evaluated beam position and width by fitting resulting 
histograms with Gaussian signal + first order polynomial 
background function. 

Figure 5 shows analysis result for beam position 
measured by the OTR and the Luminescence screen. 
Decay turtle [5] calculation result is also plotted for 
comparison. OTR data is in good agreement with 
Luminescence screen data within statistical and 
systematic error of about 1 mm. Measured position is 
deviated from turtle data due to lack of time for beam 
tuning.  

 

Figure 4: A typical OTR image (top) and a Luminescence 
screen image (bottom) at v04. Each screen size is 100 mm 
x 100 mm.  

 
 

Figure 6 shows analysis result for beam width in the 
same way as the position result. Luminescence screen 
data coincide with decay turtle data except for q01-Y. We 
need to pay attention to data of OTR1 which is composed 
of Luminescence screen and OTR optics system. OTR1 
data is in good agreement with turtle data so that it is 
expected that Luminescence screen at q01in probably has 
some problem. OTR overestimated beam width by 8 mm 
for q02, 14 mm for v04, respectively.  

DISCUSSION AND FUTURE PLAN 
Possible reasons of the OTR width overestimation is as 

follows.  
• detector non-linearity 
• OTR emission non-linearity 
The other possibilities such as infrared ray effect, OTR 

at vacuum foil, OTR opening angle effect, diffuse 
reflection effect are estimated by computer simulation, 
and concluded that these effects are too small to cause 
such large width broadening . In the former case, we 
already checked a linearity of new optics system with J-
PARC beam, so that IIT non-linearity is most suspected. 
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Figure 5: Position for X axis (top) and that for Y axis 
(bottom). Red line is for OTR, blue line is for 
Luminescence (Lumine), and green line is for turtle 
calculation.  

 

 

Figure 6: Width for X axis (top) and that for Y axis 
(bottom). Red line is for OTR, blue line is for 
Luminescence (Lumine), and green line is for turtle 
calculation.  

 
 

This is probably caused by faster beam extraction of 
about 100 ms and spiky beam time structure due to the 
accelerator trouble. IIT has gain control system to protect 
MCP from strong light input, but this system is not 
enough quick for such rapid change of intensity. This can 
cause the instability of IIT gain leading to the non-
linearity. We plan to check IIT linearity by standard light 
source. After the confirmation of detector non-linearity, 
we can check the OTR non-linearity in the next J-PARC 
beam time from this October.  

We also have a plan to upgrade this OTR optics system. 
Our current optics uses coupling lenses to compensate 
insufficient magnification of main reflector. These lenses 
do not have good resistance to radiation, so that 
maintenance work will become a problem in the near 
future. To solve this problem, we now develop new OTR 
optics system without any lenses as shown in Fig. 7. Two 
reflectors are combined like Gregorian telescope, but sub 
reflector is placed nearer to main reflector to improve 
magnification. Design work including aberration 
minimization, magnification adjustment, and so on is 
completed with computer simulation, and new OTR 
optics system will be made and installed into J-PARC 
extraction beamline this Summer. 

 

Figure 7: Conceptual design of new OTR optics.  

SUMMARY 
We successfully observed the first OTR light with our 

OTR detector at the J-PARC. Beam position for the OTR 
coincides well with that for Luminescence screen, but the 
OTR is confirmed to overestimate a signal width.  We 
plan to recheck the detector response and perform a test 
experiment in the next beam time. New OTR optics 
system will also be tested in the beam time.  
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BEAM TRANSVERSE PROFILE MONITOR BASED ON RESIDUAL GAS 
IONIZATION FOR IFMIF-EVEDA ACCELERATOR 

J. Marroncle, P. Abbon, F. Jeanneau, J.-P. Mols, J. Pancin, CEA Saclay, DSM/IRFU, France 

 
Abstract 

Within the framework of IFMIF-EVEDA project, a 
high-intensity deuteron (125 mA - 9 MeV) prototype 
accelerator will be built and tested at Rokkasho (Japan) in 
order to validate the future IFMIF accelerator. One of the 
most challenging diagnostics is the Beam Transverse 
Profile Monitor (BTPM), which has to be a non-
interceptive device. Two R&D programs have been 
initiated: one based on residual gas fluorescence 
developed by CIEMAT Madrid (see J. Carmona et al. 
contribution) and another one based on residual gas 
ionization developed at CEA Saclay [1]. The principle of 
the last one is to measure the current induced by 
ionization electrons, drifting under an electric field 
influence, towards several strips to get a one-dimension 
projection of the transverse beam profile. Preliminary 
results of a first prototype tested on the IPHI Saclay 
accelerator will be shown, as well as a new prototype 
design. In the new design several improvements have 
been carried out. The new detector will be tested soon 
with continuous and pulsed beam at higher energy. 

INTRODUCTION 
The International Fusion Materials Irradiation facility 

(IFMIF) aims at producing an intense flux of 14 MeV 
neutrons, in order to characterize materials envisaged for 
future fusion reactors.  The primary mission of IFMIF is 
to provide a materials irradiation database for the design, 
construction, licensing and safe operation of the future 
Fusion Demonstration Reactor (DEMO) [2]. In such a 
reactor, high neutron fluxes may generate up to 30 
dpa/fpy (displacements per atom / full power year). 
IFMIF facility is based on two high power continuous 
drivers (175 MHz) delivering 125 mA deuteron beams at 
40 MeV each, colliding with a liquid lithium target.  

In the framework of the “Broader Approach”, the 
IFMIF-EVEDA (Engineering Validation and Engineering 
Design Activities) project includes the construction of an 
accelerator prototype with the same characteristics as 
IFMIF, except a lower energy of 9 MeV instead of 40 
MeV for the incident deuteron energy. Most of the 
components of the accelerator are developed by France, 
Italy and Spain. Accelerator parameters are 

• 125 mA cw deuteron beam at 175 MHz (5.7 ns) 
• Vacuum pipe pressure level: 10-5 mbar (at target 

region) and below 10-7 mbar elsewhere.  
In such high current accelerator, non-interceptive 

diagnostics are required. This paper will focus on a Beam 
Transverse Profile Monitor (BTPM) based on beam 
residual gas ionization.  

Firstly, we will present the main beam test results 
which were obtained using a first prototype. A new 
prototype was designed with respect to conclusions 
coming from the previous test. This will be described in a 
second part. 

FIRST PROTOTYPE 
This monitor is based on the ionization induced by the 

beam particles on the residual gas of the accelerator beam 
pipe [3] (Fig. 1). An electric field is applied between two 
parallel plates, on which electrons and ions are collected. 
A high voltage is applied to the upper plate while the 
lower plate is grounded. The lower plate consists of 32 
conductive strips covering a 4x3 cm2 surface. On each 
side of the active area 9 thin pads are set regularly in 
voltage in order to insure the electric field uniformity 
(each resistor is 60 MΩ). This monitor is fixed on a flange 
(DN100), which is held on the accelerator beam pipe. 

 

 
Figure 1: First prototype drawings. 

 

Front-End Electronics 
The currents induced by charges on the strips are read-

out by a front-end electronic card developed in our group. 
The 32 channels are connected, via a kapton bus, to this 
card (Fig. 2).  

 
Figure 2: Front-end electronic sketch. 
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A transimpedance circuit converts all strip currents in 
voltage at 33 MHz. After the amplifiers, multiplexer and 
sequencer stages, a profile of the beam is given every 
1060 ns.  

 
Figure 3: Beam profile seen on an oscilloscope every 
1060 ns, which correspond to the 32 strips, lay out over 
40 mm.  

The oscilloscope picture of such a profile can be seen in 
Fig. 3. This card reads the strip currents with a bandwidth 
below 3 MHz and has a sensitivity down to 1 nA due to a 
high gain of 1.2 mV/nA. The equivalent input noise is 
around 0.8 nA. 

Monitor Beam Test 
This monitor was tested in July 2008 at Saclay, on the 
IPHI (Injector of Proton at High Intensity) source 
accelerator [4]. A continuous proton beam of 75 and 95 
keV was delivered at beam intensity up to 12 mA for our 
test. Firstly we have checked that we observed an 
ionization signal by varying the residual gas pressure at 
constant beam intensity (1.2 mA). The pressure ratio is 
about 3.5 and this is this is good agreement with the data 
reported in Fig. 4 for different HV values.  

  
Figure 4: Maximum amplitude response for a 1.2 mA 
beam intensity at 2 vacuum pressures. 

Extrapolating our data to IFMIF conditions at the beam 
dump level (Ibeam=125 mA, E=40 MeV, P=10-5 mb) [5], 
have shown that enough signal can be picked up with 
such a monitor. So, no ionization amplifiers, like MCPs 
(Multi Channel Plates) which are radiation sensitive, are 
required in this hard radioactive environment (γ and 
neutrons). Some other lessons were withdrawn from these 

tests, which have been taken into account to build the 
second prototype.  
They concern mainly: 

• Electric breakdown and short cuts, 
• Water-cooling system conditioned for higher beam 

intensity. 
• Beam profile resolution, 
• Good behavior of the electronic Front-end. 

SECOND PROTOTYPE 
The second prototype was designing taking into 

account these remarks. Figure 5 shows this new 
prototype, which is still in design progress. 

 

 
Figure 5: In horizontal, the monitor mounted on a piston, 
with its front-end electronic card on the left (green). In 
vertical, the SEM grid profiler is shown. 

 

Improvements 
The main improvements withdrawn from the first 

prototype test are listed below. 
 A cooling water system is fixed on a copper shield 

with an aperture to let the beam pass through it. It will 
allow to work at higher beam intensity.  

A secondary emission grid monitor (vertical) will allow 
to compare profiles obtained with both monitors in same 
beam conditions. These monitors with a help of pistons 
can be moved in beam position without modifying 
machine conditions. 

Numerous electric breakdowns appeared during the 
test. Ceramic will be used to avoid them. For example, 
two kinds of strip plane are designed: one with strips 
deposited on a ceramic plane, and the other one with 
conductive wires, welded on contacts deposited on 
ceramic. Plastic insulators are replaced by ceramic ones. 

Electronics: only currents are measured up to now. 
Current integration is necessary to manage low currents 
encountered at high energy for which ionization cross 
sections decrease drastically, and to work at low beam 
pipe pressure.
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Tests 
Two campaigns of tests are foreseen with this prototype: 

• On IPHI source, at the beginning of July 2009. 
Tests will be done at high intensity and low 
energy, but with an un-pulsed beam. 

• At higher beam energy with a pulsed beam, in 
order to check the behavior of the BTPM (image 
current at the vacuum wall…) 

During these tests, we should have to pay attention on 
the space charge, which play an important role on the 
resolution of the beam profile (due to electrons and ions 
trajectories). 

CONCLUSION 
At full current and cw beam operation, no interceptive 

profiler can be set in the beam of IFMIF-EVEDA. A non-
interceptive transverse beam profile prototype, based on 
residual gas ionization, has been presented. Promising 
beam test results were used to improve this new 
prototype. It will be tested in July 2009.  
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TARGET MATERIALS FOR A LOW ENERGY PEPPER-POT EMITTANCE 
DEVICE

M. Ripert, A. Peters, HIT, Heidelberg, Germany 

Abstract
The ion cancer therapy facility HIT in Heidelberg [1] is 

producing ions (H, He, C and O) from two ECR sources 
at an energy of 8 keV/u with different beam currents from 
about 80 μA up to 2 mA. Typical sizes for the beam in the 
LEBT range from are 5 – 30 mm. Matching the always 
slightly changing output from the ECR sources to the first 
accelerating structure, an RFQ, demands a periodical 
monitoring of the beam emittance. For that, a special 
pepper-pot measurement device is under design, whose 
most important parts are a damage-resistant pepper-pot 
mask and a vacuum-suitable scintillator material. The 
material lifetime, the list of feasible materials, the 
modelling of the target damage will be discussed.  

PEPPER-POT SCINTILLATOR SCREEN 
DESIGN

As part of the ongoing development at HIT, and to 
provide necessary information for beam dynamics, high 
quality emittance and beam profile measurements are 
needed. A pepper-pot device is under investigation to 
provide a 4-D emittance measurement.  

Location
The Pepper-Pot Scintillator Screen system should fit 

within the existing beam line components (vacuum boxes 
already used with beam diagnostics equipment like 
Faraday cups, profile grids and slits). The N1DK1 
vacuum boxes will be equipped with a fast iris shutter, a 
pepper-pot mask and a scintillator screen. The N1DK2 
vacuum boxes will contain a 45 degrees tilted mirror 
inside and a CCD camera outside. (Figure 1) 

The Pepper-Pot Principle 
The pepper-pot mask, which is perpendicular to the 

beam and contains a regular array of identical holes, splits 
the beam into beamlets. The beamlets drift toward the 
scintillator screen where they are imaged. The 
determination and the arrangements of the optical 
component must be designed in such a way that it meets 
its basic function requirements:  

The production of an image of  a suitable size, 
The system should fit into the available space. 

Figure 1: The Low Energy Beam Transport at HIT and the 
position of the Pepper-Pot Scintillator Screen device 
within the LEBT. 

N1DK1

N1DK2

Some considerations [2] in the choice of the aperture 
parameters have to be followed so that: 

The beamlets images on the scintillator screen are 
larger than the mask aperture d, 
The pepper-pot mask thickness, Ls, should be small 
enough to prevent any smearing effects due to 
multiple slit scattering  
The separation spacing, w, should be much larger 
than the mask aperture d to prevent the beamlets 
from overlapping at the screen.  

Different optical systems have been designed along the 
previous set of rules [2] depending on the minimum 
beamlet width. From the arguments given above, a set of 
the pepper-pot parameters (Table1) with a 0.2 mm hole 
diameter, 1.5 mm separation, and 0.1 mm maximum 
depth was calculated. 

TUPD36 Proceedings of DIPAC09, Basel, Switzerland

05 Beam Profile and Optical Monitors

378



 Due to a beam size of 10–20mm on the mask and at 8 
keV / u energy, the drift length from the mask to the 
measurement screen is approximately between 65 and 150 
mm.   

Table 1: Pepper-pot parameters  

Parameters value 

RMS beam size 10-20 mm

Pepper-pot Hole Diameter d 0.2 mm 

Pepper-pot Hole Spacing w 1.5 - 2 mm 

Pepper-pot mask thickness Ls < 0.1 mm 

Drift Length Ld 65-150 mm 

Minimum Beamlet width 0.2 -0.24 mm 

Resolution Pepper Pot 3.2 - 1.6 mrad 

Scintillator Screen 

The pepper pot mask and the measurement screen will 
be aligned perpendicularly to the beam because of their 
small separation distance. The beam images will be thus 
produced by a transparent scintillator such as crystals 
(ruby, YAG : Ce / Pr) or glass materials (quartz …) and 
will be captured by a suitable CCD camera.  

BEAM TARGET INTERACTION  
When an ion impinges on a solid, it loses kinetic energy 

through interactions with atoms. This transfer of energy 
from the ion to the target atoms results in ion reflection 
and backscattering, atomic sputtering and deposition, 
solid damage and heating. The impinging ions come 
finally to rest in the solid through a set of nearby adjacent 
inelastic and elastic collisions of atoms, called a collision 
cascade.

  However, ions implanted into a solid can modify the 
physical properties of the solid due to both chemical and 
structural change in the target. Heating of the target by an 
ion beam leads to a fast thermodynamic response of the 
target. Consequently, during and after the irradiation, the 
distribution of the target density is changing. The energy 
loss dynamic of the ion beam within the material should 
be also investigated.  

   At the target, the beam maybe focused to a small spot 
where the deposition process dominates and also the 
thermal forces. For that, an estimation of the deposited 
beam energy is compared to the energy needed to melt the 
physical volume of the target [3]. Since the penetration 
depth is much smaller than the physical dimension of the 
target, a better estimation will be to calculate the energy 
required to melt the range volume. Obviously this 

estimation can only be coherent if no heat transfer around 
the range volume takes place during the beam pulse. This 
is not the case. In order to fully understand the thermal 
aspects of intense pulsed beam on materials, the time 
dependence heat transfer has to be taken into account. 
The timescale for heat to spread through the thickness of 
the material should be simulated. Similarly, the space 
evolution of the heated material should be replicated. 

DAMAGE OF THE TARGET  
The damage of the target consists of three principles. 

One consists in the change of the molecular structure 
which is unrecoverable. The molecular bond breaking is 
followed by atom displacement, creation of vacancies, 
and also sputtering, surface roughness, surface 
segregation. The other one is the preservation of the 
molecule integrity. The hit atom doesn’t have enough 
energy to leave the site and then it will vibrate releasing 
this given energy as phonons. The phonons energy is 
deposited into the material lattice which can increase the 
present damage. Finally, the mixing of these two 
phenomena takes over and provides distortions to the 
target: mixing of layers and also atomic mixing [4]. A 
direct consequence of these damages could be a 
diminution in the light output, and in the durability of the 
material.  

Consequently, changes in the properties are related to 
the structure damage of the target. Clearly, a simulation of 
the energy loss through the material would provide 
important information about the change in the properties 
of matter within the target.  

Atomic mixing (figure 2), also called the slowing down 
process of intense ion beams into matter is the most 
important process. It consists of three main effects: 

Cascade Mixing (1), 
Recoil Implantation (2), 
And Diffusion (3). 

Figure 2: Atomic mixing [3]. 

The cascade mixing zone (1), the recoil implantation 
zone (2) and the diffusion factor (3) have to be 
distinguished and correlated to the structure damage of 
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the target and to the physical output parameters (heat, 
light output, durability). 
A model should be used to quantify the influence of these 
mixing effects.  

SIMULATIONS  
TRIM [5], the Transport of Ions in Matter code, is 

based on the Binary collision approximation. It means 
that each incident ion finds the same unmodified 
substance. Any effects as ion deposition or surface 
erosion are neglected. TRIM doesn’t treat any recoil 
phonon coupling in a solid.  

Under irradiation with different ions, the ratio of 
electronic to nuclear stopping powers varies for both the 
primary ion and the secondary recoils produced. 

Helium impinging into SiO2 with a density equal 2.32 
g/cm3 is represented in figure 3-a. Each time an ion has a 
collision with a target atom, there is one vacancy created 
(red dots).  The target atom then recoils and all its 
collision that causes vacancies are plotted with green (for 
silicon atoms) and blue dots (for oxygen atoms). When 
the recoil atom stops it is plotted with green or blue dark 
dots. A single ion may produce half hundred vacancies 
(red), whereas a single recoil atom gets few vacancy 
plotted (green and blue). Consequently, the ion energy has 
been transferred to the target through principally inelastic 
scattering (i.e. electronic energy loss). The recoil cascade 
is slightly visible.  

Figure 3: TRIM simulation of Helium (a) and Carbon (b) 
ion impinging into SiO2 at 8 keV/u with the total number 
of ions equal to 1000. The longitudinal range and straggle 
(in parentheses) of Helium and Carbon are 866 Å (133 Å) 
and 282 Å (133 Å).

As you can see on the preceding picture (figure 3-b) the 
Carbon ion track shows red dots, representing vacancies 
for which the target atoms (Si and O) are knocked away 
from their lattice. However, Carbon ion beam–target 
interaction shows mostly some blue (Oxygen atoms) and 
green dots (Silicon atoms). There is enough energy for the 
target atom to recoil and cause other vacancies until it 
does not have enough energy, so that the target atom will 
vibrate back to its original position site releasing its 
energy as phonons. By vibrating back to their original 

position, the recoil atoms (blue/green) track follows the 
same initially created (red dots) and thus, they superpose. 
This picture can be misleading by assuming that the 
nuclear energy dissipation (15%) dominates the electronic 
energy dissipation (27%). 

Since atomic mixing and recoil implantation distort the 
depth profile simultaneously, a model for which all 
interactions experienced by an atom should be used. 
Monte Carlo Codes coupled with thermal processes or 
Molecular Dynamic approximation [6] take into 
considerations the distortions caused by mixing effects 
such as the slowing down process within a material. Even 
if TRIM is a B.C approximation, this program should be 
used for the input of parameters needed for the M.C or 
M.D code.  

CONCLUSION  
Of concern is the temperature at the surface giving rise 

to stresses that could result in erosion, atomic mixing in 
the collision cascade. A model is needed in this area to 
better understand the beam target interaction and its 
effects on the target, and to find solutions such as the 
choice of the target.  

The optical layout of the ion beam through the Pepper-
Pot Scintillator Screen system should be finalised using 
one of this code: SIMION, the ion and electron optics 
simulation software or PARMILIA, the Phase And Radial 
Motion in Ion LInear Accelerators software. 

 Further developments this year will include a beam test 
of possible transparent materials. Short and long time 
effects should be studied.  
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SYNCHROTRON RADIATION MONITOR AND MIRROR AT SSRF 

 
K.R. Ye, Y.B. Leng, J. Chen, J. Yu, G.B. Zhao, W.M. Zhou, Sinap, Shanghai, 210200, China 

T. Mitsuhashi, KEK, Japan 

Abstract 
 SR monitor for the measurements of beam profile, sizes, 
and bunch length has been designed and constructed at 
the Shanghai synchrotron radiation Facility (SSRF). A 
water-cooled beryllium mirror is installed to extract the 
visible SR.  This beryllium mirror was designed via 
thermal analysis based on ANSYS. The extracted visible 
SR is relayed to dark room by three mirrors. The 
measurement system includes, imaging system, SR 
interferometers (SRI), streak camera and fast-gated 
camera etc are set in the dark room. Both the horizontal 
and the vertical beam sizes are monitored by SRI, and 
bunch length and temporal profile of the beam are 
measured by streak camera. The existed system suffers 
with dynamic problem for beam physics studies. The 
commissioning of synchrotron radiation monitor system 
has been performed in SSRF since December, 2007. The 
results obtained at SSRF are presented. 
 

GENERAL OVERVIEW 
A diagnostics beamline has been installed in the BM02 
bending magnet of the SSRF storage ring. The designed 
parameter of the SSRF is listed in Table1. 
 

Table 1: Designed parameter of Storage Ring 

parameters Value  

Energy (GeV) 3.5 

Beam current (mA) 200-300 

Critical photon energy (keV) 9.96 

Emittance εx (nm.rad) 3.9 

Beam profileσx (μm)  
1% coupling

53 

Beam profileσy (μm)  22 

Bunch Length (ps)  14.4 

 
Synchrotron radiation monitor measures beam profile 

and beam size of the synchrotron radiation light source 
for performance optimization, routine operation check 
and various beam physics study. The monitor should be 
able to measure a small transverse beam dimension and 
motion [1].  Using this monitor, we can characterize the 
electron beam size, phase-space ellipse and emittance. It 
is described that the general design of the SRM, 
extraction mirror design, and measurement equipments 
such as SR interferometer and streak camera in this paper.   

Instruction 
The source point of for SRM is bending magnet near 

injecting point. The synchrotron light is extracted by a 
water-cooled beryllium mirror. Then three mirrors guide 
the light to the dark room. The synchrotron light 
interferometers [2] [3] is set in the dark room and they 
measure horizontal and vertical beam sizes. Also a 
focusing system is applied to obtain the image of beam 
profile. The result beam profile is passed on the display in 
the control. Bunch length measurements is performed 
with a streak camera (HAMAMATSU C5680) that uses a 
scan streaking of 125MHz (1/4 RF) and also dual time 
streaking is available. (Fig.1). The general arrangement of 
the SRM system is shown in Fig.1. 
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Figure 1: General arrangement of synchrotron radiation 
monitor. 

EXTRACTION MIRROR 
The vertical opening angle of visible SR is roughly 

3mrad.  4mrad opening will be available in the horizontal 
direction. The visible part of the synchrotron radiation is 
reflected by water-cooled Beryllium mirror. 
 
Water-cooled Beryllium Mirror 

The first mirror is set 9m apart from the source point, 
which reflects the visible light by 90° downward.  
Thermal distortion of the Be mirror for a given absorbed 
heat load by X-rays is simulated using the technique of 
finite-element analysis. The deformation of the mirror has 
been studied in detail in comparison with other materials. 
The result shows Be is best material for the extraction 
mirror.  

Thermal Distortion Analyse 
A thermal-mechanical analysis experiments with 

electron beams show: the quality factor for different 
metals dynamic formation is indicated. The thermal 
distortion values for metals between 00C to 4000C, these 
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effects were especially good in Beryllium mirrors than  
Invar and Copper mirrors [4]. 

We designed the mirror shape having a parabolic shape 
in the backside as shown in Fig.2.   Most of the X-ray will 
pass through the central thin part of the mirror. The 
incident and the transmit power densities are shown in the 
right side graph in Fig.2.   

 

 
(a)                                                (b) 

Figure 2:  (a): The design of mirror which has two water-
cooling tubes. (b): Power Density distributions. 
 

The deformation of Be mirror is simulated by ANSYS 
and XOP [5] for varying the shape, size, and diameter of 
cooling tube. We fixed outer-dimension of beryllium 
mirror is 80mm(wide), 60mm(high), 12mm(thickness). 
With the diameter of water-cooling tube will 8mm, the 
centric deformation of mirror surface results 3.9μm with 
inlet water temperature 260C. The highest temperature of 
mirror will be 560C.    

The results of Be mirror deformation and temperature 
distribution for number of water cooling tube 7 and 2 are 
shown in Fig. 3 

 
Figure 3: Analyse the deformation of two types of mirror 
those have seven cooling tubes (right) and two cooling 
tubes (left). 

 
The convection coefficient will depend on cooling water 
velocity. The dependence of convection coefficient 
against cooling water temperature is shown in Fig 4 with 
various tube diameters.  From this figure, the effect of the 
tube diameter is smaller than the velocity of cooling water. 
Because the diameter of the tube 6mm-7mm is easy to 
handle, we used the 6mm tube. Increase  of  Water 
temperature by 3-4 ºC while beam current rise from 
10mA to 100mA was observed in real operation of the 
mirror.  
Actually, the key point in the design of the mirror is to 

make deformation smooth and symmetry about the centre 
of mirror. So we chose two tubes those arranged in 
symmetry. In the case to use the SR interferometer, we 
need only two pencils of light. 

         
Figure 4: Convection coefficient as a function of cooling 
water velocity with various diameters of water cooling 
tubes. 

It isn’t important for interferometer that 1 to 2 μm 
deformation of the mirror. We can calibrate the 
interferometer with ray trace technique.  So, the 
beryllium mirror with two cooling tube which haves a 
parabolic shape in backside is applied in the SSRF.   

  

IMAGING SYSTEM AND  
SR INTERFEROMETER 

The synchrotron radiation monitor consists of an 
imaging system to obtain a profile of electron beam and 
SR interferometers to measure the beam sizes.  This 
imaging system is also used for observing a beam image 
position.   A result of beam image and image position are 
shown in Fig. 5 

 

 

Figure 5: Result of beam profile measurement, and beam 
image positions. 

Two Harsherian-type reflective SR interferometers are 
installed to measure the both of vertical and horizontal 
beam sizes.  The double slit is set at 18 meter apart from 
source point.  A focusing mirror, f=2000mm, is used as an 
objective mirror. A small off-axis diagonal mirror is set 
for the convenience of the observation. A band-pass filter, 
which has 80nm bandwidth at 550nm, is used to limit the 
wavelength of input light. The σ-polarization of SR is 
selected by dichroic polarization filter.  The arrangement 
of SR interferometers are shown in Fig. 6 .  A ray tracing 
method using a Hartman square mask is used to 
calibration of SR interferometer due to the first mirror 
deformation. 
 

The measured interferogram are fitted by the intensity 
distribution of the form. The image analysis system works 

TUPD37 Proceedings of DIPAC09, Basel, Switzerland

05 Beam Profile and Optical Monitors

382



extracting the orthogonal profile, center position, and 
least square fit to evaluate the beam sizes.  

 

 
 

Figure 6: Arrangement of SR interferometers. 
 
 An example of observed vertical interferogram is 
indicated in Fig. 7. 

 
 

Figure 7: An example of observed vertical interferogram. 
 

Application software is located at workstation /Unix 
and PC/Linux control console, supporting commercial 
software  Matlab and LabVIEW. The high level physical 
application environment has been set up and done the 
online test of device control using MatLab and middle 
layer with the SSRF centre database.] 

Preliminary commissioning of the SRM is performed 
recently. The glass window has been used to overcome 
the effect of air flow. The linearity between electron beam 
intensity and radiation image intensity in such system is 
good. Accompany with neutral density filter. The 
dynamic range can be extended to 103 and with excellent 
linearity. 

Beam size of electron in storage ring has been achieved 
by synchrotron radiation interferometer successfully . The 
results of vertical beam size measurement for beam 
regulation are shown in Fig.8.  When beam current is 
200mA, using a wave length λ = 550nm, with acquired 
data 600 times, the results of vertical RMS beam size is 
34.3±0.4um, and horizontal RMS beam size is 52.3 ±
0.4um.  

The beam size measurement also used to adjust the 
transverse feedback system for SSRF storage ring. It is 
shown as in Fig.9, when beam current is getting higher 
than 40mA, the vertical beam size is getting large. If 
beam current change from 40mA to 100mA; the vertical 
beam size becomes larger from 35 um to more than 100 
um. When the multi-bunch transverse feedback is work; 
the vertical beam size becomes smaller and stable. The 
observed beam size with transverse feedback is 35 μm 

just same as in the low current.  The variation is observed 
for xy coupling parameters from this measurement    
 

 
 

Figure 8: The results of beam size (RMS) measurement. 
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Figure 9: Beam size measurement for transverse feedback. 

 
CONCLUSIONS 

 
The SR monitor to measure the beam size, and bunch 

length etc. is constructed at the SSRF. The transverse 
RMS beam sizes in both horizontal and vertical direction 
are measured in the rage of a few mA to 200mA.  The 
observed horizontal beam size is 52.3±0.4μm and it is 
good agreed with designed value. The observed vertical 
beam size is 34.3±0.4μm, and it is stable with transverse 
feedback system.  From this observed vertical beam size, 
eminttance coupling is 1.2%.  
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TWO-DIMENSIONAL IONIZATION BEAM PROFILE MEASUREMENT* 

M. Poggi, L. Boscagli, A. Dainese, R. Ponchia,  INFN Laboratori Nazionali di Legnaro, Viale 
dell'Universita' 2, 35020, Legnaro, Padova, Italy 
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P.O. Box 722, Somerset West 7130, South Africa 

Abstract 
Equipment for non-destructive, two-dimensional beam 

profile measurement was developed for the high intensity 
beam project foreseen at INFN, Legnaro and the K200 
variable-energy, separated-sector cyclotron at iThemba 
LABS. Ions, produced by the interaction of the beam with 
residual gas, are accelerated in an electrostatic field 
towards microchannel plates (MCP) for signal 
amplification. With the first of the two prototypes that 
were built, ions are accelerated in an electric field 
between two parallel plates and after passing through an 
aperture in one of the plates, move through the electric 
field between two curved plates and consequently bent 
through ninety degrees before reaching the MCP. The 
aperture in the plate provides one profile dimension and 
the spread in the energy of the produced ions the other 
dimension. In the second prototype two one-dimensional 
systems, rotated through ninety degrees with respect to 
each other, were installed in close proximity of each other. 
The beam profiles measured with both prototypes were 
compared with those measured with a nearby profile grid. 
Measurements were made on various beams and with 
intensities between 10 nA and 1μA.  

BACKGROUND  
One-dimensional residual gas beam profile monitors 

(RGBPMs) are already used successfully. Space 
limitations and the need to measure both dimensions of 
the beam at the same location, initiated the investigation 
of two-dimensional systems. iThemba LABS designed the 
first prototype, RGBPM-1, and was tested at the 6 MV 
Van der Graaff accelerator on site. It is based on the 
energy spread analyses method [1]. 

THE DESIGN OF RGBPM-1 
In order to improve on previous designs, a different 

geometry, shown in Fig. 1, was developed for the 
analyzing field. Only electrostatic fields are used. 
Residual gas ions are accelerated in the collecting field 
and pass through a 1 mm extraction slit. The curved 
electrodes produce the analyzing field that bends the 
trajectory of the ions by approximately 90 degrees. 
Curved electrodes are chosen to assure that the 
electrostatic field remains perpendicular to the ion path. 
The aim is to obtain a linear projection of the two 
dimensional profile on the MCP surface. Ions created 

further from the slit obtain additional acceleration, and 
because of their higher energy will be deflected less in the 
analyzing field. Those that are created in the collecting 
field at position a in Fig. 1 are deflected more than those 
created at position c. The vertical position information 
can therefore be recovered on the MCP. The horizontal 
information gathered in the collecting field is maintained 
in the analyzing field and is therefore also available on 
the MCP, as in the case of a one-dimensional system. 

 

Figure 1: The electrostatic field in RGBPM-1. 
 
Electric field calculations and particle orbit simulations 

were done with the program TOSCA [2], to determine the 
geometry as well as the potentials required on the 
electrodes. The calculations confirmed that beam profile 
information in both the horizontal and vertical directions 
can be obtained with this method as shown in Figures 2 
and 3. For the current design, with central radius of the 

Figure 2: Calculated ion paths in the electrostatic fields 
of RGBPM-1.

___________________________________________  
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Figure 3: Projection of different beam positions onto the 
MCP of the RGBPM-1. 
 
analyzing field of 40 mm, the magnification is 0.75 with 
respect to the measured profile in the vertical plane. 

 IMPLEMENTATION 
A special X-Y matrix multilayer printed circuit board 

was designed as a position-sensitive collecting anode 
behind the MCP. This anode is at virtual earth potential. 
Current measurement electronics, using the ACF2101 
integrating current to voltage converter, measures the 
amplified signal from the MCP. The printed circuit board 
has a resolution of 40 horizontal and 40 vertical channels 
with a pitch of 0.75 mm. A profile grid with a wire 
spacing of 1 mm was installed 7 cm downstream from the 
MCP to verify the measurements. The RGBPM-1 is 
installed in a beam diagnostic vacuum chamber in the 
beam lines and fits into the available space, without 
interfering with a nearby installed profile grid monitor.  

Fig. 4 shows the profiles measured with the RGBPM-1 
and a harp. The measured profile of the RGBPM-1 is 
nearly a factor 2 larger than the measured profile on the 
grid profile monitor, both in the vertical and the 
horizontal planes. TOSCA calculations indicate that this 
broadening effect is not due to distortion of the analyzing 
and collecting fields, as shown in Fig. 3, but could 
possibly be owing to space charge effects, or because the 

ions produced in the rest gas are not completely at rest. 
This has to be investigated 

THE DESIGN OF RGBPM-2  
The second design, developed at INFN at Legnaro, 

Italy, is based on the combination of two one-dimensional 
systems, rotated through ninety degrees with respect to 
each other, installed in close proximity as shown in Fig. 5. 
It was tested on the 15MV tandem at INFN, Legnaro as a 

non-interceptive beam profile monitor for the high 
intensity beam project foreseen at INFN. The mechanical 
arrangement comprises two parallel plates for each plane, 
50 mm apart with a collection voltage and extraction slit. 
A pair of rectangular MCPs followed by a position 
sensitive collecting anode is facing the slit, for each plane. 
The opening for the beam is 50 x 50 mm2.  

A photo of the monitor is shown in Fig. 6. The 
operating principle of the detector is described 
comprehensively in reference [3]. The copper bars, visible 
on the photo, keep the collecting field more uniform. The 
signal from the MCP is measured on a position sensitive 
anode, with a pitch of 1.25 mm (40 channels covering 50 
mm). The electric fields of this monitor were also  

Figure 5: Calculated construction of the RGBPM-2 with 
the relevant voltages shown on the electrodes. 

 

Figure 4: The horizontal and vertical RGBPM-1 profiles, 
bottom, compared with the profiles measured with a wire 
grid on top. 

Figure 6: The residual gas beam profile monitor 
RGBPM-2. The 50 x 50 mm2 opening for the beam is 
defined by a square tantalum protection screen in front of 
the monitor. 
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calculated with the program TOSCA. Particles were 
tracked in a plane perpendicular to the beam direction at 
the position of the vertical and horizontal micro channel 
plates to determine the distortion of the measured beam 
profile at the microchannel plates, due to the non- 
homogeneity of the electric field and likely influence 
between the horizontal and vertical collecting fields. The 
calculation, Fig. 7, shows that the beam profile in the 
vertical is distorted with less than 1 mm. 

The collecting electrostatic field is approximately 1 
kV/cm and the MCP side facing the collecting plane is at 
-1700 V, with about 800 V on each MCP. A grid system 
was installed 15 cm downstream from the RGBPM-2 
detector to compare the profiles, in both the horizontal 
and vertical directions. The pitch of the grid is 0.75 mm. 
Several tests were made using various ion beams at 
different beam intensities. The profiles measured with the 
RGBPM-2 are strongly influenced by the presence of the 
profile grid intercepting the beam. When the grid is 
inserted to intercept the beam, the scattered electrons 
from the wires produce a lot of noise on the RGBPM-2. It 

is evident that the RGBPM-2 profiles are wider than those 
measured with the profile grid by approximately a factor 
of two as can be seen in Fig. 8. To explain this, four 
hypotheses are investigated: cross talk between the anode 
strips, transversal velocity of the produced ions, 
additional ionization caused by fast electrons produced by 
primary ionization and space charge effects. Work is in 
progress to improve the ion collecting field by 
experimenting with higher collector voltages. 

CONCLUSION  
The RGBPM-1 is a more compact and cheaper monitor 
compared to RGBPM-2, since it uses only one set of 
MCPs. It is however more difficult to operate, because 
the beam position display in the analyzing plane has to be 
calibrated against another beam position monitor. The 
RGBPM-1 monitor is also less sensitive than RGBPM-2 
since the ionized rest gas is distributed over a larger area 
on the MCP. Even though the RGBPM-2 consists of two 
sets of electrodes, it still fits into a single vacuum 
chamber with insignificant mutual electrical influence. 
The calculations confirm these marginal distortions as 
shown in Fig. 7. It is possible to get good beam profile 
information with beam intensities from 10 nA at a 
pressure of 10-6 mbar without the addition of external 
gas. As a non-intercepting device, both RGBPM-1 and 
RGBPM-2 are useful beam position monitors. In both 
cases the RGBPMs were compared with a nearby profile 
wire grid system to determine their accuracy. The 
measured beam profile of both the RGBPM-1 and 
RGBPM-2 is about a factor of two larger than the beam 
profile measured with profile grid monitor. If the increase 
in the measured beam profile could possibly be due to 
space charge effects and because the ions produced in the 
residual gas are not really at rest, a higher collector 
voltage and mathematical methods [4] could possibly 
resolve this problem, and is the subject of future 
development. 
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Figure 8: The profile of a 60 nA beam of 99 MeV oxygen 
ions measured with the grid is shown on the left. The 
profile measured with the RGBPM-2 is shown on the 
right.  

Figure 7: Twenty five particles, starting on a 30 mm x 30 
mm XY-grid are tracked through the calculated electric 
field of the vertical profile monitor of RGBPM-2. The 
distortion of the profile is about 1mm due to non 
homogeneity of the electric field. 
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INVESTIGATION OF THE LIGHT YIELD OF LUMINESCENT SCREENS
FOR HIGH ENERGY AND HIGH BRILLIANT ELECTRON BEAMS

G. Kube, DESY, Hamburg, Germany
W. Lauth, Institut für Kernphysik, Mainz, Germany

Abstract

Transverse beam profile diagnostics at electron acceler-
ators is usually performed with optical transition radiation
(OTR) monitors. For intense beams however, thermal load
in the screen material may result in resolution degradation
and even screen damage. To overcome this problem the
beam can be swept over the screen, but the strong OTR
light emission directivity will reduce the optical system’s
collection efficiency. In order to overcome these difficul-
ties, luminescent screens can be used because of their ro-
bustness and isotropic light emission. Since only little in-
formation is available about scintillator properties for ap-
plications with high energy electrons, a test experiment has
been performed in order to study the light yield of different
screen materials under electron bombardment.

INTRODUCTION

For the European XFEL with a maximum beam energy
of 20 GeV and an average beam power of up to 300 kW
it is planned to install a beam profile monitor in the dump
section in order to control beam position and size and to
avoid damage of the dump window. OTR is widely used
for transverse beam profile measurements with high energy
electrons. Advantages of OTR are the radiation generation
directly at the screen boundary in an instantaneous emis-
sion process, and the rather high light output emitted in a
small lobe with an opening angle defined by the beam en-
ergy. For intense beams however, the thermal load from
the particle interaction with the screen material results in
a degradation of the image resolution and possible screen
damage. To overcome this problem the beam can be swept
over the screen, but in this case the strong OTR light emis-
sion directivity has the drawback of reducing the collection
efficiency of the optical system. Therefore it is planned
to use luminescent screens because of their robustness and
isotropic light emission. While the use of luminescent
screens at hadron machines is widespread (see e.g. Refs.
[1, 2] and the references therein), there is little information
about scintillator properties for applications with high en-
ergy electrons. At the SLC linac for example, screens based
on phosphor (Gd2O2S:Tb or P43) deposited on a thin alu-
minum foil were in use, showing no sign of damage after
bombardment with up to 4×1018 e/cm2 [3]. To study the
light yield of other scintillator materials, a test experiment
has been performed which is described in the following.

EXPERIMENTAL SETUP

Figure 1 shows the sketch of the experimental setup. The
experiment was performed at the 855 MeV beam of the
Mainz Microtron MAMI (University of Mainz, Germany)
[4] in the beamline of the X1 collaboration, close to the
beam dump which is located behind the vertical deflecting
bending magnet BM2. The screens were mounted directly

Figure 1: Screen test set–up in the X1 beamline at MAMI.
The inset shows a photo of the screen materials under in-
vestigation.

in front of the dump in air. During beam exposure which
lasted approximately one minute with a cw beam current
of a few nA, the emitted luminescence light was observed
via a standard Vidicon camera. The camera was located at
a distance of about 1 m from the screens such that the loss
of scintillation light intensity due to total reflection in the
screen material was neglectable.

Table 1: Overview of the Screen Materials and Thicknesses
Together with the Applied Beam Current

material d / mm current / nA

YAG:Ce 1 0.5
Diamond 0.2 1.9
Al2O3 1 1.9
Al2O3:Cr (Chromox) 1 0.5
ZrO2 (Z700-20A) 1 32.4
ZrO2:Mg (Z507) 1 32.4

Six different screens have been tested which are listed
in Table 1 together with their thickness and the applied cw
beam current. An industrial diamond crystal (Sumitomo
Electric Industries [6]) together with four ceramic screens
(BCE Special Ceramics [7]) were investigated with respect
to their luminescence yield. The YAG:Ce crystal (Saint

Proceedings of DIPAC09, Basel, Switzerland TUPD39

05 Beam Profile and Optical Monitors

387



Gobain Crystals [5]) served as reference.

DATA TAKING AND ANALYSIS

For each scintillator material, 10 images were taken with
and 5 without beam. Each resulting mean background im-
age was subtracted from the corresponding mean signal im-
age in order to determine the background corrected profile
image. The resulting image was normalized to the cw cur-
rent according to Table 1 and then fitted in a pre–defined
range of interest (ROI) with a normal distribution. Figure 2
shows the fit result for the Al2O3 screen as an example. Af-
terwards the light yield was determined by summing up the
background corrected normalized intensity over a range of
±6σ with respect to the profile maximum.

Signal in +/−6σ: 
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Figure 2: Left: background corrected beam image in range
of interest for intensity integration. Right: normalized pro-
jected beam profiles and fit with normal distribution.

The results are summarized in Table 2. The horizontal
and vertical (1σ) widths from the fit in the central parts of
the projected profiles are listed together with the relative
intensities, integrated over the corresponding ROIs. The
intensities are expressed in units of the YAG:Ce intensity.

Table 2: Horizontal and Vertical (1σ) Widths Together with
the Integrated Normalized Intensities for each Screen Ma-
terial

material σx [mm] σy [mm] Inorm [a.u.]

YAG:Ce 0.91 0.77 1
Chromox 0.93 0.73 72.6×10−3

Al2O3 1.04 0.80 41.8×10−3

Diamond - - 24.9×10−3

ZrO2:Mg 0.67 0.46 1.6×10−3

ZrO2 0.86 0.62 0.6×10−3

The diamond crystal showed intense luminescence ef-
fects, and a light spot was clearly visible. However, due

to its small size (c.f. Fig 1), part of the light was reflected
at the crystal boundaries and some could even escape out
of its volume. Therefore it was not possible to determine
the projected profiles, and in the subsequent analysis this
measurement will not be considered.

In case of the YAG crystal the ±6σ range for intensity
integration was not sufficient. As can be seen from Fig. 3
the profile no longer resembles a normal distribution and
the intensity contribution in the tails is larger than in the
measured profiles with other screens, see e.g. Fig. 2. The
strong asymmetry is due to the fact that the beam was hit-
ting the crystal close to its border and the range of light
emission is restricted to the crystal volume. In order to
account for this intensity loss for the light yield determi-
nation, the intensity integral from the profile maximum to
−17σ was determined and the result was multiplied by a
factor of 2.

10 15 20 25 30 35
0

2

4

6

8

10

12

14

x [mm]

am
pl

it
ud

e 
/ n

A

Figure 3: Horizontal profile as measured with the YAG:Ce
screen.

The effect of image blurring in profile diagnostics with
YAG screens is reported in Refs. [8, 9, 10] and explained
by saturation of the scintillating sites inside the crystal and
space charge ionization enhancement. For this experiment
however, an effect due to saturation doesn’t seem applica-
ble because of the low beam charge density and the fact
that a fit of the central part of the profile with a normal dis-
tribution results in profile widths comparable to those from
the other screens, see Table 2. It is more likely that the in-
creased intensity in the tails is due to light reflection from
the backside of the scintillator crystal. However, the expla-
nation of this effect needs further investigation.

Comparing the transverse beam sizes in Table 2 it is
striking that the results of the measurements with ZrO2 ce-
ramics are both smaller than the others. Furthermore, dur-
ing the course of the experiment it was possible to observe
immediately a discolouration of the screen at the positions
where the beam hits the ceramics, c.f. Fig. 4. By heat-
ing the samples at 150◦ in air for a few hours both screens
recovered. After the irradiation which lasted only about
one minute per target, both screens showed additionally a
strong activation in the order of 30 μSv/h. As consequence
the use of ZrO2 screens seems not to be suitable for elec-
tron beam diagnostics.
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Figure 4: ZrO2 screen (left) and ZrO2:Mg screen (right)
after electron bombardment. The positions where the beam
hits the ceramics are clearly visible as dark spots or lines.

Efficiency Estimation

In this subsection a rough estimate for the scintillator ef-
ficiency will be given. While the intention of the test exper-
iment was not to measure absolute values, the estimation is
based on published values for the YAG:Ce efficiency as ref-
erence together with simplified experimental assumptions:

For the light yield of YAG:Ce crystals values between
8 [5] and 20.3 photons/keV [11] can be found in the liter-
ature. For the following analysis an efficiency of 8 pho-
tons/keV is assumed because it is the value as quoted from
the crystal supplier.

Furthermore, to simplify it is assumed that the difference
in the scintillator light outputs is caused by the different
energy depositions of the beam electrons in the scintillator
materials. None of the screens under investigation belongs
to the category of cross-luminescent scintillators, therefore
the processes of energy conversion (i.e. the formation of
’hot’ electrons and holes in the scintillator host material),
their thermalization, and the energy transfer to the lumi-
nescent centers (either extrinsic, i.e. doping ions, or in-
trinsic) were considered to be the same for all materials.
The energy deposition is calculated with the Geant4 code
[12] under the assumption that the energy loss is caused by
the host material, and not by the activators because of their
small concentration.

Table 3 summarizes the estimated light yield for the scin-
tillators under investigation. Additionally it is assumed that

Table 3: Estimated Scintillator Efficiencies Together with
Calculated Deposited Energy According to Ref. [12]

material ΔE [keV] light yield [photons/keV]

YAG:Ce 680 8 (Ref. [5])
Chromox 619 0.639
Al2O3 619 0.367
ZrO2:Mg 829 0.011
ZrO2 829 0.004

the camera sensitivity is constant, i.e. the emission spec-
trum of the individual scintillators is not taken into account.

Finally the self absorption inside the scintillator mate-
rial is not taken into account, i.e. the luminescent light
emission originates from the entire scintillator thickness.
According to Ref. [13] it is a general scintillator property

to be transparent in the sense that energy levels involved
in the radiative transition are contained in the forbidden
energy band to avoid reabsorption of the emitted light or
photo–ionization of luminescent centers.

CONCLUSION

As can be concluded from Table 3 the YAG:Ce screen
provides the highest output, more than one order of magni-
tude compared to a Chromox ceramic. However, the mea-
sured beam shape from the YAG screen was distorted, the
reason for this profile degradation needs further investiga-
tion. With simplified assumptions the light yield differ-
ence between Chromox and the standard Al2O3 ceramic for
electron bombardment amounts to only a factor of 2. For
heavy ion bombardment, on the other hand, it was found
out that a Chromox screen gives about one order of magni-
tude more intensity than an Al2O3 ceramic [14]. Finally the
use of ZrO2 ceramics seems not to be suitable for electron
beam diagnostics because of the low light output, the ma-
terial degradation under bombardment, and the rather high
screen activation.
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CARBON FIBER DAMAGE IN ACCELERATOR BEAM

M. Sapinski, B. Dehning, A. Guerrero, J. Koopman, E. Metral, CERN, Geneva, Switzerland

Abstract

Carbon fibers are commonly used as moving targets in
Beam Wire Scanners. Because of their thermomechanical
properties they are very resistant to particle beams. Their
strength deteriorates with time due to radiation damage and
low-cycle thermal fatigue. In case of high intensity beams
this process can accelerate and in extreme cases the fiber
is damaged during a single scan. In this work a model
describing the fiber temperature, thermionic emission and
sublimation is discussed. Results are compared with fiber
damage test performed on SPS beam in November 2008.
In conclusions the limits of Wire Scanner operation on high
intensity beams are drawn.

INTRODUCTION

In order to validate beam heating model [1] and to deter-
mine the breakage mechanism of the 33 μm carbon fiber,
a damage test has been performed on the SPS beam at
CERN in November 2008. The final goal of the test was
to verify the predictions of the limits for the wire damage
in LHC beam and conclude about the specifications of the
future Scanner.

EXPERIMENTAL CONDITIONS

A rotational Wire Scanner equipped with electronics
which allow to measure wire resistivity and thermionic
emission during the scan has been used in the experiment.
The scanner contains two wires which scan the beam in
horizontal and vertical directions. It can reach the scan
speed of 6 m/s and performs two scans called IN and OUT.
The speeds of both scans and interval between them are set
independently. This interval has been set to at least 1 sec-
ond to allow cooling the wire. In this test the scan IN was
always performed with maximum speed and the speed of
scan OUT was gradually slowed down from scan to scan in
the following sequence: 6, 3, 1.5, 1, 0.8, 0.7, 0.6, 0.5 m/s.
Two other Wire Scanners have been used during the test to
constrain additionally the beam parameters.

A special beam cycle on CERN SPS accelerator has been
prepared for this test. Beam intensity has been maximized
and reached about Nprot = 2.4·1013 circulating protons. In
order to diminish the effect from RF-coupling [2] the beam
has been debunched. A 12-second long flat-top plateau
has been kept providing enough time to perform measure-
ments in stable beam conditions. Beam momentum was
400 GeV/c.

WIRE BREAKAGE

The wires have been broken in conditions summarized
in Table 1, where σl is the beam width along and σt per-
pendicular to the scan direction (the beam is assumed to
have Gaussian transverse profiles). The breakage occurred
after a sequence of scans, therefore the wire has already
been weaken by preceding scans. In addition the wires in-
stalled in the scanner have been used since at least a year
and have performed unknown number of scans (typically a
few thousand).

Table 1: Beam Conditions at Wire Breakage

scan Nprot σl σt

speed [mm] [mm]

0.5 m/s 2.41 · 1013 0.57 0.73
0.7 m/s 2.18 · 1013 0.73 0.57
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Figure 1: The last profiles after which the wire has been
found broken. Upper plot shows breakage of vertical wire:
deviations from Gaussian profile are visible. The bottom
plot shows breakage of the horizontal wire: multiple peaks
suggest that the wire has already fragmented.

In Fig. 1 the beam profiles registered during the last
scans are shown. The deviations from Gaussian shape and
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multiple peaks are symptoms of the wire deterioration and
breakage. The measurement of the wire resistivity after
these scans showed that the wire has been broken.

POSTMORTEM ANALYSIS

After the experiment the Wire Scanner has been opened
and both wires have been recovered. They have been pho-
tographed with scanning electron microscope. The images
obtained with 1000 times magnification, taken in three po-
sitions: at the center of the beam impact, 0.5 mm away and
1 mm away are presented in Fig. 2. They clearly show that
the main process deteriorating the wire is sublimation due
to the high temperature. In the center of the beam-impact
location the remaining wire diameter is only about 7.5 μm,
what is equal to the sublimation of 95% of the material. At
0.5 mm from the beam-impact center the beam traces are
visible and sublimation removed about a half of the mate-
rial. At 1 mm from the beam center the fiber is intact.

Figure 2: Fiber fracture at three distances from the beam
impact location: 1 mm (upper plot), 0.5 mm (middle plot)
and at beam center location (bottom plot).

In conclusion the wire breakage mechanism during these
scans can be explained as a sublimation of the wire mate-
rial until the moment when the mechanical properties of
the wire does not allow to withstand forces which appear
during the scan.

MODEL PREDICTIONS

The model described in [1] gives predictions of the tem-
perature evolution of the wire during the scan. This tem-
perature is a parameter of another model which describes
the carbon sublimation.

Temperature evolution

The simulated evolution of the maximum temperature of
the wire in the point where wire crosses the beam maxi-
mum is shown in Fig. 3 for scans with 0.5 and 0.7 m/s. At

the speed of 0.5 m/s a plateau of about 2 ms in temperature
evolution due to the equilibrium between beam heating and
cooling by thermionic emission is observed.
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Figure 3: Simulated evolution of the maximum tempera-
ture of the wires during final scans.

Sublimation

The estimation of the sublimation rate is based on
parametrization from [3]. In Fig. 4 the percentage of
the wire diameter expected to sublimate during scan as a
function of the velocity is shown. Scans with speeds of
0.5-0.7 m/s lead to sublimation of 8-12% of the wire di-
ameter. The whole scan sequence used in the damage test
should leave about 12 − 14 μm of the wire. This expec-
tation is almost two times higher then the wire diameter
measured on post-mortem samples.
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Figure 4: Simulated sublimation of the wire material in the
wire center during scans with decreasing velocity.

From Figure 4 it is concluded that the sublimation pro-
cess removes significant amount of material for all wire
speeds slower then 2 m/s. This allows to determine the
safety factor of 4, with respect to breakage conditions, as
assuring a safe scanner operation. This factor can be ob-
tained by decreasing the beam intensity or by increasing
the wire velocity.

EXTRAPOLATION TO LHC CONDITIONS

From the model [1] it has been estimated that only a
small part of about 5-7% of the nominal LHC beam at col-
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lision (ie. 1.6 − 2.2 · 1013 protons) can be scanned with
vwire = 1 m/s before the wire breakage. These values cor-
respond almost to the breakage limit ie. only a small safety
factor is assumed.

In case of fast scans the cooling processes can be ne-
glected in estimation of the maximum temperature reached
by the wire. Therefore the Tmax depends on the number
of particles which pass the wire center during the scan. As
the peripheral parts of the scan can be neglected, a good
parameter is beam density in the center, as seen by a wire
with diameter dwire moving with a speed vwire in accelera-
tor with revolution time τrevol. It is expressed by Equation
11.

ρ0,tot =
Nprotdwire

2πσxσyvwireτrevol
[
protons
mm2

] (1)

In case of the two wire breakages described in this paper
the ρ0,tot is 2.4 · 1013 and 1.6 · 1013 protons/mm2. This
value for the wire moving with 1 m/s through the LHC
beam is 4.7 · 1014 protons/mm2, ie. about 30 times more.
Therefore for full LHC beam at 7 TeV the safe scan con-
ditions are below 3% of nominal intensity. This is about 2
times less then predicted by the model [1].

NEW WIRE SCANNER

A project has been started at CERN with a goal to man-
ufacture a fast and accurate Wire Scanners which could
safely scan LHC beams [4, 5]. A proper choice of the
wire can boost the Scanner performance. The following
remarks are results of bibliographical research, modelling
and experiments.

• The model [1] shows a weak dependence of the wire
maximum temperature from the wire diameter,

• Thinner wires produce less particles which could
quench the downstream magnet; on LHC the quench
limit has been estimated to be about 4.5% of the full
beam intensity at 7 TeV,

• Because of internal wire structure [6] a thinner wire
(for instance 7 μm) produced using a graphitization
procedure in the last stage of preparation process has
better mechanical properties then typical 30 μm wire,

• The wire breakage at Tevatron Main Injector [7] has
shown that a wire with diameter of 4 μm broke at
about Tmax = 3200 K, what might indicate that very
thin wires have worse performance,

• Thin wires might have larger oscillation amplitude
what might limit the scanner accuracy,

• The accuracy of the beam profile measurement is ulti-
mately limited by the wire thickness.

1Maximum temperature depends weakly on the wire diameter, in this
Equation the beam density is averaged over dwire.

A solution proposed for LHC are multiwires made of a
few fibers twisted together. They should have enhanced
strength as a bunch of thin fibers is stronger than a single
thick wire. The vibration amplitude of multiwires should
be smaller then in case of single wires. The method of
optimal fabrication of such wires is being developed.

CONCLUSIONS

The wire damage test has been performed on high-
intensity SPS beam. The test has shown that the wire dam-
age mechanism is the sublimation and the following me-
chanical breakage. The results of the model [1] are proba-
bly too optimistic and the safe scanning of LHC beam with
vwire = 1 m/s at collision energy is limited to intensity of
about 4 · 1012 protons. A new Wire Scanner project will
provide with fast and precise devices. It is proposed to use
multiwire in the new Scanner as it will provide better ther-
momechanical performance than a single wire.
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STATUS OF THE LASER-BASED BEAM PROFILE INSTRUMENT FOR
THE RAL FRONT END TEST STAND
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J. Pozimski, Imperial College London U.K. / STFC/RAL, Chilton, Didcot, U.K.

C. Gabor, STFC/RAL/ASTeC, Chilton, Didcot, U.K.

Abstract

The RAL Front End Test Stand is under construction
with the aim of demonstrating production of a high-quality,
chopped 60 mA H− beam at 3 MeV and 50 pps. In addition
to the accelerator development, novel laser-based diagnos-
tics will be implemented. This paper reports on a device
that will be able to measure multiple profiles of the beam
density distribution in such a way that the full 2D density
distribution can be reconstructed. The device is currently
being commissioned. The status of the device is presented
together with results of the commissioning and plans for
future development.

INTRODUCTION

The Front End Test Stand is currently under construc-
tion at RAL. It will eventually consist of a high-brightness,
65 keV H− ion source; a three solenoid Low Energy Beam
Transport (LEBT); a 324 MHz, four-vane Radio Frequency
Quadrupole (RFQ) that will accelerate the beam to 3 MeV;
a Medium Energy Beam Transport (MEBT) section incor-
porating a beam chopper; and a comprehensive suite of di-
agnostics.

First beam was achieved from the ion source on 30 April
(see Figure 1 and [1] for details). Regular operation is an-
ticipated to begin by the end of June 2009, at which time
beam commissioning of the laser-based profile monitor de-
scribed in this paper will begin. A laser-based emittance
monitor that will measure the emittance after the MEBT at
3 MeV is also under development; it is described in [2].

Figure 1: An oscilloscope trace of the first beam from the
FETS ion source [1]

LASER-BASED H− BEAM DIAGNOSTICS

Lasers can be used to diagnose H− beams by the photo-
detachment of the outer electron of the H− ions, via the
process H−+ γ → H0+ e−. The detached electrons or neu-
tralised H0 atoms can then be used to diagnose the beam; in
the case of the profile monitor, the electrons are used. (The
emittance monitor uses the neutralised H0 atoms.) The de-
tached electrons are separated from the ions (and the neu-
tralised H0) by a dipole magnet and the number of electrons
is measured by a Faraday cup. This technique is illustrated
in Figure 2. For the instrument described in this paper, due
to the low energy of the electrons detached from the 65 keV
H− ions, it is also necessary to accelerate the electrons (in
this case by a 2 kV electric field) to reduce any possible
deflection by stray fields.

By having a laser with a beam diameter significantly
smaller (∼1 mm) than the ion beam diameter (∼50 mm),
stepping the laser beam across the ion beam and counting
the number of electrons detached at each laser position, a
projection of the ion beam onto a plane can be built up.
A series of mirrors mounted on movable stages inside the
vacuum vessel be used to step the laser beam across the ion
beam. Additionally, the mirrors can be rotated and so the
laser beam can pass through the ion beam at a variety of
angles such that a projection onto any arbitrary plane can
be measured. This is illustrated in Figure 3. A series of
measurements at a variety of angles can be combined to-
mographically to give a full, correlated 2D beam profile.
For this instrument, the measurements will be combined
using the Algebraic Reconstruction Technique [3, 4].

Figure 2: An illustration of the laser-based profile monitor
principle. The laser (red) detaches some electrons (light
blue) from the H− ions (dark blue), which are then de-
flected by a dipole magnet (grey) into a Faraday cup.
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Figure 3: Three possible mirror configurations. The mir-
rors can rotate about their centrelines and move along x or
y, depending on their positioning. The laser beam is shown
in red and the ion beam in yellow

INSTALLATION AND OPTICS STATUS

The vessel in which the beam profile measurement will
be made and the components required to make the mea-
surement are complete and installed. They are shown in
Figure 4. A vessel that will house the pepperpot system
constructed for the characterisation of the FETS ion source
[5] is also complete. This will allow for comparison be-
tween the initial laser-based profile measurements and ones
from a scintillator screen.

Initially, two of the four pairs of stages will be installed
(the back of the linear stages can be seen in Figure 4), giv-
ing coverage of half (180◦) of the beam.

Figure 4: The vacuum vessel and the components required
to make the beam density distribution measurement. In
the centre of the picture the detector’s copper Faraday cup
can be seen. The central position of the mirrors is shown
schematically in white, with the corresponding laser path
in red.

Due to the high power of the Nd:VO4 laser that will
be used to make the beam profile measurements, a lower
power laser is being used to align the internal components
of the vessel. In initial tests of the alignment, the rotary
stages were configured to send the laser beam vertically
down, as shown in Figure 4. The linear stages were then
moved over their full travel (corresponding to a change
in the path length of 400 mm) and the output position of
the laser was found to vary by 7 mm. This corresponds
to a mis-alignment of 0.0175 radians. This level of mis-
alignment is tolerable as the beam does get coupled out
from the vessel but may be corrected with shims between
the stages and the frame on which they are mounted. A
photograph of the alignment test setup is shown in Figure
5. It is anticipated that for the final alignment check a quan-
titative study will be performed using a position-sensitive
laser power meter.

(a) The alignment laser jig, mounted on the laser input window. The
output window is positioned 220 mm below the input window.

(b) A target mounted on the out-
put window. The target’s radii are
5 mm, 7.5 mm, 10 mm and so on.
The movable stages are nearest to
the vessel wall that the windows are
mounted in (i.e. this is the configu-
ration with the shortest path length).

(c) For this picture the stages were
moved to the furthest position from
the vessel wall with the windows
mounted in (such that the extra path
length is 400 mm). Note that the
spot has moved by ∼7 mm, com-
pared to it’s position in Figure 5b.

Figure 5: The optical alignment setup and results of initial
alignment tests.

DETECTOR STATUS

The electron detector assembly consists of a copper
sheath to accelerate the electrons, a dipole magnet to de-
flect them and a Faraday cup to collect them. It is shown
in Figure 6. It is a compact assembly as the beamline
length available for the vessel in which it is mounted is only
200 mm. The vessel has to be this short to prevent the di-
vergent ion source beam becoming larger than the aperture
of the first solenoid of the LEBT.
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(a) A schematic of the detec-
tor. The magnet is shown in red,
the accelerating sheath in yel-
low and the Faraday cup in blue.

(b) A photograph of the detec-
tor, shown in it’s mechanical
assembly. The magnet is not
shown in this picture.

Figure 6: The detector, viewed from upstream. Electrons
are deflected up into the Faraday Cup whilst the H− ions
pass straight through. The detector is ∼16 cm high.

Magnetic Field Measurements

In the design phase, the detector was simulated and it’s
performance assessed [6]. Subsequently, the bending com-
ponent of the dipole magnet’s field has been mapped at
Daresbury Laboratory [7] to verify the simulation. The
field was mapped on a 5 mm grid in the region where the
electrons will be subjected to the dipole’s field. The dis-
crepancy between the measurement and simulation, aver-
aged over all of the measurement points, is 0.23%. A sum-
mary of the results are shown in Figure 7.
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Figure 7: The discrepancy between the simulated and mea-
sured values of the x-component of the dipole’s field. Each
measurement was compared to the simulated value at it’s
position and then the discrepancies in each x-plane were
averaged. The crosses show the average percentage differ-
ence for each plane; the ticks, ±1σ from the average point;
and the extent of the lines, the maximum discrepancies.

The largest discrepancies are seen in the region nearest
to the pole pieces. Any discrepancies are expected to be
largest in this region due to possible difficulties meshing
the surface of the pole pieces in the simulation. Addition-
ally, as most of the beam is transported through the middle
section of the dipole, the discrepancies near the pole pieces
do not affect the beam transport as much. Consequently,
the measured dipole field is sufficiently close to the simu-
lated field that no measurable difference between the sim-
ulated and actual performance is anticipated.

CONCLUSIONS & OUTLOOK

The status of an laser-based instrument to measure the
full, correlated transverse beam density distribution of the
H− beam after the ion source of the Front End Test Stand
has been presented, along with some commissioning re-
sults.

The movable components have been shown to have a
mis-alignment of 0.0175 radians which, whilst sufficient
for the measurement of the ion beam’s profile, may be im-
proved. The field of the dipole magnet used in the detector
has been compared to the simulated field. The average dis-
crepancy between the two fields is 0.23%, which should
not influence the detector’s performance noticeably.

With all the components installed, commissioning with
beam will begin when the ion source is in regular opera-
tion (anticipated for the end of June) and the instrument
should be able to perform beam projection measurements
routinely soon after that.

In the longer term, the extra two pairs of stages will be
added to enable all 360◦ of the ion beam to be covered and
then full, correlated 2D profile measurements will be able
to be made.
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Abstract 

 

LINAC4 is the first step in the upgrade of the injectors 

chain of the Large Hadron Collider (LHC). This Linac 

will accelerate H
-
 ions from 45 keV to 160 MeV. During 

the commissioning phase of LINAC4 transverse 

emittance measurements will be required at 45 keV, 

3 MeV and 12 MeV. For this purpose a slit&grid system 

is currently being developed. The material and the 

geometry of the wires and of the slit need to be optimized 

in order to minimize the negative effects of the energy 

deposition and maximize the signals. This document 

describes the results of the studies carried out during the 

design of the emittance meter. 

LINAC4  

 LINAC4 is an H
-
 linear accelerator with a maximum 

energy of 160 MeV intended to replace the present 

50 MeV proton linac (LINAC2) as injector for the Proton 

Synchrotron Booster (PSB). In the present configuration 

the PSB represents the bottleneck in terms of beam 

brightness for the LHC. By injecting into the PSB a beam 

of higher energy and by using the phase-space painting 

technique, possible thanks to the use of H
-
 ions, the 

brightness and intensity of the beams produced by the 

PSB will double. In order to push the performances of the 

LHC even further additional upgrades of the injectors are 

foreseen. In the second step both the PSB and the Proton 

synchrotron (PS) will be replaced by a superconducting 

proton linac (SPL) and a new proton synchrotron, the 

PS2. [1] 

EMITTANCE MESSUREMENT 

The transverse phase-spaces (x and y) describe the 

distribution of particles in x and x’ (y and y’), where x (y) 

is the position of the particles and x’ (y’) the angle 

between the trajectory of the particle and the longitudinal 

axis of the beam (z). The aim of the emittance meter is to 

sample the transverse phase-spaces from which the 

emittance can be calculated. 

 
Figure 1: Slit and grid system. 

As show in Fig. 1 and Fig. 2 a slit and grid system can be 

used to sample the transverse phase-space. In this 

technique the slit is used to select particles within a 

narrow slice in position, then, in the following drift space, 

the angular distribution of the particles transmitted 

through the slit is transformed into a position distribution 

and sampled using a profile monitor, in our case a 

secondary emission grid. By scanning the slit across the 

beam, the whole phase-space is reconstructed. 

 
Figure 2: Phase-space sampling using a slit and grid 

system. 

Each wire of the grid is connected to a separate 

acquisition channel and sampled at 250 kHz, this allows 

the observation of the evolution of the emittance along the 

linac pulse. The diameter and the material of the wires are 

chosen in order to reduce the thermal effects induced by 

the beam and provide an adequate signal.  

In order to sample both transverse planes two slits and 

two SEM-grids are needed. (see Fig. 3)  

Figure 3: The emittance meter of LINAC4. 

MULTIPLE SCATTERING AND 

THERMAL EFFECTS ON THE SLIT 

Particles scattered on the edges of the slit could perturb 

the measurement of the distributions and lead to errors in 

the calculation of the emittance. The geometry of the slit 

and its material must be carefully selected in order to 

minimize this effect. 

The effect of multiple scattering on the edges has been 

simulated for the four slit geometries shown in Fig. 4 and 

for different energies using the FLUKA Monte-Carlo 

code [2]. 
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The results for a beam of 3 MeV and for the geometry 

indicated in Fig. 4-a are shown in Table 1. The 

simulations show that for the mentioned case less than 4% 

of particles collected by the SEM-grid are scattered on the 

edges of the slit.  

 
Figure 4: Different slit geometries used in the simulation. 

Each slit has an aperture of 100 μm and a maximum 

thickness of 1 mm. 

The range of H
-
 ions in copper and stainless steel is 

shorter than the range in the lower Z materials while the 

scattering angle is larger; for this reason using higher Z 

materials reduces the fraction of the ions reaching the 

SEM-grid after interacting with the edges.  

Comparisons of the different geometries shown in 

Fig. 4 in the case of stainless steel show that geometry (d) 

gives results similar to geometry (a), geometry (b) gives 

the best results and geometry (c) gives the worse results, 

with about 30% of the particles that reach the SEM-grid 

being scattered. It is important to note that geometry (b) is 

not well suited for sampling the phase-space. In this 

configuration the aperture of the slit is smaller than its 

thickness and the selection operated by the slit is no 

longer just in position, but also in angle. The result is that 

the measured phase-space distribution is flowed by an 

angular cut and the emittance is underestimated. 

As FLUKA does not allow tracking particle below 

100 keV in order to study the case of 45 keV simulations 

with beam energies of 200 kev and 300 keV have been 

used. For these two cases less than 0.01% of the particles 

passing through the slit are scattered on the slit edges. 

This result is due to the fact that the particles hitting the 

slit are stopped over a very short distance inside the 

material and as consequence only a very small fraction is 

able to escape. At 45 keV, the range of the H
-
 ions in steel 

is even shorter, so a similar result can be expected. 

The energy deposition in the slit and the corresponding 

increase of temperature for the 3 MeV case have been 

also simulated with FLUKA showing that the increase in 

temperature exceeds the limits of stainless steel if the full 

beam intensity (400 μs) is sent on the slit.  

In this case the maximum temperature increase is about 

1500°C, which is above the melting point. For a shorter 

pulse of 200 μs the maximum increase of temperature 

remains acceptable, around 750°C, further studies are 

needed in order to understand the effects of the 1 Hz 

repetition rate. 

Table 2: Maximum Temperature Increase on the Slit 

Beam energy 45 keV 3 MeV 

pulse 200 μs 400 μs 200 μs 400 μs 

Stainless steel 11.2°C 22.6°C 760°C 1512°C 

Carbon 29.25°C 58°C 2100°C 4000°C 

SECONDARY EMISSION 

The signals from the wires have several components: 

• secondary emission (SE) caused by the H
-
 ions 

entering the wire 

• secondary emission caused by protons and electrons 

exiting the wire 

• direct charge deposition of protons and electrons 

stopped inside the wire 

 The SE signal can be calculated using the theory of 
Sternglaas [3]. In this theory the Secondary Emission 
Yield (SEY) is described as 

SEY= *dE/dx 
where  is a parameter that depends on the properties of 

the material and dE/dx is the stopping power for the given 

material and particle type. 

Measurements of the stripping cross section for H
-
 and 

H
0
 on carbon at 2 MeV and 7 Mev are available in 

literature [4]. The ionization cross sections depend on 
1
2  

(relativistic factor) of the ions and on the Z of the 

material. In order to obtain values suitable for our studies 

the experimental results are interpolated using the 

mentioned dependencies, see Table 3. 

Table 3: Measured and Extrapolated Ionization cross 

Stripping H
-
 in a H atom 

Beam Energy 

Experimental cross 

section 

Calculated cross 

section 

2 MeV 1•10 16 cm2
  

3 MeV  0.66•10 16 cm2
 

7 MeV 0.35•10 16 cm2
  

12 MeV  0.26•10 16 cm2
 

  

Stripping H
0
 in a H

+
 ions 

Beam Energy 

Experimental cross 

section 

Calculated cross 

section 

2 MeV 0.4 •10 16 cm2
  

3 MeV  0.264 •10 16 cm2
 

7 MeV 0.15•10 16 cm2
  

12 MeV  0.11•10 16 cm2
 

Table 1: Simulation of Slit Efficiency at 3 MeV in Different Materials 

 Carbon Copper Titanium Steel Aluminium 

% particles after the slit 8.5 8.7 8.9 8.39 8.95 

% scattered 6,29 3,98 5,85 3,91 6,731 

% scatt. and hitting the SEM-grid 4,14 1,1 2,39 0,94 3,22 
      

Sections 
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Figure 5 shows the ratio of the different hydrogen ions 
mixture as a function of the depth inside a carbon foil. 
 

 
Figure 5: Relative fraction of hydrogen ions inside a 

carbon foil for a 3 MeV impinging H
- 
beam. 

The secondary emission is an effect that takes place in a 

very thin layer near the surface of the material. Below a 

few MeV the H
-
 ions are stripped in the first few 

nanometers and the secondary emission of the incoming 

particle is dominated by the proton while for beam 

energies above 3 MeV the ionization happens after the SE 

layer and the secondary emission is dominated by the H
-
 

ions. The SEY of the H
-
 ions is again calculated with the 

Sternglass formula assuming that the stopping power of 

the H
-
 ions is the same as that of protons. 

The secondary emission of the exiting particles depends 

on the ions energy and on the wire properties and 

geometry as the H
-
 ions will be decomposed into the 3 

constituents and these will lose energy and eventually be 

stopped inside the material. 

SIGNALS 

An example of the evolution of the signal induced by 

H
-
 ions on a 40 μm wire (carbon and tungsten) as a 

function of the H
-
 energy is shown in Fig. 6.  

At very low energies, the SE is the dominant source for 

the signal, and it shows a strong dependency on the ions 

energy as expected from the theory. 

 Above a few MeV the SE is much reduced and the 

signal is dominated by the direct charge deposition of the 

stopped electrons, becoming thus negative. Increasing 

further the energy of the ions, the two electrons acquire 

sufficient energy to cross the wires; at this point the 

secondary emission becomes again the dominant effect, 

but this time with a much smaller yield. In this case the 

SE of both the proton and of the electrons exiting the wire 

has to be considered. For a carbon wire of 40 μm in 

diameter, the threshold energy for the electrons crossing 

the wire is around 110 MeV. When crossing this 

threshold the signal drops to much smaller amplitudes. In 

the case of tungsten the transition happens around 

160 MeV which corresponds to the maximum energy of 

LINAC4. 

As for the slit, the energy deposition on the wires and 

the corresponding increase of temperature has been 

studied using FLUKA. As most of the particles are 

stopped by the slit, only 0.05% of the initial particles are 

transmitted through it, the total energy deposited in the 

wires is very small and the increase in temperature, even 

in the worst case, is only of about 20°C (tungsten). 

Figure 6: Electrical charge induced on a 40 μm wire by H
-
 

ions as function of the ions energy. 

CONCLUSION 

Monte Carlo simulations of the LINAC4 emittance 

meter have been performed in order to study the 

efficiency of the slit and estimate the thermal loads and 

the amplitude of signals from secondary emission. The 

results for a beam of 3 MeV show that by choosing an 

adequate geometry the multiple scattering on the slit 

edges will not perturb the sampling of the phase-space. A 

thermal analysis shows that the slit will be damaged if the 

full beam intensity is sent on it and thus the emittance 

must be measured using a shorter beam pulse. The 

thermal load induced by the beam on the wires and the 

consequent increase in temperature is very small, well 

below the threshold for thermionic emission and far away 

from the limits of the material chosen for the wires.  

Further simulations are being produced for beams of 

12 MeV and higher, in order to design suitable slits for 

higher energies. 

REFERENCES 

[1] Linac4 technical design report, CERN-AB-2006-084 

ABP/RF. 

[2] FLUKA official website ww.fluka.org. 

[3] E.J. Sternglass, Theory of Secondary Electron       

Emission by High-Speed Ions, Phys.Rev. 108(1957) 

1. 

[4] A. S. Artemov, Yu. K. Baigachev, A. K. Gevorkov 

and A. O. Sidorin, Zh. Tekh. Fiz. 68, 102–105 

(August 1998). 

 

 

TUPD42 Proceedings of DIPAC09, Basel, Switzerland

05 Beam Profile and Optical Monitors

398



SYNCHROTRON RADIATION MONITOR FOR BUNCH-RESOLVED
BEAM ENERGY MEASUREMENTS AT FLASH

A. Wilhelm and C. Gerth*

Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany

Abstract

A synchrotron radiation monitor based on a multi-anode
photomultiplier tube (PMT) has been installed in the first
magnetic bunch compressor chicane at the Free-electron
LASer in Hamburg (FLASH). The synchrotron radiation
emitted in the third dipole of the magnetic chicane is im-
aged by a telescope onto two anodes of the PMT. In this
way the horizontal beam position of the electron bunches
is recorded which corresponds to the beam energy as the
beam position is governed by the beam energy in the dis-
persive section of the magnetic chicane. The fast PMT
signals are digitized by analog -to-digital converters which
enables bunch-resolved beam energy measurement within
the trains of the up to 800 bunches generated by the super-
conducting linear accelerator of FLASH. In this paper we
describe the experimental setup of the synchrotron radi-
ation monitor and present first commissioning results for
various accelerator settings.

INTRODUCTION

Various diagnostic techniques based on the detection of
synchrotron radiation (SR) have been utilised for decades
for the characterisation of electron and proton beams in
storage rings [1, 2]. In single-pass free-electron lasers
(FEL), off-crest acceleration in combination with mag-
netic dipole chicanes is a common scheme for longitudinal
bunch compression to produce ultra-short electron bunches
with high peak currents. Due to the relatively large dis-
persion of these magnetic chicanes, the beam energy and
energy spread can directly be deduced from a beam posi-
tion measurement in the dispersive section of the magnetic
chicane.

In the first bunch compressor (BC) at the Free-electron
LASer in Hamburg (FLASH), a SR monitor based on pho-
tomultiplier tube (SR-PMT) has been added to an exist-
ing SR monitor based on an intensified CCD camera (SR-
camera) [3]. The super-conducting linear accelerator of
FLASH is capable of generating trains of up to 800 bunches
with a spacing of 1 µs at a repetition rate of 5 Hz. By ad-
justing the gate and delay of the SR-camera, the full x-y
projection of a single bunch (or any number of subsequent
bunches) out of a bunch train can be recorded. However,
the readout of the CCD is too slow to resolve more than
one electron bunch within a bunch train. In contrast, by
recording the signals of the two adjacent anodes of the SR-
PMT the centre-of-gravity beam position for all individual
bunches can be measured.

∗ christopher.gerth@desy.de

SR MONITOR SETUP

A schematic overview of the SR monitor installed in
the first BC at FLASH is presented in Fig. 1. The BC,
which consists of 4 horizontally deflecting dipole mag-
nets, is located downstream of a RF photo-cathode gun and
a super-conducting 1.3 GHz accelerating module (ACC1)
which accelerates the electrons to a beam energy of typ-
ically 130 MeV. The large horizontal aperture of the flat
vacuum chamber (200 mm × 8 mm cross section) allows
one to operate the BC at bend angles in the range 15◦ - 21◦.
The critical wavelength of the emitted SR lies in the visible
at around 400 nm for a bend angle of 18 ◦.

An Ag-coated laser mirror (Linos, 20 mm × 30 mm)
deflects the SR emitted at the entrance of the third dipole
downwards by 90◦ (not shown in Fig. 1) onto a beam split-
ter. The transmitted SR is imaged by a camera lens (Sigma,
f = 180 mm) onto an intensified CCD camera (PCO, dicam
pro). The part of the SR that is reflected by the beam split-
ter is deflected by another mirror by 90◦ and then imaged
by a camera lens (Tamron, f = 300 mm) with a teleconverter
(3x) onto two anodes of a multi-anode photomultiplier
tube (PMT). The PMT of type Hamamatsu R5900U-00-M4
comprises four anodes each having a size of 8 x 8 mm 2.
The PMT was operated at a voltage of 720 V for which a
linear dependence between the output signal and the elec-
tron bunch charge, i.e. SR intensity, was measured. The
fast current signal of the PMT have a pulse height of about
1 V (with 50 Ohm input impedance) and a width of 4 ns
(FWHM). The signals are broadened to 20 ns (FWHM) by
Gauss filters with a cut-off frequency of 15 MHz to elim-
inate high-frequency noise and reduce the effect of timing
jitter (∼ 1 ns) of the 14-bit analog-to-digital converters
(ADC). The ADCs are synchronised to the bunch repeti-
tion rate of 1 MHz and can be read out by the machine
control system. The normalized difference signal s of both
ADC channels gives then the centre-of-gravity beam posi-
tion s = (I1−I2)/(I1 +I2), where I1 and I2 are the signal
intensities of both anodes measured with the ADCs. The
whole SR monitor setup is mounted on a mover which can
be moved horizontally to be able to adjust to the electron
beam trajectory for different bend angles of the BC.

Energy Calibration

The horizontal beam size in the BC is governed by
the beam energy spread as an energy deviation ΔE/E
transforms into a horizontal displacement Δx by 1st-order
transport theory via Δx = R16 ·ΔE/E due to the large
horizontal dispersion of about R16 ≈ 300 − 400 mm [4].
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Figure 1: Schematic overview of the SR monitor setup. For further explanation see text.

Figure 2(a) shows the horizontal beam profile recorded
with the SR-camera for 3 different accelerating phases of
module ACC1. The corresponding calibration curves for
the SR-PMT signal s are shown in Fig. 2(b). The calibra-
tion was accomplished by changing the dipole current - a
relative change in the magnetic field corresponds to a rela-
tive change in beam energy - and recording simultaneously
the SR-PMT signal. As can be seen, the calibration curve
of the SR-PMT depends on the horizontal beam profile.
The horizontal beam profile is dominated by the acceler-
ator optics and phase of ACC1. Hence, after changing ac-
celerator settings a re-calibration of the SR-PMT becomes
necessary.
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Figure 2: (a) Horizontal beam profiles measured with the
SR-camera for 3 ACC1 phases; (b) Corresponding energy
calibration of SR-PMT signal.

A calibration curve has been constructed from a horizon-
tal beam profile recorded with the SR-camera by dividing
the beam profile shown in Fig. 3(a) into two parts, calcu-
lating the normalised difference signal s for the integral in-
tensity of each part and moving the parting line across the
profile. This calibration curve (solid red line) is shown in
Fig. 3(b) together with the corresponding calibration mea-
surement with the SR-PMT (blue dots). A crosstalk of
8% between the two parts was assumed for the dashed line
which is in good agreement with measurement points. This
crosstalk may be due to crosstalk in the PMT, crosstalk in
the electronics or a broadened profile, e.g. if the PMT is not
positioned exactly in the image plane.
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Figure 3: (a) Beam profile measured with the SR-camera;
(b) Calibration curves of SR-PMT (dots) and deduced from
beam profile (solid) with 8% crosstalk (dashed).
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Figure 4: (a) Beam energy of single bunches measured
with the SR-PMT and SR-camera for 60 subsequent bunch
trains; (b) Correlation plot for 500 measurement points of
the SR-PMT and SR-camera.

MEASUREMENTS

An upper limit for the energy resolution of both SR mon-
itors can be estimated by recording simultaneously the rel-
ative energy jitter with the SR-camera and SR-PMT.

Figure 4(a) shows the beam energy of single bunches
measured with the SR-camera and SR-PMT during user
operation of FLASH for 60 subsequent bunch trains out
of a measurement of 500 bunch trains. The correlation
of the measured beam energies for all 500 measurement
points is shown in Fig. 4(b). The difference of the mea-
sured beam energy is 1.08± 0.04 10−4 which gives an up-
per limit for the resolution of both SR monitors. Assuming
that both SR monitors have the same resolution, the resolu-
tion of each detector would be 1.08 ± 0.04 10−4/

√
(2) =

7.6 ± 0.3 10−5. Very similar values were obtained by cor-
relating the beam energy measured with the SR-PMT for
two adjacent bunches. The energy difference for adjacent
bunches in a bunch train is very small due to the very high
quality factor, i.e. very narrow bandwidth, of the super-
conducting cavities.

Figure 5(a) shows the beam energy measured with the
SR-PMT for 300 subsequent bunch trains with 30 bunches
(black dots). The mean values of each of the 30 bunches
(blue dots) represent the energy slope along the bunch train
(mean value of first bunch was normalised to zero). The
measurement was recorded during the application of an
adaptive feedforward algorithm to compensate beam load-
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Figure 5: (a) Beam energy measured with the SR-PMT for
300 subsequent bunch trains with 30 bunches; (b) Corre-
sponding rms energy jitter of each bunch.

ing effects (see Ref. [5] for more details). The rms beam
energy jitter measured for each of the 30 bunches is about
1.6 10−4 and shown in Fig. 5(b).

SUMMARY

A new type of synchrotron radiation monitor based on
a multi-anode photomultiplier tube has been installed in
the first bunch compressor chicane at FLASH for bunch-
resolved beam energy measurements. A relative energy
resolution of about 1·10−4 or below was achieved.
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Abstract

The characterization of the transverse phase space of
electron beams with high charge density and high energy
is a fundamental requirement for particle accelerator facil-
ities. The knowledge of characteristics of the accelerated
electron beam is of great importance for the successful de-
velopment of the SPARC FEL, a R&D photo-injector facil-
ity for the production of high brightness electron beams to
drive SASE and SEEDED FEL experiments in the visible
and UV wavelength. Here high energy emittance measure-
ments are discussed.

INTRODUCTION

In order to achieve the SPARC [1] goals a precise charac-
terization of the beam phase space at high energy is needed.
In this paper we present the results for both transverse
and longitudinal emittance measurements, together with
the slice emittance analysis. In particular we discuss sys-
tematic effects observed in the transverse emittance mea-
surement with the quadrupole scan technique using two
quadrupoles arranged as a doublet.

Typical operation energy is around 140 MeV. For this
stage of commissioning we have operated with a photo-
cathode driven laser pulse with gaussian longitudinal pro-
file (6-8 ps FWHM). The bunch charge was around 200
pC. The laser spot on the cathode was around 300 μm rms.
Downstream from the last accelerating section several tools
for a full characterization of the beam parameters are in-
stalled (Fig. 1).

Figure 1: Layout of the high-energy experimental area.

TRANSVERSE EMITTANCE

The high energy transverse emittance measurement at
SPARC is performed by means of a quadrupole scan [2]

∗Work supported by MIUR Contract RBAP04XM5-001
† enrica.chiadroni@lnf.infn.it

downstream from the third accelerating section. The trans-
verse beam size is measured on the flag F1 for differ-
ent current values of quadrupoles QT 1, QT 2, QT 3 (see
Fig. 1); two quadrupoles have equal currents but opposite
sign, and the third is used to control the beam spot shape.
Quadrupoles are treated as thick lenses.

Typical Measurement

Usually, QT 1 and QT 3 are used with opposite polarity
and QT 2 is set at zero current, in order to reduce the over-
lapping of quadrupole fields. The transverse emittance is
then determined by evaluating the Twiss parameters, βε,
αε and γε, from the χ2 minimization. The measured beam
sizes, compared to the ones retrieved from the fit, are plot-
ted in Fig. 2 as function of the quadrupole current.

Figure 2: Comparison between the rms beam size mea-
sured at the flag F1 (black squares) and the one retrieved
from the χ2 minimization (red curve) as function of the
quadrupole current (125 pC, 140 MeV).

For a beam of 125 pC of charge and 140 MeV en-
ergy, the projected transverse emittance measured is εnx =
1.52± 0.05 mm mrad and εny = 2.3± 0.1 mm mrad. The
error on the emittance is estimated from the error propaga-
tion of the variance of the measurement error and accounts
only for the statistical part. The high value of the projected
emittance obtained with this charge is mainly due to inho-
mogeneities on the cathode surface.

Analysis of the Systematic Effects
The goodness of the least square fit on the experimental

data is evaluated by backtracking the results in order to es-
timate the rms beam size on the flag F0 at the end of the
linac, where a comparison with a direct measurement can
be performed.
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In the case considered in Fig. 2, the beam has a regular
distribution as also shown from its projection (Fig. 3).
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Figure 3: Vertical (a) beam waist of a typical beam and its
projection (b) as the one analysed for the emittance mea-
surement. The pixel calibration is 31.25 μm/pixel.

It is then found that the agreement between the back-
tracked and the measured rms beam size at the end of the
linac agrees within 3% in the horizontal and 7% in the ver-
tical plane. The worse agreement in the vertical plane is
also confirmed by the calculated reduced χ2, 6 in the verti-
cal plane with respect to 1 in the horizontal one.

Depending on the laser beam alignment on the cathode,
the beam exhibited “side structures” due to strong disuni-
formities in the emission from the cathode (Fig. 4).
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Figure 4: Beam with side structures in a region close to the
vertical waist (a) and its projection (b). The pixel calibra-
tion is 30.30 μm/pixel.

These tails behave differently changing the focusing
strength: they overlap into the beam core in the waist and
get further from it as the focusing power weakens. Fig. 5
shows the quadrupole scan in the vertical direction. Here
the different behavior of the tails results in a “bump” close
to the waist, where they are taken into account in the cal-
culation of the rms beam size.

Two-quadrupoles Compared to One-quadrupole

The main advantage in using two quadrupoles as a dou-
blet in the emittance measurement is that, if the beam has
a round shape, it preserves its symmetry during the scan
and the emittance can be measured simultaneously in both
planes. However, in order to observe a waist in both planes,
the range of currents considered is wider, i.e. the focusing

Figure 5: Quadrupole scan showing the effect of a beam
with side structures (300 pC, 141 MeV).

strength is stronger and the beam undergoes a stronger fo-
calization.
At this regard a quadrupole scan with a single quadrupole
has been done (Fig. 6 shows the horizontal plane) and
the results have been compared to the scan with two
quadrupoles (Fig. 7(a), black squares). These measure-
ments have been done with a beam of 200 pC charge, 7
ps FWHM pulse length and 145 MeV energy.

Figure 6: Quadrupole scan in single magnet and two mag-
nets configuration. (200 pC, 7 ps FWHM pulse length and
145 MeV).

The Twiss parameters measured in the single quadrupole
configuration have been then used as starting point for the
TRACE3D simulation of the quadrupole scan with two
quadrupoles. For the points before the waist, Fig. 7(a)
shows a good agreement between measurements done in
the single quadrupole and two quadrupoles configurations.
After the beam waist, where the focusing strength is more
intense, a non perfect agreement is observed. In the worst
case, the emittance measured in the two quadrupoles con-
figuration results to be about 30% higher than the one from
single quadrupole scan.

Fig. 7, (b) and (c), shows how between the quadrupole
triplet and the flag F1, the beam, due to the higher focus-
ing strengths, undergoes a more abrupt focalization in the
two quadrupoles configuration with respect to the single
quadrupole one, emphasizing those effects like chromatic-
ity which depend on the quadrupole intensity. More sys-
tematic investigations on this comparison are needed.

Scan
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(a)

(b)

(c)

Figure 7: (a) Two magnets quadrupole scan compared to a
TRACE3D simulation. (b), (c) Trace 3D envelope in the
two quadrupole and single quadrupole configuration, re-
spectively. The y axis extends from 0 to 0.6 mm for both
x and y envelope curve. 200 pC, 7 ps FWHM pulse length
and 145 MeV.

SLICE EMITTANCE

The quadrupole scan technique, combined to the radio-
frequency deflector (labeled as RFD in Fig. 1) [3], allows
also the investigation of the beam slice emittance. By
powering the RFD, the beam is vertically deflected and a
quadrupole scan is performed only in the horizontal direc-
tion, with the constraint of keeping constant the vertical
beam size over the whole scan. The vertical beam size
with the RFD off, rescaled by the RFD calibration coef-
ficient, defines the resolution of the measurement. In Fig. 8
the slice emittance measurement (blue dots) for the beam
considered in Fig. 2 and a laser spot size on the cathode
of 320x300 μm rms is compared with a PARMELA sim-
ulation performed assuming 150k particles, a rms thermal
emittance εth=0.75 mm-mrad per radius (mm) and a slice
length of 200μm.

LONGITUDINAL EMITTANCE

The SPARC RFD with deflection plane in the vertical di-
rection, combined to the horizontal dispersive region rep-
resented by the dipole (labeled as D in Fig. 1), allows to
measure the longitudinal trace space in a single shot [5].
A typical measurement at SPARC is shown in Fig. 9 and
by means of a 2D image analysis the beam longitudinal
emittance can be retrieved. In the actual working point of

Figure 8: Slice emittance measurement compared to a
PARMELA simulation. Z is the longitudinal position along
the beam.

Figure 9: Longitudinal trace space at 140 MeV.

1.5 MV in the RFD, the estimated longitudinal emittance is
about 209 mm-keV in good agreement with the simulation.

CONCLUSIONS

The tools for characterizing the 6D SPARC phase space
at the end of the linac, where a 140 MeV energy is reached,
have been completed. In the present operation we were
limited by a strong transverse disuniformity on the cathode,
which results in high values of transverse emittance. The
goodness of the χ2 test on the experimental data has been
validated by the good agreement between the rms beam
size measured at flag F1 and the those retrieved by back-
tracking to the flag F0. A preliminary comparison between
the two quadrupoles and single quadrupole scan has been
done. More investigations are planned.
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SCREEN MONITOR DESIGN FOR THE SwissFEL

R. Ischebeck, B. Beutner, B. Steffen, V. Schlott, Paul Scherrer Institut, Villigen, Switzerland

Abstract

A screen monitor containing OTR foils and scintillator
crystals has been designed to measure the transverse profile
of electron bunches in the SwissFEL. In conjunction with
quadrupole magnets in FODO cells and a transverse de-
flecting structure, the screen monitors will be used to mea-
sure transverse and longitudinal phase space projections of
the electron pulses in the 250 MeV Injector. Tomographic
methods will be used to reconstruct the phase space distri-
butions.

INTRODUCTION

Paul Scherrer Institut is planning a free electron laser for
X-Ray wavelengths, the SwissFEL [1]. The baseline de-
sign foresees to generate electron bunches with a charge
between 10 and 200 pC and a normalized emittance be-
low 0.4 µm in an RF photocathode gun. These bunches
will be accelerated in a normal-conducting linear acceler-
ator (linac) to a particle energy of up to 6 GeV and sent
through one of two undulators with 15 and 40 mm period,
respectively, where they radiate coherently at wavelengths
between 0.1 and 7 nm. The repetition rate of this device
will be 100 Hz initially, with an option to upgrade to 400
Hz. The baseline design foresees one electron bunch per
RF pulse, but future extensions could allow for up to three
electron bunches.

To test the feasibility of the concepts behind the genera-
tion of such high-brightness beams, their longitudinal com-
pression and the preservation of the emittance, a 250 MeV
Injector is currently being assembled. Commissioning will
start early 2010, and by the end of the year PSI will submit
a proposal to build the SwissFEL to the Swiss Government.

The 250 MeV Injector will have three diagnostic sec-
tions: one directly after the RF photocathode gun, at a par-
ticle energy of 7 MeV, one before and one after the bunch
compressor, at an energy of 250 MeV (see Fig. 1 and Ta-
ble 1). The repetition rate of this accelerator will be 10 Hz.
Ideally, one would like to know the entire phase space dis-
tribution of the bunches, i.e. the phase space coordinates
of each electron in the bunch. However, no method ex-
ists to measure the entire distribution directly. Instead, the
distribution is projected onto sub-spaces such as the (x, y)
plane which will be measured by screen monitors or the
time axis which will be measured by coherent radiation
and by electro-optical methods. Phase space transforma-
tions are applied to the electron beam prior to the measure-
ments to infer the distributions in the other dimensions. If
these transformations are linear, they can then be described
by a matrix formalism. By scanning these transformations
and measuring projections at each step, a Radon transform
of the phase space distribution is acquired. Inverse Radon
transformations are used to reconstruct the phase space.
Maximum entropy methods [2] are particularly useful be-
cause there are often relatively few projections, which are
furthermore not uniformly distributed.

SCREEN MONITORS

A total of 32 screen monitors will be built for the
250 MeV Injector. Besides measuring projected and slice
emittance, they serve as prototypes for optical monitors
of the SwissFEL. Screens convert the transverse electron
distribution into visible light. At particle energies around
7 MeV in the gun region, scintillating crystals are used to
image the beam. For higher energies, the scintillators will

Photocathode
Laser

3 GHz Accelerating Structures

FODO Cells

TDS

TDS: Transversely Deflecting Structure
FODO: Focusing - Drift - Defocusing - Drift
LPM: Longitudinal Profile Monitor

TDS

Spectrometer

Spectrometer
Bunch Compressor

Electro-Optical LPMs

12 GHz
Accelerating

Structure
Electro-Optical LPM

Gun

Figure 1: Schematic overview of the diagnostics for the 250 MeV Injector.
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Table 1: Overview of the Diagnostics Planned for the 250 MeV Injector. BBC: before bunch compressor, ABC: after
bunch compressor.

Quantity Method Gun BBC ABC Notes

Projected emittance OTR screens, phase ad-
vance scan, quadrupole
scan

√ √ √ Alternatively, phosphor screens
may be used

OTR screens, FODO lattice √
Wire scanners, phase ad-
vance scan

√ √ √

Horizontal slice emittance Transverse deflector, OTR
screens, quad scan or
FODO lattice

√ √ Bunch compressor is horizontal

Bunch length Electro-optical √ √ non-destructive, single-pulse
Transverse deflector √ √

Bunch arrival time Bunch arrival monitor √ √
Transverse position BPMs √ √ √ non-destructive, single-pulse
Energy spread Spectrometer dipole √ √
Slice energy spread Transverse deflector, spec-

trometer dipole

√ √

Charge ICMs √ √ √ non-destructive, single-pulse
OTR screens √ √ √ It will have to be seen whether this

measurement is affected by COTR
Phosphor screens √ √ √ Saturation of the phosphor may af-

fect this measurement

be complemented by optical transition radiation (OTR)
foils and wire scanners. The screens are mounted to a lad-
der and positioned in the beam with a vacuum feedthrough
by a stepper motor actuator. The position is monitored by
an absolute encoder mounted to the feedthrough. A scale
engraved in the ladder serves both as a focusing target and
as pixel size calibration. In the gun region, the scintillators
are mounted at right angle to the beam; a mirror reflects the
light out of the vacuum chamber. For the high energy diag-
nostic sections (located around the bunch compressor), the
screens are mounted at an angle of 45◦ to the beam; OTR is
emitted at a right angle through the vacuum window. The
cameras will be able to image either screen, depending on
the position of the screen ladder. Figure 2 shows the de-
signs of the screen holders.

CAMERAS AND OPTICAL SYSTEMS

The wide parameter range in beam sizes and the wide
dynamic range in the expected intensity requires different
methods for imaging and detection of the light. At each
screen monitor location, two cameras can be installed, with
a removable beam splitter for selection: An overview sys-
tem that images the entire screen with reasonable resolution
(projected pixel size 23 µm) will be used during commis-
sioning and to find the beam if it is off center. This can
be achieved with commercially available perspective con-
trol lenses, which at the same time allow for correction of
the inclined object plane in the high-energy diagnostic sec-

Options (under investigation)

wire scanner

YAG:Ce (30 – 100 �m)

LuAG:Ce (30 – 100 �m)

OTR (1 �m foil)

DR (10 mm slit)

optics calibration

RF shield

Figure 2: Screen holders for the low-energy diagnostic area
(left) and the high-energy diagnostic areas (right). Several
screens are available for the different operating modes.

tions. For screens where a higher resolution is required, a
second camera that images the central part of the screen is
used. In the gun region, where the screens are at right an-
gle to the optical axis, commercial micro-photo lenses will
be used. Screens in the 250 MeV diagnostics areas are at
an angle of 45◦ to the optical axis. An optical system that
corrects for this tilt and images these screens with a 1:1
imaging ratio is currently being investigated. Three types
of photodetectors are under investigation:
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• Room temperature CCDs are the baseline design.
They are able to detect scintillation light and OTR at
high bunch charges.

• Room temperature CMOS detectors offer exposure
times down to 50 ns and may be used to distinguish in-
dividual electron bunches emitted during a single RF
pulse, as well as to map dark current from the cathode.

• Cooled CCD detectors have a superior signal-to-noise
ratio and offer therefore the possibility to use OTR at
low bunch charges, or to measure bunches dispersed
by the RF deflector.

CONTROLS

The screen monitors are controlled and read out by the
EPICS control system [3]. Camera readout is not done by
a realtime operating system, but a special hardware trigger
will allow to synchronize the data stream with all other de-
vices in the linac. This way, a pulse-to-pulse correlation
can be established. Images can be displayed at a rate of
1. . . 2 Hz, and simple analysis procedures can be performed
in real time. For further analysis, the data can be written to
HDF5 files, compatible to the Nexus format [4].

DATA ANALYSIS

Phase space transformations in the (x, x′) and (y, y′)
planes are controlled by quadrupole magnets. By scan-
ning multiple quadrupole magnets, or in FODO cells, the
phase space is rotated while the beam size is kept constant.
Thus, a Radon transform of the phase space is acquired.
An inverse Radon transform, based on the maximum en-
tropy algorithm, is used to reconstruct the phase space [5].
Two transverse deflecting RF structures will be installed in
the 250 MeV Injector, one in the gun region and one be-
hind the bunch compressor. Both allow to streak the beam
vertically, i.e. do a (y, y ′, t) phase space transformation.
With this additional transformation, the longitudinal bunch
structure as well as the slice emittance can be measured.

FUTURE DEVELOPMENTS

Coherent optical transition radiation is possible for high
bunch compression ratios, resulting in ultra-short bunches
of femtosecond duration. This effect depends strongly on
the wavelength of the radiation, and simulations have not
yet predicted where the cutoff wavelength will be for the
monitors in the 250 MeV Injector and the SwissFEL. To
pursue research in this topic, we are considering the con-
struction of an Offner imaging system based on reflective
optics (Fig. 3). This would allow imaging the OTR source
at a wide range of wavelengths.

An alternative refractive microscope system allows to
image an object plane inclined by 45◦ to the optical axis
onto a CCD at 90◦. Optimization and determination of such
a system are ongoing.

vacuum tube
mirrorvacuum window

mirror

image plane

Figure 3: Offner reflective optics to image OTR over a wide
wavelength range.
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UNDULATOR RADIATION MEASUREMENTS AT LCLS USING 
K-EDGE X-RAY ABSORPTION TECHNIQUES* 

A.S. Fisher#, J. Frisch, R. Iverson, H. Loos and J. Welch 
SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract 
The sharp K-edge absorption energies in nickel and 

yttrium were exploited at LCLS to measure spectral 
features of spontaneous and FEL x-rays. By scanning the 
electron beam energy so that the first and third harmonic 
x-rays scanned across the nickel and yttrium K-edges, the 
resulting spectral features allowed the precise 
determination of the position of central ray and the 
resonant photon energy. 

BACKGROUND 
The LCLS is in the final stages of commissioning. We 

have been producing strong FEL x-ray beams with most 
of the complement of undulator segments installed, but 
the full suite of x-ray diagnostics has not yet been 
available. However, we are getting information about the 
x-ray beam properties from a temporary YAG 
crystal/camera combination and an insertable nickel foil. 
This timely information serves to confirm our 
expectations for the properties of the undulator radiation, 
provides initial photon-energy calibrations, and provides 
pointing data needed for precise undulator-strength 
comparisons to be made in coming weeks as the new x-
ray diagnostics are commissioned. 

THEORY AND METHOD 
X-rays that have energy just sufficient to excite 

electrons bound in the K shell of an atom (the K-edge 
energy) are preferentially absorbed by the atom compared 
to x-rays whose energy is just below the K-edge. Figure 1 
shows an example of the sharp change in transmission at 
the K-edge of yttrium in a YAG crystal. At the LCLS FEL 
facility we generate both FEL and spontaneous undulator 
x-rays whose energy depends on the electron beam 
energy. By changing the electron beam energy, the energy 
of the resulting x-rays can be made to sweep across the K-
edge energy either of the yttrium component of a cerium 
doped YAG crystal, or of a nickel foil that can be inserted 
into the x-ray beam. 

X-rays absorbed in the YAG crystal generate visible 
photons, detected by a camera. If the photons have 
energies just above the yttrium K-edge, they are 
preferentially absorbed in the YAG and therefore cause a 
brighter area. When the nickel foil is inserted in front of 
the YAG crystal, photons with energy above the nickel K-
edge are preferentially absorbed by the nickel and leave a 
relatively dark area on the YAG. In either case, the K-
edges provide precise x-ray energy discrimination. 

Of the two sources of x-rays used, FEL radiation is 
much simpler in that it consists mainly of a narrow beam 
of x-rays, primarily at the first harmonic. The spontaneous 
undulator radiation is more complex: spatially broader 
and consisting of many comparably strong harmonics. 
The on-axis, fundamental photon energy is determined 
from the resonance equation: 

 ( )21
22 1

2
u K

λλ
γ

= +  (1) 

where λ is the x-ray wavelength, λu is the undulator 
period, γ is the electron energy in units of electron rest 
mass, and K is the undulator strength parameter (3.5, with 
some tunability, for LCLS). In the case of spontaneous 
undulator radiation, for angles small compared to K/γ, the 
spectrum contains many harmonics and is shifted by 
angle according to: 

 ( )2 2 21
22 1

2
u K

m
λλ γ θ

γ
= + +  (2) 

Here θ is the angle from the central ray to the observation 
point and m is the harmonic number. From symmetry 
arguments, even harmonics must have no field on axis, 
while odd harmonics have a maximum on axis. 

INSTRUMENTATION 
The temporary diagnostic system shown in Fig. 2 is 

approximately 50 m downstream from the last undulator. 
This system contains, in order: a remotely controlled 1-
μm-thick Be foil to block visible coherent light, a 
remotely controlled 10-μm Ni foil for K-edge measure-
ments, and a fixed 100-μm-thick Ce-doped YAG crystal 

 
Figure 1: Transmission coefficient versus photon energy 
for YAG [2]. The yttrium K-edge occurs around 17 keV. 

____________________________________________  
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as a fluorescence detector. A camera with 12-bit intensity 
resolution images the YAG at normal incidence using a 
mirror directly behind the crystal. 

MEASUREMENTS 
X-ray spatial and spectral measurements are described 

in this section. Most involve very effective image 
subtraction and smoothing techniques. 

Harmonic Spatial Distributions 
Angle-energy correlation of spontaneous synchrotron 

radiation, combined with the spectral discrimination of K-
edges can be used to image various spatial harmonics 
present in the undulator spontaneous radiation. For 

example, even without image subtraction, third-harmonic 
structure is clearly visible in the image of Fig. 3. 

Off-axis rays can be highly red-shifted. At high enough 
angles, several harmonics will have a resonant energy that 
is near the K-edge of the nickel foil. By subtracting 
images made with suitably chosen electron-beam 
energies, these harmonics become visible, as shown in 
Fig. 4, where we see three harmonics with the expected 
symmetries. 

Determination of the Central Ray 
Determining the central ray of spontaneous radiation is 

important in calibrating the x-ray energy spectrum and 
avoiding systematic errors when comparing two spectra. 
Even small errors, of order a few microradians, will shift 
the energy spectrum outside the tolerance of a few parts in 
104 needed for undulator strength measurement. 

The central ray has the most blue-shifted photon-energy 
spectrum. Figure 5 shows two images, taken with central 
energies just above and just below the nickel K-edge. 
While the central ray cannot be determined in either 
image alone, the difference image below gives a clear 
measurement of the position of the central ray from an 
undulator segment. X-rays emitted on axis have the 
highest energy spectrum and are the first to be 
preferentially absorbed by the nickel as the electron-beam 
energy is scanned upward. Figure 6 shows this clearly, 
with a dark central spot corresponding to the central ray. 
(Darkening also depends, of course, on using the 
appropriate sign in the image subtraction.) 

FEL Spectrum 
A calibration of the FEL photon energy around the first 

harmonic is shown in Fig. 7, where total intensity of the 
FEL image was plotted against the electron-beam energy 

 
Figure 2: Temporary diagnostic assembly used in the 
measurements described this paper. 

 
Figure 3: Spontaneous x-rays from one undulator segment 
as seen on the YAG crystal about 50 m downstream of the 
undulator. The central red stripe is cause by synchrotron 
radiation from the last dipoles. The three orange “humps” 
are the spatial signature of the 3rd harmonic. 

 
Figure 4: Difference of images taken with 12.3- and 11.3-
GeV beams of spontaneous emission from one undulator 
segment. The dashed ring shows the predicted peak of 
3rd-harmonic radiation, coinciding with the two partial 
rings in the image. Additional harmonics are also visible: 
the 2nd has two lobes above and below the middle, and 
the 5th harmonic appears as partial rings at higher angles. 
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shift. When the electron energy is such that the central 
photon energy is right on the nickel K-edge, the signal 
drops by half. This occurs around −30 MeV relative to the 
electron reference energy of 13.740 GeV, i.e., at 13.710 
GeV. Tabulated values give the K-edge of Ni at 8330 eV. 
If the true electron energy is 13.710 GeV, (the value 
derived from magnetic measurements of dipole magnets), 
then based on the design undulator period and measured 
strength, the resonant photon energy should be at 8363 
eV—about 0.4% higher than the tabulated value. The 
difference could be explained by an error in the electron 
beam reference energy of 0.2%. 

REFERENCES 
[1] P. Emma, J. Welch, Z. Huang, H.-D. Nuhn, P. Stefan, 

R. Dejus, B. Yang and R. Bionta, Proc. FEL06, 2006. 
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Figure 5: The upper two images were taken at slightly 
different electron energies corresponding to on-axis x-
rays above (left) and below (right) the Ni K-edge. These 
are combined and filtered to produce a relatively clean 
image, shown enlarged in the lower frame, of only 
photons near the K-edge. The center of the resulting hole 
can be determined to within a few pixels. 

 

Figure 6: Difference image taken across the nickel K-
edge. The dark central spot occurs coincides with the 
central rays from the undulator segment. 

 
Figure 7: Energy scan of the FEL radiation, which is 
mostly 1st harmonic, incident on a 10-μm nickel foil. This 
scan calibrates the machine energy in GeV and the 
strength of the undulator segment against the nickel K-
edge, where the transmission drops. 
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BEAM LOSS AND BEAM PROFILE MONITORING WITH OPTICAL 
FIBERS 

F. Wulf, Helmholtz-Zentrum Berlin für Materialien und Energie, Germany  
M. Körfer, DESY, Hamburg, Germany 

Abstract 
Beam losses and beam profiles at particle accelerators 

are determined by measuring the ionizing radiation out-
side the vacuum chamber. Four different radiation sensor 
systems using optical fiber will be presented. Two are 
based on the increase of radiation-induced attenuation of 
(Ge+P)-doped multimode graded index fibers, whereas 
the other two systems detect the Cerenkov light generated 
by relativistic electrons penetrating radiation hard fibers. 
The used fiber is an undoped multimode step-index fiber 
with 300 μm core diameter. Dosimetry at high dose levels 
uses the radiation induced Bragg wavelength shift of Fi-
ber Bragg Gratings. The selection of a suitable fiber for 
the individual application is an important requirement and 
depends on the type, doping, used wavelength and anneal-
ing behavior. In addition, the dose range, dose rate and 
temperature must be considered. After an extensive selec-
tion procedure, two types of fibers for the particular ap-
plication were chosen. One is used as a dosimetry sensor 
for the slow local and distributed beam loss position 
monitor (BLPM) and the other for fast beam loss monitor 
(BLM) as well as beam profile monitors (BPM). At six 
accelerators, all systems are used for in-situ particle loss 
control by measuring the ionization dose and/or Cerenkov 
light. These monitors provide a technique to improve the 
beam performance. This paper summarizes the basics of 
these measurement technologies and the experience at 
linear accelerators and at storage rings.  

INTRODUCTION 
Beam loss monitor systems (BLM systems) are an es-

sential part of linear accelerators and storage rings. They 
allow the understanding of beam loss mechanisms during 
commissioning and operation and provide an option for 
an emergency shutdown. A proper understanding of beam 
loss events can improve machine performance, which 
consequently reduces also the radiation level for the used 
accelerator components. Well-known beam loss systems 
[1], like a) long and short ionization chamber, b) combi-
nation of scintillator and photomultiplier and c) PIN 
photo-diodes, d) scintillation counter, e) electron multipli-
ers, f) cryogenic calorimeters have still some deficiency 
[2,3,4,5,6,7]. They do not cover the complete sections of 
the accelerator, particularly large undulator systems, and 
have an insufficient position and time resolution. It would 
be of great advantageous to monitor continuously on-line 
localized beam losses around the complete accelerator 
complex. Particular total dose measurements at the sus-
ceptible undulator magnets are desirable because they are 
made of radiation sensitive alloys. With in the framework 
of the TESLA/ILC (International Linear Collider) [8] and 

FLASH (Free-Electron-Laser Hamburg) [9] design study. 
New concepts of BLM systems based on special types of 
optical fiber sensors were developed [10,11,12]. They 
have been tested during real operation at different accel-
erator facilities*.  

OPTIMIZATION AND SELECTION OF 
OPTICAL FIBERS  

Since 30 years it is well known that the radiation in-
duced attenuation (RIA) of particular optical fibers 
[13,14,15,16,17,18,19] is a function of the total ionization 
dose (TID). This mechanism allows a reliable dose meas-
urement up to a level of a few thousand Gray. For high 
dose applications the changes of the refractive index or 
Bragg wavelength shift (BWS) can be used. The radiation 
induced emission of Cerenkov light or luminescence 
mechanism are used for fast detection of radiation sources 
without calibration of TID. Fibers can also be made sensi-
tive for thermal and fast neutrons [20,21,22]. The nonsat-
isfying applications in the past rely at most on insufficient 
knowledge and control of the producing process of the 
fibers. An individual characterization of each lot is there-
fore indispensable. This is a key function for further usage 
of fiber radiation sensors. The influence of core material, 
cladding thickness, drawing speed of the fiber and coating 
material of pure silica core step-index fibers have been 
investigated in detail [23].  

CLASSIFICATION OF BEAM LOSS 
MONITOR SYSTEMS 

As shown in Fig. 1 the BLM systems are distinguished 
in two categories. One system measure the TID generated 
by the beam losses as a function of RIA. With an optical 
power meter, the RIA is measured at local position along 
the beam line, especially at the undulator. The resolution 
of the absorbed dose of the so called local sensor system 
is about 60 mGy with an updating time - depending of the 
number of used sensors - in the range of ms [25]. The 
distributed sensor system makes use of Optical Time Do-
main Reflectormeter (OTDR) measurements. As a result 
of the attenuation measurement, the position and TID 
along the beam line or undulators can be calculated. At 
FLASH, typical sensor length is less then 100 m. The 
update time is in the range of some seconds with a posi-
tion resolution of about 1.5 m. The dose resolution for the 
presented measurement setup is about 3 Gy [25]. The sys-
tem of the second category detects the generated Cer-
enkov light in the fiber over a length of about 40 m with a 
                                                           
*  PITZ, MAX-LAB, BESSY II, DELTA, SLS 
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position resolution of 25 cm, a response time below milli-
second and a time resolution of nanosecond. This short 
time response makes the system also applicable for emer-
gency shutdown. 

Fast BLM Systems
Radiation induced Cerenkov or

luminescence light
- distributed systems
- measurement time: millisecond with time 

resolution of nanoseconds
- loss trace monitoring; emergency shutdown
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- BWS measurement

Bragg Wavelength
Shift (BWS)
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or bragg wavelength shift
- local and distributed Systems
- measurement time:  tens of ms up to minutes
- long term monitoring 
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Figure 1: Classification flow chart of beam loss monitors 
systems using optical fiber sensor.  

SLOW BEAM LOSS MONITOR SYSTEMS 
(DOSIMETER SYSTEM) 

Slow BLM (response time between ms and minutes) 
require a dosimetry fiber with an excellent linearity be-
tween the TID and the RIA. They must have a large dose 
range in combination with small fading and annealing 
behavior respectively. The fiber must be insensitive 
against dose rate, temperature and radiation type and their 
energy. The simultaneous usage of the same fiber for the 
local and distributed sensor beam loss monitor system 
requires also a selection with respect to the bandwidth of 
the fiber. Low bandwidth show higher mode dispersion 
and increase the pulse broadening of the light pulse, 
which reduces the achievable position resolution. With an 
Optical Time Domain Reflectormeter using a 3 nm pulse 
width and a laser wavelength of 850 nm, a bandwidth of 
800 MHz * km is sufficient [24]. The long term experi-
ence at the FHG INT# and HMI# in optical fiber charac-
terization facilitate the collaboration to an intensive selec-
tion process. As a result, for the dose measurement a 
(Ge+P) doped multimode gradient-index (MM GI) fiber 
[25] and for the measurement of the Cerenkov light a 
multimode step-index fiber (MM SI) [32, 33] was se-
lected. 
The following function approximates the RIA of fibers: 

 RIA [dB/m] = c (λ)∙D f(λ)   [26] (1) 

The constant c [dB/m Gy] expresses the radiation sensi-
tivity, which is a strong function of the used measurement 
wavelength λ [nm] and D [Gy] the accumulated dose. The 
exponent f is the linearity factor close to 1 for fibers with 
low annealing effect. The fitting parameters for the MM 
GI fiber are: 

λ= 678 nm: c = 0.0369 dB/m Gy, f = 0.972 and for  
λ= 829 nm: c = 0.0042 dB/m Gy, f = 1.025  

                                                           
# Fraunhofer INT, Euskirchen, Germany, Hahn-Meitner Institut Berlin, 
now Helmholtz-Zentrum Berlin für Materialien und Energie, Germany 
 

The fibers response passes into a non-linear function 
above a RIA level of 1 kGy and saturate at higher dose 
level. It was shown, that the RIA of a P-doped MM-GI 
covered with a heat resistant polyimide coating can be 
regenerated in short time at temperatures above 350°C 
with very little changes of their optical properties [27].  

Local Dosimeter Systems  
The functional principle of the local sensor system de-

veloped for sensitive TID measurements at selected ac-
celerator positions is shown in Fig. 2. The sensor fiber is 
linked by radiation resistant fiber to the light source and 
on the other side to the optical power meter. For tempera-
ture control and calibration of the set up, one fiber is di-
rectly connected between light source and power meter. A 
typical set up used at an undulator consist of 16 measure-
ment channels. The light source guided to the 16 output 
pigtails of a 1:16 splitter made of 50/125 m GI fiber. De-
pending of the expected dose, the number of windings 
(typical 5-20) for each sensor can be adjusted. The coils 
of the sensor are mounted together with optical connec-
tors on a holder (Fig. 3). This holder is mounted in pre-
pared cut out of the vacuum chamber (Fig. 4). 
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Figure 2: Functional principle of a local sensor system.  

 
Figure 3: Sensor holder of the local sensor system. 
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Figure 4: Detail of the vacuum chamber line of the undu-
lator show the cut out for the power meter sensor, the 
OTDR and Cerenkov fiber.  
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Each output of the sensor module is connected to a power 
meter, which is controlled by a PC [25] and the data are 
forwarded to the accelerator control system. The TID val-
ues of the local sensor with optical power meter are in 
good agreement with reference TLD measurements 
[25,28]. 

Local Dosimeter System for High Dose Meas-
urement 

Fiber Bragg Gratings can be used as radiation sensor in 
high dose environment by measuring the Bragg wave-
length shift (BWS) as a function of the absorbed dose 
[29]. The influence of the production process leads to a 
factor of three in BWS using the identical process pa-
rameter. A variation of the process parameter provides a 
BWS difference of nearly a factor of ten [30]. Up to a 
dose level of 100 kGy the fiber show no saturation and is 
almost independent of the radiation dose rate. They can be 
used up to a level of 1 MGy [30]. 

Distributed Dosimeter System 
With standard Optical Time Domain Reflectormeter 

technology, the change of the attenuation caused by the 
local irradiation along the beam line is measured. Only a 
few OTDR systems are available with adequate small 
pulse width and short wavelength combined with multi-
mode modules+. The expected RIA and the dynamic range 
of the OTDR equipment defines the maximum sensor 
length for a given monitor section. Behind a fiber segment 
with a high RIA the following fiber section can not be 
measured. With a high precision optical switch many 
segments can be monitored with one OTDR system. At 
the FLASH undulator four fibers are placed in equidistant 
radial distance around the vacuum chamber (Fig. 4). That 
makes it possible to calculate the direction of the highest 
Bremsstrahlung level (highest beam loss) around the 
beam line. In the same way but with a larger distance to 
the beam line, four fibers are installed along the beam 
line.  

 
Figure 5: Measured TID along the entire beam line at the 
TESLA Test Facility, DESY Hamburg [31]. 
                                                           
+ like Tektronix Fiber Master TFP2A 

The accumulated dose during a long-term operation of 3 
weeks at the TESLA Test Facility is shown in Fig. 5. 

FAST BEAM LOSS MONITOR SYSTEMS  
(CERENKOV LIGHT) 

Many previous publications describe the measurement 
of ionizing radiation by detection of the generated Cer-
enkov light in optical fibers. The implementation and sys-
tematic optimization of this technology was missing. The 
precondition is the selection of an optimal fiber as ex-
plained in the previous chapter. Two measurement sys-
tems are installed. The measurement set up for the undu-
lator section and upstream beam line section is shown in 
Fig. 7. At the undulators four fibers are grouped together 
in equidistant radial distance around the vacuum chamber 
sharing the same cut outs with the OTDR fiber (Fig. 4). 
The fibers are connected in the tunnel to photomultipliers 
(PMT), which are selected with respect to their sensitiv-
ity. 

Fast Beam Loss Monitor 
Fast BLM require radiation resistant fiber with high 

bandwidth and large core diameter. Electrons with ener-
gies above 175 keV generate Cerenkov light in pure 
quartz fiber (n=1.46). Based on this effect, powerful BLM 
systems like beam loss position monitor (BLPM) [32] and 
beam profile monitor (BPM) [33] were developed. They 
use Fiber with pure silica core and high OH-content 
which are in general radiation resistant. However, F-
doped fiber could reach higher radiation level without 
increasing the RIA [34]. The presented BLM systems use 
a multi-mode step-index fiber with a core diameter of 300 
μm. The core diameter is a good compromise between the 
irradiation sensitivity and a required bandwidth. A black 
nylon buffer shields the fiber against the ambient light. 
The total diameter of the fiber is only 900 μm. In contrast 
scintillation fibers have high attenuations values and are 
radiation sensitive. This fiber type cannot be used for 
measurements over long distance or in applications with 
high dose level.  

Typical curves of the Cerenkov light generated in the 
optical fibers over a length of six undulators during rou-
tine operation at FLASH are shown in Fig. 6.  

 
Figure 6: Screen shot at FLASH, in March 2009. At six 
undulators the Bremsstrahlung level at four positions is 
shown. An adjustable persistence mode improves the 
quality of the visualisation. 
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Figure 7: Measurement set up for BLPM and BPM at FLASH. One sensor group controls the undulator and a second 
one the beam line. 
 

Measurement Set Up 
The outputs of low noise preamplifiers are connected to 

fast ADCs (1 GS/s; 1 GHz bandwidth) installed outside 
the radiation area of the tunnel in a modular PXI-System. 
The system is synchronized with the bunch clock and 
controlled by an embedded CPU. The system is integrated 
in the FLASH control system. Selected events can be 
logged together with the machine status. Maintenance is 
executed via remote control from the HMI. This system is 
used for BLPM and BPM.  

Beam Loss Position Monitor 
The position of the radiation source is calculated by the 

time difference between a maximum peak height of the 
light pulse and the bunch clock trigger. The accurate loca-
tion of the secondary shower with respect to the beam line 
layout can be determined by vacuum components like 
optical transition radiation (OTR) screen or wire scanner 
with their know position. It has been shown, that the posi-
tion can be determined with an accuracy of about 25 cm 
measured at PITZ [35]. Due to the fact, that the velocity 
of relativistic electrons in vacuum (~ c) is higher than the 
light velocity in the fiber (~ 0.66∙c) the measured light 
signals are expanded or compressed depending on the 
position of the PMTs relative to the beam line. If the 
PMTs are installed at the upstream position, the measured 
light signals are stretched by a factor of 2.5 relatively to 
the electrons in the vacuum chamber. Installing the PMTs 
at the downstream position, the signals are compressed by 
a factor of two. This gives the possibility to detect single 
bunches at the downstream position with five times higher 
repetition rate as at the upstream position. However, with 

the same bandwidth and sample rate the position resolu-
tion is than five times lower [36]. In Fig. 8 the principle 
result of BLPM measurement is shown. The losses are 
generated by an inserted OTR-screen. The intensity of the 
loss shower increases at the first quadrupole. The local 
minima of the signal are caused by the shielding effect of 
the components (quadrupoles, vacuum pumps e.g.) and 
transversal distance variation of the fiber with respect to 
the beam line. Nevertheless, using the maximum values of 
the signals, an envelope function can be calculated to de-
fine the direction of the centroid of the Bremsstrahlung 
shower as shown in Fig. 9.  
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Figure 8: Typical results of the BLPM measurement at an 
interesting section of the beam line. The shielding effect 
of the beam components causes the minima of the signal 
amplitude. 
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Figure 9: Enveloped function of the Bremsstrahlung 
shower as shown in Fig. 8.  

Beam Profile Monitor 
Beam profile measurement is an essential part of the 

beam diagnostic. Conventional systems use wire scanner 
systems (WS) [37] where only a fraction of the generated 
Bremsstrahlung in longitudinally direction is measured by 
a PMT at the end of a beam line section. The efficiency of 
this measurement principle is additionally reduced due to 
the shielding effect of the beam line components. The 
built in BLPM can be used to measure the Brems-
strahlung in the longitudinal as well as in the transversal 
direction, particularly direct after the wire scanner. The 
interesting parts of the beam are the beam core and tails. 
The measurement of the beam profile requires a large 
dynamic range of the detection system. In addition, paral-
lel to the installed Cerenkov fiber group a second set of 
fibers are used. This gives the opportunity to measure at 
the same time with low and high amplification ranges of 
the PMT. This is necessary, because the sensitivity of the 
PMT after high illumination level needs a too long recov-
ery time with respect to the fast movement of the wire 
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Figure 10: Horizontal beam profile measured with a stan-
dard wire scanner system compared to results obtained 
with an optical fiber BPM system. The maximum values 
are normalized. The measurements were taken one after 
another.  

scanner itself. Figure 10 shows the good correlation be-
tween measurements with standard WS systems and the 
new BPM system. Detailed experimental results are given 
in [33]. A novel pre-amplifier increases the sensitivity of 
the BPM system by a factor of 10. This offers more de-
tailed information about the beam tails. The combination 
of BLPM and BPM using the same measurement system 
gives fast information about the beam quality. 

CONCLUSIONS 
It has been shown that fiber used in slow beam loss 

monitor (BLM) systems - like distributed dosimeter sys-
tem - and in fast BLM systems - like beam loss position 
monitor (BLPM) and beam profile monitor (BPM) - are 
useful tools for the optimization and control process of 
particle accelerators. In general, fiber sensors can be used 
in nearly inaccessible gaps or regions with high electrical 
or electromagnetic fields. It is an indispensable precondi-
tion, that a careful selection of the sensor fiber is neces-
sary to meet the essential requirements. The local dosime-
ter system can be placed anywhere with individually 
adapted sensitivity and detection area. These sensors 
measure local doses with a resolution of some tens of mil-
ligrays in real time. Various numbers of sensors - con-
nected together via an optical switch and splitter - can be 
measured in few milliseconds. Distributed dosimeters use 
the same fiber type. The fibers are installed up to several 
hundred meters along the accelerator beam line, tunnel or 
undulators, measuring the total ionization dose (TID) 
down to a few Gray with a position resolution of about 
1.5 m. The measurement time is in a range of some min-
utes, depending on the required dose accuracy. The sys-
tem is applicable to supervise the radiation level of the 
total accelerator environment. The (Ge+P) doped multi-
mode gradient-index fiber with a heat resistant polyimide 
coating can be regenerated with very little changes of 
their optical properties. In a high dose environment the 
usage of Fiber Bragg Gratings seems to be a possible so-
lution.  

Fast BLM systems like BLPM and BPM enable the op-
erator to control the beam loss along the entire beam line 
in transversal and longitudinal dimensions. It allows the 
identification of single bunches within one bunch train. 
The system response is in the range of millisecond with a 
time resolution of nanoseconds and a position resolution 
of about 25 cm. This allows an interactive control of the 
beam optimization process and gives the opportunity to 
trace the stability over all setting parameters of the beam. 
In addition, this system is applicable for fast emergency 
shut down. Optimized BPM systems provide a beam pro-
file measurement with higher sensitivity to the beam core 
and beam tail compared to FLASH undulator wire scan-
ner system. The important parameters of BLM with opti-
cal fibers are summarized in table 1. In the last years the 
presented BLM systems are not only used at FLASH but 
also at PITZ at DESY Zeuthen [35], Germany, MAX-Lab 
[38], Lund University, Sweden and at storage rings at 
BESSY II, Berlin, Germany and DELTA [39,40] in 
Dortmund, Germany. 
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Table 1: Summary of the Beam Loss Monitor Systems 

Fast BLM Systems

Distributed Dosimeter 
System

Local Dosimeter 
System

Local Dosimeter 
System (High Dose)

Beam Loss Position Monitor
and

Beam Profile Monitor

Measurement principle:
Optical Time Domain 

Reflectormeter
Optical Power Meter

Bragg Wavelength 
shifting (Δ BWS) 

Cerenkov Light

Bunch resolution No No  No Yes, within one train
Measurement time
(detection response)

minutes  ms to minutes ms to sec ≤ ms with time resolution of 1 ns

Range of maximum dose 
TID [Gy]

3 – 450 
limited by OTDR

0.06- 2000 
limited by fiber type

2 *103- 106 

limited by fiber type
only a rough estimation possible,

fiber can used until 1*105

Wavelength range 850 - 1330 nm 860 nm
820 nm - 1,55 μm
ΔλB = 5-350 pm 200 - 850 nm

Position resolution  1.5 m 0.05 m 0,5 m 0.25 m

Reasonable fiber length*
≤ 5 km 

typical ≤100 m sections
- - ≤ 1 km 

typical 50 - 100 m sections 

Slow BLM Systems

Application

 
* Depending on max. Dose and required position resolution 
 
 

REFERENCES 
 
[1] K. Wittenburg, "Beam loss monitoring and control", 

Proceedings of the 8th  EPAC 2002, Paris, France, 
pp 109-113. 

[2] K.Wittenburg, "Beam loss detection", Proc 1st DI-
PAC93 CERN PS/93-35 (DB) pp11-20. 

[3] B.Joly, U.Weinrich, G.A.Naylor, "Beam loss moni-
tors at the ESRF", Proc. DIPAC 1999, Chester, UK, 
IT 3, pp 3-6. 

[4] H.Burkhardt, "How to use Beam Loss Monitors at the 
LHC?" Proc. Chamonix XI Workshop, Jan. 2001, 
CERN-SL-2001-003 DI. 

[5] P. Michel, J. Teichert, R. Schurig, H. Langenhagen, 
"Beam Loss Detection at Radiation Source ELBE", 
Proc. DIPAC 2003, CT05, pp 65-67. 

[6] J. Roelfe et al., "Long Ion Chambers Systems for the 
SLC", SLAC-PUB-4925, 3/1989. 

[7] K. Wittenburg, "Beam Loss Detection" DESY; Ham-
burg, Proc. 1st European Workshop on Beam Diag-
nostics and Instrumentation for Particle Accelerators, 
Montreux, Switzerland, 3-5.5.1993,CERN PS/93-35 
(BD). 

[8] http://zms.desy.de/research/accelerators/ 
international_linear_collider_ilc/index_eng.html. 

[9] http://zms.desy.de/research/accelerators/ 
free_electron_laser_flash/index_eng.html. 

 

                                                                                              
[10]  Henschel, O. Köhn, M. Körfer, Th. Stegmann, F. 

Wulf," Preliminary Trials with Optical Fiber Do-
simeters at TTF", TESLA Report No. 2000-25, Au-
gust 2000, pp 1-9. 

[11]  H. Henschel,M. Körfer, K. Wittenburg, F. Wulf , 
"Fiber Optic Radiation Sensing Systems for 
TESLA", TESLA Report No. 2000-26, September 
2000, pp 1-18. 

[12]  E. Janata, M. Körfer, "Radiation Detection by Cer-
enkov Emission in Optical Fibers at TTF", TESLA 
Report No. 2000-27, 28. December 2000, pp 1-11 

[13]  R.D. Maurer, E.J. Schiel, S. Kronenberg, R.A. Lux, 
"Effect of Neutron- and Gamma-Radiation on Glass 
Optical Waveguides", Appl. Opt. Vol. 12, No. 9, pp. 
2024-2026, 1973. 

[14]  B.D. Evans, G.H. Sigel, "Permanent and Transient 
Radiation Induced Losses in Optical Fibers", IEEE 
Trans. Nucl. Sci. Vol. 21, No. 6, pp. 113-118, 1974 

[15]  P.L. Mattern, L.M. Watkins, C.D. Skoog, J.R. Bran-
don, E.H. Barsis, "The Effects of Radiation on the 
Absorption and Luminescence of Fiber Optic 
Waveguides and Materials", IEEE Trans. Nucl. Sci. 
Vol. 21, No. 6, pp. 81-95, 1974. 

[16]  W. Gaebler, D. Bräuning, "Application of optical 
fiber waveguides in radiation dosimetry", 1st Intern. 
Conf. on Fiber Optic Sensors, pp. 185-189, London 
1983. 

WEOA01 Proceedings of DIPAC09, Basel, Switzerland

04 Beam Loss Detection

416



                                                                                              
[17]  W. Gaebler, "Characteristics of Fiber Optic Radia-

tion Detectors", SPIE Vol. 403: Optical Fibers in 
Broadband Networks, Instrumentation and Urban 
and Industrial Environments, pp. 142-145, 1983. 

[18]  W. Gaebler, "Glasfasern als Strahlungssensoren", 
Atomenergie-Kerntechnik, Vol. 43, No. 1, p. 64, 
1983. 

[19]  H. Bueker, F. W. Haesing, "Fiber-Optic Radiation 
Sensors", SPIE Col. 2425, 1994, pp. 106-114. 

[20]  H. Henschel, O. Köhn, S. Metzger, M. Decréton, P. 
Devos, O. Deparis, J. Kirchhof, St. Grimm, "Neutron 
fluence and dose measurements by optical fibers", 
SPIE Vol. 2867, pp. 290-295, 1997. 

[21]  B.R.L. Siebert , H. Henschel, "Calculation of fast 
neutron dose in plastic-coated optical fibres", IEEE 
Trans. Nucl. Sci., Vol. 45, No. 3, pp. 1570-1575, 
1998. 

[22]  H. Henschel, O. Köhn, W. Lennartz, S. Metzger, 
H.U. Schmidt, J. Rosenkranz, B. Glessner, B.R.L. 
Siebert, "Comparison between fast neutron and 
gamma irradiation of optical fibres", IEEE Trans. 
Nucl. Sci., Vol. 45, No. 3, pp. 1543- 1551, 1998. 

[23]  Kuhnhenn, J. and H. Henschel, "Influence of coating 
material, cladding thickness, and core material on the 
radiation sensitivity of pure silica core step-index 
fibers", 8th European Conference on Radiation and 
Its Effects on Components and Systems (RADECS 
2005), Cap d'Agde, France. 

[24]  H. Henschel, M. Körfer, and F. Wulf: "Fibre optical 
radiation sensing system for TESLA", DIPAC 2001 
Proceedings, Paper CT-04. 

[25]  H. Henschel, M Körfer, J. Kuhnhenn. U. Weinand, 
F. Wulf., "Fibre optic radiation sensor systems for 
particle accelerators", Nuclear Instruments and 
Methods in Physics Research Section A: 
Accelerators, Spectrometers, Detectors and 
Associated Equipment, 2004. 526(3): p. 537-550. 

[26]  D.L. Griscom, M.E. Gingerich, E.J. Friebele, 
"Radiation-Induced Defects in Glasses: Origin of 
Power-Law Dependence of Concentration on Dose", 
Phys. Rev. Lett. Vol. 71, No. 7, pp. 1019-1022, 
1993. 

[27]  J. Kuhnhenn, H. Henschel, O. Köhn, U. Weinand, 
"Thermal annealing of radiation dosimetry fibres", 
RADECS 2004, Torrejon de Ardoz, Proc. pp 39-42 

[28]  H. Henschel, M Körfer, J. Kuhnhenn. U. Weinand, 
F. Wulf., "Optical Fibre Dosimeter for SASE FEL 
Undulators", Proc. of DIPAC 2003, Mainz, 
Germany, 5-7 May, PT 31, p 248.  

[29]  K. Krebber, H. Henschel, U. Weinand, "Fibre Bragg 
gratings as high dose radiation sensors?", 
Measurement Science and Technology, Volume 17, 
Issue 5, pp. 1095-1102 (2006). 

 
 
 
 

 

                                                                                              
[30]  Henning Henschel, Stefan K Hoeffgen, Katerina 

Krebber, Jochen Kuhnhenn, and Udo Weinand, 
"Influence of Fiber Composition and Grating 
Fabrication an the Radiation Sensitivity of Fiber 
Bragg Gratings", IEEE Transaction on Nuclear 
Science, Vol. 55, No. 4, August 2008, pp 2235-2242. 

[31]  H. Henschel, M. Körfer, J. Kuhnhenn, U. Weinand, 
F. Wulf, "Fibre optic sensor Solutions for particle 
accelerators", Proc. 17th International Conference on 
Optical Fibre Sensors, 23-27 May 2005, Bruges, 
Belgium, pp 515-518, and Poster. 

[32]  W. Goettmann, F. Wulf, M. Körfer, J. Kuhnhenn, 
"Beam Loss Position Monitor using Cerenkov 
Radiation in Optical Fibers", Proc. of DIPAC 2005, 
Lyon, France, POW026, pp 301-303. 

[33]  W. Goettmann, M. Körfer, F. Wulf,"Beam Profile 
Measurement with Optical Fiber Sensors at 
FLASH", Proc. of DIPAC 2007, Vience, Italy, 
TUPB 25, pp 123-125. 

[34]  Thijs Wijnands, Luit Kort De Jonge, Jochen 
Kuhnhenn, Stefan Klaus Hoeffgen, and Udo 
Weinand, "Optical Absorption in commercial Single 
Mode Optical Fibers in a High Energy Physics 
Radiation Field", IEEE Transactions on Nuclear 
Science, Vol.55 (2008), No.4, pp.2216-2222. 

[35]  H.-J. Grabosch, W. Goettmann, "Results of Test 
Measurements, Simulation of Beam-Loss with 
FLUKA", SEI Tagung, Report; HMI-B 619, ISSN 
0936-0891, Ruhr Universität Bochum, 24. - 26. Sept. 
2007, pp 176-191. 

[36]  W. Goettmann, et. al., "Strahlverlustmessung durch 
Messung der Cerenkovstrahlung in Lichtwellen-
leitern" SEI Herbststagung, 26. – 28. Sept. 2005 
Berlin, HMI-B 2005, ISSN 0936-0891, pp 49-61. 

[37]  N. von Bargen et al., "Prototype of a Wire Scanner 
for TTF II", TESLA Report 2002-8. 

[38]  J. Bahrdt, et al., "Status of the undulator system on 
the seeded HGHG-FEL test bench at MAX-lab", 
International Free Electron Laser Conference 2007, 
Novosibirsk (2007). 

[39]  G. Schmidt, E. Kasl, K. Wille, M. Körfer, H. 
Henschel, J. Kuhnhenn, "Optical Fibre Beam Loss 
Monitors for Storage Rings at DELTA", Proc. EPAC 
2002, Paris, France, pp 1969-1971. 

[40]  F. Rüdiger, G. Schmidt, K. Wille, M. Körfer, W. 
Göttmann,"Beam Loss Position Monitoring with 
optical Fibres at DELTA", Proc. EPAC June 23- 27,  
2008, Genoa, Italy, TUOCM03, p 1032. 

Proceedings of DIPAC09, Basel, Switzerland WEOA01

04 Beam Loss Detection

417



INTENSITY AND PROFILE MEASUREMENT FOR LOW INTENSITY ION 
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MPI-K Heidelberg, Germany 
 
Abstract 
  The cryogenic storage ring CSR is a 35 m circumference 
electrostatic ring, designed for molecular- and atomic 
physics experiments at MPI-K Heidelberg. It will operate 
at pressures down to 10-13 mbar and temperatures <10 K. 
The beam intensities will be in the range of 1 nA to 1 μA, 
particle energies with between 20 - 300 keV. 
   An intensity measurement for coasting beams below 
1μA requires magnetic field detection devices, which are 
much more sensitive than existing DC beam transformers. 
The highest sensitivity is currently achieved using DC 
SQUID based cryogenic current comparators (CCCs). At 
GSI, a prototype of such a CCC was successfully tested in 
the mid 90’s, reaching a resolution of ~250 pA/Hz1/2. 
Recently a resolution of 40 pA/Hz1/2 could be achieved 
under laboratory conditions at Jena University, however, 
the CCC sensitivity in an accelerator environment 
depends strongly on efficient shielding and mechanical 
decoupling.  
   We describe our work on adaptation and improvement 
of the CCC beam transformer for the CSR. Furthermore a 
concept for an ionisation profile monitor is discussed, 
which in addition to low beam intensities, has to cope 
with extremely low gas densities at 10-13 mbar. 

INTRODUCTION 
   The CSR [1] combines a number of challenges for  
diagnostics development: Low currents, low ion energies, 
extremely low pressure, high bakeout temperatures and 
not least the cryogenic environment. To illustrate these 
boundary conditions, Table 1 shows the relevant 
parameters of the ring at one glance. 
 

Table 1: Parameters of the CSR 
 

Type Electrostatic 
Circumference 35.2 m 

Corner deflectors 2x39°, 2x6° 
Acceptance 100 mm mrad 
Mass range 1 – 100 amu 

Energy range (1+ ions) 20 – 300 keV 
Intensity range 1 nA – 1 μA 

Revolution Frequency 5 - 220 kHz 
Operation temperature 2 - 300 K 
Bakeout temperature < 350°C 

Vacuum pressure 1×10-13 mbar 
Mat. cold chamber 316 L 

Mat. isolation chamber Al 
Outer tank cross sect. ~ 1 m2 

 

 
The mass range of A ≤ 100 in the table is at the moment 
considered a reasonable design value. Studies with much 
heavier molecules with A ≤ 2000 (at much lower 
intensities than 1 nA) are foreseen in a later stage of CSR 
operation. 
   In the summer 2008 the setup of the CSR prototype ion 
trap (Cryogenic Trap for fast ions, CTF) was completed. 
Numerous vacuum tests have been performed with the 
prototype, demonstrating a pressure in the low 10-13 mbar 
range [2], which was determined by measuring the 
lifetimes of stored ion beams (τmax = 320 s for N2

+). The  
first molecular physics experiment campaign with the 
CTF has been successfully completed by the time of this 
report. For the CSR itself, the mechanical design work for 
the main components has been finished. The assembly of 
the first ring corner will start in the fall of 2009. 
  

 
 

Figure 1: Layout of the CSR and diagnostics system. 
 
   The general concept for the beam diagnostics system of 
the CSR is shown in Figure 1. In contrast to existing or 
planned electrostatic rings, the CSR will have an 
extensive set of diagnostics devices, which is similar to 
the equipment of our Test Storage Ring (TSR). The four 
linear sections include two main experimental areas, an 
electron cooler/target and a section which is dedicated to 
beam diagnostics. Beam injection is foreseen in two 
corners of the ring (ions and neutral particles/laser). 
   For measurement of the beam intensity we have 
developed a mechanical and cryogenics design for a beam 
transformer, based on a Cryogenic Current Comparator 
(CCC) with a SQUID sensor, which will also be a 
prototype for the FAIR project at GSI. 
   To measure the beam profile in a non-interceptive way, 
we investigated the possibility of an ionisation profile 
monitor (IPM) at 10-13 mbar. At this residual gas pressure, 
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the problem of dramatically decreasing count rates must 
be solved. On the other hand, increasing cross sections for 
charge exchange at low energies might lead to particle 
losses. Nonetheless we see no alternative to an IPM for 
the CSR. 

BEAM INTENSITY MEASUREMENT  
   Since the first prototype of a CCC beam transformer 
was tested at GSI [3], the device has been steadily 
optimized, mainly at Jena University. On the electronics 
side, the bandwidth could be increased (increased slew 
rate) as well as the phase-locking to the periodic voltage 
signal from the SQUID, resulting in much higher 
performance and lower background noise. On the side of 
the pickup coil, the shielding was optimised and new 
materials for the toroidal core (see Fig. 2) have been 
investigated. The currently achieved resolution of 40 
pA/Hz1/2 under laboratory conditions [4], confirm our 
expectation of current measurements in the sub nA range.  
   The principle of the CCC beam transformer is shown in 
Figure 2. It basically consists of a superconducting 
shielding, which houses a superconducting coil on a 
toroidal core of high permeability. The shielding only 
allows the azimuthal magnetic field from the ion beam to 
penetrate inside, all other field components are strongly 
attenuated (-120 dB). If the ion beam enters the CCC, a 
surface current is generated due to the Meissner Effect, 
which is - independent from beam orientation - equal to 
the beam current. The shielding represents the primary 
winding of a transformer with the secondary winding 
being the pickup coil, which is again coupled to the 
SQUID circuit via a flux transformer for inductance 
matching. 

 
 

Figure 2: Principle of the CCC beam transformer [3]. 
 

For an increased performance of the system numerous 
ferrite materials have been tested recently in a dedicated 
setup at FSU Jena [6], suggesting a change from the 
formerly used VITROVAC® to the so called 
NANOPERM® material, the latter showing a high 
permeability over a large frequency range (μr ≈ 50000, f ≈ 
1 Hz - 70 kHz), which fullfills the demand of a high 
inductivity pickup coil with the lowest possible number of 
windings (N=1). A high bandwidth is not crucial for the 

application in CSR, but essential for peak current 
measurements at FAIR. 
   The mechanical and cryogenic design of the CCC for 
CSR and FAIR takes into account that all components of 
the CCC have to be cooled down to liquid helium 
temperature, with a temperature stability of 50 mK to 
minimise noise and zero shift. Since the CSR also has an 
operation mode at room temperature, its CCC will have a 
separate thermal shielding, which must be closed towards 
the (potentially warm) beam tube and will be installed 
inside the inner (40 K) thermal shield (see figure 3). The 
SQUID and the toroidal core of the pickup coil define an 
upper temperature limit of only 80° C, which means the 
CCC shield has to be water cooled during bakeout. The 
liquid helium container, which houses the 
superconducting shielding and the attached SQUID 
electronics, will be suspended with wires inside the 
aluminum shield.  
 

 
 

Figure 3: CCC beam transformer installation for the CSR. 
 
   Some effort is necessary for the suppression of 
mechanical vibrations. The shield itself is placed (with 
thermally isolating Ti feet) on a massive ground plate, 
which is - decoupled from the CSR isolation vacuum 
chambers by bellows - mounted on vibration damping 
feet on a separate support outside the isolation vacuum. 
Vibrations from the streaming helium in the cooling lines 
or from the refrigerator were measured in our prototype 
setup and found to be neglectable. 
   The CSR offers (besides a helium supply and the 
absence of vibration from cooling devices) the advantage 
of being completely non-magnetic - this concerning its 
optical elements as well as the used materials ( μr < 0.01). 
Nonetheless we are currently in the process of designing 
the superconducting shielding of our CCC to reach a 
performance, which is (despite the differing shielding 
geometry) identical to the shielding in the DESY setup.  

BEAM PROFILE MEASUREMENT  
At a vacuum pressure of 1×10-13 mbar, the count rate 

for residual gas ionisation by a 300 keV, 1 μA Proton 
beam is calculated with R = σ n v η N to be 10 Hz. Here 
σ is the ionisation cross section, taken from [6], n is the 
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residual gas density, v is the beam velocity, η is the ratio 
of the effective detector length to the ring circumference 
and N is the number of stored ions. A count rate of 10 Hz 
is slightly above the MCP noise level and does not allow 
for reasonable beam profile measurements. Therefore, the 
pressure must be increased to at least 10-11 mbar in a 
short, well defined section of the ring. 
   A number of other design criteria must be taken into 
account: To have proper imaging of the beam profile, 
high field homogeneity over a large area (beam diameter 
up to 8cm) is essential. At the same time, the kick on the 
circulating beam must be minimized. MCP operation at 
low temperature has been investigated in [7] and seems 
feasible. The IPM must be highly redundant (due to bad 
accessibility once installed in CSR) and have a good 
thermal conductivity.  
   To match these criteria we designed an IPM (Fig. 4), 
which basically consists of two identical twin IPMs with 
reverse polarity in x- and y-direction (kick compensation, 
redundancy). The MCP is screened from the extraction 
voltage by a grid, the whole structure is built from copper 
and the insulators are made from sapphire.  

 
 

Figure 4: The IPM for CSR. 
 
   The voltages on the field shaping electrodes can be, due 
to the low residual gas temperature, comparatively low 
(100 V). On the one hand this reduces the influence of the 
IPM on the circulating beam, on the other hand the low 
IPM field can suffer from deformation caused by the 
MCP voltage, even if the MCP is screened with a grid. As 
a reasonable compromise we found an IPM voltage of UEl 

= ± 600 V (UMCP = -2 kV), which gives a resolution of Δx 
= 45 μm. By doing field analysis and particle tracking of 
a 20 keV proton beam with the TOSCA® code and then 
calculating the influence on the closed orbit with MAD, it 
turned out that at ± 600 V the closed orbit shift is 1.1 mm 
in the y-direction and 0.5 mm in the x-direction. The 
uniformity of the field is given by Ex/Ey < 2 % at the 
worst point in an area of 70 x 100 mm below the MCP. 
The values are acceptable and have to be seen as a worst 
case estimation, because the screening grid was 
approximated with a large mesh (3 x 3 mm) with 1mm 
wires due to limited available memory. Using a real 85% 
transmission grid, the IPM voltages as well as the closed 
orbit shift will be much lower. 

 
 

Figure 5: Closed orbit distortion of a 20 keV proton beam 
caused by the IPM voltage from MAD. 
 
   To increase the gas pressure in the IPM section, we are 
currently investigating the possibility of heating a test 
chamber in our CSR prototype setup. Theoretically, 10% 
of a monolayer of hydrogen can decrease the pressure 
from our present 10-13 mbar to 10-11 mbar for about 30 
days, if the chamber is heated with its bakeout wires with 
a current of 200 mA (W ≈ 800 mW). We are considering a 
scheme of carefully heating the IPM chamber itself as 
well as neighbouring chambers, possibly in connection 
with a H2 gas inlet.  

OUTLOOK  
   After the geometry of the CCC shielding is fixed, a 
toroidal core with appropriate dimensions will be tested 
for its mechanical properties (microphony) at FSU Jena. 
Manufacturing of the shielding and setup of the prototype 
is planned until the end of 2009. 
For the IPM tests in the CSR prototype, we have designed 
a small (5 x 5 cm) test IPM, which will be installed after 
the current experimental runs. 
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Abstract

The pepperpot provides a unique and fast method of
measuring emittance, providing four dimensional corre-
lated beam measurements for both transverse planes. In
order to make such a correlated measurement, the pepper-
pot must sample the beam at specific intervals. Such dis-
continuous data, and the unique characteristics of the pep-
perpot assembly, requires special attention be paid to both
the data acquisition and the error analysis techniques. A
first-principles derivation of the error contribution to the
rms emittance is presented, leading to a general formula
for emittance error calculation. Two distinct pepperpot sys-
tems, currently in use at GSI in Germany and RAL in the
UK, are described. The data acquisition process for each
system is detailed, covering the reconstruction of the beam
profile and the transverse emittances. Error analysis for
both systems is presented, using a number of methods to
estimate the emittance and associated errors.

INTRODUCTION

The use of pepperpots in measuring transverse emittance
is widespread. The pepperpot is unique in providing an in-
stantaneous measurement of the 4 dimensional emittance
of a beam in a single shot. To do so the pepperpot sacrifices
position resolution by measuring the beam only at discrete
intervals through an intercepting screen. With suitably fast
analysing software, this provides the opportunity of mea-
suring and visualising the emittance of the beam in real
time. The disadvantage of using a pepperpot is that they are
highly destructive to the beam, primarily due to the inter-
cepting screen, and the discontinuous nature of the position
measurement that results from segmenting the beam.

To fully categorise emittance measurement error, a first
principles analysis of the propagation of errors through the
calculation of rms emittance has been carried out. This re-
sults in a general formula for the calculation of errors from
any method of emittance measurement. This error analysis
procedure is demonstrated for two contrasting pepperpot
designs.

PEPPERPOT SYSTEMS

Error analysis has been carried out for two pepperpot
systems: from the HITRAP project at GSI [1] and the Front
End Test Stand (FETS) at RAL [2].

Figure 1: 3-D model of the FETS pepperpot assembly [3].

A CAD model of the FETS pepperpot assembly is shown
in Fig. 1: full description of the FETS pepperpot device
is given in [3]. The intercepting screen is a 100 μm thick
tungsten foil with a square array of 41×41 holes, each
50± 5 μm in diameter, on a 3± 0.01 mm pitch, giving a
total imaging area of 120×120 mm2. The beam is imaged
with a quartz scintillator, 10 mm from the tungsten screen,
and a 2048×2048 pixel PCO 2000 high speed camera: the
camera-to-screen distance of 1100 mm gives a resolution of
65 μm per pixel and an angular resolution of 6.5 mrad. Data
is recorded from the camera direct to a multi-image TIFF
file and analysed with Matlab. Calibration is carried out
using a series of calibration marks on the rear copper plate
facing the camera: 4 lines, forming a 125 mm×125 mm
square around the intercepting screen, provide the neces-
sary calibration information on the size, location and rota-
tion of the pepperpot holes.

Figure 2: The HITRAP pepperpot setup (cf. [5]).

The setup of the GSI pepperpot system for the HITRAP
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experiment is outlined in [4], with recent modifications
detailed in [5]: the complete system is shown in Fig. 2.
The pepperpot can be equipped with various intercepting
screens: for recent measurements a 100 μm thick tung-
sten foil was used, with an array of 19×19 holes, each
100± 10 μm in diameter, on a 1.6± 0.02 mm pitch, to
image an area of 29×29 mm2. An Al2O3 scintillator is
mounted 150 mm from the screen: pepperpot images are
recorded with a cooled fast shutter CCD camera with a
1280×1024 pixel resolution, giving an angular resolution
of 0.3 mrad. A laser is used to calibrate the system: an im-
age is recorded of the resulting light spots on the imaging
screen, these calibration spots are projected to horizontal
and vertical axes and the maxima are defined as calibration
positions for each individual row and column.

EMITTANCE ERROR ANALYSIS

In order to calculate an error on the emittance, it is nec-
essary to derive an emittance error formula by propagating
the errors on each measured quantity through the formula
for emittance. The rms emittance is used as it is mathemati-
cally well defined, allowing such a first-principles approach
to be used. Such an approach is valid only if the errors on
each variable are also well defined: this is addressed in the
next section. In the x-plane, the definition of εrms is:

εrms =
√
〈x2〉〈x′2〉 − 〈xx′〉2 (1)
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To calculate an error on the emittance, a variance, σ2
εrms

,
and hence a standard deviation, σεrms , must be derived.
The variance on one term of the

∑N
i=1 ρix

2
i series is given

by:

σ2
ρx2 = 4ρ2x2σ2

x + x4σ2
ρ (3)

Since, for addition, variances also add, the variance for
the complete series, σ2P

ρx2 is:

σ2P
ρx2 =

N∑

i=1

(
4ρ2

i x
2
i σ

2
xi

+ x4
i σ

2
ρi

)
(4)

. . . since every position measurement, xi, has its own er-
ror, σxi , and each intensity measurement, ρi, has its own
error σρi . The same calculation holds true for

∑N
j=1 ρjx

′2
j

and its associated variance, σ2P
ρx′2 :

σ2
ρx′2 = 4ρ2x′2σ2

x′ + x′4σ2
ρ (5)

σ2P
ρx′2 =

N∑

j=1

(
4ρ2

jx
′2
j σ2

x′
j
+ x′4

j σ2
ρj

)
(6)

The variance for the product of these two terms,
σ2P

ρx2
P

ρx′2 , is given by:

σ2P
ρx2

P
ρx′2 =

(
N∑

i=1

4ρ2
i x

2
i σ

2
xi

+ x4
i σ

2
ρi

)⎛

⎝
N∑

j=1

ρjx
′2
j

⎞

⎠

2

+

(
N∑

i=1

4ρ2
i x

′2
i σ2

x′
i
+ x′4

i σ2
ρi

)⎛

⎝
N∑

j=1

ρjx
2
j

⎞

⎠

2

(7)

Two more variances are needed: for the xx′ and ρ2 terms
in Eqn. 2. Following the same procedure:
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As such, the variance for the numerator in Eqn. 2 is:

σ2P
ρx2

P
ρx′2−(

P
ρxx′)2 =

(
N∑

i=1

4ρ2
i x

2
i σ

2
xi

+ x4
i σ

2
ρi

)⎛

⎝
N∑

j=1

ρjx
′2
j

⎞

⎠

2

+

(
N∑

i=1

4ρ2
i x

′2
i σ2

x′
i
+ x′4

i σ2
ρi

)⎛

⎝
N∑

j=1

ρjx
2
j

⎞

⎠

2

+

4

(
N∑

i=1

x2
i x

′2
i σ2

ρi
+ ρ2

i x
′2
i σ2

xi
+ ρ2

i x
2
i σ

2
x′

i

)⎛

⎝
N∑

j=1

ρjxjx
′
j

⎞

⎠

2

− 8

(
N∑

i=1

ρ2
i x

4
i x

′4
i σ2

ρi
+ ρ4

i x
2
i x

′4
i σ2

xi
+ ρ4

i x
4
i x

′2
i σ2

x′
i

)

(13)

WEOA03 Proceedings of DIPAC09, Basel, Switzerland

07 Hadron Accelerator Instrumentation

422



The subtraction comes about through the cancellation of
terms in Eqn. 2. Propagating the errors through the division
and square root gives a variance on εrms, σ2

εrms
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The error on the rms emittance, σεrms , is the square root
of this value.

PEPPERPOT EMITTANCE ERRORS

The next stage is to identify the errors on each mea-
sured quantity and use these to calculate σεrms . For pep-
perpot measurements, the dominant errors are: the spacing
of the holes for σx; the camera resolution and pepperpot-to-
scintillator distance – defining the angular resolution – for
σx′ ; and the inherent beam variation and signal noise in the
measurement apparatus for σρ. Certain errors, such as the
shape and diameter of the holes, contribute to both σx and
σρ: however, the dominant contribution to σx is clearly the
hole spacing, and careful analysis of the hole size would
allow this error to be removed. It is assumed that the hole
size is smaller than the relative pixel size of the camera, al-
lowing simple angles to be calculated through ray tracing,
and that the camera orientation defines the beam orienta-
tion. As such, calibration errors contribute only to errors
on σx′ .

The emittance values derived from measurements for the
two systems, along with the corresponding error estimate
for each contributing error, is shown in Table 1. Where
errors are negligible, or error analysis has not been carried
out, no figure is shown. For the FETS system, an additional
angle error of ∼1 mrad per mm is included due to the in-
accuracy of the calibration. Two sources of intensity error
are considered: beam noise, corresponding to the stochas-
tic pulse-to-pulse variation in the beam, and the noise floor,

FETS HITRAP
Value σ (%) Value σ (%)

Beam radius (mm) 45 – 17 –
εx (π mm mrad) 0.61 – 0.24 –

Hole spacing (mm) 3 1.8 1.6 2.2
Angle res. (mrad) 6.5 1.6 0.3 0.2
Beam noise (%) 10 1.3 10 0.3
Noise floor (%) 2 ∼ 0 10 1.2
σε (π mm mrad) 0.029 4.8 0.010 3.9

Table 1: Percentage Emittance Error Contributions for
Pepperpot Measurements

a pessimistic figure representing the constant level of back-
ground noise (quoted as a percentage of the maximum sig-
nal). For the FETS system, each source of error contributes
approximately equally to the final error figure of ± 4.8%:
For the GSI system, the dominant error is clearly the hole
spacing, with a contribution from the background noise:
the angle resolution is considerably better than the FETS
system and this is reflected in the error values. An inter-
esting effect is that the beam noise contributes significantly
more for the FETS system but is dominated by the noise
floor in the HITRAP system: this is a result of the smaller
beam and lower light intensity producing a less intense pep-
perpot image for the HITRAP pepperpot. This also con-
tributes to the larger position error.

CONCLUSIONS

The formula for calculating rms emittance errors has
been applied successfully to 2 different pepperpot setups,
with promising results. Further work is required to cate-
gorise errors not included in this analysis, since these affect
the accuracy of the emittance measurement while not con-
tributing to the error estimate. This has particular impor-
tance when dealing with cut selection, something dealt with
in considerable detail by the SCUBEEx algorithm (see [6]
and Refs therein). As such, this method constitutes a mini-
mum estimate of the emittance error.
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BEAM DIAGNOSTIC DEVELOPMENTS FOR FAIR* 

M. Schwickert, P. Forck, P. Kowina, T. Giacomini, H. Reeg, A. Schlörit,  
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany

Abstract 
The FAIR (Facility for Antiproton and Ion Research) 

accelerator complex is currently designed and projected at 
GSI. The unique features of the main machine SIS100, 
like e.g. the acceleration of high intensity beams of 
2.5×1013 protons and 5×1011 Uranium ions, the operation 
close to the space charge limit leading to a large tune 
spread and the extreme UHV conditions of the cryogenic 
system for fast ramped superconducting magnets, impose 
challenging demands on the beam diagnostic components. 
This contribution describes the general concept of beam 
diagnostics for FAIR and reports on the present status of 
prototype studies. Exemplarily the achievements for a 
novel type of dc transformer, beam position monitors and 
the ionization profile monitor are discussed and first 
measurements with prototype setups are presented. 

FAIR ACCELERATOR COMPLEX 
Presently GSI entered the final planning phase for the 

international FAIR project [1]. The existing GSI 
accelerators, UNILAC and SIS18, together with a new 
high-current proton LINAC will act as injectors. In its 
final stage FAIR will consist of two heavy ion 
synchrotrons (SIS100, SIS300) and four storage rings 
(CR, RESR, NESR, HESR).  The main features of FAIR 
are: acceleration of all ion species from protons to 
Uranium, high currents of primary beams, generation of 
radioactive beams for fixed target experiments or 
injection in storage rings, as well as  antiproton 
production, accumulation and storage ring experiments. 
For the planned large variety of physical experiments the 
multiplexed operation of the whole facility with different 
settings for ion species, energy etc. on a pulse-to-pulse 
basis, has been an important design criterion. In this 
contribution we focus on diagnostics for the fast ramped 
superconducting synchrotron SIS100 and the high energy 
beam transport section of FAIR. 

REQUIREMENTS FOR DIAGNOSTICS 
A set of general strategies has been considered in order 

to facilitate the construction of the facility with world-
unique complexity.  A main paradigm is the facility-wide 
standardization of diagnostic devices. Even though the 
requirements of the synchrotrons and storage rings differ, 
it is planned to use identical diagnostic installations 
wherever applicable. Standardization also covers the 
front-end software FESA [2] as an integrative platform 
for all diagnostic devices at FAIR. Concerning the 
hardware it is planned to use commercially available 
components to a maximum extent, in order to reduce 
manpower and spares inventory.  

FAIR beam parameters impose strict requirements for 
all diagnostic devices. A strong constraint with regard to 
mechanics is the extreme UHV condition down to 5×10-12 
mbar in SIS100. In this main synchrotron, high currents 
(up to the space charge limit) of primary beams in low 
charge states will be stored and accelerated with a large 
incoherent tune spread of up to ΔQ≈0.5. An important 
prerequisite is the precise beam alignment since in certain 
locations the synchrotron acceptance is limited to 6 times 
the rms beam width. For the High Energy Beam Transport 
section of FAIR the acceptance is even lower, four times 
the rms beam width. The goal for diagnostics in transport 
lines and storage rings is to achieve a high resolution and 
low detection limit. Additionally, the HEBT diagnostic 
devices have to deal with slow and fast extracted beams, 
respectively. Due to the requirement for online 
measurements and in order to prevent device destruction 
at high beam intensities, non-intercepting diagnostics is 
preferred and focused on in this contribution. 

BEAM CURRENT MEASUREMENT 

Novel DC Current Transformer (NDCCT) 
For the GSI-built synchrotron DCCT, it was found that 

at high beam currents (>70mA) and bunch frequencies 
around 1.2 MHz the feedback loop of the DCCT loses 
control and the setting of the correct working point 
becomes unreliable. Therefore an alternative device based 
on state-of-the-art sensor technology is presently under 
development at GSI [3]. The NDCCT makes use of 
integrated GMR sensors (giant magneto-resistance) inside 
the gap of a split flux concentrator (amorphous alloy or 
ferrite toroid). The GMR signals are corrected and 
amplified by a differential pre-amplifier. Additionally, an 
AC transformer path is implemented by a secondary 
winding. Special requirements for the NDCCT are: low 
noise characteristic, high resolution (~100 µA), capability 
to measure beam currents from 100 µA to 150 A (2 A 
DC), bunch frequency up to 5 MHz, long-term zero-point 
stability and high absolute accuracy.  

The utilized GMR sensor (AA-0002, Nonvolatile 
Electronics Co.) consists of 4 meandered resistors and 2 
flux concentrators, building up a Wheatstone bridge. 
Studies on the frequency response revealed that the sensor 
circuitry spans inductive loops and, above a certain 
threshold frequency, the frequency response of the GMR 
sensor becomes disturbed. The upper frequency threshold 
was found to be a result of macroscopic effects like 
unwanted induced voltages in the sensor, eddy currents 
and skin effects in the GMR's NiFe-layer, leading to a 
reduced bridge voltage above the cut-off frequency of 1 
MHz, as depicted in Fig. 1. The GMR frequency response 
is shown for different core materials (CMD5005, ___________________________________________  
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VITROVAC6025F) and different magnetic remanences. 
An important goal for the NDCCT design is to reach an 
overall resolution in the 100 µA region. The NDCCT 
resolution is dominated by system noise, while the noise 
contribution of the passive ACT-part is negligible with 
respect to the GMR noise. The lower resolution limit was 
estimated by detection of the broadband sensor noise 
(GMR+pre-amp). For S/N=2, the measurement of the 
minimum power spectrum density yields 88 nV/√Hz. 

Figure 1: GMR signal vs. frequency. 

Due to the system cut-off frequency of 1 MHz, the 
sampling rate has to be 2 MHz leading to signal 
amplitude of ~88 µV. Thus, the calculated minimum 
detectable beam current is as low as 220 µA. The 
electromagnetic interference of the unshielded test setup 
was found to be quite high and reduction of the 
interfering signals will be studied after the design of the 
readout electronics has been finished.  

Cryogenic Current Comparator (CCC) 
Because the CCC allows non-intercepting beam current 

measurements down to the nA-range [4] its installation 
inside HEBT beamlines is foreseen. The measurement 
principle of a CCC is based on the effect that for an ideal 
superconductor the magnetic flux is expelled from the 
bulk material through shielding currents on the materials 
surface. The magnetic field of a passing ion beam is 
measured by a superconducting toroid including a single 
winding pick-up coil with a ferromagnetic core. The coil 
signal is fed into a DC SQUID and digitized. In order to 
achieve a high current resolution in the nA-range both, 
the SQUID and the pick-up coil, have to be effectively 
shielded against external magnetic fields. A detailed 
investigation on noise contributions of the ferromagnetic 
core material was carried out. The theoretical calculations 
have shown that, apart from a good attenuation of 
external fields, the CCC resolution strongly depends on 
the choice for the coil material. Thus a wide range of 
ferromagnetic materials has been investigated with 
respect to their permeability as a function of temperature 
(down to 4.2 K) and frequency (dc to 10 kHz) [5].  The 
best choice for the core material is NANOPERM 
(Magnetec GmbH). The next step is to manufacture a 
prototype coil structure and to implement it in a vacuum 
chamber with cryostat. Further details of the CCC 
prototype development can be found in [6]. 

PROFILE MEASUREMENT 

Ionization Profile Monitor 
The ionization profile monitor (IPM) allows non-

intercepting detection of transverse beam profiles. 
Profiles of the circulating beam inside the synchrotron are 
monitored by detection of the ionized residual gas 
molecules (e.g. H2). Here a transverse electric field is 
applied to accelerate either (depending on polarity) the 
ionized gas atoms of the residual gas or the emitted 
electrons towards a spatial resolving Micro-Channel Plate 
phosphor module. An electric field of 50 V/m is realized 
with an inhomogeneity of less than 1% by dedicated field 
forming electrodes to ensure position preservation. 
Additionally, if electrons shall be detected, a guiding B-
field of ~30 mT is required, as calculated using FEM 
simulations.  

The IPM installation in SIS18 is operative since 2003 
and the device has become almost a standard tool for 
beam tuning. Exemplarily, Fig. 2 shows measurement 
results for the beam profile evolution at different levels of 
noise excitation leading to significant emittance blow-up. 

 

Figure 2: IPM measurements of vertical beam profile for 
different exciter settings. Insert: beam width sigma 
(Gaussian fit to beam profiles) vs. exciter power. 

As part of an EU-FP6 project the new development of 
an advanced IPM for SIS18 was launched as a prototype 
for FAIR IPMs. As a first step a test bench was 
constructed to investigate a new concept for MCP 
installation. The test bench includes an UV lamp for 
calibration of the MCPs (100×48 mm2), including a 
phosphor screen for the conversion of the electron signal 
to blue light. This P47 screen has a decay time of 100 ns. 
For the advanced IPM two measurement modes are 
foreseen: 1) high spatial resolution by CCD, 2) turn-by-
turn readout by PMT. In mode 1 the goal is to reach a 
high spatial resolution of 0.1 mm at the cost of a lower 
time resolution of typically 10 ms. For this mode a 
triggered GigE CCD camera (framerate 200 frames/s) 
digitizes the fluorescent image of the MCP. The 
standalone front-end software for CCD readout exists and 
is presently tested. The proof of principle of this 
measurement mode was achieved by successful beam 
tests with protons at the COSY synchrotron (FZ Jülich, 
Germany, cf. [7]).  For the turn-by-turn measurement a 
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multi-anode photo-multiplier with 32 channels will be 
used. The read out of the anodes is performed using a 
dedicated digitizer board, including purpose built FPGA 
and DSP electronics (framerate: 10 MSlices/s), designed 
and manufactured by the collaboration partner ITEP 
(Moscow) [8]. The goal of this measurement mode is to 
reach a time resolution of 100 ns at a reduced spatial 
resolution of 0.8 mm. The novel electronics has been 
manufactured and the prototype is presently tested.  

BEAM POSITION MONITORS 
The development of beam position monitors (BPM) in 

SIS100 is subdivided into five subprojects: 1) pick-up 
design for BPM installation inside cryostats [9], 2) 
cryogenic signal feed-throughs, 3) design of transformers 
for impedance matching, 4) low noise, 50 Ohm input 
impedance amplifiers [10] and 5) data acquisition using 
LIBERA digitizer boards [11]. Since a comprehensive 
description of all subprojects is out of the scope of this 
contribution, we focus on impedance matching and data 
acquisition. Because of the required resolution of the 
BPM system inside the cryogenic environment (accuracy 
100 µm, mechanical stability 50 µm) metalized ceramics 
were preferred for the pick-up plates instead of bulk metal 
electrodes. Details on the FEM simulations for 
optimization of shoe-box BPMs are given in [9].  

The BPM signals are fed into matching transformers 
because a direct mounting of pre-amplifiers inside the 
cryostat would exceed the allowed thermal load. 
Secondly, the expected radiation level close to the BPM 
(some ten kGy/yr) is too high. Therefore the cable length 
will reach approx. 5 m, calling for 50 Ohm cables in con-
nection with low impedance amplifiers. To fulfil these re-
quirements transformers for impedance matching have to 
be used, which have been investigated with respect to 
their frequency dependent transfer function. After exten-
sive studies of various materials in the frequency range 
0.1-100 MHz VITROPERM500F (Vakuumschmelze 
GmbH&Co.KG) was chosen. Additional measurements of 
transfer functions at liquid Nitrogen and liquid Helium 
temperatures have shown no saturation effects [12]. 

As a second parallel subproject the new data acquisition 
system has been designed and is currently being tested. 
As shown in Fig. 3, each of the 12 BPMs of SIS18 is now 
connected to a LIBERA digitizer (4×14 Bit ADC, 125 
MSa/s, [11]). For the broadband analysis of bunch signals 
by calculating the integrals of the sampled difference and 
sum data, two steps are implemented in the FPGA: a) 
window generation [13] and b) baseline restoration [14]. 
Whereas the algorithm for direct base-band digitization 
resides in the FPGA, raw data as well as calculated beam 
positions can be transmitted via 1 GbE Rocket I/Os to 
data concentrators. This concept allows investigating the 
position data on a bunch-by-bunch manner. To handle the 
data rate of 700 MB/s for the 12 BPMs a dedicated 
network connects the LIBERAs to 2 high performance 
concentrator servers (Intel quad core PC).  

Figure 3: Layout of the new BPM data acquisition system 
for SIS18. 

An industrial partner [15] was contracted to implement 
the data path from the FESA-controlled LIBERA, via 
middleware to a JAVA based GUI. Additionally, the 
system is also capable of online tune measurements by 
FFT calculation on the position data. The new BPM 
system is now installed at SIS18 and first tests with beam 
have been successfully completed.  

CONCLUSIONS 
We have shown that the demanding beam parameters of 

FAIR require in many cases advanced diagnostic devices 
that are currently being developed at GSI. First prototype 
tests at existing accelerators yield encouraging results. 
The authors acknowledge W. Vodel, R. Geithner, T. 
Sieber and A. Peters for the CCC collaboration, U. Raich, 
J. Belleman for fruitful discussions on the BPM layout 
and J. Dietrich and D. Liakin for the collaborative work 
on the IPM.  
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BEAM DIAGNOSTICS AND RF SYSTEMS
REQUIREMENTS FOR THE SwissFEL FACILITY
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Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Abstract

In this paper, we describe four very different operating
modes of the SwissFEL facility, the requirements of the
challenging beam diagnostics and ultra-stable RF systems
needed for two special operating modes with 10 pC, and
current developments of beam diagnostics and RF systems
for the PSI 250 MeV injector test facility.

INTRODUCTION

SwissFEL will supply coherent, ultra-bright, and ultra-
fast XFEL photon beams covering the wavelength range
from 0.1 nm to 7 nm. To build the whole facility within
about 800 m, PSI will use a 2.5 cell S-band RF gun, a
530 m long normal conducting RF linac, and a 70 m long
in-vacuum undulator using the NdFeB with diffused Dy for
the hard X-ray beamline and a 70 m long Apple-II type un-
dulator for the polarization controllable soft X-ray beam-
line [1–3]. SwissFEL will be operated with four very dif-
ferent operating modes according to the overall electron
bunch length compression factor, which determines RF jit-
ter tolerances. To begin with, SwissFEL will be operated
with a compression factor of 75. After improving the RF
systems and beam diagnostics step by step, the facility
could be operated with a compression factor of about 2400
to supply a fully coherent single spike XFEL photon pulse.
In this paper, we review the requirements of the beam diag-
nostics and RF systems for two highly challenging operat-
ing modes with 10 pC, which have compression factors of
240 and 2400, respectively.

MODES & REQUIREMENTS

To begin with, SwissFEL will be operated with three
nominal modes with 10 pC and 200 pC, which have com-
pression factors of 75, 125, and 240 [1]. In the nominal
operating modes, a higher single bunch charge of 200 pC
will be used to supply more photons per pulse, and a lower
single bunch charge of 10 pC will be used to supply shorter
photon pulses [1, 3]. For one upgraded mode with 10 pC,
RF systems and beam diagnostics will be greatly improved,
and attosecond XFEL photon pulses can be generated by
increasing the compression factor up to about 2400. For
the upgraded operating mode with 10 pC, the soft X-ray
beamline will supply transversely as well as longitudinally
coherent 250 as (rms) long single spike photon pulses in a

∗Mail : Yujong.Kim@PSI.ch

Table 1: Parameters of the SwissFEL Project.
Operating Mode Nominal Upgraded

Parameters unit long pulse short pulse atto pulse

beam energy E GeV 5.8 5.8 5.8 / 3.4

single bunch charge pC 200 10 10

core-slice emittance μm 0.43 / 0.38 0.18 0.25

slice rms E-spread MeV 0.35 / 0.25 0.25 1.00

peak current kA 2.7 / 1.6 0.7 7

projected emittance μm 0.65 0.25 0.45

rms bunch length fs 31 / 47 6.2 2.4

compression factor · 125 / 75 240 2400

undulator period mm 15 15 15 / 40

undulator parameter · 1.2 1.2 1.2 / 1.05

saturation length m 48 / 55 50 30 / 25

shortest wavelength nm 0.1 0.1 0.1 / 0.7

rms photon length fs 12 / 19 2.3 0.25

number of photon 109 31 / 32 1.7 3.2 / 31

rms bandwidth % 0.03 / 0.03 0.035 0.05 / 0.35

single spike pulse · no / no no / no no / yes

longitudinal coherence · no / no no / no no / yes

transverse coherence · yes / yes yes / yes yes / yes

range of wavelengths from 0.7 nm to 7 nm, while the hard
X-ray beamline will supply transversely coherent 250 as
(rms) long multiple spike photon pulses in a range of wave-
lengths from 0.1 nm to 0.7 nm. Detailed information on the
four different operating modes and minimum required and
expected beam parameters are summarized in Table 1 [1,3].

To check the beam quality at the entrance of the un-
dulator for two highly challenging operating modes with
10 pC, we have optimized linac layouts for SwissFEL with
the ASTRA and ELEGANT codes, and performed start-to-
end (S2E) simulations as summarized in Fig. 1. Here, all
key beam dilution effects such as space charge effects up
to 150 MeV, short-range transverse and longitudinal wake-
fields in all linac structures, incoherent synchrotron radia-
tion (ISR) and coherent synchrotron radiation (CSR) in the
BC dipoles, and fringe-field and chromatic effects in all
magnets are considered. From those S2E simulations, we
realized that the lower charge operating modes with 10 pC
can supply much better beam quality than the minimum re-
quired beam qualities, which are summarized in Table 1.

As shown in Fig. 1(top), in the case of the nominal mode
with 10 pC, the rms transverse beam size, the normal-
ized rms projected emittance, and the normalized core-slice
emittance at the entrance of an undulator are about 8.5 μm,
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dE,slice < 800 keV for whole bunch

22.0 MV/m
-25.55 deg

Figure 1: Two special operating modes with 10 pC: nominal mode (top) and upgraded mode (bottom).

0.11 μm, and 0.08 μm, respectively. Since the beam size
and emittances are very small in this operating mode, the
resolution of the beam based alignment (BBA) or the off-
set between the ideal design orbit and quadrupole (QM) in
the linac should be smaller than 2 μm (rms) to keep emit-
tance growth in the linac smaller than 2% (rms) [1]. Since
the transverse rms beam size at the entrance of an undu-
lator is about 8.5 μm (rms), the BPM resolution for un-
dulators should be smaller than 1 μm (rms) to maintain a
good overlap between photon beams and electron beams
for lasing. Additionally, the resolution of OTR screens in
the linac should be smaller than 2 μm (zero-to-peak i.e., z-
to-p) to detect 5% projected emittance growth in the linac.
Even though the peak current is only 728 A, the photon
beam power can be saturated within 50 m of undulator due
to the ultra-low core-slice emittance. The requirements for
the nominal operating mode with 10 pC are summarized in
Table 2. Here, we assume that the repetition rate is 100 Hz,
and six S-band klystrons and two X-band klystrons will be
used in the injector linac [1]. To determine RF tolerances
for the nominal mode with 10 pC, we assume that an active
orbit feedback system is working in front of the undulator
beamline, and we used the following four criteria on XFEL
performance; beam arrival time error�Tarrival ≤ 30 fs (z-
to-p), saturation power error �Psat/Psat ≤ 30% (z-to-p),
central wavelength error �λ0/λ0 ≤ 0.001% (z-to-p), and
power saturation length error �Lsat/Lsat ≤ 15% (z-to-p)
from 80% core slices for 60 seconds.

As summarized in Table 1 and as shown in
Fig. 1(bottom), the 250 as (rms) long photon pulses
can be generated by compressing the electron bunch length
down to about 2.4 fs (rms). For the upgraded operating
mode with 10 pC, the longitudinal beam diagnostic
systems, the RF reference timing distribution system, and
the RF low level systems are extremely challenging due
to the ultra-short electron bunch and the photon pulse
length as summarized in Table 3. Here, we assume that

Table 2: Requirements of Nominal Mode with 10 pC.
Parameters Tolerances

gun laser arrival time error ≤ 5 fs (rms)

single bunch charge error ≤ 1% (rms)

INJECT S-band �φs per klystron (total six) ≤ 0.01 deg (rms)

INJECT S-band �Vs/Vs per klystron (total six) ≤ 0.01% (rms)

X-band �φx per klystron (total two) ≤ 0.06 deg (rms)

X-band �Vx/Vx error per klystron (total two) ≤ 0.06% (rms)

gun solenoid misalignment after BBA ≤ 20 μm (z-to-p)

S-band structure misalignment after BBA ≤ 100 μm (z-to-p)

S-band solenoid misalignment after BBA ≤ 50 μm (z-to-p)

X-band structure misalignment after BBA ≤ 50 μm (z-to-p)

BC dipole misalignment after BBA ≤ 50 μm (z-to-p)

BC dipole roll error after BBA ≤ 25 μrad (z-to-p)

BBA resolution ≤ 2 μm (rms)

screen resolution to detect 5% emittance growth ≤ 2 μm (z-to-p)

gun solenoid power supply error �Isol/Isol ≤ 10 ppm (rms)

BC dipole power supply error �Ibc/Ibc ≤ 10 ppm (rms)

QM power supply error �Iqm/Iqm ≤ 10 ppm (rms)

steerer power supply error �Ist/Ist ≤ 10 ppm (rms)

girder vibration amplitude from 2 Hz to 200 Hz ≤ 50 nm (rms)

undulator BPM resolution ≤ 0.85 μm (rms)

six S-band klystrons and six X-band klystrons will be
used in the injector linac to operate SwissFEL facility at
400 Hz [1]. Due to a much stronger power fluctuation,
a much higher uncorrelated energy spread, and a much
shorter photon pulse, we have used four somewhat dif-
ferent criteria to determine RF tolerances for the single
spike operating mode with 10 pC; �Tarrival ≤ 5 fs
(z-to-p), �Psat/Psat ≤ 100% (z-to-p), �λ0/λ0 ≤ 0.01%
(z-to-p), �Lsat/Lsat ≤ 15% (z-to-p) from 80% core
slices for 60 seconds. Here we also assume that an active
orbit feedback system is working in front of the undulator
beamline. For the upgraded operating mode, the other
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Table 3: Requirements of Upgraded Mode with 10 pC.
Parameters Tolerances

gun laser arrival time error ≤ 1 fs (rms)

single bunch charge error ≤ 1% (rms)

INJECT S-band �φs per klystron (total six) ≤ 0.005 deg (rms)

INJECT S-band �Vs/Vs per klystron (total six) ≤ 0.005% (rms)

X-band �φx per klystron (total six) ≤ 0.005 deg (rms)

X-band �Vx/Vx per klystron (total six) ≤ 0.025% (rms)

BC1 dipole power supply error �Ibc1/Ibc1 ≤ 7.5 ppm (rms)

LINAC1 �φ1 per klystron ≤ 0.015 deg (rms)

LINAC1 �V1/V1 per klystron ≤ 0.010% (rms)

BC2 dipole power supply error �Ibc2/Ibc2 ≤ 7.5 ppm (rms)

LINAC2 �φ2 per klystron ≤ 0.017 deg (rms)

LINAC2 �V2/V2 per klystron ≤ 0.011% (rms)

requirements which are not shown in Table 3 are the same
as those for the nominal mode with 10 pC in Table 2.

CURRENT DEVELOPMENTS

As discussed in the previous section, challenging trans-
verse beam diagnostic systems are required for the nomi-
nal operating mode with 10 pC due to its small beamsize
and the low emittance, and highly challenging longitudinal
beam diagnostic systems, RF reference timing distribution
system, and RF low level systems are required for the up-
graded operating mode with 10 pC due to its short electron
bunch length. To develop these diagnostic systems and RF
systems, PSI is constructing a 250 MeV injector test fa-
cility, and its first commissioning will start at the end of
2009 [5]. Accelerator design concepts and two advanced
beam diagnostic sections of the 250 MeV injector test fa-
cility are described in references [1, 4, 5].

Here we give some examples of current developments of
beam diagnostics and RF systems for the 250 MeV injector.
Further details can be found from references [1,5–13]. The
250 MeV injector will use two different technologies to dis-
tribute the RF reference timing. One is an electrical timing
distribution system with a temperature controlled coaxial
cable. The other is an optical timing distribution system
with a mode locked laser (MLL) based optical master os-
cillator. At the moment, an ultra-low timing jitter of 3.3 fs
(rms) for 1 kHz to 10 MHz has been demonstrated with the
latter technology [6]. To get a wide dynamic range from
10 pC to 200 pC, the injector test facility will use various
screen methods which are all attached on a ladder actua-
tor [7]. To measure the projected emittance in the presence
of coherent optical transition radiation (COTR) emission,
a wire scanner will be installed on the ladder. Addition-
ally, we are testing a cooled CCD camera to improve the
signal-to-noise ratio during 10 pC operation as well as a
fast gated CCD camera to obtain an individual beam image
during two or three bunch operation [7]. The injector test
facility will test two different BPMs. The first one is the
resonant stripline BPM with a required resolution of about
10 μm (rms) for 10 pC and 200 pC, and the second one is

an RF cavity BPM with a sub-micron rms resolution [8,9].
To minimize the projected emittance growth due to trans-
verse wakefields in an X-band linac structure, the injector
test facility will use a HOM coupler based structure align-
ment system, which can align tilts, bends, offset, and cell-
to-cell misalignment of the X-band structure within a few
μrad or μm (rms) [10]. For the single-shot measurement of
electron longitudinal profile or bunch length with a resolu-
tion of 100 fs (rms), the injector will use an electro-optical
(EO) crystal based compact bunch length monitor [11]. To
measure electron bunch length with a much higher resolu-
tion, the injector will use two transverse deflecting struc-
tures (TDSs). At the gun region, there is a single cell de-
flecting structure (TDS1) to measure the slice emittance,
the bunch length, and the longitudinal phase space [12]. Its
expected time resolution is about 42 fs (rms) for 10 pC elec-
tron beams. Without changing any optics, to measure var-
ious parameters such as electron bunch length, slice emit-
tance, slice energy spread, longitudinal phase space, beam
arrival time jitter, projected emittance, Twiss parameters,
and optics matching, the injector has an advanced beam di-
agnostic section after the bunch compressor [1,5,13]. In the
advanced diagnostic section, there are specially designed
asymmetric three and half FODO cells and a five cell de-
flecting structure (TDS2) to measure bunch length with a
time resolution of about 11 fs (rms) for 10 pC [1, 5].

SUMMARY

Due to two low charge, 10 pC operating modes, the re-
quirements on beam diagnostic systems, the RF reference
timing distribution system, and the RF low level system
are highly challenging for stable operation of the Swiss-
FEL facility. To develop these required technologies for
SwissFEL, the PSI 250 MeV injector test facility is under
construction. Since there are strong random orbit fluctua-
tions in undulators due to CSR kick and RF jitters, we are
also investigating its impact on the orbit feedback system
and XFEL performance during the upgraded mode.
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Abstract

We present very promising recent results from the op-
tical replica synthesizer experiment in FLASH where we
manipulate ultrashort electron bunches in FLASH with a
laser in order to stimulate them to emit a coherent light
pulse from which the temporal structure of the electron
bunches can be obtained using laser diagnostic (FROG)
methods.

INTRODUCTION

Monitoring and tuning the bunch properties are essen-
tial for the reliable operation of linac-based SASE free-
electron lasers such as FLASH [1], XFEL [2], or LCLS [3].
This need has triggered the development of new diagnos-
tic methods based on a transversely deflecting cavity [4]
or electro-optical sampling [5]. The optical replica synthe-
sizer (ORS), a complementary scheme that was introduced
in Ref. [6], is similar to an optical klystron FEL seeded by
an infrared laser as is shown in Fig. 1. In the modulator
the interaction of the laser with the transversely oscillating
electrons causes an energy modulation. A dispersive sec-
tion turns this energy modulation into a density modulation
at the wavelength of the light. In a following radiator undu-
lator the micro-bunched beam radiates coherently and the
emitted light pulse allows to deduce the longitudinal pro-
file of the electron beam. Hence the name optical replica
synthesizer.

The optical replica pulse is analyzed in a FROG (fre-
quency resolved optical gating) device [7], which is based
on recording the spectrally resolved auto-correlation. Sub-
sequent application of a pulse retrieval algorithm reveals
both amplitude and phase of the incident electric field
and thus of the longitudinal profile of the electron bunch.
A very compact second harmonic FROG device called
Grenouille [8] is available commercially and the traces are
analyzed with the VideoFROG [9] software.

The complete system of seed laser, laser transport line,
two undulators, the chicane and two optical stations for
timing and FROG analysis was installed in FLASH dur-
ing a shutdown period in spring 2007. In the remainder
of this report we briefly describe the hardware components
and the commissioning progress that culminated in the re-
cent observation of FROG traces.

HARDWARE

The laser system is located in a newly erected building
next to the FLASH tunnel and connected to the accelera-
tor tunnel by a pipe through which the laser beam is trans-
ported. The laser itself is based on a Erbium-doped fiber
oscillator [10] operating at 1550 nm that is phase-locked to
the radio-frequency (RF) system of the accelerator. The
phase-lock is accomplished by comparing the phase of the
24th harmonic of the laser oscillator round-trip frequency
at 1.3 GHz with the RF signal and adjusting the length of
the optical fiber that is wound on a piezo-crystal by apply-
ing a voltage to the crystal. The timing is thus stabilized
to about 50 fs. The relative timing of laser and RF can
be adjusted by changing the phase of the RF signal with
a vector-modulator. The stabilized pulses are amplified
and frequency-doubled in a 1 mm PPLN crystal and sub-
sequently passed to a Clark-MXR CPA-2001 regenerative
Titanium-Sapphire amplifier that is based on chirped-pulse
amplification and pumped by a Nd:YAG laser. This sys-
tem delivers pulses with a center wavelength of 772 nm, up
to 1 mJ energy per pulse and a full-width at half-maximum
(FWHM) pulse length down to 150 fs.

To reach the accelerator, the laser pulse travels through a
12 m long laser transport system with remotely controlled
motorized mirrors and a two-lens telescope that provides a
narrow laser waist in the laser-electron interaction zone in-
side the modulator. For diagnostic purposes the laser beam
can be reflected back to the laser building with a mirror
where the position and size of the laser waist can be mea-
sured. With the mirror retracted the laser pulse is injected
into the accelerator beam pipe through a back-tangent win-
dow located near the second dipole of a dog-leg chicane.

Inside the accelerator beam pipe the laser pulse co-
propagates with the electron beam, passes the modulator
undulator and is extracted by a silver-coated silicon OTR
screen installed in the middle of the four-magnet chicane
on the first optical station OS1. The optical station accom-
modates a camera, photo diodes with 1.5 GHz bandwidth,
and a power meter in order to analyze the laser pulse and to
determine the relative timing of the laser pulse and the elec-
tron beam by observing the laser pulse and the synchrotron
radiation pulse from the electron beam generated in the
modulator on a photo diode. The electron beam continues
to propagate through the radiator undulator and pass a sec-
ond optical station (OS2) where the light created at or re-

, Germany
,  Germany

,  Sweden

WEOB02 Proceedings of DIPAC09, Basel, Switzerland

03 Time Resolved Diagnostics and Synchronization

430



Laser

RadiatorModulator
OS2OS1

Chicane
OTR
screen

OTR
screen Chicane

Figure 1: Schematics of the Optical Replica Synthesizer.

flected from a silver-coated silicon OTR screen is guided to
an optical table. There it is recorded by a Basler A331 cam-
era or analyzed with a power meter or the GRENOUILLE
which is used to reconstruct the longitudinal intensity pro-
file and the phase of the replica pulse. For the ORS exper-
iments the electron beam will be directed around the OTR
screen on OS2 by a second chicane, as is shown by the thin
line in Fig. 1. Alternatively the electron beam can also be
directed onto the OTR screen by switching off the chicane
in order to observe the coherent radiation stemming from
the micro-bunched beam [11]. Both the modulator and ra-
diator undulator have 5 periods + 2 correction periods with
0.2 m period length and a peak field up to 0.45 T. The mag-
net gap is 40 mm in order to accommodate 38 mm beam
pipe. The modulator is vertically deflecting and the radi-
ator is horizontally deflecting which allows separating the
vertically polarized laser pulse from the horizontally polar-
ized replica pulse generated in the radiator.

EXPERIMENT PREPARATION

We received normally a few experimental shifts every
few months to commission the system and careful prepa-
ration of the laser system such that the laser oscillator is
mode-locked and that the laser timing is phase-locked to
the RF is essential. We then continue to carefully flat-
ten the electron orbit to below 0.1 mm in the section be-
tween the modulator undulator and OS2 and then record
the electron position on OTR screens adjacent the modu-
lator. Note that normally the modulator is turned off to
avoid its synchrotron radiation reaching the downstream
OTR screen because that increases the recorded spot size
on the screen and reduces the precision of the overlap-
finding procedure. Once the electron beam is aligned we
inject the laser pulses and direct them onto the same trans-
verse position on the OTR screens with mirrors. Once
the transverse overlap is achieved we turn on the modu-
lator undulator and the first chicane and observe the laser
pulse and the synchrotron radiation pulse from the modu-
lator on the photo-diode on OS1 while the electron beam
passes on further downstream. Observing the signal on a
fast oscilloscope and adjusting the relative timing between
electron beam and laser pulse with the vector modulator
we can match the arrival time of electron beam and laser
pulse on the photodiode to better than a few 100 ps. Fine-
tuning the temporal overlap is done by passing the electron

beam through the OTR screen on OS2, as indicated by the
dotted line on Fig. 1, and observing the OTR light as the
timing is varied with the vector modulator on a sub-ps time
scale. Once the laser pulse and the electron beam over-
lap inside the modulator an energy modulation of the elec-
tron beam results which is transformed into a density mod-
ulation in the chicane. When the micro-bunched electron
beam intercepts the screen on OS2 it causes the emission
of coherent transition radiation that is enhanced by several
orders of magnitude compared to the ordinary OTR light.
Plotting the average intensity within a ’region of interest’
(the red underlaid spot on Fig. 2) versus the timing clearly
indicates the overlap and can actually be used to record
the bunch profile and longitudinal-transverse correlations
of bunches that are a few pico-seconds long. A typical scan
is shown in Fig. 3. Details of the procedure are reported in
Refs. [11, 12]. Once the longitudinal overlap is established
we turn the radiator undulator on and tune it to resonance.
The electron beam is made to bypass the OTR screen on
OS2 by turning on the second four-magnet chicane as is in-

Figure 2: The beam spot on a camera observing the screen
on OS2 with the region of interest indicated by the bigger
read circle.
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Figure 3: The average intensity within the region of interest
as a function of the relative timing between laser pulse and
electron beam.

dicated on Fig. 1. In this way the electron bunch propagates
further downstream through the SASE undulator and the
micro-bunched electron bunches emit a coherent radiation
pulse in the radiator undulator that is passed through a set
of irises to facilitate the alignment into the GRENOUILLE
located on an optical table under the accelerator beam pipe.

RESULTS

During shifts in January and March with 700 and
900 MeV electrons with SASE conditions, i.e. that the
bunches are compressed to exhibit a current spike and
the SASE undulator lases, we performed the preparatory
work elaborated above and after careful alignment of the
radiation from the radiator undulator on the input iris of
the GRENOUILLE that is controlled by the VideoFROG
software [9] we could finally record FROG traces with
compressed electron bunch and a laser pulse length of
400 fs (FWHM). The analysis of these traces is under way
but incomplete. In particular we were unable record si-
multaneous profiles with the transversely deflecting cavity
LOLA [4] due to various unfortunate circumstances. More
time to do scans of various parameters such as varying the
electron bunch length and comparing with simultaneous
LOLA measurements or varying the R56 of the first chi-
cane is definitely needed.

It is noteworthy that during the time the ORS was run-
ning and the second chicane around OS2 was turned on
such that the electron beam passed through the downstream
SASE undulator and also the Far-Infrared undulator [13],
which is located downstream of the SASE undulator. We
performed initial tests to observe coherent enhancement of
the radiation from the FIR undulator when tuned to the
bunching wavelength 772 nm of the ORS. This opens up
possibilities to mix the coherently enhanced radiation with
an external pump-probe laser for timing purposes.

CONCLUSIONS

We have observed and started to analyze the first FROG
traces from a compressed electron bunch in the optical
replica synthesizer experiment in FLASH. Despite gener-
ous allotment of beam time we were unable to do care-
ful systematic analyses by performing scans with bunches
of different lengths because of the rather long experiment
preparation time. Fortunately, the promising results have
led to the conclusion to relocate the ORS setup with un-
dulators and optical tables to the rebuilt sFLASH after the
coming shutdown such that there will be further opportuni-
ties for experiments.

Support from the FLASH crew during installation and
running the experiment is highly appreciated. Extensive
financial support from the UU-SU-KTH FEL-center is ac-
knowledged.
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 PHYSICS REQUIREMENTS FOR LINAC STABILIZATION  
 AND TECHNICAL SOLUTIONS 

J. Carwardine, Argonne National Laboratory, Argonne, IL 60439, U.S.A.

Abstract 
This paper gives a general overview of active and 

passive stabilization systems, which are mainly required 
for future X-FEL and high-energy linear colliders. Key 
physics criteria for beam stability for X-FELS and linear 
colliders will be introduced and resulting technical 
implications discussed. New and innovative approaches to 
the design and development of state-of-the-art linear 
accelerator components and stabilization systems will be 
reviewed, and recent results shown from selected 
prototypes and new machine installations. 

INTRODUCTION 
Achieving performance specifications of modern 

accelerators places narrow tolerances on a wide range of 
technical parameters. The location of magnetic optics 
elements in space, their field strengths, and particle 
energy all must remain within tight bounds. 

Within the context of stabilizing beams with 
dimensions measured in microns, there are many potential 
sources of drift and jitter that must be taken into account. 

Sources of drift and slow changes include air and 
cooling water temperatures, ground motion due to 
settlement and lunar cycles. Medium timescale 
disturbances include girder vibration excited by ground 
motion, cooling pipes, or mechanical pumps. Faster 
disturbances include power supply ripple, rf jitter, 
switching magnet jitter, etc. 

In our discussion of linac beam stabilization, we will 
focus on four large-scale pulsed electron linacs: LCLS 
and the European XFEL (both x-ray photon sources); and 
ILC and CLIC (both linear colliders). Table 1 lists some 
of their main parameters [1-4]. 

 

Table 1: Main Linac Parameters 

 ILC CLIC EU-
XFEL 

LCLS  

Max. 
Energy 

2x 250 2x 1500 20 13 GeV 

ML Length 2x 12 2x 21 1.6 1 km 
Cavity type S/C N/C S/C N/C  
RF Freq 1.3 12 1.3 12 + 2.8 GHz 
RF source Klystron Drive beam Klystron Klystron  
Pulse rate 5 50 10 120 Hz 
Pulse length 970 0.15 650 -- µs 
Bunches 
/ Pulse 

2670 312 3250 1  

Bunch 
length 

300 44 25 20 µm 

Bunch size 640 nm x 
5.7 nm 

45 nm 
x 0.9 nm 

20-30 µm 37 µm  

S/C: Superconducting  N/C: normal conducting 
 

These represent the most recent generation of linacs: 
LCLS is in commissioning and XFEL is under 
construction; while ILC and CLIC remain in development 
and proof-of-principle stages respectively. 

All four machines present significant technical 
challenges, in part due to their large scale and complexity. 
From a beam stabilization perspective, these include 
distribution of precision rf phase references to many 
locations over distances of kilometers to tens of 
kilometers and stabilizing beams with dimensions of 
nanometers.  

This next section gives a brief overview of the four 
machines and discusses their performance and 
stabilization criteria. Some examples of technical 
solutions will also be discussed. 

PHOTON SOURCES: LCLS AND EU-XFEL 
For certain classes of photon user experiments, FEL-

based sources such as LCLS and XFEL dramatically 
exceed the capabilities of storage ring light sources by: 

• Peak brightness is many orders of magnitude higher 
than the present storage ring photon sources 

• Sub-picosecond photon pulse lengths compared with 
10’s to 100’s ps from storage rings 

• Photon beams are transversally fully coherent 
 

The ultra-short pulse lengths will make it possible to 
study the time evolution of chemical processes that occur 
in timeframes of 100’s femtoseconds to picoseconds, 
while the high coherence will open up new classes of 
imaging experiments. 

A comparison of peak and average brightness with 
other light sources is shown in Fig. 1. 

 

 
Figure 1: Average and peak brightness calculated for 
photon sources that are operating or under construction. 
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Lasing occurs through a process of Self-Amplified 
Spontaneous Emission (SASE). Referring to Fig. 2, 
synchrotron radiation is emitted in a narrow forward cone 
as the beam travels through the alternating magnetic field 
of a long undulator. 

 

 
Figure 2: Principle of the FEL process. 

The electric field of the synchrotron radiation density-
modulates the electron beam longitudinally at the 
wavelength of the light (micro-bunching). Particles within 
an optical wavelength emit synchrotron light coherently, 
and consequently the intensity of the light grows as the 
square of the number of particles. The more intense light 
enhances the density modulation and the process grows 
exponentially until it reaches saturation after about ten 
gain-lengths of the undulator. The process requires high-
energy electron beams with low emittance, high peak 
currents, and small energy spread. 

A schematic layout of the XFEL accelerator is shown in 
Fig. 3 [5]. (A schematic layout of LCLS is shown in 
Fig. 8 to follow). Both XFEL and LCLS accelerators 
comprise an rf gun, followed by two bunch compressors 
and the main linac. 

 

 
Figure 3: Schematic layout of the XFEL accelerator. 

Stringent tolerances are placed on RF cavity phase and 
amplitude to achieve the necessary energy stability, bunch 
length, and peak bunch current. Example tolerances and 
sensitivities for XFEL are shown in Table 2 [6] and for 
LCLS are documented in the references [7]. Stabilizing 
pulsed cavity fields to the level of 0.01% and 0.01 degrees 
is state of the art. RF phase reference distribution to this 
level of performance goes beyond the state of the art. 

Experiment techniques used by the ultra-fast science 
community place difficult timing and synchronization 
requirements on XFEL and LCLS. Pump-probe 
experiments require that the photon bunch and the pulse 
from a local pump laser to illuminate the sample with a 

precise delay of a fraction of the photon bunch duration. 
Synchronization to the 10’s of femtosecond level is 
beyond the present state of the art. 

Table 2: Example RF Tolerances & Sensitivities (XFEL) 

 

LINEAR COLLIDERS: ILC AND CLIC 
In recent years, high-energy physics experiments have 

explored the 100 GeV energy range using hadron 
colliders such as the Tevatron at Fermilab and lepton 
colliders such as LEP at CERN. Attention is now shifting 
to the TeV energy range, which will be first explored at 
the Large Hadron Collider at CERN. A widely anticipated 
result from the LHC is discovery of the Higgs Boson and 
validation of the so-called Standard Model of particle 
physics. While hadron colliders provide a wealth of 
physics through a broad spectrum of particle-particle 
interactions, lepton colliders provide precision 
measurements over a narrow spectrum of particle 
interactions. As such, information from both types of 
collider is necessary to develop a complete understanding 
of physics in the energy range. To complement the LHC, 
development is in progress for an e+/e- linear collider. 

Present linear collider development efforts are 
converging on the International Linear Collider, which 
uses superconducting accelerating cavities to reach a 
center-of-mass energy of 500 GeV. As shown in Fig. 4, 
the ILC comprises the following major elements: 

• Polarized electron source 
• Undulator-based positron source 
• Damping rings to develop very low emittance beams 
• One or two bunch compressors 
• Two counter-posing accelerating linacs 
• Beam delivery systems to focus the beams and bring 

them into collision at the Interaction Point 
 

 

 
Figure 4: ILC top-level layout. 
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While it is anticipated that 500 GeV center-of-mass will 
be sufficient to explore the new physics of the Higgs, 
some theories that go beyond the standard model predict 
that energy well above 500 GeV might be required. A 
separate R&D effort is ongoing at CERN to prove and 
develop a novel linac concept with the intention of 
reaching center-of-mass energies up to 3 TeV. The 
Compact Linear Collider (CLIC) uses normal-conducting 
accelerating structures that receive their RF power from a 
second high power electron beam that travels parallel to 
the main accelerator (Fig. 5). 

 

 
Figure 5:  Schematic layout of CLIC. 

Both the ILC and CLIC are of an unprecedented scale 
and complexity. For example, each ILC main linac has 
some 8,000 superconducting cavities housed in 1,000 
cryomodules, powered by 320 10 MW rf klystrons. In the 
case of CLIC, the complexity is increased by the 
existence of the drive beam accelerators. 

Stability challenges originate at the interaction point 
where the two beams collide. To achieve the highest 
luminosity, optics for the electron and positron beam 
delivery systems must be optimally matched at the IP, and 
the two beams must be synchronized to intersect perfectly 
at the IP. Tolerances for optics matching, arrival times, 
and trajectory errors must have impacts that are small, 
relative to the bunch dimensions. 

A luminosity loss budget example for CLIC is shown in 
Table 3, clearly illustrating the degree of stability needed 
to stabilize nanometer-scale beams. Whether it is feasible 
to stabilize large structures to the sub-nanometer level is 
under study by the CLIC Stabilization Group [9]. 

 
Table 3: Example Luminosity Loss Budget for CLIC 

 

EXAMPLES OF TECHNICAL SOLUTIONS 
In this section, examples of technical solutions and 

approaches to meeting stabilization requirements will be 
discussed. 

Precision Timing and Synchronization 
 A major challenge for large linacs is to implement a 

timing and synchronization system with the needed 
accuracy and stability: 

• Ultra-stable RF phase references must be distributed 
over kilometer distances to multiple RF stations 
while maintaining the relative phase between stations 
and the absolute phase relative to the beam. Stability 
of the phase references must exceed the 0.01-degree 
stability required in the rf cavities 

• ILC and CLIC require the electron and positron 
bunch arrival times at the interaction point to be 
synchronized within a fraction of a bunch length 

• LCLS and XFEL pump-probe experiments require 
synchronization of the FEL photon bunch with a 
pump laser at the <10 fs scale 

 
Significant progress is being made in developing 

methods for distributing ultra-stable phase references and 
in timing synchronization. Schemes for actively stabilized 
links using pulsed and CW lasers are being developed. An 
rf phase reference transmission scheme developed at LBL 
uses a CW laser modulated by rf (Fig. 6). Stability of 
<100 fs rms over 12 hrs has been reported for fiber 
lengths of 2 km [10]. 

 
Figure 6: LBL optical RF distribution system. 

Bunch arrival monitors using electro-optical sampling 
techniques provide a means to phase-lock a bunch train 
and to tag each bunch with an arrival time. Principles of 
the bunch arrival monitor (BAM) are shown in Fig. 7. 

 

 
Figure 7: Bunch Arrival Time Monitor.  
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Reference laser pulses pass through an electro-optical 
modulator that is driven by the signal from a beam pick-
up. Changes in the arrival time of the electron beam cause 
different modulation voltages at the laser pulse arrival 
time. The resulting change in laser amplitude is detected 
using a photo detector. The resolution of these devices is 
improving rapidly, and single-bunch measurement 
resolutions of <6 fs have been recently reported [11]. 

Time-tagging each bunch allows pump-probe 
experiments to identify bunches where the arrival time of 
the photon bunch is within the desired time window 
relative to the pump laser. Other ways to tag bunches with 
their relative arrival time is to correlate light from the 
pump laser and photon pulse using a streak camera.  

LCLS Longitudinal Feedback System 
A pulse-by-pulse longitudinal feedback system has 

been implemented in at LCLS to stabilize beam energy 
and bunch lengths [12, 13]. The overall topology is shown 
in Fig. 8. Beam energy is measured at the end of each 
linac section and regulated by adjusting the amplitude of 
the rf drive to the accelerating structures. Both phase and 
amplitude of the rf drive to the bunch compressors are 
regulated in order to stabilize both the beam energy and 
the bunch length.  

Bunch lengths are measured using coherent synchrotron 
radiation in the chicanes of the two bunch compressors 
and energy is measured using high-resolution bpms after 
each section. Rather than implanting cascaded feedback 
loops around each linac section, all the feedback loops are 
integrated into a single global computation with multiple 
inputs and outputs. 

 

 
Figure 8: LCLS longitudinal feedback system.  

With the longitudinal feedback on, energy stabilities of 
~0.03% rms have been measured after each linac section, 
and peak bunch currents at BC1 and BC2 have been 
stabilized to ~5% rms and ~10% rms respectively. 

Beam Position Monitors 
Specifications for stability and precision of the 

undulator bpms are very demanding because of the micro-
scale transverse beam sizes and pointing stability 
requirements of a fraction of the beam size. 

Table 4 shows some key performance specifications for 
bpms in the undulator section of LCLS [14]. 

Table 4: LCLS bpm Specifications 

Parameter Specification 
Transverse beam size ~37μm 
Resolution <  1μm 
Offset Stability over 10hrs < +/- 1μm 
Offset Stability over 30days < +/- 3μm 

 
The bpms are x-band cavity type, and comprise a 

monopole TM010 reference cavity and a single TM110 
dipole cavity for detecting both horizontal and vertical 
position. X-band signals are down-converted to an IF of 
20-50 MHz before being digitized at 119 MHz. Mounting 
the bpms on precision mechanical movers has simplified 
the processes of calibration of bpm offsets and gains. 

Single-shot resolutions of ~200 nm rms have been 
measured with a beam charge of 200 pC. Figure 9 shows 
an example vertical position scan when the bpm assembly 
is moved in 5-micron steps [15]. 

 

 
Figure 9: LCLS cavity bpm resolution measurement. 

XFEL Intra-Train Transverse Feedback System 
Stable SASE operation requires the electron and 

photon beams to be collinear in the undulators to within 
~10% of the beam size (~3 µm rms), and therefore the 
electron beam trajectory must be stable through the 
undulators to the same order. Long bunch trains of the 
XFEL make it possible to implement intra-train trajectory 
feedback. Figure 10 shows the proposed topology for an 
XFEL intra-train feedback system, using two upstream 
and two downstream bpms to monitor the beam trajectory 
and two rf kickers to make position and angle corrections 
[16]. The feedback regulator will be implemented 
digitally. 
 

 
Figure 10: Proposed topology for XFEL intra-train 
feedback. 

The proposed scheme computes the correction kicks 
using the upstream bpms and an optics model rather than 
using the downstream bpms in a more conventional 
feedback loop. This reduces latencies because cable 
lengths are shorter and also as correction signals are 
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traveling in the same direction as the beam. At a slower 
rate, the downstream bpms are used to check and update 
the optics model based on the response to the applied 
kicks. A prototype system is currently being developed 
for testing on FLASH. 

OUTLOOK 
The latest generation of FEL based light sources, such 

as LCLS and XFEL present some significant technical 
challenges. The ILC and CLIC will present even greater 
challenges. Equally, significant progress is being made 
towards achieving the end-user requirements of LCLS and 
XFEL.  Experience tells us, that as we start to meet the 
needs of accelerator users, even more challenging 
expectations begin to emerge. For example, just as we 
begin to develop the technology to provide femtosecond 
timing precision, there is already talk of experiments 
requiring attosecond-scale precision.  It is this type of 
thinking and forward progression that keeps the field of 
diagnostics ever advancing.  
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