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Table 1: Operational Beam Parameters of Present and 
Upgraded Linac 

Particle Negative hydrogen ion 
Peak Beam Current 5 - 50 mA 
Source Energy 180 - 400 MeV 
Typical Bunch Length 1 - 2 deg. (rms) 
Typical Transverse Side 1 - 2 mm (rms) 
Pulse Width 0.5 msec 
Bunch Repetition Frequency 324 MHz, 972 MHz for 

New ACS cavities 
Operational Repetition Rate 1 - 25 Hz 
Chopper beam-on ratio 56 % 
Beam power 36 kW (133 kW after 

upgrade) 

PROGRESS OF BEAM INSTRUMENTATION IN J-PARC LINAC 

A. Miura# and the J-PARC Beam Instrumentation Group 
J-PARC Linac, Japan Atomic Energy Agency, Tokai, Ibaraki, 319-1195, Japan

 
Abstract 

J-PARC, one of the high intensity proton accelerators, 
achieved the output power of 300 kW at the downstream 
rapid cycling synchrotron with the beam energy 181 MeV 
and the beam current 15 mA. When an upgrade of an ion 
source which can provide 50 mA and the installation of 
the additional acceleration cavities for the energy upgrade 
up to 400 MeV are completed, output power reaches 1 
MW. To meet with the requirements of the high intensity 
beam instruments, we prepare several measures against 
high intensity proton related issues. Following subjects 
have been reported among many subjects: development of 
strip-line type beam position monitors, beam current 
monitors, phase monitors and transverse profile monitors. 
And the subjects of the beam instruments for the energy 
upgraded Linac including the longitudinal beam profile 
monitor and the developing laser based profile monitor 
are mentioned. A big earthquake occurred on March 11, 
2011. J-PARC had a big damage, but we successfully 
resumed a commercial operation. This paper also 
mentions the influence of the quake on the J-PARC Linac. 

INTRODUCTION 
J-PARC (Japan Proton Accelerator Research Complex) 

Linac aims to provide high intensity beams of peak 
current 50 mA, beam energy 181 MeV, pulse width 0.5 
mA and repetition rate 25 Hz using an RFQ, three DTL 
cavities and 15 SDTL cavities and two beam transports 
which have two debuncher cavities include the matching 
points to inject the downstream rapid cycling synchrotron 
(RCS) [1]. Beam parameters of Linac are listed in table 1. 

In the energy upgrade project since 2013, present two 
debuncher cavities are replaced to SDTL section as the 
16th acceleration cavity. Twenty one ACS (Annular-
Coupled Structure Linac) cavities will be installed in the 
present A0BT subsection. To meet with this project, the 
beam instruments for the future ACS and L3BT section 

for the beam commissioning are newly designed and 
fabricated [2]. The goal of 133 kW beam power and hand-
on maintenance will place significant demands on the 
performance and operational reliability of accelerator 
diagnostics systems. 

COMMISSIONING TOOLS 

Number of the Commissioning Tools in Linac 
As delivery of beam instruments and parts on the beam 

line are not at a time, the sensors of beam instruments are 
installed in the following order in subsection of LINAC. 

(1) MEBT1 (Medium Energy Beam Transport) 
(2) DTL (Drift-Tube Linac) & SDTL (Separated DTL) 
(3) A0BT (Beam Transport from ACS to Beam Dump) 
(4) L3BT (Beam Transport from Linac to RCS) 
After the instruments had been tested in the DTL 

commissioning in KEK site, installation of all instruments 
had conducted. Each of the instruments is handled and 
supervised by J-PARC staffs all through the installation. 
In the present beam line, 38 beam current monitors (SCT: 
slow current transformer), 61 phase monitors (FCT: fast 
current transformers), 36 beam profile monitors (WSM: 
wire scanner monitor), 102 beam position monitors 
(BPM) and 124 beam loss monitors (BLM) are employed 
for the beam operation [3-4] (Fig. 1). In the upgrade 
project, 24 SCTs, 51 FCTs, 4 WSMs, 49 BPMs and 30 
BLMs are replaced from those of present beam line. And 
three bunch shape monitors (BSM) are newly employed. 

Beam Position Monitor (BPM) 
J-PARC Linac employs over a hundred of BPMs which 

have about 40 - 180 mm diameter and 4-stripline 
electrodes with one end shorted by 50 Ω terminations [5]. 
Electrostatic computations are used to adjust the BPM 
cross-section parameters to obtain 50 Ω transmission lines. 
BPMs are sustained by pole edge of quadrupole magnet 
and designed to reduce the offset between quadrupole 

Figure 1: Delivery of beam instruments in the J-PARC 
Linac. 
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magnet and BPM electrical centers of less than 0.1 mm. A 
procedure of beam based alignment to evaluate the 
displacement of Linac BPMs was examined [6]. The 
BPM electronics employs conventional log-ratio method 
[7]. Prototype of BPM system was tested in KEK test 
stand. 

Phase detection using 4-stripline BPM was also 
examined with the real beam [8]. It was confirmed the 
signal level of converted sum signal from 4-stripline is 
enough high for the phase measurement. 

Slow/Fast Current Transformer 
Two types of current transformers have been developed 

to measure beam current and phase. The SCT for the 
current measurement has dynamic range of 0.1 - 80 mA, a 
droop of 3% for a pulse width of 500 μs and time 
response under 50 ns. The SCT has been chosen with 50 
turns and additional winding to provide a calibration input 
capability. The FCT for the phase measurement have a 
good response of relative bunch phase under 1 %. To 
measure the beam energy at every accelerator cavity and 
injection point of RCS, phase differences of two FCTs are 
used (time-of-flight), and 10-4 order energy resolutions 
can be expected.  

We compare the signal level of FCT with that of BPM 
at the acceleration frequency. FCT would be used for the 
higher frequency, because the signal level of FCT marked 
a good performance. And the output level is still stable 
until 3.0 GHz.  

The signal revel of 4-stripline BPM is also acceptable 
to be used for the phase measurement, but FCT has 
superiority at the acceleration frequency [9]. 

In the beam commissioning, the RF set-point tuning of 
DTL has been performed with a phase-scan method, 
where the output beam energy from the DTL tank is 
monitored using two downstream FCT’s. The phase-scan 
results show a reasonable agreement with the design set-
point, but the tuning accuracy is required 1 deg in phase 
and 1 % in amplitude [10-11]. 

Beam Loss Monitor 
To prevent from the activation and heat load by intense 

beam loss, fast response of loss signals is required for the 
beam loss detection. The beam loss monitor (BLM) 
system is composed of Ar+CO2 gas filled proportional 
counter, which detect γ-ray, neutron and charged particles 
induced by lost particle and γ-ray sensitive scintillator and 
[12-16]. It is necessary to measure wide dynamic range of 
loss intensity for various beam energies. 

In the beam commissioning, we found the protons in 
the accelerated beam during the beam operation. We 
additionally installed the gas proportional BLMs at the 
both sides of first bend magnet (Fig. 2). When the 
negative hydrogen beam is bended to RCS direction, the 
protons are bended to the outer side of the magnet yoke, 
BLM set on the outer yoke can detect the beam loss from 
protons. Measured beam loss and residual radiation on the 
bend magnet explained the existence of protons in the 
accelerated beam [17]. 

Beam Profile Monitor (Wire Scanner Monitor) 
Beam profile measurements are used to determine the 

beam emittance of a matched beam in a periodic focusing 
lattice. The thin sensing carbon wire with 7 μm for low 
energy part and tungsten wire with 100 μm for higher 
energy part are scanned to obtain a beam profile. 
Dynamic range of the wire scanner monitors (WSMs) 
employed in J-PARC Linac reaches over 104 order 
magnitudes (Fig. 3) [18-19].  

 
Figure 3: Vertical beam profile at ACS03. RMS spot size is 
almost 1.0 - 2.0 mm and dynamic range reaches 104. 

UNIQUE APPLICATION OF 
COMMISSIONING TOOLS 

SDTL Longitudinal Acceptance Using SCT and 
BLM 

There has been an argument that the longitudinal loss 
could be a cause of the beam loss at the downstream beam 
transport, which motivated us to conduct an experimental 
investigation on the margin between the longitudinal 
acceptance of the Linac and the actual beam distribution. 
In the experiment, we scanned the tank level to measure 
the margin of beam acceptance of first SDTL cavity in the 
energy direction using SCT and BLMs. Combining the 
tank level scan with the conventional phase scan method, 
the longitudinal acceptance of SDTL has been studied. 
The measurement has confirmed that we have sufficient 
margin both in the phase and energy directions with the 
nominal tank parameters. The measurement can provide 
us with valuable information on the width of longitudinal 
halo [20]. 
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Figure 2: Gas proportional BLMs are installed to measure 
the beam loss caused by protons. Red bars are location of 
BLMs. 
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Figure 4: Head of Wire 
Scanner. Beam size can be 
measure by the wide carbon 
plate. 

H0 Particle Measurement Using Wire Scanner 
Wire scanner monitor 

has the wide carbon plate 
to measure the beam size 
(beam size monitor). 
Because the plate is more 
sensitive to detect the 
small amount of beam 
particles, it is employed 
for the H0 particle 
detection (Fig. 4). 

When the accelerated 
beam is bended to RCS, main beam is transported to RCS 
but H0 particles travel to straight beam dump (Fig. 5).  

Because the beam-on-duty of chopped beam is almost 
half of that of no-chopped beam, integrated signals are 
almost corresponded to the beam-on-duty. Figure 6 shows 
the top half of the H0 beam, because the beam size 
monitor can be inserted until the beam centre. Obtained 
data have a reasonable agreement with the operational 
situation [19]. 

 
Figure 5: Method of H0 particle measurement. H0 was 
observed with carbon plate in wire scanner at the straight 
beam dump with a bending magnet on. 

 
Figure 6: Signal from H0 taken by carbon plate in wire 
scanner.  

Chopper Tuning using Wire Scanner 
In the J-PARC commercial operation, a macro pulse 

with several hundred micro seconds is shaped into a pulse 
with medium bunch structure of about one MHz by an RF 
chopper. When the chopper is detuned, a small fraction of 
the beam pulse is remained and accelerated. Then, we 
measured the remaining fraction of the beam pulse using 
a wire scanner with scanning of the chopper phase. 
Measured values are taken into hyperbolic approximation 
to obtain the optimal phase. An RF chopper is tuned by 

this method and remaining fraction of the beam pulse is 
less than 0.1 % of the operating beam pulse [21]. 

BEAM INSTRUMENTS FOR ENERGY 
UPGRADED 

Scintillation Beam Loss Monitor  
Because the Ar+CO2 gas proportional counter is 

sensitive to background X-ray emitted from RF cavities, 
the plastic scintillator with less X-ray sensitivity is tested 
to measure the beam loss with suppression of the 
background. We used photo-multiplier and the plastic 
scintillator. 

We successfully measured clear beam loss signals with 
low noise and confirmed the high time resolution by 
scintillator (Fig. 7) [15].  

 
Figure 7: Signals from a gas proportional monitor (blue) 
and plastic scintillation monitor (yellow) at SDTL13 
section, during beam operation with chopped beam. Time 
scale is zoomed up to 400nsec/div. The beam current 
signal with a current transformer is also shown (magenta). 

Beam Loss Measurement at DTL Section  
After resuming the operation by big earthquake, higher 

residual radiation was marked at the surface of drift tube 
Linac (DTL) cavity by radiation survey, we installed 
scintillation beam loss monitors (BLMs) at some points 
with particularly high radiation to investigate the cause of 
the radiation. Although the DTL section is low energy 
part of the Linac, fine structure of the beam loss was 
observed by the scintillation BLM. We also measured the 
beam loss occurred at the DTL varying the beam orbit. 

As the results of the beam loss measurement using 
scintillator, beam loss occurs at DTL depends on the beam 
orbit which pass through the cavity inside. Because the 
serious beam loss had not been seen in this section, but 
the residual radiation and beam orbit dependence of beam 
loss show the important lessons for beam commissioning. 
Also, the scintillation BLM would become an essential 
beam commissioning tool, based on the development of 
electrical circuits which has the functions of high speed 
beam loss detection system, qualification of the beam loss 
events and high accuracy. The beam loss measurement 
system using scintillator with the optimal integrated 
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circuit to evaluate the amount of beam loss quantity to the 
future beam line, the system will be developed [16]. 

Bunch Shape Measurement  
Bunch shape monitors (BSM) have been developed 

under collaboration with INR (Institute for Nuclear 
Research: Russia) for the measurement of the longitudinal 
distribution [22]. Three BSMs were installed in the 
summer of 2012 in the beginning of ACS section in order 
to tune the longitudinal matching, because the 
acceleration frequency of 324 MHz until the end of SDTL 
is jumped to 972 MHz of ACS cavities. 

The design of BSMs was started since 2009 and the 
fabrication of three BSMs was started since 2010 (Fig. 8). 
The BSM beam commissioning had started since Oct. of 
2012. Preliminary data have been accumulated through 
the commissioning (Fig. 9).  

 
Figure 8: Bunch shape monitor for J-PARC Linac. The 
monitor was tested in INR test stand. 

 
Figure 9: First beam data of J-PARC 181 MeV 
longitudinal distribution taken at the beam commissioning 
in Oct. 2012.  

Non-Destructive Profile Monitor (Laser-based) 
The laser wire scanner using a pulse width of 20 nsec, 

beam energy of 500 mJ (repetition rate of 25 Hz) Nd: 
YAG laser have been installed in MEBT1 test stand to 
measure current profile of high intensity negative 
hydrogen beam. It was confirmed that the photo detached 
electron signal corresponds to the reduction of FCT 
current signal at downstream. The results of transverse 
profile measurements are also consistent of wire scanner 
signals of upper and downstream. The negative hydrogen 
beam components intercepted by 0.8 mm height laser 

beam have been estimated by transverse profile 
measurement, and agree with photo detached fraction 
(Faraday cup and FCT reduction signal). The calculation 
results also show the complete neutralization ratio with 
130 mJ Nd: YAG laser for 3 MeV negative hydrogen 
beam. Thus the almost complete photo neutralization 
fraction for a 130 mJ (repetition frequency of 5 Hz) 1064 
nm Nd: YAG laser pulse on a 15 mA, 3 MeV negative 
hydrogen beam could be confirmed practically. The 
difficulty of practical construction of laser system, for 
example the stability of optical transport line and/or laser 
oscillator, should be investigated in future [24-25]. 

DIAGNOSTIC DEVICES FOR BEAM 
PHYSICS 

For the continual beam operation, a major operation 
goal is to decrease the beam loss. It has been recently 
suggested that intra-beam-stripping contributes 
significantly to beam losses in an H- Linac. Contribution 
of intra-beam-stripping was tested experimentally at SNS 
by accelerating a proton beam with an inverse optics. 
SNS presented that this experimental results are in good 
agreement with the theoretical estimates with emphasis on 
understanding beam loss in terms of intra-beam-stripping. 

At J-PARC Linac, highest beam loss has been observed 
at the ACS section. The primary source of beam loss is 
considered to be H0 produced by an interaction of H- 
beams with remnant gas. The H0 hits the beam duct, 
converted to H+, and escapes from the beam duct. To 
detect the proton's and evaluate the absolute magnitude of 
the beam loss, we developed a detector system, which 
consists of 6 planes of hodoscopes made of 16 
scintillation fibers with 64 x 64 mm2 area. In the ACS 
section, two planes to measure horizontal positions are 
installed, and at about 1.1 m downstream positions, two 
planes for horizontal and two for vertical measurements 
are placed (Fig. 10). We reconstruct charged particles 
passing through all the 6 planes, and measure the velocity 
by time-of-flight and energy loss to identify particle 
species. 

We measured charged particle tracks using scintillating 
fiber detectors with a fast trigger scheme [26]. The clear 
time-of-flight peaks at 73 - 115 MeV assuming protons, 
which are consistent with proton energies in the 
simulation are confirmed. And the data showed the very 
good timing resolution '~ 400 psec.) and excellent signal 
to noise ratio (~ 1.5) at the track angles from 3.6 deg. to 
5.0 deg.  

 
Figure 10: Beam loss tracking system by fast trigger 
scheme.  
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DAMAGE AND RECOVERY FROM THE 
EARTHQUAKE 

On March 11, 2011, the big Tohoku quake occurred. 
One week after the quake, some delegations accessed to 
the accelerator tunnel to check the accelerator and its 
related infrastructures. At the time, no collapse of the 
accelerator components was found but approximately 10 
cm depth of the water flooding was found. According to 
the detail inspection, we found the deformation of the 
several beam monitors and bellows welded with beam 
transport pipes (Fig. 11). Because the alignment of the 
acceleration cavities and the beam monitors should be 
required, the devices installed in the drift space which is 
located between the cavities were dismounted. Vacuum 
leakage of all removed devices is inspected by helium 
leak test. Corrosion due to the flooding water was 
observed on the several pre-amplifiers which were on the 
floor. Based on the chemical analysis result, the distilled 
water had strong alkali property which was originally 
from the concrete contents [27]. 

After the earthquake, we resumed the beam operation 
in December 2011. After two series of Linac beam tuning 
extending to 14 days in total, we succeeded in resuming 
the user beam operation with the Linac beam power of 7.2 
kW in January 2012. The beam power was increased to 
13.3 kW on March, which is the same with that just 
before the earthquake [28]. 

  
Figure 11: Detachment of the brazing section between the 
ceramic tube and stainless duct of S/FCT monitor (left). 
And corroded pre-amplifier boxes on the floor by strong 
alkaline (right). 

SUMMARY 
This paper describes the beam instrumentation devices 

for the present and future J-PARC Linac. Sometimes the 
beam instrumentations already installed in the beam line 
were employed for the other propose. This means 
developed instrumentations have high potential to 
measure the beam properties. To meet with the big project 
to increase the beam energy and output power, we still 
continue the development the new devices to measure and 
make a diagnosis of the upgraded beam.  
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BEAM INSTRUMENTATION FOR THE SUPERKEKB RINGS 

M. Arinaga, J. W. Flanagan, H. Fukuma*, H. Ikeda, H. Ishii, S. Kanaeda,  
K. Mori, M. Tejima, M. Tobiyama, KEK, Tsukuba, Japan 

G. Bonvicini, H. Farhat, R. Gillard, Wayne State U., Detroit, MI 48202, USA  
G.S. Varner, U. Hawaii, Honolulu, HI 96822, USA 

Abstract 
The electron-positron collider KEKB B-factory is 

currently being upgraded to SuperKEKB. The design 
luminosity of 8 x 1035 /cm2/s will be achieved using 
beams with low emittance, of several nm and doubling 
beam currents to 2.6 A in the electron ring (HER) and 3.6 
A in the positron ring (LER). A beam position monitor 
(BPM) system for the HER and LER will be equipped 
with super-heterodyne detectors, turn-by-turn log-ratio 
detectors with a fast gate to measure optics parameters 
during collision operation and detectors of BPMs near the 
collision point (IP) for orbit feedback to maintain stable 
collision. New X-ray beam profile monitors based on the 
coded aperture imaging method will be installed aiming 
at bunch by bunch measurement of the beam profile. A 
large angle beamstrahlung monitor detecting polarization 
of the synchrotron radiation generated by beam-beam 
interaction will be installed near IP to obtain information 
about the beam-beam geometry. The bunch-by-bunch 
feedback system will be upgraded using low noise front-
end electronics and new 12-bit iGp digital filters. An 
overview of beam instrumentation for the SuperKEKB 
rings will be given in this paper.  

INTRODUCTION 
The electron-positron collider KEKB B-factory is 

currently being upgraded to SuperKEKB[1]. The design 
luminosity of 8 x 1035 /cm2/s will be achieved using the 
so called nano-beam scheme[2]. Machine upgrades 
include the replacement of the current, cylindrical LER 
beam pipes to one with ante-chambers so as to withstand 
large beam currents and mitigate the electron cloud effect, 
a new final focus in the interaction region (IR) in order to 
adopt the nano-beam scheme and the construction of a 
positron damping ring for positron injection. The first 
beam is expected in the Japanese FY 2014. Machine 
parameters of SuperKEKB are shown in Table 1.  

BEAM POSITION MONITOR SYSTEM 
The number of beam position monitors (BPMs) in 

SuperKEKB is 445 in the LER and 466 in the HER. The 
closed orbit measurement system of KEKB utilized a 
VXI system[3]. The KEKB detector was a 1 GHz 
narrowband superheterodyne detector module. One 
module covered four beam position monitors (BPMs), 
two in the LER and two in the HER, by multiplexing the 
signals with switch modules. The main detector system of 
SuperKEKB follows that of KEKB. The narrowband 

detectors of KEKB are reused in the SuperKEKB HER.  
A new narrowband detector with a detection frequency of 
509 MHz is being developed, since the cutoff frequency 
of the new LER ante-chamber is below 1 GHz. 
Additionally, turn by turn detectors will be installed at 
selected BPMs at the rate of three per betatron wave 
length to measure the optics during collision. Also, a 
special wideband detector is being installed for the four 
BPMs closest to the collision point (IP) for orbit feedback 
to maintain stable collision. Table 2 shows a list of 
detectors in SuperKEKB. 

Displacement sensors, which measure the mechanical 
displacement between a BPM head and a sextupole 
magnet, are installed at all BPMs neighboring the 
sextupole magnets, same as at KEKB. 

Button Electrode and BPM Chamber 
The BPM chambers and button electrodes in the HER 

are reused from KEKB.  A button electrode with a 
diameter of 6 mm has been developed for the LER to 
reduce the beam power at the electrode[4]. The electrode 
is a flange type for easy replacement and for removal 
during the TiN coating process of the chamber to reduce 
the electron cloud. A pin-type inner conductor is used for 
tight electrical connection. The estimated longitudinal 
loss factor of a beam chamber with four electrodes is 0.16 
mV/pC. The coupling impedance is 2 ohm at the center 
frequency of 14.8 GHz and the Q value is 38. The 
estimated growth time of the longitudinal coupled-bunch 

 ____________________________________________  
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Table 1: Machine Parameters of SuperKEKB 

  HER  LER  

Energy (GeV)  7 4 
Circumference (m) 3016 
Beam current (A)  2.6 3.6 
Number of bunches  2500 
Single bunch current (mA)  1.04 1.44 
Bunch separation (ns)  4 
Bunch length (mm)  5 6 
Beta function @IP  hor./ver. 
(mm) 25/0.30 32/0.27 

Emittance (nm)  4.6 3.2 
X-Y coupling  (%)  0.28 0.27 
Vertical beam size at IP (nm)  59 48 
Damping time: trans./long. (ms)  58/29 43/22 
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instability is slower than 120 ms at the maximum beam 
current, which is much longer than the radiation damping 
time of 43 ms. A prototype was tested successfully at 
KEKB. 

BPM chambers are being fabricated by the KEKB 
vacuum group. TiN coating and baking of the chambers 
started this past April. 

Narrowband Detector 
Development of the 509 MHz narrowband detector is 

in the final stage. A schematic diagram of the detector is 
shown in Fig. 1. An isolator is put between a selector with 
PIN-switches and a variable attenuator to reduce the 
apparent shift of beam position caused by impedance 
mismatch between the selector and the attenuator. A 
signal to noise ratio larger than 90 dB was achieved in a 
laboratory test with CW.  

Turn-by-Turn Detector with Fast Gate 
The schematic diagram of the turn by turn detector is 

shown in Fig. 2. The detector has GaAs fast gates to 
select the signal of a non-colliding pilot bunch located 
typically 6 ns behind a bunch train.  Signals of remaining 
bunches are sent to the output port of the detector, which 
is connected to the narrowband detector in order to enable 
a simultaneous measurement of the narrowband detector 
and the turn-by-turn detector. A glitch cancellation circuit 
by T. Naito is adopted in the gate circuit to remove switch 
noise[5]. A 0-π splitter and a combiner placed before and 
after the switches, respectively, remove a common mode 
glitch of the switches. The turn-by-turn detection is done 
by a log amp to reduce the cost of the detector. A 
prototype of the switch was tested at laboratory. The 
result shows the isolation larger than 85 dB. Also, the 
detection by the narrowband detector connected to the 
turn-by-turn detector was not affected by the switches. 

IR Feedback Detector and Processor Unit 
The wideband detector for IR orbit feedback is under 

development. Vertical positions of both beams are used 
for orbit feedback to maintain stable beam collision. The 
orbit shift at the BPMs by a beam-beam deflection is 
estimated to be several microns. A simulation study 
shows that the main frequency components due to 
vibration of the quadrupole closest to the IP are 3, 36 and 
53 Hz. Target performance for the development of the 

detector was tentatively set to a resolution of 1 µm and 
repetition rate of 5 kHz.  

The schematic diagram of the detector is shown in 
Fig. 3. The detector converts the 508.8MHz component to 
an intermediate frequency (IF) of 16.9 MHz with an 

 
Figure 1: 509 MHz narrowband detector. 

 
Figure 2: Turn-by-turn detector with fast gate. 

 

 
Figure 3: IR feedback detector. 

 
Figure 4: Digital Signal Processor for IR feedback. 

Table 2: Detectors for BPM System in SuperKEKB 

Type  Resolution Repetition  Number 
of units  

Narrowband 
KEKB  2µm   0.25Hz  117 

New 
narrowband  2µm   0.25Hz  127 

Turn-by-turn  50 - 100µm  100kHz  270 

IR feedback  1µm  5kHz  4 
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analog mixer to reduce the degradation of the signal to 
noise ratio by the clock jitter of ADC. The IF signal is 
digitized by a 16 bit ADC with a sampling rate of 99.4 
MHz, then processed by a chain of digital filters (i.e. two 
CICs and a FIR). The cutoff frequency of the filter is 1 
kHz. The digital part is implemented in a micro-TCA 
board developed for the SuperKEKB LLRF system[6].  

A prototype circuit is being tested. Achieved 
performances of the analogue section are clock jitter of 
1.30 ps, noise figure of 14.3dB at 16.9MHz and 
temperature coefficient of IF-out of -0.03dB/deg. The 
frequency characteristics of the digital filter was as 
expected. The position resolution obtained in the test 
bench is about 50 nm for CW signal. The group delay of 
the first prototype of the digital filter was 3.3 ms. A 
simulation shows that the group delay should be less than 
1 ms to get enough rejection gain against the disturbance. 
Taps, i.e. the number of filter coefficients, of the FIR will 
be reduced to get a shorter group delay. 

We are also developing a processor unit for the 
calculation of the orbit feedback as shown in Fig. 4. The 
unit has FPGA Vertex 5 on a micro-TCA board. A 
feedback algorithm is implemented with Matlab/Simulink 
with system generator (HDL coder) for easy coding. 

SYNCHROTRON RADIATION MONITOR 
We will install three kinds of synchrotron radiation 

monitor: a visible light monitor using an interferometer 
and a streak camera to measure horizontal beam size and 
longitudinal beam profile respectively, an X-ray monitor 
for vertical beam size measurement, and a large angle 
beamstrahlung monitor to get information on collision 
status at the IP. 

Visible Light Monitor 
The large power incident on the extraction mirror is a 

source of heat-load induced deformations. A source bend 
in the SuperKEKB LER is a recycled bend in the arc 
section of SuperKEKB with bending radius twice that of 
the KEKB source bend. Incident power is less than that of 
the KEKB HER but more than that of the KEKB LER. 
The HER bend does not change, and the incident power 
of 283 W is slightly higher than that of the KEKB HER.  

Since the heat deformation was already a great problem 
at KEKB, it is desirable to have a mirror that does not 
deform as much under the same heat load. For this reason 
we are developing diamond mirrors[7]. The mirrors are 
made of quasi-monocrystalline diamond. A prototype 10 
mm x 20 mm x 0.5 mm was completed, and as was one 
20 mm x 20 mm x 1 mm. The surface of the mirror is 
coated by 3 µm Au with a thin Cr layer between gold and 
diamond. The diamond surface is nearly a single crystal, 
so that good surface smoothness (Ra ~ 2 nm, <~λ/50) is 
expected. The very good heat conductance and low 
thermal expansion coefficient reduce the apparent change 
in magnification, compared to the Be mirrors used at 
KEKB. A simulation by ANSYS at HER full current 
shows the magnification error to be 43 % for beryllium 

and 3 % for diamond. The deformation of the diamond 
mirror is being measured in a test bench. 

The resolution of the interferometer is fundamentally 
limited by the wavelength for measurement and by the 
opening angle between slits which is limited by the ante-
chamber height. A calculation shows that a vertical beam 
size measurement would be possible with the 
interferometer, though it is near the limit of the 
interferometer resolution. 

X-ray Monitor 
An X-ray beam size monitor will be installed because 

the interferometer will have marginal vertical resolution 
and is not capable of single-shot (single bunch, single 
turn) measurements, which will likely be needed for low-
emittance tuning, based on experience at CesrTA. The 
typical vertical beam sizes at the source points in the LER 
and the HER are 20 µm and 10 µm, respectively. 

We are developing a coded aperture imaging 
method[8]. This technique was developed by X-ray 
astronomers using a mask to modulate incoming light.  
The resulting image must be deconvolved through the 
mask response, including diffraction and spectral width, 
to reconstruct the object.  An open aperture of 50% gives 
high flux throughput for bunch-by-bunch measurements. 
A heat-sensitive and flux-limiting monochromator is not 
needed. The method has been successfully tested at 
CesrTA[9]. 

Tests at CesrTA showed that a URA (Uniformly 
Redundant Array) mask gives the predicted single-shot 
resolution. Two types of URA mask, made of Si and 
diamond, are considered for use at SuperKEKB, as shown 
in Fig. 5. A thick Si mask at SuperKEKB full current 
power load was successfully tested at CesrTA. The 
diamond substrate mask was also fabricated and installed 
at CesrTA and is ready to be tested. 

A measurement at the Photon Factory revealed that the 
Fermionics photon detector had low detection efficiency 
at high energies due to a small active pixel depth of only 
3.5 microns. A simulation estimates single-shot resolution 
of ± 2.5microns at a beam size of 10 microns with this 
detector. Though this resolution satisfies minimum 
requirement for SuperKEKB, we are pursuing new 
detectors which have higher efficiency in the hard X-ray 
spectrum region and faster response. A trench diode 
design is being considered as a candidate. The diode has 

 
Figure 5: Uniformly redundant array (URA) masks for 
coded aperture imaging. Left: Gold on a silicon substrate 
installed at CesrTA. Minimum slit width is 5 microns. 
Right: Gold on a diamond substrate to be tested at 
CesrTA. Minimum slit width is 10 microns. 
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deep but narrow pixels. The first prototype was fabricated 
at SLAC and U. Hawaii. The digitizer is the STURM 
(Sampler of Transients for Uniformly Redundant Mask) 
ASIC for high-speed readout developed at U. Hawaii. 
Ver. 1 of the STURM digitizer was tested at the KEK PF 
in March 2009. A 64-channel system with a Fermionics 
detector, a preamp board and a STURM digitizer board 
integrated on a motherboard is being developed for 
testing at the ATF2[10].  

Large Angle Beamstrahlung Monitor 
The LABM is being built in the US, mostly at Wayne 

State University, with Japanese funding. The device 
measures the beamstrahlung light emitted at large angle 
(large compared to the typical 1/γ angle of radiation 
produced by ultra relativistic beams), and relates it to 
beam parameters so that the beam-beam collision can be 
optimized for luminosity. Figure 6 shows how polarized 
light yields measured at specific azimuthal points (in this 
case, at the top and bottom of the beam pipe, or φ=±90 
degrees) relate to parameters of the beam-beam 
collision[11].  

The deviation of the measured polarization vectors in 
Fig. 6, with respect to the nominal point for optimal 
collisions (by construction, the point (1,1)), represents a 
quantitative measurement of the type of optics present. 
From the diagram alone, and assuming only one beam 
needs correction, it is possible to decide which beam 
needs correction, which type of corrector (dipole, 
quadrupole or sextupole) to use, and how much correction 
is needed. 

The monitor consists of four viewports, located at the 
top and bottom of the beam pipe, and respectively at 7 
and 8 mrad in the LER and HER. Each viewport is a 2 X 
2.8 mm2 primary mirror, reflecting light out of the beam 
pipe. Light is transported through an optical channel to an 
optical box (one box serves each side, or two viewports 
per box), where it is separated into two transverse 
polarizations and four different wavelength bands, 
totaling 32 optical and electronic channels. The signal is 
then counted, time-stamped, and recorded. At full 

SuperKEKB luminosity, the photon flux at the primary 
mirror is of the order 1012 Hz, and a factor of  50-500 
lower for each individual electronic channel. 

The design of the device is dominated by control of 
systematics, based on extensive experience at CESR[12]. 
Each beam is observed by two viewports located opposite 
each other, at the azimuth where machine backgrounds 
are expected to be smallest. Errors due to a misalignment 
between beam velocity and detector will cancel out when 
the two signals are summed. Inside the optical box, 
shown schematically in Fig. 7, the photon counters 
(typically PMTs) are placed on a small conveyor belt and 
can be rotated between different optical channels, so that 
the PMT relative efficiency, which dominates the 
systematic spectral and polarization error, can be 
measured online.  The replacement of a single ruled 
grating allows the device to be sensitive to the 
wavelength ranges 250-500, 300-600, or 450-900 nm. 

BUNCH-BY-BUNCH FEEDBACK 
SYSTEM 

Transverse Feedback System 
Since the horizontal tune is close to a half integer, 

several turns are needed to observe the orbit change at the 
monitor if the phase relation between the source of the 
kick and the monitor is not good. Using two feedback 
loops with betatron phase advance around 90 degrees 
might solve this difficulty. For this reason two sets of 
short stripline kickers which cover two feedback loops 
with 90 degrees phase difference will be installed in each 
ring. The phase between the kicker and the monitor is 
adjusted by the digital filter. The block diagram of the 
transverse feedback system is shown in Fig. 8. 

The monitor chamber has a diameter of 64 mm and 
the cutoff frequency is 2.7 GHz. The button electrode has 
a glass feedthrough sealing with low relative dielectric 
constant of about 4 which has good time and frequency 
response. 

A low-noise front-end for the transverse feedback 
system is under development.  The detection frequency is 
2 GHz. A 2 GHz comb filter is used to cut low frequency 
noise and to improve isolation between bunch signals. A 

 
Figure 6: Relation between beam-beam imperfect 
collisions (top row) and the corresponding large angle 
beamstrahlung yield, normalized to a calculable quantity 
U0. The beams move in and out of the page. 

 
Figure 7: Layout of one half of an optical box. Shown are 
a polarization splitter, ruled gratings, light collectors and 
PMTs. 
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low noise amp with high IP3 is put immediately after the 
comb filter. A difference signal is mixed with LO with a 
frequency of 4 x RF frequency, amplified to increase 
gain, fed to a 600 MHz Bessel LPF, then amplified by a 
DC amp to improve transient response. Configuration of 
the amps is being optimized for better gain and noise 
figure. 

Baseline system of the digital filter is the iGp processor 
developed with SLAC and INFN-LNF supported by US-
Japan collaboration on High Energy Physics. It consists 
of a fast 8-bit ADC, a Virtex-II FPGA with 8 Mbytes of 
external SRAM, a fast 12-bit DAC and controlled by 
built-in EPICS-IOC. Since the FPGA is completely 
programmable, it supports almost any harmonic number, 
including odd numbers. The iGp was installed at KEKB 
and tested. It showed excellent performance both in single 
beam run and in collision runs. The ADC is upgraded to a 
12 bit system to extend dynamic range in order to capture 
the large offset signal due to the beam-beam kick. 

The design of the kicker is similar to that of the present 
kicker. A shunt impedance of 10k ohm per kicker is 
expected. A feedthrough is changed from 20D type to 
EIA-7/8 with low loss ceramics. The high-power cables 
are also changed from 10D to 20D. Power amps are old 
four 250W-amps and new four 500W-amps in each ring. 

Longitudinal Feedback System 
A growth rate of the longitudinal coupled bunch 

instability due to the impedance of ARES cavities in LER 
is estimated to be 15 ms which is shorter than the 
longitudinal radiation damping time. Thus a longitudinal 
feedback system is indispensable in the LER. The front-
end electronics and the digital filters are same as those of 
transverse system. A digital QPSK modulator is used. 

Four DAFNE type kickers with two inputs and two 
outputs will be installed to get larger capture range. The 
design of the cavity has started. So far the shunt 
impedance of 1k ohm at 1.15GHz and the bandwidth of 
225 MHz are obtained by a HFSS calculation. Two 
500W- amps per kicker are used.  

OTHERS 
The tune monitor is reused from KEKB. It is a tracking 

sweeper with a gate to extract the signal of the pilot 

bunch. The oscillation of the pilot bunch is excited by the 
bunch feedback system with phase locked loop. 

The bunch current monitor is revised using a MAX108 
8bit ADC and a Spartan6 FGPA in a form of a VME 
module[13]. Bunch current information will be sent 
through reflective memory in real time to the bucket 
selection system during injection. 

A DCCT for beam current measurement is reused from 
KEKB. A loss monitor system consisting of ion chambers 
and PIN photo-diodes is also reused from KEKB, with an 
increased number of detectors. 

The instrumentations of the damping ring are described 
briefly. The number of BPMs is eighty-four. Two button 
electrodes are attached in one flange due to narrow space 
for their installation. The detector for the BPM is a log-
ratio detector accommodated in a VME module. A bunch 
feedback system is installed to damp the residual bunch 
oscillation at injection and extraction. The DCCT is 
reused from KEKB. A measurement room for a 
synchrotron radiation monitor is located at the tunnel 
floor level. A streak camera and a gated camera are 
planned to observe transverse and longitudinal profile.  
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Figure 8: Transverse bunch-by-bunch feedback system. 
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A GENERIC BPM ELECTRONICS PLATFORM FOR EUROPEAN XFEL, 
SwissFEL AND SLS 

Boris Keil, Raphael Baldinger, Robin Ditter, Waldemar Koprek, Reinhold Kramert, Goran 
Marinkovic, Markus Roggli, Markus Stadler, Daniel Marco Treyer, PSI, Villigen, Switzerland 

Abstract 
PSI is currently developing the 2nd generation of a 

generic modular electronics platform for linac and storage 
ring BPMs and other beam diagnostics systems. The first 
platform, developed in 2004 and based on a generic 
digital back-end with Xilinx Virtex 2Pro FPGAs, is 
currently used at PSI for proton accelerator BPMs, 
resonant stripline BPMs at the SwissFEL test injector 
facility, and a number of other diagnostics and detector 
systems. The 2nd platform will be employed e.g. for 
European XFEL BPMs, a new SLS BPM system, and the 
SwissFEL BPM system. This paper gives an overview of 
the architecture, features and applications of the new 
platform, including interfaces to control, timing and 
feedback systems. Differences and synergies of the 
different BPM and non-BPM applications will be 
discussed. 

INTRODUCTION 
As shown in Table 1, we will build an overall number 

of 720 BPM electronics of for different accelerators and 
BPM types in the next years. Moreover, we plan to use 
our new BPM digitizer and digital back-end electronics 
also for non-BPM applications. 

  

Table 1: PSI BPM Activities and Related Accelerators 

Accele-
rator 

1st 
Beam 

BPM 
Quantity 

Status / Activity 

SLS 2000 ~140(button, 
resonant 
stripline) 

Digital BPM system since 
2000. 2011: Start design of 
new BPM electronics.  

SwissFEL 
Test 
Injector 

2010 ~25 
(resonant 
stripline, …)

19 resonant stripline BPMs in 
operation. Test area for FEL 
cavity & button BPMs. 

FLASH-II 2013 ~20 (cavity) PSI provides undulator cavity 
BPM electronics (E-XFEL 
pre-series). 

E-XFEL 2014/15 ~410 (button, 
cavity) 

PSI provides electronics for 
~290 button & ~120 dual-
resonator cavity BPMs. 

SwissFEL 2016 ~150 (cavity) Adaptation of E-XFEL cavity 
BPMs to lower charge & 
shorter bunch spacing. 

European XFEL 
PSI will provide the electronics for the European XFEL 

(E-XFEL) BPM system [1] as a Swiss in-kind 
contribution, with the exception of ~30 RF front-ends 
(RFFEs) for the re-entrant cavity BPMs in the cold E-
XFEL linac that are designed by CEA/Saclay. First beam 
for the E-XFEL injector is scheduled for autumn 2014, 

beam in the main linac and undulators is expected one 
year later. 

FLASH-II 
A pre-series version of the E-XFEL undulator cavity 

BPM electronics will be used at FLASH-II [2], a 2nd 
undulator line for the VUV FEL facility FLASH to be 
commissioned mid 2013. 

SwissFEL BPMs 
SwissFEL [3] is a 0.1nm hard X-ray SASE FEL 

currently being developed at PSI. 1st beam in the 
undulators is expected mid 2016. PSI develops both the 
BPM electronics and the pickups for SwissFEL, based on 
the E-XFEL design but adapted to the lower charge (10-
200pC vs. 100-1000pC) and shorter bunch spacing (28ns 
vs. 222ns) of SwissFEL. 

SwissFEL Test Injector BPMs 
In 2010, PSI commissioned the SwissFEL test injector 

facility (SITF), a 250MeV linac used for R&D and 
component development for SwissFEL. Since first 
prototypes of BPM electronics for E-XFEL and 
SwissFEL were still under development in 2010, the BPM 
system of SITF [4] is based on the previous generation of 
BPM electronics, using the same digital back-end board 
as the PSI proton cyclotron BPM system [5]. 

SLS BPM Upgrade 
In 2011, PSI also started first developments for new 

SLS BPM electronics [6]. However, the present SLS 
BPM system that was commissioned 12 years ago [7] still 
has excellent mean time between failure (MTBF) and 
satisfies the present user requirements. Therefore the SLS 
upgrade activities have lower priority that our FEL 
projects where 1st beam milestones have to be met. 
Nevertheless, the timely development of a new SLS BPM 
system is motivated by long-term maintenance, growing 
user requirements, and the significant improvements in 
performance and functionality enabled by the latest 
analog and digital IC generations. Moreover, due to large 
synergies with the E-XFEL BPM systems, the 
development effort for the new SLS electronics is 
significantly reduced. As shown in Figure 1, FEL cavity 
and SLS button BPM electronics can use the same digital 
back-end mezzanine carrier FPGA board and same type 
of fast high-resolution (16-bit) ADC mezzanine. The 
main structural difference of the RFFEs is the lack of a 
mixer and local oscillator (LO) for the SLS, where the 
lower BPM pickup signal frequency of 500MHz allows 
direct undersampling. 
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Table 2: PSI BPM Electronics Generations (generation 2.1 under development, also to be used for E-XFEL when ready) 

Gene- 
ration 

Final 
Application 

Year RFFE 
In/Out 
Frequency 
[GHz] 

ADC 
Boards 

Digital 
Back-
End 

ADC 
Data 
Deci-
mation / 
Filter 

Xilinx 
FPGA 
Type 

# ADC Channels (per Digital 
Back-End) x max. Sample Rate 
[Samples/s] 

ADC 
Interface 
Speed of 
Digital Back-
End (max., 
per pin)

0 SLS 2000 0.5/0.036 BPM 
Specific

BPM 
Specific

ASIC - 4x40M (12-bit) <100Mbps  
(Single Ended)

1.0 Cyclotron 2005 0.1 Generic Virtex-2 
Pro 

4x40M (14-bit) <100Mbps  
(Single Ended)1.1 SwissFEL TI 2010 0.5 FPGA 4x5G (S&H) / 33M (14-Bit) 

2.0 FLASH-II 2013 3.3/0 Generic Virtex-5 
FXT 

12x160M (16-bit) <1.25Gbps  
(LVDS) E-XFEL 2015 various 16x500M/12x160M (12/16-bit) 

2.1 SwissFEL 2016 3.3-4.8/0 Artix-7 / 
Kintex-7

12x160M (16-bit) or more 
SLS New 2016+ 0.5 8x160M (16-bit) or more 

 

 
Figure 1: Modules of FEL and SLS BPM electronics 
prototypes (final version: Newer FPGA type). 

EVOLUTION OF PSI BPM SYSTEM 
DESIGN 

Modularity and Re-Usability 
In order to minimize the development and maintenance 

effort for our different BPM projects, we are following a 
modular design approach, with the goal to maximize the 
number of re-usable (“generic”) hardware, firmware and 
software components. Table 2 shows the different BPM 
electronics generations developed by PSI since 2000. 
Generation 0, the SLS DBPM1 system [7], already has a 
modular design with separate printed circuit boards 
(PCBs) for RFFE, ADC mezzanines, and ASIC-based 
digital back-end. However, all boards are BPM-specific 
and not suitable for general-purpose use.  

The next generation already has a generic digital back-
end with two Xilinx Virtex-2 Pro FPGAs and is used for a 
larger number of BPM and non-BPM applications, 
including PSI proton cyclotron and SITF BPMs. 
However, the digitizer boards for these generations, 
realized as VME rear transition board (proton BPMs) or 
PMC mezzanine (SITF), are BPM-specific, using e.g. 
analog filters or digital downconverters (DDCs) that make 
them unsuitable as general-purpose digitizers. 

In contrast, for our present generation 2 FEL BPM 
prototypes both the digital back-end FPGA board and 
ADC mezzanine are generic, where all digital filters and 
signal processing are implemented in FPGAs on the 
digital back-end, while all BPM-specific analog circuitry 
is located on the BPM-specific RFFE.  

In general, having RFFE, ADCs and digital back-end 
on separate board allows to develop and test them 
independently, thus aiding an efficient parallel design 
process. In addition to the possibility to use different 
combinations of back-end, ADC and RFFE for different 
applications, the modular design approach also allows to 
upgrade e.g. ADC boards independently, or to develop 
new versions for different requirements, which minimizes 
version diversity and long-term maintenance effort. 
  

 
Figure 2: E-XFEL BPM electronics generation 2.0 block 
diagram (simplified). Blue: Pickup/RFFE. Yellow: ADC 
mezzanine. Red: Digital back-end carrier board. 

ADC Interface Speed 
For the signal transmission from RFFE to ADCs, 

electronics generation 2 uses compact differential coaxial 
connectors, thus avoiding a degradation of signal quality 
and resolution due to ground loops etc. 

As shown in Table 2, one major difference of 
electronics generation 2 to previous ones is the use of 
terminated LVDS lines instead of unterminated single-
ended lines for the interface between ADC mezzanine and 
FPGAs on the carrier board. This not only allows an 
increase of the supported maximum sampling rate of 
ADCs with non-DDR (dual data rate) parallel interfaces 
from 100MSamples/s to >1GSamples/s, but also 
minimizes noise, since the LVDS lines avoid ground 
bounce and interference noise of nearby circuits.  
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For the SITF BPMs that have 500MHz resonant 
stripline pickups, we used digital back-end generation 1 
with its low (<100Msps) speed interface. Therefore we 
employed an analog multi-channel waveform sampler 
chip developed at PSI, where the 500MHz signal of the 
resonant stripline BPM RFFE is sampled with 
5GSamples/s in 1024 analog sample/hold (S&H) 
capacitors in the chip. Its internal multiplexer allows the 
comparatively slow readout of the S&H cells for all 
channels by a single 33MSample/s 14-bit ADC that could 
easily be interfaced to the generation 1 carrier board. 

Mezzanine Form Factor & Connector Standard 
Each of the two mezzanine connectors of our 

generation 2 digital back-ends provides 96 differential 
signal pairs for ADC data, supporting mezzanines with up 
to six 16-bit ADCs (for one E-XFEL cavity BPM) or 
eight 12-bit ADCs (for two E-XFEL button BPMs) with 
parallel differential outputs. In addition, the pinout we 
chose for the mezzanine connector has a number of other 
signals like ADC clocks and strobes, 8 optional multi-
gigabit links (e.g. for multi-SFP mezzanines), JTAG, I2C 
for board management, 3.3V and 5V supply voltage with 
current and voltage monitoring on the mainboard, etc. 

 

     
Figure 3: E-XFEL button BPM ADC mezzanine (8-
channel 12-bit 500MSamples/s). 

Our PSI-specific mezzanine standard is similar to the 
VITA 57 FMC (FPGA Mezzanine Card) standard, but has 
~50% more user IO pins and a more than 2x larger PCB 
area that we both need for our applications. Therefore we 
kept our standard (developed in 2006/2007) and did not 
migrate to FMC (that uses the same connector version, 
but with 100 pins less, and different pinout) when it was 
introduced in 2008. 

Digital Back-End and RFFE Form Factor 
Digital back-end and RFFEs of all our BPM 

generations use the VME or VME64x standard, with the 
exception of the proton BPM RFFE that is a standalone 
box close to the beam.  

 

   
Figure 4: Digital back-end generation 2.0 prototype 
(GPAC = Generic PSI ADC Carrier). Left: Photo (old 
version with unmounted VXS connector & front-panel, 
mezzanines also not mounted). Right: PCB Layout. 

Generation 0 required the VMEbus to operate the 
digital back-end. In contrast, generations 1 and 2 also 
work standalone, using multi-gigabit links for control, 
timing and feedback interfaces, where the VME P1 and 
P2 backplane connectors mainly provide power and some 
user-defined low-speed (<100Mbps) control/status signal 
connections between back-end and RFFE, e.g. for 
programming/readout of RFFE attenuators, PLL phases 
and frequencies, temperature sensors, bias voltages etc.  

While first generation 2 prototypes used a VXS 
backplane connector that allowed multi-gigabit links in 
special VXS crates (when mounted), our present version 
has a new P0 connector that supports high speed 
(6.5Gbps/pin) data transfer in normal VME64x crates. 
Our present generation 2 board version provides eight 
full-duplex multi-gigabit links between FPGAs and P0 
connector, thus supporting multi-gigabit links between 
different boards via suitable rear transition modules e.g. 
with SFP(+) or PCIe connectors, both in standard 
VME64x crates or in the customized “MBU” (Modular 
BPM Unit) crate of the E-XFEL BPMs. 

 

    
Figure 5: Modular BPM Unit (MBU), with digital back-
end (bottom) and two cavity BPM RFFEs (top). 

PCB Space, Crate Volume and Hardware Test 
Considerations 

The most important performance figures of a BPM 
system are determined mainly by the RF front-end and 
ADCs: Resolution, drift, bunch charge and filling pattern 
dependence, etc. Initial estimations showed that the 
desired functionality of RFFEs and digital back-end both 
fit (just) onto a VME64x size board, but would not fit on 
form factors with smaller PCB sizes without sacrificing 
performance and functionality, which was confirmed by 
our present prototypes. This was one motivation to use 
the VME64x standard also for our latest electronics 
generation. RFFEs and digital back-end are plugged onto 
a back plane via slots at the front side of the crate. The 
relevance of the different modules for the overall system 
performance and functionality is reflected by the fact that 
about 2/3 of the respective front area crate volume are 
available for the RFFEs. 

An added benefit of our RFFE form factor and interface 
concept is that an RFFE can be tested outside of a crate, 
since one only has to connect power and some relatively 
slow digital control IOs to the backplane connector to 
operate it. During RFFE test and development, the board 
is thus fully accessible from both sides for measurements 
with probes etc. 

Cooling and Active Temperature Stabilization 
Our present crate and form factor concept results in a 

mainly homogeneous distribution of the generated power 
over the crate volume. The spatial separation of RFFE 
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and digital back-end minimizes both interference noise 
and drift caused by variations of the power dissipation of 
digital back-end components (FPGAs, processors) during 
operation. Our latest FEL RFFE versions also minimize 
drift via active temperature stabilization, using several on-
board heaters and temperature sensors on the RFFE PCB. 

MTBF and System Management 
Our latest FEL BPM electronics generation and its 

MBU have a redundant crate power supply, redundant 
fans, voltage and current monitoring as well as 
overcurrent protection individually for each board and 
each ADC mezzanine. Live extraction and insertion of the 
boards is also possible. Remote identification and 
configuration are supported by I2C EEPROMs with a 
unique serial number and configuration information on 
each PCB. 

Control System Interface 
The present interface concept allows to use our BPM 

electronics both at the VME64x dominated PSI 
accelerators as well as in non-VME environments, where 
our latest electronics generation 2.x can also be interfaced 
to non-VME systems based e.g. on the xTCA standard, 
via a variety of supported interfaces and protocols like 
PCI Express (PCIe), Ethernet, SerialRapidIO, etc.  
 

Table 3: BPM Electronics Serial Interfaces and On-Board 
Processors 

Gene- 
ration 

Final Appli- 
cation 

Ether- 
net / 
PCI 
Express 
Speed 
[Gbps] 

Multi- 
Gigabit 
Serial Links 
to External 
Connectors 
& SFP(+) 

PSI 
Timing 
Interface / 
Any Baud 
Rate 
Supported

On 
Board 
Pro-
cessor /
Linux 

0  SLS - - - - 
1 Cyclotron 

SwissFEL TI 
- 
- 

2x2.1Gbps Y / - Y / - 

2.0 FLASH-II 
E-XFEL 

1/2.5 26x6.5Gbps Y / Y Y / Y 

2.1 SwissFEL 
SLS New 

1-10/5 22x6.6Gbps+ 
4x12.5Gbps 

  

As shown in Table 3, our present carrier board version 
2.0 supports 1G Ethernet and PCIe Gen1 (2.5Gbps, end 
point), while generation 2.1 that is currently being 
developed will also support 10G Ethernet and PCIe Gen2 
(5Gbps, root complex or end point). 

Processors and Position Computation 
BPM electronic generation 0 of the present SLS BPM 

system needed an external DSP board for tasks like 
position calculation, RFFE gain control, triggered data 
recording in waveforms etc, while generation 1 performs 
such tasks autonomously via PowerPC405 processors in 
its Virtex-2 Pro FPGAs. 

Electronics generation 2.0 still has PowerPC440 
processors in Virtex-5 FXT FPGAs, while the Artix-7 and 
Kintex-7 FPGAs on the latest generation 2.1 that we are 
currently designing have no on-chip PowerPCs any more. 

For FEL and new SLS BPMs, the beam position is 
directly calculated in the FPGA in firmware (VHDL). The 
resulting ultra-low latency of some 100ns for the FEL 
BPMs allows to use them the for the E-XFEL transverse 
intra-bunch train feedback (IBFB) [8], where we aim for a 
feedback loop latency <1.5μs. 

For our latest digital back-end generation prototype, we 
have currently foreseen an additional on-board DSP 
(digital signal processor), in order to be able to use the 
board also as orbit feedback computation engine and for 
measurement data analysis tasks. Both our present (2.0) 
and new (2.1) back-end support on-board Linux. 

Timing System Interface 
The generation 2.x digital back-end can also be directly 

interfaced to the timing systems of E-XFEL, SwissFEL 
and SLS. These timing systems are based on multi-gigabit 
links where the digital back-end FPGAs can decode the 
protocol and provide triggers and synchronous clocks. 

ADC Clock Generation 
For the E-XFEL button BPMs, the fiber optic timing 

interface of our electronics also generates the bunch-
synchronous ADC clock, by recovering the baud rate 
clock of the multi-gigabit bitstream in an FPGA on the 
digital back-end, plus a PLL for jitter reduction. For the 
E-XFEL and SwissFEL cavity BPMs where higher 
performance is needed, the ADC clock is generated by the 
RFFE that derives both ADC clock and LO frequency 
from an external SMA input fed by the ultra-low jitter 
reference RF clock distribution system of the accelerator. 
For SLS, the ADC clock will be generated by the RFFE 
that is connected to the 500MHz SLS reference RF clock 
distribution. Both for SLS and FELs, ADC clock and 
RFFE LO frequency and phase are programmable and can 
be changed in real-time by the digital back-end. 

Feedback Interfaces and Memory 
As shown in Table 3, interfaces to fast beam-based 

feedback networks for E-XFEL, SwissFEL and new SLS 
BPMs are provided by several optional multi-gigabit 
links, employing fiber optic SFP(+) transceivers with 
multi- or single-mode fibers (depending on cable length).  

Table 4: BPM Electronics Memory 

Back- 
End 
Gene-
ration 

Final Appli-
cation 

External FPGA RAM Non-Volatile 
Memory 
(Configuration, 
Hard-Disk, …) 

Σ Size [Byte] 
Type) 

Σ Band-
width 
[Byte/s] 

0  SLS <100k (FIFO) ... EEPROM 
1 Cyclotron 

SwissFEL TI
4M (ZBT) 1G Compact FLASH

2 FLASH-II 
E-XFEL 

16M & 256M 
(QDR2 & 
DDR2) 

4+4G 
(R+W) 
& 4G 

Compact FLASH

2.1 SwissFEL 
SLS New 

5G (DDR3) 20G μSD Card 

  

Table 4 shows the on-board memory for the different 
BPM electronics digital back-end generations. For our 
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next generation 2.1, we intend to use DDR3 SDRAM for 
all purposes, with max. 20GByte/s integral overall 
bandwidth, 5GByte overall size, and a μSD card for non-
volatile data storage (e.g. FPGA configuration). 

BPM SYSTEM STATUS 

SwissFEL Test Injector BPMs 
The SITF resonant stripline BPM system is operational 

since autumn 2010, achieving 7μm RMS resolution and 
typ. <0.2% charge resolution from 5-500pC [4]. 

FLASH-II and E-XFEL BPMs 
Digital back-end, ADC mezzanine and RFFE for the E-

XFEL and FLASH-II undulator cavity BPMs are 
presently in a pre-series stage. Recent noise correlation 
tests [9] with three E-XFEL undulator cavity BPMs, 
installed in a test area in the SITF linac at PSI, showed 
that the present electronics prototype already fulfils the E-
XFEL resolution requirements, i.e. <1μm RMS from 0.1-
1nC at ±0.5mm range.  

  

   
Figure 6: Left: SwissFEL Injector Test Facility (SITF). 
Right: Cavity BPM test area at SITF. 

At Q=180pC, we obtained e.g. 180nm RMS resolution 
(±0.5mm range) that scales ~1/Q for lower charges. The 
IQ imbalance correction necessary to obtain this 
resolution was performed offline, but is currently being 
implemented in the FPGA on the digital back-end. Long-
term drift measurements still need to be performed. 

The E-XFEL button BPM electronics is currently being 
tested in the lab, with beam tests planned until end 2012. 

SwissFEL BPMs 
The above mentioned E-XFEL undulator cavity BPM 

beam tests at SITF showed a resolution of 11μm RMS at 
2pC and ~2.5μm RMS at 10pC. In order to reach the 
desired resolution of < 1μm RMS at 10pC for SwissFEL, 
we are currently developing a cavity pickup that provides 
higher signal at lower charge [10]. A first prototype that 
should provide ~3x better resolution at low charge has 
already been fabricated, and will be tested with beam in 
the near future. 

SLS BPM Upgrade 
Our modular electronics concept allowed us to 

assemble a first SLS BPM prototype just by recombining 
modules of our FEL BPM hardware: We connected the 
SITF 500MHz resonant stripline RFFE to the ADCs and 
digital back-ends of the E-XFEL BPMs, using a 500MHz 
signal generator and 4x splitter to simulate a centered SLS 
beam. Combined with our newly developed VHDL-based 

digital downconverter and position calculation FPGA 
firmware [6], we obtained a position resolution of ~80nm 
RMS for a 10mm geometry factor, which is already ~10x 
better than our present BPM system. We are currently 
developing a dedicated new SLS BPM RFFE, aiming not 
only at <100nm RMS resolution, but also comparable 
long-term stability/drift. 
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Figure 7: Topology of the new SLS BPM electronics. 

SUMMARY AND OUTLOOK 
The development effort for our different BPM 

electronics projects is significantly reduced by a generic 
modular design approach. While the present FEL BPM 
electronics prototypes are already close to the final 
versions, with sub-micron resolution for cavity BPMs, the 
development for the SLS BPM upgrade has just recently 
started, but will benefit from strong synergies with FEL 
systems, sharing the same digital back-end and similar 
ADCs. In addition to BPMs, our present electronics 
platform will also be used for non-BPM systems. 
Examples are e.g. longitudinal diagnostics systems for 
SwissFEL, where e.g. prototypes of a bunching monitor 
and beam arrival time monitor, based on our present 
generation 2 BPM back-end and ADCs, are presently 
being commissioned at the SwissFEL injector test facility. 

REFERENCES 
[1] B. Keil, et al.: “The European XFEL Beam Position 

Monitor System”, Proc. IPAC’10, Kyoto, Japan, 2010. 
[2] B. Faatz et al., “FLASH-II: A Project Update”, Proc. 

FEL’11, Shanghai, China, 2011. 
[3] R. Ganter (Ed.), “SwissFEL Conceptual Design 

Report”, PSI Report 10-04, 2010. 
[4] B. Keil et al., “Commissioning of the Resonant Stripline 

BPM System of the SwissFEL Test Injector”, Proc. FEL’10, 
Malmö, Sweden, 2010. 

[5] B. Keil et al., “Commissioning of a New Digital BPM 
System for the PSI Proton Accelerators”, Proc. EPAC’06, 
Edinburgh, Scotland, UK, 2006. 

[6] W. Koprek et al., “Development of New BPM Electronics 
for the Swiss Light Source”, these proceedings. 

[7] V. Schlott et al., “Commissioning of the SLS Digital BPM 
System”, Proc. PAC’01, Chicago, USA, 2001. 

[8] B. Keil, et al.: “Design Status of the European X-FEL 
Transverse Intra Bunch Train Feedback”, these 
proceedings. 

[9] M. Stadler et al., “Beam Test Results of Undulator Cavity 
BPM Electronics for the European XFEL“, these 
proceedings. 

[10] F. Marcellini et al., “Design of Cavity BPM Pickups for 
SwissFEL”, these proceedings. 

Proceedings of IBIC2012, Tsukuba, Japan MOCB02

Beam Position Monitor System 15 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



Zhichu Chen† , Yongbin Leng, Yun Xiong, Weimin Zhou, SSRF, SINAP, Shanghai, China

Abstract
Direct Current Current Transformer (DCCT) is the most

commonly used high precision current monitor in modern
particle accelerators including Shanghai Synchrotron Radi-
ation Facility (SSRF). Three types of noise have been ob-
served in the output signal of the DCCT in the storage ring
of SSRF: power line noise, beam current related narrow
band noise and random square wave noise from nowhere.
This article will discuss the noise removal algorithms in
SSRF and the performance of the DCCTs afterwards.

INTRODUCTION
As the biggest science research facility in China, SSRF

has started user run with 7 beam lines since March, 2009.
The whole facility contains a 150 MeV LINAC, a full en-
ergy booster and a 3.5 GeV storage ring and has offered
77200 hours’ user time. Since the demand for the beam
quality is being increasing with the growth of the user
group, the accuracy of the measurement of the direct cur-
rent (DC) component of the beam current has become par-
ticularly important.

According to the design requirements of the SSRF as a
third generation light source, a high precision DC beam
current monitor with the ranger greater than 400 mA and
the resolution requirements for booster and storage ring are
50µA@10 Hz and 10µA@1 Hz respectively. The refresh
rate of the DC beam current and the corresponding lifetime
should not be lower than 1 Hz in order to keep the machine
to operate normally.

The New Parameter Current Transformer (NPCT) sensor
from the Bergoz Instrumentation has been evaluated at the
SPEAR3.[1] NPCT175 with a resolution of 1µA/

√
Hz was

chosen to meet the design requirements. Two DCCTs were
positioned at section 15 and 17 and were named DCCT15
and DCCT17 respectively. The sensor is designed to be
sensitive to the electromagnetic fields so that a shielding
system is needed to isolate the sensor from the outside
fields. The design of the shielding system was borrowed
from SPEAR3 (see the exploded view in Fig. 1) since it
seems rational enough and it is proved to perform compe-
tently on that machine.

The PXI bus industrial computer was selected as the
input-output (IO) controller platform for its compatibility,
stability, availability for various of IO boards and the CPU

∗Work supported by National Natural Science Foundation of China
(No. 11075198)
† chenzhichu@sinap.ac.cn

Figure 1: Exploded view of the shielding system designed
by SPEAR3.

computing capability. In order to choose a proper digi-
tal voltmeter (DVM) module from the 4070 series of Na-
tional Instrumentation (NI), a noise test was made between
NI4070 (6.5 bit) and NI4071 (7.5 bit). Another test using
the NPCT175 and NI4070 as a whole system was also pro-
cessed. The result is shown in Fig. 2 and we can see that:

• The performances of NI4070 and NI4071 are quite
close when the sampling rate is higher than 200 Hz;

• The noise of the DVMs—both NI4070 and NI4071—
is much less than the NPCT-DVM system when the
sampling rate is lower than 40 Hz which means the
noise of the sensor has a great contribution to it;

• The performance of the NPCT-DVM system is close
to that of the DVMs when the sampling rate is higher
than 40 Hz.

The sampling rate was chosen to be a relatively high
value of 10 kHz because showing more details of the beam
current waveform was preferred, especially during the
commisioning. NI4070 DVM was selected as the data ac-
quisition module of the DC beam current monitor system
since the performance of NI4071 wouldn’t be significantly

MODELING AND PERFORMANCE EVALUATION OF DCCTS IN SSRF∗
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Figure 2: Noise test result of DVM and NPCT.

better. The PXI input-output controller (IOC) then fetches
the signals from the DVM with the 10 kHz sampling rate.
The 2 Hz data are also provided by averaging the raw signal
waveform.

NOISE IN DCCT
Despite the elegant shielding design from SPEAR3, the

DCCTs still suffers from various kinds of noise including
narrowband noise, square wave noise and zero drift, etc.

Narrowband Noise
A waterfall plot (see Fig. 3) is a good tool to show nar-

rowband signals with highlighted lines. At least 3 types
of narrowband noise can be seen appearing in the DCCT
system:

• power line noise (50 Hz) and its harmonics, which are
stable all the time;

• other frequency specific noise, e.g., the one whose fre-
quency is 1.147 kHz, but the amplitude varies through
time;

• frequency drifting noise, e.g., the one whose fre-
quency drifted from 4.4 kHz to 2.2 kHz.
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Figure 3: Waterfall plot of the spectrum of the DCCT.

A further study on the narrowband noise, as shown in
Fig. 4, gives the fact that the amplitude of narrowband noise
are approximately proportional to the beam current. Both
DCCTs behave alike but DCCT17 seems more sensitive to
the noise. This may due to the slight differences during the
installation.
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DCCT15,raw data,80~116µA

DCCT17,raw data,184~269µA

Figure 4: Amplitudes of the narrowband noise are approx-
imately proportional to the beam current in both DCCTs.

Square Wave Noise
The square wave noise appears randomly without any

warnings. This noise can be seen at every cycle for days
and disappear for the next few weeks. We can see this noise
approximately once a week, on the average. The noise al-
ways presents the shape of square waves with indefinite
periods and fixed amplitudes (−60µA for DCCT17 and
−600µA for DCCT15). The square wave noise has a great
contribution to the measurement error. It affects the res-
olution of the system considerably, especially for lifetime
measurements.

Performance Before Optimization
A comprehensive evaluation was made before any

workarounds were applied as shown in Fig. 5. The
DCCT15 has a better performance than DCCT17 does, due
to the installation process. There’s a great potential to en-
hance the system, although both DCCTs have already met
the primary requirements.
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NPCT175 specification

DCCT15, data rate 2Hz

DCCT17, data rate 2Hz

DCCT15, data rate 10kHz

DCCT17, data rate 10kHz

Figure 5: Amplitudes of the narrowband noise are approx-
imately proportional to the beam current in both DCCTs.
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DCCT MODELING
After the analysis of the beam current monitor system in

SSRF, the DCCT output is considered to contain:

• DC component of beam current (main signal),

• NPCT175 sensor noise,

• AC component of beam current and its harmonics,

• square wave noise,

• power line noise,

• other frequency specific noise,

• zero drift,

• DVM electrnoic noise.

Another experiment was made to try to determine where
the narrowband noise came from. A reasonable guess
would be that this noise should be invoked by the beam
current for the linear relation between its amplitude and
the beam current. A reverse 179 mA current was then pro-
vided to DCCT17 when the beam current is about 180 mA
to cancel out the DC component. The spectra of the output
waveform with or without the reverse current are shown in
Fig. 6 to see whether the average current of the beam takes
part in the noise. There’re no significantly different results
between those situations. This implies that the noise may
be related to the alternative current (AC) component of the
beam current or some kind of wake field.
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Figure 6: Comparion of the spectra.

The probability of appearance of the square wave noise
seems current related to us. The DCCT data were archived
for two weeks since June 11, 2012 in order to obtain a
rough and qualitative conclusion. The absolute values of
the difference data of the 2 Hz DCCT readings show that
the square wave does not occur at the current lower than
197 mA (see Fig. 7). The distribution is quite interesting
and it seems that the square wave “tends” to appear at some
beam currents than others.

Figure 7: The square wave noise has a threshold and an
interesting distribution.

WORKAROUND AND ACHIEVEMENTS

Since the frequency and the amplitude of the frequency
drifting noise are both changing during the machine operat-
ing, an adaptive notch filter has been developed to trace the
frequency and suppress the noise. The other narrowband
noise can benefit from this filter as well. Another evalua-
tion has been made after the notch filter was applied, the
resolutions of DCCT15 and DCCT17 have been improved
from about 100µA and 200µA to 12.4µA and 30µA, re-
spectively, for the 5 kHz data as shown in Fig. 8.
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NPCT175 specification

DCCT15

DCCT17

DCCT15, raw data

DCCT17, raw data

DCCT15, filter applied

DCCT17, filter applied

Figure 8: The resolution has a great improvement after us-
ing the adaptive notch filter.

The square wave noise does not seem easy to be removed
with traditional time-domain or frequency-domain filtering
means, so a discrete Kalman filter[2, 3] has been used to
suppress this noise with its efficient computationial (recur-
sive) means to estimate the state of a process by minimizing
the mean of the squared error. This filter is very power-
ful for it can do estimations of states at anytime even the
precise nature of the modeled system is unknown like our
situation.

The resulting waveform is more satisfactory than had
been anticipated. The standard deviation of the beam cur-
rent measurement has been reduced from 53µA to 6µA
for the 2 Hz data. The corresponding standard deviation of
lifetime measurement has also been decreased from 1.052
hours to 0.168 hours.

MOCB03 Proceedings of IBIC2012, Tsukuba, Japan

18C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)

Beam Charge and Current Monitors



CONCLUSIONS
The combination of NPCT175 from Bergoz Instrumen-

tation and PXI4070 DVM from National Instrumentation
was chosen to meet the design requirements in SSRF. In
order to screen the sensor from electromagnetic fields out-
side, the shielding system designed by SPEAR3 was ap-
plied. Various kinds of noise, including narrowband noise,
random square wave noise and zero drift, still exist despite
the elegant shielding design. An adaptive notch filter and a
Kalman filter have been developed to minimize the system
measurement error and the results are exciting. The nar-
rowband noise has almost be suppressed to the electronics
limit and the square wave noise has been filtered with little
remaining.

Some other appreaches have also been tried, e.g., opti-
mize the installation process to reduce the zero drift or use
BPM sum signal as the replacement for the DCCT[4]. Any-
way, those methods are merely stopgaps. We’ll keep look-
ing for the source of the noise and try to remove it from the
roots.
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VERTICAL EMITTANCE MEASUREMENTS
USING A VERTICAL UNDULATOR

K.P. Wootton∗, M.J. Boland, G.N. Taylor, R.P. Rassool,
School of Physics, University of Melbourne, VIC, Australia

M.J. Boland, B.C.C. Cowie, R. Dowd, Y.-R.E. Tan, Australian Synchrotron, Clayton, VIC, Australia
Y. Papaphilippou, CERN, BE Department, Geneva, Switzerland

Abstract

We have reported on initial work to measure vertical

emittance using a vertical undulator. Using simulations, we

motivate the important experimental subtleties in the ap-

plication of this technique. Preliminary measurements of

undulator spectra are presented that demonstrate the high

sensitivity of vertical undulators to picometre vertical emit-

tances. Finally, possible future applications of this tech-

nique are explored.

INTRODUCTION

Electron storage ring light sources and damping rings

continue to produce beams of increasingly small vertical

emittance. With the recent report of the minimum observed

vertical emittance of εy = 0.9± 0.4 pm rad at the SLS [1],

we require techniques sensitive to sub-micrometre electron

beam sizes. At the Australian Synchrotron, we have de-

veloped a technique for measuring the vertical emittance

of electron beams that we call vertical undulator emittance

measurement [2].

In these proceedings, we assess undulators as a beam di-

agnostic. In contrast to horizontal undulators being largely

insensitive to picometre vertical emittance, we highlight

the sensitivity of vertical undulators to the vertical emit-

tance. We present preliminary results and simulations, as

well as ideas for future vertical emittance diagnostics.

THEORY

Undulators have been used as diagnostics of storage ring

emittance. Horizontal undulators – undulators that deflect

the electron beam in the orbit plane of the ring – have

been demonstrated to give excellent measurement of the

horizontal beam size and energy spread [3–7]. Where the

electron beam emittance is close to fully-coupled, the bril-

liance of horizontal undulators exhibits some sensitivity to

the vertical emittance [4]. Electron storage and rings typi-

cally design for transverse emittance ratios less than a few

percent, with damping ring designs aiming for minimum

vertical emittance. In this low vertical emittance limit hor-

izontal undulators are identified as particularly insensitive

to vertical emittance, limited by the single-electron open-

ing angle of undulator radiation [3].

∗k.wootton@student.unimelb.edu.au

Photon Beam Brilliance

Modelled in SPECTRA [8], the sensitivity of horizontal

and vertical undulators to vertical emittance is illustrated in

Figure 1 below.
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Brilliance, vertical undulator B
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Figure 1: Photon beam brilliance, for horizontal undulator

and vertical undulator of deflection parameter K = 3.85,

for ASLS user lattice with ηx = 0.1 m in the insertion [9].
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Figure 1 illustrates the photon beam brilliance for hori-

zontal and vertical undulators of equal deflection parame-

ter. Over a range of operational vertical emittances there

is no measurable change in brilliance for a horizontal un-

dulator. However we see that for a vertical undulator, at

high even undulator harmonics, the photon beam brilliance

changes by orders of magnitude. Hence, measurements of

the photon beam brilliance at the even harmonics exhibit a

strong dependence upon the electron beam emittance [10].

To measure the brilliance of these harmonics, we con-

sider the angular distribution of undulator radiation. In Fig-

ure 2 we present simulations [8] of the vertical profile of a

horizontal undulator, and a vertical undulator in Figure 3.
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Figure 2: Simulated vertical profile of undulator harmon-

ics, horizontal undulator. Vertical emittance εy = 1 pm rad.

For a fixed, low vertical emittance of εy = 1 pm rad

and horizontal emittance εx = 10 nm rad, Figures 2–3 ex-

emplify the difference between the horizontal and vertical

direction of undulation. With undulations in the horizon-

tal direction in Figure 2, we see the incoherent superposi-

tion of spontaneous undulator radiation from a beam with

a comparatively large horizontal emittance.

In Figure 3 however, the small simulated vertical emit-

tance of εy = 1 pm rad is indicative of the single-electron

distribution of undulator radiation. The narrow spatial dis-

tribution of the interference pattern created at each undu-

lator harmonic is of sin2 θ distribution for odd harmonics,

and cos2 θ distribution for even harmonics. Hence an on-

axis pinhole aperture passing a narrow angular distribution

above and below the orbit plane of the undulator passes a

maximum flux for odd undulator harmonics, and minimum

for even harmonics, as illustrated in Figure 1.

The beam emittance is evaluated as a ratio of peak flux

in the even harmonic to that of the adjacent odd harmonic.
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Figure 3: Simulated vertical profile of undulator harmon-

ics, vertical undulator. Vertical emittance εy = 1 pm rad.

Around θy ≈ 0, the narrow interference peaks of the even

and odd harmonics are well-separated in amplitude.

This idea has also been proposed for measurement of hor-

izontal beam emittance in plasma wakefield accelerated

electron beams [6, 7].

METHOD

We measure the undulator flux passing an on-axis pin-

hole. The pinhole is formed by closing white-beam slits on

the beamline. As a spectrometer, we utilise the soft x-ray

user beamline [11, 12].

Vertical Emittance

A calibrated model of the storage ring lattice was mea-

sured using orbit response matrix analysis, and fitted using

the LOCO technique [13]. The electron beam vertical emit-

tance was adjusted by optimising skew quadrupole magnets

in the lattice model [14].

Photodiode

The preliminary measurements presented in Figures 4 –

5 were made using a Hamamatsu G1963 GaP/Au Schot-

tky photodiode. The diode was selected as it is installed

on the beamline as a standard diagnostic of photon flux.

The responsivity of the photodiode was calculated over the

relevant range of photon energies [15]. Over the desired

photon energy range, the responsivity for this type of diode

exhibits large discontinuities at absorption edges. To avoid

this, use of a doped silicon photodiode should be consid-

ered.
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Figure 4: Measured vertical undulator flux passing an on-axis pinhole.

RESULTS

Measured Undulator Spectra

The measured undulator spectra are plotted in Figure 4

above. Four vertical emittance lattice configurations were

considered, with the undulator closed to a gap of 17.1 mm,

close to the minimum gap. This corresponds to an undu-

lator deflection parameter of K = 3.85. The sensitivity of

this technique to small vertical emittances is illustrated in

Figure 5 below. The even undulator harmonics 6 – 14 are

shown on an expanded vertical scale, to highlight the mea-

surable separation in intensity of undulator spectra between

beams of several picometre vertical emittance.

Background Flux

The background was estimated by measuring the photon

flux with the undulator open to 100 mm, close to the max-

imum gap. This is shown in black on Figures 4 – 5. With

the undulator open to 100 mm, the first undulator harmonic

is shown in the measured spectrum at 1140 eV, and is not a

background feature.

Measured Flux Ratio

The ratio of fluxes of adjacent harmonics is evaluated for

10 and 11. The results are summarised in Table 1 below.

The vertical emittance and corresponding uncertainty was

evaluated using orbit response matrix analysis. Uncertainty

in the corresponding ratio of fluxes is estimated from sys-

tematics in measurement of the background flux, as well as

statistical uncertainties. This measured ratio can be com-

pared with simulation of the apparatus, however to extract

a meaningful measurement of the emittance, the vertical di-

mension of the pinhole must be known. It can be seen that

for this unknown pinhole dimension, that picometre beam

emittances are resolvable at the level of a factor of two.

Table 1: Measured Flux Ratio F10/F11

εy [pm rad] F10/F11

84± 13 0.204± 0.006
9.2± 2.5 0.083± 0.005
5.5± 1.7 0.078± 0.005
2.6± 1.0 0.074± 0.005

DISCUSSION

Future diagnostics and applications of vertical undula-

tors to synchrotron light source storage rings are sum-

marised.

SOLEIL DiagOn

Recently, direct of projections of undulator harmonics

have been measured at SOLEIL [16]. Designed as a beam

diagnostic for APPLE-II insertion devices, the reported

DiagOn device measures the distribution of horizontally-

polarised undulator radiation at a fixed photon energy. By

rotating the device around the beam axis to pass photons of

vertical polarisation, the inteference pattern at fixed energy

could be measured to observe the vertical emittance.

Vertical Undulator

As an aside to emittance measurement, vertical undula-

tors may be used with existing storage rings to provide a

more brilliant photon source. As shown in Figure 1 the

brilliance of high, odd undulator harmonics is a factor of

two greater for the undulator in the vertical rather than

horizontal configuration, at vertical emittances of several

pm rad. These small vertical emittances are achievable at

many storage ring light sources.
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Figure 5: Even harmonics shown on expanded vertical scale, with background subtracted. The even harmonics 6 – 14 are

illustrated for vertical emittances of 2.5, 5.2, 9.2 and 84 pm rad. Also shown in black is the undulator spectrum measured

with the EPU open to 100 mm, for which the photon energy of the first harmonic is Eph = 1140 eV.

CONCLUSION
We have reported on initial work to measure vertical

emittance using a vertical undulator. Using simulations, we

demonstrate the usefulness of vertical undulators as a diag-

nostic for vertical emittance. Preliminary measurements of

undulator spectra are presented that demonstrate the high

sensitivity of vertical undulators to picometre vertical emit-

tances. Future applications of this technique are explored,

notably the possibility of imaging the interference pattern

at a fixed photon energy.
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UV/X-RAY DIFFRACTION RADIATION FOR NON-INTERCEPTING
MICRON-SCALE BEAM SIZE MEASUREMENT
L. Bobb ∗, N. Chritin, T. Lefevre CERN, Geneva, Switzerland

P. Karataev, JAI at RHUL, Egham, Surrey, UK
M. Billing, CLASSE, Ithaca, New York, USA

Abstract
Diffraction radiation (DR) is produced when a relativis-

tic charged particle moves in the vicinity of a medium.

The electric field of the charged particle polarizes the target

atoms which then oscillate, emitting radiation with a very

broad spectrum. The spatial-spectral properties of DR are

sensitive to a range of electron beam parameters. Further-

more, the energy loss due to DR is so small that the elec-

tron beam parameters are unchanged. Therefore DR can be

used to develop non-invasive diagnostic tools. The aim of

this project is to measure the transverse (vertical) beam size

using incoherent DR. To achieve the micron-scale resolu-

tion required by CLIC, DR in UV and X-ray spectral-range

must be investigated. During the next few years, experi-

mental validation of such a scheme will be conducted on

the CesrTA at Cornell University, USA. Here we present

the current status of the experiment preparation.

INTRODUCTION
Over the last 30 years Optical Transition Radiation

(OTR) [1] has been widely developed for beam imaging

and transverse profile measurement. However OTR based

systems are invasive and do not permit the measurement of

high charge density beams without risking damage to the

instrumentation. Beam diagnostics using Diffraction Radi-

ation [2, 3] has been proposed as an alternative [4, 5].

In the optical wavelength range the use of diffraction ra-

diation (ODR) as a high-resolution non-invasive diagnos-

tic tool for transverse beam size measurement has been

widely investigated; at the Advanced Test Facility at KEK

in Japan [6], at the FLASH test facility at DESY [7] and

at the Advanced Photon Source at Argonne, USA [8]. At

ATF2 the achieved beam size sensitivity was as small as

14 μm [9].

For next generation linear colliders such as the Com-

pact Linear Collider (CLIC) [10], transverse beam size

measurements must have a resolution on the micron-scale.

Currently, laser wire scanners [11] are the main candidate

for non-invasive high resolution measurements. However,

over a distance of more than 40 km many laser wire moni-

tors would be required. This is both costly and difficult to

maintain- DR could offer a simpler and cheaper alternative.

However as expected theoretically [12], the DR sensitivity

to beam size becomes negligible at extreme beam energies.

Our aim is to develop a non-invasive beam size monitor

with micrometer resolution for electron and positron beams

∗ lorraine.bobb@cern.ch

Table 1: Phase 1 Experiment Parameters for CesrTA [13]

and Comparison with the CLIC Damping Ring Complex

[14]

E (GeV) σH (μm) σV (μm)

CesrTA 2.1 320 ∼9.2

5.3 2500 ∼65

CLIC 2.86 ∼10-200 ∼1-50

of a few GeV energy. In the CLIC machine layout [15],

these devices would then be used both from the Damping

ring exit to the entrance of the Main beam linac and in the

CLIC Drive beam complex (2.4 GeV).

The Cornell Electron Storage Ring, with beam param-

eters as shown in Table 1 was primarily reconfigured as

a test accelerator (CesrTA) [16] for the investigation of

beam physics for the International Linear Collider damp-

ing rings. An experimental program was recently proposed

to develop and test a Diffraction Radiation monitor to be

installed in the straight section of the ring where small

beam sizes can be achieved. The sensitivity to beam-size

is improved at shorter observation wavelengths, so the ex-

perimental program has been divided into two consecutive

phases. The first phase, we are currently implementing at

the moment aims to measure the beam size in the 20–50 μm

range using visible and UV light. If successful a second

phase will be launched in order to push the detector sensi-

tivity down to few micrometers using shorter wavelengths

in the soft x-ray range. This paper presents the current sta-

tus of our work.

SIMULATIONS

ODR Model and the PVPC
The ODR model considers the case when a charged par-

ticle moves through a slit between two tilted semi-planes

i.e. only DR produced from the target is considered. The

author of [17] has shown that the vertical polarisation com-

ponent is sensitive to beam size. In [18], the expression for

the ODR vertical polarisation component convoluted with

a Gaussian distribution is given and shown here in Eq. 1

where α is the fine structure constant, γ is the Lorentz fac-

tor, θ0 is the target tilt angle, tx,y = γθx,y where θx,y are

the radiation angles measured from the mirror reflection

direction, λ is the observation wavelength, σy is the rms

vertical beam size, a is the target aperture size, ax is the
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offset of the beam centre with respect to the slit centre and

ψ = arctan

[
ty√
1+t2x

]
. This model is applicable when the

transition radiation contribution from the tails of the Gaus-

sian distribution is negligible- approximately a ≥ 4σy .

d2W slit
y

dωdΩ
=

αγ2

2π2

exp
(
− 2πa sin θ0

γλ

√
1 + t2x

)
1 + t2x + t2y

×
{
exp

[
8π2σ2

y

λ2γ2
(1 + t2x)

]
cosh

[
4πax
γλ

√
1 + t2x

]

− cos

[
2πa sin θ0

γλ
ty + 2ψ

]}
(1)

Generally, DR intensity is inversely proportional to the

aperture size and the sensitivity to beam size is inversely

proportional to the observation wavelength. The sensitivity

to beam size is dependent on the visibility (Imin/Imax) of

the DR angular distribution. Therefore the maximum and

minimum intensities of the DR angular distribution must

be measured accurately. Measuring the maximum inten-

sity (Imax) is normally straightforward, however the mini-

mum intensity (Imin at ty = 0) measurement is not trivial

limited by background and noise. The minimum intensity

must be above background and camera noise.

Using Eq. 1, the DR angular distributions (tx = 0) at ob-

servation wavelengths 200 nm and 400 nm with aperture

sizes of 0.5 mm and 1.0 mmwere plotted for different beam

sizes (see Fig. 1). The DR intensity is normalised to the far

field transition radiation maximum (TRmax) shown in Eq.

(2) [2].

From these results it was found the limiting beam sizes

at 400 nm and 200 nm observation wavelengths are approx-

imately 25 μm and 15 μm respectively. For the first test of

the prototype, the initial experiment set-up using 400 nm

observation wavelength, 1.0 mm target aperture size and

50 μm beam size was identified to have measurable visibil-

ity.

d2Wmax
TR

dωdΩ
=

αγ2

4π2
(2)

Figure 1: DR angular distributions at different beam sizes

for E = 2.1 GeV, a = 0.5 mm and λ = 200 nm.

Generally, increasing the beam energy broadens the an-

gular distribution and increases the peak light intensity. In

Fig. 2 it is seen that the sensitivity to beam size decreases

with beam energy.

Figure 2: Sensitivity to beam size at different beam ener-

gies for λ = 400 nm, a = 1 mm and σy = 50 μm.

The projected vertical polarisation component (PVPC)

is a technique which takes the vertical (y) projection of the

3-dimensional (θx, θy , intensity) DR angular distribution.

The y-projection is obtained by integrating over the hori-

zontal angle θx. The visibility and hence beam size is then

measured from the y-projection [18].

The PVPC method collects more DR photons emitted

from the target. In turn this improves the sensitivity to

beam size since the minimum intensity of the DR angu-

lar distribution is further displaced from zero above back-

ground.

Synchrotron Radiation
Synchrotron radiation (SR) is the main source of back-

ground in DR measurements [19]. A significant proportion

of background is stopped by the optical system since a nar-

row bandwidth and vertical polarisation are selected. Back-

ground is further reduced by positioning a mask upstream

of the target. Synchrotron RadiationWorkshop (SRW) [20]

was used to simulate the effectiveness of this mask.

In this simulation, a 0.5 mm target aperture and 2 mm

mask aperture were considered. The beam energy was 2.1

GeV at a maximum current of 10 mA. The B48 bending

magnet is the nearest principle source of SR upstream of

the DR experiment location. It is approximately 10 m up-

stream of the target and has 0.0498 T magnetic field [13].

The observation wavelength was 400 nm with a 10% band-

width.

To compare with DR, the y-projection was obtained and

normalised to the well understood OTR at similar beam pa-

rameters (E = 2 GeV, λ = 390-410 nm) such that the total
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Figure 3: Comparison of DR vertical projections and SR

background at E = 2.1 GeV, λ = 400 nm and a = 0.5 mm.

photons per electron was 3 × 10−4 [21]. In Fig. 3 the

SR background reflected by the target is compared with the

y-projections of DR angular distributions. The SR back-

ground may be comparable to DR. In [22] it is seen that it

is impossible to obtain DR beam size measurements with

SR contribution due to interference. Therefore SR must be

suppressed and the use of a mask upstream of the target is

a common feature in DR experiments.

Beam Jitter
Beam offset from the aperture centre affects the visibil-

ity of the angular distribution introducing errors in the DR

beam size measurement. Figure 4 shows the sensitivity to

beam size for 0 μm and 30 μm beam offset at 200 nm and

400 nm observation wavelengths, 2.1 GeV beam energy

and 1.0 mm target aperture size. It is seen that problems

arise when the beam offset is unknown and the zero beam

offset sensitivity curve is no longer valid. By monitoring

the beam position turn-by-turn, the beam offset turn-by-

turn can be included in the simulations and data fitting pro-

cedure such that the true beam size is obtained.

EXPERIMENTAL SET-UP
The phase 1 experiment will be located in the L3 straight

section of CesrTA. The machine parameters at this location

are given in Table 1. This experiment will primarily run

at an electron beam energy of 2.1 GeV. An overview of

the DR tank is shown in Fig. 5. Inside the vacuum cham-

ber there is a section of beam pipe, which is moved out

of the way during DR experimental sessions, but which is

required during high current operations for CESR to mini-

mize the higher order mode loss for the stored beams.

Target Design
The target and mask assembly are shown in Fig. 6 where

the mask is a few centimetres upstream of the target. The

Figure 4: Beam size sensitivity at λ = 200 and 400 nm, E =

2.1 GeV and a = 1.0 mm with and without beam jitter.

Figure 5: Overview of the DR tank. Electron beam direc-

tion is into the page [23].

target will be made out of Silicon with very strict require-

ments on the surface flatness (20 nm) and roughness (0.3

nm rms). The target tilt angle θ0 with respect to the elec-

tron beam is 70 ◦. This tilt angle has been chosen as the

optimal angle to ensure the effective aperture size the beam

must pass through is only slightly smaller than the aperture

size measured in the plane of the slit. The mask will be

based on a similar design but with a relaxed tolerance on

the surface quality and will therefore be machined out of

Silicon Carbide.

Experimentally, the target aperture size might also limit

the beam lifetime and beam scraping must be avoided. The

Figure 6: Target and mask assembly [23].
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beam lifetime with the target inserted must be long enough

for the beam alignment procedure and for the DR beam size

measurement. Calculations found the requirement that the

aperture size should be at least 7− 10σy [13] therefore the

slit size will range from 0.5-1.0 mm.

Optical System

The optical system must be a dual purpose system, to

image the target and also to observe the DR interference

pattern. An achromatic lens is used to control the mag-

nification whilst imaging the target. To switch to DR op-

eration, the achromatic lens is removed and replaced by a

bi-convex lens (see Fig. 7). A compact system is prefer-

able for alignment and installation although this introduces

some complications when imaging the DR angular distri-

bution as the detector will be located within the prewave

zone [24]. The system is inside a black box to reduce back-

ground.

Figure 7: Schematic of optical system.

Figure 7 shows the main optical components. Bandpass

filters are used to select the wavelengths of interest. A po-

lariser is required to select the vertical polarization compo-

nent which carries the vertical transverse beam size infor-

mation. The same camera will be used for imaging the tar-

get and the DR angular distribution. It should be suitable

for wavelengths from the UV - visible range. Radiation

hardness may be problematic so some shielding should be

foreseen.

METHOD OF OPERATION
The positioning of downstream radiation detectors will

monitor the particles lost from the beam when the tar-

get is inserted. In addition to these Beam Loss Moni-

tors (BLMs), target imaging and a 4-button Beam Position

Monitor (BPM) can also be used to initially align the elec-

tron beam to pass through the mask and target apertures.

Once aligned, the DR measurement will begin. The optical

system will be aligned using a laser and mirror upstream

of the ODR tank. This laser will send light along the elec-

tron beam trajectory. It will then reflect off the target and

through the DR viewport to the optical system.

FUTURE WORK

Phase 2 Micron Resolution
The aim of the phase 2 experiment is to measure the

vertical beam size on the micron scale using DR at soft

X-ray wavelengths. The sensitivity to beam size for 5.3

GeV beam energy is shown in Figure 8 for different wave-

lengths. At 50 nm beam sizes below 10 μm should be ob-

tainable using a reasonable target aperture.

Figure 8: Sensitivity to beam size at λ = 50 nm (phase 2)

and λ = 200 nm, 400 nm (phase 1). The target aperture is

0.2 mm.

Feasibility of a Ring Beam Size Monitor
Following the study initiated in this work, DR beam size

measurements may also be applicable for protons and ring

accelerators assuming that the particles are ultrarelativis-

tic. Here we consider the case for the Large Hadron Col-

lider (LHC) with 4 TeV beam energy. Typically the beam

size ranges from 0.2 mm to a few mm. The observation

wavelength is in the infra-red spectral range. The sensitiv-

ity to beam size for different target aperture sizes is shown

in Fig. 9. Using a proton beam also relaxes some of the

requirements in the target fabrication and reduces the con-

tribution of synchrotron radiation.

Figure 10 shows the DR angular distributions at various

target aperture sizes with 4 TeV protons, 1.0 mm vertical

beam size and 10.3 μm observation wavelength. For circu-

lar machines, a compromise would have to be met between

larger aperture sizes, crucial for circular machines and the

corresponding decrease in DR intensity.

SUMMARY AND CONCLUSION
Simulations have demonstrated the feasibility of vertical

beam size measurements at CesrTA. The phase 1 experi-

ment is planned for the end of December 2012 for which

the design and vacuum assembly are close to completion.

The design must also account for the experiment location in

a circular machine. This introduces some advantages and
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Figure 9: Sensitivity to beam size for the LHC at different

target apertures.

Figure 10: DR angular distributions at different target aper-

ture sizes for the LHC (λ = 10.3 μm, σy = 1 mm).

disadvantages not applicable for linacs. Preliminary simu-

lations for the phase 2 test aiming for the soft x-ray spec-

tral range have been presented and show that to achieve

micron-scale resolution, wavelengths must be shorter than

50 nm. In addition, the feasibility of DR diagnostics on

other accelerators has been considered such as simulations

for transverse beam size measurements at the LHC.
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Abstract

A pilot user experiment with the seeded FEL have
been demonstrated at the Prototype Test Accelerator (EUV-
FEL), SPring-8 from July, 2012. A precise measurement of
the electron bunch charge distribution (BCD) is crucial key
to keep both spatial and temporal overlaps between high-
order harmonic (HH) laser pulses and electron bunches.
In addition, R&D of a 3D-BCD monitor with a single-
shot detection has been extensively promoted at SPring-
8. The monitor adopts a spectral decoding based Electro-
Optic (EO) sampling technique that is non-destructive and
enables real-time reconstruction of the 3D-BCD with tem-
poral resolution of 30 to 40 fs (FWHM). So far, such EO
sampling based BCD monitors have been developed by us-
ing inorganic EO crystals such as ZnTe or GaP and their
temporal resolutions are limited by 110 ∼ 130 fs (FWHM).
As a part of this project, the first BCD measurement with an
organic EO crystal; DAST has been successfully demon-
strated at the facility. Signal intensities, temporal resolu-
tions and radiation related issues for both ZnTe and DAST
are discussed.

INTRODUCTION

In general, XFEL (X-ray Free Electron Laser) accel-
erator drives ultra-short electron bunches such as ∼100
µm (rms) for transverse and ∼30 fs (FWHM) for longi-
tudinal directions. In order to drive such ultra-short elec-
tron bunches, it is required not only to measure bunch
length with a few tens of femtoseconds temporal resolu-
tion, but also to simultaneously measure transverse bunch
charge distribution (BCD) with real-time, non-destructive,
and shot-by-shot measurement. For example, for SACLA
(SPring-8 Angstrom Compact Free Electron Laser), RF de-

flectors have been utilized to measure the temporal distri-
bution of electron bunches, so far [1, 2]. However, since
this method is beam-destructive, real-time reconstruction
and shot-by-shot detection of the electron bunch cannot be
realized during the operation of SASE-FEL oscillation.

Electron
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Figure 1: A schematic drawing of SASE-FEL and seeded
FEL operation.

Furthermore, for user experiment with HHG-seeded FEL,
both high-order harmonics (HH) laser pulse and electron
bunch are required to be spatially and temporally over-
lapped at all times as shown in Fig. 1. Therefore, both
longitudinal and transverse BCD measurements, i.e., 3D-
BCD measurements with probe laser, that is split from the
HHG process, realizes to make shot-by-shot feedback to
the HHG-seeded FEL operation.

The Electro-Optic (EO) sampling is one of the practical
techniques to realize the 3D-BCD measurements [3, 4]. In
this method, the Coulomb field distribution of a relativis-
tic electron bunch is encoded on to a probe laser pulse as
modulation of polarization due to phase retardation by EO
effect. Intensity spectrum of the probe laser is modulated
after a polarized splitter. In case we measure the inten-
sity spectrum modulation with a multi-channel spectrom-
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eter, single-shot temporal measurement of electron bunch
can be achieved and this method is well known as the spec-
tral decoding [5].

Temporal resolution of the spectral decoding based EO
sampling is mainly limited and determined following four
factors:

1) A limitation of the temporal resolution (Tres) in the
spectral decoding is expressed with the Fourier trans-
form limitation (τ0) and a chirped pulse width (τc) of
a realistic probe laser pulse as shown in Fig. 2 and
Eq. (1):

Tres ≈
√
τ0τc (1)

Figure 2: EO-encoded spectra with different chirp rate.

2) Dispersion of Pockels EO crystals depend on crystal
thickness and frequency domain in use (both optical
and THz domain). Since the THz pulse is distorted
and broadened inside the Pockels EO crystal, it is dif-
ficult to realize femtoseconds order of temporal reso-
lution, especially in THz region.

3) Since electric field of the relativistic electron bunch
has an opening angle of 2/γ, the temporal resolution
(Tgeo) is defined as

Tgeo =
2r

γc
, (2)

where γ is Lorentz factor, r the distance between the
electron bunch axis and a probing point of EO media,
and c the light velocity.

4) A velocity mismatch between the electric field of the
electron bunch in vacuum and the probe laser pulse
inside the EO media. Since refractive indices of EO
crystals, especially the Pockels EO crystals, are gen-
erally as high as ∼2, which is almost half the light
velocity in vacuum.

These above summarize characteristics of the longitudi-
nal BCD measurements. In order to demonstrate precise

spatial BCD detection, transverse BCD measurements are
also required. For actual operation in SACLA, electron
bunches should be guided in a straight line at a undula-
tor section with a pointing stability of < 10 µm. Although
many RF-beam position monitors (BPMs) with less than 1
µm (rms) resolution and screen monitors (SCMs) with 2.5
µm (rms) resolution have been successfully developed for
SACLA [6], single-shot measurements with real-time re-
construction of bunch charge distribution, which can simul-
taneously measure both longitudinal (temporal) and trans-
verse (spatial) Bunch Charge Distribution (3D-BCD), en-
able fine optimization of electron BCD and energy chirping
conditions during the SACLA operation.

While there are other methods of EO sampling, such as
temporal or spatial decoding based techniques, we adopt
spectral decoding method due to the following two reasons:

1) Transverse measurements of a sliced BCD is available
which is direct detection comparing to projected BCD
measurements with BPM and so on. Thus such direct
detection is necessary to precise control of the X-ray
lasing.

2) Since, in SACLA, the transverse beam size (40 µm
in rms) is larger than the longitudinal one (30 fs
in FWHM, corresponding to 10 µm in the scale), a
slight tilt of the beam trajectory can disturb precise
bunch duration measurements. Introducing our non-
destructive and real-time 3D-BCD monitor, we can
correct the bunch tilt and perform precise longitudi-
nal measurements.

Eventually, fine beam tuning can be realized just before the
undulator section.

PRINCIPLE OF 3D-BCD MEASUREMENT
Characteristics of the 3D-BCD monitor are 1) non-

destructive, 2) single-shot, 3) real-time reconstruction, and
4) three dimensional measurement of BCD with 30-fs
(FWHM) of temporal resolution. Schematic drawing of
the 3D-BCD measurement based on the spectral decoding
is represented in Fig. 3 (upper). A broadband (∼350 nm in
FWHM @ 800 nm) and linear chirped probe laser pulse are
generated and its intensity spectrum is squarely shaped by
an Acoust-Optic modulator (DAZZLER). The probe laser’s
polarization is transferred from linear to radial with a ra-
dial polarization converter. And probe laser profile is con-
verted from Gaussian to hollow (anti-Gaussian) beam by
an axicon lens or a mirror pairs. Figure 3 (lower) shows a
conceptual design of 3D-BCD monitor. The electron beam
passes through total three Pockels EO detectors. In each
EO detector, eight Pockels EO crystals azimuthlly surround
the electron beam axis. And the independent three hollow-
shaped probe laser pulse split from the original laser source
are synchronized to probe the same electron bunch at each
EO detector. The longitudinal distribution of the Coulomb
field associated with the relativistic electron bunch is en-
coded as a phase retardation on the probe laser spectrum at
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each crystal. In addition, both incident angles and positions
of the sliced BCD are determined by the set of two EO de-
tectors at both ends. Details of longitudinal and transverse
detections of the BCD are individually discussed as fol-
lows.

Figure 3: Schematic drawing of element of the 3D-BCD
monitor (upper) and total system of 3D-BCD monitor
(lower)

Longitudinal Detection
In SACLA, 30-fs of temporal resolution (FWHM) is re-

quired to measure longitudinal charge distribution of the
electron bunch. In order to achieve such temporal resolu-
tion, 1) broadband and linear chirped probe laser genera-
tion and 2) transparency of the Pockels EO crystals in fre-
quency domain of use are essential keys. As we discussed
above, since we prepare ∼350 nm (FWHM) @ 800 nm of
broadband probe laser, the Fourier limited pulse width of
the probe laser is evaluated to τ0 ≈ 3 fs (FWHM).

First, in case the BCD measurement with one Pockels
EO crystal, temporal resolution is estimated to Tres ≈ 30
fs (FWHM) with τc ≈ 300 − 400 fs (FWHM) of linear-
chirped probe laser pulse. In the actual 3D-BCD measure-
ment, eight Pockels EO crystals should be probed without
any spatial overlap of each other. When the arrival timing

jitter between the probe laser pulse and the electron bunch
is 50 fs (FWHM), τc ≈ 600 fs of linear-chirped probe laser
pulse is required and Tres ≈ 40 fs (FWHM) is expected.

Second, following three spectral transmission charac-
teristics, which affect temporal resolution of the system,
should be taken care:

1) absorption in THz range emitted from electron bunch,

2) velocity mismatch inside Pockels EO crystals between
the Coulomb field associated with the electron bunch
and the probe laser pulse,

3) dispersion inside Pockels EO crystals in optical range
in addition to THz range.

So far, inorganic Pockels EO crystals, such as ZnTe
and GaP have generally been utilized for BCD measure-
ments in EO sampling. However, since each crystal has
noticeable photon absorption around 5 and 11 THz, respec-
tively, temporal resolution with such crystals is limited by
110 ∼ 130 fs (FWHM) [7]. Therefore, Pockels EO crystals
should be transparent in wide frequency range. Thus we
introduce an organic Pockels EO crystal, DAST (4-N , N -
dimethylamino-4’-N ’-methyl stilbazolium tosylate) [8].

Transverse Detection

Next, we evaluate signal intensity modulations for eight
Pockels EO crystals to investigate feasibility of transverse
BCD measurement. In our calculation, we assume 8 GeV
of electron beam energy, 100 pC of bunch charge and 30
fs (FWHM) Gaussian distribution of bunch duration based
on a SACLA operation condition. Since Pockels EO crys-
tal (detection point) is expected to be close to the electron
beam axis as much as possible according to Eq. (2), each
detection point are set as r = 2 mm in both calculation and
experiment. Figure 4 (left) shows a longitudinally sliced
BCD profile with overlays of relative coordinates of eight
Pockels EO crystals. Here, the aspect ratio of the sliced
profile is rhol : rver = 2 : 1 (

√
rhol · rver =

√
2 × 75 µm

≈ 100 µm), where rhol and rver are horizontal and vertical
beam size in rms, respectively.

Figure 4: Longitudinally sliced BCD profile with relative
coordinates of eight Pockels EO crystals (left) and calcula-
tion results of signal intensity modulations at each crystal
position (right).
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First, for the sliced profile is true circle not ellipse, elec-
tric field at each detection point (r = 2 mm) are described
as

E(r) =
Q

(2π)3/2ε0crσ0
, (3)

where Q is bunch charge, c light velocity, ε0 electric per-
mittivity in vacuum, and σ0 bunch length in sigma. A
change of refractive index (∆n) of isotropic EO media is
expressed as

|∆n| = n30
2

{
ξpE(r) + ξkE(r)2

}
, (4)

where ξp is Pockels EO, ξk Kerr EO coefficients and n0 re-
fractive index of the EO media. Here, ZnTe with 1 mm
thick is utilized as Pockels EO media and n0 = 2.85
and ξp = 3.97 × 10−12 m/V are adopted for the calcu-
lation. Figure 4 (right) compares signal intensity modula-
tions (∆I) at eight Pockels EO crystals while ∆I is defined
as

∆I =
Isig − Iorg

Iorg
, (5)

where Isig and Iorg are signal intensities for ellipse and
circle profiles of longitudinally sliced BCD, respectively.
And definition of the signal intensity is described as

I = I0 sin2
( π

2λ
∆nL

)
= I0 sin2

(
πn30ξpEL

4λ

)
, (6)

where L is crystal thickness and λ wavelength of probe
laser pulse. According to the calculation results as shown
in Fig. 4 (right), The EO signal intensity modulation is
evaluated to maximum 0.2% with ∼100 µm of beam size.
On the other hand, actual beam size in SACLA is estimated
to
√
rhol · rver ≈ 40 µm, thus transverse BCD measure-

ment with the above criterion is expected to be much dif-
ficult. For such a small intensity modulation, we measure
a s-wave spectrum instead of p-wave one for higher S/N
ratio as described in Fig. 3 (upper).

FEASIBILITY
A feasibility test of the BCD measurement via spectral

decoding based EO sampling was demonstrated at the Pro-
totype Test Accelerator, SPring-8 on February 2012. Ex-
perimental setups and conditions are shown in Fig. 5 and
Table 1. A linear-chirped probe laser pulse was generated
with 5 nm (FWHM) of band width (central wavelength is
795 nm) and 5 ps (FWHM) of pulse duration in a laser
hatch outside the accelerator tunnel. Arrival timing of the
probe laser pulse was adjusted to be the same with elec-
tron bunch on the Pockels EO crystal position by a streak
camera for coarse adjustment. Timing signal of the electron
bunch (300 fs in FWHM of bunch duration) and probe laser
pulse were monitored by a CT located behind a EO cham-
ber and a photodiode detector right before the EO chamber,
respectively. And precise timing adjustment was demon-
strated by a timing delay module (Candox System inc.) for

Figure 5: Experimental setups of the BCD measurement
at the Prototype Test Accelerator, SPring-8 (a and b), and
crystals for beam detection (c, starting from the top, 420,
230, 190 mm thick of DAST crystals, 1 mm thick ZnTe and
Ce:YAG).

Table 1: Experimental Conditions

Electron beam
Energy 250 MeV
Bunch charge 30 ∼ 420 pC
Bunch duration 300 fs (FWHM)
Reputation rate 30 Hz
Peak current > 300 A

Probe laser
Bandwidth 5 nm (FWHM) @ 795 nm
Pulse energy 5 µJ
Pulse duration 5 ps (FWHM)
Linear chirp rate 0.6 ps/nm
Reputation rate 30 Hz

EO crystal
3W × 4H × 1T mm3

Distance from e-beam axis 2 mm
Phase retardation ∼50 degree
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the probe laser. Next, coordinates of the Pockels EO crystal
for electron beam axis was aligned with Ce:YAG phosphor
and remote monitoring with a CCD camera.

Figure 6 shows EO signal intensity dependency on the
electron bunch charge. In addition, calculation results,
which is taken into account only the Pockels EO effect
as described in Eq. (6), are overlaid as a solid line on
Fig. 6. Measured EO signal intensity spectrum (average of
ten shots) by a spectrometer (OceanOptics, QE65000) are
fitted with a single Gaussian and their peak values for five
bunch charge sets are plotted on Fig. 6. From Fig. 6, EO
signal intensities are saturated beyond 0.28 pC of bunch
charge. On the other hand, signal intensity evaluation is
difficult for lower bunch charge due to degenerated signal
to noise ratio of the spectra.

Figure 6: Dependency of the EO signal intensities on the
bunch charge.

Next, signal intensity spectra (single shot) of the BCD
measurement with an inorganic (1 mm thick ZnTe) and an
organic (230 µm DAST) Pockels EO crystals are measured
and compared in Fig. 7.

Figure 7: Signal intensity spectra of BCD measurement via
1 mm thick ZnTe (left) and 230 µm thick DAST (right)
Pockels EO crystals. Average bunch charge is fixed as 0.28
nC.

In Fig. 7, signal intensity spectra directly measured by
the spectrometer are plotted as black lines which include

both signal and background. Red lines represent back-
ground spectra which is measured without electron beam
and blue lines are signal only spectra (black - red). EO
signal intensity derived with DAST crystal is twice higher
than that with ZnTe crystal. In addition, rise time, i.e., tem-
poral response of the signal spectrum with DAST crystal is
apparently fast. Electron bunch duration evaluated by the
BCD measurement with ZnTe and DAST crystals were 1.5
and 1.8 ps (FWHM), respectively. On the other hand, EO
signal with DAST crystal was not maintained more than
one hour since we started the measurement. We are inves-
tigating DAST crystals on damages due to radiation or laser
illumination.

SUMMARY
We establish the 3D-BCD detection system that realizes

non-destructive, single-shot measurement, and real-time
reconstruction with 30 fs (FWHM) of temporal resolution.
This 3D-BCD measurement system is spectral decoding
based EO sampling and consists of 1) eight organic Pockels
EO crystals azimuthlly surrounding electron beam axis, 2)
linear-chirped, broadband, and square-shaped probe laser
with radial polarization and hollow-shape, and 3) optical
components which have extremely higher extinction ratio
(1 :∼ 107) in one octave wavelength domain. With these
above powerful configurations, not only longitudinal, but
also transverse BCD measurements can be realized. Feasi-
bility test of the BCD monitor was demonstrated at the Pro-
totype Test Accelerator, SPring-8 on February 2012. The
first observation of the EO signal with an organic Pockels
crystal; DAST was successfully achieved. Further inves-
tigation about radiation or laser illumination damages for
organic crystals are extensively proceeded.
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Abstract 

The construction of SACLA (SPring-8 Angstrom 
Compact free electron LAser) was already completed and 
it is under operation. A screen monitor (SCM) system has 
been developed and was installed in order to obtain a 
direct image of a transverse beam profile with a spatial 
resolution of about 10 m, which is required to 
investigate electron-beam properties, such as a beam 
emittance. The SCM originally has a stainless steel target 
as an OTR radiator or a Ce:YAG crystal as a scintillation 
target. At the beginning of SACLA operation, strong 
coherent OTR (COTR), which provides incorrect beam 
profile image, was observed after full bunch compression 
to make a peak-current of over 1 kA. In order to suppress 
the COTR effect on the SCM, the stainless steel target 
was replaced to the Ce:YAG scintillation target. Since the 
COTR was still generated from the Ce:YAG target, a 
spatial-mask was employed. The mask was mounted on 
the optical axis around the center of the SCM image, 
because the COTR light is emitted forward within ~1/γ 
radian, while the scintillation light almost has no angular 
dependence. Clear beam profiles with a diameter of a few 
tens of micrometre are observed by means of the SCM 
with this simple improvement. 

 

INTRODUCTION 

In the SPring-8 site, construction of SACLA, which is 
an XFEL facility, was already completed and it is under 
operation [1,2]. For SACLA to stably generate a high-
intense X-ray laser pulse of shorter than 0.1 nm 
wavelength, the electron-beam injected into the undulator 
section is demanded to have a high peak-current of more 
than 3 kA and a low-emittance of less than 1 π mm mrad. 
The 1 ns width electron-beam, which is generated from a 
thermionic gun with a low emittance of 0.6 π mm mrad 
and is formed from a 3 s width (FWHM) at the gun by a 
beam chopper, is compressed to nearly 10 fs by the 
velocity bunching process of an injector part and three 
bunch compressors without emittance growth. The 
electron-beam for generating high-intense X-ray laser 
pulses is made by fine tuning of the accelerator, 
investigating the beam properties. In SACLA, a monitor 
system for a beam profile and a beam bunch length is 

indispensable for the SASE operation of the XFEL. 
A large number of screen monitors (SCM) have been 

installed along the accelerator and the undulator line for 
measuring beam profiles [3,4]. Especially after the third 
bunch compressor (BC3), the values of the emittance and 
bunch length of the beam should be obtained. The 
emittance is measured by the Q-scan method [5] with the 
SCM. For the bunch length measurement, a temporal 
beam profile is monitored by converting the temporal 
structure to a spatial profile using the RF-deflector in 
order to achieve a temporal resolution of 10 fs [6]. In 
these measurements, the transverse beam size of a few 10 
m (rms) should be observed with the SCM. Therefore, 
the SCM is demanded to have a spatial resolution of 10 
m for SACLA. 

At the beginning of SACLA operation, however, some 
of the spatial profiles were not correctly able to be 
monitored by the SCM on account of strong coherent 
OTR (COTR), which made an incorrect beam profile 
image, after the BC3. The COTR is also observed at 
LCLS, FLASH, and other facilities [7,8,9], when an 
electron-beam is compressed over a certain pulse width. 
Our SCMs, nevertheless, did not have a countermeasure 
against the COTRt, because the COTR has not been 
observed in the SCSS test accelerator [10], which is a 
small-scaled machine of SACLA.  

Therefore, the SCM has been improved for mitigation 
of the COTR effect to increase availability of the SCMs 
placed downstream of the accelerator. 

 

 

Electron beam

CCD camera

Lens

Screen target part

 

Figure 1: Setup of the SCM system. 
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SETUP OF THE SCM SYSTEM AND 
OBSERVATION OF COTR 

The SCM is a standard method for profile measurement 
of an electron-beam, which directly images the beam 
profiles using light emitted from a view screen by the 
electron-beam. In SACLA, 46 SCMs were installed in 
order to obtain transvers beam images with a spatial 
precision of below 10 m.  

The configuration of the SCM is shown in Fig. 1 and 
Fig. 2. The SCM is composed of a screen target part with 
a vacuum chamber and an optical system part with an 
optical lens and a CCD camera. In order to obtain a high-
resolution image, the optical system has a customized 
complex lens with minor optical aberrations and a large 
diameter of 2 inch. The CCD camera has a pixel size of 
6.5 m and horizontal and vertical pixel numbers are 
1492 x 1040, respectively. Two kinds of radiators, which 
are a stainless steel foil to emit OTR and a Ce:YAG 
crystal for fluorescence, are employed for a screen target. 
 

The Ce:YAG screen was designed to be 100 m thick 
that was optimized the image resolution and the 
mechanical strength. Since the Ce:YAG screen has a 
emission depth along an electron beam path, the target 
should be as thin as possible to obtain the sufficient 
resolution. On the other hand, the target should have a 
certain thickness for the mechanical strength. A thickness 
of 100 um satisfies both demands. The Ce:YAG screen is 
perpendicularly attached with respect to the beam path in 
order to minimize the path length. The scintillation is 
reflected by a mirror with the angle of 45 deg. toward the 
optical system. The OTR screen is made of stainless steel 
that has 100 m thicknesses. This screen is attached to the 
screen holder at a 45 deg. angle with respect to the beam 
axis in order to produce the OTR toward the optical 
system. 

In the original plan, the Ce:YAG scintillator was used 
for a lower energy beam below 30 MeV, and the OTR 

screen was used for a high energy beam over 30 MeV. 
However, after the BC3 the COTR was emitted from the 
OTR screen. The COTR light makes an incorrect beam 
profile image due to abnormally intense coherent-light. 
The intensity of the light is several orders of magnitude 
higher than that of normal OTR. Furthermore, the 
intensity has large fluctuation shot-by-shot. As a result, 
the profile image taken by the CCD camera is saturated 
by a very-large intensity shot, as shown in Fig. 3. For the 
purpose to mitigate the COTR effect of the SCM to 
observe a proper beam profile image, the stainless steel 
target was replaced with a Ce:YAG scintillation target 
even for the high energy region. 

 

MITIGATION OF COTR EFFECT IN THE 
SCM 

Separation Method Using Scintillator 
In order to mitigate the COTR problem, scintillator 

screens are generally employed in SCM systems. The 
scintillator emits fluorescence from excited atoms by an 
electron-beam. Although the scintillator screen emits 
COTR, the fluorescence light has some differences from 
COTR in the emission angle distribution and the time 
response. The COTR light coming into the SCM can be 
considerably reduced by using the difference of the 
emission mechanism in temporal or spatial characteristics. 

One of the methods to reduce the COTR light is the 
temporal separation between the fluorescence and the 
COTR, which uses the difference of the emission time 
structures between them. The emission time is over ten 
nanosecond in the Ce:YAG scintillator case and a few 
tens of femtosecond, which correspond to the electron 
bunch length, in the OTR case. Accordingly, it is possible 
to separate the COTR light by using a high-speed gated 
camera, such as an intensifier CCD camera [6]. However, 
these cameras are very expensive. Therefore, it is difficult 
to use these high-speed cameras for the 30 SCMs in 
SACLA. 

Mirror

Shaft
Ce:YAG

Metal oil

Light

Beam

Optical system

 

Figure 2: Configuration of the screen target part in the 
SCM. The shaft equips apertures to pass through an 
electron-beam and to install two kinds of the screen 
targets, which are a stainless steel foil and a Ce:YAG 
scintillator.  

 

 

 

Figure 3: Profile image with COTR disturbance. 
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The other COTR reduction method is a spatial 
separation. In this method, a spatial-mask is inserted 
before the lens to block the COTR light. The 
configuration of an improved SCM is shown in Fig. 4. 
The COTR light is emitted forward within ~1/γ rad, 
where γ is the Lorentz factor. The divergence angle of the 
COTR is less than 0.5 mrad for over a 1 GeV energy 
region. On the other hand, the scintillation light has no 
angular dependence. The profile image was obtained 
without the COTR disturbance by using the SCM with the 
spatial-mask at the center line of the optical system. Since 
this method is much more cost-effective than the temporal 
separation method, we employed the spatial separation 
method to solve the COTR problem. 

 

Experience in Spatial Separation 
When the electron-beam was focused into a few 10 m 

region so as to measure a beam emittance by a Q-scan 
method, the COTR was again observed in the SCM. The 
reason was that the divergence angle of the COTR 
became larger than the masked area due to diffraction 
effect at a small light source. Although the emission angle 
of the COTR is basically within ~1/ rad, A diffraction 
angle can be much larger than 1/ rad for a small-size 
beam. The diffraction angle is approximately expressed as 
a ~λ/d rad, where λ is the wavelength and d is the beam 
diameter. For a focused beam, the divergence of the 
COTR light was larger than the initial size of the central 
spatial-mask. The angular divergence was estimated to be 
about 100 mrad at an electron-beam size of 10 m on the 
screen. Therefore, the mask size was necessary to cover 
this area.  

Moreover, we observed some stray light in the image of 
the SCM with the central spatial-mask. The stray light 
was caused by the high-intense COTR light, which was 
reflected in the vacuum chamber and it was scattered out 
through a viewing port. Accordingly, an outside mask was 
installed along with the central spatial-mask  in order to 
reduce the stray light. The shape of the final spatial-mask 
is like a double-pinhole, which is shown in Fig. 4. Clear 
beam profiles were observed by means of the SCM with 
this spatial-mask.  

A profile image and the vertical beam charge 
distribution of this image are shown in Fig. 5 and Fig. 6, 
respectively. The beam profile image focused by Q-
magnets was observed on the Ce:YAG screen in the 
vertical axis. The beam size was measured to be 30 m 
(rms) from the beam profile of Fig. 6. Moreover, a small 
beam size of 17 m (rms) was observed by using another 
focused beam.  

Consequently, an appropriate beam profile was 
observed without the COTR disturbance by using the 
spatial separation method between the COTR and the 
scintillation. Since this method is much simpler than the 
temporal separation, the spatial separation method is 
possible to be easily used for the already installed SCMs. 
The improved SCMs have a spatial resolution of lea than 
about 10 m, which is demanded from tuning of the 
SACLA.  

 

 

Beam

Ce:YAG
Screen

Mirror

Scintillation lightCoherent-OTR light

Spatial mask

Lens
 50 mm

140 mm

CCD

140 mm

Outside mask

 

Figure 4: Configuration of the spatial separation of the 
COTR light using a mask in the SCM. 

 

 

 
 

Figure 5: Profile image observed by the SCM with the 
spatial-mask. The electron-beam was focused in the 
vertical axis by Q-magnets. 
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Figure 6: Vertical beam charge distribution of Fig. 5. 
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Further Improvement for Mitigation of COTR 
Effect 

In order to further improve the spatial separation of 
COTR light, we have employed a perforated mirror for a 
SCM. A schematic drawing in the case of using the 
perforated mirror is shown in Fig. 7. The COTR light, 
which is generated on the surface of the Ce:YAG, passes 
through the hole of the perforated mirror. In this case, 
most of the COTR light and scattered light in the chamber 
do not come out though the viewing port. An example of 
an appropriately observed beam image is shown in Fig. 8. 
The image still shows stray light which is scattered at the 
hole edge and the mirror face. However, the intensity of 
the scattered light is negligibly small to the beam profile 
intensity in the image. The separation between the COTR 
and the fluorescence by using the perforated mirror seems 
to be sufficient for our SCM. This separation method is 
still under study in SACLA for further improvements. 

 

CONCLUSION 

We improved the SCM of SACLA so as to mitigate the 
COTR disturbance by means of the spatial separation 
between COTR light and fluorescence light using the 
difference of their emission angles. A Ce:YAG 
scintillation screen and a spatial-mask were employed in 
the SCM. The spatial-mask obstructs the COTR light to 
the CCD camera. As a result, the profile image was 
appropriately observed by focusing the scintillation light 
through the mask. Clear beam profiles with a diameter of 
a few tens of micrometre in rms were observed by means 
of the method using the improved SCM with the spatial-
mask. This fact indicates that the SCM has a spatial 
resolution of about 10 m. 

Since the implementation of this method, a projected 
emittance value of around 1 π mm mrad has been 
precisely measured by the Q-scan method with the SCM 
after the bunch compressors. Furthermore, a beam bunch 
length of about 30 fs was measured by using an RF-
deflector. The improved SCMs are effectively utilized in 
the XFEL tuning of SACLA. 
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Figure 7: Configuration of the SCM to mitigate the 
COTR light with a perforated mirror. 
 

 

Edge of the mirror hole
φ 3 mm

Beam

 
Figure 8: Profile image by the SCM with a perforated 
mirror. Size of the hole in the perforated mirror is 3 mm. 
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ELECTRON BEAM DIAGNOSTIC SYSTEM FOR THE JAPANESE XFEL, 
SACLA
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RIKEN SPring-8 Center, Kouto, Sayo-cho, Sayo-gun, Hyogo, Japan

S. Matsubara , T. Matsumoto, K. Yanagida,
Japan Synchrotron Radiation Research Institute, Kouto, Sayo-cho, Sayo-gun, Hyogo, Japan

Abstract
We present the design and performance of the beam 

diagnostic instruments for the Japanese x-ray free electron 
laser (XFEL) facility, SACLA. XFEL radiation is 
generated by self-amplified spontaneous emission (SASE) 
process in SACLA, which requires a highly brilliant 
electron beam with a normalized emittance of less than 
1 mm mrad and a peak current of more than 3 kA. To 
achieve this high peak current, 1 A beam with 1 ns 
duration from a thermionic electron gun is compressed 
down to 30 fs by means of a multi-stage bunch 
compression system. Therefore, the beam diagnostic 
system for SACLA was designed for the measurements of 
the emittance and bunch length at each compression 
stage. We developed a high-resolution transverse profile 
monitor and a temporal bunch structure measurement 
system with a C-band rf deflecting cavity etc. In addition, 
the precise overlapping between an electron beam and 
radiated x-rays in an undulator section is necessary to 
ensure XFEL interaction. Therefore, we employed a C-
band sub- m resolution rf cavity BPM to fulfill the 
demanded accuracy of 4 m. All the performances of our 
developed beam monitors reached the demanded 
resolutions. By using these beam diagnostic instruments, 
the first x-ray lasing at a wavelength of 0.12 nm was 
achieved and SACLA has been stably operated for user 
experiments since March, 2012 in the wavelength region 
from 0.08 nm to 0.25 nm.

INTRODUCTION
The x-ray free electron laser (XFEL) facility, SACLA 

(SPring-8 Angstrom Compact Free Electron LAser) [1], 
was successfully commissioned and the first x-ray lasing 
was observed in June, 2011 at an x-ray wavelength of 
0.12 nm. SACLA has been stably operated for various 
user experiments since March, 2012 in the wavelength 
region from 0.08 nm to 0.25 nm. In SACLA, XFEL
radiation is generated by a self-amplified spontaneous 
emission (SASE) process. The SASE process in the x-ray 

region requires a high peak current of more than 3 kA and 
a small normalized emittance of less than 1 mm mrad [2].

To achieve these requirements, we designed and 
constructed a low-emittance injector, an 8 GeV C-band 
accelerator and a short-period in-vacuum undulator 
beamline, as shown in Fig. 1. An electron beam is 
generated by a thermionic electron gun with a CeB6
cathode. The normalized emittance of the electron beam 
is 0.6 mm mrad, the initial current is 1 A and its pulse 
width is 1 ns (FWHM) formed from 3 s (FWHM) by a 
high-voltage chopper. 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 meantime, the bunch 
length is shortened from 1 ns to 30 fs by using a velocity 
bunching process through the sub-harmonic acceleration 
cavities and a bunch compression process by means of
three magnetic chicanes. The peak current is finally 
boosted up to 3 kA without substantial emittance growth. 
The electron beam is then fed into in-vacuum undulators
with a period of 18 mm and the maximum K-value of 2.2, 
and XFEL light is finally generated.

In order to maintain the high gain SASE process at an 
x-ray wavelength, we need to monitor a beam position, a
transverse beam profile, beam arrival timing and a
temporal bunch structure at each acceleration stage. The 
resolution of the beam-position monitor in the undulator 
section is required to be less than 1 m so as to maintain
the overlap between the electron beam and radiated x-rays 
within 4 m precision [3]. The transverse beam profile 
should be measured with a spatial resolution of less than 
10 m in order to measure a normalized emittance less 
than 1 mm mrad. The required resolution of the temporal 
bunch structure measurement is 10 fs at a position after 
the full compression, since the bunch length becomes 
30 fs. In addition, since the initial bunch length is 1 ns, 
temporal profile monitors with a wide time scale from 
1 ns to 10 fs are demanded. Therefore, we developed 

Figure 1: Schematic layout of SACLA.
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bunch length monitors of several types. 
In this paper, we describe the design and performance 

of each diagnostic instrument and demonstrate some 
results from the XFEL commissioning. 

BEAM DIAGNOSTIC SYSTEM 
The beam diagnostic instruments for SACLA can be 

classified into three categories: beam position monitor 
(BPM), transverse profile monitor and temporal profile 
monitor. In the following sections, the details of these 
three categories are described together with the 
experimental results of performance tests from the XFEL 
commissioning. In this section, we summarize the 
overview for each category. The number of monitors for 
each diagnostic instrument is listed in Table 1. 

For the BPM, we employed rf cavity BPMs (RF-BPM) 
[4] for both the accelerator section and the undulator 
section in order to achieve sub- . Although 
the accelerator section does not need such a high-
resolution BPM, the same RF-BPM system is employed 
so as to reduce design and maintenance work. Only for 
the dispersive part of the three bunch compressors (BC1 –
3), multi-stripline BPMs [5] are used, since the beam 
width becomes wider than the aperture of the RF-BPM. In 
addition to the beam position measurement, RF-BPM has 
capability to detect the beam arrival timing [6]. Since 
some of the user experiments, such as a pump and probe 
experiment, require precise arrival timing, the timing 
information from the RF-BPM is provided for users. 

For the transverse profile monitor, a screen monitor 
(SCM) [7] is employed. Optical transition radiation 
(OTR) or scintillation light from a target screen is focused 
by a lens system into a CCD camera, which records a 
beam. We employed a Desmarquest fluorescent screen for 
the low-energy beam part of the accelerator, a stainless 
steel foil for OTR or a YAG:Ce screen for a high-energy 
part. After full bunch compression, intense coherent OTR 
(C-OTR) was observed and the beam profile could not be 
obtained in this case. Therefore, we tried to mitigate the 
C-OTR effect [8]. 

For the temporal characteristic measurement of the 
electron beam, we designed several types of monitors, 
since the bunch length is compressed from 1 ns to 30 fs, 
which is too wide to measure the bunch length by one 
method. In the injector part, we use coherent transition 
radiation (CTR) from a screen monitor target and a fast 
differential current transformer (DCT) [9] in order to 
observe a bunch length of around 100 ps. The CTR 
monitor detects the intensity of the CTR, since the CTR 
intensity has a correlation with the bunch length. With the 
DCT, the bunch length is estimated from the pulse 
duration of the signal waveform. Coherent synchrotron 
radiation (CSR) monitors [10] are also utilized to measure 
the bunch length at the BCs. The intensity of CSR emitted 
from the fourth dipole magnet of each BC is detected, 
since the CSR intensity has bunch length information in 
the same way as the CTR monitor. 

In order to directly measure the temporal beam profile, 
a streak camera and a C-band transverse rf deflector 
(RFDEF) [11] are employed. The streak camera detects 
the OTR from the metal foil. The streak camera system 
can measure the bunch length from sub-ps to 100 ps. The 
C-band RFDEF is installed downstream of BC3 in order 
to confirm the 30 fs bunch length after full bunch 
compression. 

Table 1: List of beam diagnostic instruments and their 
numbers

 Number of Monitors 

RF cavity BPM 57 

Multi-stripline BPM 4 

Screen Monitor 43 

Differential Current Transformer 30 

CTR monitor 5 

CSR monitor 3 

OTR screen for Streak Camera 3 

Transverse RF Deflector 1 

BEAM POSITION MONITOR 
In this section, the design and performance of the RF-

BPM and multi-stripline BPM (MS-BPM) are described. 
After the design overview of the RF-BPM, position 
resolution of the RF-BPM along the undulator beamline is 
analyzed and the orbit control for the beamline is also 
described. In addition, the resolution of the beam arrival 
timing and the trend of the timing during the SACLA 
operation are discussed. Finally, the technical details of 
the MS-BPM and the energy measurement performance 
are described. 

RF Cavity Beam Position Monitor 
A schematic drawing of the RF-BPM cavity is shown 

in Fig. 2. The beam position is detected by using a 
TM110 dipole mode cavity, which is tuned to be a 
resonant frequency of 4.76 GHz. In order to obtain both X 
and Y positions, the TM110 cavity has four coupling 
ports, two X ports and two Y ports. These four ports are 
symmetrically arranged so as to prevent field asymmetry. 
The signal amplitude from a TM110 cavity port can be 
written as = /  
where  is a proportionality constant,  is the beam 
charge,  is the beam position,  is the resonant angular 
frequency and  is the time constant of the cavity. The 
amplitude of the beam-induced field in the TM110 cavity 
is proportional to the beam position. The sign of the beam 
position can be obtained from the rf phase of the signal. 

The RF-BPM has additional TM010 monopole mode 
cavity with the same resonant frequency of 4.76 GHz. 
Since the TM010 mode is almost independent of the beam 
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position and the signal amplitude is only proportional to 
the beam charge. Furthermore, the phase of the TM010 
mode signal is a normalization reference to the TM110 
signal. By using both TM110 and TM010 signals, the 
beam position can be obtained.

The RF-BPM signal is processed by an IQ (In-phase 
and Quadrature) demodulator. The baseband signal from 
the IQ demodulator is recorded by a 12-bit or 16-bit VME 
A/D converter. The rf amplitude and phase of the TM110 
and TM010 cavities are calculated from the baseband 
signal voltages at the specified timing and the beam 
position is calculated from these values.

Position Resolution Measurement
In order to confirm the sub-

the lasing condition in the undulator beamline, position 
resolutions of 20 RF-BPMs in the undulator section were 
measured [4]. The electron beam energy was 7 GeV and 
the bunch charge was 0.1 nC in this measurement. The 
beam position at a given RF-BPM was estimated from the 
other 19 RF-BPMs and the detected position was 
compared with the estimation. The estimated position was 
calculated by the least squares method. The details of 
analysis are described in Ref. [4].

Figure 3 shows an example of the correlation plot 
between the measured position and the estimated position. 
The estimation is almost the same as the measurement. 
We define the position resolution as the rms of the 
difference between the measured value and the estimated 
one. The position resolutions of 20 RF-BPM along the 
undulator section are plotted in Fig. 4. The resolution was 

Steering Magnet Current Setting for Variable 
Gap Undulators Based on RF-BPM Data

In SACLA, variable-gap in-vacuum undulators are used 
for XFEL generation. Since the error magnetic field of the 
undulator depends on a gap width, a trajectory perturbed 
by the error field must be corrected by steering magnets 
in order to maintain the straightness of the beam orbit. For 
this purpose, each undulator is equipped with two steering 
magnets, one of which is placed at the entrance of the 
undulator and the other is at the exit.

The current setting of the steering magnet is determined 
by using RF-BPM data as a function of the undulator gap. 
Details of the analysis can be found in Ref. [12]. The orbit 
distortion was obtained from the RF- BPM data at each 
undulator gap. The current of the steering magnet as a 
function of the gap width is calculated from these data so 
as to reproduce the almost straight reference orbit.

The horizontal orbit reproducibility is shown in Fig. 5. 
In this data, the gap widths of all the undulators were 
changed at the same time and the steering magnet currents
were set to appropriate values for individual gap widths. 
The beam orbit error from the straightness was within 
10 m for the entire gap variation region. By using the 
current setting data or the steering magnet, the XFEL can 
be generated with any K-value from 1.5 to 2.1

Figure 4: Position resolutions of 20 RF-BPMs along the 
undulator beamline.

Figure 5: Reproducibility of the beam orbit after changing 
the undulator gap. The K values of 1.5, 1.8 and 2.1 
correspond to the gap width of 5.2 mm, 4.4 mm and 
3.7 mm, respectively.

Figure 2: Drawing of the RF-BPM cavity.

Figure 3: Scatter plot of the measured position of a BPM 
versus the estimated position from other BPMs.

X

Y
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Injection Orbit Stabilization for the Undulator 
Beamline

In order to constantly maintain the XFEL intensity, the 
beam orbit in the undulator beamline should be stabilized. 
In SACLA, an initial orbit drift is measured by two RF-
BPMs upstream of the undulator beamline and the orbit is 
stabilized by a feedback control of two steering magnets 
upstream of these RF-BPMs. The period of the feedback 
control is a few seconds. A contour plot of the XFEL
intensity as a function of these RF-BPM data is shown in
Fig. 6. The XFEL intensity depends on the injection orbit. 
Therefore, the target point of the feedback control is set to 
the peak of the contour plot of the XFEL intensity. By 
using this control sequence, the XFEL intensity drift is 
sufficiently reduced.

Beam Arrival Time Measurement
As described previously, the beam arrival timing can be 

measured by the phase of the TM010 resonator of the RF-
BPM. The resolution of the arrival timing was measured 
at the SCSS test accelerator by using the two neighboring 
RF-BPMs [6]. Figure 7 shows the distribution of the 
phase difference between the two TM010 cavities. The 
standard deviation is 0.0459 degree at 4760 MHz, 
corresponding to 27 fs. This value is 2 times larger than 
the timing resolution of each RF-BPM, if we assume the 
resolution of each RF-BPM is the same. Therefore, the 
arrival timing resolution is approximately 20 fs.

In order to estimate the long-term reliability of the 
arrival timing measurement, we analyzed a long-term 
variation of the beam arrival time by using the RF-BPM 
data [13]. Figure 8 shows a trend graph of the phase of the 
TM010 cavity of the RF-BPMs at the entrance and the 
exit of the undulator beamline. The distance from the 
entrance and the exit of the undulator line is about 110 m. 
The phase of 1 degree corresponds to 600 fs. The timing 
of the averaged data was varied about 600 fs pk-pk. This 
drift was caused by a parameter drift of the injector part 
of the accelerator. Nevertheless, the RF-BPMs themselves 
detected the beam arrival timing correctly, since the two 
graphs show a same tendency. Although a small 
difference can be seen, this difference is consistent with 
the thermal expansion of the optical fiber for the reference 
rf signal transmission due to ambient temperature drift.

Multi-stripline BPM
A schematic drawing of the MS-BPM used at the 

dispersive part of the bunch compressor is shown in 
Fig. 9. The cross-section of the beam aperture of the MS-
BPM has dimensions of 70 (x) x 10 (y) mm2. On each top 
and bottom surface, five stripline electrodes are arranged 
with a 10 mm interval. Since the vertical opening of the 
MS-BPM is 10 mm, most of the electric field from a 
single electron is confined to within 10 mm. Therefore, 
we can roughly obtain a horizontal beam profile with a
resolution of about 10 mm. The horizontal beam position 
is calculated to be the center of mass of the charge 

distribution. The length of the stripline electrode is 
160 mm, which corresponds to of 476 MHz.

The signal from the MS-BPM is converted to a pulsed
rf signal with a 476 MHz band-pass filter. Five rf signals 
are sequentially multiplexed into one channel by using a 
group delay of another band-pass filter. The multiplexed 
rf signal is detected by a 476 MHz IQ demodulators and 
the baseband signals generated with the detector are 

Figure 7: Phase difference between the reference cavities 
of the two adjacent RF-BPMs.

Figure 6: Contour plot of the XFEL intensity as a function 
of the injection beam orbit. The X and Y axes of this plot 
are the horizontal beam positions of the RF-BPM 7 m 
upstream from the first undulator and that of 1 m 
upstream of the first undulator, respectively. The Z-axis 
(color) shows the XFEL intensity.

Figure 8: Trend graphs of the phases of the TM010 
cavities of the RF-BPMs measured at the entrance (1-2-2) 
and the exit (5-1-2) of the undulator section for two days. 
The data of each beam shot is plotted by a dot and the 16-
shot moving average is shown by a solid line.
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recorded by a VME waveform digitizer board. The details 
of the MS-BPM system are described in Ref. [5].

We confirmed the position sensitivity of MS-BPM at 
the SCSS test accelerator [5]. The horizontal and vertical 
sensitivities were less than 0.1 mm and 0.01 mm. This 
horizontal sensitivity is sufficient for energy measurement
at each bunch compressor, which is demanded to be less 
than 0.1%, since the dispersion of each bunch compressor 
is more than 100 mm. Since the beam energy at each 
bunch compressor is strongly correlated with a bunch 
compression ratio, the data from the MS-BPM is 
effectively used for beam tuning.

SPATIAL BEAM PROFILE MONITOR
In order to obtain a transverse beam profile, we use a 

screen monitor (SCM) with a fluorescent target and an 
optical transition radiation (OTR) target made of stainless 
steel. For a short bunch length beam of less than 100 fs, 
coherent OTR (C-OTR) was detected. Therefore, we tried 
to remove the C-OTR by using a YAG:Ce scintillation 
target and the spatial property of OTR. The emittance 
measurement result and the comparison of the position
measurement result with the RF-BPM data to check the 
performance of the SCM are also described.

Screen Monitor
The SCM consists of a screen movement mechanism in 

vacuum and an imaging system [7]. The screen can be 
remotely inserted into the beam path with a pneumatic 
actuator. The radiation from the screen is focused by a 
custom-made lens system to a CCD camera, as shown in 
Fig. 10. The optical resolution of the lens system was 
confirmed to be 2 m in case of the maximum 
magnification of x4.

Mitigation of Coherent OTR Effect
The SCM works well for a bunch length longer than 

100 fs. However, intense C-OTR was observed from the 
stainless steel target when the bunch length was less than 
100 fs and the beam profile image was no longer 
obtained. Therefore, we changed the target to the 0.1 mm-
thick YAG:Ce in order to use scintillation light. 
Nevertheless, C-OTR was still observed from the 
YAG:Ce screen. We put an OTR mask in front of the lens, 
as illustrated in Fig. 11, since OTR is emitted in the 
forward direction with a radiation angle dependence of 
1/ [8]. After that, an appropriate beam profile image is
obtained, as shown in Fig. 12.

Although the C-OTR mask method fairly works well, 
but non-negligible stray light of the C-OTR is often 
observed. Furthermore, even if the beam is scattered by 
the YAG:Ce screen, C-OTR is still generated at a mirror
behind the YAG:Ce screen. In this case, it is difficult to 
remove C-OTR by using a mask. Therefore, we tried to 
use a perforated mirror to reduce the C-OTR effect [8]. A 
schematic drawing of the SCM with the perforated mirror 
is shown in Fig. 13. The C-OTR light generated at the 
YAG:Ce goes through the hole of the perforated mirror. 

The electron beam also passed through the hole and hence 
the C-OTR is not generated at the mirror. Only the 
scintillation light from the YAG:Ce screen is reflected and 
the beam image can be obtained.

An example of the results is shown in Fig. 14. The hole 
diameter on the mirror is 3 mm in this measurement. The 
beam image was appropriately obtained and scattered 
light from the edge of the mirror hole can also be slightly 
seen. When the beam is moved near the edge of the hole 
by using a steering magnet, C-OTR radiation was 

Figure 11: Setup of the screen monitor to mitigate C-OTR
with a mask.

Figure 12: Beam profile image observed by the beam 
profile monitor with the YAG:Ce screen and OTR mask.

Figure 9: Schematic drawing of the multi-stripline BPM.

Figure 10: Photograph of the screen monitor.

Masked region
5 mm

Scintillation COTR
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detected together with the scintillation beam image. Thus, 
C-OTR is sufficiently removed by this method.

Emittance Measurement
In order to generate intense XFEL radiation, the beam 

emittance should be as low as possible. Therefore, we 
measured the beam emittance at each stage of bunch 
compression. The emittance is measured by the
quadrupole scan method [14]. We scanned the current 
value of the quadrupole magnet just upstream of a screen 
monitor and took the transverse beam size by using the 
screen monitor. The square of the beam size satisfies the 
following formula:= + / 1 + / ,
where is the rms beam size measured by the screen 
monitor, and are the Twiss parameters, is the 
emittance, is the distance between the quadrupole 
magnet and the screen monitor, and is the effective 
length and the K value of the quadrupole magnet, 
respectively. This formula is fitted to the data and the 
emittance and Twiss parameters are obtained.

One of the results is shown in Fig. 15. This data was
taken after the bunch compression by BC3, and the screen 
monitor at about 15 m downstream from the exit of BC3. 
In this screen monitor, the YAG:Ce screen with the C-
OTR mask was used. The data points were appropriately 
fitted by the analytical formula. The normalized emittance 
of this beam was 1.09 mm mrad, which was sufficient for 
XFEL. In this data, the minimum beam size was 30 m 
rms and the profile of such a tiny beam can be 
appropriately obtained by the screen monitor with the 
YAG:Ce screen and C-OTR mask.

Comparison between Beam Positions Measured 
with RF-BPM and Screen Monitor

In order to confirm the validity of the measurements of
the RF-BPM and the SCM, we compared the beam 
positions from the two monitors. We used a screen 
monitor in the undulator section and this screen monitor 
has the YAG:Ce screen with the C-OTR mask. The beam 
position from the SCM is calculated from the center of 
mass of the beam profile image and compared with the 
beam position data from the RF-BPM adjacent to the 
SCM. In order to change the beam profile, we scanned the 
beam energy from 3.8 GeV to 7.4 GeV, while the field 
strength of the quadrupole magnet was kept constant. 
Figure 16 shows the comparison between the RF-BPM 
and SCM position data. Even though the beam profile 
was changed, the beam positions measured with both the 
SCM and RF-BPM were consistent each other within the 
error of less than 10 m (rms). Thus, the RF-BPM and the 
SCM with C-OTR mask are working well as expected.

TEMPORAL PROFILE MONITOR
A temporal beam profile is monitored with several 

methods depending on the bunch length. A fast 
differential current transformer (DCT) and a coherent 
transition radiation (CTR) monitor are used for the 

Figure 15: Emittance measurement result. The strength of 
the quadrupole magnet was scanned and the square of the 
beam size was plotted. This graph was fitted by the
parabolic function and the emittance was calculated.

Figure 14: Beam profile image observed by the beam 
profile monitor with the YAG:Ce screen and perforated 
mirror.

Figure 13: Setup of the profile monitor to mitigate C-OTR
effect with the perforated mirror.

Figure 16: Correlation between the beam positions 
measured by an RF-BPM and a screen monitor. Even 
though beam energy was changed in order to vary the 
beam shape, the beam position was consistent each other.
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injector part, where the bunch length is around 100 ps. 
For a non-destructive monitor of the bunch length at each 
bunch compressor, a coherent synchrotron radiation 
(CSR) monitor is utilized. For the direct detection of the
temporal profile less than 10 ps, a streak camera and a C-
band transverse rf deflector (RFDEF) are employed.

Fast Differential Current Transformer
We developed a high-speed DCT [9], as shown in 

Fig. 17. This DCT 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. A single-turn pickup coil and a high-frequency 
magnetic core (Finemet, Hitachi Metal, Ltd.) are used so 
as to achieve the short rise time of a DCT output pulse. 
The rise time of the raw signal was measured to be 200 ps. 
Therefore, this CT has a capability to measure the bunch 
length around 500 ps.

The bunch length of the injector part is measured with 
the two DCTs (CT-238 and CT-476), as shown in Fig. 18. 
The raw signals from these DCTs are taken by a 12 GHz 
band-width high-speed oscilloscope. An example of the 
raw signal waveform of CT-476 is shown in Fig. 19. In 
this data, an input rf power into the 238 MHz sub-
harmonic buncher was changed and an rf phase was set to 
the bunching condition. The rf power for the other 
cavities were turned off. The pulse width and amplitude at 
CT-476 depend on the acceleration voltage and the bunch 
length is the shortest at an input power of 5.6 kW. Thus, 
we can obtain the bunching property of the injector part 
by using DCTs.

Coherent Transition Radiation Monitor
We use a CTR from a fluorescent screen in order to 

estimate the bunch length in the injector part, as shown in 
Fig. 20. Since the wavelength of the CTR is the same or 
longer than the bunch length, the bunch length can be
obtained from the spectrum of the CTR. The CTR from 
the screen is reflected by a retractable mirror and detected 
by a CTR detector, as depicted in Fig. 21. The CTR 
detector has successively connected 5 rectangular 
waveguides and each waveguide has an antenna with a
50 GHz band-width rf detector. Since each rectangular 
waveguide has different cutoff frequency, we can obtain a 
rough spectrum of CTR. The cutoff frequencies of the 5 
waveguides are 3, 6, 12, 24, 48 GHz. 

Figure 22 shows a CTR intensity for each cutoff 
frequency as a function of the acceleration voltage of the 
238 MHz sub-harmonic buncher. The CTR monitor used 
in this data is SCM-476 in Fig. 18. The CTR intensity has 
a peak around 175 kV, where the bunch length is the 
shortest at SCM-476. This is consistent with a 1D 
simulation result. Thus, the bunch length information was 
appropriately obtained with the CTR monitor.

Coherent Synchrotron Radiation Monitor
For a non-destructive bunch length monitor, a CSR 

monitor was developed [10]. A schematic view of the 
CSR monitor is illustrated in Fig. 23. CSR from the 4th

dipole magnet of the bunch compressor chicane is 
reflected and extracted from the vacuum chamber. The 
CSR is then focused with a THz lens and detected with a 
pyro-electric detector.

Figure 24 shows a CSR intensity depending on the 
bunch length. The bunch length was varied by the rf

Figure 20: Schematic view of the CTR monitor attached 
to a screen monitor.

Figure 18: Schematic Drawing of the sub-harmonic 
buncher part.

Figure 19: Waveforms of the DCT (CT-476). In this 
measurement, the acceleration voltage of the 238 MHz 
sub-harmonic buncher was changed.

Figure 17: Schematic view of the differential CT.
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phase of the S-band accelerator upstream of BC2. In this 
data set, bunch lengths measured by the RFDEF system 
were 200 fs, 300 fs and 400 fs (FWHM) at -1, 0 and +1 
degree, respectively. Here, the rf phase of 0 degree means 
the lasing condition of SACLA. The sensitivity of the 
CSR monitor to the S-band phase was 0.1 degree, which 
is sufficient for SACLA, and the linear response to the rf 
phase is suitable for the feedback control of the bunch 
length.

Streak Camera
In order to measure a bunch length from 300 fs to 

100 ps, a streak camera system is used. OTR light emitted 
from a stainless-steel foil is transmitted to the klystron 
gallery and detected with a FESCA-200 streak camera
[15], which is located downstream of BC2 or BC3. 
Figure 25 shows an example of a measured bunch length 
after BC2. The bunch length was 0.54 ps (FWHM) in this 
case. Thus, the streak camera system has capability to 
measure the bunch length less than 1 ps.

Transverse RF Deflecting Cavity
We use a C-band (5712 MHz) transverse rf deflecting 

cavity (RFDEF) [11] to measure the temporal bunch 
structure of the electron beam with a 30 fs bunch length 
after the full bunch compression. A schematic setup of the
RFDEF system is shown in Fig. 26. The electron beam is 
pitched by a transverse deflecting rf field at a zero-
crossing phase and the temporal structure is converted to 
a transverse profile. The transverse profile is observed by 
the SCM with the YAG:Ce screen with the OTR mask.

The rf mode excited in the RFDEF is HEM11 and the 
peak deflecting voltage of the RFDEF system is 60 MV. 
The drift space between the RFDEF and the SCM is 
approximately 10 m. In this case, the temporal sensitivity 
o RFDEF is approximately 50 fs/mm at a beam energy of 
1.4 GeV, which was confirmed with measurement. Since 
the beam radius is about 0.1 mm, the temporal resolution 
is estimated to be 10 fs, which is limited by the emittance 
and orbital beta-function of the beam.

Peak-current and E-t Phase-space Measurement
Figure 27 shows a measured temporal bunch structure 

of a 1.4 GeV beam. The electron beam is vertically 
stretched by RFDEF. The bunch length of approximately 
30 fs (FWHM) is appropriately obtained. The peak 
current is estimated to be more than 3 kA by the projected 
curve a graph of the beam image to the vertical axis.

Figure 28 shows an E-t phase space image of the
electron beam. In this measurement, a quadrupole magnet 
at the dispersive part of BC3 was turned on and some 
dispersion was leaked at the SCM position. This E-t 
phase-space data is useful to obtain the bunch 
compression property.

SUMMARY
We developed and constructed high-resolution beam 

diagnostic instruments for the measurements of a beam 
position, a transverse profile and a temporal profile. A

Figure 24: CSR intensity at BC2 as a function of the S-
band acceleration rf phase. The origin of the horizontal 
axis is the phase at the XFEL lasing condition. Error bars 
represent the standard deviations of intensity fluctuations.

Figure 23: Schematic setup of the CSR monitor.

Figure 21: Schematic drawing of the CTR detector.

Figure 22: CTR intensity as a function of the acceleration 
voltage of the 238 MHz sub-harmonic buncher. Each 
solid line represents the CTR intensity for each cutoff 
frequency. The line with solid circles shows a 1D 
simulation result.
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RF-BPM with a sub- was successfully
utilized for the XFEL commissioning of an undulator 
beamline. A MS-BPM has a sufficient energy sensitivity 
of less than 0.1% at each bunch compressor. A SCM also 
works well even under the condition of C-OTR irradiation. 
A spatial mitigation technique of C-OTR with a YAG:Ce 
screen was developed and the beam profile was 
appropriately obtained for a beam size of around 30
A temporal bunch structure was monitored with a DCT 
and a CTR detector in an injector part and with a CSR 
detector at each bunch compressor. A sub-ps bunch length
was directly measured with a streak camera system and a 
30 fs bunch length was confirmed by using a C-band 
RFDEF. By using these beam diagnostic instruments, 
XFEL radiation in the wavelength region around 0.1 nm 
was successfully obtained and SACLA is stably operated 
for user experiments.. REFERENCES

[1] T. Ishikawa, et al., Nature Photonics 6, 540-544 
(2012).

[2] T. Shintake and T. Tanaka (eds.), “SCSS X-FEL 
Conceptual Design Report”, RIKEN Harima Institute 
(2005).

[3] T. Tanaka, H. Kitamura and T. Shintake, Nucl. 
Instrum. Meth. A 528, 172 (2004).

[4] H. Maesaka, et al., Nucl. Instrum. Meth., doi: 
10.1016/j.nima.2012.08.088, in press.

[5] H. Maesaka, et al., “Development of a Multi-
Stripline Beam Position Monitor for a Wide Flat 
Beam of XFEL/SPring-8”, Proceedings of IPAC’10, 
p. 954 (2010).

[6] H. Maesaka, et al., “Development of the RF Cavity 
BPM of XFEL/SPring-8”, Proceedings of DIPAC’09, 
p. 56 (2009).

[7] K. Yanagida, et al., “Development of Screen Monitor 
with a Spatial Resolution of Ten Micro-Meters for 
XFEL/SPring-8”, Proceedings of LINAC’08, p. 573 
(2008).

[8] S. Matsubara, et al., “Improvement of Screen 
Monitor with Suppression of Coherent-OTR for 
SACLA”, in these proceedings.

[9] S. Matsubara, et al., “Development of High-speed 
Differential Current Transformer Monitor”, 
Proceedings of IPAC’11, p. 1227 (2011).

[10] C. Kondo, et al., “CSR Bunch Length Monitor for 
XFEL/ SPring-8–SACLA”, Proceedings of IPAC’11, 
p. 1224 (2011).

[11] H. Ego, et al., “Transverse C-band Deflecting 
Structure for Longitudinal Phase Space Diagnostics 
in the XFEL/SPring-8 ‘SACLA’”, Proceedings of 
IPAC’11, p. 1221 (2011).

[12] K. Togawa, et al., “Laser Wavelength Tuning by 
Variable-Gap Undulators in SACLA”, Proceedings 
of FEL’12 (2012).

[13] T. Ohshima, et al., “Variation of Beam Arrival 
Timing at SACLA”, Proceedings of FEL’12 (2012).

[14] S. Y. Lee, Accelerator Physics Second Edition, p. 62, 
World Scientific (2004).

[15] Hamamatsu Photonics K. K., http://www.hamamatsu. 
com/

Figure 26: Schematic setup of the RFDEF system.

Figure 27: Beam profiles taken by the RFDEF system. 
The RFDEF is off in the left figure, and the RFDEF is on 
in the right one.

Figure 25: Example of a streak camera image. The 
temporal structure is stretched vertically. The full scale of 
the time range is 20 ps. The red line shows the projection 
of the image, which has the FWHM value of 0.54 ps.
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Figure 28: E-t phase-space image taken at the 
downstream of the RFDEF. A horizontal dispersion at the 
screen monitor was generated by a quadrupole magnet at 
the dispersive part of BC3.
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DESIGN STUDY OF THE STRIPLINES FOR THE EXTRACTION KICKER
OF THE CLIC DAMPING RINGS∗

C. Belver-Aguilar, A. Faus-Golfe, IFIC (CSIC-UV), Valencia, Spain
M.J. Barnes, CERN, Geneva, Switzerland

F. Toral, CIEMAT, Madrid, Spain
Abstract

Pre-Damping Rings (PDRs) and Damping Rings (DRs)
are needed to reduce the beam emittance and, therefore,
to achieve the luminosity requirements for the CLIC main
linac. Several stripline kicker systems will be used to in-
ject and extract the beam from the PDRs and DRs. Re-
sults of initial studies of the stripline cross-section and the
beam coupling impedance, for a non-tapered beam pipe,
have previously been reported. In this paper, we present
the analysis to study the final choice of the cross-section
design, based on impedance matching and field homogene-
ity requirements, the power reflected in the transition be-
tween an electrode and the input coaxial feedthrough, and
the predicted beam coupling impedance. Mechanical toler-
ances for the stripline manufacturing process are presently
being studied. The striplines are planned to be prototyped
by December 2012.

GEOMETRIC DESIGN STUDY

The stripline kicker proposed for the extraction kicker of
the CLIC DRs consists of two parallel electrodes of 1.7 m
length inside a cylindrical vacuum pipe: each electrode is
powered by an inductive adder [1]. The two electrodes are
charged to opposite polarity; there is a virtual ground mid-
way between the electrodes. The striplines will be pow-
ered, via coaxial feedthroughs, from the beam exit end:
the upstream feedthroughs will be connected to resistive
loads, see Fig. 1. The stripline kicker operates as two
coupled transmission lines, each of which should ideally
have a characteristic impedance matched to 50 Ω. Coupled
transmission line theory shows two operating modes for the
stripline kicker, since three conductors are involved in the
signal transmission, i.e. both electrodes and the vacuum
beam pipe. These modes are known as odd and even mode:
odd mode when the electrodes are excited with opposite
polarity voltages, and even mode when the electrodes are
excited by the unkicked circulating beam when passing
through the aperture of the striplines [2].

Flat and Half-moon Electrode Cross-sections

The electrode cross-section was previously selected by
studying several shapes for the striplines and optimizing
them in order to achieve 50Ω even mode characteristic
impedance, and ±0.01% of field inhomogeneity over a cir-
cle of 1 mm radius at the center of the aperture [2]. An ad-

∗Work supported by IDC-20101074 and FPA2010-21456-C02-01

Figure 1: 3D model of a stripline kicker [4].

ditional constraint was to achieve an odd mode characteris-
tic impedance as close as possible to 50Ω. Flat electrodes
allowed for an optimum characteristic impedance and field
homogeneity with a minimum stripline beam pipe radius of
25 mm. A small stripline beam pipe radius diminishes the
non-desirable effects of the wakefields and results in closer
values of even and odd mode characteristic impedances.

Recent studies have shown that a modified half-moon
electrode, with a reduced coverage angle (see Fig. 2), al-
lows for a better optimization of the odd mode characteris-
tic impedance with a stripline beam pipe radius of 20 mm.

Figure 2: Cross-section of the striplines for flat electrodes
(left) and modified half-moon electrodes (right). The cir-
cle drawn in the center is 3.5 mm radius in both striplines.

For flat electrodes with 50 Ω even mode characteris-
tic impedance, an odd mode characteristic impedance of
36.8 Ω was achieved with a stripline beam pipe radius of
25 mm [2]; for the newly studied modified half-moon elec-
trode the odd mode characteristic impedance is 40.9 Ω. To
increase this value closer to 50 Ω, the capacitance between
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an electrode and the virtual ground, midway between both
electrodes, must be decreased relative to the magnitude of
capacitance to the beam pipe ground. This can be achieved
either by increasing the distance between the electrode and
the virtual ground, or reducing the cross-sectional area of
each electrode. The distance between an electrode and the
virtual ground, 10 mm, is a fixed value, which corresponds
to the half-aperture for the CLIC DR. The modified half-
moon electrode, which is thicker than the flat electrode,
allows for a smaller coverage angle of the electrodes and
hence a reduced cross-sectional area.

In addition, field inhomogeneity requirements for the
CLIC DR, i.e. ±0.01% over 1 mm radius, can also be
achieved by the half-moon electrode shape. As shown in
Fig. 3, the field homogeneity is better in the case of the
modified half-moon electrode. Furthermore, a better effi-
ciency can be expected since the electric field between the
striplines is higher for the half-moon electrode shape.

Figure 3: Field homogeneity over 1 mm radius for flat elec-
trodes (blue) and half-moon electrodes (red).

The modified half-moon electrodes have been studied
further and, in the following, the features of the half-moon
and flat electrodes (Fig. 2) are compared, which allows the
final geometric design of the striplines to be chosen.

COAXIAL FEEDTHROUGH TO
STRIPLINE TRANSITION

A total of four coaxial feedthroughs are required to trans-
fer power from the inductive adders to the two electrodes
and from the electrodes to the two, matched impedance,
loads. The feedthroughs are coaxial outside of the stripline
beam pipe but the connection from a feedthrough to an
electrode cannot be coaxial (see Fig. 4): hence the char-
acteristic impedance of the connection to the electrode is
not 50Ω. Furthermore, during the kicker operation, the
stripline characteristic impedance is lower than 50 Ω (see
above). These impedance mismatches result in reflections:
the impedance of the connection to the electrode can be
calculated using S-parameters.

HFSS has been used to calculate the reflection parame-
ter S11, looking into an input port when the corresponding
output port is resistively terminated. Initially the value of
the termination was modelled as 50Ω, however future sim-
ulations will consider values not exactly equal to 50Ω. The
results of the initial simulations are shown in Fig. 5.

The simulation used a frequency sweep between
100 kHz to 1 GHz and the results were extrapolated to DC.

Figure 4: Feedthrough simulation with HFSS.

For a good signal transmission, the S11 parameter should be
less than 0.1 for frequencies below 0.5/T, where T is the rise
time of the pulse from the inductive adder [4]. In the case
of the CLIC DR, this frequency corresponds to 0.89 MHz
and 0.5 MHz for the 1 GHz and 2 GHz baselines, respec-
tively [2].

Figure 5: S11 looking into an input port, when the corre-
sponding output port is terminated with 50Ω, for flat elec-
trode (blue) and modified half-moon electrode (red), for a
frequency range from DC to 1 GHz.

Figure 5 shows that the reflection parameter changes 
with a maximum-minimum pattern: the shape of the
curves depend on the coaxial feedthrough to stripline
transition. For CLIC the S11 parameter    must be below
0.1 for a good signal transmission. The modified half-moon
electrode
reflection up to 300 MHz, whereas for the flat electrode
shape the reflection parameter is above 0.1 over the

electrode presents a better transmission.

BEAM COUPLING IMPEDANCE
Beam coupling impedance is a very important parameter

for the striplines. Since the DRs are periodic, it is important
to reduce as much as possible the effect of the field pro-
duced by the beam itself, in the striplines, when the kicker
is not operating, in order to diminish the wakefield effects
in the unkicked circulating beam. The permissible beam
coupling impedance, of the striplines, is 0.05 Ω/turn and
200 kΩ/m for the longitudinal and transverse beam cou-
pling impedance, respectively [5].

The beam coupling impedance, for an untapered beam
pipe with flat electrodes, has previously been studied and

 shows an excellent transmission, i.e. low

whole frequency range. Therefore, from the power
transmission point of view the modified half-moon
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the results, reported in [6], show good agreement between
analytical calculations and predictions from simulations.
These previous results for a flat electrode, together with
the new CST Particle Studio predictions for the modified
half-moon electrode, are shown in Fig. 6. The modified
half-moon electrodes have lower longitudinal beam cou-
pling impedance than the flat electrodes. This is easily un-
derstandable by using the analytical formulas [6], because
in the modified halfmoon the coverage angle is reduced
from 2 radians to 0.9 radians, decreasing the longitudinal
beam coupling impedance. The simulations give a higher
value for the transverse beam coupling impedance in the
case of half-moon electrode than in the case of flat
electrode, that is in contradiction to the analytical formulas
because the stripline beam pipe radius is reduced from
25 mm to 20 mm. Therefore, further simulations of beam
coupling impedance are required.

Figure 6: Longitudinal (top) and transverse (bottom) beam
coupling impedance for flat and modified half-moon elec-
trodes, in a frequency range from DC to 1 GHz.

MECHANICAL TOLERANCES
Two possible errors during the manufacturing process

are being taken into account when studying both designs
of electrodes: (1) the position and inclination angle of an
electrode (see Fig. 7), and (2) the dimensions of both elec-
trodes and the beam pipe. The tolerances being studied are
in a range of ± 0.5 mm and ± 1 degree.

In order to define mechanical tolerances both even
and odd modes must be taken into account, by studying
the variation of the common mode and differential mode
impedances as a function of various mechanical parame-
ters. Common and differential mode impedances are re-
lated to even and odd mode impedances, respectively, by
Zcomm = Zeven/2 and Zdiff = 2Zodd.

Studies of the tolerances are presently being carried out:
initial predictions show that an error in the position of an
electrode will affect the characteristic impedance of the
stripline, whereas if an electrode is placed with a certain in-
clination angle, both the characteristic impedance and the
field homogeneity will be affected.

Figure 7: Offset of ± 5 mm in the position of an electrode
(left) and for an inclination angle of ± 15deg (right): these
values are only used for a better visualization.

CONCLUSIONS
Studies of the cross-section of the striplines for the ex-

traction kicker of the CLIC DRs have shown that for a 50 Ω
even mode characteristic impedance of the striplines, the
modified half-moon electrode shape results in an odd mode
characteristic impedance closer to 50 Ω than the flat elec-
trodes. Furthermore, a good field homogeneity and higher
efficiency is expected with this modified half-moon elec-
trodes. Simulations show that the longitudinal beam cou-
pling impedance is lower for the modified half-moon elec-
trodes than for the flat electrodes, whereas the flat elec-
trode shape seems to be better from the transverse beam
coupling impedance point of view. The reflection coeffi-
cient predicted looking into the input port, with a 50 Ω on
each output port, shows that the transmission is better in
the case of modified half-moon electrodes. Therefore, the
modified half-moon electrode is now considered as the best
choice for the cross-section of the striplines for the extrac-
tion kicker of the CLIC DRs. However, further studies of
beam coupling impedance are required.
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270° ELECTRON BEAM BENDING SYSTEM USING TWO SECTOR
MAGNETS FOR THERAPY APPLICATION

Shahzad Akhter, V.N. Bhoraskar, S.D. Dhole∗,
Department of Physics, University of Pune, Ganeshkhind, Pune, India

B.J. Patil, Department of Physics, Abasaheb Garware College, Karve Road, Pune, india
S.T. Chavan, S.N. Pethe, R. Krishnan, SAMEER, IIT Powai Campus, Mumbai, India

Abstract

The 270 degree doubly achromatic beam bending mag-
net system using two sector magnets has been designed
mainly for treating cancer and skin diseases. The main re-
quirements of the design of two magnet system is to focus
an electron beam having a spot size less than 3 mm × 3
mm, energy spread within 3% and divergence angle ≤ 3
mrad at the target. To achieve these parameters the simu-
lation was carried out using Lorentz-3EM software. The
beam spot, divergence angle and energy spread were ob-
served with respect to the variation in angles of sector mag-
nets and drift distance. From the simulated results, it has
been optimized that the first and second magnet has an an-
gle 195 degree and 75 degree and the drift distance 64 mm.
It is also observed that at the 1396, 2878 and 4677 A-turn,
the optimized design produces 3324, 6221 and 9317 Gauss
of magnetic field at median plane require to bend 6, 12 and
18 MeV electron beam respectively. The output parameters
of the optimized design are energy spread 3 %, divergence
angle ∼ 2.8 mrad and spot size 2.6 mm.

INTRODUCTION

Radiotherapy using electron and photon represent a most
diffused technique to treat tumor diseases. With the ad-
vent of high energy linear and circular accelerators, elec-
tron / photon have become a viable option in treating su-
perficial tumors up to the depth of about 5-10 cm. In such
case, the dose of radiation absorbed correlates directly with
the energy of the beam and its deposition of energy in tis-
sues, which results in damage to DNA strands and dimin-
ishes the cell’s ability to replicate indefinitely. For the last
several years, electron accelerators are extensively being
used in the medical field with special applications of pho-
ton and electron beam for cancer therapy and various skin
diseases [1].

High energy medical electron linacs are usually mounted
horizontally because of larger length of linac tube. The
emergent electron beam from the accelerating tube is de-
flected magnetically through 90° or 270° into a vertical
plane to hit an X-ray target or electron scatterer [2]. A
small, stable, and axially symmetric beam spot on the tar-
get is needed. For fully rotational medical electron linacs,

∗ sanjay@physics.unipune.ac.in

it is necessary both to minimize physical height of the ma-
chine and to maintain 100 cm distance between the x-ray
target and rotational centre. In addition, it is also a basic
requirement that the bending magnet is doubly achromatic
i.e. the position and angle of the output beam is indepen-
dent of input beam energy.

The 90° deflection system can bend a mono-energetic
beam on axis to a point at the X-ray target, but the spread
of energies of the actual beam results in a spread of such
focal point at the X-ray target. Also, the radial displace-
ment and angular divergence of the entrant beam results
in spread of exit beam. To overcome the above problems
a 270° bending magnet system is used. This system is
doubly achromatic and can be made using one, two and
three magnets [3]. Based on the orbit dimension and size,
two dipole bending magnet system is advantageous. There-
fore, an objective of the present paper is to provide a 270°
beam bending using two dipole magnet system in which
first bend is with 195° and other bend is with 75° to min-
imize the height of the orbit above the accelerator beam
line.

MATERIALS AND METHOD

The linear electron accelerator available at Society of
Applied Microwave Electronics and Engineering Research,
Mumbai having energies 6,9,12, 15 and 18 MeV [4], aver-
age current 80 µA, pulsed current 130 mA, pulsed width
6 µs, repetition rate 150 PPS is going to be used for the
present study. The linear accelerator produces beam of 6 to
20 MeV with energy spread of 7%.

The Lorentz-3EM software has been used for studying
the trajectory of charged particles through electric and/or
magnetic fields in three dimensional geometry. The mag-
netic field between the poles and trajectory for various elec-
tron energies have been calculated with the help of Lorentz-
3EM software for better accuracy.

MAGNET DESIGN

In order to take advantage of the low height of an el-
ementary single dipole and at the same time take advan-
tage of achromatic system, a double focusing doubly achro-
matic magnet system was designed. It consists of two
dipole magnets which are used to bend the 6 to 20 MeV
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energy electron beam by 270° onto the X-ray target within
the acceptable geometry. The main requirements of the de-
sign of magnet system is to focus the electron beam, having
a spot size less than 3 mm diameter, beam energy spread
within ± 3% and divergence angle ≤ 3 mrad on the X-ray
target.

The magnet system consist of two magnets, out of which
one magnet deflects the electron beam by an angle greater
than 180° and other magnet by less than 90°. If a finite en-
ergy spread beam is injected into a magnet with more than
180° deflection (first magnet), the output beam will be con-
vergent. If the same beam is injected vertically upwards
into a less than 90° deflection magnet (second magnet),
the output beam would be diverging beam. The amount
of convergence and divergence of beam is depending upon
the bending angle of each magnet and the pole face angle at
the exit edge of first magnet and entrant of the second mag-
net. [5] Therefore, simulation has been carried out using
Lorentz-3EM software for compensating the convergence
angle with divergence angle and choosing the appropriate
drift distance between both the magnet.

SIMULATION

For this, at first design the two sector magnets of angle
180° and 90° having radius of curvature 65 mm and the
drift space between both the magnets was taken 65 mm.
The schematic for simulation is shown in Fig. 1. Then, an
electron beam of diameter 3 mm, energy spread of ± 7%,
Gaussian profile in intensity was made incident on the pole
face of first magnet. The incident electron beam parameters
were adjusted such that it should match the actual electron
beam from Linac tube.

The output beam coming out from the second magnet
was detected at the bremsstrahlung target position which is
kept at 70 mm ± 3 mm from the exit pole face of second
magnet. The energy spread, beam divergence, and spot size
of the beam were observed at bremsstrahlung target. For
both the magnets, a common yoke of H-shape has been
designed. The Steel 12L14 material was used for yoke and
magnets. Both sector magnets have common magnetizing
coils which has internal water cooled system. The pole gap
between dipole magnet was kept 10 ± 0.1 mm.

The requirements of the design are (a) the central elec-
tron beam should remain perpendicular to the target surface
at the distance of 70 mm from the exit edge of the second
magnet. (b)target beam spot should be less than 3 mm. To
achieve these requirements, the magnet angle and drift dis-
tance were varied in Lorentz-3EM. From the variations, it
has been observed that as the magnet angle increases the
beam angle with respect to target also increases. Moreover,
as the drift distance increase the beam spot size decreases
up to ∼ 2.8 mm at a drift distance of 64 mm and further
with increase in the drift distance the spot size increases.
From these results, it has been optimized that the first mag-
net of an angle ∼195°, second magnet of an angle ∼75°
and the drift distance ∼64 mm ± 1 mm. The variation in

current passing through the coil gives different values of
magnetic field. To compensate and to bend the desired en-
ergy of electron beam, a current was accordingly adjusted
for the measurement of output parameters. A cross sec-
tional view of the optimized two magnet system is shown
in Fig. 2 for 270° beam bending.

Bremsstrahlung target 

Drift distance 

Output electron beam 

First 

magnet 

Second magnet 

Incident electron beam 

Figure 1: Schematic of simulation setup for two magnet
system (Not to the scale)

Figure 2: A view of proposed two magnet system

The width and height of the optimized magnet pole
pieces are 37 mm and 70 mm respectively, taking into the
consideration of the fringing field effect on the electron
beam. The contour of magnetic field distribution in the
magnet at median plane is shown in Fig. 3. Contour shows
the uniform contribution of magnetic field over the pole
pieces.
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Second 

magnet 

First  

magnet 

Figure 3: Contour of magnetic field distribution in the me-
dian plane of the first and second magnet.

Figure 4: Variation in magnetic filed with ampere-turn with
and without triangular shim at second magnet.

RESULTS AND DISCUSSION

The optimized design of two magnet system does not
fulfill the requirement of actual medical Linac for therapy.
So the variation of magnetic field and other output param-
eters due to incorporation of triangular shim, trim coil and
energy defining slit in the magnet system have been stud-
ied.

The initial magnetic field versus current measurements
observed that the second magnet saturated more at higher
current than the first magnet. Therefore, a triangular shim
was introduced at the base of second magnet. The varia-
tion in magnetic field with amp-turns for with and without
triangular shim at the base of second magnet is shown in
Fig. 4. It is observed from the figure that with an intro-
duction of triangular shim the magnetic field increases and
further gets saturated with increase in the total amp-turns.

To make slight corrections in the angle and /or the posi-
tion of the beam on the target, a set of trim coils have been

added to the second magnet. Very small amount of current
require to be passed through these coils. The magnetic field
change produced due to trim coil has been estimated and it
is shown in Table 1. From the table it is observed that ∼3%
field change is obtained with 135 Amp-turns/coil of trim
coil.

Table 1: Effect of Trim Coil on Second Magnet

I NI B ∆ B % change
(A/coil) (/coil) (G) (G) (%)

0 0 6605 0 0
1.50 30 6695 90 1.36
2.65 53 6717 112 1.69
4.00 80 6743 138 2.09
5.25 105 6770 165 2.50
6.75 135 6805 200 3.03

Moreover, to reduce the energy spread at the target, an
energy defining slit was introduced in the magnet system.
Therefore, an aluminum slit was introduced at the exit pole
face of the first magnet, where large dispersion of beam
was observed. The aluminum slit was specifically used to
minimize the bremsstrahlung production.

Overall, the variation in magnetic filed as a function of
distance along the radius of curvature in the median plane
for the optimized system is shown in Fig. 5. It is observed
that at the 1396, 2878 and 4677 A-turn, the optimized de-
sign produces 3324, 6221 and 9317 Gauss of magnetic field
to bend the electron beam of energy 6, 12, and 18 MeV re-
spectively.

Figure 5: Magnetic field Vs distance along the radius of
curvature on the median-plane for first and second magnet.

For a typical case study, a beam of energy 12 MeV, beam
diameter 3 mm and energy spread of ± 7 % has been passed
through the optimized design of the two magnet system.
The trajectory of an electron beam is shown in Fig. 6. It is
observed that the convergence angle due to first magnet has
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Figure 6: Trajectory of 12 MeV electron beam in two mag-
net system.

been compensated by the divergence angle produce due to
the second magnet.

Therefore, the output parameters of the optimized design
of the two magnet beam bending system for medical Linac
are energy spread ±3 %, divergence angle ∼ 2.8 mrad and
spot size 2.6 ± 0.05 mm. The optimized parameter for two
magnet system is given in Table 2:

Table 2: Optimized Parameter of the Two Magnet System

Beam Particles Electrons
Operating Beam Energy 6 to 18 MeV
Energy Variation ± 3 %
Beam Current (Average) ∼ 80 µAmp
Input Beam Diameter ∼ 3 mm, ≤ 7 mrad
Output beam spot size ∼ 2.6 ± 0.05 mm
Output beam divergence ∼ 2.8 mrad
Main Chamber 30.4 × 35 × 25 cm3

Magnet Type Two Pole (C-shaped)
Magnet material Steel 12L14
Pole gap 10 ± 0.1 mm
Radius of curvature 64 mm ± 1 mm

CONCLUSION
The optimized design of two magnet system gives uni-

form distribution of magnetic field and extracts 6 to 18
MeV electron beam energy spread 3 %, divergence angle
∼ 2.8 mrad and spot size 2.6 mm ± 0.05 mm. This system
is useful for the radiation therapy.
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AN ELECTRON BEAM PROFILE MONITOR FOR THE RACE-TRACK
MICROTRON

S.D. Dhole∗, V.N. Bhoraskar, N.S. Shinde
Department of Physics, University of Pune, Ganeshkhind, Pune, India

B.J. Patil, Department of Physics, Abasaheb Garware College, Karve Road, Pune, India

Abstract

In electron irradiation experiments on materials such
as semiconductors, solar cells etc., an uniformity and the
charge distribution in the electron beam is very important.
Therefore, an electron beam current monitor and its elec-
tronic system have been designed and built to measure the
distribution of a beam current either in the horizontal or
vertical direction along with the beam dimensions. To ob-
tain X-Y beam profile, a special type of Faraday Cup was
designed which mainly consists of charge collecting elec-
trodes made up of thin copper strips. Each strip having di-
mensions 0.5 mm wide, 4 mm thick and 20 mm long were
fixed parallel to each other and separation between them
was ∼ 0.5 mm. This multi electrode Faraday was mounted
at the extraction port of the Race Track Microtron, where 1
MeV electron beam allowed to fall on it. The beam charac-
terization in the form of current and uniformity were mea-
sured. The current from each strip were measured using an
electronic circuit developed based on the multiplexing prin-
ciple. The uniformity of the beam can be measured with an
accuracy of 10%. The minimum and maximum dimensions
which can be measured are 3 mm and 15 mm respectively.

INTRODUCTION

The MeV energy range electron beams have gained im-
portance due to their applications in space technology and
tailoring of device parameters. In several cases, approxi-
mate beam dimensions are required for controlled irradia-
tion. The electron beam delivered by an electron acceler-
ator called ’Race-Track Microtron’ [1, 2] has pulse dura-
tion 1.6 s with repetition rate 50 PPS. Normally, at 1 MeV
electron energy, the beam size obtained is around 6 mm ×
4 mm. The beam dimension can further be increased by
using scattering mechanism which is required to irradiate
samples of large dimensions. The dimension of the beam
may vary due to several factors such as variations in the
magnetic field configuration, electron beam injection con-
ditions, microwave cavity field, etc. Similarly, when the
beam is passed through a bending magnet, the beam shape
at the magnet exit is very much different from that at the
magnet entrance. It is not always possible to know the uni-
formity of the electron beam using scintillator and therefore
it was thought appropriate to design and fabricate a beam
current monitor, which can provide intensity distribution
over the beam area at different points along horizontal and

∗ sanjay@physics.unipune.ac.in

vertical directions. Such a monitor along with an electronic
system has been designed, fabricated and put into operation
in the laboratory.

EXPERIMENT

Multielectrode Faraday Cup
This consist of charge collecting electrodes in the form

of thin copper strips. Such fifteen numbers of copper strips,
each of 0.5 mm wide, 4 mm thick and 20 mm long were
fixed parallel to each other with adhesive on a Perspex
sheet. The separation between two strip was kept ∼ 0.5
mm. The thickness of copper strip was calculated on the
basis of range of 1 MeV electron in copper [3]. Therefore,
the thickness of copper strip was chosen such that all the
incident electron can stop inside the strip. The assembly
was enclosed in an aluminum box having length 50 mm,
width 50 mm and depth 30 mm. For charge measurement,
each copper strip was connected to a BNC connector. Front
side of the box is closed with a 50 µm aluminized mylar
to provide shielding against external electrical noise. This
beam profile measurement assembly was kept in the elec-
tron beam line and each of the BNC connector was con-
nected to an electronic circuit specially made for this mon-
itor.

Electronic System
An electronic circuitry [4, 5, 6, 7, 8, 9] has been de-

signed, built and assembled to obtain visual display of the
charge distribution of an electron beam on a CRO as well as
on a digital display. The block diagram of the circuit used
for this work is shown in Figure 1, whereas the circuit de-
tails are shown in Figure 2. Eight strips of the beam current
monitor were connected to multiplexer of type 4051B. This
multiplexer is 8 to 1 type multiplexer, which has a facility
of eight independent input bits or channels, three control
bits and one output bit. This is also sometimes called as
data selector, because output bit is depends on the input
data bit that is selected. For instance, if the control signal
ABC is 000, then the information from the first copper strip
of the Faraday cup is transmitted to the output. However, if
the control signal ABC is change to 111, then the informa-
tion from the eight strips is transmitted to the output. From
the circuit one can see that the multiplexer can be operated
in the mode of transmit information, which is available at
one of the eight inputs to the corresponding output termi-
nals, sequence of which can be preset through a programme
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Figure 1: Block diagram of the beam profile monitor with electronic system.

fed to its control signal. In this case, the control signal pro-
gramme is made in such a way that, in sequence, the input
information from the first to eight strips is transmitted to
the output terminal. The control signals to the multiplexer
is provided by using decade counter IC 7490, which was
used in mod-8 counter system. The counter forms a three
flip-flop in this mode and has eight discrete states. It counts
through a street binary sequence from 000 upto 111 and
then back to 000. This decade counter is driven by a sim-
ple clock generator using 555 timer, a TTL compatible in-
tegrated circuit, that can be used as an oscillator to provide
a clock waveforms. It is basically a switching circuit that
has two distinct output levels. As a result, the circuit os-
cillates and the output is periodic, rectangular waveforms.
The circuit is said to astable mode. In the present circuit,
the frequencies of the oscillator as well as the duty cycle
are accurately controlled by two external resistor (RA and
RB) and a single timing capacitor (C). The time varies from
a few milliseconds to a few seconds and duty cycle varies
from 10 % to 90 %. To match the output of the decade
counter IC7490with multiplexer control signal, an inverter
type IC7404 was used.

At the time of operation, the working of decade counter
and identification of the control signal was also monitored
through light emitting diodes (LED’s) by connecting sepa-
rately to the output terminal of the decade counter. These
terminals of the counter are connected to a D/A converter
made of using R-2R ladder resistive network, which con-
verts a particular data or signal form counter to an ana-
log voltage. With increase in the output of decade counter,
the DAC output voltage also increases in magnitude that
is from 0 to 4.37 V in steps with 0.625 V and the current

form 0 to 0.4227 mA in step with 0.0625 mA. This analog
voltage, however, used to shift the oscilloscope beam in the
horizontal direction. The multiplexer output was connected
to one of the channels of the CRO through a pulse ampli-
fier mode of IC 355 and IC 741. The gain of the amplifier
was adjusted as per the intensity of the electron beam. The
circuit performance has been found satisfactorily and with
this it was possible to observe beam profile on a storage
oscilloscope. A detail circuitry of the beam profile is also
shown in Figure 2.

EXPERIMENTAL DETAILS,
MEASUREMENTS AND DISCUSSION

To measure intensity distribution in the beam, the mon-
itor was mounted at a distance of 5 cm away from the
extraction port of the Microtron. Position of the monitor
along the beam axis was adjusted remotely, so that electron
beam could cover all the eight copper strips. The outputs
of multiplexer was connected to the channel 1 of a digital
oscilloscope type No. PM 3350 whereas, the DAC output
was connected to the external trigger of the oscilloscope.
The charge collected by each copper strip was proportional
to the beam intensity in that region. The beam profile pat-
tern was observed on the oscilloscope. In that pattern, the
amount of charge collected by a particular strip was indi-
cated by the Y-amplitude, whereas, the strip number was
defined by the X position of the oscilloscope spot. The
time for which the current can be recorded from a strip was
kept variable in the range from 1 ms to 10 s. In this way,
the whole profile of the beam could be seen on the oscillo-
scope. When the signal is fed to an A/D converter, it was
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Figure 2: Detailed electronic circuitry of the beam profile monitor

also possible to record the charge collected by a strip in
digital number. This system, gives total charge in one plane
only. In order to get charge distribution in the perpendic-
ular plane, the profile monitor was rotated by 900 and the
experiment was also repeated. Figure 3 gives charge dis-
tribution of a 1 MeV electron beam in X and Y planes re-
spectively. From this graph, it was found that the intensity
of the electron beam is large at the center and gradually
decrease with an increases in X position. This indicates
that the concentration of electrons in the beam is less at
the edges as compared to that in the central position. The
amplifier sensitivity was adjusted such that the total num-
ber of electrons in the beam could be as low as 5 × 1010

electrons/cm2. This monitor can indicate beam dimension
upto 15 mm either horizontal direction or vertical direction.
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Figure 3: Nature of charge distribution of the electron beam
after travelling a distance of 5 cm in air.

CONCLUSION
The beam profile monitor has been designed and used

to study the beam shapes at the entrance and exit of the
magnetic analyser and also beam focusing properties of
a quadruple lenses. The uniformity of electron beam can
also be checked by using this monitor. Uniformity of the
beam plays an important role in irradiation experiments and
damage induced studies in semiconductor materials and de-
vices.
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VIMOS, NEW CAPABILITIES FOR AN OPTICAL SAFETY SYSTEM 
K. Thomsen, J. Devlaminck, PSI, 5232 Villigen, Switzerland 

 
Abstract 

VIMOS is a dedicated safety system developed at the 
Spallation Neutron Source SINQ at the Paul Scherrer 
Institut, PSI, in Switzerland. VIMOS very directly 
monitors the correct current density distribution of the 
proton beam on the target by sampling the light emitted 
from a glowing mesh heated by the passing protons. The 
design has been optimized for obtaining maximum 
sensitivity and timely detection of beam irregularities 
relying on standard well-proven components. Recently it 
has been demonstrated that technical boundary conditions 
like radiation level and signal strength should allow for 
upgrading the system to a sensitive diagnostic device 
delivering quantitative and image-resolved values for the 
proton current density distribution on the SINQ target. By 
determining the temperature of the glowing mesh from 
the signals in two separate wavelength bands the 
temperature distribution over the mesh can be derived und 
subsequently the incident proton beam current density 
distribution. Work aimed at investigating the feasibility of 
adding these diagnostic abilities to VIMOS shows initial 
promising results. 

VIMOS, SAFETY SYSTEM 
One of the outstanding features of the SINQ neutron 

spallation source at PSI is its vertical insertion with the 
proton beam impinging on the target from directly below. 
Whereas this design is favourable with respect to the 
circulation inside a liquid metal (LM) target, it entails the 
severe risk of major facility damage in case of a leak. To 
minimize the risk of burning a hole through the liquid 
metal container with the beam and subsequently 
perforating the lower target enclosure of the MEGAPIE 
LM target, a new and additional safety system named 
VIMOS has been devised and successfully installed [1,2].  

VIMOS is based on a most simple and direct approach, 
i.e. it monitors the glowing of a tungsten mesh inserted 
into the proton beam closely spaced in front of the target. 
This mesh is heated by the passing protons, and VIMOS 
watches for deviations from the expected visual signal. In 
case that any hot spot due to unintended beam 
concentration is detected, an alarm is triggered and the 
accelerator is switched off in less than 100 ms. In order to 
react most quickly to any unexpected increase of the 
glowing signal from the mesh, VIMOS has purposely 
been designed with a strongly non-linear response 
function [2].  

VIMOS works reliable since its installation before the 
MEGAPIE target irradiation started and it has proven its 
value actually already in the commissioning phase. Now 
it is routinely used for beam monitoring during normal 
operations by the operators of the accelerator also with 
SINQ’s standard solid state targets.  

Aim of an Upgrade 
In the light of the proven reliability and usefulness of 

VIMOS, the wish for additional capabilities of the system 
has emerged. One demand was to somehow calibrate the 
system for a display of beam current density. The other 
request is for enhanced sensitivity, i.e. responding also at 
lower current (-densities), to provide more information 
for set up, in particular at phases when the beam at low 
current is newly directed onto the SINQ target.  

As the original safety goal of reacting only to hot spots 
imposes some limitations and inherent difficulties for 
obtaining more detailed diagnostics’ information on beam 
profile during normal operations, a comprehensive 
upgrade of the system has been envisioned [3].  

IMPLEMENTATION OF DIAGNOSTICS 
One stringent boundary condition right from the start 

was that the safety function of VIMOS should stay 
untouched, new features should only come on top and as 
far as possible without interfering with the well-proved 
safety relevant installation.  

Following a stepwise approach, several pre-conditions 
and key issues have first been identified and scrutinized 
before designing added diagnostic capabilities.  

Enabling onditions  
Originally, VIMOS employed a radiation resistant 

camera, which was directly mounted in the focus of the 
colleting mirror and thus exposed to irradiation by back- 
streaming protons and high energy neutrons [4]. 
Epithermal neutrons in particular caused damage to the 
semiconductors in the camera as, after being moderated 
by scattering in the shielding in the surroundings, they 
changed the doping and thus impaired proper functioning 
after several months of operational exposure.  

In order to increase the lifetime of the expensive 
cameras and also in anticipation of possible future 
upgrades, the camera position has been moved 3 meters 
further away. The light is now transmitted to the new 
camera position on a wall of the SINQ beam vault by 
means of a radiation resistant image guide [5].  

With the improved possibility of packing substantial 
graded shielding around the sensor, the original tube-
based camera has been replaced by a more standard off-
the shelf CCD camera [6].  

A light guide and the first shielded CDD camera have 
been installed in November 2008 and work since then as 
expected. The camera shows only acceptable damage in 
the form of increased noise, which does not impede the 
proper functioning of the system. Little and not quantified 
radiation damage meaning increased attenuation is seen in 
the image fiber.  

C
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Approach 
With no way of changing any component along the 

signal path for the maintained safety branch of an 
upgraded system, the only possibility of obtaining more 
information was to split off part of the light from the 
mesh and analyse it more thoroughly than required for 
triggering alarms.  

In order to have a signal under normal operational 
conditions, the glowing mesh had been designed to heat 
up to about 900 °C at a nominal current density maximum 
close to 30 μA/cm2. Thus, ample light at infra-red 
wavelengths is emitted by the mesh already at lower 
temperatures; this might be used for increasing the overall 
sensitivity.  For higher temperatures, the total amount of 
light increases steeply (T4) and the maximum of the 
emission is shifted to shorter wavelengths.  

As the relative contribution of visible light to the total 
increases with higher beam current densities it is possible 
to determine local mesh temperatures, and thus ultimately 
beam current densities, by comparing the relative signal 
strengths in a short versus a long wavelength band [3]. A 
principal sketch of the optical arrangement with separated 
channels is depicted in Fig. 1.  

Signal-Generation, -Transfer and -Evaluation 
Following the path of the light and its detection in two 

channels, the stations of the signal enlisted below have 
been identified and investigated.   

� Glowing mesh: unchanged, approximately 1 per mill 
of the beam power is deposited; cooling happens via 
radiation at predominantly infra-red wavelengths 

� Mirror: unchanged, almost flat reflection over the 
full wavelength range in question between 400 and 
1100 nm (small dip at ~800 nm)  

� Light guide: unchanged, determines the transmitted 
wavelengths as given by the doped quartz material, 
non-uniform transmission with a pronounced peak in 
attenuation around 950 nm 

� Beamsplitter: newly inserted, neutral density, allows 
light from the fiber into the new branch for 
temperature determination while leaving the safety 
channel ending in the now qualified CCD camera 
(KP-M2AP) almost untouched 

� High/Low -pass filter: splits short-wavelength light 
off, while letting the longer near-IR pass  

� Camera for visible: same as in the safety channel 
� Near IR-camera: very similar to the type in the other 

channels but with enhanced near-IR response (KP-
M2RP) 

� Image analysis software: to be written newly, 
comparing the relative strength of the signals in the 
two wavelength bands for current density 
determination and some additional new functionality 

 
To allow for the general adaptation of the amount of light 
entering the fiber, grey filters can be inserted at the end of 
the light guide close to the mirror, which is actually also 
done already now.  

 
 

Figure 1: Principal sketch  of optical arrangement with 
three cameras for safety (camera 1) and for local 
temperature / current density determination (cameras 2 
and 3). 

FIRST RESULTS 
In a first attempt to assess the feasibility of the intended 

upgrade, the light signal emitted by the glowing mesh was 
determined and then folded with the transmissions of the 
individual elements along the optical path. This was done 
in two steps, starting with deriving the calibration of local 
mesh temperatures with respect to current density by 
means of numerical simulation, see Fig. 2. 
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Figure 2: Over the range of usual operational beam 
conditions on the SINQ target the maximum mesh 
temperature changes in nice correspondence to the   
proton beam current density. 

 
As the outcome of an initial very coarse approximation 

was positive, calculations have been performed taking the 
relative transmissions all optical components for different 
wavelengths into account with a binning of 20 nm.  

It can be stated that the expected relative rise in the 
short wavelength channel is significantly larger than for 
the near-IR channel. Thus, temperature determination 
based on the ratio between the signals in both channels 
appears possible at a level good enough for being useful 
to operators, see Fig. 3.  
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Figure 3: Selecting a beam splitter, which discriminates 
wavelengths at nominal 700 nm yields usable signal 
strengths in both channels; the signal in the visible range 
increases faster with beam current (density) than the 
signal from the  near-IR.   

 
Even in the relatively narrow window of transmission 

as determined by the image light guide, temperatures in 
the interesting range produce significant signals. The 
diagnostic channel thus should yield a useful diagnostics’ 
reading, and systematic errors due the changes in signal 
transmission with length or irradiation appear to be of 
limited impact, see Fig. 4.  

 

0.05000

0.07000

0.09000

0.11000

0.13000

0.15000

0.17000

0.19000

0.6 0.8 1 1.2 1.4 1.6 1.8 2

Intensity�(mA)

Ra
ti
o

Ratio�(short/long)

with�old�fiber

Ratio�40cm

ratio�(on�the�desk)

 
Figure 4: Simulated response ratios: short- / long- 
wavelength band signals as a function of total beam 
intensity, which is corresponding to central beam current 
densities as indicated in the legend of Fig. 3; fiber 
degradation due to exposure to irradiation can be 
expected to have about the same systematic effect as 
switching to a short fiber, as long wavelengths are 
attenuated relatively less in both conditions. 

FIRST EXPERIMENTAL FINDINGS 
Given these encouraging theoretical results concerning 

the feasibility and diagnostic usefulness of the intended 
VIMOS upgrade, an optical set-up has been built from 
standard components. With this, first temperatures have 
been determined simulating the glowing mesh by means 
of an ordinary incandescent light bulb and simple image 
analysis software, see Fig. 5.   
 

 

 
Figure 5: Using a dimmed incandescent light bulb as light 
source, it was possible to derive meaningful temperatures 
with a simple optical set-up and image analysis software.   

  

Next Steps 
Taking for granted that more thorough theoretical 

investigations will further confirm the here reported 
preliminary findings, effort will then be directed to the 
required dedicated software.  

Just to mention one additional planned feature: by 
integrating the local values for the current density 
distribution over the whole frame, a number for the total 
proton beam current can be obtained. Comparing this 
value to the actually measured current, a measure for the 
plausibility / credibility can be derived and possible errors 
in the diagnostics’ display can be detected.  

Assuming steady progress, an optical assembly will be 
installed in the SINQ beam vault during the next service 
shut down at the beginning of 2013.  
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DEVELOPMENT OF PHASE PROBE FOR THE NIRS SMALL 
CYCLOTRON HM-18 

 

Satoru Hojo#, Ken Katagiri, Akira Goto, NIRS, 4-9-1 Anagawa, Inage, Chiba, Japan 
Yuichi Takahashi, Toshihiro Honma,  AEC, 3-8-5 Konakadai, Inage, Chiba, Japan 

Abstract 
The small cyclotron HM-18 of the National Institute of 

Radiological Sciences (NIRS) allows us to accelerate H-

and D- ion at fixed energies of 18 and 9 MeV, 
respectively. It has four trim coils for generation of the 
isochronous fields. Until recently, currents of the four 
trim coils had been adjusted only by monitoring the 
output beam intensity. In order to exactly produce the 
isochronous fields, a phase probe has been newly installed 
in the HM-18. The phase probe has a simple structure in 
which four copper electrode plates of 55~76 mm x 68 mm 
in area are glued to a copper base plate with a polyimide 
insulator sheet sandwiched between them. The 
thicknesses of the copper plates and the polyimide are 0.1 
mm. This structure has an advantage that it can be easily 
installed in the cyclotron; only one part of a pair of upper 
and lower electrodes, which is usually adopted in 
cyclotrons, is simply attached on the surface of the 
(lower) sector pole. The development of the phase probe 
and some results of a preliminary beam test using it are 
reported. 

INTRODUCTION 
The small cyclotron HM-18 of the NIRS has been 

operated for use in RI production since 1994[1]. The HM-
18 cyclotron is a negative-ion accelerator that was 
purchased from Sumitomo Heavy Industry, Ltd. A layout 
of the HM-18 is shown in Figure 1. Two carbon-foil 
strippers are located at a radius of 435 mm for beam 
extraction; they are located in the opposite sides to each 
other. In one side beams are delivered to a beam transport 
line, which is jointed to that of the NIRS-930 cyclotron. 
In the other side four target ports are attached directly to 
the beam chamber for production of short-lived radio 
isotopes such as 11C and 18F. The HM-18 has an internal 
cold-cathode ion source that produces H- and D- ions, 
which are accelerated up to 18 and 9 MeV, respectively, 
with the acceleration frequency of 45 MHz. The 
acceleration harmonics are 2 and 4 for H- and D- ions, 
respectively. Four trim coils are used for generation of the 
isochronous fields. Until recently, currents of the four 
trim coils had been adjusted only by monitoring the 
output beam intensity; the isochronous field was 
indefinite because the beam phase was not able to be 
measured. Therefore, a phase probe has been newly 
installed in order to exactly produce the isochronous 
fields in the HM-18. 

 

Figure1: Schematic layout of the HM-18 cyclotron. 

STRUCTURE OF PHASE PROBE 
Photograph and cross-sectional view of the new phase 

probe is shown in Figure 2. This phase probe has a simple 
structure. Usually, a phase probe is composed of a pair of 
upper and lower electrodes, but the new phase probe for 
the HM-18 is composed only of lower part. It consists of 
four copper plates of 55~76 mm (azimuthal width) x 68 
mm (radial length) in area glued to a copper base plate 
with a polyimide insulator sheet sandwiched between 
them. Adhesive double-coated tapes are used for the 
attachment of them. The thicknesses of the copper plates 
and the polyimide sheet are 0.1 mm. Semi-rigid coaxial 
cables are used for transport of beam signals in the beam 
chamber. The outer conductor of the cable is made of 
copper tube with 1.2 mm in diameter. The ends of the 
inner and outer conductor are soldered to the fins of the 
pickup electrodes and the grounded copper plate, 
respectively, as shown in Figure 2.  

This structure has an advantage that it can be easily 
installed in the cyclotron. Photograph of the phase probe 
installed in the HM-18 is shown in Figure 3. The phase 
probe and signal cables are simply attached on the surface 
of the lower sector pole with adhesive aluminium tapes.  

 ___________________________________________  

# s_hojo@nirs.go.jp  
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The layout of the new phase probe and four trim coils 
(C1~C4) in the HM-18 is shown in Figure 4. The inner 
edge of the first electrode (PP1) is set at the radial 
position of 150 mm from the cyclotron center, and the 
outer edge of the fourth electrode (PP4) is set at 425 mm.  

 

 

 Cross sectional view at A-A 

Figure 2: Photograph and cross-sectional view of the 
phase probe. 

 

Figure 3: Photograph of the phase probe installed in the 
HM-18. 

 

Figure 4: Layout of the new phase probe and four trim 
coils (C1~C4). 

MEASUREMENT OF BEAM PHASE AND 
ADJUSTMENT OF TRIM COIL 

CURRENTS 
Beam pickup signals from the phase probe were 

observed with an oscilloscope. An example of waveform 
for a 18 MeV H- beam is shown in Figure 5. In this case 
the beam intensities were 22 A at the radial position of 
150 mm and 20 A at the extraction of the cyclotron. 

Figure 5: Waveform of a beam pickup signal from the 
PP1 for a 18 MeV H- beam along with the rf signal. The 
yellow line indicates the pickup signal and the red line the 
rf signal (45 MHz). The pickup signal was obtained by 
taking the difference between the two signals when the 
beam is on and off. The beam intensity was 20 A. 
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At first, the phase excursion of the beam was deduced 
from the pickup signals thus obtained of the four 
electrodes for the parameter set of main and trim coil 
currents that had been used in routine operation. The 
result is shown in Figure 6 by blue diamonds. The 
deviation of the beam phase was 17o at the maximum. 
Then, the coil currents, mainly those of the main and C2 
coils, were adjusted in order to make the phase excursion 
as small as possible. The obtained result is shown by red 
squares in Figure 6. The phase excursion could be 
reduced to 9o at the maximum. The beam intensity was 
not improved by this adjustment. 

 

 

Figure 6: Phase excursion of a 18 MeV H- beam. The blue 
diamonds indicate the excursion for the parameter set of 
main and trim coil currents that had been used in routine 
operation. The red squares indicate the one obtained after 
adjustment mainly of the main and C2 coil currents. 

 

The measurement of the phase excursion and the 
adjustment of the coil currents were also performed for a 
9 MeV D- beam. The results are shown in Figure 7. The 
blue diamonds indicate the excursion for the parameter 
set of main and trim coil currents that had been used in 
routine operation. The phase increased almost 
monotonously with the radius up to 60o. This phase 
excursion was improved by adjustment mainly of the 
main coil current; however, the beam intensity decreased 
from 14 A to 11 A. This means that for the 
optimization it is necessary to adjust not only the 
magnetic field distribution in the acceleration region but 
also the one in the center region, which affects the beam 
intensity significantly.  

 

Figure 7: Phase excursion of a 9 MeV D- beam. The blue 
diamonds indicate the excursion for the parameter set of 
main and trim coil currents that had been used in routine 
operation. The red squares indicate the one obtained after 
adjustment mainly of the main current. The beam 
intensity decreased from 14 A to 11 A in this 
adjustment. 

CONCLUSION 
In order to help measure the phases of 18 MeV H- and 9 

MeV D- beams, which are accelerated in the existing HM-
18 cyclotron, a phase probe has been newly developed. It 
has a simple structure consisting of four copper electrode 
plates, a polyimide insulator sheet and a copper base plate 
that are sandwiched and glued with adhesive double-
coated tapes. The thicknesses of the copper plates and the 
polyimide sheet are 0.1 mm. The phase probe is simply 
attached on the surface of the lower sector pole with 
adhesive aluminium tapes. 

It was confirmed that this phase probe could provide 
signals sensible with an oscilloscope for the phase 
measurement. It was found that the magnetic field 
distributions of the HM-18 were not necessarily 
isochronous ones: in particular for a 9 MeV D- beam. The 
phase probe is expected to allow us to obtain the optimum 
magnetic field distributions for the HM-18. 

The flexible structure of this phase probe can be 
applicable in other places such as the inner surface of a 
pipe in a beam transport line.  

REFERENCES 
[1] S.Hojo et al., “Present status of cyclotrons (NIRS-

930, HM-18) at NIRS”, Proceedings of the 
PASJ2012, WEPS008, (2012). 
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VARIOUS USAGES OF WALL CURRENT MONITORS FOR
COMMISSIONING OF RF SYSTEMS IN J-PARC SYNCHROTRONS

Fumihiko Tamura∗, Masanobu Yamamoto, Alexander Schnase, Masahito Yoshii, Chihiro Ohmori,
Masahiro Nomura, Makoto Toda, Taihei Shimada, Keigo Hara, Katsushi Hasegawa

J-PARC Center, KEK & JAEA, Tokai-mura, Naka-gun, Ibaraki-ken, Japan

Abstract

Wall current monitors (WCM) for rf system commis-
sioning are installed in the J-PARC synchrotrons, the RCS
and the MR. The WCM signals are used as the input of the
beam loading compensation system, and also used for diag-
nostics to adjust the rf system parameters. Since the rf and
beam frequencies are in the range of a few MHz and sev-
eral ten MHz, direct measurement of the WCM signals is
possible. For the diagnosis, the WCM signals are taken by
an oscilloscope with the revolution clock signal generated
by the low level rf (LLRF) control system, and slices of
the WCM waveform with lengths of the revolution periods
are generated. By stacking the slices, one can get a moun-
tain plot, which shows motions of bunches and variations
of the bunch shapes. Also, time variations of the bunching
factor, which are important for acceleration of high inten-
sity proton beams, are obtained. The harmonic analysis is
performed on the WCM signal and the cavity voltage mon-
itor signal. By using complex amplitudes of them, one can
calculate the impedance seen by the beam. We show ex-
amples of the analyzes described above. The rf parameters
for high intensity beams have been successfully adjusted
by using these analysis methods.

INTRODUCTION

The Japan Proton Accelerator Research Complex (J-
PARC) is a multi-purpose high intensity proton accelerator
facility, which consists of the linac, the rapid cycling syn-
chrotron (RCS), and the main ring synchrotron (MR). At
present, the maximum output beam power of the RCS and
the MR is 300 kW and 200 kW, respectively.

In the RCS and the MR, wall current monitors (WCM)
dedicated for rf system commissioning are installed [1, 2].
The WCMs are designed to have a high cut-off frequency
more than a few 100 MHz, which is high enough compared
to the beam frequency up to several ten MHz.

The low level rf (LLRF) control systems of the J-PARC
RCS and MR are implemented by digital circuits to real-
ize precise and reproducible rf control. The WCM signals
are used as the input of the beam loading compensation
[3], and used for diagnostics to adjust the rf parameters and
patterns.

For the high power commissioning of the RCS and the
MR, the information from the WCM is important and indis-
pensable. The analysis of the WCM waveforms taken by a

∗ fumihiko.tamura@j-parc.jp
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Figure 1: Measurement setup.

Figure 2: Mountain plots of the injected bunch. (Left) in
case frf = 1.671650 MHz, the momentum of the injected
beam and the rf frequency are not matched. (Right) in case
frf = 1.671750 MHz, they are matched well.

long memory oscilloscope is performed on a PC. In this
paper, we show examples of the various analysis results of
the WCM waveforms.

BEAM CURRENT ANALYSIS USING
WCM WAVEFORM SLICES

Since the beam frequencies are in the range up to sev-
eral ten MHz, direct measurement of the WCM beam sig-
nal by using an oscilloscope is possible. As shown in
Fig. 1, the WCM signal is taken together with the revo-
lution clock signal, which is generated by the digital LLRF
control system and precisely follows the accelerating fre-
quency sweeps. The signals are recorded by a long mem-
ory oscilloscope and the waveforms are analyzed on a PC.
Slices of the WCM waveform with lengths of the revolution
period, which is calculated by using the revolution clock
signal, are generated. Since the revolution clock signal fol-
lows the frequency pattern change, no additional informa-
tion is necessary to generate the slices. By stacking the
slices, one can obtain a mountain plot. Mountain plots are
used to analyze the motions of bunches and variations of
the bunch shapes. Figure 2 shows an example of the in-
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Figure 3: The mountain plots up to 1000 turns of the cases
(top) without and (bottom) with the longitudinal painting.
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Figure 4: Comparison of the bunching factor up to
1000 turns of the cases without and with the longitudinal
painting.

jection frequency correction in the MR using the mountain
plots. If the injection rf frequency is not matched to the
momentum of the injected bunch, dipole oscillations oc-
cur. In case of an rf frequency of frf = 1.671650 MHz
(Fig. 2 left), a dipole oscillation is observed and the am-
plitude corresponds to momentum mismatch of 0.1%. By
using the slippage η = −0.058, the frequency is corrected,
frf = 1.671750 MHz (Fig. 2 right). The dipole oscillation
disappears.

For high current acceleration in the RCS, the bunch
shape control is a key to mitigate the space-charge tune
shifts. The bunching factor (Bf ), which is defined as the
ratio,

Bf = (average current)/(peak current), (1)

is an important parameter. It is easy to calculate the bunch-
ing factor by using the slices of the WCM waveform.

To increase the bunching factor, the longitudinal paint-
ing scheme during the injection period is employed in the
RCS. The longitudinal painting [4] is carried out by adjust-
ing the RF system parameters and programs. We employ
wide-band (Q = 2) magnetic-alloy (MA) loaded cavities
so that the dual-harmonic operation is fully supported. In
the dual-harmonic operation, each single cavity is driven by
a superposition of the RF signals, the fundamental acceler-
ating RF (h = 2) and the second harmonic RF (h = 4).
Also, the momentum offset injection scheme and the sec-
ond harmonic phase sweep are applied.

The mountain plots up to 1000 turns of the case with
only fundamental rf and no momentum offset i.e. with-
out the longitudinal painting, and the case with the 80 %
second harmonic, the momentum offset of −0.2 % and the
second harmonic phase sweep of 100 degrees are shown in
Fig. 3. Also, the bunching factor plots without and with
the longitudinal painting are shown in Fig. 4. The beam
intensity is 2.5× 1013 ppp, which corresponds to the beam
power of 300 kW at the repetition of 25 Hz. In Fig. 3, one
can clearly see that the bunch is widened with longitudinal
painting. The bunching factor of more than 0.45 is achieved
just after injection (at 250-th turn), while it was 0.25 in the
case without longitudinal painting.

As described above, these analysis methods of the WCM
waveform slices are very effective to adjust rf parameters.

HARMONIC ANALYSIS
The harmonic analysis of the beam current and the cav-

ity voltage is important to investigate the beam loading and
the impedance seen by the beam, because the wide-band
MA cavity covers not only accelerating harmonic but also
higher harmonics and the wake voltage in the cavity con-
sists of these harmonics.

The harmonic analysis of the waveform is performed as
follows. The full waveforms of the WCM and the cav-
ity voltage monitor from the injection to the extraction are
recorded together with the revolution clock signal. From
revolution clock waveform, one can generate sine and co-
sine waveforms of the selected harmonics (h = 2, 4, 6 in
case of the RCS) with unity amplitude on the PC. Then, the
I/Q demodulation for the selected harmonic is performed
by multiplying the sine and cosine waveforms with the
monitor signal waveforms and applying a low-pass filter.
The sine and cosine waveforms follow the accelerating fre-
quency sweep, since they are generated from the revolution
clock signal. By the I/Q demodulation, the complex ampli-
tude of the selected harmonic is obtained.
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Figure 5: Typical harmonic components of (top) the WCM
signal and (bottom) the cavity gap monitor.

By turning off the driving rf voltage of one of the cavi-
ties, it is possible to measure the wake voltage directly. The
typical harmonic components of the WCM signal and the
cavity gap monitor are plotted in Fig. 5. The beam inten-
sity is 2.5 × 1013 ppp. Since the frequency sweep is slow
compared to the wide frequency response of the MA cavity
(Q = 2), a steady-state equation is a good approximation
to calculate the time variation of the cavity gap impedance
seen by the beam. Assuming steady state, the wake voltage
in frequency domain is expressed as

Vcav(ω) = Zcav(ω) · Ibeam(ω), (2)

where ω is the angular frequency, Vcav(ω) the gap voltage,
Zcav(ω) the cavity gap impedance, and Ibeam(ω) the beam
current. By using the equation and the conversions of the
WCM and the cavity gap voltage monitor (beam current
[A] = WCM voltage [V] / 0.05, gap voltage [V] = monitor
voltage [V] ·3.35×104), the cavity gap impedance Zcav(ω)
is obtained as a function of time. By using the frequency
program, one can reconstruct the impedance curve in fre-
quency domain. In Fig. 6, the reconstructed frequency re-
sponse of the impedance seen by the beam is plotted. In the
plot, the frequency response of the parallel circuit model
(R = 850 Ω, L = 50 µH, C = 175 pF) is also plotted. The
measured impedance and the circuit model agree well.

Thus, the harmonic analysis of the WCM and cavity
voltage monitor signal is very important for high power

Figure 6: Translation to impedance. Z(ω) = V (ω)/I(ω).

beam commissioning. The analysis is applied to commis-
sioning of the multiharmonic feedforward system for the
beam loading compensation [3]. In the commissioning
methodology described in the reference, the harmonic anal-
ysis is also used for the LLRF driving signal, so that the
impedance seen by the beam with generating accelerating
rf voltages and feedforward signals is analyzed. The feed-
forward system has been successfully commissioned and
the impedance seen by the high power beam was reduced
down to 1/30.

SUMMARY
In the RCS and the MR, WCMs dedicated for rf sys-

tem commissioning are installed. As described above, var-
ious analysis methods on waveforms of the WCM are per-
formed. The key is that the WCM waveform is captured
with the revolution clock signal generated by the digital
LLRF control system, which follows precisely the acceler-
ating frequency sweeps. The analysis is performed on a PC.
Commissioning of the rf system parameters using the anal-
ysis has been successfully performed for the high power
operation in the RCS and the MR.
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COMPARISON OF THREE DIFFERENT CONCEPTS OF HIGH DYNAMIC 
RANGE AND DEPENDABILITY OPTIMISED CURRENT MEASUREMENT 

DIGITISERS FOR BEAM LOSS SYSTEMS 
W. Viganò, B. Dehning, E. Effinger, G. G. Venturini, C. Zamantzas, CERN, Geneva, Switzerland 

 
Abstract 

Three Different Concepts of High Dynamic Range and 
Dependability Optimised Current Measurement Digitisers 
for Beam Loss Systems will be compared on this paper. 

The first concept is based on Current to Frequency 
Conversion, enhanced with an ADC for extending the 
dynamic range and decreasing the response time. A 
summary of 3 years’ worth of operational experience with 
such a system for LHC beam loss monitoring will be 
given. The second principle is based on an Adaptive 
Current to Frequency Converter implemented in an ASIC. 
The basic parameters of the circuit are discussed and 
compared with measurements. Several measures are taken 
to harden both circuits against single event effects and to 
make them tolerant for operation in radioactive 
environments. The third circuit is based on a Fully 
Differential Integrator for enhanced dynamic range, 
where laboratory and test installation measurements will 
be presented. All circuits are designed to avoid any dead 
time in the acquisition and have reliability and fail safe 
operational considerations taken into account. 

STRUCTURE OF THE COMPARISON 
Each concept will be described by means of 

specifications, implementation and performance. In the 
conclusion a summary of the three methods will be given. 

CURRENT TO FREQUENCY 
CONVERTER 

Specifications 
LHC protection requires a high reliability Beam Loss 

Monitoring system. The Front End card, referred to as the 
CFC card, has been designed to be exposed to a 
maximum of 500Gy integrated dose for 20 years LHC 
life-time.  

To achieve a reliability level SIL3 (10  to 10  -7 -8

failure/h) of the system, several different test modes, 
status information, protection circuits and a redundant 
data transmission are implemented. For the verification, 
different tests have been performed, such as irradiation, 
temperature, magnetic field, and burn-in tests.  

A summary of the System Specification is given in 
Table 1. 

Table 1: CFC Specifications 
Measurement range 2.5pA to 1mA 
Error range from 10pA to 1mA -50% to +100% 
Error range from 1nA to 1mA ±25% 
Maximum input current 561mA 
Minimum acquisition period 40us 

Input range with minimum acquisition 
period 

5nA to 1mA 

Input voltage peak 1500V @ 100us 
Radiation Total Dose 500Gy in 20yr 

Implementation 
To measure a current over this high dynamic range, a 

Current to Frequency Converter (CFC – Figure 1) based 
on the balanced charge integrating techniques, has been 
chosen. In comparison with other switching techniques, 
the CFC has the advantage that it is without dead times 
and with no loss of charges.  

 
Figure 1: CFC block diagram. 

Since the output frequency depends on the input current 
(where a small current corresponds to a very low 
frequency), an additional analogue to digital converter 
(ADC) is added to measure the output voltage of the 
integrator and to calculate partial counts in the Threshold 
Comparator card, named BLETC. This measurement 
decreases the response time and increases the dynamic 
range. The integration time window of the system is 40µs. 
The data, including the counted CFC pulses and the 
integrator output voltage, are transmitted every 40µs to 
the BLETC. Figure 2 shows the CFC circuit diagram. 

 
Figure 2: CFC circuit diagram  

To ensure the system is working according to 
specification and to increase the reliability, several tests, 
test modes and error detection systems have been added 
on the CFC card, as shown in Table 2.  

Table 2: CFC Tests List 
N Description 

1 Before the installation, a calibration and an initial test are 
performed using a dedicated setup, which performs an 

.
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automatically generated functional test pattern. This system will 
also be used for additional tests after tunnel installation. 

2 
The constantly performed test using 10pA offset current, 
provides a count every 20s. After absence of the count for more 
than 120s, an error bit is activated. 

3 
For the data transmission a CRC is added, which is verified at the 
BLETC. Due to the redundant link, even if one transmission is 
corrupted, data are still available. 

4 The Card Identification is sent and checked every transmission to 
ensure the used threshold table belongs to the correct module.  

5 Lost data transmission will be detected by the check of the Frame 
Identification at each data transmission. 

6 

When the CFC TEST is activated (High Voltage ≥ 1655V for 
240s), 100pA are added on the input of the CFC, to test the 
corresponding response of the acquisition chain. This test is 
required to be done at least every 24 hours. If not done no beam 
permit is given. 

7 32 status bit are sent and read out every transmission. Depending 
on the indicated malfunction a beam-dump is initiated. 

8 A full maintenance plan has been implemented to guarantee the 
best performances over the time. 

Performance 
Approximately 800 CFC cards for a total of 6400 

channels have been deployed. In the first 3 years of 
operation only 2 emergency beam abort requests were 
issued due to failures that occurred during stable beam 
conditions. Both failures occurred in the optical link that 
connects the CFC card in the tunnel to the TC on the 
surface. In Figure 3 is shown the linearity test executed on 
the CFC cards: 

 

 
Figure 3: Measurement verification with CFC card. 

HIGH-DYNAMIC RANGE 
RADIATION-TOLERANT ASIC 

Specifications 
Ionizing Radiation Monitors with different design and 

operating principle are employed in the BLM system 
throughout the accelerator chain at CERN. Two general 
features common to all of the monitors are a current 
output that spans several orders of magnitude, and the 
requirement of either front-end electronics able to 
withstand the radiation effects, or alternatively a cabling 

infrastructure that carries the signal to a location where 
the radiation level is not a concern.  

In this context a radiation-tolerant Application Specific 
Integrated Circuit (ASIC) has been developed at CERN, 
using a commercial 0.25um CMOS technology. The 
design targets, primarily Ionization Chambers and 
Diamond Detectors, employed in the BLM system at 
CERN, are also suitable for different types of current-
output monitors, with both single-ended and differential 
output. The ASIC will allow the user to place the front-
end electronics close to the detector, which offers 
advantageous features: the measurement is carried out in 
loco so the results are transmitted digitally, reliably, while 
offering a potentially very low sensitivity to noise and 
interference, and the minimum input capacitance to the 
front-end circuit. 

Table 3: ASIC Specifications 
Measurement range 10pA to 1.05mA 
Error <±10% 
Radiation Total Dose 100kGy in 20yr 
Minimum acquisition period 40us 
Input range with minimum 
acquisition period 

1nA to 1.05mA 

Implementation 
 The circuit topology is based on a charge-balance 

current-to-frequency converter, taking advantage of its 
charge-driven operation, introducing multiple selectable 
quantization steps and a logic system that sets and 
changes the aforementioned step in the CFC according to 
the signal level. This provides a fine charge resolution at 
low input levels and coarse quantization step at higher 
input levels.  

 
Figure 4: Charge-balance current-to-frequency converter.  

The scheme shown in Figure 4 covers the full dynamic 
range of the input signal. The circuit architecture has been 
devised in such a way that positive or negative current 
inputs can be integrated indifferently, without the need for 
configuration. A signed signal is paired with the 
conversion code and available to the user. 

The conversion reference is embedded on a chip, based 
on a 1.2 band-gap reference to minimize temperature 
dependence, and with an optional external resistor for fine 
calibration of the LSB step. 

The ASIC circuit diagram in Figure 5 shows the input 
and output pin of the ASIC. 
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Figure 5: ASIC circuit diagram. 

The adaptive mode, as shown in Figure 6, is based on 
the following concept: the employed charge reference 
(LSB) depends on the value of the input signal and the 
charge left in the integrator from the previous conversion. 

 
Figure 6: ASIC adaptive range mechanism. 

Performance
The first prototype is able to measure the charge 

collected in 40µs over a six decade range (40fC - 42nC 
or, equivalently 1nA-1.05mA integrated over 40µs, 
coupled DC), independently from the detector type and 
biasing, in environments with ionizing radiation levels up 
to 100kGy (or 10 Mrad(Si)). For the chips already tested, 
the charge-to-digital conversion is affected by a linearity 
error that is within +/-5% (Figure 8), and the reference 
charge drifts of less than 600ppm/K and of 3% at 10Mrad 
TID. A second version of this device is planned, with 
focus on providing a compact solution to be mounted 
directly on the radiation monitor. 

Figure 7 shows the preliminary Linearity performance. 
Figure 9 shows the ASIC layout. 

 
Figure 7: ASIC 

 

 
Figure 8: ASIC Linearity Error 

 
Figure 9: ASIC Layout 

FULLY DIFFERENTIAL INTEGRATOR 
Specifications 

A wide range current digitizer card is needed for the 
implementation of the acquisition module for Beam Loss 
Monitoring in CERN Injector complex, which includes:
LINAC4, Proton Synchrotron, BOOSTER and their 
transfer lines. The possibility to connect several detector 
types with positive or negative input current polarity is 
required. On the other hand, the electronic will be placed 
in protected areas and no radiation tolerance is required. 
The system will be used as monitoring and protection 
system, therefore a high reliability design is required. 
Table 3 gives a summary of the main specification for the 
Fully Differential Integrator design. 

Table 3: Fully Differential Integrator Specifications 
Measurement range 10pA to 200mA 
Error <±10% 
Maximum input current 561mA 
Minimum acquisition period 2us 
Input range with minimum 
acquisition period 

31nA to 200mA 

Input voltage peak 1500V @ 100us 

Implementation 
To reach such high dynamic range e.g. 2·1010, a mixed 

measurement technique has been implemented in a new 
card called BLEDP. This combination of measurement 
techniques is done by means of a Fully Differential 
Frequency Converter (FDFC), and a Direct ADC 
(DADC). 

In this way the measurement range is split into two 
overlapping ranges: the FDFC used between 10pA÷10mA 
and the DADC between 100µA÷200mA. The front-end 
automatically switches between the two modes depending 
on the input current value, as shown in Figure 10. 

linearity test. 
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Figure 10: FDFC and DADC functionality  

The FDFC circuitry is based on a fully differential 
integrator as shown in Figure 11. 

A status signal is used to select in which branch of the 
fully deferential stage the input current is integrated. 

 
Figure 11: Fully ifferential ntegrator lock iagram  

Two comparators are used to check the deferential 
output voltage against a threshold. Whenever the limit is 
exceeded, the status signal toggles to the complementary 
value (from 0 to 1 or from 1 to 0) and the input current is 
integrated in the other branch. This functionality is shown 
in Figure 12. 

 
Figure 12: Fully differential integrator functionality. 

A block diagram describing the implementation of the 
complete digitisation circuitry is shown in Figure 13. 

 
Figure 13: Block diagram of the digitisation circuitry. 

By default mode of operation, the current input coming 
from the monitor flows through the Switch n.1 and the 
Input Switch into the Double Polarity Integrator (DPI), 
which is designed with a very high gain and input 
impedance. Two discrete comparators with a threshold 
settable by the FPGA are used to drive the Input Switch 
and to give the “Count” information to the FPGA. 

The Switch n.2 routes the output of the DPI into a 16bit 
ADC – 10MSPS, through a Buffer Amplifier that includes 
a 3th order filter. 

The readout current from the FDFC circuitry is created 
with a combination of Counts using an ADC with a 
resolution of 24 bits [4]. Whenever the input current value 
exceeds the “DADC Activation Value”, the DADC circuit 
is activated by means of the STOP signal. In this way, the 
input current is routed by the Switch n.1 to the ground, 
and the voltage dropped on a 3 ohm resistor is routed by 
the Switch n.2 to the ADC. In the meantime the FDFC 
circuitry is reset. If the current input falls below “DADC 
De-Activation Value”, switches n.1 and n.2 are released 
and the measurement mode is again reconfigured as 
FDFC. 

The Power Supply Structure of the BLEDP card is 
designed to prevent the failure propagation from an input 
channel to the main control. A main 48VDC input is routed 
through the backplane into the BLEDP module. Local 
power supplies are used to supply the circuitry.  Finally 
two circuit breakers decouple groups of 4 channels, as 
shown in Figure 14. 

 
Figure 14: BLEDP ower upply tructure  

The BLEDP card has 8 input channels. The result of 
their digitization is transmitted by optical link to the 
BLETC card through an SFP module. During the test 
phase there is the possibility to plug in the BLEDP an 
SFP Ethernet module for the data transmission by 
Ethernet. Numerous Status information signals are 
collected by the BLEDP and sent out, to guarantee the full 
diagnosis of the system. 

The optimization of the current leakage and the noise 
reduction requires a special 12 layer Printed Circuit Board 
(PCB) design. 

The PCB layout architecture allows the total separation 
between the digital and the analog part from noise and 
crosstalk. A picture of the BLEDP module can be found 
in Figure 15.  

 

Fully differential Integrator 

 

Input switch 

.

d i b d .

p s s .
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Figure 15: BLEDP card.

Performance 
The BLEDP card is still under development. Several 

preliminary tests in the laboratory and in the CERN PS 
accelerator have given very good feedback. 

Several sensors such as: IC (Ionization Chamber), 
BLMD (Diamond Detector), LIC (Little Ionization 
Chamber at 0.4bar pressure), SEM (Secondary Emission 
Monitor), PEPII (Cherenkov Monitor) have been 
connected to the inputs of the card, collecting signals that 
are well correlated with accelerator losses. 

 
Figure 16: Full rate in the PS test installation  

To verify the FDFC and DADC measurement 
capability, a preliminary Linearity Test has been 
performed as shown in Figure 17. 

 
Figure 17: FDFC and DADC linearity test

The Measurement Error is below 10% in all the full 
range. The possible selection of the FDFC and DADC 
thresholds are visible in Figure 18. 

 
Figure 18: FDFC and DADC error

CONCLUSIONS 
A comparison of the available solutions for CERN 

Beam Loss Monitors is given in Table 4. 
The CFC card guarantees a tested and reliable solution 

for the immediate usage, but with increasing accelerator 
energy, new solutions are needed.  

The Radiation Tolerant ASIC and the Fully Differential 
Integrator should cover the entire scenario in terms of 
Input Monitors with different characteristics and 
installation in several accelerators. 

Table 4: Solution omparison
Solution CFC ASIC BLEDP 

Input Polarity Positive Positive and 
Negative 

Positive and 
Negative 

Operating Input Range 2.5pA to 1mA 300pA to 1.05mA 10pA to 200mA  
Error ±25% ±10% ±10% 

Sensitivity  1pA 10pA 2pA 
Minimum Acquisition 

Period 40us 40us 2us  

Input range with 
minimum Acquisition 

Period 
5nA to 1mA 1nA to 1.05mA 31nA to 200mA 

Radiation Tolerance 500Gy in 20yr 100kGy in 20yr Not Tested 
Availability Production Developing Developing 

The Sensitivity is measured considering an offset input 
current, and 10sec as measurement period.
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DIAMOND DETECTORS FOR LHC 
Erich Griesmayer, Pavel Kavrigin, CIVIDEC Instrumentation, Vienna, Austria 

Bernd Dehning, Ewald Effinger, Tobias Baer, Maria Hempel, Heinz Pernegger, Daniel Dobos, 
CERN, Geneva, Switzerland 

 
Abstract 

Diamond detectors are installed at the LHC as fast 
beam loss monitors. Their excellent time resolution [1] 
make them a useful beam diagnostic tool for bunch-to-
bunch beam loss observations [2], which is essential for 
the understanding of fast beam loss scenarios at the LHC 
[3, 4]. 

INTRODUCTION 
Diamond is probably the most versatile, efficient and 

radiation-tolerant material available for use in beam 
detectors.  Correspondingly, it has a wide range of 
applications in beam instrumentation and in beam 
diagnostics.  Currently ten diamond detectors are in use 
as fast beam loss monitors at the LHC at CERN.  The 
nanosecond time response in combination with the 
sensitivity to single particles makes them ideal for use in 
fast beam loss detection.  A beam dump caused by a so 
called UFO, an “unidentified falling object”, is shown.  
UFOs are believed to be dust particles with a typical size 
of a few micrometers, which lead to beam losses, which 
last about ten revolutions of the proton beam. 
 

 
Figure 1: Installation of a Diamond Beam Loss Monitor 
in the LHC tunnel in IP 7. 
 

THE DIAMOND MONITORS 
The diamond monitors were provided by CIVIDEC 

Instrumentation and installed at TCLA.D6L7.B2.  They 
are composed of a diamond detector (pCVD diamond 
material, substrate size 10 mm x 10 mm x 0.5 mm, gold 
electrodes 8 mm x 8 mm, operated at 500 V bias voltage), 
a 4 GHz AD-DC splitter, and a 2 GHz, 40 dB RF 
amplifier.  A CK50 cable with a length of about 300 m 
connects the beam loss monitor the readout 
instrumentation.  A LeCroy oscilloscope was used for the 
digital readout (Waverunner 104MXi, 1 GSPS, 1 GHz, 8 

bit ADC).  The installation of the diamond beam loss 
monitor in point 7 is shown in Figure 1. 

 

SPACIAL LOSS PROFILE 
A beam abort, which was obviously caused by an UFO 

event in the injection area in point 4, was recorded on the 
27th of August 2012 with a diamond beam loss monitor, 
which was located in the cleaning area in point 7.  Figure 
2 shows the spacial loss profile of this event, i.e.  the 
recorded loss amplitude versus the 89 µs turn period of 
the LHC. 
 

 
Figure 2: Spatial loss profile versus the LHC turn period 
of 89 µs.  Beam abort event caused by an UFO. 
 

In the following figures, data of the beam abort event, 
taken with the diamond beam loss monitor, are shown.  
Starting with a buffer size of 500 µs, a zoom into the 
memory in four stages is provided.  Each zoom reveals 
insights into the loss structure of the LHC. 
 

The 500 µs Zoom 
The Figure 3 shows the loss profile in a time window of 

500 µs.  The beam losses increase over a period of some 
microseconds and the dump causes a high pulse at the end 
of the loss pattern.  The tree beam abort gaps define the 
revolution period of the LHC. 
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Figure 3: 500 µs zoom; UFO location in Point 4, 
recorded in the collimation area in Point 7 with a 
10x10x0.5 mm3 diamond detector with 40 dB signal 
amplification.  The length of the loss is about 0.5 ms.  
Beam abort gaps are clearly resolved. 

 

The 100 µs Zoom 
In Figure 4 the zoom of 100 µs indicates the time 

structure of the bunch trains within one turn. 
 

 
Figure 4: 100 µs zoom; the beam abort gap, and the 
bunch structure is resolved: a pattern of two 4x36 
bunches and one 2x36 bunches are periodically cycling in 
the LHC.  The losses caused by the beam abort are 
synchronous to the beam abort gap. 
 

The 10 µs Zoom 
The individual bunch trains can be resolved in Figure 5, 

which shows a 10 µs zoom of the data.  The LHC 
injection gap and the SPS injection gaps separate 
individual bunch trains. 
 

 
Figure 5: 10 µs zoom; the structure of 4x36 bunches is 
resolved.  The LHC injection gap and the SPS injection 
gaps separate the bunch trains containing 36 bunches 
each. 
 

The 2 µs Zoom 
The Figure 6 shows a 2 µs zoom and resolves the 32 

bunches which are in this bunch train.  Also, the 50 ns 
bunch spacing is visible.  All bunches inside a batch 
contribute to the beam losses, as it is expected for a 
macro particle interaction. 

 

 
Figure 6: 2 µs zoom; the bunches are separated by 50 ns, 
36 bunches form a batch.  It is remarkable that all 
bunches inside a batch contribute to the beam losses, as 
expected for a macro-particle interaction. 
 

The 200 ns Zoom 
In the 100 ns zoom of Figure 7 the single bunches are 

resolved, the 50 ns bunch separation can clearly be 
identified and all pulse parameters can be determined.  In 
this example the amplitude of the left bunch is 397 mV, 
the rms baseline noise is 9.9 mVrms, the rise time is 
2.34 ns, the pulse width is 6.06 ns and the fall time is 
10.34 ns. 
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Figure 7: 100 ns zoom; single bunches are resolved with a 
rise time of 2.34 ns, a rms baseline noise of 9.9 mV and 
an amplitude of 397 mV.  The corresponding intrinsic 
time resolution is 58 ps. 

 

SIGNAL PROPERTIES 

Analogue Bandwidth 
The analogue bandwidth BW of the measurement setup 

can be estimated via the rise time tr = 2.34 ns as: 
 

𝐵𝑊 =
0.35
𝑡!

=
0.35
2.34  ns

= 150  MHz 

 
which has to be set into correlation with the cable length 
of about 300 m. 

 

Intrinsic Time Resolution 
The intrinsic time resolution (TR) of the monitor is 

defined as the ratio of the baseline noise and the slope of 
the signal.  In the example in Figure 7 the noise is 9.9 mV 
and the slope can be estimated with 170 mV/ns, resulting 
in:  
 

𝑇𝑅 =
𝑛𝑜𝑖𝑠𝑒
𝑠𝑙𝑜𝑝𝑒

=
9.9  mV

170  mV/ns
= 58  ps 

 
In this example the intrinsic time resolution is 58 ps. 
 

It should be mentioned that the baseline noise is 
determined by the readout system rather than by the 
diamond detector.  The intrinsic time resolution is limited 
by the quantization noise of the 8-bit ADC and by the 
bandwidth limitation, which is mainly determined by 
required length of the RF cable. 
 

CONCLUSION 
Bunch-to-bunch losses were measured at the LHC 

accelerator at CERN using diamond detectors.  An UFO 
event, which occurred in point 4, was recorded with a 
diamond detector in the IR7 cleaning region.  A buffer of 
10 ms was filled with data at 1 GSPS data rate.  The 
excellent amplitude resolution of single particles using a 
40 dB as well as the excellent time resolution of the nano-

second range is demonstrated in this report.  These 
measurements also proved that beam losses in the LHC 
originate almost equally from all bunches.  Data was 
taken with a digital oscilloscope, but it is foreseen for the 
end of 2012 to make them available on-line in the LHC 
control room. 

 

REFERENCES 
[1]  H. Frais-Kölbl, E. Griesmayer, H. Pernegger, H. 

Kagan, “A fast low-noise charged particle CVD 
diamond detector”, IEEE Trans. on Nuclear Science, 
Vol. 51, No. 6, p. 3833 – 3837, December 2004. 

[2]  B. Dehning, E. Effinger, D. Dobos, H. Pernegger, E. 
Griesmayer, “Diamond detectors as beam monitors”, 
CERN-BE-2011-001 BI, March 2011. 

[3]  E. Griesmayer, B. Dehning, E. Effinger, H. 
Pernegger, D. Dobos, H. Frais-Kölbl, “Test of a 
diamond detector using unbunched beam halo 
particles”, CERN-ATS-2010-027, February 2012. 

[4]  M. Hempel et al., “Bunch-to-bunch beam loss 
diagnostics with diamond detectors at the LHC”, 
Proceedings of HP 2012, September 2012. 

 
 

Proceedings of IBIC2012, Tsukuba, Japan MOPA10

Beam Loss Detection 73 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



CHARACTERIZATION OF A WIDE DYNAMIC-RANGE,
RADIATION-TOLERANT CHARGE-DIGITIZER ASIC FOR

MONITORING OF BEAM LOSSES

Giuseppe Guido Venturini∗, CERN / EPFL, Switzerland
Francis Anghinolfi, CERN, Geneva, Switzerland

Bernd Dehning, CERN, Geneva, Switzerland
Maher Kayal, EPFL, STI IEL GR-KA, Lausanne, Switzerland

Abstract

An Application Specific Integrated Circuit (ASIC) has

been designed and fabricated to provide a compact solu-

tion to digitize current signals from ionization chambers

and diamond detectors, employed as beam loss monitors

at CERN and several other high energy physics facilities.

The circuit topology has been devised to accept positive

and negative currents, to have a wide dynamic range (above

120 dB), withstand radiation levels over 10Mrad and of-

fer different modes of operation, covering a broad range

of applications. Furthermore, an internal conversion refer-

ence is employed in the digitization, to provide an accurate

absolute measurement. This paper discusses the detailed

characterization of the first prototype: linearity, radiation

tolerance and temperature dependence of the conversion,

as well as implications and system-level considerations re-

garding its use for beam instrumentation applications in a

high energy physics facility.

INTRODUCTION

A Beam Loss Monitoring (BLM) system is employed

throughout the accelerators at CERN. The aim of the sys-

tem is threefold: ensure machine protection, provide diag-

nostics information and aid machine setup. Different kinds

of radiation monitors are employed, depending on the ac-

celerator, measurement and expected signal, among them

ionization chambers and diamond detectors. The monitors

are exposed to the secondary particles shower that is ini-

tiated when a high-energy particle escapes from the beam

and impacts against the vacuum chamber. The number of

particles that are lost from the beam and the energy de-

posited in the machine components – such as the LHC su-

perconducting magnets – are reconstructed from the output

signal provided by the monitors, which are situated in stud-

ied locations along the rings, injection and extraction lines,

and dump targets.

The BLM system for a large accelerator like the LHC has

several channels – over 4000 – and it extends over a signifi-

cant distance. The system is built in layers: the analog out-

put signal of the monitors is digitized by data acquisition

cards located in the tunnel, implementing a Current to Fre-

∗giuseppe.guido.venturini@cern.ch

Table 1: Specifications

Parameter
Dynamic range 1× 106

Input polarity double

Minimum detected current 1 nA
(through averaging) 1 pA
Linearity error < ±10%
Integration window 40 μs
Total ionizing dose 10Mrad in 20 years

quency Converter (CFC) and providing a conversion code

every 40 μs. The front-end acquisition boards transmit the

data to the Threshold Comparators (TC), located in VME

crates on the surface, via double redundant optical links.

The TCs collect, analyze the data and optionally trigger a

beam abort, when losses that could potentially compromise

the machine are detected. A Combiner and Survey (CS)

card installed in the same VME crate receives and handles

the beam abort signals. The data are then forwarded for

logging and display [1].

In this context, this contribution discusses the state of

the research that has been carried out at CERN, regarding

the first step of the data processing outlined above: data

acquisition from the monitors.

REQUIREMENTS

The requirements for the BLM front-end acquisition are

listed in Table 1.

The intensity of the ionizing radiation detected by the

particle monitors can span several decades, as a conse-

quence of the characteristics of the accelerator, the opera-

tional status of the machine, the location in which the mon-

itor is installed and the background radiation. For this rea-

son, the different kinds of beam loss monitors designed and

employed at CERN are able to provide a linear response

over a wide dynamic range (DR) [2].

Since before the beginning of operation of the LHC, an

effort has been made in the BE/BI/BL section to study and

design a single-gain acquisition board, able to cover the

whole dynamic range of the input signal [3]. This work fol-

lows the same approach as the currently operational LHC
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design and aims to provide further improved performances.

The reasons behind the requirement for double polarity

operation in this design are: flexibility, reliability and re-

sistance to interference. During machine operation, some

interference – eg. an external coupling to the HV power

supply line – could lead to the signal to be digitized appear-

ing of opposite polarity for a short duration of time. The

minimum requirement for the front-end design is avoid-

ing saturation. In the case of an input range extending to

both signal polarities this problem is not present. Addi-

tionally, in this case both positive and negative HV power

supplies can be used to bias the monitors. The circuit topol-

ogy presented here is able to digitize positive and nega-

tive charge inputs, covering the −1.05mA/1.05mA range,

without any change in configuration.

The analog to digital conversion performed by the front-

end will inevitably be affected by an error. Since the data

provided by the front-end is to be compared with thresh-

old values in the TCs, the requirement for the front-end is

to provide a measurement affected by an error well below

the uncertainty level of the threshold values [4]. For this

reason, a linearity error equal to 10% or better is required.

The integration time has an important impact on the de-

sign of the front-end: as the input current is integrated over

shorter time intervals, the front-end design becomes more

challenging, since the A/D conversion has to occur with the

same dynamic range but over a shorter time frame. The in-

tegration time is dictated by machine requirements. For the

LHC, and for this design, it is fixed to 40 μs [1, 3].

The digitized output from the front-end electronics is, af-

ter processing, compared with threshold values provided by

simulations, available in terms of charge. It is hence nec-

essary that the measurement data can be re-conducted to

charge values, in Coulomb. For this reason, each front-end

circuit needs to have available on board an absolute charge

reference, which has to be common to all interfaces. Ad-

ditionally, the charge reference shall be insensitive, within

the maximum allowed error, to drifts due to temperature

and ionizing radiation effects.

The radiation tolerance has an effect on the location

where the front-end electronics can be installed: as the

monitor is exposed to ionizing radiation, either ability to

withstand the radiation effects or a cabling infrastructure

to carry the analog signal to a location where the radiation

level isn’t of concern are required. Employing custom lay-

out techniques and opportune design choices, the radiation

tolerance that can be achieved with an ASIC allows the user

to place the front-end electronics close to the detector. This

option provides advantageous features: the measurement

is carried out in loco, with an analog front-end loaded by

the minimum capacitance, then the results transmitted digi-

tally, reliably and at high data rate, as digital transmissions

have a low sensitivity to noise and interference. The dis-

advantage is additional complexity inherent in analog inte-

grated circuit (IC) design.

Figure 1: Charge-balance current-to-frequency conversion

scheme.

CIRCUIT TOPOLOGY

Current-to-Frequency Conversion
The topology here presented has its roots in the charge-

balance CFC architecture [5]. A Current-to-Frequency

Converter produces a series of pulses at a frequency fc that

is proportional to the input signal level. Referring to Fig. 1,

the input current is integrated until a threshold (VTH ) is

reached, then a pulse triggers the subtraction of a fixed

charge (QREF ) from the integrator, and another cycle be-

gins. The charge subtraction is implemented summing, at

the input node, a current −IREF for a fixed time TREF ,

generated by a timing circuit (eg. one-shot).

It is possible to show that the ideal relationship between

the oscillation frequency fc and the DC input current IIN
is given by Eq. 1.

fc =
IIN

QREF
(1)

The charge collected in a time interval (0, TW ) can be

estimated simply counting the pulses in the same interval

(Eq. 2, quantization error neglected):

Nc =

ˆ TW

0

fc dt =

´ TW

0
Iin (t) dt

QREF
=

QIN

QREF
(2)

The conversion does not depend on many circuit param-

eters: in particular, it does not depend on the value of the

threshold voltage and the capacitors values, linking output

voltage and input charge in the integrator. The quantiza-

tion error is stored in the integrator and added to the next

measurement, allowing decreasing the minimum detectable

signal increasing TW or, equivalently, summing together

multiple consecutive samples. These features make the

topology interesting for implementing the front-end elec-

tronics of a BLM system.

The main limitation is the dynamic range that can be

achieved: at the upper end, increasing the input level, band-

width limitations will prevent the generation and summa-

tion of an accurate charge packet, and, as a result, the min-

imum value for QREF is fixed. At the lower end, the input

current can decrease until the point where the accumulated

charge in TW is below QREF , minimum detectable signal,

prompting the designer to reduce further the value of the

reference charge, but QREF can only be reduced until the
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Figure 2: Circuit topology.

minimum value due to the aforementioned bandwidth lim-

itation is met.

To further increase the dynamic range, it is possible, in

principle, to extend the measurement time TW , lowering

the minimum detectable signal, see Eq. 2, but in many ap-

plications, such as the one under consideration, that is not

an option.

A different approach has to be adopted to cover a dy-

namic range of six decades with a 40us integration time.

Other solutions have been proposed in the literature: the

CFC board employed in the LHC BLM system pairs the

frequency conversion with a 12bit pipeline ADC, increas-

ing the DR of the CFC converter of a more than three

decades, but requires matching of the CFC and the ADC

data [3]. See also [6, 7].

Circuit Topology

Since the maximum frequency at which the charge injec-

tion can be performed is behind the dynamic range limita-

tion, and the frequency is set by QREF (Eq. 1), the input

dynamics can be extended adjusting the reference charge to

keep the front-end in the operative frequency range.

A simplified diagram of the circuit topology is shown

in Fig. 2. Similarly to the CFC, the analog part of the

circuit provides current integration, detection of threshold

crossing and injection of charge packets to balance the in-

tegrator, implemented through a fully-differential integra-

tor, with configurable feedback capacitance, two dynamic

comparators and a configurable three-level current-output

Digital-to-Analog Converter (DAC).

The integrator is fully differential (differential input /

differential output) to take advantage of the better power

supply rejection of differential structures, minimize the in-

fluence of noise, ease the requirements on the compara-

tors and to reduce even-order harmonic distortion. An ad-

justment in the integrator is necessary: the value of the

feedback capacitance needs to be scaled with the reference

charge of the converter, or the requirements on comparators

resolution would become challenging.

Additionally, due to the small unit capacitance, the rout-

ing parasitic capacitance can have a considerable influence

Table 2: Subdivision of the Dynamic Range in Sub-ranges,

in Terms of Absolute Values of DC Currents

Sens. Min Max Overlap DR
0 1 nA 200 nA N/A 256
1 160 nA 4.1 μA 1.6 25.6
2 2.56 μA 65.5 μA 1.6 25.6
3 41 μA 1.05mA 1.6 25.6

on the ratio of feedback capacitances, especially for the

highest sensitivity setting. To minimize this effect, the

threshold voltages start at 1V for the highest sensitivity

configuration and are decreased of a factor two for every

sensitivity step, correspondingly, the capacitor values can

be increased by the same factor.

The comparators are responsible for generating the sig-

nals that trigger the charge injection: an additional one is

present in Fig. 2 compared to Fig. 1, to allow operation

with positive and negative inputs. The third output level in

the DAC is introduced for the same reason. The compara-

tors are clocked at 12.8MHz and provide two symmetric

differential thresholds.

The circuit-wide configuration is set by a logic circuit

that monitors the comparators output. A first version of

this logic was implemented on chip with a Triple Modular

Redundant (TMR) design, while configuration inputs are

available to disable it and implement the logic off-chip (for

example in an FPGA). This strategy has been useful for

testing the device and optimizing the algorithm.

The modulator input ranges for each sensitivity are listed

in Table 2: an overlap factor equal to 1.6 has been ensured

between the ranges to allow an hysteresis in the transitions.

A robust scheme has been implemented to provide the

reference charge the A/D conversion: the charge packets

are generated by enabling the current-output DAC accord-

ing to a time reference provided by a 12.8MHz clock, gen-

erated off-chip with a temperature-compensated piezoelec-

tric oscillator. The DAC is biased by a current reference

embedded on chip, based on a 1.2V radiation-hardened

band-gap reference, to minimize temperature dependence,

with an optional external resistor for LSB step calibration.

The output code is generated counting the charge injec-

tions events, grouped by reference charge value, with a pos-

itive sign when it is a positive charge that has been injected,

and a negative sign when a negative charge has been in-

jected. The final output code is given by the sum of the

weighted contributions of each reference charge, as shown

in Eq. 3.

[
QIN

QREF,0

]
D
= Nc,0 +

[
QREF,1

QREF,0

]
D︸ ︷︷ ︸

24

Nc,1+

+

[
QREF,2

QREF,0

]
D︸ ︷︷ ︸

28

Nc,2 +

[
QREF,3

QREF,0

]
D︸ ︷︷ ︸

212

Nc,3

(3)
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The ratio of the reference charges has been opportunely

selected to be a power of 2, hence the weighing operation

is performed with a bit shift.

The ASIC has an additional operation mode: the integra-

tor outputs are connected to an ADC and the configuration

of the front-end is set externally by the user, implementing

a setup similar to [3], with the additional advantages of hav-

ing a selectable full-scale charge (8 pC, 164 pC, 2.56 nC or

42 nC, adjustable within 20%) and double polarity opera-

tion. The fully differential integrator outputs are matched

to common radiation-tolerant ADCs, such as [8]. This

mode provides an alternative radiation-tolerant solution.

FIRST PROTOTYPE AND
MEASUREMENT RESULTS

The prototype was designed using a three-metal 0.25 μm
CMOS technology and then ported to a six metal stack to

be submitted in a Multi-Project Wafer (MPW). The proto-

type has two channels, each one as shown in the diagram

in Fig. 3.

Figure 3: Diagram of a single A/D channel.

The chip layout and a full micrograph are shown in

Fig. 4a and Fig. 4b, respectively. In the layout, it is pos-

sible to see two channel arranged horizontally, with the

analog part on the outside and the digital circuitry in the

middle, separated from the sensitive parts. Considering the

channel on the left side, the left half of the analog part con-

sists of the DAC and the charge reference, on the right hand

side it is possible to see the capacitors and the amplifier in

between. On the right of the amplifier there are the com-

parators, which bridge the analog and the digital parts. The

chip size is 2.4mm x 3.775mm.

The test-bench setup has been developed as follows: an

analog board hosts the DUT, providing separated analog,

digital and pad power supplies, biasing and voltage refer-

ences. The analog board is connected to the instrument

providing the test stimuli and to an optional secondary

board with an Altera Cyclone IV FPGA to set the con-

figuration remotely and provide the measurement results

over TCP/IP. A set of software tools have been developed

to read, process and display the data, and control the instru-

ments through a GPIB-TCP/IP bridge.

(a) Layout of the chip.

(b) Microscope picture.

Figure 4: Layout and microscope picture of the fabricated

prototype.

Table 3: Device Characterization Summary

A/D converter
Integration time 40 μs
Input current range −1.05mA to 1.05mA
Input charge range −42 nC to 42 nC
Offset 12 fC
(currently WIP) 300 pA over 40 μs
Default LSB step 50 fC ±20%, adjustable

Dynamic range 120 dB
Linearity error < ±5%
Peak S/N ratio 53 dB
SFDR at 999Hz, 1mA 50 dB
Total ionizing dose 10Mrad(Si)

Supply voltage 2.5V
Clock 12.8MHz
Power 40mW

Reference charge
Drift with TID 3% at 10× 106 rad(Si)

Drift with temperature < 600 ppm/◦C

The results from DC, AC, temperature and radiation tol-

erance (TID) measurements are summarized in Table 3.

The linearity error is defined as 2(ym−yid)/(ym+yid),
where ym is the measured output code and yid is the output

code expected by fitting the measurement points. It is lim-

ited by different effects: at low input signals, the current
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Figure 5: Measured SNR.

leakage of the input structures provide an additional charge

that is superimposed to the test stimulus and introduce a

measurement error. As the input signal increases, the front-

end switches between different configurations (sensitivi-

ties). The transistor matching imperfections introduce a

different linearity error for every input signal range. Near

the full-scale, dynamic effects cause an additional error in

the injected charge. Overall the linearity error is within

±5%.

Additionally, in the current setup, there is a spurious in-

put signal of variable amplitude below 1 nA. The reason

is probably a ground loop effect and it is currently being

investigated. Because of that, the offset in Table 3 is 12 fC
(300 pA integrated for 40 μs), the expectation is that the ef-

fective device offset is 40 aC (1 pA integrated for 40 μs).

Figure 5 plots the measured SNR versus input amplitude

for a sinusoidal current stimulus at a frequency equal to

91Hz. In the figure, the measurement is compared with

the theoretical peak SNR for traditional A/D converters and

with the measured SNR of each configuration, obtained

disabling the configuration logic. The SNR increases with

the amplitude, as an effect of the reduced weight of the

quantization error, until the amplitude falls in the next

range: at this point the sine wave is partially digitized with

a coarser quantization step and, correspondingly, the SNR

drops. The same effect repeats every time the front-end

configuration changes.

FFT spectra were acquired with a sinusoidal input cur-

rent at a frequency close to 1 kHz and amplitude equal to

1mA. The measured SFDR is 50 dB and it is limited by

third order harmonic distortion.

The radiation tolerance – Total Ionizing Dose (TID) ef-

fects – has been investigated at CERN in an X-ray irradia-

tion facility. A tungsten tube provided an X-ray beam with

a peak at 20 keV and a dose rate of 47.5 krad(Si)/min. The

characteristics of the device have been measured at log-

arithmically spaced total dose values, up to 10Mrad(Si),

followed by a 1 week annealing cycle at 100 ◦C. From the

beginning to the end of the irradiation cycles, the full scale

charge drifts of approximately 3%.

Measurements taken in a climatic chamber in the 13 ◦C-

43 ◦C range showed a negative temperature dependence of

the reference charge with the temperature, in absolute value

below 600 ppm/◦C and in reasonable agreement with simu-

lations (within 30%). An external resistor can be provided

to further reduce the temperature coefficient.

CONCLUSIONS
The 120 dB DR ASIC presented provides a compact and

flexible solution to convert a wide dynamic range charge to

a digital code. The IC operates DC-coupled to the detector,

it has an on-chip charge reference and it digitizes positive

and negative currents. The ASIC has been irradiated with

X-rays up to 10Mrad with only minor changes in the cir-

cuit performance.
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REAL-TIME CALCULATION OF SCALE FACTORS OF X-RAY BEAM
POSITION MONITORS DURING USER OPERATION

C. Bloomer, G. Rehm, Diamond Light Source, Oxfordshire, UK

Abstract
Photoemission based X-ray Beam Position Monitors

(XBPMs) are widely used at 3rd generation light sources to
both monitor and stabilise the photon beam to sub-micron
precision. Traditionally, finding the geometric scale factors
requires either systematic stepper motor movements of the
XBPM or well controlled electron beam displacements to
measure the response of the XBPM. For each Insertion De-
vice gap it is required to repeat this in order to build up a
complete set of scale factors covering all possible operating
conditions. Elliptically Polarising Undulators further com-
plicate matters by having multiple operating modes which
would require multi dimensional lookup tables. Presented
in this paper is a method for retrieving the geometric scale
factors of an XBPM in real time by making use of the in-
trinsic small random movements of the electron beam and
finding the correlation in synchronous measurements from
Electron BPMs and XBPMs at kHz sample rates.

INTRODUCTION
Diamond Light Source utilizes two photoemission X-ray

Beam Position Monitors (XBPMs) on most front ends in
order to monitor and improve the stability of the pho-
ton beam. XBPMs for Insertion Device (ID) beamlines
are mounted on stepper motors with micron-precision en-
coders, and traditionally the XBPMs are calibrated by us-
ing known stepper motor offsets to emulate real X-ray
beam movements. Alternatively, controlled electron beam
bumps through the ID straight can also be used to calibrate
the XBPMs [1, 2]. A scale factor is calculated by compar-
ing the measured response from the four XBPM blades to
the known magnitude of the controlled movements. This
gives a scale factor measured for a selection of ID gaps,
which is saved into an EPICS database. During user opera-
tion the scale factor database is interpolated to give a factor
for the current ID gap and used to convert the dimension-
less position given by the XBPM signal into a position in
mm. The dimensionless response of the XBPM, Δ/Σ, is
defined as follows:

(Δ/Σ)x =
A−B − C +D

A+B + C +D

(Δ/Σ)y =
A+B − C −D

A+B + C +D

where A,B,C,D are the four XBPM blade signal currents.
There are several limitations to both of these calibration

methods. Both require dedicated beamline time, during
which the beamline is not able to accommodate users: if
stepper motor movements are utilised then users may see
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Figure 1: XBPM response to stepper motor movements for
the I06 beamline at Diamond. The simulated power distri-
bution of circular and linear horizontal polarised light are
shown on the right to give an indication of the different
photon distributions. Each gap and phase requires a differ-
ent scale factor.

X-ray beam shadowing as the XBPM moves across the
beam; if electron beam bumps are used then the chang-
ing X-ray beam position and angle causes changes to the
measured intensity and photon energy at the sample-point.

A second limitation is that a scale factor must be mea-
sured for each ID setting that a beamline could use, as dif-
ferent ID gaps produce different spatial distributions of ra-
diation and thus require different scale factors. Elliptically
polarising undulators, such as APPLE II devices, also re-
quire a different scale factor value for each different polar-
isation, as seen in Fig. 1. It is possible to create a look-up
table for each individual ID setting, but populating such a
table is a time consuming process. Typically at Diamond,
a single XBPM stepper motor scan in one axis would take
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some minutes, and would be performed for 10 different ID
gaps. Performing such a scan for two axes, horizontal and
vertical, and for three different polarisations for an APPLE
II device would take two hours of dedicated beamline time.

On top of this, a typical scale factor is linear only on a
small range, typically±100μm. Beyond this, a new scaling
factor needs to be produced or non-linear correction needs
to be used.

Previous efforts to calculate the XBPM scale factors au-
tomatically using self-learning and artificial intelligence
methods have still relied on performing physical stepper
motor movements, and generating scale factor tables for a
range of gaps [3, 4]. Presented in this paper is a method for
acquiring the XBPM scale factor, K , in real-time by mak-
ing use of the intrinsic electron beam movements, and fast
electronics that are capable of recording the Electron Beam
Position Monitor (EBPM) and XBPM measurements syn-
chronously.

SYSTEM CONFIGURATION
A Fast Acquisition (FA) communications network has

been developed at Diamond [5] to capture and distribute
position data from EBPMs and XBPMs at an update rate
of 10kHz. This stream allows for a real-time comparison
of the electron beam trajectory through the ID straight as
measured on the EBPMs, and the photon beam position at
12.25m from the ID, as measured on an XBPM.

Using the FA network the last 10s of data from the BPMs
is pulled into a rolling buffer. The data is then low-pass
filtered in order to remove high frequency (kHz) noise. The
projected X-ray beam position, Px, at XBPM-01 can be
calculated from the EBPMs as follows:

Px = (Pe2 − Pe1)
dx
de

+
Pe1 + Pe2

2

where Pe1 and Pe2 are the upstream and downstream
EBPM beam positions respectively, dx is the distance from
the ID to XBPM-01 (12.25m), and de is the separation be-
tween the two EBPMs (5.76m), as shown in Fig. 2.

Figure 2: Schematic of the EBPM and XBPM locations for
a typical ID straight at Diamond.

The two sets of data (measured XBPM response and
projected EBPM data) are stored in a matrix for analysis.
Calculating the Singular Value Decomposition (SVD) of
this matrix to find the major axis between the two sets of
data then returns the required information: the scale factor
between the XBPM response and the EBPM projections
(Fig. 4).

The SVD is a factorisation of the form:

M = USV T

where M is an m× 2 matrix. The two columns contain
the measured XBPM response and projected EBPM data,
and m is the length of the buffer used. U and V are unitary
matricies of size m×m and 2×2 respectively. S is a 2×2
diagonal matrix whose elements are the singular values of
the original matrix.

The scale factor between the XBPM response and the
EBPM projections is found by taking the ratio of the first
two elements of V T , the rotational component of the SVD:

K =
V T (2, 1)

V T (1, 1)

Because the residual movements of the electron beam
are so small, the resulting scale factor computed from the
SVD can be noisy. A longer buffer of data can be used
in order to reduce the noise. However, a longer buffer re-
quires more computing power to calculate the SVD, and
also brings a slower response after a change to the system
(such as an ID gap or polarisation change). With our sys-
tem, the noise on a 10s buffer is an acceptable compromise
between computing time, stability, and system response.

Figure 3: Block diagram of the on-line calibration system.

Figure 4 shows the correlation between the projected
measurement and the XBPM measurement. Once the cal-
culated scale factor has been applied the standard devia-
tion of the residual error between the two measurements is
0.81μm horizontally, and 0.61μm vertically. If the calcula-
tions are still noisy, then further averaging is performed. A
rolling average of the scale factor from the last 60 seconds
generally provides very stable results.
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Figure 4: Beam position measurements from the I19 ID
straight. The geometric projection of the EBPM measure-
ments to a distance of 12.25m is in excellent agreement
with the XBPM measurements. The scale factor shown
here is calculated from the SVD of the correlation. The
photon beam size at the XBPM is σx = 296 μm, σy = 51 μm
(calculated from electron beam divergence).

FIRST RESULTS

The initial results show that the system can indeed pro-
vide an on-line scale factor measurement, over a range of
ID gaps (Fig. 5). However, there are some discrepancies
between the on-line measurement and the stepper motor
measurement, particularly in the vertical axis. The on-line
calibration shown in Fig. 5 has been averaged over a long
period of time to reduce the effects of random variations,
and the stepper motor calibrations were calculated from
±10μm movements.

More work is required to understand these differences,
but this method could conceivably make a good replace-
ment for the large, multi-dimensional look-up tables that
are required in order to fully utilise the XBPM measure-
ment for every possible ID gap and polarisation.

Calculating the scale factor over a long period of time
shows that there significantly more variation in the horizon-
tal measurement than the vertical (Fig. 6). The exact reasons
for this are not fully understood, but one could hypothesize

that this is down to simple geometry: the electron beam
is around 10 times larger horizontally than vertically, lead-
ing to the horizontal position measurement on the EBPMs
being less sensitive, and thus containing more noise. Com-
pounding this, the XBPM blades are located 25% closer
together horizontally than they are vertically, also resulting
in slightly reduced sensitivity to horizontal motion.
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Figure 5: Calibration results during a scan of the I18 ID.
An averaging time of 60 seconds is used for the on-line
calibration.
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Figure 6: The calculated scale factor over a 20 minute pe-
riod, for a constant gap on the I18 beamline. There is a
clear discrepancy between the on-line measurement and the
stepper motor measurement in the vertical axis.
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CONCLUSIONS
This method of utilising the residual movements of the

electron beam shows promise, but the small size and ran-
dom nature of the movements is the limiting factor. These
movements are of �10% of beamsize horizontally and
∼10% of beamsize vertically, however they are of suf-
ficiently high frequency to be negligible to the beam-
line users. One could consider deliberately introducing a
known modulation onto the electron beam at >200Hz that
could be detected by the XBPMs, but this introduces the
risk of disturbing the beam unnecessarily. Further work is
required to optimise the system in order to reduce the fluc-
tuation seen in the calculated scale factor.

The final limitation on the system is that the calculation
relies on the accuracy of the EBPM measurements. Whilst
this has been simulated to a high degree of precision [6] and
experimentally verified using LOCO [7], the EBPMs expe-
rience the same non-linearity as the XBPMs. Over time it
is possible that we may drift from the physical centre of the
EBPMs, which may introduce errors into the results. It is
possible that this is the cause of the discrepancy between
the vertical stepper motor results and the on-line measure-
ment. Fortunately, the on-line calibration method presented
here can always be verified by using the XBPM stepper
motors.

Currently the system runs as a MatLab script, and will
shortly be ported to a more robust system suitable for long-
term deployment.
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NEW ELECTRONICS DESIGN FOR THE EUROPEAN XFEL RE-ENTRANT 
CAVITY MONITOR 

C. Simon , CEA-Saclay/DSM/Irfu, Gif sur Yvette, France                                                     #

N. Baboi, DESY, Hamburg, Germany 
R. Baldinger, B.Keil, R. Kramert, G. Marinkovic, M. Roggli, M. Stadler, PSI, Villigen, Switzerland

Abstract 
About one third of the beam position monitors (BPMs) 

in the European XFEL (E-XFEL) cryomodules will be re-
entrant cavities. The BPM mechanics and Radio-
Frequency front-end (RFFE) electronics are developed by 
CEA/Saclay. Two RFFEs and a digital back-end with two 
ADC mezzanines are integrated into a compact 
standalone unit called MBU (modular BPM unit) 
developed by PSI.  

The signal processing uses hybrids and a single stage 
down conversion to generate the signals sum and delta. 
Every RF/analog component of the re-entrant BPM 
electronics has been simulated with a Mathcad model and 
tested independently on test benches. The very low Q of 
the cavity monopole mode allows the new electronics to 
filter this mode at the dipole mode frequency, and an I/Q 
demodulation for delta and sum channels allow the digital 
back-end to determine the sign of the beam position just 
by comparing the phases of the channels, independently 
of beam arrival time jitter and external reference clock 
phase. This paper describes the design and architecture of 
a new re-entrant BPM electronics, including results of 
beam tests at FLASH that were performed to validate the 
chosen design. 

INTRODUCTION 
The European XFEL [1] is an X-ray free electron laser 

user facility currently under construction in Hamburg, 
Germany. This accelerator has a superconducting 
17.5GeV main linac and its parameters are summarized in 
Tab 1. 

 Table 1: E-XFEL Accelerator Parameters 

Parameter Value 

Normalized projected emittance 1-2 mm mrad 

Typical beam sizes (RMS) 20 – 200 µm 

Nominal bunch charge 0.1 – 1 nC 

Bunch spacing ≥ 222 ns 

Macro-pulse length 600 µs 

Number of bunches within macro-pulse 1 - 2700 

Nominal macro-pulse repetition rate 10 Hz 

Maximum macro-pulse repetition rate 25 Hz 

 
The BPM system is developed by a collaboration of 

CEA/Saclay/Irfu, DESY and PSI. Each cryomodule is 

equipped with a beam position monitor connected to a 
quadrupole at the high-energy end of the cavity string. 31 
cold BPMs will be re-entrant RF cavities which have to 
operate in a clean and cryogenic environment. Pickup 
realisation and mounting in the cryomodule are a 
CEA/DESY collaboration but are not discussed here [2]. 

MODULAR BPM UNIT CONCEPT 
The electronics of the European XFEL BPM system [3] 

follows a modular design approach [4]. This customized 
crate, called Modular BPM Unit (MBU) (Fig. 1), contains 
a generic digital back-end (GPAC = generic PSI ADC 
carrier) with two ADC mezzanine boards, and either four 
button [3] or two re-entrant or undulator cavity [3] BPM 
RFFEs, or any combination of those types, as well as 
power supplies, fans, and a rear IO module with digital 
and multi-gigabit fiber optic IOs.  

 
Figure 1: Modular BPM Unit. 

RF/ANALOG ELECTRONICS 
The signal processing of the re-entrant BPM uses a 

single stage down conversion to obtain Δ/Σ. The 
difference Δ and sum Σ signals are obtained from a 
passive 4- ports 180° hybrid which will be installed in a 
box mounted at the side of the cryomodule. Each coupler 
is connected to each pair of opposite antennas and 
transmits the signals to the radio-frequency front-end 
(RFFE) electronics via some 30 m long semi-rigid cables.  
This RFFE electronics, based on a Printed Circuit Board 
(PCB) with surface mount components, uses the VME64x 
form factor as required by the Modular BPM Unit. A first 
electronics was realized in 2010 and tested with beam [2], 
and a new RFFE with additional functionality is currently 
being developed. 

New Design 
The new RFFE analog electronics design, presented 

Fig. 2, has three channels to perform single-stage 
downconversion of X position, Y position and reference 
(charge) RF signals from L-band to an intermediate (IF) 
frequency. Because of the low external quality factor, the 

 ___________________________________________  
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single bunch response of the cavity has to be broadened 
via band-pass filter before its acquisition. 

Monopole and dipole mode frequencies of the pickup 
are respectively 1255 MHz and 1724 MHz [5]. To 
determine the sign of the beam position, the sum Σ 
channel of the RFFE will work at the same frequency as 
the difference Δ channel. The very low external quality 
factor Q (Q = 24) and the amplitude level of the cavity 
monopole mode [5] allows the new electronics to filter 
this mode at the dipole mode frequency 1724 MHz and 
still obtain a sufficiently large signal level.  

On the Δ channel, the rejection of the monopole mode 
signal, which does not depend on the beam position, is 
produced by a band-pass filter limited to a 3 dB 
bandwidth of 110 MHz around the dipole mode frequency 
1724 MHz with about 60 dB of attenuation to reject the 
higher order modes and monopole mode.  

Because of the planned operation of the E-XFEL at 
lower charges from 20 pC to 100 pC, this new design has 
one input gain range from 0.1 to 1 nC and one from 20 pC 
to 0.1 nC bunch charge, for the Δ channel. In this second 
input gain range, the signal is amplified with a low noise 
amplifier (LNA) and the gain is adjusted thanks to 
variable attenuators to protect the LNA in different 
operating modes of the accelerator. The Σ channel has 
only one gain range and uses the same variable attenuator 
and LNA. Dynamic range is extended from - 10 dB to 
20 dB by switching the gain.  

To protect mixers from possible high output power 
from the antennae, an RF limiter is used on Δ channels. 
The signal is, then, translated to a lower IF by mixing 
with a local oscillator (LO) and an in-phase/quadrature-
phase (I/Q) demodulation on each channel. The LO drives 
all three channels with an output power +17 dBm and is 
locked to the reference signal 216,66 MHz from the linac 
machine. To generate the LO signal around the dipole 

mode frequency, a phase-locked loop (PLL) is combined 
to a divider using an intermediate frequency 9.028 MHz. 
The I/Q demodulator is composed of mixers used for 
systems with a high dynamic range, and of 90 ° hybrids 
couplers chosen for their low phase and amplitude 
imbalances. This I/Q demodulation for delta and sum 
channels allow the digital back-end to determine the sign 
of the beam position just by comparing the phases of the 
channels, independently of beam arrival time jitter and 
external reference clock phase. With an 216.66 MHz on-
board oscillator integrated to the electronics, the LO can 
also operate without external reference clock in a free-
running mode.  

The ADC clock, integrated on the PCB, is also locked 
to the reference signal and uses a programmable phase 
shifter and PLL.  

Every RF/analog component of the re-entrant BPM 
electronics has been simulated with a Mathcad model [6] 
and tested independently on test benches.  

The output I/Q IF signals delivered to the ADCs are 
differential signals. Their shape is close to Gaussian with 
duration of around 40 ns as shown Fig. 3. The amplitude 
range is ±1.25V. 

 
Figure 3: Output I/Q IF signals simulated with a Mathcad 
model. 

 

 
Figure 2: Signal processing electronics. 
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Beam tests at FLASH have been performed in order to 
validate the new RFFE design for the sum (Σ) signal 
processing channel.  

A simple RF processing electronics composed of a 
band-pass filter at the dipole mode frequency 
(1724 MHz), an 90° hybrid and two mixers to do the I/Q 
demodulation were installed to measure the beam charge. 
This electronics showed Fig. 4 was connected to cables 
from the BPM pickup installed in the FLASH linac [5]. A 
9.028 MHz machine reference clock signal was used to 
generate the LO signal for the I/Q demodulation. 

 
Figure 4: Schematics of the sum (Σ) signal processing. 

Signals IΣ and QΣ, generated by the electronics, were 
connected to the digital electronics composed of fast 
ADCs with 14 bits resolution [7].  

To test the electronics with beam, a re-entrant BPM 
installed between two toroids, was used to carry out beam 
tests. The coefficient to determine the charge read by the 
BPM was obtained from the charge readings of the two 
toroids. The beam position was moved with steerer 
magnets in order to see if the Σ channel signal is 
independent of the beam position. The beam charge was 
varied via the gun laser energy.  

Figure 5 illustrates the charge read by the BPM 
electronics setup vs charge read by the both toroids. It 
shows a good linearity of the BPM in a range from 0.1 nC 
to 1 nC. 

 
Figure 5: Charge read by reentrant BPM vs charge read 
by toroids 1TCOLand 5DBC3.  

DIGITAL BACKEND 
The final version of the re-entrant BPM electronics will 

use a digital back-end designed by PSI that employs 16 
bits ADCs operating at 160 MSPS. The FPGAs on the 
digital back-end will automatically adjust the ADC clock 

phase. The re-entrant RFFE output signals for the Σ 
channel are sampled at its peak and for the Δ channels 
sampled at their top for a significant offset. 

 
Figure 6: Digital Back-End FPGA Signal Processing 
Board Prototype [4]. The two large Virtex-5 FPGAs 
receive the ADC data from the digitizer mezzanines (via 
adjacent 500-pin connectors, mezzanines removed on 
photo). 

On the present prototype of the digital back-end, two 
Virtex-5 FPGAs (Fig. 6) on the GPAC calculate beam 
position and charge from the ADC data, perform 
automated adjustment of ADC clock phase, RFFE gain 
and read RFFE status data like temperatures, PLL lock 
flags, etc... A third Virtex-5 FPGA contains generic 
firmware/software to control timing and machine 
interlock system. The electronics supports both an 
external trigger mode and a self trigger mode where a 
programmable threshold for the reference channel, i.e. 
bunch charge, is used as trigger condition. 

The MBU has a customized low-cost MBU backplane 
PCB with direct connections between the different boards 
plugged into the MBU. However, operation of the boards 
in normal VME64x crates is also supported, where GPAC 
and RFFE backplane connectors are interfaced via VME 
rear transition modules. 

SFP multi-gigabit fiber optic transceivers at front and 
rear side of the MBU, connected to FPGAs on the GPAC, 
are used for control and timing system interface as well as 
for exchange of low-latency (microsecond timescale) data 
with other subsystems like LLRF.  

Due to the similar architectures of re-entrant and 
undulator cavity BPM RFFE, both systems can use the 
same ADC, digital back-end and nearly identical FPGA 
firmware. Firmware concept, design and beam tests 
results are described in detail in ref. [3,8]. 

CONCLUSION 
New electronics design for the re-entrant BPM cavity is 

being developed in the E-XFEL project. Beam tests were 
done to check a new design approach for the Σ channel, 
showing good linearity in a range from 0.1 nC to 1 nC. 

Beam Tests 
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The next step will be the production of the final RFFE 
board and its test in the MBU, using the GPAC and 16-bit 
ADCs for digitization and signal processing. Lab tests and 
beam tests will be carried out to check if the performance 
meets the E-XFEL requirements. 
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DESIGN AND CHARACTERIZATION OF A PROTOTYPE  
STRIPLINE BEAM POSITION MONITOR FOR THE CLIC DRIVE BEAM* 

A. Benot-Morell, CERN, Geneva, Switzerland and IFIC (CSIC-UV), Valencia, Spain 
L. Søby, M. Wendt, CERN, Geneva, Switzerland 

J.M. Nappa, J. Tassan-Viol, S. Vilalte, IN2P3-LAPP, Annecy-le-Vieux, France 
S. Smith, SLAC National Accelerator Lab, Menlo Park CA, USA

Abstract 
The prototype of a stripline Beam Position Monitor 

(BPM) with its associated readout electronics is under 
development at CERN, in collaboration with SLAC, 
LAPP and IFIC. The anticipated position resolution and 
accuracy are expected to be below 2μm and 20μm 
respectively for operation of the BPM in the CLIC drive 
beam (DB) linac. This paper describes the particular 
CLIC DB conditions with respect to the beam position 
monitoring, presents the measurement concept, and 
summarizes electromagnetic simulations and RF 
measurements performed on the prototype. 

INTRODUCTION 
CLIC, a Compact electron-positron LInear Collider 

proposed to probe high energy physics (HEP) in the TeV 
energy scale, is based on a two-beam scheme. RF power, 
required to accelerate a high energy luminosity beam is 
extracted from a high current Drive Beam (DB), whose 
decelerator requires more than 40000 quadrupoles, each 
holding a BPM. These BPMs face several challenges, as 
they will be operated in close proximity to the Power 
Extraction and Transfer Structures (PETS), while the 
accuracy requirements are demanding (20μm). They have 
to be compact, inexpensive and operate below the 
waveguide (WG) cut-off frequency of the beam pipe to 
ensure locality of the position signals, which rules out the 
signal processing at the 12GHz bunch frequency. Also 
wakefields, and hence the longitudinal impedance, must 
be kept low. This first proposed solution is a compact, 
conventional stripline BPM utilizing a signal processing 
scheme operating below 40MHz. Before installation into 
the CLIC Test Facility (CTF3), the manufactured 
prototype has been characterized in detail on an RF bench 
setup. In parallel, the design of a readout system is 
progressing. 

CONCEPTUAL BPM PICKUP DESIGN 
The CLIC DB stripline BPM pickup is compact and fits 

into the quadrupole vacuum chamber. Each of the four 
electrodes spans an angular coverage of 45º, having a 
characteristic impedance of 50  and a physical electrode 
length of L=25mm. As of the proximity of 12GHz high 
power accelerating structures (PETS), L was chosen to 
utilize one of the notches in the transfer function (nc/2L, 

n=2, where c is the speed of light in vacuum) to be at 
12GHz, which is also the bunch frequency. Therefore, in 
the time domain, the idealized response to a multi-bunch 
train will only show the first and last pair of bunches, all 
other bunches in-between will be cancelled (Fig. 1). Other 
relevant design parameters are listed in Table 1. 

 
Figure 1: Idealized BPM multi-bunch train response. 

Table 1: Drive Beam Stripline BPM Parameters 
Parameter Value Comment 
Diameter 24 mm stripline ID 
Stripline length 25 mm  
Width 12.5 % of circumference (450) 
Ch. Impedance 50   
Duct aperture 23 mm In decelerator 
Resolution 2 μm Full train 
Accuracy 20 μm  
Temporal resolution 10 ns BW > 20 MHz 

The signal processing will be performed at baseband 
frequencies ranging 4 to 40MHz, to avoid non-local 
confounding signals, mainly coming from the PETS, 
starting at 7.6GHz, the cut-off frequency of the TE11 
mode for a circular waveguide of 23mm pipe aperture. 

The position signal sensitivity of a stripline BPM 
detector is based on the image charge model, and is 
approximately pos=(r/2) / , being r the beam pipe 
radius,  and  the difference and sum of the opposite 
electrode signals, and pos the horizontal (x) or vertical (y) 
beam position. A thorough description of the readout 
electronics and further details of the design can be found 
in [1] and [2]. 

PROTOTYPE CHARACTERIZATION 
Position Characteristics and Linearity 

The full system was tested using the procedure 
described in [2] to check its performance. The position 
characteristic was analysed using a stretched wire fed by 
an RF excitation signal, while being moved in 1mm steps 
in the range ±6mm. Table 2 shows the results for the 
position sensitivity at the origin, the electrical offset and 
the RMS linearity error for both planes. Although the 
performance of the electronics was satisfactory, showing 
the expected signal shape and levels, [2], the obtained 

 ___________________________________________  
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sensitivity was lower than computed using the simplistic 
formula above: 166m-1. 

In order to rule out inadequacies of the setup due to the 
adjacent vacuum chambers to the pick-up being much 
smaller than the wavelength of the excitation signal (4-
40MHz), a brief measurement was performed at 3GHz, 
without electronics. This result (value raw in Table 2) is 
almost equivalent to a numerical simulation (EM PIC 
solver), which gives 137m-1 as pickup sensitivity. 

Table 2: Sensitivity and Linearity Parameters 
xH,V = (SH,V

-1) /  + EOSH,V 
Parameter Value (Full System) Value (Raw) 
V sensitivity SV (115.19 ± 2.32) m-1 (130.44 ± 2.59) m-1 
H sensitivity SH (115.17 ± 1.98) m-1 (130.28 ± 2.37) m-1 
V offset EOSV (0.03 ± 0.08) mm (-0.51 ± 0.08) mm 
H offset EOSH (0.02 ± 0.07) mm (-0.30 ± 0.07) mm 
V RMS linearity error  251.07 μm 247.71 μm 
H RMS linearity error 214.07 μm 225.83 μm 

Transfer Function Measurements 
The transfer function of the BPM was analysed with a 

coaxial transmission-line setup, [3]. An inner rod, 
traversing the BPM, serves as center conductor of the 
coaxial structure, which has conical transitions towards 
the SMA connectors at both ends, providing a constant 
characteristic impedance of 50 . A sine wave stimulus 
signal was swept in the range 0.003-20GHz to measure 
the magnitude of the transfer function (Fig. 2). We 
observed major differences between measured and ideal 
(theoretical) transfer functions, e.g. the first notch 
frequency was found at 4.5GHz, while expecting 6GHz, 
which hints to an electrical length of 33mm.

 
Figure 2: Transfer function of the stripline BPM 
prototype. 

Time Domain Measurements 
The frequency domain result was verified by a S21 

time domain measurement, using a 50ps full width at half 
maximum (FWHM) Gaussian stimulus pulse passed on 
the wire conductor, emulating a single bunch. A 210ps 
time difference was measured between the two opposite-
polarity pulses out of one pickup electrode, confirming an 
effective electrode length of ~32mm.  

EM SIMULATIONS AND DISCUSSION 
Effects of a SiC HOM Damping Ring 

A strong resonance peak of the transverse wake 
impedance of the striplines was observed around 12GHz 
in simulations [1]. A ring of SiC RF damping material 
was placed at the downstream end of the electrodes to 
absorb this, and other higher-order modes (HOM). 
However, while successfully damping HOMs, the 
dielectric ring also shifts the transfer function to lower 
frequencies, i.e. causing an extension of the effective 
electrical length of the striplines, as Fig. 2 indicates. 
Therefore, the pick-up can no longer behave as a notch 
filter for 12GHz, which unfortunately prevents the “bunch 
cancellation” scheme (see also Fig. 6). 

Geometric Issues 
Despite the extended electrical length, the measured 

magnitude response (Fig. 2) hints for other design issues, 
which we tried to understand by empirical EM 
simulations. 

 
Figure 3: Transfer function for different electrode angular 
coverages, without SiC damping ring. 

The width of the 450 stripline electrodes is large with 
respect to its length, causing non-TEM fields. Simulations 
of the transfer function towards more narrow, TEM-like 
electrodes reduce some of the spurious resonances (Fig. 
3). Particularly, the 100 electrodes approximate the 
theoretical magnitude response quite well, except for one 
resonance around 10GHz. 

 
Figure 4: Transfer functions for different pipe apertures. 
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This unavoidable resonance seems to be caused by the 
TM01 waveguide mode of the vacuum chamber. A 
simulation with an 11mm aperture shifts the effect well 
above 15GHz (Fig. 4). 

 
Figure 5: Transfer function for different electrode lengths 
with SiC ring. 

Figure 5 shows the simulation efforts to compensate the 
length extension effects caused by the SiC damping ring. 
Evidently, also the notch effect is damped, so relocating 
the notch to 12GHz will only be of minor benefit. 

A 2D EM analysis of the prototype geometry showed 
furthermore, that the characteristic impedance of the 
stripline electrodes is ~40 , not 50  as anticipated. Some 
corrections on electrode thickness (3.1  1.37mm) and a 
gap (2.4  0.63mm) would be required. 

Expected Beam Signals 
As the transfer response of the prototype BPM (Fig. 1) 

has some drawbacks with respect to the design intentions, 
we analysed the expected signal response to a CLIC-like 
beam with an EM simulation, based on the CST Studio 
Particle-in-Cell (PIC) solver. As stimulus signal, a 
relativistic beam of 20 Gaussian bunches spaced by 
83.33ps, each one with 8.4 nC charge and 1 mm length 
(RMS), was supplied. As expected, the time domain 
output signal does not show any bunch cancellation (see 
Fig. 6). The raw waveform recorded by a voltage monitor 
at the output feedthrough port shows strong high 
frequency signal contents, particularly at 12GHz. 

 
Figure 6: Stripline BPM raw output. 

However, passing this pickup signal through an ideal 
40MHz low-pass network, similar to that of the read-out 
electronics, returns the expected baseband waveform (Fig. 
7). This is not surprising, as the ideal low-pass filter in the 
simulation is perfectly attenuating all high frequencies, 
including 12GHz. In practice, the prototype BPM can be 
still made operational, a dedicated external 12GHz notch 
filter will be mandatory however. 

 
Figure 7: Filtered signals at the output of the readout 
electronics for simulated (blue) and ideal (red) cases. 

CONCLUSIONS AND FUTURE WORK 
Due to the described geometry constraints and the 

frequency shift caused by the damping material, the tested 
prototype is conceptually not behaving close to an ideal 
stripline BPM at high frequencies. We do not expect a 
sufficient filtering of 12GHz CLIC DB beam harmonics 
by this first DB stripline BPM prototype. However, the 
pickup may still operate very well as BPM, assuming we 
will be able to provide a sufficient external 12GHz notch 
filter solution. 

The presented results have to be confirmed by beam 
tests in CTF3, foreseen for late 2012. More studies, 
including other BPM pickup solutions will be performed 
in the future. 
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MODULAR LOGARITHMIC AMPLIFIER BEAM POSITION MONITOR
READOUT SYSTEM AT THE UNIVERSITY OF HAWAI’I∗

B. T. Jacobson, M. R. Hadmack, J. M. J. Madey, P. Niknejadi
Department of Physics & Astronomy, University of Hawai’i, Honolulu, HI 96826, USA

Abstract

High brightness electron beams for inverse Compton
photon sources driven by thermionic microwave guns re-
quire real-time position measurements in order to achieve
the spatial and temporal coincidence necessary to ensure
statistically measurable signals. True logarithmic ampli-
fiers are more adequately suited to signal comparison than
are sigma-delta methods. A low-cost, modular and scalable
readout and data acquisition system for strip-line beam po-
sition monitors utilizing the AD640 log-amp is being de-
veloped at University of Hawai’i MkV Linear Accelera-
tor and Free Electron Laser Lab. Initial measurements and
prototyping of the hardware is complete with commission-
ing and deployment of the system currently ongoing. We
present the methodology and early results of this project.

INTRODUCTION

The University of Hawai’i (UH) MkV Linear Acceler-
ator facility and Free Electron Laser (FEL) Lab utilizes a
thermionic LaB6 cathode electron source in a microwave
gun injector followed by a single section of traveling wave
S-Band linear accelerator to produce a ∼200 mA average
macro-pulse current 40 MeV electron beam. This beam
drives a hybrid NdFeB planar undulator and Michelson in-
terferometer phase-locked resonator based infrared FEL.
Constructed on UH campus and occupying roughly one-
third of the first floor of the physics department, the ac-
celerator beamline was commissioned by 2009 and the lab
produced first laser light in 2010; current experiments are
focused on initial demonstration of inverse Compton x-
ray photon production via FEL laser output and electron
beam collision. A pico-second resolution x-ray detector
and multi-gigabit per second sampling electronics are also
being developed in parallel by collaborators in the Univer-
sity of Hawai’i Instrumentation Development Lab (IDLab)
for measurement of the resulting micro-bunch x-ray train.

The electron beam transport system configuration for
these experiments requires strong focusing to achieve small
transverse size of the e-beam (and similarly for the opti-
cal beam used in the collision) in order to achieve opti-
mum x-ray flux. One of the machine upgrades underway
in support of the objective of a well-centered beam in the
quadrupole magnets of the transport system and measure-
ment of the electron beam transverse position for injection
into the x-ray interaction point (IP) is the instrumentation

∗Work supported by DHS Agreement Number: 2010-DN-077-
AR1045-02, Amendment 2

of the beam position monitors (BPM’s) installed along the
UH MkV beamline.

Two varieties of BPM’s are installed along the MkV
beamline, a stripline type and a wall current variety. The
stripline BPM’s (shown installed on beamline in Fig. 1)
consist of a stainless steel body with four copper electrodes
oriented with π

2
symmetry mounted on standard 2 3

4
inch

conflat flanges and are surplus from the SPEAR project at
SLAC[1]. These stripline BPM’s are installed in four loca-
tions along the diagnostic chicane transport system, which
transports the e-beam from the linac to the FEL, as well as
injects the e-beam into the scattering chamber where the
x-ray IP is located.

The so-called “tin-can” wall current BPM’s contain an
FR-4 printed circuit board (PCB) sandwiched between a
pair of conflat-type knife edge flanges that make vacuum
seal against the copper plating on the board, routed with
traces which carry induced wall current at four cardinal po-
sitions around the beam pipe with a minimum of temporal
distortion to a 4-port connector block at the perimeter of the
PCB. A suitably placed toroid provides a large inductance
that forces all of the image currents that otherwise might
flow along the outside of the beam pipe to instead flow
along the impedance-matched PCB traces, insuring that all
the components of the wall currents so sampled will emerge
on the inner conductors of the coaxial output ports of the
BPM. The frequency response of these wall current BPM’s
is nearly flat from below 100 kHz to beyond 20 GHz. Fig-
ure 2 shows one of the two wall current beam position mon-
itors that have been installed in the MkV beamline (one at
the linac output and one at the input to the FEL). Further
description of these devices will be published separately.

Figure 1: Stripline BPM installed on University of Hawai’i
MkV FEL beamline.
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Figure 2: Photo of the so-called “tin-can” wall current
beam position monitor installed in two locations on the
University of Hawai’i MkV FEL beamline.

BPM SIGNAL READOUT SCHEME

The timing structure of the accelerated electron beam ex-
hibits both a micro-pulse and a macro-pulse structure. The
short micro-pulses are a result of the thermionic microwave
electron gun source filling each RF bucket in the linac and
the temporal compression imparted by an alpha-magnet [2]
integrated into the injector system. In practice, the alpha
magnet field gradient and S-band drive frequency of 2.856
GHz yields 1-2 ps long micro-pulses separated by 350 ps.
High power RF is applied to the accelerator and microwave
gun for a macro-pulse length of 4.5 μs at a 4 Hz repetition
rate duty cycle. This micro-bunching in the electron beam
produces strong signal at the accelerator RF frequency in
both types of BPM’s.

In order to avoid the usual difficulties in BPM signal
comparison (namely the phase match required to directly
compare two RF voltages, detector and electronics life-
times in intense radiation fields found near the beamline,
and signal degradation and loss in long cables) the readout
strategy is to mix the BPM signals with a local oscillator RF
reference in the accelerator vault, resulting in an interme-
diate frequency (IF) between 10 - 20 MHz. The IF signal
from each output port of each BPM is carried through long
runs of LMR-400 coaxial cable from the accelerator vault
to the operator control room.

The Analog Devices AD640 logarithmic amplifier
serves as both the detector used to measure the mixer out-
puts for each BPM port as well as the means to provide

an essential mathematical operation in the signal compari-
son chain. The log-amp and supporting circuitry are imple-
mented in a modular way on pluggable cards with a com-
patible multiple slot chassis that provides for system ex-
pansion, component replacement, and maintenance access.
The data acquisition (DAQ) system collecting the position
signals derived from the log-amp detector cards consists of
a dedicated analog to digital converter (ADC) and a com-
puter display in the operator control room.

BPM SIGNAL HETERODYNE SYSTEM

The beam position monitor readout system utilizes het-
erodyne mixing of the raw BPM outputs in order to convert
the strong 2.856 GHz signal to the more manageable HF-
Band. A sample BPM output signal chain is shown in Fig.
3, which is repeated for each output of each BPM. All con-
nections are SMA and components are in-line devices, as
seen installed in Fig. 1.

Figure 3: Block diagram of heterodyne concept for typical
BPM signal channel.

A 50 Ω 10 dB attenuator helps to provide an impedance
match between the stripline electrodes and the signal ca-
bles and other components (not required for the tin-can
wall current BPM’s which have internal 50 Ω stripline
traces). A band pass filter (Mini-Circuits VBF-2900+) en-
sures that no higher order harmonics (for stripline BPM’s)
and other frequency components down to DC (for wall
current BPM’s) enter the doubly balanced mixer (Mini-
Circuits ZX05-42MH-S+). Any high frequency leakage
out of the mixer is blocked by the low pass filter (Mini-
Circuits VLF-190+) on the mixer IF port.

Each mixer requires +13 dBm (20 mW) input to the lo-
cal oscillator port close to the accelerator frequency, and
therefore a local oscillator (LO) distribution network is be-
ing assembled, which is capable of delivering the +19 dBm
of power to each BPM mixer station. A 4-port power split-
ter (Mini-Circuits ZN4PD1-50-S+) divides the LO at each
BPM mixer station to each of the four mixers. Additional
power splitters will distribute the LO to each BPM, with the
reference provided by a single HP-8616A RF signal gener-
ator followed by a 40 dB amplifier (Mini-Circuits ZHL-
4240).
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BPM LOGARITHMIC AMPLIFIER
READOUT SYSTEM

The IF mixer output signals from each beam position
monitor are transmitted over long cables from the accel-
erator vault to a patch panel in the operator control room.
The readout electronics for each BPM are implemented on
a dedicated PCB card which is installed into the readout
system chassis slots via a 44-contact card-edge connector
Each PCB card has four input channels, and hence is capa-
ble of instrumenting a single beam position monitor.

Figure 4: Block diagram of ESMAROLDA beam position
monitor readout cards.

A simplified block diagram for calculating the beam po-
sition in one coordinate plane (in this case, the horizontal
position) is shown in Figure 4. The log-amp block contains
the AD640 logarithmic amplifier and the 60 MHz band-
width fast slewing AD844 op amp current to voltage buffer
circuit. The transfer function of the log-amp block is:

Vout = Vslope log

(
Vin

Vref

)
, (1)

where the constants Vslope and Vref are controlled,
trimmed, and set at the chip foundry to be uniform among
devices. Each log-amp output voltage signal is buffered
and sent to a monitor card for time-resolved signal moni-
toring.

The sample and hold block (S&H) consists of an ex-
ternally gated analog switch (Fairchild CD4066) and low-
leakage polypropylene film capacitors. The external gate
is generated by a Berkeley Nucleonics Model 505 gate and
delay generator and timing governed by the electron beam
master trigger. A programmable gain difference amplifier
compares the DC signals present on the S&H output and
derives the position error signal. The transfer function of
the difference amplifier is:

Vout = G× (V R
out − V L

out), (2)

where the sensitivity G is adjusted by changing the plug-
gable gain resistors on the PCB. The transfer function at

theoutputof thedifferenceamp(combiningEq. 1andEq. 2)
is:

Vout = G× Vslope log

(
V R
in

V L
in

)
, (3)

which necessarily vanishes for a centered electron beam.
A BPM detector card PCB known as Electron Stripline

Monitor Analog ReadOut Log-Difference Analyzer (ES-
MAROLDA) containing two copies of the circuit indicated
in the block diagram has been designed, prototyped, tested,
and finalize in a production run. Initial bench test results
are shown in Fig. 5 and in Fig. 6. In each case, a 20 MHz
signal source is divided by a balanced 2-way 3 dB power
splitter with one output sent directly to an ESMAROLDA
input and the other splitter output being passed through a
variable attenuator before connection to the opposing ES-
MAROLDA input channel. Testing shows a logarithmic re-
sponse from the log-amp and correct overall transfer func-
tion and position error signal output.
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Figure 5: Response of typical BPM signal detector circuit,
AD640 log-amp and AD844 current to voltage buffer, as a
linear function of input attenuation.

0 2 4 6 8 10

−500

−400

−300

−200

−100

0

Single Channel Attenuation (dB)

E
S

M
A

R
O

LD
A

 G
 =

 1
 O

ut
po

ut
 (

m
V

)

ESMAROLDA Output Response Measurement

Figure 6: Output response of typical horizontal or vertical
plane signal comparison circuit as a linear function of sin-
gle channel input attenuation.

MOPA17 Proceedings of IBIC2012, Tsukuba, Japan

92C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)

Beam Position Monitor System



BEAM POSITION MONITOR
GRAPHICAL USER INTERFACE

The purpose of the Beam Position Monitor Graphical
User Interface (BPM-GUI) is to provide an interactive tool
for the BPM hardware and software system. The BPM
mixer stations and detector cards readout the beam offset,
in both x and y directions, as a positive or negative volt-
age. The BPM-GUI is part of the DAQ system and displays
these voltages in the control room where the accelerator op-
erator can use the BPM-GUI readout to center the e-beam
by adjusting the beam transport system as to null the read-
outs.

The BPM hardware interface is the 14-channel ADC in
a LabJack UE9. The LabJack UE9 has all analog input
(AIN) channels on its DB37 connector, which mates with
a custom cable from the BPM patch panel chassis, and is
used to read the horizontal and vertical offset signals from
each BPM. The nominal input range for each AIN is ± 5
volt. When using several channels at once there is a 12 mi-
crosecond delay for 12 bit-streaming from channel to chan-
nel. The pulse rate in the accelerator is 5Hz. For accurate
readouts the BPM GUI is set to read every 100ms (meeting
the minimum of 2 readout per cycle). Hence the delay in
the channel readouts can be neglected.

The LabJack software (LabJackPython) was imple-
mented in the GUI code written in wxPython to provide the
first version of BPM-GUI, shown in Fig. 7. Currently this
development version of the BPM-GUI only provides the
readout for each BPM in volt (using read only display text
boxes). The button “Read Once” retrieves the voltages only
once as a test at the start of the run and the “Read Continu-
ously” retrieves and displays the voltages until the program
is stopped. The “Restart” button zeros all the entries and is
only functional when the program is not in continuous run
mode. The “Exit” button stops the reading and closes the
BPM-GUI.

Upon complete installation each BPM will be renamed
to identify its position along the beamline. Finally the
next version of the BPM-GUI will have a bullseye dis-
play for each BPM that will illustrate for the operator how
off-center the beam is and will facilitate the centering pro-
cess and also display a graphical illustration of the electron
beam centroid’s evolution along the length of the machine.

EARLY BEAM TEST MEASUREMENTS

Unexpected machine down-time, maintenance, and a
partially assembled local oscillator network have post-
poned full-up operation of the BPM readout system, how-
ever initial testing has been preformed using the fully as-
sembled chassis and signal cable network with one BPM
active at a time, for each of the stripline and wall current
varieties.

Beam test was done with a single stripline BPM located
downstream of the first bend magnets in the MkV diag-
nostic chicane. The accelerated beam parameters for the
run were 170 mA average macro-pulse current and a beam

Figure 7: Screen shot of BPM GUI display.
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Figure 8: BPM readout response as a function of vertical
electron beam position (with beam size shown by horizon-
tal error bars) on downstream transition radiation screen.

energy of 37 MeV. The beam was imaged on a copper tran-
sition radiation (TR) screen downstream of the beam posi-
tion monitor and centered in the beamline quadrupoles (and
therefore roughly centered in the BPM) by minimization of
beam deflection from increase in quadrupole gradient. The
beam was then given kicks independently in both the ver-
tical and horizontal directions upstream of the BPM and
offset voltages from the readout system recorded. In this
instance, the difference amplifier gain is set to unity.

By knowing the pixel to size calibration for the recorded
TR screen images, the beam displacement can be calcu-
lated. Figure 8 shows the BPM readout offset signal as
a function of the measured beam position at the screen.
The beam centroid offset is estimated by simple geometric
means from the relative location of the dipole kicks, BPM,
and TR screen and plotted in Fig. 9.

After testing the stripline BPM, the LO was moved to
one of the wall current BPM’s and the accelerator restarted.
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Figure 9: BPM readout response as a function of estimated
electron beam position (with beam size shown by horizon-
tal error bars) at BPM location.

Testing demonstrated that signal levels were more than ad-
equate to measure, however it was also discovered that the
angular orientation of the BPM as presently installed is
skewed by a large angle from the vertical and horizontal
directions in the lab. Once this rotation is corrected, the
system will be re-evaluated.

SUMMARY
We have constructed a modular logarithmic amplifier

beam position monitor readout system at the University of
Hawai’i MkV Linear Accelerator and Free Electron Laser
Lab and tested this system on both a stripline BPM and a
“tin-can” wall current BPM. Favorable initial results have
been met and final commissioning of the system for readout
of all 6 BPM’s expected in October. A basic graphical user
interface is available with a clear upgrade and development
path outlined.
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A PROTOTYPE CAVITY BEAM POSITION MONITOR
FOR THE CLIC MAIN BEAM∗

F. Cullinan† , S.T. Boogert, N. Joshi, A. Lyapin, JAI at Royal Holloway, Egham, UK
D. Bastard, E. Calvo, N. Chritin, F. Guillot-Vignot, T. Lefevre, L. Søby, M. Wendt, CERN, Geneva

A. Lunin, V.P. Yakovlev, Fermilab, Batavia, USA
S. Smith, SLAC, Menlo Park, CaliforniaAbstract

The Compact Linear Collider (CLIC) places unprece-
dented demands on its diagnostics systems. A large number
of cavity beam position monitors (BPMs) throughout the
main linac and beam delivery system (BDS) must routinely
perform with 50 nm spatial resolution. Multiple position
measurements within a single 156 ns bunch train are also
required. A prototype low-Q cavity beam position monitor
has been designed and built to be tested on the CLIC Test
Facility (CTF3) probe beam. This paper presents the latest
measurements of the prototype cavity BPM and the design
and simulation of the radio frequency (RF) signal process-
ing electronics with regards to the final performance. In-
stallation of the BPM in the CTF3 probe beamline is also
discussed.

INTRODUCTION
The CLIC design for 3 TeV centre of mass energy in-

cludes a 40 km long main linac and a 6 km long beam
delivery system which require precise beam position mon-
itoring for operation. This will be achieved using close to
4800 cavity beam position monitors, one for each of the
4196 quadrupole magnets in the main linac and a further
600 in the BDS. These must have a good spatial resolu-
tion of 50 nm and a time resolution of 50 ns in order to
provide multiple, accurate position measurements within a
single bunch train. They must also operate in an environ-
ment where large shifts in temperature are expected [1].

A prototype cavity BPM has been designed and built to
be tested on the CTF3 probe beam later this year. It consists
of two cavities, a position cavity and a reference cavity.
The position cavity is a cylindrical pillbox with rectangular
waveguides that strongly couple to the first resonant dipole
mode in two polarisations (TM110). The amplitude of each
polarisation is proportional to the beam offset in one trans-
verse dimension. The dipole mode frequency of 14.99 GHz
is close to 14 GHz which will be used for CLIC. It was cho-
sen so that signals from consecutive bunches, separated by
0.667 ns (0.5 ns for CLIC), add constructively and domi-
nate signals from other modes excited by the beam. The
reference cavity is re-entrant and its first monopole mode
(TM010) is used for bunch charge normalisation and as a
reference beam arrival phase. It has the same frequency

∗The research leading to these results has received funding from the
European Commission under the FP7 Research Infrastructures project Eu-
CARD, grant agreement no.227579, DITANET under EU contract PITN-
GA-2008-215080 and the STFC; Computing time with ACE3P provided
by US DOE at NERSC

† Francis.Cullinan.2010@live.rhul.ac.uk

Figure 1: The brazed prototype pick-up assembly (left) and
the vacuum geometry (right) with fitted feedthroughs.

as the position cavity first dipole mode so that the same
signal processing can be applied to both for improved sta-
bility. Both cavities are designed to have low quality fac-
tors in order to achieve a good time resolution. The beam
pipe through the assembly has the same 4 mm radius as the
CLIC main linac [2].

A photograph of the two cavity assembly, which con-
sists of four stainless steel parts brazed together, is shown
in Fig. 1. The signals are extracted via feedthrough anten-
nas in the re-entrant part of the reference cavity and in the
case of the position cavity, at the end of the waveguides
where there are also tuning bolts. These push against the
wall of each waveguide opposite the antenna to tune the
antenna coupling to the dipole mode resonant frequency.
Each opposing pair of feedthrough antennas in the position
cavity measure the same dipole mode polarisation. Com-
bination of the two signals is not intended but having two
means a lower external quality factor and leaves the option
to suppress the TM210 quadrupole mode using a 180◦ hy-
brid or to compensate for cross coupling with adjustable
short-circuit terminations. The signal from one of the two
feedthrough antennas in the reference cavity could also be
diode rectified for timing measurements [3].

The prototype pick-up was brazed at the end of April and
the feedthroughs, which are aligned with dowel pins and
sealed with silver-coated copper gaskets, were fitted after-
wards by hand. The assembly then successfully passed a
vacuum test. This paper describes the latest RF measure-
ments of the cavity, progress towards developing down-
conversion electronics and finally, beam test plans.
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RESONANT MODE MEASUREMENTS

The quality factors of the first dipole mode of the posi-
tion cavity and the monopole mode of the reference cavity
were measured before [4] and after brazing. This was done
using the transmission of a weakly coupled antenna posi-
tioned in the beampipe to each output port in turn with the
remaining ports either short-circuited or terminated with
matched loads. The quality factors, both loaded QL and
internal Q0 could then be determined as outlined in [4].

Table 1: Quality factors and resonant frequency f0 of the
position cavity first dipole mode measured before and after
brazing.

Parameter Predicted Before
brazing

After
brazing

f0/GHz 14.990 14.993 15.012
QL 274 224 198
Q0 450 306 292

Table 2: Quality factors and resonant frequency f0 of the
reference cavity first monopole mode measured before and
after brazing.

Parameter Predicted Before
brazing

After
brazing

f0/GHz 14.999 14.960 14.997
QL 150 74 130
Q0 383 - 357

The measured quality factors and resonant frequencies
are shown in Tables 1 and 2. In the case of the position
cavity, an increase of about 20 MHz in frequency and a
decrease in the quality factor were observed after braz-
ing. The value for the internal quality factor of the refer-
ence cavity before brazing is missing. This is because the
reference cavity had to be modified [4] and the measure-
ments were taken simply to confirm the correct resonant
frequency had been achieved. For the same reason, the pre-
dicted values were taken from simulations in Omega3p, the
ACE3P eigenmode solver [5], since no simulations of the
modified cavity were performed at the design stage. The
resonant frequency increased by 37 MHz and the loaded
quality factor increased by a factor of almost two during
brazing. These changes are consistent with the correct po-
sitioning of the feedthrough antennas with the gaskets in
place as predicted in simulation [4].

After the measurements had been made, an attempt was
made to tune the position cavity using the tuning bolts.
In this way, the coupling could be balanced between the
waveguides but the process was not completely reversible
and didn’t always result in an improvement. The maxi-
mum cross coupling between a pair of adjacent output ports
was -38 dB and this did not improve noticeably during tun-
ing. The cross coupling between the other pairs of adjacent
ports were all below -40 dB.

Figure 2: Variation of the resonant frequencies of the po-
sition cavity dipole and reference cavity monopole modes
over time

The stability of the resonant frequency with temperature
was also measured for both modes. The assembly was left
over one weekend and the resonant frequencies were mea-
sured from the transmission spectra between opposite ports
every ten minutes. The temperature was also recorded as
shown in Fig. 2. The temperature stability of the position
cavity first dipole mode, as measured from fits of resonant
frequency against temperature, was -359 kHz/◦C which
is worse than the previous measurement of -243 kHz/◦C
[4]. This is possibly due to the vacuum sealing of the
feedthrough antennas. The temperature stability of the ref-
erence cavity monopole mode, -308 kHz/◦C, is signifi-
cantly lower, giving a relative temperature stability of the
two modes of 51 kHz/◦C. Over the 20 ◦C maximum tem-
perature shift expected during CLIC operation, this corre-
sponds to a relative frequency shift of 1 MHz, which will
certainly be significant when looking at measurements of
one or a few bunches and so may need to be improved. This
could possibly be achieved by using a reference cavity that
is a pillbox, similar to the position cavity.

SIGNAL PROCESSING

A schematic of the signal processing electronics to be
used for the beam tests is shown in Fig. 3. There is a fil-
ter stage at RF to remove unwanted modes. However, the
bandwidth must be kept larger than twice the bandwidth of
the cavity so as not to have a significant effect on the rise
time of the multiple bunch signal and degrade the temporal
resolution. The electronics bandwidth also has a large ef-
fect on the maximum signal observed from a single bunch.
A digitally controlled attenuator will be used to control the
dynamic range. A 7 GHz lowpass filter is used to remove
the high frequency outputs of the mixer and signals around
15 GHz while 800 MHz lowpass filters prevent aliasing in
the high speed digitiser which was chosen because of avail-
ability. In order to avoid any complications with timing, a
single independent voltage controlled oscillator (VCO) will

.
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Figure 3: Diagram of the signal processing electronics to be used for the beam tests.

Figure 4: Simulated output power against input power in
the electronics with the estimated corresponding offset.

be used for down-mixing to the 200 MHz intermediate fre-
quency. The VCO can be driven to provide enough power
for the nine channels required for three BPMs in the future.
Before commissioning the electronics, schottky diode de-
tectors will be used to obtain preliminary measurements of
the BPM coupling to beam.

A simple simulation using the PYTHON package, wf-
proc [6], was performed in order to see the effect of the
electronics in terms of gain and noise. The thermal noise
of the system was estimated to be 16 µV and the results
are shown in Fig. 4. The sensitivity of the pick-up was also
calculated from the measured quality factors and the R/Q
determined using Omega3p [5]. This was used to estimate
a signal maximum of 0.6 V going into the electronics for
a single bunch of 0.6 nC at 100 µm offset, taking into ac-
count the finite bandwidth of the electronics. Under these
assumptions and with no added attenuation, the right-hand
side vertical axis in Fig 4 shows the position offset cor-
responding to the calculated output power. The dynamic
range of the electronics is limited by the double-balanced
mixer and corresponds to ±240 µm and a resolution limit
of 14 nm is imposed by the electronics noise.

The digital signal processing will be crucial for obtain-
ing the desired performance. Several possibilities are be-

ing pursued to achieve as many independent measurements
as possible within a single train as well as high precision
average position measurements. The former may employ
deconvolution of the single bunch response from the over-
lapping signals of multiple bunches [7].

SUMMARY AND OUTLOOK
A prototype cavity BPM for the CLIC main beam has

been designed and built. The RF characteristics of the as-
sembly have been measured both before and after brazing
and a complete temperature stability measurement has been
made. The signal processing electronics have been de-
signed and simulated and the results will be directly com-
parable with measurements of a full channel.

The BPM is scheduled to be installed at the end of the
probe beamline at CTF3 [4] at the start of November for
running until the end of 2012 and at the start of 2013. It
will be mounted on a pair of stepper motor driven stages
for measurement of the sensitivity and for calibration in
both horizontal and vertical directions. A screen monitor
just downstream of the pick-up will help to commission
the new installation and ensure total beam transmission.

REFERENCES
[1] Lefevre, T., 2011. “Overview of the CLIC Beam Instrumen-

tation”, IPAC2011, San Sebastian, Spain.

[2] Schmickler, H. et al., 2010. “Submicron Multi-Bunch BPM
for CLIC”, IPAC2010, Kyoto, Japan.

[3] Lunin, A., 2012. “High Resolution RF Cavity BPM Design
for Linear Collider”, 8th DITANET Topical Workshop on
Beam Position Monitors, CERN, Switzerland.

[4] Cullinan, F. et al., 2012, “Development of a Cavity Beam
Position Monitor for CLIC”, IPAC12, New Orleans, USA.

[5] Ko, K. et al, “Advances in Parallel Electromagnetic Codes
for Accelerator Science and Development”, LINAC2010,
Tsukuba, Japan.

[6] Lyapin, A., 2011, “Welcome to wfProcs documentation!”,
http://wfproc.sourceforge.net/.

[7] Smith, S., 2012. “Beam Position Monitors for the CLIC Drive
Beam”, 8th DITANET Topical Workshop on Beam Position
Monitors, CERN, Switzerland.

Proceedings of IBIC2012, Tsukuba, Japan MOPA18

Beam Position Monitor System 97 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



DEVELOPMENT OF 3D EO-SAMPLING SYSTEM FOR THE ULTIMATE 
TEMPORAL RESOLUTION  

K. Ogawa  and  H. Tomizawa 

           RIKEN Harima Institute, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo, Japan  
Y. Okayasu and S. Matsubara  

JASRI/SPring-8, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo, Japan

 We have developed a set of key components for 
ultrafast electron-bunch measurement using Electro-Optic 
(EO) sampling technique. The key components are a 
highly-qualified EO-probe laser pulse with an octave 
bandwidth, an ultrafast organic EO crystal, and a spectro-
graphic EO-demultiplexing (EO-decoding) system. In 
addition, we developed three-dimensional bunch charge 
distribution (3D-BCD) monitor with arrival timing for an 
FEL seeded with a high-order harmonic (HH) pulse. A 
3D-BCD monitor is used multiple EO crystal. In our 
EUV-FEL accelerator, we prepared a seeded FEL with an 
EO-sampling based feedback system for user experiments. 
For obtaining a higher seeding hit rate, 3D overlapping 
between the electron bunch and the seeding HH-pulse 
must be maximized and kept at a constant optimal seeding 
condition. Keeping the peak wavelength of EO signals at 
the same wavelength with our feedback system, we 
provided seeded FEL pulses (intensity >4σ of SASE) with 
a 20-30% hit rate during pilot user experiments. For 
achieving the upper limit of temporal resolution, we are 
planning to combine high-temporal-response EO-detector 
crystals and an octave broadband laser pulse with a linear 
chirp rate of 1 fs/nm. We are developing the EO-probe 
laser pulse with ~10 μJ pulse energy and bandwidth over 
300 nm (FWHM). In 2011, we successfully demonstrated 
the first electron bunch measurement with an ultrafast 
organic EO crystal in the FEL accelerator at SPring-8. 

INTRODUCTION 
Since 2010 at SPring-8, we have been demonstrating a 

seeded free-electron laser (FEL) in the extreme ultra 
violet (EUV) region by high-order harmonics (HH) 
generation from an external laser source in a prototype 
test accelerator (EUV-FEL) [1]. In FEL seeding as a full-
coherent high-intensive light source for EUV user 
experiments, high hit rates of successfully seeded FEL 
pulses are required. Precise measurements of the electron 
bunch charge distribution (BCD) and its arrival timing are 
crucial keys to maximize and keep 3D (spatial and 
temporal) overlapping between the high-order harmonics 
(HH) laser pulse and the electron bunch. We constructed a 
timing drift monitor based on EO-sampling, which 
simultaneously measures the timing differences between 
the seeding laser pulse and the electron bunch using a 
common external pulsed laser source (Ti:Sapphire) of 
both the HH-driving and EO-probing pulses (Fig. 1). The 
EO-sampling system can use timing feedback for 
continuous operation of HH-seeded FELs. 

 The R&D of a non-destructive 3D-BCD monitor 
(proposed by H. Tomizawa in 2006 [2]) with bunch-by-
bunch detection and real-time reconstructions has been 
investigated at SPring-8. This innovative monitor is based 
on an EO-multiplexing technique that resembles real-time 
spectral decoding and enables simultaneous non-
destructive measurements of longitudinal and transverse 
BCDs. This part of the monitor was simultaneously 
materialized for probing eight EO crystals that surround 
the electron beam axis with a radial polarized, hollow 
EO-probe laser pulse. In 2009, we verified the concept of 
a 3D-BCD monitor through electron bunch measurements 
in the photoinjector test facility at SPring-8 [3].   

 As part of the Self-Amplified Spontaneous Emission 
(SASE) XFEL project at SPring-8, an additional target of 
temporal resolution is ~30 fs (FWHM), which utilizes an 
ultrafast organic EO crystal (DAST) instead of 
conventional inorganic EO crystals (ZnTe, GaP, etc.). EO 
sampling with DAST crystals is expected to measure a 
bunch length that is less than 30 fs (FWHM). In 2011, we 
demonstrated the first EOS bunch measurements with 
DAST crystal in the EUV-FEL accelerator. 

In this paper, we describe the development status of 
ultrafast EO-sampling decoding system and octave 
broadband EO-probe laser pulse for application of 3D-
BCD as a 3D-overlapping monitor for FEL seeding. 

 3D-BCD MONITOR 
EO-sampling measures a probe-pulse’s retardation by 

changing the refraction index of a non-linear optical 
crystal by the radial Coulomb field of relativistic electron 
bunch slices. The EO-probe laser pulse is injected into the 
EO crystal at the same time as the electron bunch arrives 
at the EO crystal. The BCDs are bunch-by-bunch encoded 

Figure 1: Experimental setup of seeded FEL with EO-
sampling feedback at EUV-FEL accelerator: relative
positioning in transverse and timing in longitudinal of
electron bunch with  respect  to arriving timing of a 
seeding HH pulse are monitored at entrance of the first in-
vacuum undulator to keep in a best seeding condition. 

Abstract 
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as polarization modulations on the spectra of the EO-
probe pulses. In spectral decoding to detect with a multi-
channel spectrometer in real-time, the polarization 
modulations are converted into spectral intensity 
modulations by a polarized beam splitter. 

A 3D-BCD monitor evolved from simple encoding of 
EOS into a multiplexing technique with a single probe 
laser pulse for multiple EO crystal detectors in a manner 
of spectral decoding (demultiplexing). A schematic 
drawing of a 3D-BCD monitor with eight EO crystals that 
surround the electron beam axis is shown in Fig. 2. It is 
applied for a multiplexing technique to simultaneously 
probe eight EO crystals with a radial polarized, hollow 
(ring beam) laser pulse. For higher temporal resolution, 
the EO-probe pulse is broadened by a Photonic Crystal 
Fiber (PCF) up to over 300 nm. For real-time 
reconstructions of the 3D-bunch information, the octave 
broadband pulse is squarely shaped and linearly chirped 
by an Acousto-Optic (AO) modulator and amplified with 
bandwidth by Optical Parametric Amplification (OPA) 
technique. Then the probe pulse passes through the radial 
polarization converter and an axicon lens pair to obtain a 
ring beam shape with radial polarization. This ring beam 
is simultaneously injected into eight EO crystals. As the 
spectral decoding of conventional EOS, the 
demultiplexing of the probe pulse is measured through 
eight-bunched bundle fibers that are matched to the f-
number of the grating optics of a spectrometer (imaging 
spectrograph). We realized demultiplexing as an imaging 
spectrograph with eight-track simultaneous detection in 
the area array CCD of a high-speed gated I.I. camera. In 
addition, for a high S/N ratio of EO signals, over 1000 
counts of signal intensity per channel are necessary. 

 For obtaining a higher hit rate of FEL seeding, 3D 
overlapping between the electron bunch and the seeding 
laser pulse is necessary to maintain a constant seeded FEL 
pulse. In a 3D-overlapping monitor for FEL seeding, the 

probe pulse is split from the HH-driving Ti:Sapphire laser 
pulse (Fig. 1). Utilizing this multiplexing EOS technique, 
relative positioning in the transverse and the timing in the 
longitudinal of the electron bunch with respect to arriving 
timing of the seeding HH pulse is obtained at the entrance 
of the first in-vacuum undulator in real-time with a non-
destructive measurement. Transverse detections of bunch 
slices are done by analyzing the multipole moments of the 
bunch slice charge density distributions (Ref. [3]).  

FEASIBILITY TESTS WITH THE EUV-
FEL ACCELERATOR 

Test experiments with seeded FEL were demonstrated 
with a high hit rate with the EUV-FEL accelerator, at 
SPring-8 in July 2012. The EO-sampling system shown in 
Fig. 1 was used for feedback to the timing delay unit of a 
common laser source as a real-time monitor for the 
relative difference of arrival timing between an electron 
bunch and a seeding HH pulse. We realized a 
sophisticated feedback system of timing drift with real-
time data processing of EO-signal spectra that encoded 
the arrival timing as the central wavelengths of the peak 
signals of spectra and the BCD of the electron bunches. 
Maintaining the peak wavelength of EO signals at the 
same wavelength is the most optimal timing for HH 
seeding. Our feedback system realized a half-day seeded 
FEL operation with a hit rate of 20-30% (Seeded FEL 
pulse intensity >4σ of SASE). Compared with a hit rate of 
seeded FEL operation without EOS feedback [1], the hit 
rates became 100 times higher. This result shows that only 
keeping a temporal-overlapping constant at the optimal 
condition is effective to seed a single-pass SASE FEL 
pulse shot-to-shot with a HH pulse. 

 The other feasibility tests were done by bunch 
measurements with an ultrafast organic EO crystal 
(DAST) in the EUV-FEL accelerator. DAST-EOS allows 
a few tens of femtosecond temporal resolution in the 3D-
EO-sampling measurements. In 2011, we successfully 
demonstrated BCD measurements with a bunch charge of 
0.28 nC by a 230- m thick ultrafast organic DAST crystal. 
The edges of the EO crystals were set 2.0 mm from the 
electron beam axis. In a comparable EOS condition, 

 

Figure 2: Schematic drawing of 3D-BCD monitor based 
on EO-multiplexing technique, utilizing simultaneous 
detection in imaging spectrographs with multi-track 
(eight tracks) of area array CCD of an image intensified 
(I.I.) camera. 

 

Figure 3:  First  BCD measurements with 230- m  thick 
organic DAST crystal compared with EO signals with a 
1-mm inorganic ZnTe crystal. The both of the crystals 
were set 2.0 mm from the electron beam axis. 
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double EO-signal intensity was observed by DAST over a 
conventional, 1-mm thick inorganic ZnTe crystal. The 
comparison of EO signals is shown in Fig. 3. 

 OCTAVE BROADBAND LASER PROBE 
PULSE GENERATION TAWARD 

ULTIMATE TEMPORAL RESOLUTION  
For obtaining higher resolution feasible with DAST EO 

crystal, we developed an octave broadband probe pulse 
with an ultimate linear chirp rate of 1 fs/nm using a high 
pulse energy oscillator (FEMTOSOURCE scientific XL 
500 (550 nJ/pulse; Femtolasers GmbH) and a PCF to 
generate a 5-MHz supercontinuum pulse train.  

In spectral decoding (demultiplexing), temporal 
resolution TRes depends on the bandwidth of the probe 
pulse, as in the following relationship TRes~ (τ0τc)1/2, 
where τ0 is the pulse width of a Fourier transform limited 
pulse and τc is the chirped probe pulse duration. If we 
utilize a laser pulse with 300 nm of square spectrum 
bandwidth (FWHM) at a center wavelength of 800 nm 
and 300-fs pulse duration as an EO-probe pulse, we can 
obtain temporal resolution of 30 fs (FWHM). 

 We are developing an EO-probe laser pulse with a few 
tens of micro-Joules and bandwidth over 300 nm 
(FWHM). For obtaining such bandwidth and pulse energy, 
this EO-probe pulse is initiated a supercontinuum 
generated with PCF and amplified with ultra-broadband 
OPA. Especially for amplification that maintains 
bandwidth >300 nm, a non-collinear OPA (NOPA) using 
BBO crystal and a pump source with a wavelength of 460 
nm is preparing (Fig. 4, upper diagram). 460 nm pump 
wavelength made amplification from 630 nm possible. 

The EO-probe pulse energy of 10 μJ provides a high 
S/N ratio per decoding (demultiplexing) detector. This 
pulse energy is estimated to be over 1000 counts at 
detector. In addition, the probe laser spectrum is shaped 
adaptively as a square spectrum by a broadband AO-
modulator, DAZZLER (UWB-650-1100, FASTLITE) at 
the detectors. The octave-broadband supercontinuum 
pulse is temporally stretched with nonlinear chirping due 
to the Group Velocity Dispersion (GVD) and even higher 
dispersion of the material of transparent optics, including 
the DAZZLER crystal. Hence, since dispersion controls 
are applied to roughly compress laser pulses by a Grism 
(consisted of grating and prism) pair and linearly chirped 
by DAZZLER, we can finely adjust the pulse duration of 
the broadband probe laser with a linear chirp rate of 1 
fs/nm for probing EO crystals. Owing to the 
characterization of the nonlinear chirp of the laser pulse 
with chirp scanning measurement, DAZZLER works as 
adaptive optics with two functions that provide control of 

spectral amplitude and phase up to 7th order dispersions: 
an intensity spectrum shaper and a linear chirp keeper. 

 CONCLUSIONS 
In several experiments, we successfully demonstrated 

and proved that the principle of the 3D-BCD monitor as 
an application for an HH-seeded EUV-FEL is completely 
feasible. In addition, we successfully demonstrated BCD 
measurements with ultrafast organic DAST crystal (230-

m thick) by the EO-sampling method. We made the 
world’s first electron bunch measurements by organic EO 
crystals. This crystal makes a few tens of femtosecond 
temporal resolution in 3D-BCD measurements possible 
with our octave broadband EO-probe pulse with a linear 
chirp rate of 1 fs/nm. The complete version of a 3D-
overlapping monitor with a feedback system is going to 
be demonstrated in seeded EUV-FEL. In the following 
step, the ultimate temporal resolution of DAST EO-
sampling will be tested in SACLA-XFEL. 
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Figure 4: Schematic drawing of generation for broadband
linear-chirped laser pulse with square-shaped spectrum.
The spectrum of red solid line is generated
supercontinuum with large mode area PCF (5 μm
diameter) and 100 nJ input pulse energy. Shaping region 
is shown as green dotted lines on supercontinuum 
spectrum. Pump source with 460 nm is not available
commercially. It is generated from Nd: YAG laser (SHG:
532 nm) pump pulse and the super-continuum signal
pulse with additional NOPA stage. 
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SYSTEM 
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SLRI, 111 University Ave., Muang, Nakhon Ratchasima 30000, Thailand 
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Ratchasima 30000, Thailand

Abstract 
This report describes the improvement of the Beam 

Position Monitor (BPM) system of the 1.2 GeV storage 
ring of the Siam Photon Source (SPS). Systematic studies 
and investigations to improve the machine performance, 
and storage ring BPM system have been carried out in the 
last few years. Major technical problems have been found 
and solved. The causes of the unreliability of the original 
BPM system were also identified. It was mainly caused 
by the low quality and improper installation of BPM 
signal cables. Detailed descriptions of the replacement 
with higher quality (lower loss and better interference 
shielding) BPM cables and implementation of a separate 
cable trays for the BPM cables, as well as the work on 
BPM electronic board calibration will be described. The 
measurement results before and after the improvement of 
the BPM system will also be presented. 

INTRODUCTION 
The Siam Photon Source storage ring routinely operates 

at 1.2 GeV with a nominal current of 150 mA. The ring 
circumference is 81.3 meters. Its lattice is Double Bend 
Achromat (DBA). The ring has, among other components, 
20 button-type BPMs. [1, 2]  

As the number of users increases, so does the demand 
for better quality beam. Our first efforts focused on 
investigation and improvement of the existing BPM 
system since the BPM is the most important diagnostic 
tool for both machine studies and routine machine 
operation. In addition, it will be an indispensable part of 
our orbit feedback system in the near future. In the 
beginning of 2011, major problems of the original BPM 
system were indentified and fixed by the machine group 
and visiting machine physicists from NSRRC, Taiwan. 
The improved BPM system shows reliable performance 
and exhibits accuracy of measurement in micron-scale 
resolution. 

In the following sections, we first describe the status of 
the original SPS storage ring BPM system. We then 
present our work on replacing BPM signal cables and 
calibrating the BPM electronic modules. Finally, 
measurement results before and after the improvement of 
the BPM system are presented. 

ORIGINAL SPS STORAGE RING BPM 
SYSTEM 

Back in the year 2000, the SPS storage ring was just 
installed and commissioned. The ring incorporated a set 
of 20 button-type BPMs, with each BPM comprised of a 
BPM block, position sensors, coaxial cables, and detector 
electronics board. The signals from each individual board 
were collected and processed by the control system. The 
BPM block is directly welded on the storage ring vacuum 
chambers without flanges or bellows. 

BPM Electronic Modules 
The BPM pick-up system uses four electrodes as 

position sensors. Beam position is a function of the 
amplitude difference of these electrodes’ signals. These 
signals are fed into the BPM electronic modules where 
they are processed sequentially to provide simultaneously 
two outputs: horizontal (X) and vertical (Y) beam 
positions. [3, 4] 

The MX-BPM-118.00MHz electronic modules of the 
BPMs were made by Bergoz Instrumentation. All the 
modules and data acquisition equipments are distributed 
into two groups, the housing of which are located outside 
the radiation shielding wall on the opposing sides of the 
storage ring (Fig. 1). 

 

  
(a)                                (b) 

Figure 1: (a) Bergoz BPM electronic module. (b) 
Electronic device rack. 

BPM Cables 
The old system uses HUBER&SHUNER GX03272 

coaxial cables, with one layer of electromagnetic 
shielding, mounted with N-type and SMA-type 
connectors on each end. The BPM electrode signal is 

 ____________________________________________  
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carried by these cables to the local control rack where the 
signal processing BPM electronic is located. The lengths 
of the cables vary from approximately 20 to around 30 
meters depending on the BPM’s location in the storage 
ring. 

Figure 2(a) shows the GX03272 coaxial cables, 
crimped on one side of the cables with N-type connectors 
(left), and another with SMA-type connectors (right). The 
N-type connector connects to the BPM electrode, while 
the SMA-type connector connects to the BPM electronic 
module located outside the storage ring. 

Figure 2(b) shows the original installation of the BPM 
signal cables in the cable trench inside the storage ring. 
The trench carries all types of the cables, and even 
includes cooling water pipes seen in the pictures. 

 

  
(a) 

   
(b) 

Figure 2: Original BPM cables and their installation. 
 

It is rather obvious that this was one of the causes of 
induced electrical noise and even EMI problem, which 
will directly interfere with the BPM signals, giving rise to 
inaccuracy and unreliability of the BPM system. 

IMPROVED SPS STORAGE RING BPM 
SYSTEM 

As mentioned in the previous section, inaccuracy of the 
original SPS storage ring BPMs was mainly caused by (i) 
the use of low-quality BPM signal cables and, (ii) the 
assimilation of all the different types of cables in the same 
storage ring cable trench. 

This section will describe our efforts on replacing the 
old cables, and recalibrating the electronic modules of 
SPS storage ring BPM system. 

New BPM Cable Installation 
The high level of noise observed in the old BPM cable 

is due to the fact that it has only one layer of 
electromagnetic shielding. This makes replacing the 
cables the top priority. Figure 4 shows the installation of 
new BPM cables. We selected HUBER&SHUNER 
SUCOFEED cable, which has low loss rate and double 
layers of interference shielding. The new BPM cables 
were put in their own dedicated cable tray. 

  
Figure 3: Installation of the new BPM signal cables.

 

BPM Electronic Module Calibration 
After the new BPM signal cables were installed, it was 

necessary to calibrate all the BPM electronic modules. 
Careful calibration was carried out to compensate for the 
difference in cable lengths and input powers. According 
to the standard calibration procedure provided by Bergoz 
Instrumentation [3], the on-board attenuators: A, B, C and 
D have to be adjusted until the output SDEMOD signal 
has minimum level difference, while the X and Y 
readings (shown here on two digital multimeters on the 
left in Fig. 4) are closed to zero or fall within ± 20 mV. 
These conditions ensure that the BPM electronics exhibits 
linearity over the whole dynamic range. [3, 4] Figure 4 
shows the calibration equipment setup on site using 
Bergoz toolkit (table-top test kit: BPM-KIT). [3] 

 

 
Figure 4: Setup for BPM electronic module calibration. 

IMPROVED BPM MEASUREMENT 
RESULTS 

Figures 5(a) and 5(b) show, respectively, typical 
horizontal (X) and vertical (Y) positions of electron beam 
in the SPS storage read from BPM no. 18 before and after 
installation of the new BPM signal cables. 

Before the improvement (original cable), the X and Y 
positions exhibit large fluctuation. The maximum X and 
Y changes in 5 hours are about 150 and 170 m, 
respectively. Here, it is very important to note that the 
BPM which has rapid change larger than 10m are 
sorted out as bad BPM. [5] 
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(a) 

 
(b) 

Figure 5: The BPM no. 18 reading during the machine 
operation.  

 

After the improvement (new cable), the signal 
fluctuations of the X and Y positions are drastically 
reduced to only a few microns. Systematic beam drift of 
about 15-20 m, which cannot be observed before, can 

now be easily discernable. The results show significant 
increase of the BPM performance. 

CONCLUSION 
The causes of the inaccurate and unreliable BPM 

signals of the SPS storage ring have been identified and 
solved. The original BPM cables were replaced with 
better quality ones, which were relocated to a dedicated 
cable tray to minimize interference. Since the 
recommissioning of the storage ring last year, the more 
accurate BPM system has been instrumental in the 
undertaking of the machine group to further improve the 
quality of the beam, as well to setup and implement a 
slow orbit feedback system. 
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PHOTON BEAM POSITION MONITOR AT SIAM PHOTON SOURCE 

P. Sudmuang, S. Chaichual, N. Suradet, S. Boonsuya, N. Sumano, S. Krainara, H. Nakajima,  
S. Rugmai, P. Klysubun  

Synchrotron Light Research Institute, 111 University Avenue, Muang District,  
Nakhon Ratchasima 30000, Thailand

Abstract 
Photon beam position monitors (PBPM) have been 

designed and installed in the beamline front-ends at Siam 
Photon Source (SPS). Up till now, these blade-type 
PBPMs have been successfully installed at three bending 
magnet and an insertion device (planar undulator) 
beamlines. Their performance has been tested and 
compared with that of the electron beam position monitor. 
The achieved resolution is found to be better than 3 μm. 
The obtained PBPM data proved to be extremely 
invaluable in the investigation of the sources of the 
observed beam positional fluctuation, and for 
compensation of the orbit perturbation caused by 
undulator gap change. In this paper, the details of the 
calibration procedure will be presented. Various factors 
affecting reading of the signal such as undulator gap 
change effect, choice of bias voltage, and temperature 
variation have been investigated and the results will be 
discussed herewith. 

INTRODUCTION 
The Siam Photon Source (SPS) is a dedicated 1.2 GeV 

synchrotron light source in Thailand [1]. Currently, there 
are seven photon beamlines in operation, with three more 
under commissioning. In addition, there are three new 
photon beamlines under construction. As the number of 
experiments increases, coupled with the fact that more 
complicate experiments are being carried out, there is 
more demand from the users for higher quality beam, 
especially with regards to the beam positional stability 
aspect. In recent years the machine group has focused its 
effort to achieve this goal [2]. To investigate the sources 
of the beam position fluctuation and observe the 
subsequent improvement quantitatively, Photon Beam 
Position Monitors (PBPMs) have been developed and 
installed. Several types of PBPMs have been developed at 
synchrotron facilities around the world [3-4].  For SPS, 
the 4-blade type PBPM is chosen.  

In this paper, the PBPM structure together with the 
criteria for blade spacing determination are presented, 
followed by the details of the calibration procedure, and 
various factors affecting the sensitivity and linearity 
threshold of the PBPM. In addition, the experiments for 
testing PBPM performance are described. 

 
 
 

PBPM DESIGN 
PBPM Structure  

Figure 1(a) shows the design of the 4-blade type PBPM 
structure. The blades are triangular and were made of 0.2 
mm-thick tungsten. The upper pair was affixed to a water-
cooled copper block at the front facing the beam, while 
the lower pair was placed at the rear end. The blades were 
slotted in sapphire plates for electrical insulation and 
thermal conduction. A biased photoelectron collector was 
installed on each side of the copper block to remove the 
scattered photoelectrons. The PBPM block is attached to 
an XY translation stage for alignment and calibration 
processes. The schematic layout of the whole PBPM setup 
is shown in Figure 1(b). Generated photocurrent is 
measured by a picoammeter (Keithley 6485). To 
investigate thermal effect on the measured photocurrent, a 
thermocouple was installed on the copper block.  

 
 
 

 
 
 

(a) 

 

 
(b) 

Figure 1: 3D drawings of (a) the 4-blade type PBPM 
block, and (b) the whole PBPM setup. 

Determination of the Blade Spacing 
The spacing between the blades ( xG , yG ), as shown in 

Figure 2, are determined by the photon beam power 
densities at the location of the PBPM. In order to optimize 
the sensitivity and linearity range, the spacing should be 
two times the Gaussian width, i.e. 2G �� , except for 

xG of the bending magnet PBPM, which is specified by 
the horizontal opening angle of a particular photon 
beamline. To avoid cross-talk among the blades, the upper 
and lower blades were shifted by 2 mm (D) apart. 
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Figure 2: Blade spacing geometry. 

PBPM CALIBRATION 
Photon eam osition alculation  

The PBPM calibration was performed by scanning the 
BPM block across the photon beam with the translation 
stage. Measured photocurrent on the blades are used to 
determined the photon beam position (x,y) in the linear 
region as 

 , Px y
S

�  (1) 

where P is the beam position signal and S is the 
sensitivity.  

The beam position signal was commonly calculated via 
the difference-over-sum formulae, i.e. 
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The photon beam signal can also be calculated with the 
log-ratio method as 
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where xP and yP is the photon beam signal in horizontal 
and vertical directions, respectively. UPI and DNI  are the 
current from the upper and lower blades, and RI  and LI  
are the current from the right and left blades, in that order.  

The sensitivity was obtained from the slope of the 
linear fit of the measured beam position signal with 
respect to the PBPM block translation, displayed in 
Figure 3. By comparing the photon beam signals /P� �  and  

LogP , it was found that the linear region of LogP  extends 
further than that of /P � � . Thus, we chose LogP  over /P� �  
in our implementation. 

 

Figure 3: Measured PBPM linearity. 

Bias Voltage Determination 
Bias voltage is another factor influencing sensitivity 

and linearity of the beam position signal. Increasing the 
bias voltage widens the linear region while lowers the 
sensitivity, as depicted in Figure 4. In our case we decided 
that the linear region should extend at least to ± 2 mm, 
with acceptable sensitivity, resulting in the bias voltage of 
100 V. 

 

Figure 4: Measured PBPM linearity and sensitivity at 
different bias voltages. 

Undulator Gap Change Effect 
Calibration of insertion device PBPM was meticulously 

carried out in order to avoid or circumvent various 
detrimental factors such as background radiation from the 
bending magnet and variation of the current signal on 
each blade at different undulator gaps. Influence of the 
gap change on each individual blade is shown in Figure 5. 
To compute the beam position at different gaps, the 
sensitivity was fitted with an exponential function as  

 exp( )S G� � �� � �  (6) 

where G is the insertion device gap, � , � , and �  are 
fitting parameters.   

B P C
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Figure 5: Variation of the (top) individual blade signals, 
and (bottom) sensitivity as a function of the undulator 
gap. 

PBPM PERFORMANCE 
After the PBPM was installed, we first looked at the 

reading while varying the setting of a vertical corrector. 
The measurement results are shown in Figure 6. It was 
found that the orbit change monitored by the PBPM is in 
good agreement with the electron BPM, with the PBPM 
giving more sensitive reading, reflecting more closely to 
the change of the corrector. 

 

Figure 6: Measured photon and electron beam position as 
a function of the corrector magnet current. 

Figure7 shows the vertical beam position obtained from 
bending magnet and insertion device PBPM together with 
the temperature variation measured on the copper block 
inside the vacuum chamber. Temperature variation of the 
copper block was restricted to within � 0.25 OC by the 
cooling water, and thus does not affect the photon beam 
position reading. By measuring the short-term beam 
position, the resolution was observed to be better than 3 
μm. 

The undulator look-up table was created by 
incorporating the photon beam position reading obtained 
from the PBPM. In doing so, significant improvement 
over the normal case, where only electron BPM is taken 
into account, has been achieved (Figure 8). Since the 
installation the more accurate PBPM reading enable the 
machine group to pinpoint more easily the various 
sources perturbing the beam such as power supply ripple, 

air temperature fluctuation, vacuum pressure problem, 
etc. 

 

Figure 7: Measured photon beam position and 
temperature variation during user beam operation. 

 

Figure 8: Compensation of the orbit perturbation caused 
by undulator gap change with (left) and without (right) 
incorporating the PBPM reading. 

CONCLUSION 
The PBPM were successfully installed in the beamline 

front-ends at SPS. The measured photon beam position 
obtained by PBPM of each beamline is in good agreement 
with the BPM data. The PBPM has linear region that 
extends over ± 2 mm and has better than 3 μm resolution.  
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PERFORMANCE AND UPGRADE OF BPMS AT THE J-PARC MR 

T. Toyama1, Y. Hashimoto1, K. Hanamura3, S. Hatakeyama2,3, M. Okada1, M. Tejima1 
J-PARC/KEK1, J-PARC/JAEA2, Mitsubishi Electric System & Service Co.,Ltd3, Tokai, Naka, Japan

Abstract 
Since recovery from the great earthquake 2011.3.11, 

proton beams, more than 1014 ppp (protons/pulse), are 
accelerated up to 30 GeV at the J-PARC MR. For higher 
intensity beams the following two tasks need to finish: 
signal attenuation and re-allocation of the BPMs. The 
attenuator and switchable LPF are attached just before the 
BPMC (a processing circuit for the BPM). In connection 
with the MR collimator upgrade to get much more 
intensity, some BPMs are re-allocated with the steering 
magnets. 

INTRODUCTION 

The BPMs in the J-PARC MR were originally 
designed with the external capacitors [1, 2]. The aim was 
to improve a position response by mitigating the 
capacitive coupling between electrodes, and to get an 
adequate output voltage at the design intensity, 4x1013 
ppb (protons/bunch) with the lowered cut-off frequency. 
However, we decided to abandon the idea of adding the 
capacitors. With the external capacitors the signal would 
have been too small at low intensity beams of the initial 
beam commissioning. On the contrary in the present 
configuration without capacitors the signal is too large 
with the design intensity beam. We have added the small 
box consisted of an attenuator and a switchable LPF just 
before the BPMC (a processing circuit for the BPM). This 
paper describes the design and test results on those 
additional backend-circuits.  

To reach higher intensities, we have to admit more 
controlled beam losses localized at the MR collimator 
than the original design [3, 4]. The original lattice 
element order: 
Quad. – Drift / Collimator – Steering – [BPM+Quad] 
was changed to 
Quad. – Drift / Collimator – Additional collimator – Quad. 
– [Steering+BPM].  

The design and procedure of the re-allocation is 
reported. 

ATTENUATOR PLUS SWITCHABLE LPF 
FOR MR BPMS 

There are 186 BPMs in the MR. A drawing and a 
photograph of the regular size BPM are depicted in Fig. 1. 
The electrodes are cut diagonally, which result in linear 
position response. According with the recent intensity 
increase, Fig. 2, we need to set the signal attenuators 
before the present BPMC (Fig.3). 

One of the diagonal-cut electrode pair with the inner 
diameter of φ130 mm and the length of 100 mm is 
estimated to produce the signals as shown with a red line 
in Fig. 3. The design intensity of ~4x1013 protons per 

bunch and the bunching factor (Bf) of ~0.045 (flat top) 
are assumed.  

 

 

Figure 1: Beam position monitor of the MR. 

 

 

Figure 2: MR beam power history of the fast beam 
extraction in the first half of FY2012 [5]. 

Due to the high-pass frequency characteristics of the 
BPM, higher frequency dominated beam of smaller Bf 
tends to produce higher BPM output voltage, 108 V at 
maximum. The peak beam current variation due to 
adiabatic change of the longitudinal motion during 
acceleration from 3 GeV to 30 GeV is exaggerated by the 
high-pass frequency response of the BPM, and the signal 
variation due to Bf change from 0.3 to 0.045 is ~30 times 
(Fig. 4). Adopting LPF with the cut-off of 796kHz, we 
obtain the signal voltage for the BPM circuit as 9.25 V at 
maximum with a 10 dB attenuator as shown in Fig. 3 and 
4, which is well below the acceptable input level of the 
BPM circuits. Moreover the signal voltage variation is 
reduced to the ratio of ~8. 
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Figure 3: Block diagram and the expected signals. 

 

 
Figure 4: The BPM output voltage (zero-peak) vs. the 
bunching factor (solid lines as a guide to the eye). 

In the frequency domain the combined characteristics 
of the BPM (Fig. 5, a magenta curve) and the low-pass 
filter (Fig. 5, a red curve) have a pass-band between 
0.73M and 17MHz (Fig. 5, a blue curve). The transition 
region of the LPF corresponds to the pass band of the 
combined system. The gain reduction of the LPF needs to 
be 20 dB/dec for a flat pass band of the combined 
characteristics. In this sense the LPF works as an 
equalizer. 

 

Figure 5: Frequency response of the combined system. 

 
The impedance mismatch at the LPF input with the 50 Ω 
cable will cause non-negligible reflection. Adding a 
parallel HPF to the LPF constitutes the all-pass filter that 
provides good impedance matching. Figure 6 shows the 
adopted circuit with a cut-off frequency, f = 796kHz.  In 
addition a 10 dB attenuator is attached to attenuate the 
signal power and to improve the return loss. The 
measured return loss is more than 53 dB at the detecting 
frequency of 3.4 MHz for the “COD mode” [1, 2]. 
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Position accuracy is partially governed by the balance 
of a pair of these filters. The overall accuracy goal is Δx, 
Δy < 0.1 mm. The goal for the attached ATT-LPF is set at 
< 0.02 dB (~0.2 mm) for each pair. This was done by 
choosing the pair which satisfies this goal at the detecting 
frequency of 3.4 MHz. The overall accuracy goal will be 
met with the “beam-based alignment”.  

Linearity of the ATT-LPF was measured with a signal 
generator (KEITHLEY 3390 [6]), the RF power amplifier 
(R&K CA010K251-5757R [7]) and the oscilloscope 
(Tektronix DPO3054 [8]) (Fig. 7). The beam is simulated 
with the signal generator and RF amplifier. The output of 
the signal generator is observed with the oscilloscope 
(Fig. 8 (a)), and amplified with the 57dB RF amplifier. 
The output signal from the ATT-LPF is shown in Fig. 8 
(b). Input/output characteristics are plotted in Fig. 9.  
Linearity is good within the operating region. 

Frequency response was measured with the network 
analyzer (Agilent Technologies, E5071C [9]). The blue 
curve in Fig. 10 (a) shows the ATT-LPF input/output 
characteristics ( |S21| ). The deviation at high frequencies 
~50 MHz is removed by sharp roll-off of the 5-th order 
10 MHz anti-aliasing LPF in the BPMC (Fig. 10 (a), red 
curve). The calculated HPF response of the BPM is 
combined with measured characteristics of the ATT-LPF 
and BPMC in Fig. 10 (b).  

The BPMs resolutions are estimated using neighboring 
three BPMs with beams [10]. The obtained resolutions of 
horizontal and vertical BPMs are between 20 and 100 μm 
rms depending on the installed position along the MR, the 
beam intensity and the setting of the amplifier / attenuator. 
 

 

Figure 6: All-pass filter before the BPMC. 

 

 

Figure 7: Measurement of the ATT-LPF input/output 
characteristics. 

 

 

(a) 
 
 

 
(b) 

 

Figure 8: ATT-LPF input/output characteristics. (a) SG 
output, (b) ATT-LPF output. 
 
 

 

 
Figure 9: Linearity of the ATT-LPF. (The input is 
converted to the equivalent BPM output voltage). 
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(a) 

 

 
(b) 

Figure 10: Frequency response of  (a) ATT-LPF (blue), 
ATT-LPF and anti-aliasing LPF (red), and (b) the beam 
(calculated), ATT-LPF and anti-aliasing LPF. 

RECONFIGURATION FOR 
COLLIMATOR UPGRADE 

The “MR collimator” is located at the Insertion-A in 
the MR [3, 4]. Computer simulations for high intensity 
proton beams indicates that halo collimation up to ~2 kW 
at the MR collimator is necessary for more than ~450 kW 
beam operation. The capacity at the MR collimator is 
raised from 450 W to 2 kW in 2012 [3, 4]. The layout of 
beamline elements is changed to accommodate the new 
collimators.  

Previous positions of the #7 and #9 BPMs were located 
before the quadrupole magnets as shown in Fig. 11 (a). 
The BPM was held by the support base attached to the 
end plate of the quadrupole magnet. 

The new layout is shown in Fig. 11 (b). The BPM is 
attached to the steering magnet and makes one rigid 
structure as a whole. The BPM length was extended from 
330 mm to 380 mm to be seen from the laser tracker. 
Electrodes shape was kept the same as the previous one. 

The steering magnets have supports with pins at their 
bottom. The baseplates with holes were firmly set on the 
floor [11]. It has the target holes for the laser tracker for 
survey. The relative positions of the targets were obtained 
on the basis of the quadrupole coordinate system. The 

pair of the BPM and steering magnet was surveyed and 
aligned to the dummy baseplate with the laser tracker in 
advance to the installation. This was done at the radiation 
free area. Installation was very simple because the pins 
were only put along the holes. This procedure contributed 
to reduce the sum total of personnel dose. It was about 
one fifth of the dose for the similar work of FY2011. 

The alignment goal was set less than 1 mm. This value 
corresponds to the range of movement of the bellows. 
The alignment errores measured by LT were less than 1 
mm. The results of beam based alignment (BBA) are 
shown in Table 1. It also suggests the errors are almost 
within the goal.  

 

(a) 
 

(b) 
 

Figure 11: Layout of the BPM, steering and quadrupole 
magnets (a) before and (b) after reconfiguration. 

 

Table 1: BPM Offset Determined with BBA 

 #007 BPM #009 BPM 

Hor. offset 0.56 mm 0.88 mm 

Ver. offset 1.15 mm -0.32 mm 

 

SUMMARY 
To achieve higher intensity beam operation more than 

450 kW, the following two tasks have been completed 
succesfully.  

The ATT-LPFs were attached before the BPMCs to 
attenuate the signals from high intensity beams. The 
BPMs are presently operated with the beam intensity 
more than 1014 ppp. The position resolutions with these 
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ATT-LPFs are between 20 and 100 μm rms. In case of 
low intensity operation of ~4x1011 ppb as a beam study or 
beam tuning, LPFs are switched off and we have enough 
position resolution.  

In connection with the MR collimator upgrade to get 
much more intensity, #7 and #9 BPMs were re-allocated 
with the steering magnets. Using the dowel pins and holes 
structure at the steering magnets supports and the base 
plates on the floor, the installation was drastically 
simplified. Total personnel dose was much reduced.  
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TURN-BY-TURN BPM SYSTEM USING COAXIAL SWITCHES AND ARM 
MICROCONTROLLER AT UVSOR 

Tomonori Toyoda, Kenji Hayashi, and Masahiro Katoh, IMS, Okazaki, Japan

Abstract 
 A major upgrade of the electron storage ring at 

UVSOR facility (Institute for Molecular Science, Japan) 
started from April 2012. To assist the commissioning 
procedure, we have developed a turn-by-turn Beam 
Position Monitor (BPM) system which consists of a 
signal switching circuit, a digital oscilloscope and 
software. Using this system, we have been able to 
determine not only the orbit but also the betatron tune. 
The system was very powerful to achieve the beam 
storage at the commissioning. 

OUTLINE OF UVSOR 
A 750 MeV synchrotron light source, UVSOR (Fig. 1), 

has been operational since 1983. In 2003, the ring had a 
major upgrade to reduce the emittance and increase the 
straight sections available for insertion devices. Since 
then, the ring has been called UVSOR-II. Since 2010, the 
storage ring had been operated for users fully in the top-
up injection mode, in which the beam current is kept 
constant at 300 mA.  

In 2012, a new upgrade program is in progress. The 
bending magnets were replaced with combined-function 
ones to reduce the emittance by about a factor of two. A 
new in-vacuum undulator was installed in the last straight 
section reserved for insertion devices. A pulse sextupole 
magnet for injection without a bump orbit was 
constructed and is ready for commissioning. After this 
upgrade, the ring is called UVSOR-III. Parameters of 
UVSOR-III are shown in Table 1. 

Table 1: Main Parameters of UVSOR-III 

BPM AT UVSOR 
UVSOR-III storage ring has 24 BPMs (Fig. 2), each of 

which consists of 4 button electrodes (Fig. 3 and 4). We 
use a commercial signal processing system (Bergoz Co. 
[1]) for regular operation. 

Position of the electron beam is calculated using the 
equations: 

DCBA

DCBA
X VVVV

VVVVKX
+++
+−−=  (1) 

Figure 1: UVSOR-III electron storage ring. 

Electron Beam energy 750MeV 

Circumference 53.2m 

Straight Sections 4m x 4, 1.5m x 4 

Emittance 17nm-rad 

Energy Spread 5.4m x 10-4

Betatron Tunes (3.70, 3.20) 

Momentum Compaction Factor 0.033 

XY Coupling(presumed) 3% 

RF Accelerating Voltage 100kV 

RF Frequency 90.1MHz 

Figure 2: Layout of the BPM heads along the ring. 
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DCBA

DCBA
Y VVVV

VVVVKY
+++
−−+=   (2) 

Here Kx,y is the sensitivity parameter, VA,B,C,D is the 
electric voltage induced by the electron beam at each 
electrode. The Kx, Ky, are listed in Table 2. 

Table 2: Position Sensitivity (Kx, Ky) of Electrodes 

The characteristics of the cable (FHPX-5D (1/4”), 
Hitachi Cable) used between the electrode and the 
electronics are shown in Table 3, 4. This cable is 
manufactured with deep helical corrugations in the outer 
conductor for flexibility, and has a foam-polyethylene 
dielectric that offers good electrical performance. This 
coaxial cable is used in normal BPM system. 

Table 3: Characteristics of Coaxial Cable [2] 

DESIGN AND CONSTRUCTION OF 
TURN-BY-TURN BPM SYSTEM 

At the commissioning, especially before success of 
beam storage, we have to find out how many turns the 
beam has circulated, where the beam has lost. It is also 
important to measure the orbit parameters before the 
storage, such as closed orbit or betatron tunes. Most of 
these can be realized by a turn-by-turn BPM system. On 
the other hand, such a system is not necessary in the daily 
operation. Considering these, we have decided to 
construct a turn-by-turn BPM system as follows. 

• We construct it as low-cost and simple as possible.
• We use an existing digital oscilloscope for waveform 

observation and recording. 
• We use existing RF cables that are normally used for 

connecting the BPM heads and Bergoz signal 
processing system. 

• We set the oscilloscope in the ring and we control it 
through LAN. 

• We develop a signal switching box that can be 
controlled through LAN. 

The block diagram of the system is shown in Fig. 5. 

OVERVIEW OF SIGNAL SWITCHING 
BOX 

The signal switch box is shown in Fig. 6 and 7. The 
total number of the BPM electrodes in UVSOR is 96, but, 
as the first step, we have constructed a system in which 
only signals from 8 BPM heads can be treated.  

Since the BPM signal is a weak (tens of mV to sub-
mV) high-speed pulse (hundred ps bunch length 
corresponds to several GHz in frequency region) by 
electron beam circulating about 90 MHz, we have used 
coaxial switches (CCR-33-506 and CCR-38, TELEDYNE 
COAX SWITCHES) to switch signals at low attenuation.

We had also considered using semiconductor switches. 
However, as shown in Table 5, since generally losses of 
coaxial switches were less and wider frequency bands 
than those of semiconductor switches, we decided to use 
coaxial switches. 

Figure 3: Electrodes of BPM. 

Figure 4: Layout of electrodes. 

Bending section Straight section 

Kx (mm) 12.89 13.61 

Ky (mm) 41.84 26.6 

Frequency Attenuation (dB/100m) 

100MHz 6.04 

1000MHz 19.8 

Figure 5: Block diagram of BPM system. 
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Table 4: RF Parameters of Coaxial Switches [3] and 

First, we select 4 X 4 = 16 from 8 X 4 = 32 BPM 
signals by SPDT (Single-Pole Double-Throw) type 
coaxial switch. Next, we select 1 X 4 = 4 by SP4T 
(Single-Pole 4-Throw) type coaxial switch. We record 4 
signals from one BPM head by 4-channel digital 
oscilloscope (5GHz sampling frequency, 1GHz / 2GHz 
analog signal band) while selecting the BPM heads one 
by one. The data was analysed off-line. 

REMOTE CONTROL OF SWITCHING 
BOX 

We decided to control the coaxial switches by a 
microcontroller, which can be controlled remotely 
through LAN. 

There are a variety of microcontroller products, with 
some differences in CPU, clock frequency, the number 
and type of peripherals, and the number of pins. This time, 
we have adopted ‘mbed’. 

 The ‘mbed’ is the ARM microcontroller development 
kit by NXP semiconductors. ARM microcontroller is a 
generic term of a microcontroller core design information 
(IP: Intellectual Property) of the ARM company in UK. 
Semiconductor companies sign licensing agreements with 
ARM company, product and sell ARM microcontrollers 
by adding original peripherals [4]. The ‘mbed’ has a 
variety of functions shown in Table 5 with Cortex-M3 
core, which is one of the 32 bit ARM microcontroller. We 
connect the ‘mbed’ to a PC with USB, transfer the 
program that we have developed.  

We program the ‘mbed’ with C language. The 
Integrated Development Environment (IDE) of the ‘mbed’ 
is on the Web server and run on a Web browser. In this 
environment which is generally called to ‘Cloud 
Computing’, we can develop regardless of Operating 
System of PC if we have an internet connection [5].

Table 5: Key Features of the ‘mbed’ [6] 

  
The ‘mbed’ can be connected to LAN by simply 

connecting to the LAN connector. The device control 
through LAN often requires expertise, such as TCP/IP, but 
the control application for the BPM system was 
constructed in HTML (and CSS) which implements 
JavaScript library that can handle multiple I/O ports. In 
other words, we can construct it like a general web page. 

First, we store necessary files for the ‘mbed’. When we 
access the ‘mbed’ from the web browser, the ‘mbed’ 
responds as HTTP server, a control application is 
displayed in web browser. By using the application, we 
can control the coaxial switches by controlling I/O ports 
of the ‘mbed’ via JavaScript library.  

PERFORMANCES 
An example of the observed BPM signal waveform is 

shown in Fig. 8 . An  example  of injection beam trajectory 
is shown in Fig. 9. The data are simply processed by Eqs. 

Figure 6: Signal switching box (front view). 

Figure 7: Signal switching box (inside). 

Products Frequency Insertion Loss 
 (max) 

CCR-33-506 DC-6GHz 0.2dB 

CCR-38 DC-6GHz 0.2dB 

Semiconductor DC-2.5GHz 3.8dB 

CPU ARM Cortex-M3 

Processing speed 100MHz, 120MIPS(max) 

Memory 512kB Flash ROM, 64kB SRAM 

Ethernet 10/100BASE-T 

USB USB2.0 OTG 

A/D converter 12bit X 8 

D/A converter 10bit 

Certain Semiconductor Switch 
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(1) and (2), using the peak voltage obtained from the 
waveform as shown in Fig. 8, and no compensation for the  
non-linear responses is applied. 

The betatron tune could be also determined by 
observing multi-turn orbit. At present, �x is 3.7 and �y is 
3.2 (Fig. 10). This was very  useful  during  the 
commissioning. 

An example of accuracy check is shown in Fig. 11 using 
a stored beam. The fluctuation is typically around sub-
millimeter, whereas periodic fluctuation is clearly seen. 
The period is 5 turns, and this is simply due to the fact 
that beam revolution period is not integer multiple of the 
sampling period of oscilloscope. Divergence in the 

position data also should depend on the mismatch of the 
lengths of each cable for 4 electrodes. 

Figure 10: Measured beam position for first three turns 
after injection. 

Figure 8: An example of BPM signal waveforms from 
a BPM head. 

Figure 9: An example of measured injection beam 
trajectory. 

Figure 11: Turn-by-turn BPM data of the stored beam.
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CONCLUSION AND FUTURE PLAN 
We have developed a turn-by-turn BPM system as 

switching the BPM signals through LAN with coaxial 
switches and the ‘mbed’. It was demonstrated that the 
system was very powerful to achieve the beam storage at 
the commissioning. 

We have some following future plans to improve the 
BPM system. 

First: Improvement of accuracy by adopting advanced 
data processing to extract more exact peak of waveform 
and improve the accuracy of beam position. 

Second: Expansion of the switching system to deal with 
24 BPMs. Another switching system to switch signals to 
ordinary BPM or turn-by-turn BPM. 

Third: Full automatic and fast data acquisition and fully 
automated data processing. 
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APPLICATION OF EMMA BPMS TO THE ALICE ENERGY RECOVERY 
LINAC

A. Kalinin , D. Angal-Kalinin, F. Jackson, J. K. Jones, P. H. Williams, #

ASTeC, STFC Daresbury Laboratory, Warrington, U.K

Abstract
The ALICE Energy Recovery Linac Arc1 button 

pickups have been recently equipped with EMMA BPM 
electronics. These EPICS VME BPMs give bunch-by-
bunch information about charge and position, allowing 
investigation of beam dynamics in ALICE in different 
modes of operation. A Mathematica program is designed 
to monitor statistically individual bunches (spacing 
61.54ns) as well the train as a whole (up to 1625 
bunches), allowing the study of jitter and position stability 
of the beam through the Arc1. The Arc1 has been 
designed to be isochronous, with the bunch compression 
achieved through a separate dedicated bunch compressor 
chicane. The Arc1 incorporates two sextupoles for 
correcting non-linear longitudinal matrix terms and 
experimental evidence suggests that the off-centred beam 
in the sextupoles breaks the linear isochronicity. We 
present some beam measurement results collected in 2012 
using these BPMs.

INTRODUCTION
The ALICE (Accelerators and Lasers In Combined 

Experiments) facility, shown in Fig.1, is an energy 
recovery test accelerator operated at Daresbury 
Laboratory since 2006 [2]. 

The accelerator consists of: a photoinjector with DC 
gun (up to 350 keV); buncher and superconducting 
booster (typically 6.5 MeV beam energy); an energy-
recovery loop (typically 26 MeV beam energy) containing 
a superconducting linac module; a bunch compression 
chicane; and an FEL undulator.  

The main demands on the ALICE beam dynamics and 
beam quality come from the IR-FEL and the coherent 
THz emission from the compression chicane used for 
dedicated experiments.  By design the ALICE lattice 
consists of an isochronous first arc (Arc1), a bunch 
compressor with R56= –0.28m, and a second arc with R56
= +0.28m. The arc design is based on triple bend 
achromats (TBA) [3], and the R56 is tuneable by the 
strengths of quadrupoles within the arc. 

The R56 of Arc1 strongly influences the post linac 
bunch compression. This has been consistently observed 
in both THz as well as FEL setups. Due to a previous lack 
of reliable beam diagnostics in Arc1, it has not been 
possible to investigate beam dynamics in detail, 
especially through the sextupoles, which are needed to 
provide second order correction. It has consistently been 
observed that the two sextupoles steer the beam and 
modify the transverse optics, making Arc1 non-

isochronous and affecting the beam dynamics in the 
transverse as well as longitudinal planes. FEL lasing was 
found to be very sensitive to the setting of the first 
sextupole, whereas the second sextupole has never 
demonstrated any improvement in either the FEL or THz 
setups. 

In order to understand the beam dynamics in Arc1 and 
the chicane, the pickups 01 to 06 in Arc1 (see inset of Fig. 
1), and an additional pickup in the chicane, have been 
recently equipped with EMMA BPM electronics. It is 
possible to connect any five (from seven) pickups to the 
electronics at a time. These BPMs provide information 
about misalignments and trajectory errors in Arc1 as well 
as providing bunch-by-bunch and train-to-train 
information about charge and position. 

Additional information from the time-of-flight (ToF) 
measurements [4] combined with these observations 
should be able to provide a better understanding of beam 
dynamics, and help in explaining the current performance 
limitations.  

We present here the first experimental results obtained
using these BPMs, and describe the details of BPM 
capabilities and the Mathematica processing program
used for analysis.

BEAM POSITION MONITORS
One of the ALICE functions is to deliver beam to a NS-

FFAG EMMA. EMMA’s BPMs [1] are designed for turn-
by-turn measurements (turn is 55.2ns). Four of them of 
the same type are used in the ALICE to EMMA Injection 
Line to monitor a single bunch train from ALICE. These 
BPMs were modified to work with ALICE many-bunch 
trains, which is useful for injection tuning and opens the 
possibility to apply these BPMs to ALICE as well. The 
ALICE train bunch rate can be set to (1.3GHz/16)/N,
where N=1, 2, ... is an integer. For most of ALICE 
experiments, N=5 (bunch spacing T=61.54ns). This rate 
has been used for the BPM measurements below. The 
train length was up to 1625 bunches (which is typical for 
IR-FEL operation). The bunch charge was in the range 
(30 to 60)pC.

The Arc1 and chicane pickups are rectangle pickups 
with two pairs of horizontal buttons symmetrically spaced 
from the x, y planes. In the measurements below we
calculated the beam offset in the simplest way using a
formula ((V11-V12�V21±V22))/�, and the charge simply 
as �=V11+V12+V21+V22. The pickups have no 
fiducials, so the relative positions of the BPM centres to 
the quadrupole centres, or the beam pipe, are unknown.

Each two-plane BPM (see [1]) comprises two Front-
Ends placed near the pickup. Each of them works with 
two opposite button signals. It first converts them into 

___________________________________________
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compact 700MHz three-period packets and then 
multiplexes the packets in the time domain into one 
channel. 

The doublets are transmitted through low loss cables to 
a remote two-channel VME card. In each channel, the
bunch-by-bunch doublets are amplified, detected, 
measured, and then stored in memory. After the last 
bunch, the card sets the number of detected bunches to be 
read by EPICS, and then generates a VME interrupt.
Next, each memory is read by EPICS in the time between 
successive injections (max. 10Hz rate). 

The Arc1 BPM resolution (on the thermal noise plateau 
�������	

������	����������������������
������������

The BPM output provided by the Mathematica program
is given in Fig. 2.

Figure 2: BPM-01 readings (the photo-injector laser is set 
nominally to 30pC bunch charge). The horizontal axis is 
the bunch number. The upper plots are transverse bunch 
offsets. The left lower plot is the bunch charge (arbitrary 
units), the right one is an auxiliary plot of two pairs of
button signals as measured by the ADCs.

MATHEMATICA PROGRAM
Analysis of the BPM signals is performed in the 

Mathematica programming environment [5]. A windows 

.NET interface (via ActiveX controls) to the underlying 
EPICS control system allows the reading of BPM 
voltages at several Hz, but not at the 10Hz train repetition 
rate. A much faster native .NET EPICS interface is also 
available, but does not currently allow passing of the 
required array data. This is a planned upgrade, and would 
allow BPM readings to be taken at least as fast as the train 
repetition rate. Voltage to beam position calculations are 
performed within Mathematica, so allowances for BPM 
geometry and scaling can be varied external to the control 
system. Control of BPM electronics variables, such as 
delays and channel attenuations, can be done directly 
from the Mathematica front-end. The Mathematica 
environment allows for rapid analysis of the beam 
position data, including FFT analysis, jitter analysis and 
automated parameter scans. An interface to several optics 
and tracking codes (MAD, Elegant and GPT), can also 
allow the simulation of beam dynamics issues, at the 
same time as experimental data is being taken and 
analysed. Work has been performed to confirm the 
feasibility of a feedback system within Mathematica, but 
is not implemented due to the limited number of BPMs 
currently available.

BPM READINGS ANALYSIS
The readings presented in Fig. 2 show typical beam 

behaviour. With imperfectly tuned energy recovery, a 
global slope appears on BPMs located in the dispersive 
regions. 

All plots show an initial ‘jump’, and ‘ripple’ of various 
kinds. The first task is to try to identify the sources of 
each component, whether it comes from the beam or it is 
a feature of the BPM(s). Next, at least, should be to 
outline further investigation. 

In Fig. 3, DFT spectra of two pairs of pickup voltages 
given in Fig. 2 are shown, where full frequency range (0 
to 8)MHz is divided into low (0 to 350)kHz and high (0.3 
to 8)MHz frequency ranges. The DFT resolution is 
10kHz. Spectra of other BPMs are similar.

One can see that the ripple of any kind is present in 
each signal, independently of the button/channel number. 

Figure 1: Layout of the ALICE accelerator (magnified Arc1 layout in a box on the right).
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DFT applied to transverse and charge readings results in 
spectra that differ from pickup voltage spectra.

Figure 3: DFT spectra (arbitrary units) of pickup voltages 
given in Fig. 2. The DC components are subtracted. 

Low requency Ripple
Consider the low frequency range in Fig. 4. It looks 

that the minor peaks near 300kHz in all three plots are 
produced by DC-DC converters of BPM VME cards, that 
feed analogue electronics. According to the datasheet, the 
switching frequency of the converters lays near 300kHz. 
In the charge plot in Fig. 2, this ripple is seen as a faster 
oscillation (period is about 55 bunches).

In the charge spectrum, the peak (20 to 30) kHz is 
probably produced by a ripple of the ALICE DC gun high 
voltage, which is obtained from a switch-mode PS. Its 
switching frequency is just about 20kHz. [6] This ripple 
(period is about 800 bunches) is practically not 
recognizable in Fig. 2. Gun voltage variation causes 
electron energy variation, and this can cause loss of 
electrons due to changes in longitudinal (and transverse)
dynamics, which in the gun region is highly sensitive to 
electron velocity, space charge, etc. In addition, the 
energy modulation should directly manifest itself in the 
transverse plane in dispersive regions.

The peaks (60 to 80) kHz in the charge spectrum 
correspond to a slower oscillation in Fig. 2 (period is
about 300 bunches). This oscillation that can also be seen 
in the Faraday Cup signal, and is assumed to be due to the 
photo-injector laser pulse-to-pulse power variation.

Peaks in the transverse spectra in the range (30 to 200)
kHz appear to be produced by a magnetic field ripple of 
the ALICE dipole and quadrupole magnets (in the 
horizontal plot of Fig. 2, an oscillation of 170 bunches 
period corresponds to a most prominent peak at 
~100kHz). We have observed that this ripple depends on 
magnet current settings.  The magnets are fed from 
various types of switch-mode PSs, with switching 
frequency ranges from 20kHz to 80kHz [6]. One can 
suppose that stray magnetic field from a magnet in this 
frequency range can affect the beam through some
adjacent thin-wall bellows. One can see that a low 
frequency ripple in the charge reading does not penetrate 

into the transverse plane and it can be concluded that the
routine intensity normalisation in the BPM does not 
generate errors in the transverse plane.

Figure 4: DFT of x, y, and charge BPM-01 readings. A
low frequency range is shown. The frequency axis is in 
Hz. 

High  requency Ripple
In the high frequency range (see Fig. 5), the most 

prominent peaks in the transverse plane are about 6MHz 
(in Fig. 2, this three-bunch-period oscillation is seen as 
some ‘hair’ but is well recognizable as a fast ripple in the 
plots of Fig. 6 below). The plots of three BPMs were 
obtained from three measurements done in different 
times. Note each peak is accompanied by a smaller side 
peak separated by 50 kHz.

Figure 5: High frequency peaks in three BPMs (BPM01 
blue, BPM03 magenta, BPM04 brown).  

The origin of this high frequency oscillation, which is 
mostly prominent in the transverse plane and variable in 

F

F

Proceedings of IBIC2012, Tsukuba, Japan MOPA30

Beam Position Monitor System 119 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



strength for each pickup, is not clear. We noticed that in 
the beginning of our BPM run on ALICE, this fast 
oscillation amplitude was considerably lower than that in 
the data taken presented here. One can carefully suggest 
that the oscillations might be caused by a dipole TM 
mode that is excited by off-centre bunches in the 
buncher/booster/linac RF cavities. In the BPM, this 
oscillation is under-sampled by the ADC which brings the 
frequency down. Note such purely transverse oscillation 
can manifest itself in the charge as well, due to, for 
instance, imbalance of propagation times in cables, etc. 

The ripple of various kinds above exceeds several times 
the BPM thermal noise position resolution. For some 
bunch-by-bunch measurements on ALICE this accuracy 
deterioration is still not decisive. Further investigation 
using both beam-based models of the accelerator, as well 
as engineering analysis of the BPMs, is required to obtain 
a fuller picture of the noise seen.

Charge Transient: Transverse  lane Transients.
All three transients seen in Fig. 2 are shown in detail in 

Fig. 6. A charge increase over first forty bunches seen in
Fig. 6, is a feature of the photo-injector DC gun and has 
been observed in the Faraday Cup signal as well. 
Attributing the transients in the transverse plane to BPM 
intensity normalisation error only does not look correct
because, as shown above, the leakage of charge ripple 
into the transverse plane is low. This conclusion is 
supported by the fact that for a selected charge transient, 
the polarity and height of the transverse transients can be 
somewhat varied depending on the specific ALICE 
tuning. The transients observed require further 
investigation.

Figure 6: Transients in BPM-01.

JITTER MEASUREMENTS
The BPMs were used for preliminary measurements of 

the transverse horizontal beam jitter at different locations 
in the lattice.

Two locations were used at first, BPM-01, at the 
entrance to Arc1 where the dispersion is small, and BPM-
05, at the entrance to the final dipole in Arc1, where the 

dispersion is large. Measurements of jitter were taken 
over 100 trains. To remove the effect of initial transients, 
the first 100 bunches in each train were discarded in the 
analysis.  

The bunch-to-bunch jitter within a train was found as 
simply as bunch-to-bunch position rms of all bunches in 
all 100 trains (for each train the centre of mass position is 
subtracted). The results are shown in Fig.7.

Figure 7: Distribution of bunch-to-bunch position 
variation in 100 trains of 1500 bunches for BPM-01
(blue) and BPM-05 (magenta).

The bunch-to-bunch jitter rms on BPM-01 (BPM-05) 
was found to be 60 �m (220�m). At present it is not 
possible to conclude quantitatively the relative 
contributions of different beam-sizes and dispersions at 
the two BPMs to this jitter, since the lattice optics are not 
well known. In addition, on BPM-05 a significant slope of 
position was observed over the train (probably due to 
imperfect energy recovery conditions) which further 
complicates the analysis.

Thus, jitter measurements need to be carefully 
examined alongside additional information on lattice 
optics and beam loading to provide meaningful 
information. The fast BPMs provide new scope to pursue 
these studies on ALICE, and which were previously 
infeasible. In addition, it is envisaged to use these 
measurements in combination with fast diagnostics on the 
ALICE IR-FEL radiation to further explore the effects of 
this beam jitter on the beam dynamics of the FEL. 

BEAM ORBIT AND DISPERSION 
MEASUREMENTS

Beam orbit through the arc was measured by switching 
on/off the arc quadrupoles. The horizontal beam orbit in 
the quadrupoles varies from fractions of a mm up to 8 
mm. The next stage will be to carry out beam based 
alignments using these BPMs. This will then allow us to 
correct for second order terms using the sextupoles, as 
was originally envisaged. 

Dispersion was measured in Arc1 by changing the beam 
energy using the gradient of the first linac cavity (LC1).
For a central beam kinetic energy of 26 MeV, a unit 
change of LC1 grad set gives a 1.07 % change in beam 
momentum. LC1 gradient was changed from 33 to 36
(~3% energy variation), with a nominal gradient set at 
35.3 for a beam kinetic energy of 26 MeV. The measured 
dispersion at entry to the arc (BPM01) was found to be
~25mm instead of zero. This is likely to be due to leaking 

P
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of some dispersion from the injection line. The dispersion 
was measured on BPMs 02-05 with and without 
switching on the sextupoles. The dispersion measurement 
results are shown in Fig.8. The setting of SEXT01 to 3A 
corresponds to an actual FEL setup (where linearisation 
and compression of the electron bunch is important).
SEXT02 does not normally show any improvement in the 
FEL setup and is also set up at 3A for these measurements
to understand its effects.

The linear dispersions are compared against simulations 
in Table 1. Due to low dispersion at BPM03 and 04 
locations, the second order dispersion contribution shows 
a slight curvature on the data. Since the beam passes off-
axis in the sextupoles, as alignment studies in the arc 
demonstrate, switching on the sextupoles change the 
linear dispersion (through quadrupole kick) as well as 
increases the second order dispersion.

Figure 8: Dispersion Measurements at different BPM 
locations. S1(2)_3A is for SEXT01(02) at 3A. Fitted 
equations are shown next to the legend for each case.

Table 1: Linear Dispersion in Arc1

Location Simulated 
Dispersion (m)

Experimental 
Dispersion (m)

BPM01 0.0 0.025

BPM02 0.33 0.352

BPM03 -0.0968 -0.068
+0.068 with S1=3A 

BPM04 -0.08521 -0.080
+0.025 with S1=3A 

BPM05 0.3424 0.356
0.214 with S1=3A 
0.323 with S2=3A 

CONCLUSIONS
Several EMMA BPMs have been modified to work 

with ALICE bunch trains to give bunch-by-bunch and 
train-to-train information about charge and position. 
Analysis of BPM signals is done through Mathematica
program. In a bunch-by-bunch picture, the BPM readings 
show an initial jump and ripple of various kinds. Analysis 
of these peculiar features point us to investigate several 
ALICE technical systems as well as the BPMs 
themselves, which we plan to do in future ALICE 
runs. The BPMs provide us with useful information about 
bunch-to-bunch and train-to-train jitter, and correlating 
this information with ALICE IR FEL detector will 
enhance our understanding of transverse/longitudinal 
dynamics in ALICE. The experimental data confirms that 
the beam trajectory in Arc1 is significantly off-centred, 
explaining the observations of difference in ToF 
measurements when sextupoles are switched on. We also 
see significant differences to linear and second order 
dispersion due to off-centred beam in the sextupoles.
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DESIGN AND FABRICATION OF THE STRIPLINE BPM AT ESS-BILBAO  

S. Varnasseri, I. Arredondo, D. Belver, F.J. Bermejo, J. Feuchtwanger, N. Garmendia,                    
P.J. Gonzalez, L. Muguira, ESS-Bilbao, Leioa, Spain 

V. Etxebarria, J. Jugo, J. Portilla, University of the Basque Country, UPV/EHU, Leioa, Spain 

Abstract 
A stripline-type BPM has been  designed and built at 

the ESS-Bilbao premises. The design is based on 
traveling wave electrodes principles to detect the 
transverse position of the beam enclosed within the 
vacuum chamber. In the design of stripline setup, it has 
been considered to keep the comparison conditions with 
previously used pick-ups as similar as possible. The 
length of strip electrodes is 200 mm and the coverage 
angle is 0.952 rad. The structure is rotationally π/2 
symmetric and the alignment of electrodes are π/4, 3π/4, 
5π/4 and 7π/4.  The design is optimized for a frequency of 
352 MHz, however it can function on a wide range of 
frequencies out coming from the measurement results. 
Striplines in general have well defined behavior even for 
low beta and low intensity beams as well as functionality 
at low and high frequencies. A report on the design and 
characteristics measurement of stripline is presented 
which includes the frequency range, the effect of 
insulation of electrodes, the electrode response as well as 
their sensitivity to beam power and position. 

INTRODUCTION 
The ESS-Bilbao (ESSB) project comprises a light-ion 

linear accelerator feeding a low-energy neutron source. 
Beam Position Monitors (BPMs) are some of the 
diagnostic  systems under current development. A first 
stage in such an endeavor was the full development of a 
Button Pick-up  BPM prototype [1] which attained full 
performance specification. The main drawback of button 
pick-ups  concerns their weak sensing response at low 
energy and low beta beams such are the ones already 
under consideration within ESS-Bilbao. To overcome 
such difficulty, in collaboration with the Department of 
Electricity and Electronics of the University of the 
Basque Country (UPV/EHU), we have designed, built and 
tested a stripline monitor consisting of four electrodes as 
schematically shown in Fig.1. The implementation of this 
BPM system includes the pick-ups and stripline BPMs, 
the test stand for simulating beam conditions, the analog 
and digital electronic units and the control system [1]. 
The control system integrates the BPM system into the 
Experimental Physics and Industrial Controls System 
(EPICS) [2] network of the accelerator. 

GENERAL DESIGN AND 
CONSIDERATIONS 

The electromagnetic structure of the stripline BPM was 
separated into two smaller structures for the ease of  the 
electromagnetic simulation [3]. One structure includes the 
tube and electrode strips and the second structure 

comprises the transitions and feedthroughs. The criteria of 
maximum sensitivity at the ESSB RF frequency of 352 
MHz and the 50 Ω impedance for the elements are taken 
as constraints to the design. The rigid N-type feedthrough 
with long signal pin is chosen as also the signal feed out 
from stripline to the electronics via coaxial cables. The 
transition from the strip electrode to the feedthrough was 
simulated and optimized in order to minimize the signal 
reflection in both ways. The optimum length of electrode, 
for which the sensitivity of the signal to the beam 
displacement is maximum, occurs at a signal walk equal 
to one quarter of wavelength of the exit beam. The 
stripline tube inner diameter is 57 mm and the length of 
strip electrodes is 200 mm, while the azimuthal coverage 
angle is 0.952 rad. Increasing the coverage angle could 
result in signal integrity deterioration due to coupling 
between adjacent strip electrodes. The assembly angles of 
strip electrodes are π/4, 3π/4, 5π/4 and 7π/4. This 
corresponds to a π/4 rotation of the stripline block around 
the beam axis in order to be fitted easily on the test stand.  

 
Figure 1: 3D schematic of the stripline BPM. 

 
Figure 2: Stripline BPM fabricated electrodes 
configuration. 
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STRIPLINE MEASURED 
CHARACTERISTICS 

To perform the measurements of the BPM system, a 
test stand has been developed at ESSB and UPV/EHU to 
allow  assembling a stripline BPM block. 

BPM Test Stand 
For the laboratory tests, a copper rode with a diameter 

of 9 mm was inserted inside the stripline block and 
located initially at the transverse center of the stripline 
block. In the absence of real beam, this rode carries the 
RF signal and mimics the bunched beam at the specific 
frequency. The relative position of the internal rode 
simulating the beam can be changed with respect to the 
outer tube within a range of ∼20 mm for both X and Y 
planes with positioning steps less than 10 µm. 

Characteristics Impedance 
The copper rode ends with a 50 Ω load. The upstream 

ports of the  stripline are terminated with a 50 Ω load 
when not in use; while the downstream ports have short 
circuit terminations. Fig. 3 shows the Smith chart of one 
strip electrode. Since the four electrodes are almost 
identical, data shown in one graph also represents the 
other three electrodes. The red dot corresponds the 
location of working frequency of 352 MHz. It shows the 
characteristic impedance of around 50 Ω up to 1.5 GHz.  

 
Figure 3: Smith chart for one stripline electrode. 

Electrodes Insulation 
In general terms, highly insulated  electrodes should 

translate into lower coupling and thereby higher accuracy 
of the beam position monitoring. In contrast, high 
coupling values between electrodes increases the non-
linearity of the sensitivity curves, which complicates the 
extraction of accurate information on the beam position 
from the electrode signals. The Fig. 4 shows that the 
insulation between two adjacent electrodes is 21 dB and 
for the opposite electrodes is 34 dB at 352 MHz. This can 
be translated onto the values for the coupling between 
adjacent and opposite electrodes at the corresponding 
frequency. This corresponds to a 0.9% voltage coupling 
between adjacent electrodes at 352 MHz [3]. 
 

 
Figure 4: Measured insulation between electrodes of the 
stripline. 

Frequency Response 
The response of the electrode strips to a 0 dBm 

centered beam at different frequencies up to 3 GHz was 
measured and it is shown in Fig. 5. The plot is expected to 
show peaks at values corresponding to odd harmonics of 
RF frequency (1st, 3rd, …) and minimum responses at 
even harmonics of the RF frequency (2nd, 4th,…). The 
measurement results also agree with a peak response (-14 
dBm) at 352 MHz and a minimum response (-38 dBm) at 
the second RF harmonic. 

 
Figure 5: Stripline response to beam frequency variation. 

STRIPLINE RESPONSE TO BEAM 
CURRENT VARIATIONS 

In order to test the linearity of the stripline response to 
beam current variations, RF signals ranging from -40 
dBm to 15 dBm were inserted into the central rode of the 
stripline which represents the beam on the test stand. The 
Fig. 6 shows the measured power from each electrode of 
the stripline together with its linearity to beam current 
variations. It is also worth mentioning that the stripline 
electrode signal magnitude is strongly dependent upon its 
distance to the beam center as well as to the beam 
frequency. In real numbers, such a magnitude for 
measurements carried out at our test stand has yielded a 
value of -15 dBm for a 0 dBm, 352 MHz beam.    
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Figure 6: Measured input and electrode signal variation. 

LINEARITY OF X/Y POSITIONING 
The Fig. 7 shows the measured linearity of the position 

reading in horizontal and vertical planes at the bunch 
frequency of 352 MHz. The displacement data was 
acquired only within one plane, while the  beam position 
was kept unchanged within the other plane at the same 
time. This measurement scheme was repeated for 
horizontal and vertical planes and relevant data pertaining 
the instantaneous reading of beam position were taken. 
The Fig. 7 shows the linear sensitivity curves near the 
transverse center for X/Y planes. However the non 
linearity shows up as the distance from the center of the 
stripline is increased. The fitted values correspond to the 
slopes of the straight lines and yield 0.977 and 0.997 for 
horizontal and vertical planes respectively. 

 
Figure 7: Linearity in X and Y planes at 352 MHz. 

STABILITY MEASUREMENTS 
In order to perform long term stability measurements of 

the position measurement at horizontal/vertical planes and 
phase, the whole system is left operating overnight within 
a relatively quiet location, using the electronics system 
developed for the BPMs [4]. The room temperature of the 
measurement laboratory was also recorded during the 
measurement time; although the ambient temperature was 

not controlled. The gathered data are then analyzed using 
procedures developed in Matlab® from where the long 
term stability for horizontal/vertical planes and phase are 
extracted. No meaningful correlation between 
temperature variation and the position stability of 
readings was found. The measurement was repeated for 
the two reference frequencies of 352 MHz and 175 MHz. 
At 352 MHz, the input beam power to the rode inside the 
stripline was -23 dBm, which corresponds to -35 dBm in 
the Logarithmic Amplifiers (log amp) of the Analog 
Front-End (AFE) unit, based on the data from Stripline 
characteristics measurement.  

 
Figure 8: Long term stability measurement of horizontal 
position at 352 MHz. 

For a total time of 11 hours running the system which 
corresponds to 3.3 M samples, the rms values for stability 
in horizontal and vertical planes was found to be 9.9 µm 
and 9.4 µm respectively (Fig. 8). With the same number 
of samples, the rms for phase stability was 0.38o. For the 
short term stabilities of the position and phase of the 
whole system, 10 k continuous samples of each parameter 
were also acquired. The rms values for stability in 
horizontal and vertical planes was found to be 6.4 µm and 
5.7 µm respectively. The rms of phase stability was less 
than 0.1o at 352 MHz. The input power to the stripline 
block was -12 dBm which corresponds to -24 dBm signal 
level to Log-Amp of AFE unit. 

ONCOMING PLANS 
In order to characterize the behaviour of stripline type 

and button pick-up type of BPM system, both types of 
responses to different beam conditions are being 
measured and the results will be reported in a separate 
publication. 
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IMAGE PROFILE DIAGNOSTICS SOLUTION FOR THE TAIWAN 
PHOTON SOURCE 

C. Y. Liao#, C. H. Kuo, C. Y. Wu, Y. S. Cheng, Demi Lee, P. C. Chiu, K. H. Hu, K. T. Hsu 
NSRRC, Hsinchu 30076, Taiwan

Abstract 
TPS (Taiwan Photo Source) is a third generation 3 GeV 

synchrotron light facility, featuring ultra-high photon 
brightness with extremely low emittance which will be a 
state-of-the-art synchrotron radiation facility and is being 
in construction at National Synchrotron Radiation 
Research Center (NSRRC) campus. Beam image profile 
and its analysis play an important role in beam 
diagnostics of a particle accelerator system. However, due 
to the CCD image collection devices are distributed 
around the linac, booster, and storage ring, a distributed 
EPICS system based image profile diagnostics solution 
was proposed, which are based on GigE Vision camera 
with PoE support. This solution provides an easy way for 
cabling, and delivery adequate performance. 
Implementation plan for the TPS and results of prototype 
test at existed facility to examine functionality of 
hardware and software will be summarized in this report. 

INTRODUCTION 
The TPS is a state-of-the-art synchrotron radiation 

facility featuring ultra-high photon brightness with 
extremely low emittance [1]. Civil construction was 
started from February 2010. The building will be finished 
in 2012. Machine commissioning is scheduled in late 
2013. User service will start from 2014. The TPS 
accelerator complex 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. The storage ring has 24 DBA 
lattices cells with 6-fold symmetry configuration. The 
latest generation diagnostic systems will equip to help 
TPS achieve its design goals.  

To optimize the machine operation and diagnostic 
applications, the beam profile and its analysis play an 
important role in the beam diagnostics of a particle-
accelerator system. The use of a destructive (fluorescent 
screen, YAG:Ce, Y3Al5O12 [2]) or non-destructive 
(Microchannel plate, MCP [3]) screen monitor, or a 
synchrotron radiation monitor [4] to measure the beam 
profile is a simple mechanism that has been widely used 
in synchrotron facilities. The beam-profile image conveys 
extensive information about beam parameters, including 
the beam centre, sigma, tilt angle etc. As is customary, the 
beam profile as a two-dimensional (2D) image is recorded 
with cameras. The fluorescent screens that convert the 
flux density of the beam into a measurable signal as a 
function of position, and a charge-coupled device (CCD) 
camera for image acquisition, are used in applications of 

this kind. Thanks to inexpensive CCD cameras and the 
availability of computer technology, the obtaining, 
storage and analysis of 2D images has become easier and 
quicker. The images of the beam as recorded with 
cameras are most conveniently represented as light 
intensity with 2D circular or elliptical Gaussian 
distributions. 

In this report, a distributed EPICS system based image 
profile diagnostics solution was proposed, which are 
based on Gigabit PoE (Power over Ethernet) embedded 
vision system with PoE camera. This solution provides an 
effective way to simplify wiring, and increased 
performance, load independence and reliability, which 
can be used at various places such as screen monitor, 
synchrotron radiation monitor, ICCD, and streak camera, 
as a standalone image acquisition and processing system. 

OVERVIEW OF INFRASTRUCTURE  
The infrastructure is developed by using a Gigabit PoE 

embedded vision system installed the EPICS IOC and 
integrated with Matlab program to build up a data 
acquisition and processing system. For the beam 
diagnostic application, this system is responsible for the 
beam profile acquisition from fluorescent screen, gated 
ICCD or streak camera, and used to analysis to find the 
beam characteristic data. The infrastructure employed can 
be divided into hardware and software components as 
described in the following subsections. 

Vision System and Camera  
In the image profile diagnostics solution, a Gigabit PoE 

embedded vision system (ADLINK, EOS-1200 [5]), as 
shown in Fig. 1, was used instead of traditional computer 
and switch. This device is a rugged and compact 
embedded vision system equipped with the 2nd generation 
CPU (i7) and four independent PoE ports. It also supports 
a rich I/O capability, including four serial ports 
(RS232/422/485), two USB 3.0 ports, 32 PNP/NPN 
isolated digital I/Os, which make it ideal to integrate, and 
deploy with other subsystem for system development.   

 
Figure 1: Gigabit PoE embedded vision system. 

  ___________________________________________  
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Two type of GigE Vision PoE cameras are available 
which consist of square pixel size of 7.4 μm × 7.4 μm and 
3.75 μm × 3.75 μm for low-precision measurement of 
screen monitor at linac, LTB, BTS, booster, and high-
precision measurement of synchrotron radiation monitor 
at storage ring. The cameras have software and external 
trigger input port which can be used to capture image by 
software control or receive trigger signal from event 
based timing system [6] for periodic data acquisition. Due 
to we are interested in the intensity of the beam profile, 
the monochromatic mode of this camera was used in this 
application. The GigE Vision camera is connected with 
Gigabit PoE embedded vision PC by Ethernet interface to 
build up local area network. The CCD power can be 
controlled via the PoE manager function for device 
resetting. 

Software 
The Gigabit PoE embedded vision system, running a 

Linux operating system based on EPICS, is designed as 
an IOC (Input / Output Controller) for data capture, 
analysis, and other devices control. For one of the 
applications (screen monitor), the block diagram of 
software (IOC, Matlab, and GUI) and hardware 
configuration is shown in Fig. 2. There are three EPICS 
IOCs build-in which responsible for CCD image capture 
and parameter control, analysis results storage, and 
motion stage control, respectively. One analysis program 
constructed by Matlab running on host can get raw image 
array from IOC1 and analysis the key parameters (sigma, 
center position, tilt) then write into IOC2. All the 
variables are the EPICS PVs which can remote set/get 
whole parameters via channel access (CA). A graphical 
user interface was developed to control/monitor the 
system. 

CCD

IOC2
Parameters & Results
(ROI, M-factor, Sigma(i), 

Image(i), …)

Matlab
Analysis Program

Matlab
Graphical User Interface

(Delay Time Control, CCD Parameters Control, 
Analysis Results Access)

IOC1
areaDetector

Data Acquisition & Analysis Platform

TLS
Control System

Stage

IOC3
Motion Control

Controller

Advance Control (Password)

 
Figure 2: The block diagram of software and hardware 
configuration. 

Users Interface 
The user interfaces are constructed by Matlab GUI. The 

layout of the Matlab display GUI for screen monitor is 
shown in Fig. 3. Through the Channel Access (CA, 
LabCA) [7], the Matlab program can read/write the 
database records. The GUI can run in multiple clients 
simultaneously and read the analysis results from EPICS 

IOC and display them in the window. The GUI contains 
six parts: menu, toolbar, control panel, fitting results, 
projected profile, and raw image. The menu and toolbar 
provide save data, colormap change, ROI specify, 
simulation, reset and close program, and zoom in/out 
functions. In the control panel it contains active the 
program, 3D viewing, multi-exposure, and background 
subtract functions. The fitting results area contains sigma 
and centroid data in the units of pixel and mm, and beam 
tilt angle. Two directions, horizontal and vertical, of beam 
projected profile of raw data and fitting curve are 
predrilled in two axes. The camera raw image with the 
colorbar is integrated into the display GUI. The function 
of export the raw image data and analysis results can be 
done. It also can create a simulated beam image for the 
purpose of evaluating the fitting correctness. In this study, 
the compiled Matlab programs help us to develop 
standalone application without running it in Matlab 
prompt which is to minimize the requirement of licence 
and save budget. 

Camera ID

Hor. Projected Profile
Gree: Raw, Blue: Fit

Menu: Save, Colormap, ROI, Simulation, Reset, Close

Fitting Parameters
RMSE, Offset, Slope, Max

Control Panel Fitting Results

Enable/Disable Fitting 
Threshold

Fitting Elapsed Time

Capture Date

Raw Image

Colorbar

Toolbar: Zoom in/out

Ver. Projected Profile
Gree: Raw, Blue: Fit

 
Figure 3: Layout of the Matlab display GUI. 

Analysis Methods  
For the analysis of projected 2D circular or elliptical 

Gaussian distribution beam profiles. This Gaussian curve 
fit by least-squares minimize, called “lsqcurvefit” method 
is one of the optimization toolbox in Matlab which can 
solve nonlinear curve-fitting problems in the least-squares 
sense that minimized the sum of squared differences 
between the measured and predicted data. “lsqcurvefit” is 
an iterative method which returns results that minimizes 
the residuals when the tolerances supplied are satisfied. 
That is, given input data xdata, and the observed output 
ydata, find coefficients x that “best-fit” the equation 
F(x,xdata): 
 

  21
min ,

2 i i
x

i

F x xdata ydata                       (1) 

 
, where xdata and ydata are vectors and F(x,xdata) is a 
vector valued function. This method can be used to deal 
with high signal-to-noise levels image, but it takes a long 
computing time due to it is an iterative algorithm. 
Fortunately, the maximum number of function 
evaluations (MaxFunEvals, default 500) and iterations 
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(MaxIter, default 400) allowed, and termination tolerance 
(TolX, default 1e-6) can be configured to satisfy 
operational requirements. The algorithm was developed 
and tested in Matlab environment. The beam profile 
images model can be built by a general two-dimensional 
elliptical Gaussian function, as expressed by 
 

   2 2
0 0 0 0( ) 2 ( )( ) ( )

, e
a x x b x x y y c y y

f x y A
     

    (2) 

 
, here the coefficient A is the amplitude, x0, y0 are the 
center of x, y and a, b, c are defined as following: 
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                    (3) 
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, where theta (θ) is the rotate angle and sx, sy are the sigma 
of x and y. 

Timing Evaluation of Analysis Program  
A timing evaluation of the analysis program was made. 

Two key processes can affect the time required for each 
image frame processing procedure: reading/writing data 
from PV via EPICS channel access, and fitting the 
projected profiles. The reading or writing of data from 
PVs, including some conditions and raw image data array, 
takes less than 20 ms with camera exposure time. The 
data processing, including twice fitting (horizontal and 
vertical) and recognition of the tilt angle, takes less than 
50 ms. The program thus requires less than 70 ms per 
cycle, which implies a maximum rate around 14 Hz of 
processing. This performance is adequate for the TPS 3-
Hz and TLS (Taiwan Light Source) 10-Hz facilities.  

IMAGE DIGNISTIOCS PLANS 

Screen Monitor 
There are 21 screen monitors are designed in the TPS 

located at linac (5), LTB (5), booster ring (6), and BTS 
(5). 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. The linac, LTB, booster and BTS are 
configured almost identically with same cameras and the 
infrastructure is shown in Fig. 4. The 10/24 ports PoE 
switches are used to connect the cameras then uplink to 
the vision system EPICS IOC. The IOC is constructed 
based on Linux OS with areaDetector EPICS module [8] 
and compiled Matlab analysis program. The camera 
timing trigger clock is locked with TPS injection system, 
which is produced from a timing IOC via copper cable.  

ADLINK EOS-1200 
Powerful 4-CH Gigabit 
PoE Embedded Vision 
System with 2nd 
Generation Intel® 
Core™ i5/i7 Processor 

EPICS IOC (Linux)
Access by:
areaDetector Module (EPICS)
Matlab

Timing
(CIA Timing IOC)

TPS Control Network

CIA #12

10 Ports POE Switch
D-Link DGS-1210-10P

24 Ports POE Switch
D-Link DGS-1224TP

Linac x 5
LTB x 7
BTS x 5
BR x 3
SR x 1

CIA #24 PV example:
Current_Active_SM_xx
TL-DI-SM:Actuator_ON
……………………
BR-DI-SM1:Actuator_ON
…….......................
SR-DI-SM1:Actuator_ON_LS
……………………

To another IOCs 
for screen 
monitor actuator 
control

Insertable YAG:Ce fluorescence screen and OTR

Allied Vision Technologies 
Manta-032 (CCD, 656x492, 
7.4 um square pixel)

 
Figure 4: TPS screen monitor configuration plan. 

Synchrotron Radiation Monitor 
Synchrotron radiation from a dipole will be used to 

observe the beam profile at TPS. The synchrotron 
radiation monitors are designed in LTB, BTS, booster, 
and storage ring. In the LTB and BTS, a simple visible 
light optics at bending magnet captured by external 
trigger GigE Vision CCD camera is planned for useful 
routine operation. In the booster synchrotron, near UV 
optics and synchronized with the machine cycle is 
planned. The photon diagnostics for the TPS storage ring 
will utilize visible light and X-ray of the synchrotron 
radiation generated in a bending magnet. In the storage 
ring, due to the small beam size and emittance (~1 nm-
rad), an X-ray pinhole camera with crystal screen and 
GigE Vision CCD camera is planned, and possible for the 
feedback signal for beam size feedback. Two X-ray 
pinhole cameras imaging of 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 measure the electron 
beam size accurately at all stored beam currents from 
below 1 mA to 500 mA range. Optimization of the X-ray 
pinhole system will give possibility to measure very small 
beam sizes in a few microns typically. Its main function 
will include measurement of the electron beam energy 
spread and vertical beam size. A near UV light profile 
measurement for low light application and visible light 
synchrotron light interferometer for precision beam size 
measurement are also planned in TPS storage ring.  

Streak Camera and Gated ICCD 
Synchrotron radiation from a dipole has the capability 

to monitor bunch length with a streak camera and beam 
dynamic profile with a gated ICCD, which will be also 
provided in TPS. Visible light beamline station will be 
built to measure various beam parameters by streak 
camera, ICCD camera and interferometer. Streak camera 
operates at 250 MHz synchroscan mode is preferred to 
observe beam behavior of the consecutive bunches. 
Integrating the streak camera and ICCD system with 
EPICS IOC on Gigabit PoE embedded vision system are 
preferred. Due to these two kinds of diagnostics devices 
need timing trigger signal for doing correct actuation. 
Another cPCI timing platform is needed. The event 
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receiver (EVR) card plugged in cPCI platform which can 
provide the precisely timing trigger signal received from 
EVG (event generator system, it is available in TPS) for 
streak camera and ICCD applications. 

PROTOTYPE TEST 
Prototype of the proposed system was development and 

pre-test in TPS linac screen monitor and TLS booster 
synchrotron. The results will be presented in following 
subsections. 

TPS Linear Accelerator 
The TPS 150 MeV linac system was contracted to the 

RI Research Instruments GmbH (former ACCEL 
Instruments GmbH) [9]. The hardware of beam 
instrumentation comprises five YAG:Ce screen monitors 
were provided by the vendor and each screen is mounted 
at 45° to the beam direction and driven with a pneumatic 
driver. The fluorescent light is emitted in the horizontal 
direction. The optics consist a refraction mirror to bend 
the light 90° to the 75-mm lens and a GigE Vision CCD 
camera. The five screen monitor beam profiles are shown 
in Fig. 5.  
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Figure 5: Beam profiles of the TPS linac screen monitor. 

TLS Booster Synchrotron 
For the TLS booster synchrotron, the layout of the 

synchrotron radiation monitor consists of molybdenum 
mirror, vacuum window, lens, band-pass filter (BPF, 550 
nm, spectral width 10 nm), a GigE Vision CCD camera, a 
two axes motion stage and an EPICS IOC. The photons of 
synchrotron radiation emitted by the electron bunches 
passing through a dipole in the booster ring are reflected 
from a molybdenum mirror and passed through a convex 
lens (f = 500 mm) onto a CCD image sensor. The simple 
optics offers image reduction 2:1. The user interfaces are 
shown in Fig. 6. The fixed energy mode, as shown in Fig. 
6(a), the beam profile was recorded right at the CCD 
exposure time and trigger delay set to 1 msec and 30 msec 
(corresponding to the energy is around 0.8 GeV). The 
scan energy mode, as shown in Fig. 6(b), can 
automatically adjust the trigger delay and record the data 
sequentially. Raw image and fitted parameters are 
published as EPICS PVs, it can access by application 
clients for further usage. 

 
 (a)  

  
(b) 

Figure 6: TLS booster synchrotron radiation monitor user 
interface. (a) Fixed energy mode; (b) Scan energy mode. 

 
The synchrotron radiation monitor of the booster 

synchrotron can serve to diagnose the ramping process of 
the booster. In the TLS booster, the electrons are 
produced from an electron gun and accelerated to 50 MeV 
with a linear accelerator. Before the beam is extracted to 
the storage ring, the energy of the electron beam in the 
booster is increased from 50 MeV to 1.5 GeV within a 
50-ms ramping process. The beam size decreases when 
the energy increases. The CCD trigger timing must be 
adjustable within the ramping cycle. The duration of CCD 
exposure should be as small as possible. The beam size 
during the ramping process is a function of time. 

The summarized beam profiles and key parameters 
during acceleration in TLS booster are shown in Fig. 7, 
and the measured beam size variation, beam center 
position and beam tile angle were listed inside. The 
measured variation of beam size and position of the beam 
center with energy ramping point are shown in Fig. 8 and 
Fig. 9.  It is clearly shown that the beam size will become 
smaller when energy increased. There is a significant 
position shift in horizontal at the ramping time around 45 
msec due to the bumper fired. The tile angle of the beam 
profile is almost the same during whole ramping process. 
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Figure 7: TLS booster synchrotron radiation profiles 
based on 1 msec CCD exposure time at different energy 
ramping point (Energy scan mode).  
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Figure 8: Measured variation of beam size with energy 
ramping point. 
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Figure 9: Measured variation of the position of the beam 
centre with energy ramping point. 
 

The stability of the ramping process of the booster 
synchrotron plays an important role as injector for a 
synchrotron light source. The TLS booster synchrotron is 
designed to accelerate electrons from linac 50 MeV 
injection to full operational energy 1.5 GeV with stored 
beam current about a few mA. This repetition rate is 10 
Hz. Continuous observation of the difference of beam 
profile variation during ramping energy can be used as 
indicator related to the operation stability of the booster 
synchrotron. With the CCD trigger delay fixed at 10, 20, 
30 and 40 ms, the ramping beam profiles (eight times) are 
recorded. These results of the beam profile show that the 
beam size slightly altered at the same ramping energy 
point during the eight captures, especially in the low 
energy region. The possible reason of this variation may 
be the signal-to-noise ratio lower at the lower energy 
region. Experiments confirmed that by appropriately 

adjusting the gain value of CCD, which can effectively 
reduce the variation.  An average beam size of horizontal 
and vertical and its deviation at varied energy points is 
shown in Table 1. The design of the current imaging 
system of the TLS booster synchrotron radiation monitor 
allows measurement of all required parameters (beam size, 
centroid and orientation tilt angle) with sufficient 
resolution for current beam tests.  
 

Table 1:  Eight  aptures  verage  eam  Size  of  the  

*CCD parameters: exposure time = 1 msec, gain = 0. 

SUMMARY 
The design and implementation of the beam image 

diagnostics system for the TPS are in proceed.  A 
distributed EPICS IOC system based image profile 
diagnostics solution was proposed, which are based on 
GigE Vision CCD camera with PoE support. Compiled 
Matlab programs are running in this platform as a data 
processing engine, this approach is efficient method to 
develop image analysis application. The prototype will be 
implemented and tested for all screen monitors of the TPS 
and synchrotron radiation monitor of the TLS booster 
synchrotron. The testing results shown the system can 
satisfy the requirement of TPS.  
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Trigger (ms) 
Energy (MeV) 

10 
188 

20 
550 

30 
999 

40 
1362 

x (mm) 1.96±0.16 1.09±0.12 0.77±0.03 0.91±0.01 

y (mm) 0.61±0.03 0.48±0.04 0.26±0.02 0.18±0.01 

C A B
Horizontal and Vertical and its Standard Deviation at Varied 
Energy Points 
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IMPROVEMENT OF HARDWARE AND SOFTWARE SETUP FOR THE 
ACQUISITION AND PROCESSING OF SIAM PHOTON SOURCE           

BPM SIGNAL 
N. Suradet, S. Klinkhieo, P. Sudmuang, S. Krainara, C. Preecha, S. Boonsuya, P. Klysubun 

SLRI, 111 University Avenue, Muang District, Nakhon Ratchasima, 30000, Thailand

Abstract 
Data acquisition and processing system has been 

developed for the Siam Photon Source (SPS) storage ring 
BPM system in order to improve monitoring and logging 
performances. BPM readout, i.e. scanning of BPM 
electrode voltage outputs and subsequently converting to 
X-Y position values, is now performed by an upgraded 
Programmable Logic Controller (PLC) with higher bit 
resolution (16-bit) analog-to-digital converter (ADC). 
Moving averaging is then performed on the obtained 
BPM data utilizing a LabVIEW code to reduce 
background noise during on-line measurement. All data is 
then stored on a dedicated computer serving as a central 
data logging system, which can be remotely accessed via 
a network communication link. In this report, details of 
the new setup will be presented, and comparison will be 
made between the performance of the new and previous 
setups, together with suggestions on further 
improvements. 

INTRODUCTION 
The Siam Photon Source (SPS) is the first synchrotron 

light source of Thailand. The accelerator complex consists 
of a 40 MeV electron linac, a 1.0-GeV injector and a 1.2 
GeV electron storage ring, the configuration of which is 
based on a four-fold symmetric double bend achromat 
(DBA) lattice. [1-3] In recent years, the demand for better 
beam position stability has continually increased. To 
address this issue, the machine group has undertaken a 
number of coordinated efforts, for e.g., improving sensor 
systems in the storage ring, stabilizing ambient and 
cooling water temperatures, improving the diagnostic 
beamline setup, developing a slow orbit feedback system, 
among others. One of the most important tasks in this 
undertaking is undoubtedly the improvement of the orbit 
measurement and monitoring systems. 

The improved SPS storage ring BPM system has 
provided the machine group with the possibility to 
improve the beam quality by providing accurate and 
reliable reading, assisting the group in making correct 
analyses. The new logging and retrieval systems also help 
making the correlation between the monitored beam 
fluctuation and any machine parameters easier. It is also a 
vital part of the slow orbit feedback system, which had 
not been possible to implement since the machine 
produced its first synchrotron light. [4, 5]. This report 
describes the improvement of BPM data acquisition and 

processing system, the development of a new logging 
system, along with the upgraded hardware and software 
configurations. The measurement results before and after 
the improvement will be presented and discussed. 

HARDWARE CONFIGURATION 
Figure 1 shows a schematic block diagram of the 

developed BPM signal processing for the SPS storage 
ring. The BPM electrode signals processed by the BPM 
electronic modules are passed to the programmable logic 
controllers (PLC). Signal averaging and data logging are 
then performed by two dedicated computer servers.  

BPM System 
BPM pickups are installed in 20 locations next to the 

quadrupole magnets along the 81.3 meters long 
circumference of the SPS storage ring. Each BPM block 
consists of four electrodes. Raw signals from the 
electrodes will be sent to the BPM electronic modules 
where they are processed to provide horizontal (X) and 
vertical (Y) beam position outputs, simultaneously [4, 5].   

Program able Logic Control 
The PLC has to accomplish several tasks. First, the 

output signals from BPM electronic modules are 
converted by a new 16-bit ADC (Allen Bradley 1756-
IF6I) in the PLC’s module at 40 Hz sampling frequency. 
The X-Y beam positions are calculated and subsequently 
fed into the PC-Average and PC-Logger computers. All 
PLC and BPM modules, as well as all electronic devices 
for data acquisition are installed in the same rack, situated 
just outside the storage ring in the experimental hall area. 

Computers  
The two processing computers are located in the 

machine control room. The data processing server (PC-
Average) and the data acquisition server (PC-Logger) are 
connected to each other via a LAN network. 

SOFTWARE CONFIGURATION 
As mention in the previous section, the software 

development and implementation are divided into two 
parts: (i) the data processing (moving average) part on 
PC-Average computer, and (ii) the data acquisition (data 
logging) part on PC-Logger computer. 

m  
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Figure 1: Schematic block diagram of BPM signal acquisition and processing system. 

The BPM signal processing codes are developed by the 
machine group based on Microsoft Windows platform and 
LabVIEW programming development environment.  

Moving Averaging 
Moving averaging is a basic and useful tool for 

reducing background noise on a real-time measurement. It 
is commonly used with time series data to smoothen out 
short term fluctuations by averaging a number of points 
from the input signal. More specifically, it is described as: 

�
�

�

��
1

0
][1][

M

j
jix

M
iy  

where x is the input signal, y is the output signal, i is the 
output index and M is the number of points used in the 
averaging. In our case, M=40, and the sampling interval 
is 100 ms (Figure 2).  

The sampling interval of 100 ms (0.1 s) is sufficient to 
provide the orbit position control with an on-line data. 
The feedback control loop in the SPS orbit feedback 
system just amounts to 10 s [5]. 

...

100 ms 100 ms 100 ms 100 ms 100 ms

 40 Samplings

T0-3800 (ms)T0-3900 (ms) T0T0-200 (ms) T0-100 (ms) T0+100 (ms)

Average (T0-200 ms)

Average (T0-100 ms)

Average (T0)

Average (T0+100 ms)

Time

Data from
ADC

...

 

Figure 2: Moving averaging diagram. 

 

Data Logging 
The PC-Logger computer manages most of the data 

transfer from the PLC and PC-Average computer via an 
OPC server and NI shared variable protocols. The logging 
process is executed every 5 sec. The logged data is then 
written to the database in a comma separated value (CSV) 
file format (Figure 3).  

 

Figure 3: The LabVIEW-GUI of SPS data logger system. 
The PC-Logger computer used for data logging is an 

HP Proliant ML350 G4 with Intel Xeon 3.2 GHz/800 
MHz FSB/1 MB L2 cache, 1 GB of memory, and 72 GB 
SCSI hard disk drive with RAID1 (mirror), serving as a 
central data logging system. It can be remotely accessed 
via a network communication link.  

MEASUREMENT RESULTS 
Figures 4 and 5 compare the X and Y orbit positions 

with and without moving averaging during beam position 
scan. The fluctuation (noise) of the X and Y orbit 
measurements without signal moving average was rather 
large (Figs. 4(a) and 5(a)).  The fluctuation was reduced 
from more than 10 �m down to about 3 �m with the 
moving averaging (Figs. 4(b) and 5(b)).  
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Figure 4: X orbit fluctuation with and without moving 
averaging during beam position scan

 

Figure 5: Y orbit fluctuation with and without moving 
averaging during beam position scan. 

Figures 6 and 7 show the standard deviations of X and 
Y orbit positions obtained from all the BPMs with and 
without moving averaging. The filled and open bars 
correspond to the standard deviations of the BPM 
readings with and without moving averaging, 
respectively. The results show that the moving averaged 
data provides good real-time orbit performances with 10 
Hz refresh rate, with the level of signal fluctuation 
reduced to approximately one-tenth of that of the raw 
signal. 

 
Figure 6: The standard deviations of the X orbit positions 
with and without moving averaging. 

 

Figure 7: The standard deviations of the Y orbit positions 
with and without moving averaging. 

CONCLUSION 
The new acquisition and processing system at the Siam 

Photon Source has been developed to improve the 
functionality of the storage ring BPM system. Major 
upgrades on both the hardware and software have been 
undertaken. The system architecture and design is 
straightforward, resulting in short development time, but 
possess excellent flexibility, expandability, and 
maintainability. The system has been successfully 
implemented along with the orbit feedback system in the 
beginning of 2012. The results show significant 
improvement of the BPM system performance. 
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Abstract 
The European X-Ray Free Electron Laser (E-XFEL) 

[1] will have a fast transverse intra-bunch train feedback 
(IBFB) system [2] to stabilize the beam position in the 
SASE undulators. E-XFEL bunch trains consist of up to 
2700 bunches with a minimum bunch spacing of 222ns 
and typ. 10Hz train repetition rate. The IBFB will 
measure the positions of each bunch in the bunch train, 
and apply intra-train feedback corrections with fast 
kickers, in addition to a feed-forward correction for 
reproducible trajectory perturbations. By achieving a 
feedback loop latency in the order of one microsecond, 
the IBFB will allow the beam position to converge 
quickly to the nominal orbit as required for stable SASE 
operation. The latest conceptual design of the IBFB and 
the status of IBFB components will be presented. 

INTRODUCTION 
The E-XFEL has a superconducting 17.5GeV main 

linac, with 0.1-1nC nominal bunch charge, and N·111ns 
bunch spacing, where N is an integer > 1. One distinct 
feature of the accelerator is its ability to generate bunch 
trains of up to 600μs length with arbitrary bunch patterns 
for the SASE undulators, where different parts of the 
same bunch train can be distributed to different undulator 
lines by means of a beam distribution system [3]. 

Transverse Beam Stability 
In order to achieve sufficient and reproducible intensity 

and pointing stability of the X-ray photon pulses 
generated in the E-XFEL SASE undulators, the electron 
beam should deviate less than ~σ/10 from its nominal 
(ideally straight) trajectory in the undulators, with typical 
beam sizes of σ=30μm or less depending on beam charge 

and resulting emittance. However, due to a number of 
transverse perturbations sources, deviations of more than 
~σ/10 from this trajectory are expected to occur without 
operational IBFB. Perturbations that are random, i.e. not 
reproducible, will be corrected by a fast intra bunch train 
feedback (IBFB) system can measure and correct the 
trajectory individually for each bunch. In addition, for 
perturbations that are reproducible from bunch train to 
bunch train (or change sufficiently slow) the IBFB will 
apply a static (or adaptive) feed-forward correction. 

Perturbation Sources, Frequencies, and 
Feedback Loop Latency 

Table 1 shows the presently expected main horizontal 
(X) and vertical (Y) perturbation sources, their estimated 
worst-case peak amplitudes and necessary correction 
kicks [4], normalized to 30m beta function both at the 
location of position measurement and of the kicker. Since 
no significant random perturbations with very high 
frequencies are expected, we aim for a feedback loop 
latency of <1.5μs, allowing to correct non-reproducible 
perturbations up to a maximum (0dB) frequency of 
~70kHz. Although a lower latency is possible, we favour 
a latency that is somewhat larger that the technically 
feasible minimum value, because this allows to use e.g. 
ADCs with higher resolution (having higher latency) for 
the BPMs, or more advanced FPGA algorithms to correct 
BPM RF front-end IQ imbalance and X/Y-coupling, thus 
reducing BPM-noise dominated perturbations that the 
IBFB adds to the beam. Since the IBFB kickers can apply 
arbitrary individual kicks for each bunch, the additional 
feed-forward corrections applied by the IBFB allow to 
correct reproducible perturbations of any frequency from 
several MHz down to DC within the available kick range. 

 

Table 1: E-XFEL beam trajectory perturbation sources, estimated worst-case peak amplitudes, and frequencies   

 X 
[μm] 

Y 
[μm]

Frequency 
[kHz] 

Plane Perturbation 
Type 

Kick(X) 
[μrad] 

Kick(Y) 

[μrad] 
        

Magnet Vibrations ±28 ±28 <1 X/Y Random ±1.0 ±1.0 
Power Supply Noise ±12.6 ±12.6 <1 X/Y Random ±0.5 ±0.5 
Vibration-Induced Dispersion Jitter ±2.5 ±2.5 <1 X/Y Random ±0.1 ±0.1 
Beam Distribution Kicker Drift ±0 ±1 <1 Y Repetitive ±0 ±0.04 
Beam Distribution Kicker Noise ±0 ±1 <5000 Y Random ±0 ±0.04 
Spurious Dispersion (3% Energy Chirp) ±15 ±15 <1 X/Y Repetitive ±0.5 ±0.5 
Nonlinear Dispersion (3% Energy Chirp) ±15 ±0 <1 X Repetitive ±0.5 ±0 
Spurious Dispersion (1E-4 Energy Jitter) ±0.5 ±0.5 <5000 X/Y Random ±0.02 ±0.02 
Nonlinear Dispersion (1E-4 Energy Jitter) ±0.15 ±0 <5000 X Random ±0.005 ±0 
Wakefields ±25 ±25 <5000 X/Y Repetitive ±0.9 ±0.9 
        

Sum Of Peak Values ±98.8 ±85.6    ±3.5 ±3.1 
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Quadrupole Magnet Vibrations 
One source of random perturbations where the expected 

beam movement is significant is the vibration of 
quadrupole magnets in the cryostats of the linac, where 
the comparatively complex mechanical support structure 
is naturally not as stable as for normally conducting linacs 
where quadrupoles sit on simpler massive girders. Since 
the typical oscillation period of magnet vibrations is 
relatively high (~10-100ms) compared to a bunch train 
length of max. 0.6ms, the vibrations cause an overall 
trajectory perturbation that varies very slowly along the 
bunch train, with nearly the same perturbation amplitude 
and angle for adjacent bunches. Vibrations are therefore – 
despite their low perturbation frequency – one reason why 
a low-latency IBFB is required: When the IBFB detects 
the perturbation at the beginning of the bunch train and 
then starts applying corrections so that the following 
bunches converge towards their nominal orbit, the 
convergence time (in the order of 10μs or less, depending 
on perturbation amplitude) scales with the IBFB latency. 

Dumping of Not Corrected Bunches 
 The IBFB as well as other beam based feedback 

systems in E-XFEL like the longitudinal/LLRF feedback 
may need a number of bunches at the head of the bunch 
train before their corrections become fully effective and 
reach the desired stability level. The unstable bunches at 
the head of the train can be dumped by the beam 
distribution system upstream of the SASE undulators, so 
that only stabilized bunches reach the undulators. Due to 
a maximum bunch train length of 600μs, dumping 
bunches at the head of the train for a duration of ~10μs 
has little impact on the achievable average X-ray flux. 

IBFB System Layout 
Figure 1 shows the location and topology of the IBFB. 

The main IBFB components are located just after the 
collimator, upstream of the beam distribution system and 
its dump kicker. 

 
Figure 1: IBFB System Topology. 

IBFB Operation Modes 
The IBFB allows to correct the beam position and angle 

individually for each bunch, using two stripline kickers 

for each transverse plane. In the standard operation mode 
of the IBFB, two adjacent BPMs downstream of the 
kickers (“downstream BPMs”) send their position data via 
multi-gigabit fiber optic links to an FPGA signal 
processing board (originally named “PDC” = PSI DSP 
Carrier [2]) that performs the feedback and feed-forward 
algorithms. The PDC calculates the kick angles, using a 
mezzanine with fast (>500MSPS) DACs to directly 
generate the stripline kicker signal waveforms via FPGA-
based direct digital synthesis (DDS). The DAC signals are 
amplified via kW-range solid state low-latency RF power 
amplifiers that drive the stripline kickers. 

Two BPMs upstream of the kickers (“upstream BPMs”) 
are used to monitor if the obtained kick angle has the 
desired value, by comparing the predicted beam position 
at the downstream BPMs with the measured one for each 
bunch. This allows e.g. detection of IBFB system failures, 
or in-situ calibration and correction of nonlinearities and 
gain drift of the RF power amplifiers. 

In addition to the above described standard operation 
mode, the IBFB can be operated in an alternative mode 
where the upstream BPMs instead of the downstream 
BPMs are used for the fast feedback loop. This mode 
employs a model-based prediction of the necessary 
correction kicks, where a comparison of expected and 
measured beam position at the downstream BPMs allows 
to correct and adapt the model in real-time.  

Compared to the standard mode, the alternative mode 
reduces the feedback loop latency, and also the noise that 
the IBFB adds to the beam, since this noise is not seen 
and coupled back by the BPMs into the feedback loop 
because they are upstream of the kickers. 

However, for reasons of simplicity and robustness, and 
due to moderate latency requirements and good BPM 
noise levels of our present BPM prototypes, we favour the 
standard mode for commissioning and first operation of 
the E-XFEL and IBFB, where changes of energy and 
optics that would affect the model and beam response 
matrix may occur more frequently during tuning and tests 
of the accelerator and its subsystems. 

Integration of Undulator BPMs 
In order to be able to correct perturbations that occur 

between the IBFB and the undulators, the IBFB also 
receives the data of all undulator BPMs via multi-gigabit 
fiber optic links, where the BPMs of each undulator are 
connected in a bidirectional daisy chain. 

For correction of non-reproducible perturbations 
between IBFB and undulators, at least two undulator 
BPMs will be equipped with the low-latency electronics, 
since the latency requirement for the standard BPM 
electronics is only <10ms. Due to a distance of several 
100m between IBFB and undulators, the latency of the 
undulator BPM data received by the IBFB is several μs. 

The E-XFEL beam distribution system [3] has a fast 
dump kicker that can generate arbitrary bunch patterns for 
the undulators. This kicker also dumps the beam while a 
slower but stronger kicker (based on a Lambertson 
septum and a flat top pulser kicker) changes its field to 
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redirect part of a bunch train to another undulator [3]. Due 
to this concept, the high-frequent trajectory perturbations 
generated by the distribution system should be negligible. 
Its low-frequent perturbations e.g. due to capacitor bank 
droop, are minimized by suitable design techniques and 
are expected to be mainly reproducible. 

Therefore, the only expected source of significant non-
reproducible perturbations between IBFB and undulators 
are mechanical magnet vibrations that have low 
frequencies (typ. 10-100Hz), with a perturbation 
amplitude that should be low compared to main linac 
quadrupole vibrations. Thus, the higher latency of the 
undulator BPM data is uncritical: For the first bunches in 
a train, the IBFB will only use the downstream (and/or 
upstream) BPM data to correct the trajectory, in addition 
to the previously mentioned feed-forward corrections. As 
soon as the IBFB receives the first readings from the 
undulator BPMs, it performs additional fine tuning of the 
beam trajectory so that the following bunches should 
reach the desired position in the undulators. 

Beam Optics, Magnet Lattice and BPM 
Locations 

Figure 2 shows the magnet lattice and beam optics in 
the area of the IBFB. The end of the collimator is near 
s=0. The two vertical IBFB kickers are located at s=27 
and s=57m, the horizontal ones at s=38m and s=68m. 
IBFB Kickers and BPMs were placed at locations with 
large beta functions, and the betatron phases between two 
kickers and two upstream and downstream BPMs were 
each optimized to be as close as possible to an odd integer 
multiple of 90° within the given optics and lattice design 
constraints. This maximizes the resolution of the BPMs 
and thus minimizes the BPM-dominated noise that the 
IBFB adds to the beam.  

 

 
Figure 2: Beta Functions and Betatron Phase in IBFB 
Area. 

Moreover, the optimized kicker locations minimize the 
RF amplifier power necessary to correct a given 
perturbation, thus reducing amplifier costs and 
maximizing the mean time between failures (MTBF) of 
the amplifiers that improves with lower power. 

IBFB SUBSYSTEMS 
In the following, the concept and design status of the 

different IBFB subsystems will be reported. 

BPMs 
The E-XFEL uses button as well as some re-entrant 

single resonator cavity BPMs in the cold linac, and button 
and dual-resonator cavity BPMs in the warm part of the 
accelerator [5]. The cost-efficient buttons are used where 
their resolution is sufficient, while cavities are used where 
higher resolution is required, e.g. in the E-XFEL 
undulators. 

IBFB upstream and downstream BPMs have the same 
40.5mm aperture 3.3GHz cavity BPM pickups [6] as the 
non-IBFB BPMs elsewhere in the accelerator. However, 
the requirements for the BPMs used by the fast IBFB 
feedback loop are more demanding than for the other 
BPMs. On one hand, the IBFB should have a BPM 
system latency of a few 100ns, while a latency of <10ms 
is sufficient for non-IBFB BPMs that are used e.g. for 
slow global feedbacks or beam based alignment. 

Moreover, noise of the single-bunch position 
measurements of the IBFB BPMs will be added to the 
beam by the feedback loop, with a gain depending on 
IBFB algorithm, feedback loop parameter settings etc. 
Thus, IBFB BPMs should ideally have sub-micron noise 
for single-bunch position measurements over the whole 
bunch charge range. In contrast, non-IBFB applications, 
e.g. beam-based alignment of undulator quadrupoles and 
BPMs where sub-micron resolution is also needed, can 
use the average position of all bunches in a train, where 
the alignment can be performed at high bunch charge 
where the BPMs have their best resolution. 

The present prototype version of the standard cavity 
BPM electronics provides sub-micron resolution, where 
beam tests with three cavity BPMs showed e.g. 120nm 
RMS at 350pC and 180nm at 183pC bunch charge [7], 
with an electronics latency of ~400ns (including 
calculation of beam position in an FPGA).  

  

 
Figure 3: Left: E-XFEL cavity BPM electronics prototype 
(standalone unit for two cavity BPMs). Right: Cavity 
BPM pickup test area at SwissFEL Injector Test Facility, 
with three E-XFEL undulator cavity BPMs and one IBFB 
cavity BPM. 

Although these results were obtained by correlating 
beam measurements of three adjacent 10mm aperture 
undulator BPM cavity pickups, the performance for the 
40.5mm aperture IBFB upstream and downstream BPM 
cavity pickup (to be tested in the near future) should be 
similar, since its sensitivity (in units of V/mm/nC) is only 
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~20% lower and since 10mm and 40.5mm version have 
the same loaded Q (~70) and frequency (3.3GHz). 

Due to the different requirements for standard and 
IBFB BPM electronics, we had originally intended to 
develop a dedicated electronics version for the IBFB 
BPMs. However, the low latency and good resolution that 
we achieved with the standard BPM electronics motivates 
to have a common design for IBFB and non-IBFB BPMs. 
Therefore the next undulator BPM electronics prototype 
version will have improvements beneficial for the IBFB, 
e.g. programmable attenuators for the pickup signals at 
the RFFE inputs, with >60dB range and 0.5dB steps, 
compared to four attenuator/charge ranges with ~6dB 
steps for the present RFFE version. The new RFFE will 
thus have a significantly reduced dependence of the 
resolution on the bunch charge compared to the present 
electronics, where the ADC noise at the lower end of each 
charge range deteriorates the resolution since less than 
50% of the ADC full scale range is used at these charges. 

However, lab and beam tests will have to show if we 
can use the new version for all cavity BPMs in E-XFEL, 
including IBFB, or if we still need to develop a dedicated 
IBFB version, e.g. due to the fact that the largest possible 
signal level of the IBFB pickup is 50V, while a desired 
resolution and drift of 1μm at a desired lowest bunch 
charge of 20pC corresponds to a signal level of 50μV, 
which makes the design of the input stage of the RFFE 
rather challenging. 

Signal Processing Electronics and Algorithms 
During the preparatory phase of the E-XFEL, starting 

2005, we had already developed a prototype for an IBFB 
signal processing board, consisting of an FPGA Carrier 
Board (PDC = PSI DSP Carrier) with two mezzanines 
that each have four 12-bit 500MSPS ADCs and two 16-
bit 1GSPS DACs. While we intend to keep the general 
concept of the PDC board for the final IBFB version, we 
are currently developing a new carrier board [8] for which 
we use Xilinx Artix-7 and Kintex-7 (28nm silicon 
structure size) instead of Virtex-4 (90nm) FPGAs, with a 
new DSP that is available with one or multiple cores and 
20 GFLOPS per core, compared to 3+3 GFLOPS for the 
DSPs on the previous PDC board version. 

  

System  FPG A
Xilinx K intex

XC7K

CO M  FPG A
Xilinx K intex

XC7K

TI DSP Fam ily
TM S320C66xx

BPM  FPG A 2
X ilinx Artix

XC7A

BPM  FPG A 1
Xilinx Artix

XC7A

CLO CK

M ezzanine 1

DDR3 4.5x16x256M b

M ezzanine 2

DDR3 4.5x16x256M b

DDR3 2.5x16x256M b

Config
SD CARD

VM E64x BusVM E-P0

SFP
SFP ETH Debug

VM E P2  
Figure 4: Block Schematics of new FPGA Carrier Board.  

Figure 4 shows the simplified block schematics of the 
new board. For the data transfer between FPGAs, DSPs 
and high-speed IO connectors (new VME-P0 with 
>6Gbps/pin, SFP, mezzanines) we use mainly serial 
multi-gigabit links (5-10Gbps). The board also has has 
multiple parallel LVDS high-speed (~1Gbps) lines to two 
mezzanines, for interfacing up to six parallel 16-bit ADCs 
or DACs per mezzanine to so-called “BPM” FPGAs on 
the mainboard. The “COM” FPGA has single-ended IOs 
to the VME-P2 connector for slower (<100Mbps) control 
and status signals from RFFEs or kicker amplifiers. 10G 
Ethernet is supported via SFP transceivers and VME-P0. 

 
Figure 5: IBFB Electronics / FPGA Board Topology. 

By replacing the parallel DSP address/data bus of the 
previous carrier board version with a few serial multi-
gigabit links (using PCIe and SerialRapid IO), the 
complexity of the layout and thus the board price is 
massively reduced. Therefore the new board may not only 
be used as signal processing board for the IBFB 
algorithms, but also as successor of our present “GPAC” 
(generic PSI ADC Carrier) board that serves as digital 
back-end for the present E-XFEL BPM prototypes. 

 

 
Figure 6: IBFB Feedback/Feedforward FPGA Firmware 
Block Schematics. 

For the IBFB BPMs, we plan to use the same 6-channel 
16-bit ADC mezzanine as for the standard cavity BPMs. 
For control of the kickers, a new DAC mezzanine with 4 
channels, 16 bit resolution and >500MSPS sample rate for 
FPGA-based direct digital synthesis (DDC) of the kicker 
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waveforms will be developed. Figure 5 shows the 
hardware layout and interconnections of the IBFB 
electronics. Figure 6 contains the block schematics of the 
feedback/feed-forward algorithm to be implemented on 
the IBFB FPGA carrier board. 

Kicker Magnets 
During the E-XFEL preparatory phase [2], 1m long 

stripline kicker prototypes have been developed [9]. For 
the final IBFB system, we are currently designing 2m 
long versions. The main differences of the new version to 
the previous one – in addition to the length - are the more 
robust mechanical construction that avoids sensitive 
ceramic spacers to hold the strips, as well as tapered RF 
ports to minimize VSWR. In order to get an effective 
kicker length of 4m for each of the two IBFB kickers per 
plane, we intend to chain two 2m kickers via RF cables, 
with a quadrupole in between them. The resulting overall 
kicker length of 4m allows to reduce the amplifier RF 
power, thus further improving MTBF and minimizing 
costs. An RF design and a conceptual mechanical design 
for the new kicker have already been made (see Figure 7). 
The detailed construction and production of a prototype is 
scheduled for the next months. 

 

Figure 7: Latest IBFB Kicker Magnet Design (L=2m). 

RF Power Amplifiers 
The IBFB kickers will be driven by commercial pulsed 

solid-state RF power amplifiers, where two amplifiers 
drive opposite striplines of each kicker in push-pull mode. 
We recently ordered prototypes with a saturated power of 
3kW and a linear power (1dB compression) of 2kW. 
More than ±8μrad kick angle at 3kW provides ample 
safety margin with respect to the estimated perturbations 
(see Table 1), allowing to operate the amplifier well 
below the saturation point in its linear regime. Any 
remaining nonlinearities will be calibrated and corrected 
digitally by the IBFB FPGA board.  

The RF power amplifier is based on an off-the-shelf 
version (shown in Figure 8) but is currently being 
improved for PSI, e.g. by adding redundant primary 
(AC/DC) power supplies and redundant RF amplifier 
modules in order to improve MTBF, and by using newer 
as well as more robust RF components that tolerate 100% 
reflection at the amplifier output at full power. The 
maximum pulse length is 1ms, with up to 3% duty cycle 
and <50ns latency (input to output). A bandwidth of at 
least 10-100MHz will allow to use DC-free sinusoidal or 
rectangular amplitude-modulated waveforms up to some 
10MHz frequency to drive the kickers. The signal 
frequency (integer multiple of the bunch rep. rate), phase 

and chain cable length for the 2m elements is chosen so 
that the beam sees just the positive (or negative) half 
waves of the stripline signals when passing the kickers. It 
should be noted that, despite a lower amplifier bandwidth 
of ~10MHz, the kickers can correct orbit perturbations 
down to DC: The kicker waveform is DC-free, but the 
bunches just see a fraction of the waveform that is not 
DC-free and thus can be corrected down to DC. 

  

     
Figure 8: Left: Prototype RF power amplifier, similar to 
the dedicated IBFB version that is in production (4kW, 5-
175MHz BW, <30ns latency). Right: Amplifier latency 
measurement (courtesy TOMCO Technologies, horizontal 
scale 20-80MHz, vertical scale 5-55ns, latency <30ns). 

STATUS AND OUTLOOK 
The development of IBFB concept and subsystems at 

PSI is progressing from prototypes towards pre-series 
versions and the final design. We are currently merging 
initially separate designs for IBFB and general BPM 
system where possible, aiming at electronics modules that 
meet the more demanding latency and performance 
requirements of the IBFB while being cost-effective 
enough for large-scale use in the E-XFEL BPM system.  

The IBFB will use cavity BPMs where beam tests have 
already demonstrated sub-micron resolution. The next 
electronics revision that is currently being developed will 
further minimize BPM-dominated noise added to the 
beam by the IBFB, using the latest FPGA and DSP 
technology. For the IBFB kicker system, prototype 
production and test are planned for 2013, while IBFB 
beam commissioning is scheduled for autumn 2015. 
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DEVELOPMENT OF BUNCH CURRENT AND OSCILLATION RECORDER 
FOR SuperKEKB ACCELERATOR 

Makoto Tobiyama# and John W. Flanagan,                                                                 
KEK Accelerator Laboratory, 1-1 Oho, Tsukuba 305-0801, Japan 

Abstract 
A High-speed digital signal memory has been 

developed for the bunch current and oscillation recorder 
for SuperKEKB. It consists of an 8-bit ADC and a FPGA 
daughter card consists of Spartan-6 and DDR2 memories 
commercially available on a double width VME card. The 
block-RAM on the FPGA is used to transfer bunch 
current data with low latency for prompt bunch current 
measurements, and the large DDR2 memory is used for 
long-duration position recording, such as post-mortem 
bunch oscillation recording. The performance of the 
board, including data transfer rate, will be presented. 

INTRODUCTION 
The construction of the SuperKEKB accelerators to 

upgrade the KEKB B-factory has started in FY 2010 and 
in progress almost on schedule up to now. On 
SuperKEKB rings, we almost double the stored current, 
reduce the beam emittance down to about 1/10, squeeze 
betatron functions at the interaction point to achieve 40 
times larger luminosity than KEKB. As the physical and 
dynamic aperture of the rings will be much smaller than 
that of KEKB, a positron damping ring is under 
construction to reduce the beam size of the injected beam. 
Table 1 shows the main parameters of the SuperKEKB 
accelerators (High Energy Ring: HER, Low Energy Ring: 
LER and Damping Ring: DR). 

Since the luminosity of a collider is proportional to the 
bunch current product of each beam, and it is almost 
normal that they push the bunch currents as near as 
available to the beam-beam limit, it is fairly important to 
measure the bunch currents and to keep the filling pattern 
as flat as possible for stable operations and effective 
tunings. In other rings such as the damping ring or storage 
rings for SR use, though the priority of measuring prompt 
bunch current to flat the filling pattern is not so high, it is 
still meaningful to record or control the bunch filling 
information to understand the beam behaviour such as to 
study the collective effects. 

In KEKB, we have used the bunch current monitor and 
the bunch oscillation recorder based on the hardware two-
tap filter for the bunch feedback systems[1]. It had an 8-
bit ADC (MAX101), fast data demultiplexer which 
demultiplex the 8-bit data to 16 ways, and 20MB SRAMS, 
controlled by the extended VME interface.  During 
injection, the injection trigger signal interrupted the bunch 
current recorder to stopped the recording,  then initiate the 
data transfer process using the VME interrupt to transfer 
the  bunch current information to a reflective memory 

board on the same VME bus. One of the other reflective 
memory board connected with the optical fibre was 
placed at the gun control rack of the linac (~600 m far 
from the bunch current monitor) to select the injection 
bunch from the bunch current information[2]. This bucket 
selection system (bunch current equalizer) has worked 
very well to stabilize the bunch filling pattern fairly flat 
even after large loss of bunches due to beam-beam kick or 
beam instability. This enabled us to make fine tuning of 
the colliding condition to get higher and stable luminosity. 
Actually, when we had trouble on the bunch current 
monitor such as jumping the timing and couldn’t use the 
bunch current equalizer, the operation of the ring was 
fairly difficult and the peak and integrated luminosity of 
such period was obviously lower than other time. 

We have developed a new bunch current recorder based 
on current FPGA technology (18K10). With the aid of the 
great flexibility and the capacity of the FPGA, the board 
supports the harmonic number of h=5120 for 
SuperKEKB-LER and HER, h=230 for SuperKEKB 
Damping Ring, h=640 for PF-AR and h=312 for PF ring 
just by setting the DIP-switch on the board. Also, we have 
designed the board to be usable for the large-scale 
memory board which records all the bunch oscillations 
over long time, 0.16 s for SuperKEKB rings. The 
performance of the board, including data transfer rate will 
be shown. 

Table 1: Main parameters of SuperKEKB rings (HER: 
electron, LER: positron, DR: positron damping ring) 

                            LER        HER           DR    

Energy 4.0 7.0 1.05 GeV 
Circumference 3016 3016 135 m 
RF frequency 508.886 508.886 508.886 MHz 
Revolution  0.0994 0.0994 2.2 MHz 
Beam current 3.8 2.6 0.08 A 
H. number 5120 5120 230 
Bunch number 2500 2500 4 
Bunch length 6 5 5 mm 
H emittance 3 5 13 nm rad 
Coupling 0.4 0.3 10 
 

OUTLINE OF THE SYSTEM 

Hardware Design 
The block diagram of the bunch current recorder board 

(18K10) is shown in Fig. 1. It has an trigger input, an 
revolution input, an RF clock input and two 
complementary DATA inputs. Both trigger and revolution  ___________________________________________  

#makoto.tobiyama@kek.jp    
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Figure 1: Block diagram of the bunch current recorder (18K10). 

inputs have buffered outputs. All the inputs and the 
outputs are designed to match impedance of 50 .  On the 
RF clock input, we have inserted a digital delay 
(MC10E195) with a resolution of 10 ps and a range  from 
0 to about 10 ns, which is controlled through VME bus. 
By using this delay, we can adjust the ADC timing 
without inserting analog delays before the bunch signal 
inputs. The two complementary signal inputs (SIG IN+ 
and SIG IN-) are amplified with  DC amplifiers 
(THS4303, DC-1.8 GHz bandwidth) with the gain of 14 
dB. Since we have inserted 6 dB attenuator between the 
DC amplifier and the ADC input, the total gain from the 
input to the ADC will be 8 dB (2.5 times).  MAX108 (8-
bit, DC-2.2 GHz BW, 1.5 GSPS max) is used as the 
Analog-to-Digital converter (ADC). The ADC has a built-
in 1:2 demultiplexer and  reference clock outputs (RF/2) 
which make latter signal processing much easier than 
directly handling 508 MSPS signal. The reset timing of 
the built-in demultiplexer is supplied from the FGPA card 
if needed. To cool the ADC, we added a heat-sink with 
small DC fan. The temperature of the ADC is monitored 
using built-in diode of the ADC with the control CPLD. 

For the signal processing, we have used a FPGA 
daughter-card module (Mars MX1-45-3C) commercially 
available from Enclustra[3]. Figure 2 shows the Mars 
MX1-45-3C daughter card. It has an Spartan-6 FPGA 
(XC6SLX45-3CSG324C), 128MB of DDR2 SDRAM on 
a SO-SIMM form factor card (68 x 30 mm, 200 pins).  
The usable I/O are totally 108 pins. We have assigned 35 
pairs as LVDS signals  (70 pins) and 38 pins as LVTTL 
signals. Timing signals are converted to LVDS level to fit 
this interface except for the MAX108 outputs. The 
LVPECL outputs of the ADC are terminated to 50  just 
before the SO-DIMM connector, then received as LVDS 
signals with the FPGA. With this scheme, attenuation of 
the signal level due to the large stray capacitance of the 
SO-DIMM connector has been compensated. It also has a 

Quad SPI flash of 16 MB on the board, which is re-
programmable through the external J-TAG connector, to 
boot the FPGA code automatically after power cycle. To 

 
Figure 2: FPGA daughter card (Mars MX-1). 

 

 
Figure 3: Photo of the bunch current recorder board 
(18K10). Spartan-6 FPGA is mounted on SO-DIMM like 
daughter card. MAX108 ADC is placed under the fan and 
the heat sink. 
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extract the data directly to VME data bus, an 8-bit data 
bus with data strobe timing has used. The 32-bit data 
which fit the D32 data width of the VME bus is 
multiplexed with the data strobe timing. As the FPGA 
card has a voltage regulator (1.8V and 1.2 V) needed for 
the FPGA and DDR2 memory on it, only 3.3 V is 
supplied from the mother board. 

The FPGA includes all the logic for the bunch current 
mode corresponding to SuperKEKB (h=5120), PF-AR 
(h=640), PF (h=312) and Damping Ring (h=230) in both 
bunch current mode and large scale memory mode. The 
mode can be selected with the setting of the DIP switch 
on the mother board.  

To control the function of the FPGA and to commu-
nicate with the VME bus, we use two CPLDs. The first 
one is used to communicate with the VME bus (ALTERA 
EMP7256A), and the other is used to control FPGA and 
ADC (ALTERA EMP7256A). Both CPLDs are  also re-
programmable through external JTAG connector. The 
photo of the 18K10 is shown in Fig. 3.  

Recording Function 
In the bunch current recording mode, we limit the 

memory size as the ring memory with the length of 
harmonic number. Therefore, only the block-RAM in the 
FPGA is used. With the start command, the board 
memory address is at first synchronized to using the 
external revolution timing, then the data are recorded until 
the stop signal arrives. After receiving the stop signal, the 
recording is stopped at the end of the ring memory 
address, then the interrupt is initiated. The data 
acquisition will not restart until receiving the start 
command again from the VME.  

For the memory mode, the synchronization mechanism 
of the revolution timing to the memory address is the 
same as in the bunch current mode. We can select the 
memory size from 4k, 8k and 16k turns of revolution. In 
case of  SuperKEKB, 4k turns corresponds to 40 ms 
which is roughly same as the transverse radiation 
damping time. The trigger position can be selected by 
command from the VME with (1) -100%: stop recording 
just after receiving the stop signal. (2) 0%: stop after 
recording half of the memory after the trigger. (3) 100%: 
stop recording after the full length of the memory filled 
with the data after the trigger. ADC data is buffered in the 
FPGA block-RAM, then transferred to DDR2 memory 
with burst mode. When reading the memory, the data on 
the DDR2 memory is at first transferred to the block-
RAM in the FPGA, then transferred to the VME bus 
using long FIFO buffer to compensate the refresh cycle of 
the memory.   

VME Functions 
The 18K10 is designed to support the following VME 

functions: 
 A32D32 supervisory data access (AM code : 0x0D). 
 A32 supervisory block transfer (BLT, 0x0F) on ADC 

data region only. 
 VME Interrupter (ROAK). 

The VME address, IRQ number and IRQ vector is 
defined on the DIP and rotary switch on the mother card. 
It occupies 512 byte of VME address space. For the ADC 
data, only one 32 bit address space (D32) is prepared. The 
data is accessed through this windows using FIFO logic. 
For the BLT access, 256 byte address space is accessible 
for the ADC data area but the VME address itself is 
ignored during BLT access and is handled as if it accesses 
the first address of the ADC address space. 

EVALUATION OF THE BOARD 

EPICS Settings 
We have been using EPICS system as the main control 

scheme on KEKB accelerators and will continually be 
used on SuperKEKB rings. The version of the EPICS 
used on this evaluation is R314.12 on VxWorks 6.2. As 
the VME system controller  (IOC), we have used the 
Emerson MVME5500 (MPC7457 1 GHz processor) 
which support block data transfer, such as MBLT or BLT 
by using the Universe II chip functions.  Figure 4 shows 
the photo of the evaluation setup. Independent EPICS 
device support and databases is prepared for each bunch 
current mode and large scale memory mode. For the 
interrupt handler, the device support is designed to read 
the board status register at first which automatically reset 
the interrupt status of the board, then forward link of the 
EPICS database initiate the reading function of the data. 
During reading process, we disable both the interrupt and 
board restart function. After finishing the reading, the 
device support  enables the interrupt and restart the board. 

 
Figure 4: 18K10 in the VME subrack. VME extension left 
to the 18K10 is used to monitor the VME bus timing 
using logic analyser.  

Synchronization Test 
It is always important that the recording data is 

correctly synchronized to the revolution of the accelerator, 
especially when we use the recorded bunch current data to 
select minimum bunch current bucket on the bucket 
selection system to equalize the filling. With the simple 
algorithm to equalize the bunch filling pattern, jitter of the 
bunch current monitor easily yields  fatal effect such as 
injecting huge bunch current into one special bunch 
within fairly short time.  
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We have examined the jitter rate by inputting the 
known pulse signal (attenuated revolution signal with 
pulse width of about 150 ns) to the signal input and 
checked the change of the falling edge ADC data using 
EPICS sequencer. The bunch current mode for 
SuperKEKB (h=5120) was used on this examination. By 
monitoring two 18K10 board simultaneously with the 
stop trigger rage about 300 Hz, the jitter error was 
confirmed to be less than 8105  on both board after 
adjusting the timing of the revolution timing input to be 
the good point with enough timing margin. We confirm 
the synchronization mechanism used on this board is 
working well as expected.  

ADC Test 
The Peak-to-Peak and RMS error of the system has 

been measured by fitting the recorded data of the clear 
sinusoidal signal input. The bunch current recording 
mode was used on this test.   

The RMS error of the fitted data was 0.98 bit and the 
peak-to peak error was about 3.7 bit. No significant 
pattern was observed in the amplitude error distribution. 
We can conclude the fast ADC and the pre-amplifier is 
working well. On the large scale memory mode, it 
sometimes shows a large spike, especially when the data 
passes 0x7F to 0x80. Since the ADC is working well on 
the bunch current mode, this spike should be coming from 
the miss-timing of FPGA or DDR2 memory. Detailed 
investigation is now in progress. 

Data Transfer Rate 
As the maximum injection rate of the KEKB and 

SuperKEKB is 50 Hz, the data transfer time from the 
18K10 to the IOC should be much shorter than 20 ms to 
keep the calculation time of the bunch current equalizer. 
The bunch current monitor used in KEKB showed an 
interrupt response time of typically 21 s and data 
transfer time of about 1.4 ms (5120 bunches) under 
EPICS R313 with Power PC 6750 IOC (PPC750). For 
SuperKEKB, the situation might be more severe if the 
transient beam loading effect is much stronger than 
KEKB; in such case we need to use I/Q detection using 
two set of 18K10 for one ring and perform amplitude (and 
phase) calculation using the IOC CPU resource. For the 
large scale memory mode, as we need to record a large 
amount of data to relatively slower remote disk using 
NFS or tftp protocol through terribly crowded control 
network, the data transfer time from 18K10 to the IOC 
might not be the rate-limiting step, though the speeding 
up of the data transfer surely make total waiting time 
shorter when transferring large data such as 16k turns, 80 
MB data. 

The measured interrupt response time of the 18K10 
with MVME5500 was 9.5 s. Figure 5 shows the typical 
data transfer cycle (A32, D32) with AM code of 0x0D 
(A32D32 supervisory data access). The typical data 
transfer cycle was around 1.5-1.7 s per D32 read process. 
To transfer 5120 data using MVME5500 with VxWorks 
6.2, it required 2.1 ms. It is much slower than the case 

when PPC750 was used as IOC, 1.4 ms typically.  It is 
well known that the VME data cycle of the MVME5500 
is slower than PPC750 due to huge overhead in PCI-VME 
bridge and is also fairly difficult to speed up with normal 
methods. 

 
Figure 5: A32D32 normal VME cycle. 

We have implemented block transfer function using the 
DMA access of the Universe II chip on the MVME5500. 
On the block transfer mode[4], we at first allocate 
memory space of the CPU (not in the VME address space 
but the memory directly accessible from the CPU). VME 
master at first asserts the first VME address, AM code of 
0x0F (A32 supervisory block transfer: BLT mode) then 
drive AS* (AS* is kept low during entire BLT cycle). 
18K10 places D32 data on the VME bus then drive 
DTACK*. VME master transfers the D32 data to the 
allocated CPU memory and release DS*. 18K10 releases 
the D32 bus and prepare next data. While AS* is kept low, 
the above cycle repeats up to a pre-defined cycle limit. 
After the block transfer finishes, we transfer the data from 
the allocated CPU space to the device support memory 
space, which also should be on the CPU memory space, 
to make needed calculation and to transfer the data to 
EPICS database. As the memory space on the 18K10 for 
the ADC data is  256 bytes, which is 64x4 word, the 
maximum length of the BLT cycle is limited 64 cycles 
per access though the maximum number of BLT cycle by  

 
Figure 6: A32D32 BLT access. 
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VME64x specification is 256. Figure 6 shows the VME 
bus timing during BLT access. 

Typical access cycle time was around 550 ns per D32 
read. To transfer 5120 data with the BLT access took 1.1 
ms, which is about the half of the normal data transfer 
time and about 30% faster than when using a PPC750 as 
IOC.  By extrapolating this transfer rate to large memory 
transfer, we can estimate the data transfer time. For 
example,  in case of 4k turns of data transfer (40 ms = 20 
MB), it will need about 4 s which is much shorter than the 
PPC750’s case of about 16 s (measured). The overhead 
due to limited BLT cycle (64 cycles) is estimated to be 
negligibly small in KEKB bunch current mode (about 20 
s) and the 4k turns of memory (about 20 ms).  

For  the use the of bunch current equalizer, it is 
required to transfer the bunch current data from the 
18K10 board to the linac gun trigger control system 
through reflective memory earlier than the next injection 
timing. We have already started the evaluation of the 
reflective memory (VMIVME5565) using the long optical 
fiber from the central control room to the linac gun 
control, about 500 m.  The data transfer rate between the 
two boards through optical fiber is 178MB/s by 
specification. As it supports DMA data transfer on the 
VME bus, we hope the latency of the system to be short 
enough. Total performance of the system will be 
evaluated within this fiscal year. 

SUMMARY 
We have developed the bunch current and bunch 

oscillation recorder (18K10) using FPGA daughter card 
commercially available. For the bunch current mode, the 
performance of the board such as ADC error, timing jitter 
and data transfer rate was evaluated to be  sufficient as 
expected. In the large scale memory mode, it shows some 
unstable behaviour both in regards to the acquired data 
and the timing jitter. Detailed investigation is in progress. 
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RELIABLE BEAM-INTENSITY CONTROL TECHNIQUE 
AT THE HIMAC SYNCHROTRON 

K. Mizushima#, T. Furukawa, T. Shirai, S. Sato, Y. Iwata, K. Katagiri, Y. Hara, K. Noda, 
National Institute of Radiological Sciences, Chiba, Japan

Abstract 
Short extraction called preliminary extraction has been 

added before irradiation in order to avoid an overshoot of 
the beam spill. A fast beam shutter was developed and 
installed in the extraction line to prevent the beam 
delivering to the patient during preliminary extraction. 
The fast shutter enables us to switch from preliminary 
extraction to irradiation in 100 ms, and the reliability of 
the beam-intensity control system was drastically 
improved by the preliminary extraction technique. 

INTRODUCTION 
In raster scan irradiation for charged particle cancer 

therapy, an upper limit of the beam intensity depends on 
the magnetic scan speed. The beam intensities beyond the 
limit cause extra dose deposition, which must be avoided 
for reducing the damage to normal tissues. Some therapy 
facilities, therefore, employ the feedback control system 
of the extracted beam intensity [1], and National Institute 
of Radiological Sciences (NIRS) in Japan is also one of 
them. 

NIRS has carried out carbon-ion therapy with beam 
scanning [2] since May 2011. The carbon-ion beam is 
slowly extracted from the Heavy Ion Medical Accelerator 
in Chiba (HIMAC) synchrotron using the third-order 
resonance with the RF-knockout method [3]. The 
intensity of the extracted beam is kept constant by 
controlling the amplitude of the transverse RF-field with 
the feedback system [4]. In the beam-off period, the 
transverse RF-field is turned off, and the betatron tune is 
moved away from the resonance by exciting fast 
quadrupole magnets. Their magnets are also turned off at 
the start of extraction. However, then some particles 
having large betatron amplitude go out of the stable 
region at a stroke, and they are observed as a spill 
overshoot. At the HIMAC synchrotron, it was often 
induced by a slight variation of the beam emittance in 
operation cycles. A typical figure of the spill overshoot is 
shown in Fig. 1. The high overshoot of the beam spill is 
capable of bringing dose hot spot inside the target 
volume, because the tolerable beam-intensity in scanning 
irradiation is low. 

It is impossible to avoid the spill overshoot with the 
feedback control of the transverse RF-field amplitude, 
because the spill overshoot occurs even if the transverse 
RF-field remains turned off. Although the fundamental 
solution of this problem is the improvement of the 
operation repeatability, it is difficult to maintain the beam 
emittance with high accuracy on a long-term basis.  

 

 
Figure 1: Typical overshoot of the beam spill at the 
start of extraction. 

 
Accordingly, the required solution is a repeatability-
independent way, such as the one which removes the 
uncontrollable spilled particles selectively. 

We have added short extraction, called preliminary 
extraction (pre-extraction), as a technique for avoiding the 
spill overshoot. Before irradiation, the particles causing 
the spill overshoot are removed unfailingly from the 
synchrotron by pre-extraction. It is necessary to prevent 
the beam delivering to the patient during pre-extraction. 
In addition, for reducing the dead time, it is desirable that 
the switching between pre-extraction and irradiation 
performs in a short time. Therefore, a fast beam shutter 
was developed and installed in the HIMAC extraction 
line. 

The spill overshoot was prevented in the experiment at 
the HIMAC, and the reliability of the beam-intensity 
control system was drastically improved by the pre-
extraction technique. In this paper, we describe the pre-
extraction system including the developed fast shutter and 
the experimental results. 

PRE-EXTRACTION SYSTEM 
System Layout 

The pre-extraction system has been incorporated into a 
beam-intensity control system of the HIMAC 
synchrotron. A block diagram of the beam-intensity 
control system is shown in Fig. 2. An RF-knockout 
controller works as the generator and feedback amplifier 
of the low-level RF voltage. The reference and actual 
values of the beam intensity are provided from an 
irradiation control unit to this controller. The actual value 
is measured by an ionization chamber. 

The pre-extraction control unit is a Programmable 
Logic Controller. This unit carries out the control of the 

 _________________________________________  
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beam shutter and the pre-extraction gate while receiving a 
gate signal, which indicates permission for extraction, 
from the HIMAC timing system. It also sends an 
irradiation enable signal to the irradiation control unit. 

A schematic timing chart of the pre-extraction control 
is shown in Fig. 3. The beam is accelerated to the flattop 
energy, and the pre-extraction is performed with the beam 
shutter closed. The pre-extraction time is set to 200-400 
ms. The beam shutter is opened as soon as the pre-
extraction is finished. While driving the shutter, the beam 
extraction is paused. The irradiation to the patient is 
started when the beam shutter is completely opened. The 
irradiation is also turned off at the end of the flattop, and 
the beam shutter is closed. 

 

 
Figure 2: Block diagram of the beam-intensity control 
system at HIMAC. 

 

 
Figure 3: Schematic timing chart of the pre-extraction 
control. 

 

Fast Beam Shutter 
The fast beam shutter was developed to reduce the dead 

time produced by switching from pre-extraction to 
irradiation. The open/close-mechanism of this beam 
shutter is constructed with two parallel plates on a 90 
degree rotary table, as shown in Fig. 4. The shutter plates 
and rotary table are made in integral structure by cutting 
an aluminum block. The magnetic fluid seal is used as a 
vacuum seal for a shaft which drives the rotary table. The 
driving mechanism of the shaft is a pneumatic rotary 
actuator. The space between the parallel plates on the 
rotary table is the beam aperture when the shutter is open. 

An ionization chamber is mounted on one of plates in 
order to measure the beam intensity during the shutter 

closed period. Using the measured value with the 
ionization chamber, the beam intensity is controlled by 
the RF-knockout controller even during pre-extraction. 
The driving shaft is hollow, and the cables for the signal 
readout and high-voltage supply pass through the hollow 
shaft. The shutter plate and rotary table also have a 
through hole to connect the cables to the ionization 
chamber. The inside of the ionization chamber and hollow 
shaft is filled with air. The internal air is confined within 
the ionization chamber by closing an air valve, which is 
equipped on the middle of the shaft. 

The driving time, which means all time spent on the 
open or close controls of the fast beam shutter, is 
estimated at about 100 ms from the specifications of the 
rotary actuator. The beam shutter enables us to switch 
from pre-extraction to irradiation with this driving time. It 
was installed in the HIMAC extraction line, as shown in 
Fig. 5. 

 

 
Figure 4: Schematic drawing of the fast rotary beam 
shutter. 

 

 
 
Figure 5: Photograph of the fast beam shutter installed 
in the HIMAC extraction line. 

EXPERIMENTAL RESULTS 
The experimental test was carried out with a 140 

MeV/n carbon ion beam at HIMAC to confirm the 
performance of the developed beam shutter. The 
experimental parameters are given in Table 1. 
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Table 1: Experimental Parameters 

Energy of 12C6+ 140 MeV/n 

Betatron tune (Qx/Qy) 3.68/3.13 

Stored particle number 6 × 109 

Extraction beam-intensity 1 × 108 pps 

 
The beam extraction gates for pre-extraction and 
irradiation were opened alternately in the experimental 
test, as shown in Fig. 6. The intervals between the pre-
extraction and irradiation gates were the times for driving 
the beam shutter and sequential processing by the pre-
extraction control unit. The actual driving times were 104 
ms and 101 ms for the opening and closing of the shutter, 
respectively. 

The beam spill was measured with the two ionization 
chambers which are mounted on the beam shutter plate 
and placed in the irradiation port. Both values measured 
by these ionization chambers are sent to the RF-knockout 
controller. In Fig. 6, the beam intensity was kept constant 
at 1 × 108 particles per second (pps) during pre-extraction 
in addition to irradiation. It means that the two 
measurement values were successfully used for the 
feedback control of the beam intensity in the RF-
knockout controller. In this experimental test, it was 
confirmed that the developed shutter prevented the beam 
delivering to the irradiation port during pre-extraction. 

 

 
Figure 6: Experimental test of the fast beam shutter 
equipping the ionization chamber. 

 
The effect of the pre-extraction technique was also 

verified by the beam experiment at HIMAC. Although the 
horizontal beam scraper in the synchrotron had been 
utilized to limit the beam size in the usual condition, it 
was not used in this experiment to confirm the pre-
extraction effect clearly. The spill overshoot was 
observed without pre-extraction, as shown in Fig. 1. The 
horizontal beam emittance was surely over the separatrix 
area at the start of extraction due to the non-use of the 
scraper. Nevertheless, the generation of the spill 

overshoot was prevented by the pre-extraction technique, 
as shown in Fig. 7. The pre-extraction time was 200 ms. 
We could remove the particles causing the spill overshoot 
beforehand by pre-extraction. As a result, we could obtain 
the stable beam spill with a fast ramping. 

 

 
Figure 7: Comparison between the beam spills with 
and without pre-extraction at the start of extraction. 

CONCLUSION 
In slow beam extraction for scanned carbon-ion therapy, 

an overshoot of the beam spill is undesirable because it 
brings dose hot spot inside the target volume. The pre-
extraction system was introduced into the HIMAC 
synchrotron to remove beforehand the particles inducing 
the spill overshoot. In addition, a fast rotating beam 
shutter was developed for the reduction of the dead time 
due to the pre-extraction technique, and it was installed in 
the HIMAC extraction line. The switching time, from pre-
extraction to irradiation, of 100 ms was achieved by the 
developed shutter, and the reliable beam-intensity control 
was realized by the pre-extraction technique. This 
technique is also effective in the multiple-energy 
synchrotron operation [5], because it can prevent the spill 
overshoot induced by the emittance growth due to the 
stepwise beam deceleration. 
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DEVELOPMENT OF THE SYSTEM FOR LONGITUDINAL COUPLED 
BUNCH MODES MEASUREMENT AT INDUS-2 

S. Yadav#, A.C. Holikatti, Avanish Ojha, Y.Tyagi, T.A. Puntambekar, C.P. Navathe 
Raja Ramanna Centre for Advanced Technology, Indore, India  

 

Abstract  
In a circular accelerator, beam instabilities are 

intensity-dependent collective effects that arise because of 
the electromagnetic wake fields generated by the beam as 
it interacts with its environment. These instabilities limit 
the high current operation in the accelerator and degrade 
the performance of synchrotron radiation beam. Indus-2 is 
a synchrotron radiation source at RRCAT, Indore having 
design beam current of 300 mA and 2.5 GeV beam 
energy. Beam intensity signal obtained from wall current 
monitor (WCM) is used to measure the longitudinal 
coupled bunch modes (CBM). To study the beam 
instabilities, an automated software has been developed 
which acquires the beam intensity spectrum for 
measurement of coupled bunch modes. The software has 
option of complete CBM scan, scanning near the 
significant RF cavity higher order modes (HOM) and 
scanning of user-selected modes. The scanning time for 
complete 291 modes is ~5 minutes. In this paper, we 
describe the measurement system, features of the 
developed software and some measurement results on 
Indus-2 machine.  

INTRODUCTION  
 To achieve high luminosity and brightness in a circular 

accelerator, intense particle beam with number of bunches 
is required. Collective effects or collective instabilities 
must be taken into the account where higher beam 
intensity is desired. Indus-2 is a synchrotron radiation 
source at RRCAT, Indore, India having design beam 
current of 300 mA and 2.5 GeV beam energy. Presently 
Indus-2 is being operated at 100 mA beam current and 2.5 
GeV beam energy. Study and detailed understanding of 
the nature and cause of collective instabilities with 
corrective measures are important for the successful 
operation of accelerator. Coupled bunch collective effects 
include the effects which are associated with 
electromagnetic fields generated by the collection of all 
particles in a beam [1]. In a circular accelerator, if the 
interaction of particle beam with the environment 
increases the collective effects, the particle beam becomes 
unstable and these instabilities are called as coupled 
bunch instabilities. The effects of coupled bunch 
instabilities on synchrotron machine performance are 
increased emittance of beam, increased beam size, 
possibility of beam loss, saturation of maximum beam 
current and lifetime reduction etc. 

Collective instabilities can be measured by the 
amplitude of transverse and longitudinal oscillations of 

charged particle beam by analyzing the beam spectral 
components. The transverse (betatron) and longitudinal 
(synchrotron) oscillation are normally damped by natural 
damping mechanism.  The equation of motion of particle 
in circular accelerator is given as  

 
                  (1)       

 
Where, D is the natural damping factor and ω is 

synchrotron or betatron frequency. The solution of the 
above equation is a damped oscillation for ω >> D as 
shown in the Fig.1. This is the condition of a stable beam. 
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Figure 1: Natural damping of beam oscillation. 
 

The electromagnetic fields created by the interaction of 
bunches of charged particle with metallic surroundings   
in an accelerator are called wake fields. The wake fields 
act back on the bunches and increases growth of 
longitudinal and transverse oscillations. In the presence of 
wake fields the equation of motion of particle in circular 
accelerator can be written as 

 
        (2) 

 
Where, G is growth rate factor because of wake fields 

and D is the natural damping factor. The solution of the 
equation in the presence of wake fields depends on the 
growth rate. If growth rate is less than damping rate the 
resultant oscillation will be damped as shown in Fig.1. If 
growth rate is higher than damping rate the resultant 
oscillation starts growing and the beam becomes unstable 
[2].  Figure 2 shows the condition of unstable oscillations. 
These instabilities can be observed by longitudinal and 
transverse oscillation frequency in the beam spectrum. 

 

02 2  )t(xω(t)xG)-(D(t)x 

02 2  )t(xω(t)xD(t)x 
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Figure 2:  Beam oscillation growth because of instability. 

The longitudinal oscillations of beam create angle 
modulation in the beam pickup signal. The modulating 
frequency is decided by the longitudinal mode of 
oscillation. In longitudinal dipole mode, modulating 
frequency is given by synchrotron frequency of machine 
and harmonic of revolution frequency. In longitudinal 
quadrupole mode, modulating frequency is given by twice 
of the synchrotron frequency and harmonic of revolution 
frequency. Figure 3 shows the typical beam spectrum 
with the longitudinal dipole and quadrupole oscillation 
around a revolution harmonic.      

 
 

Figure 3: Beam spectrum with longitudinal oscillation. 

SYSTEM DESCRIPTION 
The block diagram of longitudinal coupled bunch 

measurement system is shown in Fig.4. For observation 
of longitudinal CBM, the wall current monitor (WCM) of 
Indus-2 ring is used to pick up the beam intensity signal. 
The pickup signal of WCM is fed to a spectrum analyzer 
for producing the beam spectrum. Spectrum analyzer has 
been chosen for this purpose because the dynamic range 
required for measurement is more than 50 dB. GPIB 
interface is used for acquiring the beam spectrum data 
from spectrum analyzer to PC for extracting the 
information about CBM. The PC is also connected with 

the machine control system to acquire the beam 
information namely beam current and beam energy. 

 
 

 
 
Figure 4: Scheme of longitudinal coupled bunch 
measurement system. 

SOFTWARE DESCRIPTION  
Due to excitation of coupled bunch modes, frequency 

components generated in the beam spectrum can be given 
by  

      (3)  
 
Where, m is frequency present in the beam spectrum 

due to coupled bunch mode no. m, r is the harmonic 
number, N is total no. of buckets in circular accelerator 
and νs is synchrotron tune value [2].  For Indus-2 total no. 
of buckets (N) is 291 and m is 0 to 290. The RF frequency 
of Indus-2 is 505.812 MHz. The frequency range of 
scanning of all 291 modes is taken as 505.808 MHz to 
757.84 MHz.   

Manual measurement takes long time to scan wide 
bandwidth with the fine frequency resolution, hence it is 
not practical to analyse all coupled bunch modes at 
identical beam conditions. For automation of this process, 
a MATLAB based software has been developed to 
interface the spectrum analyzer and acquire the beam 
spectrum data from spectrum analyzer into PC. Following 
features are available in the software: 
 Scanning of beam spectrum for all 291 the coupled 

bunch modes. 
 Scanning of beam spectrum for selected frequency 

range.  
 Scanning of beam spectrum near the measured HOM 

frequency of RF Cavities. 
 Saving of the images of beam spectrum where 

coupled bunch modes are excited. 
 Saving of the frequency and amplitude of coupled 

bunch modes in MS-excel file. 
 

After acquisition of the data, software locates the peaks 
in beam spectrum corresponding to the coupled bunch 
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modes and calculates the amplitude of coupled bunch 
modes. The mode number, frequency of coupled bunch 
mode and the amplitude of excitation are displayed on 
graphical user interface of software. Three different 
options are provided in the software to scan the coupled 
bunch modes (CBM). In the first option, software scans 
all 291 CBM in beam spectrum. Scanning time is ~280 
seconds in this mode.  In the second option, software 
scans the CBM in given frequency range. The scanning 
time depends on the frequency span. In the third option, 
software scans the CBM in the vicinity of HOM 
frequency of RF cavities. The eight numbers of 
significant longitudinal HOM frequencies are selected for 
this scanning. Scanning time is ~80 seconds in this mode.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Snapshot of graphical user interface for 
longitudinal CBM measurement. 

 
Figure 5 shows the snapshot of graphical user interface 

for longitudinal CBM measurement. The scan results are 
saved in the form of MS-Excel file. The software saves 
the spectrum image if the excitation level of coupled 
bunch mode is above -70 dBm. The software is interfaced 
with the Indus-2 machine control system over TCP/IP 
network to acquire the beam current and beam energy 
information. 

RESULTS  
The longitudinal coupled bunch modes were measured 

at different beam energies during the beam energy 
ramping from 550 MeV to 2.5 GeV. The typical CBM 
measurement results at beam energies 550 MeV, 2 GeV 
and 2.5 GeV at beam current ~100 mA are shown in 
Fig. 6. 
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Figure 6: Typical measurement results of CBM 
measurement with energy (a) 550 MeV (b) 2 GeV (c) 2.5 
GeV. 
 

The excitation level of CBMs is observed to change 
with the beam energy. To confirm this behaviour, the 
measurement of synchrotron tune has been performed 
during beam energy ramping. The measured synchrotron 
tune variation with beam energy is shown in Fig. 7. 
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Figure 7: Typical measurement result of synchrotron tune 
with beam energy.  

 
In view of the observed synchrotron tune variation with 

beam energies, there is a need for Indus-2 to control the 
narrow band impedance resonances during beam energy 
ramping.  

CONCLUSION  
A system of longitudinal CBM measurement has been 

developed and installed in Indus-2 synchrotron radiation 
source. Measurement of CBM will be very important for 
achieving design goal of Indus-2 i.e. operation at 300 mA, 
2.5 GeV. The measurement system can be use to find 
optimum bunch filling pattern in Indus-2 to increase the 

instability threshold[3]. The study of transverse CBM is 
also required to understand coupled bunch mode 
instability in Indus-2. The change in CBM level with 
energy gives an indication of requirement for dynamic 
correction of CBM and HOM during beam energy 
ramping.  
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INTRODUCTION OF PHOTON BPMS IN SOLEIL GLOBAL ORBIT 
FEEDBACK SYSTEMS 

N. Hubert#, L. Cassinari, L. Nadolski 

Synchrotron SOLEIL, Saint Aubin, BP 34, 91192 Gif-sur-Yvette, France 
 

Abstract 
SOLEIL global orbit feedback systems (slow and fast), 
based on 122 electron Beam Position Monitor (e-BPM) 
readings, are in operation since 2008 and give very 
satisfying performances (0.1Hz-500Hz vertical noise 
below 300 nm RMS and long term (8h) drifts below 1µm 
RMS).  
Whereas each straight section is equipped with an 
upstream and downstream e-BPM, there is no e-BPM 
next to a dipole magnet. For that reason, photon BPMs (x-
BPMs) in the dipole beamline frontends give additional 
information that can be used to better stabilize the source 
point in the dipoles. In fact x-BPMs provide also a better 
position angular measurement resolution, as they are 
located at 4 meters from the source point. 
Results presented in this paper show that vertical position 
stability on bending magnet beamlines can be improved 
by including their x-BPM measurements in the global 
orbit feedback systems.  
As a first step x-BPMs have been introduced in the Slow 
Orbit FeedBack system (SOFB) that corrects the orbit 
with a repetition rate of 0.1Hz. In a second step x-BPMs 
will be introduced in the Fast Orbit FeedBack system 
(FOFB) running at a repetition rate of 10 kHz. 

INTRODUCTION 
SOLEIL synchrotron is a third generation light source 

in operation since 2006. Orbit stability is a key parameter 
for the beam quality delivered to the 26 beamlines. Very 
good performances have already been achieved for long 
term and short term stability as reported in Ref. [1]. 
Combined slow and fast orbit feedback systems [2] keep 
the horizontal and vertical position and angle within the 
standard stability requirement: less than 10 % of the beam 
size and divergence, respectively. Nevertheless, 
continuous effort is done to improve even more the 
SOLEIL beam orbit stability taking into account new 
demands for stabilizing the closed orbit. Currently, 
integration of the photon beam position monitors (x-
BPMs) in the feedback loops is being studied. Two x-
BPMs are located several meters away from the source 
point and have a better sensitivity than the electron beam 
position monitors (e-BPMs). Moreover, bending magnet 
beamline x-BPMs can give additional information for the 
orbit stability, since the SOLEIL lattice does not have any 
e-BPM next to a bending magnet source point (Fig. 1).  

 
Figure 1: Vertical beam position measured by a dipole x-
BPM at 4.7m from the source point (red curve). As a 
comparison, the projection of the position calculated from 
position and angle of the electron beam at source point is 
plotted in blue. The stability observed on the x-BPM is 
not as good as the one observed on e-BPMs.   

CONTEXT 
Orbit Feedback Systems 

The SOLEIL beam orbit is stabilized using two 
interleaved orbit feedback systems based on the reading 
of the 122 e-BPMs of the machine. The slow system acts 
every 10 seconds on a set of 57 corrector coils located in 
the sextupole magnets (arcs). The fast system acts every 
100 µs on a different set of 50 air-coil correctors located 
upstream and downstream of every straight section. Both 
systems are global, that is to say that the information from 
all e-BPMs is taken into account to compute the setting 
values for each corrector. An interaction process [2] 
allows having both systems efficient on a common 
frequency range: from DC to 0.05Hz for the slow orbit 
feedback (SOFB) and from DC to 200 Hz for the fast 
orbit feedback (FOFB). 

Photon BPMs 
SOLEIL beamlines frontend are equipped with blade x-

BPMs, manufactured by FMB [3] after a design from 
BESSY. The position measurement given by this kind of 
x-BPM is based on the beam halo detection and thus is 
strongly dependent on the photon beam shape. On 
bending magnet source points, the beam shape is constant 
whereas for the insertion devices, it hugely depends on its 
configuration (gap, phase, photon polarisation …). For 
this very reason, only x-BPMs on bending magnet 
beamlines can be included at the moment in the orbit 
feedback loops (vertical plane only). 
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Two photon BPMs are installed in each of the 4 
bending magnet beamline frontends. They are located at 
4.7 and 6.73 meters after the source point, respectively. A 
shutter, controlled by the beamline users, is placed 
between the two x-BPMs. Therefore, the first x-BPM can 
be included in the feedback loops whereas the second one 
will be used as an independent observer (Fig. 2). 

 
Figure 2: Schematics of a SOLEIL bending magnet 
beamline frontend (extraction angle = 1°). A shutter is 
placed between the two x-BPMs.  

SOLEIL Lattice 
Orbit stabilisation of a source point depends mainly on 

the readings of the 2 closest e-BPMs. In SOLEIL lattice, 
several magnetic elements are located between bending 
magnets (source point) and the closest e-BPM: one 
sextupole and one quadrupole at each side (Fig. 3).  

 

 
Figure 3: SOLEIL lattice detail around one dipole 
magnet. Bending magnet and closest BPM are separated 
by one sextupole and one quadrupole. 

 In this case, e-BPMs do not give a direct measurement 
of the source point in the dipole and orbit stabilization is 
not optimized for the source point stabilization. 

Four bending magnet beamlines have two x-BPMs in 
their frontend as described in the previous paragraph. 
Those beamlines are located symmetrically around the 
storage ring (Fig. 4) 

 
Figure 4: Bending magnet beamlines location around the 
storage ring. Four bending magnet beamline frontends are 
equipped with x-BPMs than can be included in orbit 
feedback systems. 

INTEGRATION INTO GLOBAL ORBIT 
FEEDBACK SYSTEMS 

Global Feedback Systems 
SOLEIL slow and fast orbit feedback systems are both 

global, that is to say that the information from all e-BPMs 
is used to compute the new setpoints of the corrector 
coils. The RF-frequency is used as an extra knob in the 
horizontal plane to correct for circumference slow 
variation of the storage ring in the SOFB loop. Correction 
algorithms are based on SVD method. 

To be integrated into feedback loops, x-BPMs are 
considered as additional BPMs in the response matrix 
with specific weighting factors.  

The first step has been the integration into the SOFB in 
order to see the feasibility and also to check the efficiency 
on the beam stability of such the introduction. 

Integration into the low rbit eedback ystem 
First, a simulation has been done, to check that the 

correction process was converging when x-BPMs are 
included. Loop has been first closed using a theoretical 
response matrix, and later with an experimental one. 
Correction was immediately converging. It is performed 
using 57 singular values in both planes. The weights for 
each e-BPM and x-BPM are all equal to one, but can be 
set independently for future optimisation. 

Experimental tests have been carried out over medium 
term periods (~5 hours). In order to compare the stability 
with and without x-BPMs in the SOFB loop, beamline 
shutters are opened, and observations are done on the 
second x-BPM which is not in the feedback loop (Fig. 5). 

For the four bending magnet beamlines, vertical beam 
position stability is improved. Vertical position variations, 
with and without x-BPMs in the feedback loop, are given 
in Table 1. Introduction of x-BPMs in the slow feedback 
loop improves the stability by about a factor 2. 

 

Table 1: Variation (RMS) of the vertical position on x-
BPM N°2 with and without x-BPM N°1 in the slow 
feedback loop (experiment duration = 6 hours). 

Beamline  
name 

w/o x-BPMs w/ x-BPMs Reduction 
factor 

ODE 1.25 µm rms 0.37 µm rms 3.3 

METRO 0.46 µm rms 0.24 µm rms 1.9 

SAMBA 0.38 µm rms 0.23 µm rms 1.7 

DIFFABS 0.33 µm rms 0.16 µm rms 2.1 

 
In the same time, vertical orbit stability on the other 

source points (insertion device beamlines) has not been 
deteriorated. 

 

S O F S
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Figure 5: Vertical beam position measured on second x-BPMs (not included in the feedback loop) at the METRO, 
SAMBA and DIFFABS bending magnet beamlines. First x-BPM is alternatively included or excluded from the slow 
feedback loop. Improvement on vertical stability can be seen when the SOFB runs with the x-BPMs. 

Those tests have been carried out with the slow 
correction loop alone. Now that it has been shown that 
introduction of those x-BPMs was beneficial for the 
vertical orbit stability, it will be shortly put in operation 
with the FOFB running in parallel (without x-BPMs in a 
first time). 

Integration into the Fast Orbit Feedback System 
Integration of x-BPM data into fast orbit feedback 

system requires additional precautions on the data 
synchronization point of view: 

 e-BPM and x-BPM data sampling rates must be 
identical (10079Hz at SOLEIL) 

 e-BPM and x-BPM data latency must be sensibly 
equal (less than 20 µs difference) 

 e-BPM and x-BPM data must be synchronized and 
distributed over the same dedicated network 

This has been done by replacing the existing electronics 
of the first x-BPM by Libera Photon modules [4] on the 
four bending magnet beamline frontends. 

 Moreover the FOFB algorithm has been modified to 
accept additional inputs. 

Benefits of including x-BPMs in the FOFB have still to 
be demonstrated, but as almost all elements are ready, it 
will be under commissioning in the coming months.  

CONCLUSION 
Bending magnet source point vertical stability benefits 

from the introduction of dipole-based x-BPM in the slow 
orbit feedback loop. First tests have been carried out and 
are very encouraging. After some additional work to 
adapt this new configuration to the control system, it can 
be shortly adopted during user operation mode.  

Electronics and algorithm are ready for the integration 
into the FOFB, and first tests will be done in the next 
months. 

In the future, we can also expect to integrate x-BPMs 
from insertion device beamline frontends. Nevertheless 
the issue of position measurement dependence with the 
insertion device configuration is complex and has still to 
be solved. 
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MEASUREMENTS OF MARTIN-PUPLETT INTERFEROMETER LIMITA-
TIONS USING BLACKBODY SOURCE 

P. Evtushenko#, M. J. Klopf, JLab, Newport News, USA

Abstract 
Frequency domain measurements with Martin-Puplett 

interferometer is one of a few techniques capable of 
bunch length measurements at the level of ~ 100 fs. As 
the bunch length becomes shorter, it is important to know 
and be able to measure the limitations of the instrument in 
terms of shortest measurable bunch length. In this paper 
we describe an experiment using a blackbody source with 
the modified Martin-Puplett interferometer that is routine-
ly used for bunch length measurements at the JLab FEL, 
as a way to estimate the shortest, measurable bunch 
length. The limitation comes from high frequency cut-off 
of the wire-grid polarizer currently used and is estimated 
to be 50 fs RMS. The measurements are made with the 
same Golay cell detector that is used for beam measure-
ments. We demonstrate that, even though the blackbody 
source is many orders of magnitude less bright than the 
coherent transition or synchrotron radiation, it can be used 
for the measurements and gives a very good signal to 
noise ratio in combination with lock-in detection. We also 
compare the measurements made in air and in vacuum to 
characterize the very strong effect of the atmospheric ab-
sorption. 

MOTIVATION 
At the JLab IR/UV Upgrade FEL facility the bunch 

length measurements are made with a modified Martin-
Puplett interferometer (MPI) [1]. The measurements are 
made at full bunch compression at the beam energy of up 
to 135 MeV. When the IR FEL is operated with the bunch 
charge of 135 pC the bunch is routinely compressed down 
to 130 fs RMS. This value assumes that our data evalua-
tion procedure is reasonable accurate. A procedure that 
operates in the frequency domain is described elsewhere 
[2]. A good quantitative agreement between the IR FEL 
performance and its 1D model was found when such 
bunch length measurements were used as the input to the 
model [3]. The other measured beam parameters used as 
an input for the model are energy spread, emittance and 
Twiss parameters at the wiggler. Since the beam parame-
ters other that bunch length are relatively straight-forward 
to measure, the agreement gave us some confidence that 
the bunch length evaluation procedure is working reason-
ably well. However, when UV FEL was commissioned a 
much higher small signal gain was measured than the 1D 
model predicted [4]. When trying to explain the disa-
greement by hypothesizing, that some electron beam pa-
rameters were measured incorrectly, one comes to the 
conclusion that the error in the measurements would have 
to be very large, and only a combination of different pa-
rameters measured incorrectly could explain the disa-

greement between the measurements and the model. Since 
the bunch length is the least straightforwardly measured 
beam parameter it drew the most suspicion. The UV FEL 
is operated with the bunch charge of 60 pC and bunch 
length of 100 fs was measured at full compression. 

In addition, the Coherent Transition Radiation (CTR) 
source used for the bunch length measurements in the UV 
FEL appears to be much brighter that the one used in the 
IR FEL. The same Golay cell detector was used with both 
beamlines. Besides the interferometric measurements we 
minimize the bunch length by maximizing the amplitude 
of the Golay cell. The measurements are averaged over 
the tune-up beam macro pulse due to the detector’s time 
constant. With comparable bunch length, according to the 
MPI measurements, we had to reduce the integrated mac-
ro pulse charge by a factor of ~ 30, to have the same Go-
lay cell signal amplitude. The macro pulse was shortened 
from 250 to 20 µs and the bunch charge was reduced from 
135 to 60 pC. Since the power of the coherent radiation is 
proportional to the charge squared, the reduction of the 
charge actually reduces the CTR power by the factor of 
~5. One possibility to explain the difference in efficiency 
of two setups is the better alignment of the one at the UV 
FEL beam line, which we indeed have. Yet, factor of 60 
in brightness seemed to be too large to explain only by the 
alignment. These observation has contributed to the need 
to evaluate our MPI in terms of its applicability the bunch 
length of 100 fs and shorter. 

A shorter bunch length corresponds to a broader spec-
trum and one might expect that the measurements become 
easier as the spectrum is affected less by the low frequen-
cy cutoff. The bandwidth of the MPI measurements with 
CTR is limited on the low frequency side by the size of 
the CTR radiator [5], and on the high frequency side by 
performance of the freestanding wire-grid polarizer beam 
splitter and analyzer. As the frequency becomes higher 
the wavelength of the radiation becomes smaller than the 
gap between the wires such that the wire-grids perfor-
mance degrades. Hence, the MPI, whose operation relies 
of on the polarization, does not function properly. There-
fore, our goal of the interferometer evaluation was to 
measure the high frequency limit of the overall setup. 

FREE-STANDING WIRE-GRIDS 
The wire-grids, used in our modified MPI, are made of 

Tungsten wires with diameter of 20 µm with period of 50 
µm. There are a large number of publications dedicated to 
the subject, both theoretical [6,7] and experimental [8-10], 
to name just a few. Two dimensionless parameters are 
usually introduced. The first one is the ratio of the wire 
diameter to the grid period 𝑆 = 𝑑 𝑝. The second one is 
the ratio of the grid period to the radiation wavelength 
𝜘 = 𝑝 𝜆. There are several quite different mathematical 
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approaches to describe electro-magnetic properties of the 
wire-grids. Some of the approaches (see references in [8]) 
result in relatively compact and simple formulas describ-
ing transmission and reflectivity of the wire-grids. These 
approaches, however, have limited applicability in terms 
of S and 𝜘 range. Other approaches that are much more 
elaborate mathematically supposedly are applicable for a 
grid with any S and 𝜘, however, require very involved 
calculations. Even more importantly, to our knowledge, 
all but one [7] of the models calculates performances of 
the ideal wire-grids. That is, the distance between wires is 
always exactly the same. It was also demonstrated exper-
imentally that irregularities of the wire spacing affect the 
wire-grid characteristics rather significantly [10]. It is 
easy to see that the wire spacing of the grids used in our 
MPI is not uniform. This is one reason why, for now, we 
did not want to depend in our conclusions about practical 
characteristics of the wire-grids on calculations. Also, the 
goal of the measurements presented here was not a com-
plete characterization of the wire-grid polarizers but, pri-
marily, measurement of the high frequency cutoff of the 
whole experimental setup. It was suggested that, after first 
order measurements are made and the performance of the 
wire-grids is compared to the CTR spectra, one can judge 
if more accurate measurements and more elaborate data 
evaluation are needed. 

THERMAL RADIATION SOURCE 
The source of radiation used in the measurements pre-

sented here was a commercially available thermal source 
developed for a Fourier Transform Infrared Spectroscopy 
(FTIR) system [11]. There are several reasons why such a 
source was used. The first is that such a source is most 
affordable and is easily accessible. Our measurements 
were meant to be such. Technical reasons are that for an 
ideal blackbody source with sufficiently high temperature 
the spectral power density grows monotonically up to a 
frequency much higher that the frequency range of inter-
est for the bunch length measurements. According to the 
well known Plank’s spectral energy density 

𝑑𝑈 𝑑𝜈 = 8𝜋  𝜈!𝑐!!ℎ𝜈   𝑒
ℎ!
!!! − 1

!!

, 

a source with temperature of 103 K will reach its maxi-
mum power density at about 60 THz. This fits the idea of 
our experiment well. Thus we expect a spectrum with the 
spectral power density growing up to some point. Then, in 
the frequency range where the wire-grids polarizers do 
not function properly, no interference will occur. At yet 
higher frequencies the spectrum cannot be measured. As a 
result the measured spectral power density will decline 
with frequency. Our objective is to compare the highest 
frequency observed in the bunch length measurements to 
the frequency in the measured spectrum of the thermal 
source where the spectral power density starts to decline. 
Another important aspect of the blackbody radiation is its 
partial temporal coherence of the first order. The coher-
ence time and effective bandwidth of a blackbody with 
Plank’s spectral energy density were rigorously calculated 

[12]. The calculations were made for two different defini-
tions of these quantities introduced by Wolf and Mandel. 
It was shown that the two definitions result in comparable 
values of the quantities. It is shown for Wolf’s definitions 
that the coherence time and the effective bandwidth of the 
blackbody can be expressed as Δ𝜏! = 0.07  𝛼 and 
Δ𝜈!"" ≅ 1.37 𝛼, where 𝛼 = ℎ 𝑘!𝑇, h and 𝑘! are the 
Plank’s and Boltzmann’s constants and T is the absolute 
temperature. Thus one calculates for a blackbody with 
temperature of 103 K the effective bandwidth of 28.5 THz 
and coherence length 𝑙! = c  Δ𝜏! of 1.01 µm. The im-
portant aspect for our measurements is to have a source 
with a bandwidth wider than the bandwidth of the wire-
grid, or else one is just measuring the bandwidth of the 
source. The temperature of the thermal source can be op-
timized with the following rational. On the one hand it 
needs to be high enough to deliver enough power in the 
frequency range of interest.  On the other hand increasing 
the temperature further increases the intensity of the ra-
diation at shorter wavelength much more quickly than in 
the THz, i.e., FIR where intensity of the source increases 
much more slowly. The reason to consider temperature 
optimization due to such behavior of the thermal source is 
that the very broadband detectors of FIR used for the 
bunch length measurements are also sensitive to the mid-
IR and visible radiation. When a significant amount of the 
radiation generated by the source and delivered to the 
detector is not polarized by the wire-grids, it is seen in the 
measurements as a large background and the interfero-
gram appears to be just a small perturbation in the meas-
urements. To mitigate this effect the input window of the 
detectors was covered with black polyethylene, which 
very effectively cuts off the visible and mid-IR radiation. 

EXPERIMENTAL SETUP 
At the JLab FEL facility one of the user labs is setup for 

experiments with the broadband coherent synchrotron 
radiation. The radiation is transported [13] to the lab from 
the exit of the last bunch compressor dipole, where the 
bunch length reaches its minimum. The optical table in 
the lab, where radiation is delivered, is equipped with two 
interconnected vacuum chambers and in vacuum FTIR. 
The vacuum chamber where different user experiments 
can be setup is large enough to accommodate the modi-
fied MPI as well as the thermal source. The pressure in 
the chamber during measurements was 100 mTorr or less. 

The thermal source radiation was collected and colli-
mated by a 90 degree off-axis parabolic gold-coated mir-
ror with a diameter of 2 inches. The mirror was set up to 
have its focus on the source filament. The visible radia-
tion emitted by the source was used for the initial align-
ment of the setup. Between the source and the parabolic 
mirror, a mechanical chopper was installed. The reasons 
for using the chopper are a. the interferometer itself is a 
step scan device and works with amplitude modulated 
radiation only, b. the Golay cell detector is also a pulsed 
device that needs amplitude-modulated signals, and c.  
due to the low power level of the source and the use of 
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room temperature detector, a lock-in detection technique 
had to be used, thus requiring modulation of the signal. A 
modulation frequency of 10 Hz was used. A Stanford Re-
search System lock-in amplifier SR850 was used for the 
measurements. The amplifier was typically setup with 80 
dB gain, time constant of 300 ms, and 12 dB/octave filter. 
The level of the Golay cell signal at the modulation fre-
quency was on the order of 100 µV. The amplitude of the 
signal measured with the lock-in amplifier was sent to one 
of the outputs of the amplifier and was measured with a 
digital oscilloscope. A LabVIEW application controls the 
oscilloscope, downloads its waveforms and measurements 
at the rate of a few Hz and broadcasts the results over the 
Ethernet. Another LabVIEW application originally made 
for the bunch length measurements with the MPI was 
modified to use the data of the lock-in amplifier. To im-
prove the signal to noise ratio we usually average over 4 
to 16 measurements at each position of the scanning mir-
ror. This in a conjunction with the 300 ms time constant 
and large number of points measured for each interfero-
gram resulted in a relatively long one hour order of mag-
nitude measurement time. This did not present any prob-
lems due to the high degree of overall automation. 

MEASUREMENTS RESULTS 
As mentioned earlier at the JLab FEL the bunch gets 

compressed down to about 100 fs RMS. Fig. 1 shows one 
of the CTR power spectra that according to our data eval-
uation corresponds to the RMS bunch length of about 110 
fs. The analytical fit function used for the data evaluation 
with the parameters obtained by non-linear least square fit 
is shown as well. Spectrum of the thermal source meas-
ured with the same instrument is also shown in Fig. 1. The 
shape of the thermal source spectrum qualitatively agrees 
with our expectations presented above. The measured 
spectral density of the source starts to decrease at about 
2.7 THz. At that frequency the CTR spectral density is 
reduced to the level of 5 % from it maximum. Our inter-
pretation of the data shown the Fig. 1 is that when the 
instrument is used for an bunch length measurements at 
the level of 100 fs RMS, the measurements are not limited 
by the bandwidth of the interferometer. However, it is still 
possible that the beam measurements and their data eval-
uation are affected by the transfer function of the instru-
ment. We do not consider these measurements as a com-
prehensive and final study of the transfer function, but 
rather as a demonstration that it can be made with a sim-
ple thermal source and, very importantly, room tempera-
ture detector – the same detector as used for the beam 
measurements. One way to estimate the bunch length, 
which would correspond to the bandwidth of the MPI is to 
use the bunch length evaluation procedure, normally ap-
plied, to the CTR spectra, to the spectrum of the thermal 
source. The result of this is ~ 47 fs RMS bunch length. 
This means that, for an electron bunch length near 50 fs, 
the bunch length measurements will be strongly affected 
by the bandwidth of the instrument unless the data evalua-
tion takes the real transfer function of the MPI in to 

 
Figure 1: CTR and thermal source spectra. 

account. Note that wire-grids with wire diameter and pe-
riod up to four times smaller than ones we used are com-
mercially available. Therefore, it might be possible to 
extend the applicability of the MPI for the bunch length 
measurements down to at least 25 fs RMS or smaller, 
dependent on the detectors bandwidth. 

The CTR spectrum shown in Fig. 1 was measured in air 
at atmosphere pressure, while the thermal source spec-
trum was measured in vacuum. We have repeated the 
measurements with the thermal source in air to demon-
strate the magnitude of the atmosphere absorption. Two 
spectra of the thermal source measured in vacuum and in 
air are shown in Fig. 2, where vast amount of absorption 
lines in the frequency range of interest can be seen. The 
absorption lines do not appear in the CTR spectrum ex-
plicitly because such measurements are usually made with 
very poor frequency resolution to save time. This does not 
mean, of course, that the CTR measurements are not af-
fected by the atmosphere absorption. Ideally, such setups 
should be used in vacuum. It is also interesting to see the 
effect of the atmosphere absorption in the time domain, 
i.e., on the interferogram itself. Figures 3a and 3b show 
two interferograms measured in vacuum and in air. 

 
Figure 2:  Thermal  source  spectra  measured  in  air  and 
vacuum by Golay cell and D201 pyro-electric detector. 
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Figure 3a: Interferogram – thermal source in vacuum. 

 
Figure 3b: Interferogram – thermal source in air. 

While the in-vacuum interferogram has essentially only 
central burst, the interferogram measured in air has a very 
large number of oscillations extending to a very large path 
length difference. 

Golay cell detectors are frequently used for measure-
ments with MPI and are considered to have relatively flat 
wavelength response due their operational principles. Py-
ro-electric detectors are an alternative to the Golay cell 
with the price considerably lower but with possibility of 
strong dependence of the sensitivity on the wavelength. 
With the experimental setup described above it is straight-
forward to compare performance of the Golay cell and 
other detectors. Making measurements in vacuum we 
have compared the Golay cell and the FIR pyro-electric 
detector D201 made by Bruker. Results of the measure-
ments are shown in Fig. 2. The two detectors perform 
quite similarly. While the D201 might be somewhat less 
sensitive in the frequency range up to about 3 THz it is 
not showing any very strong oscillations in its response. 
From this we can conclude that such detectors can be an 
attractive replacement for the Golay cell detectors when 
applied to the bunch length measurements. 
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Abstract 
High gain free-electron lasers (FELs) can generate ultra 

short X-ray pulses in the femtosecond range. For a stable 
operation of the FEL, the precise knowledge of the bunch 
arrival time is crucial. The bunch arrival time monitors 
(BAMs) at FLASH achieve a resolution less than 10 fs for 
bunch charges higher than 500 pC which is sufficient for 
the beam based stabilization system of the Free-Electron 
Laser in Hamburg FLASH [1]. Increased demands for 
low bunch charge operation mode down to 20 pC at 
FLASH II and the European X-ray free-electron laser 
XFEL require an upgrade of the existing beam diagnostic 
equipment. A new high bandwidth BAM with new 
developed cone shaped pickups [2] promises sub-10 fs 
resolution for both, the high and low bunch charge 
operation mode. This paper adresses the RF signal path of 
the high bandwidth BAMs for FLASH II and XFEL. It 
comprises radiation resistant coaxial cables, combiners 
and limiters up to a frequency of 40 GHz from the pickup 
electrodes to the Mach Zehnder Modulator (EOM). 
Detailed investigations of the signal path using 
measurements and simulations with AWR Microwave 
Office allows for a good prediction of the signal quality 
and shape at the EOM. 

INTRODUCTION 
In order to achieve femtosecond stability in the 

synchronization process, the Free Electron Laser in 
Hamburg (FLASH) is equipped with Bunch Arrival-time 
Monitors (BAM) which are part of the electro-optical 
detection system [1]. The BAM comprises an RF-pickup, 
an electro-optical front-end and read-out electronics [3]. 

The resolution of the BAM is proportional to the slope 
steepness at the zero crossing of the pickup signal [4]. 
The slope steepness is a function of the peak-to-peak 
voltage and the duration of the voltage response. These 
two parameters are related to the geometrical parameters 
of the pickup structure such as the diameter of the cone-
shaped pickup and the diameter of the cut-out.  

CONE-SHAPED PICKUP DESIGN  
In [5] a cone-shaped pickup was introduced which 

allows the detection of the arrival time with sub-fs 
resolution for the low charge operation mode in FLASH 
II and XFEL. The simulated BAM pickup system has a 
slope at the zero crossing of approximately 382 mV/ps 
and operates in the frequency range of DC - 40 GHz. 
Figure 1 shows a sketch of the cross-section of the cone-
shape pickup. 

 

a

h

b

e

c
d

a = 2.42 mm
b = 5.60 mm

h = 6 mm

e =

d = 1.62 mm
c = 0.70 mm

34 mm (FLASH)
40.50 mm (XFEL)

Figure 1: Cross-section of the cone-shaped pickup [5]. 
 
The cone represents a continuous transition from the 

button to the pin of the connector matched to the cable 
impedance of 50 Ω. 

BAM RF-FRONT END 
Due to higher operation frequencies the RF front end of 

the current BAM needs to be upgraded for the high 
bandwidth BAM. A sketch of the proposed RF front end 
is shown in Figure 2. 

For high- and low-charge operation, two different 
channels are necessary. The low charge and the high 
charge channel consist of two opposite arranged pickups 
(either horizontally or vertically arranged) which are 
connected to a combiner via phase-matched rf-cables. 

  ___________________________________________  
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Figure 2: Proposed cabling plan and components for the 
40 GHz BAM. 

The combiner, a Multi-Wilkinson type from Pulsar 
Microwave (Type PS2-55-450) ensures a maximum phase 
difference of 8 degrees at 40 GHz between both input 
ports. The limiter Agilent N9355 (10 dBm, up to 50 GHz) 
protects EOM 3 from overvoltage in the high charge 
operation mode. The low charge channel operates up to 
40 GHz. 

For high charge operation a bandwidth of 13 GHz is 
sufficient to observe sub-10fs accuracy. Two different 
EOMs are proposed for the coarse and fine channel. The 
combiner and splitter are ATM 213H, which ensure a 
maximum operation frequency of 20 GHz and a 
maximum phase difference of 2.5 degrees. The limiter 
Agilent N9356 (26 dBm, 26 GHz) protects EOM 1 of the 
fine channel. The coarse channel also consists of an 
variable attenuator to adjust the slope at EOM 2. 

To ensure a proper operation of the RF front end, the S-
parameters of all components were measured prior to the 
installation. 

Low Charge Channel Components 
To combine the pickup signals a Multi-Wilkinson type 

combiner from Pulsar Microwave (Type PS2-55-450) was 
chosen. The measurement results, shown in Figure 3, 
exhibit reflection coefficients S11 less than -12 dB in a 
frequency range from 3 GHz up to 40 GHz and 
transmission coefficients S21 of less than -6 dB up to 
40 GHz for both components. The combiner show a low 
pass characteristic with -10 dB at 45 GHz. 

The limiter N9355C from Agilent technologies was 
chosen, since it offers a bandwidth up to 50 GHz with an 
acceptable power threshold of 10 dBm. The measurement 
results displayed in Figure 4, exhibit refection coefficients  
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Figure 3: Transmission and reflection coefficient versus 
frequency of the RF-combiner PS2-55-450. 

S11 less than -10 dB up to 52 GHz and transmission 
coefficients S21 better than 3 dB up to 40 GHz and better 
than -4 dB up to 50 GHz. The transmission factor of both 
devices is approximately linear up to 50 GHz. 

High Charge Channel Components 
The high charge channel comprises a much lower 

bandwidth up to 13 GHz so that a combiner with a cutoff 
frequency of about 20 GHz is sufficient. Here the 
combiner ATM 213H was chosen since it is already in use 
in the RF front end of the current BAMs. The 
transmission coefficient, shown in Figure 5, exhibits a flat 
frequency response up to 20 GHz and an acceptable 
transmission up to 32 GHz. 

The reflection coefficient is lower than -15 dB up to 
20 GHz and lower than -5 dB up to 32 GHz.  
To prevent EOM 1 from overvoltage, the limiter N9356C 
from Agilent technologies was chosen. It limits the signal 
to 25 dBm in a frequency range between 0.01GHz and 
26.5GHz. The measurement results of an existing limiter 
at DESY and two ordered limiters are shown in Figure 6. 
The existing limiter # MY45450217 shows a reflection 
coefficient S11 lower than -15 dB up to 35 GHz and a 
transmission coefficient S21 better than -3 dB up to 
32 GHz and -6 dB up to 36 GHz. 
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Figure 4: Transmission coefficient for the limiters Agilent 
N9355C. 
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Figure 5: Transmission coefficient of the combiner ATM 
213H. 

Since the S-parameter measurements of the existing 
limiter exhibits excellent results up to 36 GHz the 
channel, since its power threshold of 25 dBm would allow 
the EOM to operate in the specified voltage range. 

Therefore two additional limiters were ordered. Both 
new limiters unfortunately have a much lower cutoff 
frequency of 30 GHz (S11 -15 dB up to 30 GHz, S21 -3 dB 
@ 28 GHz and -6 dB @ 30 GHz). The cutoff frequency is 
with 30 GHz about 6 GHz lower than that for the existing 
device and therefore not useful for the 40 GHz path. 

Cabling 
For the cabling from the BAM pickups to the EOMs 

silicon dioxide (SIO2) semi-rigid cables from Times 
Microwave were chosen. The distance between the BAM 
pickups and the BAM box is approximately two meters. 
The outer jacket of the SIO2 cable consists of stainless 
steel, the outer and the inner conductor of copper and the 
dielectric is low density, high purity silicon dioxide 
(SIO2). The temperature range of the cables with standard 
connectors is -200°C up to 200°C and the cable offers a 
excellent radiation resistance (not further specified). 

Times Microwave offers different cable diameters from 
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Figure 6: Transmission coefficient for Agilent N9356 
limiters. 

6.58 mm diameter for low frequency applications 
(fcutoff=19 GHz) down to 2.286 mm for high frequency 
applications up to 65 GHz.  

Two different cable types are suitable for the BAM 
cabling. The 38 GHz cable (3,58 mm diameter) has an 
attenuation of 2.75 dB/m @ 40 GHz whereas the 65 GHz 
cable (2,286 mm diameter) has about 50 % more 
attenuation (4.3dB/m). 
For the BAM cabling the question raised, if a cutoff 
frequency of 38 GHz is sufficient, since the 3 dB roll off 
factor of the combiner is about 43 GHz. A conservative 
choice would be to use the thinner cable to prevent 
multimode propagation on the cable, but this would cost 
additional attenuation of the signal and thus a lower signal 
at the EOMs.  

Using the software tool Microwave Office from AWR, 
simulations with different cable configurations were 
performed. The simulations include the simulation results 
of the BAM Pickups obtained from CST Particle Studio 
and the S-parameter measurements of the combiner and 
the limiters. The SIO2 cables were simulated by a lossy 
coaxial cable model with the parameters given in Table 1.  

Table 1: Dimensions of SIO2 Cables [6] 

 
6.86 mm 
cable 

3.58 mm 
cable 

2.286 mm 
cable 

Outer Diameter / mm 6.25 2.77 1.55 
Inner diameter / mm 2.21 0.99 0.56 
Attenuation / dB 1.115 2.75 5.57 
fcutoff / GHz 19 38 65 

 
It is noticeable, that due to the extrapolation of S-

Parameters and the exiting signal, the simulations with the 
Microwave office simulations sometimes show non-
physically results. Nevertheless the simulation results 
clearly shows the trend and can therefore be used to 
choose the optimum setup. 

To simulate the frequency response of the high charge 
and the low charge channel each of them was modeled 
with S-parameter blocks as shown in Figure 7. 

All simulations are carried out with a cable length of 
20 cm from the pickups to the combiner and 200 cm from 
the combiner to the EOM. Figure 8 shows the simulation 
results of the frequency response for different cable types.  

It can be seen that for the red and green curve the cut-
off frequency of the limiter limits the frequency response 
to 30 GHz. The usable bandwidth of the high charge 
channel is limited to 20 GHz. At 20 GHz the setup with 
6.58 mm cables offers about 5. 32 dB attenuation whereas 
the 3.58 mm cable offers 7.19 dB of attenuation. A 
crosscheck with a 3.58 mm cable for the connection 

 

Figure 7: Block circuit diagram of the BAM RF front end. 

OutputInput

20 cm 200 cm

Cable Combiner Cable Limiter
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Figure 8: Simulation results for the low charge channel of 
the RF front end. 

between pickup and combiner and a 6.86 mm cable from 
the combiner to the limiter shows nearly the same results 
as for the 6.58 mm cable setup, since the cable length 
between pickup and combiner is only 1/10 of the cable 
length from the combiner to the limiter. 

When using the voltage signal obtained by simulations 
of the pickup with CST Particle Studio with a bunch 
charge of 20 pC the voltage response can be simulated. 
Figure 9 shows the voltage response of the single pickup 
and the high charge channel with 6.86 mm and 3.58 mm 
cables. 

Using cables with higher losses as for the 3.58 mm 
cable causes additional attenuation and thus a reduction of 
the slope. Due to the fact, that within the high and low 
charge channel, two pickup signals are combined, the 
amplitude after the limiter can be higher than that for the 
single pickup. The slope of 394 mV/ps at a peak-to-peak 
voltage Vpp=3.19 V reduces to 207 mV/ps at Vpp=3.28 V 
and reduces further to 164 mV/ps at Vpp=2.61 V for the 
3.58 mm cable. The results are summarized in Table 2. 

The obtained spectrum is shown in Figure 10. Due to 
the lowpass characteristic of the 26 GHz limiter the 
usable frequency band is limited to 30 GHz. It is 
noticeable that the spectrum of the 3.58 mm cables is 
about 3 dB less than that for the 6.86 mm cables. 

 

 

Figure 9: Voltage response of the high charge channel for 
different cable types for a bunch charge of 20pC. 

Table 2: Slope and Voltage Reduction of the High Charge 
Channel 

Parameter  single  
Pickup 

6.86 mm 
cable 

3.58 mm 
cable 

Slope / mV/ps  394 207 164 
Vpp / V  3.19 3.28 2.61 
fcutoff / GHz  40 19 38 

 
The frequency response for the low charge channel is 

shown in Figure 10. A linear attenuation is obtained up to 
43 GHz. Above 43 GHz the lowpass characteristic of the 
combiner dominates and limits the bandwidth. At 40 GHz 
the 3.58 mm cable channel offers about 12.8 dB 
attenuation and the 2.286 mm cable 16.2 dB. Thus, the 
thinner cable has 3.4 dB more losses and thus offers a 
significant reduction in the slope. 

The voltage response of the low charge channel is 
shown in Figure 11. Due to good performances of the 
combiner and the limiter a slope of 264 mV/ps at 
Vpp=3.22 V is obtained for the 3.58 mm cables. 
Simulation results using the 2.286 mm cables show a 
reduced slope of only 146 mV/ps at Vpp = 2.42 V. The 
slope reduction is dominated by the high attenuation of 
the long cable with 2.86 mm diameter. 

The simulation results for the low charge channel are 
summarized in Table 3. 

Table 3: Slope and Voltage Reduction of the Low Charge 
Channel 

Parameter 
single  
Pickup 

3.58 mm 
cable 

2.286 mm 
cable 

Slope / mV/ps 394 264 146 
Vpp / V 3.19 3.22 2.42 

fcutoff / GHz 40 38 65 
 
The spectra of all simulated channels are shown in 

Figure 12. One can see that the combiners and limiters are 
properly chosen for the application. Choosing the 
3.58 mm cable to connect the pickups to the combiners, 
using the 6.85 mm cable for the connection from the 
combiner to the limiter for the High charge channel and 
 

 
Figure 10: Simulated frequency response of the low 
charge channel for 3.58 mm cables and 2.286 mm cables. 
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Figure 11: Simulated voltage response of the low charge 
channel for 3.58 mm cables and 2.286 mm cables for a 
bunch charge of 20pC. 

the 3.58 mm cable for the low charge channel offers the 
best results. 

CONCLUSION 
In this paper, the proposed upgrade of the RF front end 

for the high bandwidth BAM is presented. It comprises a 
new low charge channel with increased bandwidth up to 
40 GHz. All necessary components were ordered and 
characterized with S-parameters.  

Using the software tool AWR Microwave Office the 
low and high charge signal path could be analyzed. The 
pickup signal, obtained from CST Particle studio for a 
bunch charge of 20 pC was used as input signals to the RF 
front end and the attenuation and distortion was 
simulated. For the cabling semi-rigid silicon dioxide 
cables with different cutoff frequencies were investigated 
in order to find the optimum cable type for the low and 
high charge channel. 

Simulations of the low and high charge channel show 
that the 3.58 mm cable offers a sufficient voltage response 
and thus a sufficient slope for the low and high charge 
channel. Since the attenuation of the 2 meter long 
6.85 mm cable offers about 1.8 dB more losses one can 
think about using this cable if Vpp is to low in the high 
charge channel. Simulations of the low charge channel 
clearly demonstrated that the thinner cable reduces the 
slope dramatically. It is worth using the 3.58 mm cable 
even if higher order modes can decrease the signal 
strength above 40 GHz. 

 
 
 
 
 
  

 

 

Figure 12: Simulated spectrum of the low and high charge 
channel. 
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STUDY OF BEAM LENGTH MEASUREMENT BASED ON TM010 MODE 

SSRF, Shanghai, 201800 China 

Abstract 
  Beam length measurement in frequency domain is a 

familiar method, and the resolution is seriously limited by 
the system signal-noise-ratio (SNR) and the beam length 
measured. Usually this method can only obtain the 
resolution about ~10ps with beam length ~30ps when 
using signal from button or stripline BPM. But in FEL 
case, the beam length is the ps or sub–ps order. The paper 
discusses the probability of beam length measurement 
based on the TM010 mode in FEL case. When adopting 
High Order Mode(HOM) reject and system gain control, 
the system SNR can arrive at 112dB and the resolution 
can achieve 30fs with beam length ps or sub-ps order.  

INTRUDUCE 
The measurement area and resolution of beam length 

measurement in frequency domain is seriously limited by 
the system SNR. So obtaining the system SNR up to 
100dB is the decisive factor of beam length measurement 
in frequency domain in FEL case. It is well known that 
cavity BPM can achieve the position measurement 
resolution up to ~10nm because the signal from TM011 
mode having a very high R/Q. The amplitude ratio of 
TM010 mode and TM011 mode of the same cavity can be 
written as: 

0.5
010 110 0 010 0 011
0.5 010 1 011 1 010110

( / ) 2 ( ) ( )
( ) ( )( / )

c

c

R Q f J rk J R k
r f J rk J R kR Q

K � � �      1  

Where f is the harmonic frequency of TM010 mode and 
TM011 mode, and J0 and J1 is the 0-order and 1-order 
Bessel function respectively, r is the beam position from 
the cavity centre, Rc is the cavity’s radius, k is the wave 
number of TM010 mode and TM011 mode. It is reported 
that the cavity BPM’s resolution can achieve 0.05�m 
when beam charge is 1nC [1][2]. It means that the 
measurement system noise equals the output TM011 mode 
signal with beam condition 0.05�m@1nC. In the case, Kr 
is up to 4×105. So the system SNR of TM010 mode can be 
inferred up to 112dB.  

When the beam is a Gaussian distribution bunch, the 
signal amplitude of TM010 mode can be written as: 

2 2 2
010
2
0

2
010 010V= ( ) exp( )L

L

fZ R
Q Q c

q f � �� �� � �             (2) 

Where q is the beam charge, Z is output impedance, QL 
is the quality factor, �L is the beam length, (R/Q)010 is the 
normalized shunt impedance of TM010 mode. So if used 
two cavities which working as TM010 mode at different 
frequency, the output signal can be written as: 

2 2 2
010,1

2,1 0

2
1 010,1 010,1V = ( ) exp( )L

L

fZ R
Q Q c

q f � �� �� � �       (3) 

2 2 2� ��010,2
2,2 0

2
2 010,2 010,2V = ( ) exp( )L

L

fZ R
Q Q c

q f� � � �         (4)  

So the coupling of beam charge can be eliminated by 
the outputs division. Then the beam length can be getting 
as: 

2
0 1

2

( / )2 010,2 ,1 2
2 2 2 ( / )2 ( ) 010,1 ,2 1010,2 010,1

(ln( ) ln( ) 0.5ln( ))
f Qc V L

L V f Qf f L�
�

�
� � �

R Q

R Q
    (5) 

In the Eq.(5), the second and the third term is constant 
decided by the two cavities, so the sum of the two terms 
can be defined as ln(R1/R2 ), then: 

         
2
0 1 2

2 1L 2 2 22 ( )010,2 010,1
ln( )c V R

V Rf f�
�

�
� �              6  

And when the beam deviates the Gaussian distribution, 
the rms beam length can get from a similar equation [3]. 
When the beam length is very shorter than c/f010, the 
resolution can be written as: 

2
0

L 2 2 22 ( )010,2 010,1

V

L

c

f f ��
�

�
� � SNR�                   7  

Where SNRv is the signal-noise-ratio of the TM010 mode. 
From the Eq.(7), it can be seen that the resolution of the 
beam length measurement is seriously limited by the SNR 
of diagnostic system and beam length itself. Supposing 
the SNR 112dB, f010,1 and f010,2 equal 3GHz and 8GHz 
respectively, Fig.1 shows the relation between the 
resolution and beam length. It can be seen that the 
resolution can achieve 3.5�m@1nC even the beam length 
is only 0.1ps. 

 
Figure 1: Relation between the resolution and bunch length.  

             Renxian Yuan, Weimin Zhou, Luyang Yu, Yongbin Leng 
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SIMULATION 
Based on the theory analysis, some simulations are 

done with MAFIA simulation code when considering 
Shanghai SDUV FEL case. The working frequency of the 
cavity BPM of the SDUV FEL is designed at 4.7GHz, and 
the TM010 mode’s frequency of the position cavity works 
at 3.6GHz. Fig.2 and Fig.3 are the waveforms in time 
domain and frequency domain from the reference cavity 
with beam charge 1nC and beam length 10ps. Three cases 
are simulated which the beam charge is 1nC and the beam 
positions are 0.25mm, 1.25mm and 5.3mm respectively. 
Fig.4 is the output amplitudes of TM010 mode when beam 
locates at different positions. It can be seen that the 
‘invariable’ TM010 mode signal changing when beam 
position changing. The SNR is only about 40dB if the 
deviations between the output amplitudes are seen as 
diagnostic noise. Fig.5 is the simulation result of the 
bunch length measurement in frequency domain in the 
case.  

 
    Figure 2: Output TM010 signal of reference cavity.   

 
        Figure 3: Spectrum of reference cavity     

 
Figure 4: Amplitudes deviations when beam position 
changing. 

 
   Figure 5: eam length simulation result. 

Because the amplitude difference is increasing when 
position offset increasing, it can be supposed that some 
position mode signals such as TM011 mode are coupling 
into the TM010 mode’s output. The output structure has to 
be improved for avoiding the coupling. Fig.6 and Fig.7 
show the coupling improvement after the structure 
improvement. Fig.8 and Fig.9 shows the result after this 
improvement. The SNR increases to 60dB and the 
resolution is about 0.3ps when beam length 10ps. 

 
Figure 6: he coupling between the TM  mode  and

 TM011 mode. 

 
  Figure 7:  Improvement of modes coupling. 

 
Figure 8: Amplitudes difference after improvement. 

.

B

 010T

Proceedings of IBIC2012, Tsukuba, Japan MOPA45

Longitudinal Diagnostics and Synchronization 163 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



 
Figure 9: Beam length simulation result after 
improvement. 

From the equation 7, it can be seen that the resolution 
is in verse proportion to the difference of the square of 
working frequencies. So the resolution will increase when 
adding the difference. Fig.10 and Fig.11 is the result when 
changing the working frequencies to 4.7GHz and 5.8GHz 
respectively. The resolution is less 0.3ps now.  

 
Figure 10: Amplitudes after changing the working 
frequencies. 

 
  Figure 11: Result after frequencies changing. 

From the Fig.8 and Fig.10, it can be seen that the 
absolute deviation of output amplitudes is increasing in 
proportion to the working frequency. It means that there is 
a factor which in proportion to the frequency acting on 
the TM010 mode’s output amplitudes.  From the equation 1 
and 2, it has to consider the effecting of (R/Q) which is 
determined by the term J0(rk010). Fig.12 and Fig.13 shown 
the improved simulation result of Fig.10 and Fig.11 after 
considering the effect of the term J0(rk010). The deviation 
of the output amplitude is decreasing to 0.1%, and the 
beam length measurement resolution is changing better 
than 100fs.  Considering the minimum time step is about 
200fs when simulation, the attainable and reasonable 
resolution should be about 100fs in the simulation.    

 
Figure 12: Amplitudes deviation after adjusting the 
J0(rk) term. 

 
Figure 13: Result after J (rk)0  term adjusting. 

At last, the thermal noise should be considered. From 
Fig.2, the loaded shunt impedance is larger than 100Ohm 
in the FWHM bandwidth. If considering bunch-by-bunch 
beam length diagnostic, the bandwidth maybe is about 
500MHz, the peak of the signal amplitude in the 
bandwidth is about 70V in this simulation case. The peak 
voltage of the thermal noise in this bandwidth is only 
about 0.12mV. It means that the system SNR will be up to 
134dB if only considering the thermal noise.  

CONCLUTION 
The beam length measurement in frequency domain 

based on TM010 mode has a very high signal-noise-ratio. 
So the anticipative resolution will be about to 10fs when 
beam length is only about to 100fs. A series simulation 
based on Mafia had done and proved that the attainable 
beam length resolution was up to the limit of the 
simulation and accorded with anticipation.   
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Abstract 
At the Free Electron Laser FLASH at DESY, the state 

of the art Bunch Arrival-time Monitors (BAMs) have a 
time resolution better than 10 fs for bunch charges of 
more than 500 pC [1]. With the extension of FLASH II 
and the European X-ray Free Electron Laser Project 
(XFEL) a low charge operation mode with 20 pC bunch 
charge is planned. The time resolution of the BAMs 
significantly drops as the bunch charge reduces [2]. High 
bandwidth BAMs are essential for a femto-second time 
resolution of the measured arrival-time in case of low 
charge and high charge operation mode of the free-
electron lasers (FELs). The proposed cone-shaped pickup 
electrodes with bandwidth up to 40 GHz are 
manufactured and measured. Due to the different beam 
pipe apertures for FLASH and XFEL, two hermetic 
bodies are manufactured. The RF properties of the 
pickups are measured and compared to the simulation 
results obtained by CST MICROWAVE STUDIO®. 

INTRODUCTION 
For providing an optimal operation of the free-electron 

lasers (FELs), which generate ultra short X-ray pulses, the 
arrival-time of the electron bunches has to be measured 
with femtosecond precision. For that purpose Bunch 
Arrival-time Monitors (BAMs) are developed and 
installed at the Free Electron Laser FLASH at DESY. 
These arrival-time monitors combine the beam induced 
signal with an electro-optical detection scheme as 
described in [1]. The time resolution of such a detection 
scheme depends on the steepness of the pickup voltage 
slope at the first zero-crossing. The state of the art BAMs 
have an intrinsic time resolution better than 10 fs for 
bunch charges of more than 500 pC [1]. With the 
extension of FLASH II and the XFEL, a low charge 
operation mode with bunch charge of 20 pC is planned. 

The slope steepness reduces with lower bunch charges 
leading to significant performance degradations [2]. This 
can be compensated by increasing the bandwidth of the 
BAM components. The BAMs comprise  RF-pickups, an 
electro-optical front-end and read-out electronics [3].  

In this paper we present the realization and the 
measurements of cone-shaped pickups for the BAMs with 
bandwidth up to 40 GHz proposed in [4]. The pickups are 
characterized by scattering parameters and the results are 
compared to the simulations performed with CST 
MICROWAVE STUDIO®.  

HIGH BANDWIDTH CONE-SHAPED 
PICKUPS FOR BAM 

In order to achieve sub-10 fs time resolution for bunch 
charges of 20 pC or lower, the bandwidth of the BAM 
pickups should be increased up to 40 GHz. With this 
bandwidth the voltage slope at the first zero crossing of 
the pickup signal is more than 300 mV/ps at 20 pC [6].  

 
Figure 1: Cross-section of the cone-shaped pickups with 
the denoted ports.  

Figure 1 shows the cross-section of the high bandwidth 
cone-shaped pickups. The design details can be found in     
[4 - 6]. Eight pickups have been produced by Orient 
Microwave Corp [7]. The pickups are mounted in the 
stainless steel hermetic body. Due to the different beam 
pipe apertures for FLASH and XFEL, two hermetic 

 ___________________________________________  
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bodies are produced with flanges CF63 and CF50 
respectively. Figure 2 shows a single pickup (top and side 
view) and the pickups mounted in the hermetic body. 

 

 
Figure 2: Top view of the pickup (top left) and side view 
(top right) . Pickups mounted in hermetic body (bottom).  

During the production process of the hermetic body, the 
thickness of the copper gasket was not taken into 
consideration. This prevents the pickup to be in the 
vicinity of the beam pipe aperture and creates a step      
(0.5 mm) from the beam pipe to the pickup (Fig. 3). 

 

 
Figure 3: Pickup mounted in the body with a step to the 
beam pipe. 

The step creates an impedance jump and influence the RF 
properties of the device. The simulation results in Figure 
4 show the effect of the gap on the beam induced signal. 
The output signal strength is reduced by 5 dB. 

 
Figure 4: Comparison of the spectrum of the pickup 
voltage signal with step and no step transition to the beam 
pipe. 

The resonance at 32 GHz contributes to the ringing of the 
voltage signal. 

MEASUREMENT OF THE PICKUPS 
For characterizing the pickups and validating the 

simulation results several measurements are performed 
with a Vector Network Analyzer up to 40 GHz. At first, 
the pickups shown in Fig. 2 (top left/right) are measured 
in free space. The reflection coefficients (S11) obtained 
from the eight pickups was compared to a reference one 
and the relative error was calculated. Figure 5 shows the 
obtained results.  

 

 
Figure 5: Relative error of the reflection parameters of the 
pickup compared to pickup No. 0.  

The pickups are enumerated from 0 to 7. The pickup 
marked as pickup No.0 was taken as a reference. From the 
plots one can see that the pickup Nr. 7 has the largest 
difference in the reflection (up to 16% at 40 GHz) 
compared to the other pickups. It is anticipated that the 
deviations result from the different manufacturing 
tolerances of this pickup. However, up to 35 GHz the 
pickup has deviation less than 5%. The other pickups 
(except pickup Nr. 1) have deviation less than 4% in the 
entire frequency range up to 40 GHz. This is sufficient for 
delivering a symmetric pickup signal at the output. After 
the mounting of the pickups in the hermetic bodies, the 
cross-talk between the pickups is measured with open 
body in free space. The results obtained from the 
measurements are compared to the simulation performed 
with CST MICROWAVE STUDIO®. Figure 6 shows the 
measurement and the simulation of cross-talk for the 
XFEL body.  
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Figure 6: Simulation and measurement of the cross-talk 
for the XFEL hermetic body. 

There is a relatively good agreement between the 
measurements and the simulation in the position of the 
resonant peaks. The level of the peaks and the Q factor is 
different due to the different losses in the simulated and 
the measured body as well as the relatively low resolution 
of the simulation. The big dimensions of the structure as 
well as the wide frequency range require very big 
computational power for high resolution simulation.  

The cross-talk between the ports (see Fig. 1) is below    
-18 dB. As presented in [5], this minimizes the 
contribution of the cross-talk signal to the ringing. Figure 
5 shows the measurement and simulation of the cross-talk 
for the FLASH body. From the S31 plot ( Fig. 7 (bottom) ) 
one can see that not all the peaks of the measurement fit 
with the simulation. The calibration uncertainties and 
relatively low simulation resolution can explain this 
behavior. Further investigations are in progress.  

 

 
Figure 7: Simulation and measurement of the cross-talk 
for the FLASH hermetic body. 

CONCLUSION 
In this paper we have presented the realization and the 

measurements of cone-shaped pickup electrodes for the 
BAMs for FLASH and XFEL. The manufactured pickups 
are characterized with S-parameters and the results are 
compared to the simulations. From the relative error 
analysis we can conclude that two of the eight pickups 
show deviations in the reflection coefficient. The other 
pickups have deviations in the reflection less than 4%. 
The measured cross-talk for both bodies is below -18 dB. 
There is a good agreement between measurement and 
simulation for the pickups mounted in the XFEL body. 
For the FLASH body pickups one can see that some of 
the measured resonant peaks (S31 in Fig. 7) do not fit to 
the resonant peaks obtained from the simulation. 
However, the trend of the measured curve corresponds to 
the simulation. The step between the pickups and the 
beam line introduced during the mounting influences the 
output signal strength (reduced for -5 dB compared to the 
case with no step). The resonance effect at 32 GHz 
influence the ringing of the output signal. In the future 
implementation the step should be avoided in order to 
maximize the output signal with reduced ringing.   
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PLANAR TRANSMISSION LINE BPM FOR HORIZONTAL APERTURE 
CHICANE FOR XFEL 
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Abstract 
In order to obtain ultra short bunches in the Free 

Electron Laser FLASH at DESY, the electron beam is 
compressed in magnetic chicanes. Precise knowledge of 
the beam position in the chicane allows for non-
destructive energy measurements of each individual 
bunch in the beam. In the current implementation, the 
Energy Beam Position Monitor (EBPM) pick-ups are 
coaxial pick-up  striplines mounted perpendicularly to the 
beam. One can determine the horizontal beam position by 
measuring the phase difference of the beam induced 
signal at opposite ends of a pick-up. Due to the different 
electrical and mechanical requirements for the European 
XFEL a new EBPM has to be developed.  

In this paper, we present the design and analysis of a 
planar transmission line structure which is planned to be 
used as an EBPM in the European XFEL. The planar 
design of the pick-ups can provide for a proper impedance 
match to the subsequent electronics as well as sufficient 
mechanical stability along the aperture when using 
alumina substrate. 
 

INTRODUCTION 
 
The European XFEL will need a zoo of diagnostic tools 

for the study of the longitudinal properties of the electron 
beam. The Electron Beam Position Monitor (EBPM)  will 
be used as part of  longitudinal diagnostic tools for the 
European XFEL. It is composed of the pick-up structure 
and  detection electronics.     

The EBPM is an instrument used for bunch energy 
measurements [1] and it will be used at three different 
locations along the European XFEL LINAC. The energy 
measurement is done by means of position measurements, 
where the transformation from position to bunch energy is 
defined by the formalism of the bunch compressor [2]. As 
opposed to a standard BPM, the energy BPM measures 
phases to define the absolute position of the bunch in the 
dispersive section of the bunch compressor.  Figure 1  
shows the current EBPM  installed at FLASH and  the 

principle of phase detection [1]. Two coaxial pick-up 
striplines are mounted perpendicular to the beam. At both  
ends of the pick-up ceramic disks are placed for 
mechanical support and the pick-ups are tapered towards 
the connectors. The difference between the measured 
phases of the pulses coming from the left and from the 
right side of the pick-up is proportional to the position (dx 
in Fig. 1) of the bunch. 

 
Figure 1: CAD model of the EBPM installed in the 
second bunch compressor at FLASH. 

 
 The measurement resolution of the bunch position, 

hence energy, depends on the frequency of the detection. 
Therefore it is advisable to have the phase detection at a 
rather high frequency. The upper limit is defined by the 
manufacturing limitations of the pick-up, limitations of 
the detection electronics and size of the chicane which 
imposes the wavelength, below which the phase detection 
might become ambiguous [3]. The resolution of the 
instrument also depends on the signal spectral density that 
the pick-up structure transfers from the beam to the output 
connector.  

As the requirements for the future EBPM  at the 
European XFEL (mechanical and electrical) differs 
significantly from the ones at FLASH, a new EBPM 
needs to be designed. Table 1 summarizes a   comparison 
between the design parameters for FLASH and the 
European XFEL.  
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Table 1: Design Parameters of the EBPM for         
FLASH and the European XFEL 

 FLASH  XFEL  
L                        [mm]  183  400  
H                        [mm]  8  40.5  
Detection freq. [GHz] 1.3 3 
Bunch charge    [pC]  > 200  20  

 
This paper presents the design of planar pick-ups for 

the XFEL EBPM monitor. Two planar structures are 
proposed and their performances are compared. For the 
simulation of the EBPM pick-ups CST PARTICLE 
STUDIO® is used.  

 

DESIGN OF PLANAR TRANSMISSION 
LINE PICKUPS FOR THE EBPM AT XFEL 

 
In order to fulfill the electrical as well as the 

mechanical requirements for the new EBPM, we propose 
the planar pick-up electrodes. The pick-ups need to have a 
resonance-free spectrum up to 6 GHz. To fulfill this, the 
pick-ups need to be matched to the subsequent 
electronics. Although, for now the detection frequency is 
determined to be 3 GHz we design the pick-ups with 
higher bandwidth in order to leave margin for future 
upgrades to higher frequencies. The connectors are 
planned to be perpendicular to the transmission line. With 
such a structure the pick-ups will be independent from the 
chicane and can be mounted or dismounted without 
removing the entire chamber. However, this is one of the 
critical points which influences the bandwidth of the pick-
ups. Optimization of the transition from the connector to 
the transmission line is still in progress. The use of "hard" 
substrate (Alumina, Glass, etc.) can provide for sufficient 
mechanical stability. Figure 2 shows the sketch of this 
structure. 

 
Figure 2: Cross-section of planar transmission line pick-
ups for the EBPM. 

Two planar structures are investigated in this paper:
The microstrip transmission line and Grounded Co-planar 
Waveguide (GCPW) transmission line. Details of the 
design and analysis are presented in [4]. Planar structures 
used as pick-up/kicker electrodes for stochastic cooling 
are described in [5,6]. Figure 2 shows the CAD design of 
the planar structures.

 

 

 
Figure 3: Microstrip transmission line (top). GCPW 
transmission line (bottom). 

The connectors for both structures are perpendicular to 
the transmission line. In the case of GCPW, vias are 
placed in order to short-cut the field. Alumina with 
ɛr = 9.8 is used as a substrate and copper as metallization 
layer for both structures. The design parameters are 
shown in Table 2. 
 
Table 2: Design Parameters for the Planar Transmission 

ines  
 Microstrip  GCPW 
Substrate height [mm]  1.3 1.5 
Line thickness    [mm]  0.006 0.006  
Line width          [mm] 1.55 1.3 
Line gap             [mm]  / 20  
Loss                  [dB/m] 2.4 3.6 

 
Using the planar transmission lines (microstrip and 

GCPW) two rectangular chambers are built (as shown in 
Fig. 2) and simulated. The simulation is performed with 
CST PARTICLE STUDIO® with a beam charge of 
100 pC and a beam width of 1.8 mm. Figure 4 shows the 
results of the simulation. 

 
 
 
 
 
 

L
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Figure 4: CST PARTICLE STUDIO simulation of the 
planar pick-ups. Voltage in time domain (top), voltage in 
frequency domain (bottom). 

The simulation shows that both planar transmission 
lines have similar performance. However, the output 
signal for the GCPW transmission line rings longer and 
with higher amplitude. As a Figure of Merit (FoM) we 
use the voltage level at 3 GHz. The microstrip 
transmission line has -0.7 dB/Hz and the GCPW line has   
-2.175 dB/Hz. The lower FoM for the GCPW line 
corresponds to the higher losses and the higher ringing  
compared to the microstrip line. Based on the simulation 
results as well as on the fabrication complexity, for 
producing the pick-ups we have selected the microstrip 
transmission line pick-ups to be the candidate for the 
EBPM at the European XFEL.  

In order to assess the output signal of the microstrip 
transmission line pick-ups we have compared it to the 
signal obtained from the coaxial pick-ups (see Fig. 1). 
The dimensions of the chamber are the same for both 
scenarios. Figure 5 shows the spectra for the planar and 
coaxial pick-ups.  

 
Figure 5: Comparison of the spectrum for microstrip 
transmission line and coaxial pick-ups. 

From the results we can see that the coaxial pick-ups 
become resonant at 2.7 GHz. The resonant peaks in the 
spectrum are due to the miss-match (the ceramic discs in 
Fig. 1) and correspond to twice the length of the pick-up. 
The FoM for the coaxial pick-ups is -11.17 dB/Hz and is 
lower (-0.7 dB/Hz) compared to that of  the microstrip 
line.  

CONCLUSION AND FUTURE WORK 
In this paper we have presented the design of planar 

transmission line pick-ups for the EBPM to be installed at 
the European XFEL. Two types of planar structures are 
proposed and analyzed. Based on the obtained simulation 
results the microstrip transmission line pick-ups were 
selected as a candidate for the new EBPM. The microstrip 
transmission line pick-ups show the best FoM compared 
to the GCPW and the current coaxial pick-up design. 

A non-hermetic prototype of the EBPM with planar 
pick-ups is planned to be built in near future for 
measurement purposes and prove of concept. 
Optimization of the transition from the connectors to the 
mictrostrip line is in progress as well as analysis for 
maximizing the signal for different substrate thickness.  
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MEASUREMENT OF TEMPORAL RESOLUTION AND DETECTION
EFFICIENCY OF X-RAY STREAK CAMERA BY SINGLE PHOTON

IMAGES

A. Mochihashi∗, M. Masaki, S. Takano, K. Tamura, H. Ohkuma,
JASRI/SPring-8, 1-1-1 Kouto, Sayo, Hyogo, 679-5198 Japan

Abstract

In the third generation and the next generation syn-
chrotron radiation light sources, the electron beam bunch
length of ps∼sub-ps is expected to be achieved. An X-ray
streak camera (X-SC) can directly measure the temporal
width of X-ray synchrotron radiation pulse. The temporal
resolution of X-SC depends on the initial velocity distribu-
tion of the photoelectrons from a photocathode which con-
verts the X-ray photons to the photoelectrons. To measure
the temporal resolution of the X-SC, we have observed ’sin-
gle photon’ streak camera images and measured the tempo-
ral spread of the images. We have also tried to evaluate the
dependence of the temporal resolution and the detection ef-
ficiency on the thickness of the photocathode. For this pur-
pose, we have developed a multi-array type CsI photocath-
ode with 3 different thickness of the photocathodes. The
experimental setups, and the results of the measurements
of the temporal spread and the detection efficiency of the
single photon events are presented.

INTRODUCTION

An X-ray streak camera (X-SC) can measure directly X-
ray pulses whose lengthes are nano to pico seconds. In case
of a single shot observation, the temporal resolution of the
X-SC depends on an initial velocity distribution of photo-
electrons at an X-ray incident photocathode and a space
charge effect of the photoelectrons on the photocathode. A
conversion process in which incident photons change to the
photoelectrons at the photocathode creates primary elec-
trons whose energy is ∼ keV because of the incident pho-
ton energy. On the other hand, secondary electrons which
have typically the energy of several ten eV and the energy
spread of several eV are also created. Because the sec-
ondary electrons contribute formation of the streak images,
the initial velocity distribution of the secondary electrons
affects the temporal resolution of the X-SC. The tempo-
ral spread due to the initial velocity distribution of the sec-
ondary electrons can be observed as a temporal spread of
the streak image when single photon hits the photocathode.
We have observed the temporal spread of the streak images
of the single photon events by decreasing intensity of the
incident photons up to single photon counting level. By
changing the incident photon energy, we have observed the
dependence of the temporal resolution of the X-SC on the
photon energy. Because the secondary electrons which are

∗mochi@spring8.or.jp

created by multiple scattering process of the photoelectrons
in the photocathode contribute the formation of the streak
image, it is supposed that the detection efficiency and the
temporal resolution depend on the thickness of the photo-
cathode. To investigate this, we have developed a multi-
array CsI photocathode which can set three different thick-
ness of the photocathodes simultaneously and oserved the
dependence of the temporal resolution and the detection ef-
ficiency on the thickness of the photocathode.

EXPERIMENTAL SETUP

Figure 1 shows the block diagram and the timing setup
of the single photon experiment. In the experiment, we
have used a streak camera system (Hamamatsu, C5680-
06) with a synchroscan unit(Hamamatsu, M5675) and
dual sweeping unit (Hamamatsu, M5679). The RF sig-
nal (508.58MHz) of the SPring-8 storage ring is transferred
from the RF station to the beamline station via optical ca-
ble, and the optical signal is converted to the electronic sig-
nal by O/E module. The timing signal of the synchroscan
unit is generated by the frequency divider which gener-
ates 7th subharmonics of the RF frequency (72.65MHz).
The timing signal is used for the input signal of the delay
unit (Hamamatsu, C6878) which can adjust timing delay
of the synchroscan unit. The reference signal from the syn-
chroscan unit is used for the reference input of the delay
unit.

The timing signal of the dual sweeping unit is generated
by the frequency divider and the streak trigger unit (Hama-
matsu, C4547). The streak trigger unit generates 9Hz rep-
etition signal synchronized with the RF signal and the sig-
nal is used for the trigger of the digital delay pulse gener-
ator (Stanford Research Systems, DG535). The pulse gen-
erator generates 3 timing signals: (A)exposure trigger for
CCD camera, (B)gate signal for image intensifier (I.I.) and
(C)trigger signal for the dual sweeping unit. Because the
CCD camera has internal delay (11μs) for the external trig-
ger, the CCD trigger signal precedes in 11μs for both the
I.I. gate trigger and the sweeping trigger. The fluorescent
substance at the end of the streak tube is P43[1] for C5680-
06; the 100%→10% decay time of the fluorescence is 1ms.
Because of the decay time, it is necessary for identifica-
tion of each single photon event on the fluorescent screen to
provide timing gate shorter than 1ms for the photoelectrons
which hit the screen. We have used the dual sweeping unit
as a timing gate for the photoelectrons which hit the screen:
we have operated the dual sweeping unit whose operation
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Figure 1: Setup of the experiment.

range is 100μs. To detect the single-photon events clearly,
we have operated the I.I. as a gate trigger mode: the gate
trigger mode can decrease dark signal from the micro chan-
nel plate inside the I.I.. We have settled the I.I. gate width
of 1ms to collect the fluorescence from the screen suffi-
ciently. The output window of the I.I. is also made of P43;
therefore, we have set the exposure time of CCD camera to
be 2ms.

The profile of the usual photocathode in X-SC is 200μm
in vertical and 6mm in horizontal. In the experiment we put
a 4 jaws X-ray slit made of Ta in front of X-SC. We shaped
the spatial profile of X-ray by the slit so that the X-ray beam
spot held the photocathode region. To measure the photon
flux into the X-SC, between the slit and the X-SC we put an
ion chamber which has Kapton sheeted input/output win-
dows and is filled with pure nitrogen gas. We applied DC
high voltage (1kV) inside the chamber and monitored ion
current by an ultra high resistance meter (ADVANTEST,
R8340).

OBSERVATION OF SINGLE PHOTON
EVENTS

The experiments have been performed in the beam diag-
nostic beamline II (BL05SS)[2, 3, 4] in the SPring-8 stor-
age ring. BL05SS has a multipole wiggler as a light source
and a double crystal monochromator. We have adjusted
the gap of the multipole wiggler and the bragg angle of
the monochromator and injected the monochromatic X-ray
into the X-SC. To identify individual single photon events,
we have adjusted the beamline component to decrease suf-
ficiently the photon flux into the X-SC. A typical streak
image of the single photon in dual sweeping and single-
shot operation is shown in Fig.2. A dot cluster inside the
circle in the figure corresponds to the streak image due to
the single photon event. The enlargement and the temporal
profile of the dot cluster in the Fig. 2 is shown in Fig. 3. The

dot cluster appears frequently when we adjust the beamline
component to increase photon flux to the X-SC. We typi-
cally have got 10000 shots of the streak image in the same
experimental condition, and picked up the single photon
events from the series of the streak image data.

In the streak image, not only the real single photon
events but also dark events due to the dark current in the
micro channel plate inside the I.I. are included. To separate
the real and dark events, we have analyzed the intensity of
the dots by making an intensity histogram. Figure 4 shows
typical example of the intensity histogram when the pho-
ton energy is 10keV. Squares correspond to the histogram
when the beam is in timing (occupied RF bucket timing)
and circles correspond to that when the beam is out of tim-
ing (empty RF bucket timing). As seen in the figure, we can
distinguish the real photon events and the dark events by
applying an intensity threshold. In the analysis, we firstly
have picked up all of the dots including not only the pho-
ton events but also the dark events, and next, we have made
the intensity histogram of the picked dots such as Fig. 4, and
define the intensity threshold not to pick up the dark events.
After defining the threshold, we have picked up again the
dots whose intensity is over the threshold, and have ana-
lyzed statistically averaged temporal structure of the single
photon events.

Figure 5 shows the statistically averaged temporal pro-
file of the single photon events for 10keV photons. In the
analysis, we firstly analyzed the first order moment of the
temporal profile for each dot cluster, and to get statistically
averaged profile we have superimposed them to make the
weighted center of each dot the same timing. We have fitted
the temporal profile data with Lorenz distribution whose
amplitude is treated as a free parameter and analyzed the
FWHM for each X-ray energy data.
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Figure 2: A streak image of the single photon event.
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Figure 3: The enlargement and the temporal profile of the
dot cluster in Fig. 2.

EXPERIMENTS WITH MULTI-ARRAY
PHOTOCATHODE

In the X-SC, secondary electrons created by multiple
scattering in the photocathode contribute the formation of
the streak image, therefore, it is supposed that the detec-
tion efficiency and the temporal resolution depend on the
thickness of the photocathode. To investigate this, we have
developed a multi-array CsI photocathode which can set
three different thickness of photocathodes simultaneously.
Figure 6 shows a picture of the multi-array photocathode
disk. At the center of the cathode disk, there are 3 different
thickness of the CsI membranes. Figure 7 shows a focus
image when we set the multi-array CsI photocathode disk.
The size of each photocathode is 1.3mm in horizontal and
200μm in vertical. According to Henke et al.[5], the escape
length of the CsI is 250nm; so we have prepared 50, 300
and 1000nm thickness of the photocathode membranes.

To remove/mount the photocathode disk in the X-SC, we
have also improved a photocathode adapter in the X-SC.
Due to the adapter, we can easily remove/mount the photo-
cathode disk.

In the experiment, we have adjusted the X-ray slit so
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Figure 4: An intensity histogram of dots in the streak image
in the single-photon experiment. Squares correspond to the
data when the synchroscan timing is adjusted to filled RF
bucket (beam timing). Circles corrsponds to the data in the
same setup but in empty RF bucket timing (dark timing).
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Figure 5: Statistically averaged temporal profile of the sin-
gle photon(10keV) events. Circles correpond to the exper-
imental result and a curve corresponds to a fitting result.

that the X-ray beam spot held a proper photocathode and
observed the single photon spread in various photon en-
ergies. Figure 8 summarizes the temporal spread of the
single photon events for 5.3∼30keV region for 3 different
photocathode thicknesses. As seen in the figure, the single
photon spread distributes around 4∼5 ps (FWHM) and the
energy dependence of the spread cannot be seen clearly in
this experiment. The dependence of the photon spread on
the photocathode thickness cannot be seen clearly, either.

Figure 9 summarizes yields of the single photon events
in different thicknesses of the photocathode. As seen in
the figure, the yield has clear dependence on the photon
energy: in the energy region of 5.3 to 5.8keV, the yields
increase rapidly and beyond the peak the yields decrease
slowly. Such energy dependence is caused by the absorp-
tion edge energy of the photocathode material; Cs and I.
Figure 10 shows the numerical calculation[6] of depen-
dence of the X-ray transmission on the photon energy for
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Figure 6: A picture of the multi-array photocathode disk.
At the center of the cathode disk, there are 3 different thick-
ness of CsI photocathode membrane: from left to right, 50,
300 and 1000nm.
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Figure 7: A focus image of the multi-array CsI photocath-
ode.

CsI membrane whose thickness is 300nm. As seen in the
figure, the transmission has a valley around 5keV: Cs and I
have L-edge absorption energy in the region 4.5∼6keV[7].
In the absorption energy region, the quantum efficiency is
larger; that introduces the increase in the yields in the en-
ergy region.

As seen in the Fig. 9, the yield becomes better when the
thickness of the photocathode is larger in this experiment.
As seen in Fig. 8, the temporal resolution have little de-
pendence on the thickness; therefore, 1000nm thickness is
better in this experimental condition. It is supposed that
there is an optimum thickness to realize better yield and
temporal resolution.

SUMMARY

In this article, We have tried to measure temporal res-
olution of the X-ray streak camera by observing temporal
spread of the single photon events. Because the single pho-
ton event has the shortest duration in principle, it is possible
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Figure 8: Temporal spread of the single photon events for
3 different thickness of photocathode.
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Figure 9: Yield of the single photon events for 3 different
thickness of photocathode.
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Figure 10: The dependence of the transmission on the pho-
ton energy for CsI 300nm membrane[6].

to measure precisely the temporal resolution of the streak
camera. Because the measurement has been performed
with the single shot observation mode, we can measure the
temporal resolution without timing jitter. The single photon
also has the smallest intensity, so the space charge effect on
the photocathode can be minimized.
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We have measured the dependence of the temporal reso-
lution on the photon energy and the thickness of the photo-
cathode. To investigate this, we have developed the multi-
array photocathode disk which can mount different 3 thick-
ness of the photocathode membranes simultaneously. In
our experiment, we have concluded that the temporal reso-
lution of our streak camera system is 4∼5ps (FWHM). The
resolution doesn’t have clear dependence on the photon en-
ergy and the thickness of the photocathode. The yield, on
the other hand, has clear energy dependence because of the
absorption edge energy of the photocathode materials. In
this experiment, the photocathode of 1000nm thickness has
better yield than other thinner ones. It is supposed that there
is an optimum thickness to realize better yield and temporal
resolution. Investigation for better condition of the photo-
cathode is a future plan.

This work was partly supported by MEXT Grant-in-Aid
for Young Scientists (B) 21740215.
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Abstract 
FELs have been greatly interested as intense light 

source in short-wavelength region. However, their 
temporal profile and frequency spectra have shot-to-shot 
fluctuation originated from a SASE process. One of the 
promising approached to the problems is a seeded FEL 
scheme by introducing full-coherent light pulses. It is 
important for the high order harmonics (HH) seeded FEL 
scheme to synchronize the seeding laser pulses to the 
electron bunches. The difference of their arrival timing is 
drifting at the meeting point in the first undulator. On the 
other hand, the spatial pointing of the seed laser must be 
smaller than transverse overlapping between HH-pulse 
and electron bunch. Therefore, an arrival time feedback 
system and non-destructive monitor are necessary to 
achieve seeded FEL operation continuously. We have 
constructed the arrival timing monitor based on Electro-
Optic (EO) sampling which measures the arrival time 
difference of the seeded laser pulses with respect to the 
electron bunches simultaneously while the seeded FEL 
operation, in which the probe laser pulses for the EO-
sampling is from the same laser source using as FEL-
seeding. The EO-sampling system has been used for the 
arrival time feedback with less than 500 fs adjustability 
for continual operation of the HH-seeded FEL. The 
continual operation of the seeded FEL is feasible for day-
long user experiments. 

INTRODUCTION 
SCSS test accelerator in SPring-8 Center has been 

operated as the HH-seeded FEL several times for the 
extreme ultraviolet (EUV) wavelength region [1]. The 
HH-seeded FEL is very powerful method to generate 
intense full-coherent and narrow-band pulses in short 
wavelength region. The HH-seeded FEL operation has 
been performed by synchronizing and spatial overlapping 
between the seeding laser pulse, which is generated from 
an ultra-short pulsed Ti:Sapphire laser pulses, and the 
electron bunches.

.   
We found that our seeding laser source has large drift of 

the arrival-time about 50 ps for a day as shown in Fig. 1. 
The drift was measured by the EO-sampling system and 
temporal delay control system described following 
section. The arrival timing drift was correlated with a 
variation in the environmental temperature at the 
accelerator facility as shown in Fig. 1. The electron bunch 
length (~600 fs) and seeding laser pulse length (~50 fs) 
are less than 1 ps. Therefore, it is necessary to achieve the 
temporal overlap between them within ~500 fs accuracy 
for the continual operation of the seeded FEL. The 
temporal overlap is indispensable for the arrival time 
monitor in real time without disturbing seeded FEL 
operation. EO-sampling measurement is one of the best 
methods to monitor the arrival time difference between 
the seeding laser pulses and the electron bunches [2, 3].  
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Figure 1: Drift of the arrival timing between the electron 
bunch and the laser pulse and the temperature in the 
facility for elapsed time. 

 

We built the temporal control system based on the EO-
sampling technique employing the same external laser 
source for seeding.  
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EXPERIMENTAL SET-UP 
The temporal-overlap keeping system with the EO-

sampling scheme was built on the seeded FEL at SCSS 
test accelerator. The system set-up is shown in Fig. 2. The 
seeded FEL pulses were generated by interaction between 
the electron bunches and the HH seeding laser pulses at 
the entrance of the first undulator. We used the home-
made ultrashort-pulsed Ti:Sapphire laser system, which 
generated 50 mJ pulse energy and 150 fs (FWHM) pulse 
duration. The laser pulses were focused in a Xe gas cell 
using a lens with f =4 m focal length and the pressure of 
the gas cell was optimized to obtain the maximum 
intensity of the 13th harmonic at 61.5 nm. The pulse 
energy of the HH pulses for the seeding source was 
estimated to be 2 nJ, and the HH pulses was focused at 
the entrance of the first in-vacuum undulators. The beam 
size of the HH pulses at the entrance of the first undulator 

was about 0.8 mm and 0.5 mm in the horizontal and 
vertical directions, respectively. The acceleration energy 
and the current of the electron beam were 250 MeV and 
0.22 nC, respectively. Especially for the seeded FEL 
operation, the electron bunch length was stretched to 600 
fs, which is longer bunch length than a normal user-
operation condition of about 200 fs, so as to be easy to 
overlap the electron bunch and the seeding laser pulse in 
time. Moreover, longer bunch length is possible to reduce 
SASE output while seeded FEL operation. However, the 
external laser pulses have a large arrival time drift over 
10 ps at the entrance of the first undulator (Fig.1.). 
Therefore, the temporal overlapping system is necessary 
to keep FEL-seeding. It is also necessary to keep 
maximum spatial overlap (in transverse) within sub-
millimetres for the seeded operation. 

For the temporal overlapping system using the EO-
sampling scheme, the external laser pulse was split about 
5 J for the probe pulse from 50 mJ by taking leakage 
from one of HR mirrors before the focusing lens for the 
HH generation. Then, the probe laser pulses were 
stretched to ~5 ps (FWHM) with the spectrum bandwidth 
of 5 nm (FWHM) by passing through high-dispersive 
glasses and a DAZZLER-AOPDF (FASTLITE Inc.). The 
AOPDF is a programmable acousto-optic modulator and 
was used to obtain linear chirp for the probe pulses. In 
addition, it was used to adjust the arrival timing of the 
probe laser pulses with respect to the HH seeding source 
at the EO-sampling chamber placed just before the first 
undulator. Therefore, the arrival timing drift of the HH 
seeding pulses and the probe laser pulses were negligible 

  Figure 2: Layout of EO-sampling apparatus with seeded FEL setup at SCSS test accelerator. 
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Figure 3: The normalized spectra of decoded probe pulse 
for the EO-sampling. The spectrum with central 
wavelength of 803 nm (blue line) showed the probe laser 
pulses arrived 1 ps earlier than the electron bunches. In the 
spectrum with central wavelength of 804 nm (black line),

 

overlap between the probe laser pulses and electron 
bunches was in the best seeding condition. The spectrum

 

with center wavelength of 805 nm (red line) showed the 
probe laser pulses arrived 1 ps later than the electron 
bunches. 

since both pulses passed in the same environmental 
condition. The arrival time of two pulses with respect to 
the electron bunches were controlled simultaneously by 
means of the temporal delay control system by means of 
synchronization electric circuits with <500 fs adjustability. 

The stretched probe laser pulses had the chirp rate of 1 
ps/nm. The EO crystal made from ZnTe has the thickness 
of 1 mm and the cross section of 3 x 4 mm. It was used 
for the EO sampling. The crystal was placed about 2 mm 
away from the electron beam axis. When the electron 
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bunches pass the side of the EO crystal, the polarization 
of the probe laser pulses is changed in the EO crystal by 
the electro-optic effect. For the EO-sampling scheme of 
spectral decoding, the timing difference is possible to 
measure shift of the corresponding peak wavelength of 
the decoded laser pulses. 

EXPERIMENTAL RESULTS 
 
The decoded spectra of EO-sampling measurements are 

shown in Fig. 3. In Fig. 3, the spectrum peaks at 803 nm, 
804 nm, and 805 nm are corresponding to +1 ps delay, 0 
ps, and –1 ps delay of probe laser pulses with respect to 
the electron bunch, respectively.  

The EO-sampling system was used to monitor the 
temporal overlap between the probe laser pulses and the 
electron bunches. The arrival time drift was then 
calculated from the monitored peak position of the EO-
measurement, and feedback to the synchronization system. 
At first we tried the closed-loop feedback, in which the 
trigger delay time for the compensation of the arrival time 
drift was calculated automatically in the computer 
program in terms of the peak position of the decoded EO-
signal pulse. However, the closed-loop feedback was 
found to be difficult for long time operation due to shot-
by-shot EO-signal fluctuation and arrival time jitter 
originated from the laser source. The external laser source 
has some fluctuations in the pulse energy, spectral

 

intensity distribution, and timing jitter with ~1 ps. Then, 
the trigger delay was adjusted manually in a few-seconds 
cycle by monitoring the variation of the decoded EO-
signal.   

The output energies for the seeded FEL operation were 
shown in Fig. 4 for 90 minutes with keeping the arrival 
timing. The seeded FEL pulses were continuously

 

obtained longer than seven hours, and pulse energy was 
achieved up to 20 J in the EUV region at 61.7 nm.  

SUMMARY 
 We have constructed the EO-sampling based temporal 

overlap control system for the continual seeded FEL 
operation. By using the EO-sampling system, the seeded 
operation was continued over several hours with reaching

 

20 J pulse energy at the 61.7 nm wavelength. 
The temporal resolution of the EO-sampling system is 

~1 ps and the accuracy depends on the synchronization of 
external laser source using as seeding pulse and EO-probe 
pulse. In present study, the time resolution of the EO-
sampling system was about 0.7-0.8 ps, and was not better 
than the bunch length of 0.6 ps. Moreover, the chirped 
probe laser pulse is conjectured having some high-order 
dispersion that causes degradation of time resolution. In 
order to achieve the closed-loop feedback control for the 
temporal overlap, the resolution of the EO-sampling 
system must be improved. 

 
In the near future, we are preparing the spectral 

broadband laser source over 300 nm for the EO-sampling 
system. In this experiment the spectral bandwidth of the 
EO-probe pulse was 5 nm with the chirp rate of 1 pn/nm. 
The chirp rate will be improved as 100 fs/nm. Then, the 
temporal overlapping control will be possible to perform 
with closed-loop feedback automatically. In our father 
project, we are planning to realize the 3D-EO-sampling 
for overlapping in all dimensions. 
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Figure 4: Experimental data for the seeded FEL lasing 
condition with timing feedback using the EO-sampling. 
a) Output pulse energy of the seeded FEL for 90 minutes 
operation. b) The time delay of the synchronization 
system that was changed to keep the temporal overlap for 
the seeded FEL operation. c) Central wavelength of the 
decoded EO-signal while the continuous seeded FEL 
operation. 
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DESIGN AND OPERATION OF THE HIGH INTENSITY LUMINOSITY 
MONITORS OF THE LHC* 

H.S. Matis,# S. Hedges, M. Placidi, A. Ratti, W. C. Turner, LBNL, Berkeley, CA, U.S.A. 
R. Miyamoto, ESS, Lund, Sweden, E. Bravin, CERN, Geneva, Switzerland

Abstract 
We have built a high-pressure ionization chamber 

(BRAN) for the IR1 (ATLAS) and IR5 (CMS) regions of 
the LHC. This chamber is designed to measure the 
relative bunch-by-bunch luminosity of the LHC from 
beam commissioning all the way up to the expected full 
luminosity of 1034 cm-2s-1 at 7.0 TeV.  

INTRODUCTION 
The BRAN, which is used as a high intensity gas 

ionization detector has been described in several recent 
papers [1-4]. It is located in the TANs, which are 
absorbers made up of steel and copper and are located on 
either side of the IR1 and IR5 interacting regions. It 
measures the neutrons and photons from the collisions in 
the forward direction.  The detector (currently running at 
7 bar) has four quadrants, which are distributed around 
the center of each IR. 

MODELING 

Method 

 
Figure 1: Top view of the BRAN in the CMS TAN. The 
color white indicates the regions of vacuum. 

We have used the modeling program called FLUKA [5-
6] to simulate collisions in the LHC. The model simulates 
half of the IP. The full detail of the beam line is included 
up to the TAN in which the detector rests.  The geometry 
of the TAN is shown in Figure 1. The TAN is an absorber, 
which shields the first LHC dipole from the forward 
neutral particles produced at the intersecting region (IR). 
The TAN is about 140 m from the IR.  The model 
includes the materials in the TAN at the beginning of the 
2012 run. 

Using the DPMJET [7] option of FLUKA, we have 
simulated the following reactions pp, pPb and PbPb over 
the expected operating range of the LHC. We can see how 
the shower forms by looking at Figure 2. 

 
____________________________________________ 

*Work supported by the US-LARP program. 
#hsmatis@lbl.gov 

This figure shows how the shower develops for pp 
(which is dominated by gamma ray showers) and PbPb 
(which is dominated by neutron showers). 

 

 
Figure 2: Energy deposited in the TAN for pp and PbPb 
collisions. The region in the center for each detector is 
where the BRAN is located. The different material in 
from of the BRAN produces the difference between the 
shower deposition between the IR regions.  

The simulations show how the energy is deposited in 
the detector as a function of energy and crossing angle of 
the beams. For instance, Figure 3 shows the predicted 
behavior at the nominal full crossing angle of 290 µrad, 
which is used for the 2012 LHC run. Figure 4 shows the 
sensitivity to crossing angle for both pp and PbPb 
collisions. The crossing angle ratio, χr is the difference in 
energy between the top and bottom quadrants divided by 
the total energy. Note, the simulation predicts that the 
quantity χr is higher in PbPb collisions. 

 

 

Figure 3: Energy deposited in the IR5 BRAN as a 
function of the energy of one of the beams in pp 
collisions. 
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Figure 4: χr for pp and PbPb collisions. 

 

 

Figure 5: Comparison between the amount of energy 
deposited in the detector between pp, pPb, and Pbp and 
PbPb collisions. The first particle indicates the particle 
headed toward the BRAN. 

Figure 5 shows the relative amount of energy in the 
BRAN for different combinations of colliding particles.  
When the LHC collides p on Pb, the signal strength from 
the BRAN will be more than a factor of ten higher on the 
side that the Pb beam approaches. 

OPERATION OF THE DETECTOR 

The BRAN is used in two different ways. On the left 
side of the IR (viewed from inside of the LHC ring), a hit 
for each bunch crossing is declared every time the voltage 
exceeds a threshold. This method, called “Counting Mode” 
works well at low luminosity, but saturates as the 
intensity increases. The second method is called “Pulse 
Height Mode” where the average pulse height from each 
collision is recorded. “Pulse Height Mode” is linear but is 
tends to be dominated by system noise at low luminosity. 

Van der Meer Results 

 
Figure 6: Comparison between the performance of the 
BRAN detector and the CMS Beam1F coincident detector. 

On April 16, 2012, CERN took a Van der Meer Scan of 
the LHC Beams when it was operating at 4 TeV and a full 
crossing angle of 290 µrad. A comparison of the BRAN 
detector with the corresponding CMS detector is shown in 
Figure 6. The left detector, which operates in “Counting 
Mode”, saturates as expected, while the right detector is 
very linear with the CMS detector. 

The results, which are depicted in Figure 7, show that 
with a Gaussian fit, the right BRAN detector has a width 
of 31.94 ± 0.14 µm compared to 32.06 ± 0.06 µm from 
the CMS HF detector and 32.95 ± 0.07 µm from the CMS 
BeamqF detector. The error in the BRAN is slightly 
higher and can be improved by integrating longer. The 
results from the left detector show a smaller beam width. 
However, since it is saturating, it should not be used. This 
analysis is very simple and should not be construed to 
measure the size of the LHC beam. We use these 
measurements to show that the BRAN’s accuracy is 
comparable to the CMS detectors. 

 
Figure 7: Fit of the Van der Meer scan for the IR1 and 
IR5 detectors in pulse height mode. 
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Crossing Angle Comparison 

 
Figure 8:  Measurement of the "Crossing Angle" for Fill 
2200.  R1 varies more because it is in “pulse height 
mode”. 

Figure 8 shows χr for the 2011 LHC run when the 
nominal LHC crossing angle was 240 µrad. The time plot 
shows fluctuations and one instance when the ratio 
changes at the same time as the luminosity. Examination 
of the LHC BPMs show that there were changes at the 
same time.  
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BEAM MONITORS OF NIRS FAST SCANNING SYSTEM 
 FOR PARTICLE THERAPY  

T. Furukawa, T. Inaniwa, S. Sato, E. Takeshita, K. Mizushima,  
K. Katagiri, Y. Hara, T. Shirai,  and K. Noda 

National Institute of Radiological Sciences, Chiba, Japan 

Abstract 
At National Institute of Radiological Sciences (NIRS), 

more than 6500 patients have been successfully treated by 
carbon-ion beams since 1994. The successful results of 
treatments have led us to construct a new treatment 
facility equipped with three-dimensional pencil beam 
scanning irradiation system. The commissioning of NIRS 
fast scanning system installed into the new facility was 
started in September 2010, and the treatment with 
scanned ion beam was started in May 2011. In the 
scanning delivery system, beam monitors are some of the 
most important components to safely deliver the dose to 
the patient. In this paper, the design and the 
commissioning of beam monitors in the delivery system 
are described. 

INTRODUCTION 
 Since 1994, more than 6500 patients have been 

successfully treated with carbon-ion beams delivered 
from Heavy Ion Medical Accelerator in Chiba (HIMAC). 
To make optimal use of these characteristics and to 
achieve accurate treatment, three-dimensional (3D) pencil 
beam scanning [1-3] is one of the sophisticated 
techniques in use. For implementation of this irradiation 
technique, at HIMAC, a new treatment facility [4] was 
constructed. Figure 1 shows the treatment room of a new 
treatment facility. After intense commissioning and 
quality assurance tests, the treatment with scanned ion 
beam was started in May 2011.  

 

 

Figure 1: Treatment room of the new treatment facility. 

The beam delivery with beam scanning can be used to 
achieve the desired dose distribution by magnetically 
deflecting the beam across the target and by changing the 
beam penetration depth. Thus, scanning irradiation 

method requires sophisticated beam monitoring and 
control system to deliver well defined dose throughout the 
target volume safely with sufficient accuracy. In order to 
measure and control the dose of each spot, the main and 
the sub ionization chambers are placed separately as flux 
monitors. For monitoring of the scanned beam position, a 
beam position monitor, which is multi-wire proportional 
chamber, is installed just downstream from the flux 
monitors. This monitor can output not only the beam 
position but also the 2D fluence distribution using 
dynamic fast convolution algorithm.  

In this paper, the design and the commissioning of 
these monitors in the delivery system are described. 

 

NIRS FAST SCANNING SYSTEM 
Layout of the scanning system [5] is shown in Fig. 2. It 

consists of the scanning magnets, main and sub flux 
monitors, position monitor, mini-ridge filter and range 
shifter. To achieve the fast beam scanning at the 
isocenter, the distances from scanning magnets to the 
isocenter are designed to be 8.4 and 7.6 m, respectively. 
The vacuum window is made of 0.1mm-thick kapton and 
located 1.3 m upstream from the isocenter. Beam 
monitors, mini-ridge filter and range shifter are installed 
downstream of the vacuum window. Since the required 
field size is 220×220 mm2 for the transverse directions, 
the effective area of the monitors are designed to be 
240×240 mm2. Further, these monitors are designed to 
measure the beam having energies between 80 and 430 
MeV/u, and having intensities between 1·107 and 1·109 
particles per second (pps). 

 

Figure 2: Delivery system of the new treatment facility. 
Beam monitors described in this paper are assembled in 
the region highlighted by red dot curve. 

FLUX MONITORS 

Configuration of Flux Monitor 
The flux monitors, which are parallel-plate ionization 

chambers, are placed just after the exit window of the 
vacuum duct, and they are operated in air at atmospheric 
pressure. Each flux monitor consists of a signal foil 
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(anode), two cathodes and two grounded shielding foils. 
For the cathodes, a wire mesh is employed to suppress the 
position dependence of the output signal. The wires 
(diameter: 50 μm) used in the mesh are made of gold-
coated tungsten, and they are aligned with the spacing of 
1 mm. The signal foil is made of 25 μm-thick polyimide, 
coated with Cu and Au. The gap between the anode and 
each cathode is 5 mm. With typical HV setting of –2500 
V, the charge collection time is estimated to be 70 μs. 
Although such response of the chamber might cause an 
error in the dose delivery, the effect is considered to be 
tolerable, because the rising time of the beam at the beam 
ON timing is around 1 ms.  

The output current from the flux monitor is digitized by 
the current-frequency converter. This converter module 
consists of the I/V amplifier (current to voltage amplifier) 
and VFC (voltage to frequency converter). Since cutoff 
frequency of the I/V amplifier is set to around 100kHz, 
the output response for 100 kHz input is –3 dB of the 
output response for DC input. The VFC can digitize the 
signal from the I/V amplifier with the conversion ratio of 
0.4 MHz/V, while the maximum output frequency of the 
digitized pulses is 2 MHz. To cover the dynamic range of 
the expected beam intensity, this converter has three 
switchable ranges of 2MHz/100nA, 300nA and 1000nA. 
In the beam tests, the beam intensity of 1.5·108 pps is 
typically employed, providing digitized pulses of around 
600 kHz under medium gain. Severe recombination of 
more than 1% has not been observed in the measured 
saturation curves of the flux monitor for different beam 
intensities. 

 

Figure 3: Typical result of flux monitor commissioning, 
left: position dependence measurement by film, right: 
output linearity measurement. 

Commissioning of Flux Monitor 
The position dependence of the main flux monitor and 

the scanning control was tested by using 2D uniform field 
irradiation. By applying the same count for regular grid 
spots, 2D uniform irradiation was carried out. The 
uniformity of the delivered field was measured by using 
the 2D ionization-chamber array (OCTAVIUS Detector 
729 XDR, PTW Freiburg) and the film. Figure 3 shows 
results of 2D uniformity measurement by the film. We see 
a uniform field distribution, indicating the main flux 
monitor has rather small position dependence. In both 
measurements, the standard deviation of the measured 

dose was around 1%. From these results, we concluded 
the position dependent calibration of the flux monitor is 
not necessary. Output linearity of the flux monitor was 
also checked by changing applied count in 2D uniform 
field delivery. The delivered dose was measured by 
reference ionization chamber of PTW30013 having 
sensitive volume of 0.6 cc. As shown in Fig. 3, the 
deviation from the linear relationship was less than 1%. 
The measurement of the recombination was also carried 
out. Although the typical beam intensity was 1-2·108 
particles/s, the severe recombination was not observed up 
to 6·108 particles/s. 

BEAM POSITION MONITOR 

Configuration of Beam Position Monitor 
The beam position and profile are measured with a 

multi-wire proportional chamber (MWPC), which is 
installed just downstream from the main and sub flux 
monitors. With the anode wire spacing of 2 mm, this 
MWPC has 120 anode wires for x and y planes, 
respectively. Anode-cathode distance is designed to be 3 
mm to avoid any gain drops due to the space charge 
effect. Diameters of the cathode and anode wires are 50 
and 30 μm, respectively. Figure 4 shows a schematic 
drawing of this monitor system including its electronics, 
consisting of I/V amplifiers and a digital control unit. The 
I/V amplifiers, which have the amplification rate of 2·106 
V/A, are directly connected to the monitor head. The 
output signals of the I/V amplifiers are fed into the 12 bit 
analog-digital converters (ADCs), which operate with the 
frequency of 200 kHz.  
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Figure 4: Schematic drawing of beam position monitor 
and its electronics. 

By using these digital data, this digital unit handles two 
different tasks: 1) calculation of beam center and 2) 
production of the 2D fluence map for each slice. The first 
task of the center calculation is carried out with a 
repetition rate of 200 kHz. When the beam position is 
required by controller 2, this unit provides the latest result 
of the beam center calculation. In controller 2, received 
data for the beam center are used for the interlock and 
irradiation log. Furthermore, this unit outputs an analog 
signal of the beam position which is fed into an 
oscilloscope to display the trajectory of the scanned beam. 
On the other hand, the second task of fluence map 
production for each iso-energy slice is carried out in the 
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following steps. First, 11 channels around the beam center 
for each plane are selected. Second, by multiplying both 
profiles f(x) and g(y), the 2D image h(x,y) is calculated, 
while independence of each beam profile is assumed. This 
temporary image (11×11) is repeatedly summed into a 
full size image (120×120) during one slice irradiation. 
While the beam is OFF when changing the energy slice, 
the latest 2D fluence map is sent and displayed on the 
man-machine interface (MMI), while the digital unit 
prepares for the next slice, i.e. refreshing the image. 
Having repeated this procedure, the 2D fluence map for 
each iso-energy slice can be obtained. 
Commissioning of Beam Position Monitor 

Concerning the gain drop due to the space charge effect 
[6,7], the several types of gas mixtures are tested. Finally, 
we decided to employ a mixed gas of 70% He and 30%  
CF4. The measured gain curve are shown in Fig. 5. 
Although the maximum gain was not so high, the 
intensity dependence was well suppressed compared with 
Ar based gases. 
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Figure 5: Measured gas gain with different beam 
intensities.  
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Figure 6: Beam center outputs (solid line) from the beam 
position monitor compared to the preset beam position 
(triangles). The average position between the spot 
transitions and the standard deviation are also plotted by 
bars. To clearly see the spot transition timing, the signal 
of transition is shown by the dashed line. 

The verification of the beam position monitor output 
was carried out by comparing the film dosimetry. The 
differences measured position between the monitor output 
and the film were less than 0.5 mm. Further, the monitor 
performance was evaluated by using the measurement 
results. Figure 6 shows the beam center output during 2D 
uniform scanning irradiation. The average position of 
monitor output for each spot agreed well with the preset 
value within 0.5 mm. The standard deviation of the 
difference between the preset position and 200 kHz 
position output was less than 0.4 mm, corresponding to 
the accuracy of this monitor including its electronics. 
Consequently, the position monitor output can be used for 
position monitoring with the tolerance of 2 mm.  

On the other hand, the position output is routinely used 
for online display of the beam scanning process. Figure 7 
shows the typical view of position monitor console. 
Figure 8 shows typical oscilloscope display during the 
treatment. These displays give important information to 
medical staff during the irradiation process.  

 

Figure 7: Online display of position monitor 
measurement, left: online display of beam position, right: 
measured fluence map for each iso-energy slice.  

 

1 0 0  se co n d s

E3 8 0 E3 5 0 E3 2 0 E2 9 0

Figure 8: Typical oscilloscope display during treatment, 
lower trace shows the enlarged view of upper trace. Red 
line: synchrotron bending magnet pattern, yellow line: 
beam flux monitor output, green lines: position monitor 
outputs x and y. 
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3D SCANNING BEAM DELIVERY 
Verification of the scanning delivery system can be 

realized by checking the 2D delivery with intensity 
modulation. The checking irradiation pattern introduced 
by Flanz [8] was employed and measured by using the 
fluorescent screen with CCD camera system [9,10]. As 
shown in Fig. 9, we can see the 2D irradiation with the 
intensity modulation was successfully performed.  

Overall check including the treatment planning system 
[11,12], the 3D dose conformation was tested by 
comparing measured and planned dose distributions. 
Typical result of comparison is shown in Fig. 10. Since 
the measured distribution was good agreement with the 
expected one, we can conclude that the beam control is 
correctly operating. The deviation was less than ±3%. 
Further, the reproducibility of the delivered dose within 
±0.5% was also verified in these delivery tests. 

SUMMARY 
The scanning delivery system, including beam 

monitors, at the HIMAC new treatment facility were 
constructed and intensively commissioned. Consequently, 
the system are routinely used for the carbon-ion 
radiotherapy at NIRS-HIMAC. 
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Figure 9: Measured distribution in 2D intensity 
modulation. Red dotted line shows the prediction. 

 

Figure 10: Comparison between measured and planned 
dose distribution. Upper trace: comparison on yellow line 
in lower trace, dot and line show measurement and plan, 
respectively. Lower trace: comparison of iso-dose line, 
solid contour shows measurement, while dashed contour 
show planned dose distribution. 
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STATUS AND ACTIVITIES OF THE SPRING-8 DIAGNOSTICS       
BEAMLINES 

S. Takano*, M. Masaki, A. Mochihashi, H. Ohkuma, M. Shoji, and K. Tamura 
 JASRI/SPring-8, Hyogo 679-5198, Japan 

H. Sumitomo, and M. Yoshioka, SPring-8 Service Co. Ltd. (SES), Hyogo 679-5165, Japan

Abstract 
At SPring-8 synchrotron radiation (SR) in both the X-

ray and the visible bands is exploited in the two 
diagnostics beamlines. The diagnostics beamline I has a 
dipole magnet source. Recently, the transfer line of the 
visible light has been upgraded. A new in-vacuum mirror 
was installed to increase the acceptance of the visible 
photons. A new dark room was built and dedicated to the 
gated photon counting system for bunch purity 
monitoring. To improve the performance, the input optics 
of the visible streak camera was replaced by a reflective 
optics. Study of the power fluctuation of visible SR pulse 
is in progress to develop a diagnostic method of short 
bunch length. At the diagnostics beamline I, the size of 
the electron beam is measured by imaging with the zone 
plate X-ray optics. The diagnostics beamline II has an 
insertion device (ID) light source. To monitor stabilities 
of the ID photon beam, a position monitor for the white 
X-ray beam based on a CVD diamond screen was 
installed. A turn-by-turn diagnostics system using the 
monochromatic X-ray beam of the ID was developed to 
observe fast phenomena such as beam oscillation at 
injection for top-up and beam blowups caused by 
instabilities. Study of temporal resolution of the X-ray 
streak camera is also in progress at the diagnostics 
beamline II. 

INTRODUCTION 
Synchrotron radiation (SR) is a nondestructive probe to 

diagnose relativistic electron beams in high-energy 
accelerators. At SPring-8 SR in both the X-ray and the 
visible bands is exploited in the two diagnostics 
beamlines [1]. The diagnostics beamline I has a dipole 
magnet source, and the diagnostics beamline II has an 
insertion device (ID) light source. In this paper we will 
report present status and activities of the SPring-8 
diagnostics beamlines. 

DIAGNOSTICS BEAMLINE I (BL38B2) 
The diagnostics beamline I (BL38B2) has a bending 

magnet light source with critical photon energy of 28.9 
keV. In 2011, the transfer line of the visible light was 
upgraded. The schematic layout of the beamline after the 
upgrade is shown in Fig. 1. The beamline has an optics 
hutch and two dark rooms on the experimental hall. The 
visible synchrotron light is separated from the X-ray 
beam by two in-vacuum mirrors in the optics hutch. The 
mirror below the photon beam axis is the original one and 
the other one above the photon axis has been added in the 
upgrade. The X-rays pass through the gap of the two 
mirrors. The separated visible light is transported in a 
bent shielded pipe out of the optics hutch to the 
darkrooms. The visible light separated by the lower  

 

 
Figure 1: The schematic layout of the SPring-8 diagnostics beamline I (BL38B2). 

 
____________________________________________  
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original mirror is delivered to the second dark room, 
which has been constructed in the upgrade and dedicated 
to the bunch purity monitor. The light separated by the 
upper new mirror is delivered to the first dark room, 
where the bunch length is measured by streak cameras 
and studies of incoherent fluctuation of SR pulse are 
under way. The X-ray line of the beamline is enclosed in 
the optics hutch. It has a double crystal monochromator 
that covers the energy range of 4 to 14 keV by (111) 
reflection of silicon crystals. The X-ray transport line as 
well as the front end has no windows, which obstructs 
soft X-ray and visible/UV light and potentially could 
distort wave front of X-ray SR. Therefore, all the 
components of the X-ray transport line as well as the 
monochromator are in bakeable ultra-high vacuum 
chambers. The X-ray line includes the optical system of 
the X-ray Beam Imager (XBI), implemented for beam 
emittance diagnostics. 

Streak Cameras 
For bunch length measurements, a dual-sweep streak 

camera (C5680, Hamamatsu) has been operated in the 
first dark room. In the test studies of generation of short-
pulsed SR by kicker magnet, we obtained images of the 
bunch from the side view with the streak camera and 
evaluated the tilt of the bunch to optimize the kicker 
magnet [2]. Turn-by-turn behaviors of the bunch after 
injection were observed by the streak camera to study 
longitudinal dynamics of injected beam in the storage 
ring [3]. In 2011, the input refractive optics of the streak 
camera was replaced by reflective input optics. The 
replacement has enabled us to eliminate the narrow 
bandpass filter and to increase the input photons to the 
streak camera. The performance of the streak camera for 
shorter bunch lengths and at lower currents is being 
studied in low-alpha operation of the storage ring. 
Recently, a high-resolution steak camera (FESCA-500, 
Hamamatsu) has been introduced in the first dark room. 

Incoherent Fluctuation Experiment 
Feasibility study of the so-called fluctuation method for 

bunch length measuements is in progress in the first dark 
room. When the radiation pulse with narrow spectral 
bandwidth Δω  has coherence length (τ c~1/Δω) 
comparable to the source bunch length, its pulse-to-pulse 
intensity fluctuations have a strong correlation with the 
bunch length [4]. The required spectral bandwidth to 
obtain short enough coherence length for sub-ps short 
bunch is moderate compared to those for longer bunches, 
making the method advantageous for short bunch length 
measurement. In the present study, an interferometric 
filter with a center wavelength of 632.8 nm selected 
photons within a bandwidth (FWHM) of 1 nm. A silicon 
avalanche photodiode (APD) module with an effective 
diameter of 0.5 mm and an embedded amplifier (C5658, 
Hamamatsu) was used to detect filtered radiation. To 
reduce the number of transverse coherent modes 
contributing to the signal fluctuations, the angular 
acceptance was limited by a 4-jaw slit in front of the 

focusing lens to the APD. The output signals of the APD 
were analyzed by a fast digital oscilloscope. Fig. 2 shows 

 
Figure 2: An example of a set of histograms of 
intensities in the signal region (red) and the baseline 
(blue) obtained by a oscilloscope (see text). The inset 
shows a temporal bunch profile measured simultaneously 
with a visible light streak camera (circles) and a fitted 
Gaussian curve (line). 
 
an example of a set of intensity histograms for 5000 
measurements of a single bunch beam.  In the experiment 
to obtain shorter natural bunch length, the storage ring 
was operated at a lowered energy of 7 GeV with 
increased RF voltage of 18 MV. The bunch current was 
0.2 mA. The intrinsic fluctuation of power of synchrotron 
radiation pulse Δ I/I is calculated by subtracting the 
fluctuation of the baseline originating from electronic 
noise. The bunch length deduced by further taking 
account of contributions of photon shot noise and 
transverse beam emittance was 11.3 ps (r.m.s.), consistent 
with that of 10.8 ps measured simultaneously with a 
visible light streak camera. The observd fluctuation 
showed a tendency to decrease for longer bunch length 
obtained by increasing the bunch current. Further 
experiment of single-shot bunch length measurements is 
planned by using a single-shot visible light 
monochromator. 

Bunch Purity Monitor 
The bunch purity monitor in the second dark room is 

based on the gated photon counting system of visible 
synchrotron light [5]. It uses a microchannel plate type 
photo-multiplier tube as a single photon detector. The 
time spectrum of detected single photons representing the 
bunch fill pattern is accumulated by a multi channel 
analyzer (MCA). In order to gate the photons emitted by 
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the intense main bunches and to increase the detection 
efficiency of photons emitted by parasitic satellite 
bunches a fast light shutter system consisting of two 
Pockels cells is employed (Fig. 3). The SPring-8 bunch  

 

 
Figure 3: The schematic layout of the bunch purity 
monitor. 

 
purity monitor can successfully detect parasitic satellite 
bunches as low as 10-9 times the intensity of the main 
bunches. It is continuously monitoring the purity of 
isolated main bunches in several-bunch user operation 
modes under topping-up injection. Upgrade of the bunch 
purity monitor is in preparation in order to execute 
immediate measurement of every replenished bunch in 
topping-up operation. A fast time measurement system 
for the bunch purity monitor has been developed by 
employing a time to digital conversion (TDC) VME 
module (V1290N, CAEN) [6], which will be combined 
with a hybrid photo detector (HPD) capable of high 
photon counting rate. 

X-ray Beam Imager 
For emittance diagnostics of the SPring-8 storage ring, 

we have implemented the XBI in the optics hutch [7]. The 
schematic layout of the optical system of the XBI is 
shown in Fig. 1. The XBI is based on a single Fresnel 
zone plate (FZP) and an X-ray zooming tube (XZT) 
(V4410, Hamamatsu). An X-ray image of the electron 

beam in the bending magnet source of the beamline is 
obtained by the FZP. To eliminate the effect of the 
chromatic aberration of the FZP, monochromatic X-rays 
are selected by the double crystal monochromator. The 
magnification factor of the FZP is 0.274. To enlarge the 
reduced X-ray image of the electron beam the XZT is 
employed as an X-ray camera. The combined 
magnification of the XBI is 13.7 when the magnification 
of the XZT is set at 50. The observing photon energy of 
the XBI is 8.2 keV, which was determined by considering 
the spatial resolution and the efficiencies of the FZP and 
the XZT. The spatial and time resolution of the XBI are 
4.1 µm (1σ), and 1 ms, respectively.  

To further increase the brightness of SPring-8, 
persistent efforts towards reduction of the beam emittance 
have been made. Recently, extensive study of 
optimization of storage ring optics is in progress to 
reduce the natural emittance of nominal 3.4 nm.rad to 2.4 
nm.rad [8]. We have measured the beam size with the 
XBI in the study and have confirmed that the emittance is 
successfully controlled. 

DIAGNOSTICS BEAMLINE II (BL05SS) 
The diagnostics beamline II (BL05SS) has an ID as the 

light source. The edge magnetic fields of the two bending 
magnets at the both ends of the ID straight section are 
also available as the light sources. The out-vacuum type 
ID is mounted on a girder which can be slid on guiding 
rails embedded in the floor. The sliding mechanism of the 
ID enables us to remove it off the electron beam axis and 
to change its permanent magnets in the accelerator tunnel. 
The magnet array of the ID is presently of Halbach type 
with 51 periods of 76 mm long. The maximum value of 
the deflection parameter K is 5.8 [9]. The layout of the 
diagnostics beamline II is shown in Fig. 4. It has two 

 

 
Figure 4: The SPring-8 diagnostics beamline II (BL05SS). 

 
optics hutches and one experimental hutch. The X-slit and 
the Y-slit in the front end are employed to shape the white 
X-ray beam of the ID. The optics hutch I has the 
adjustable graphite and metal filters with moving 
mechanisms, which are employed to fit the intensity and 
the spectrum of white X-ray beam for beam diagnostics 
purposes and SR irradiation experiments planned to 
develop accelerator components such as photon absorbers 
[1]. The optics hutch II has a cryogenic double crystal 

monochromator that covers the energy range of 4 to 38 
keV by (111) reflection of silicon crystals. The transport 
line of the monochromatic X-ray beam shielded by lead 
connects the optics hutch II and the experimental hutch.  
In 2011, we installed a position monitor for the white X-
ray beam in the optics hutch I to monitor stabilities of the 
ID photon beam. A turn-by-turn diagnostics system based 
on a fast fluorescence screen was developed in the 
experimental hutch, to observe fast phenomena such as 
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beam oscillation at injection for top-up and beam 
blowups caused by instabilities. The experimental hutch 
has beryllium exit windows for monochromatic X-ray. 
Precise measurement of the flux density of the ID X-ray 
beam and study of temporal resolution of the X-ray streak 
camera are also in progress in the experimental hutch. 

Photon Beam Position Monitor 
In 2011 we installed in the optics hutch I a position 

monitor for the white X-ray beam to watch the stability of 
the photon beam axis of the ID. Stability of the photon 
beams of the IDs is one of the most important issues to be 
achieved at SPring-8. In 2006, the signal processing 
electronics of the beam position monitors (BPMs) 
included in the periodic orbit correction loop were 
replaced by new one that have the resolution as small as 
0.1 µm [10]. Recently, to further stabilize the photon 
beams against perturbations to the electron beam orbit 
caused by changes of magnet gaps of the IDs and by 
operations of ID elements for switching of polarizations 
of output photons, the cycle time of the orbit correction 
loop has been reduced from the former seven seconds to 
one second. 

The  photon beam position monitor employs a thin 
CVD diamond screen, which visualizes the X-ray beam. 
Though the screen is destructive to the photon beam, it 
enables us to observe directly the peak of the white ID 
beam and to measure precisely the position of the beam, 
rendering the monitor a promising tool to watch the 
stability of the ID photon beam axis. The setup of the 
photon beam position monitor is shown in Fig.5. The  

 

 
Figure 5: Photon Beam Position Monitor. 

 
screen is mounted on a copper holder, which is water-
cooled. The thickness of the CVD diamond screen is 50 
µm. The holder of the screen is actuated by an air 
cylinder, which has two operating positions for 1) beam 
observation and 2) retraction for other activities of the 
beamline. The screen is set at an angle of 45° with respect 
to beam direction and the beam profile on the screen is 
observed by a precision CCD camera. The camera is a 
high resolution (2448 x 2050) gigabit ethernet camera 

(piA2400-17gm, Basler), which is connected to the 
control network of SPring-8. The camera is controlled by 
a dedicated personal computer on the network. We 
developed a control software of the camera, which 
periodically captures the image of the photon beam, 
analyzes the image of the beam spot on the screen, and 
stores the analyzed position of the beam to the database 
of the SPring-8 control system. 

In 2012, we started continuous measurement of the 
photon beam position except for the periods when other 
activities occupy the beamline II and are evaluating the 
performance of the monitor. 

X-ray Flux Measurement 
Recently, at SPring-8 extensive study of optimization 

of storage ring optics is in progress to reduce the natural 
emittance of nominal 3.4 nm.rad to 2.4 nm.rad [8]. To 
verify the benefit of emittance reduction to the photon 
 

 
Figure 6: Flux density of 10 keV X-ray of the ID of the 
diagnostics beamline II for the present optics (blue)  and 
the new low-emittance optics (red). The measured results 
(circles) are in good agreement with theoretical 
calculation by SPECTRA (lines). 

flux of IDs as theoretically predicted, we measured the 
flux density of 10 keV photons from the ID of the 
diagnostics beamline II. We put an ion chamber near the 
beryllium exit window in the experimental hutch. We set 
an  angular aperture at 4 µrad x 4 µrad by putting a 4-jaw 
slit in front of the ion chamber. We measured the spectral 
flux density by changing the output energy of the 
monochromator in the optics hutch II. The magnet gap of 
the ID was fixed so that the energy of the third harmonic 
radiation is 10 keV. The measured flux density of the new 
2.4 nm.rad optics was 1.3 times higher than that of the 
present (Fig. 6), and it is consistent with theoretical 
calculation by SPECTRA [11]. 
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Turn-by-turn Beam Diagnostic System 
In the experimental hutch, we have developed a turn-

by-turn beam diagnostic system by observing spatial 
profile of the monochromatic X-ray radiation of the ID. It 
has a fast fluorescence screen (YAG:Ce) with decay time 
of several tens of nanoseconds in a vacuum chamber of 
the beamline, which converts the X-ray beam profile into 
a visible light image.  The two-dimensional visible image 
on the screen is further transformed into two line images 
corresponding to the horizontal and the vertical profile, 
respectively, by an optical system implemented on a 
optical table in the atmosphere. A fast-gated CCD camera 
with an image intensifier simultaneously captures the two 
line images. With this system studies of the stability of 
the storage ring beam are in progress, such as oscillations 
of the stored beam excited by injection bumps for 
topping-up, and variations of beam size and energy 
spread in instabilities of a high current single bunch beam. 
The details of the experimental setup of the system as 
well as its working principles, and results of beam 
observations will be presented in a separate paper [12]. 

X-ray Streak Camera 
We installed an X-ray streak camera (C5680-06, 

Hamamatsu) in the experimental hutch. In the test studies 
of generating short X-ray pulse with a vertical kicker at 
SPring-8, we measured with the X-ray streak camera the 
length of X-ray pulse sliced by a narrow horizontal slit 
and successfully demonstrated the reduction of the pulse 
length [2]. One of the key technical issues of the 
experiment is the temporal resolution of the X-ray streak 
camera, which is dominated by effects of velocity spread 
of the secondary electrons from the photocathode that 
converts the X-ray photons into the electrons. To evaluate 
the effects on the temporal resolution quantitatively, we 
have studied temporal spread of single X-ray photons as 
measured by the X-ray streak camera. Detailed results of 
the single photon experiment will be given in a separate 
paper [13].  

We installed an FZP in the experimental hutch to focus 
the photon beam on the input photocathode of the X-ray 
streak camera for single-shot measurements of faint 
bunches such as injected beams. Tuning of the FZP and 
the X-ray streak camera for single-shot measurements is 
under way. 
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HARTMANN SCREEN AND WAVEFRONT SENSOR SYSTEM FOR 
EXTRACTING MIRROR AT SSRF* 

J. Chen, K.R. Ye, Y.B. Leng, SINAP, Shanghai, China

Abstract 
A Be mirror was used to extract visible synchrotron 

radiation light from bending magnet at SSRF. The surface 
of mirror was deformed because of X-ray heat. A set of 
Hartmann Screen Test was used to measure the surface of 
the mirror. Another equipment named The Shack-
Hartmann wavefront sensor system was introduced to get 
more precision data. The result of two kind of test match 
each other well. 

GENERAL OVERVIEW 
There are two diagnostic beam lines in the storage ring 

of Shanghai Synchrotron Radiation Facility, one of them 
adopt interferometer to measure the transverse electron 
beam size of storage ring using visible light. The visible 
light was extract from synchrotron radiation by a Be 
mirror. The Be mirror was special designed to reflect 
visible light from vacuum and let x-ray pass through. Part 
of the energy of x-ray was absorbed by the Be mirror and 
the heat cause deformation of the mirror. The impact of 
mirror deformation to measurement of interferometer was 
analyst and the deformation was measured by Hartmann 
Screen and Shack-Hartmann wavefront sensor. The result 
of deformation measurement was used to correct the 
measurement of beam size by interferometer. 

DESIGN OF THE Be MIRROR 
Beryllium is the best metal to conduct x-ray with high 

melting point (1287°C) and high specific heat (1925 
J·kg−1·K−1) and with low absorption of x-ray.[1] As 
shown in Fig. 1(a), the shape of mirror back is paraboloid 
with equation y=0.05x2+2. Center of the mirror is thin to 
absorb less energy of x-ray. Water flow across two hole to 
take heat away. Although these method are implemented 
to reduce the heat deformation, it can't be avoided. In 
simulation, the distribution of temperature is displayed in 
Fig. 1(b), the highest temperature is 65°C locate in the 
center of the mirror and the lowest temperature is 35.3°C. 
The deformation of mirror is shown in Fig. 1(c), height of 
the peak is 5.16μm, height of the bottom is 2.68μm, peak 
to valley is 7.84μm.[2] 

A thermal-mechanical analysis with electron beams 
show: the thermal distortion values for metals between 
0°C to 400°C, these effects were especially good in 
Beryllium mirrors .The deformation of Be mirror is 
simulated by ANSYS and XOP 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 
26°C. The highest temperature of mirror will be 56°C. 

   

(a)Shape of Be 
mirror 

(b)Temperature 
distribution 

(c)Deformation 
distribution 

Figure 1: Design and simulation of the Be mirror. 

 

INFECT TO BEAM SIZE MEASUREMENT 
Beam size is measured by interferometer[3], the optics 

layout is shown in Fig. 2(a), the optical system include 
some relay mirrors to transport and split light, one double 
slits to split the wavefront and a focus mirror to make two 
light beam from two slits intersect at the surface of CCD 
sensor. [4] 

The formula to calculate beam size is shown as Eq. 1, 
in which σ means the size of beam, λ is wave length of 
light, D is preparation of double slits, and γ is spatial 
coherence. The coherence is measured by Levenberg–
Marquardt fitting of intensity distribution of interference 
fringe(shown in Fig. 2(b), Fig. 2(c)), and the other 
parameters can be measured by simple way. 

 

 

 
  

(a)Optics layout 
of interferometer 

(b)interference 
fringe 

(c)L-M fitting to 
calculate spatial 
coherence 

Figure 2: Measurement of beam size. 

As design shape of the Be mirror, it tend to bend in 
vertical direction and the deformation in horizontal can be 
ignored. As shown in Fig. 3, the distance from source 
point to Be mirror A and the distance from Be mirror two 
double slits B and the separation of double slits Dreal are 
known. Assuming the deformation lead mirror shift angle 
is b, Dideal is the ideal separation of double slits which 
means the separation of double slits should be used 
without deformation. In Eq.1, the parameter D should be 
Dideal instead of Dreal.. In Eq.2, A, B, Dreal are known, if we 
measure the mirror deformation to get shift angle b, the 
ideal separation of double slits can be calculate like this: 

 
 ____________________________________________  

*Work supported by Shanghai Institute of Applied Physics 
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Figure 3: Deformation of mirror influence to D(separation 
of double slits). 

HARTMANN SCREEN TEST 
The principle of Hartmann screen test is shown in 

Fig. 4, the device Hartmann screen is a plate with 10×10 
holes array, the diameter of each holes is 1mm, and the 
distance to center of adjacent holes is 5mm. If the mirror 
is flat, in projection of holes array, the distance to center 
of adjacent spots should be same. The deformation of the 
mirror can be measured by analysis the arrangement of 
holes array projection. The projection of hole array was 
received by a screen, the image of projection on the 
screen was taken by a CCD camera. [5] 

 

Figure 4: Hartmann screen to measure mirror 
deformation. 

The image of size known grid in paper at the place of 
project screen was taken to calibrate magnification of 
imaging system. The image of holes array projection is 
shown in Fig. 5. A MATLAB script was written to figure 
out the separations of holes' projection by analyzing the 
image and calculate the distortion of the mirror surface 
and rebuilding the model of mirror surface. The data 
process flow is shown in Fig. 5. 

 

 

Figure 5: Data process flow of Hartmann screen test. 

 

SHACK-HARTMANN SCREEN TEST 
A Shack-Hartmann wavefront sensor is an optical 

instrument used to characterize an imaging system. It is a 
wavefront sensor commonly used in adaptive optics 
systems. It consists of an array of lenses (called lenslets) 
of the same focal length. Each is focused onto a photon 
sensor (typically a CCD array or quad-cell). The local tilt 
of the wavefront across each lens can then be calculated 
from the position of the focal spot on the sensor. Any 
phase aberration can be approximated to a set of discrete 
tilts. By sampling an array of lenslets all of these tilts can 
be measured and the whole wavefront approximated. [6] 

 

Figure 6: Optical layout of Shack-Hartmann screen test. 

 
Optical layout is shown in Figure 6, four lens imaging 

Be mirror at lenslets, the CCD is on the focal point of 
lenslets. There are three basic steps to the analysis 
process: determination of the spot positions, conversion to 
wavefront slopes, and wavefront reconstruction, as shown 
in Figure 7. In the reconstruction step, the wavefront is 
described in terms of Zernike polynomials which have 
analytic derivatives. The measured slope data is then fit to 
the derivative of these functions, allowing a direct 
determination of the wavefront from the fit 
coefficients.[7] 
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Figure 7: Data process flow of Shack-Hartmann screen 
test. 

CONCLUSION 
The parameter k=Dideal/Dreal was introduced to 

characterize the degree of mirror deformation, it has been 
measured under beam current from 1mA to 190mA, the 
result is shown in Figure 8. The mirror is not flat, there 
are two kinds of deformation, one kind of deformation is 
fixed and don't change with beam current changed. The 
other kind of deformation change linearily with beam 
current changed, but it has much less infect to 
measurement of beamsize than the fixed deformation. The 
result of deformation measurement was used to correct 
the measurement of beam size by interferometer. 

 

Figure 8: Data process flow of Shack-Hartmann screen 
test. 
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DEVELOPMENT OF THE NEW TYPE MLIC WITH PMMA PLATES AND 
GRAPHITE ELECTRODES 

S. Iwata, N. Shinozaki, A. Takubo, C. Kobayashi, AEC#, Chiba, Japan
S. Fukuda, NIRS, Chiba-shi, Japan

T. Kanai, Gunma University, Heavy-Ion Medical Center, Maebashi-Gunma, Japan

Abstract
The MLIC (Multi-Layer Ionization Chamber) that has a 

lot of ionization chambers stacked in the depth direction 
is a useful detector for measuring the depth dose 
distribution (DDD). By using the MLIC, the measurement 
time and the amount of beam for dosimetry are drastically 
decreased. In HIMAC (Heavy-Ion Medical Accelerator in 
Chiba), the MLIC has been effectively used for QA 
(Quality Assurance) measurement of heavy-ion 
therapeutic beam since 2002. We are developing a new 
type MLIC that has electrodes made of graphite on the 
surface of the polymethyl-methacrylate (PMMA) plates 
for particle therapy. The purpose is to obtain the same
results as the DDD measured in water. We will report on 
the progress of the development.

INTRODUCTION
In heavy ion therapy, the quality of the beam has to be 

checked every day. The DDD is an important indicator of 
the beam condition. However, the DDD measurement 
needs much time with the existing method that used the 
dosimeter moving step by step in the depth direction. The 
MLIC can measure the DDD at once. It has a lot of 
measurement points regularly arranged in the depth 
direction. Therefore, it does not need time for changing 
the depth position of the dosimeter. In addition, the 
amount of the beam used for the measurement of the 
DDD could be reduced.

In HIMAC, the MLIC has been used since 2002. It has 
contributed to the increase of the number of treatment by 
shortening the measuring time of the DDD. More 
specifically, the measuring time was reduced to about 3 
minutes from about 20 minutes. It does not include the 
time to set up and to put away the detector.

From the experience in using the MLIC, it has been 
recognized as useful means for quality assurance of the 
heavy-ion therapeutic beam in HIMAC. On the other 
hand, it was found necessary to improve the accuracy of
the dosimetry with the MLIC. In external beam therapy,
the dose distribution in water is treated as a reference. 
Therefore, it is preferable that the output of the MLIC 
closes in the DDD in water. However, the MLIC used in
HIMAC is not so because it has the electrode substrates 
made of glass epoxy plate (FR4) and copper foil. These 
electrode substrates also have been used for an energy 
absorber of the heavy-ion beam. The materials of them 
are composed of higher atomic number elements than 
water. The varieties of the fragmented particles generated 
by these materials are different from ones generated in 

water, under irradiation of the heavy-ion beam. In such 
effect, it is expected that the measurement result of the 
existing MLIC is different from that of the DDD in water. 

We are developing the new type MLIC (See Figure 1) 
that can output the equivalent data of the DDD in water. 
This MLIC has the electrode substrates made of PMMA 
and graphite. The constituent atoms of these materials are 
only hydrogen, carbon, and oxygen. Therefore, the effect 
of the fragmented particles generated inside the new type 
MLIC will be close to the water phantom. However, we 
have not yet reached that make a specific assessment for 
the results of the new type MLIC, for now. In this paper, 
the progress of its development is described.

Figure 1: The picture of the new type MLIC.

DESIGN OF THE NEW TYPE MLIC
The MLIC has a lot of ionization chambers stacked in 

the depth direction. The ion chambers of the new type 
MLIC are parallel plate type. Each electrode substrates 
are placed orthogonal to the beam traveling direction. The 
momentum of the beam particles are lost by passing 
through the electrode substrates. In essence, progresses to 
the back side of the MLIC, the beam particles slow down. 
The amount of charge collected by each stacked 
ionization chambers has varies depending on the depth 
position. Therefore, we will get the DDD as the Bragg 
peak. The measuring range of the new type MLIC is 
about 280 mmWEL (Water Equivalent Length) that
corresponds to 400 MeV/u carbon beam.

Figure 2 shows the structure of the new type MLIC.
And, Table 1 is the specification of it made for Gunma 
University Heavy Ion Medical Center.

____________________________________________

# http://www.aec-beam.co.jp
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64 ch 
280 mmWEL

MLIC casing

Measuring
module

(A/D converter)

HV
power 
supply 

Shield of the SH
V

 coaxialcable

SHV connecter

HV line
Signal line

GND line To the data acquisition system

C
ore of the SH

V
 coaxialcable

Grounding
at a single point 

H
V

 plate

Signal plate

H
V

 plate

H
V

 plate

Signal plate

Signal plate

Insulated

a) Inside of the new type MLIC
The stacked ionization chambers are parallel 
plate type. Each electrode substrates are placed 
orthogonal to the beam traveling direction.

b) The array of the signal electrodes
The signal electrodes were placed regularly the 
beam traveling direction at the center of the 
irradiating area.

c) Arrangement of the electrode substrates
The HV (high voltage) plates and the signal 
plates are stacked alternately. This figure shows 
the overview of the DDD measurement.

Figure 2: The structure of the new type MLIC.

Table1: Specification of the new type MLIC

Size of the casing
(without handles)

Width 215 mm
Height 160 mm
Depth 480 mm

Material of the casing Aluminum alloy
with anodized

Weight about 18 kg
Aperture size 128 mm
Material of the aperture window PMMA
Thickness of the aperture window 2.32 mmWEL

Number of channels 64 ch
Measuring Range about 280 mmWEL
Resolution of depth position 4.3-4.4 mmWEL
Thickness of PMMA plates 3.5 mm
Thickness of graphite electrodes 10-20 m
Air gap 3  mm
Size of the signal electrodes 3 mm square
Sensitive volume 27 mm3

Operating high-voltage +0.6 kV

The MLIC outputs weak current signals, therefore, the 
measuring system must be careful to noise. The MLIC, 
the high-voltage power supply, and the measuring module 
must have a common ground level that is grounded at a
single point. Figure 3 shows an overview of the cabling.
The guard electrodes enclosing the signal electrodes are 
grounded indirectly through the measuring module, and 
insulated from the casing of the MLIC in order to prevent 
creating the ground-loop.

Figure 3: Overview of the cabling.
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On the normal operation, the applied high-voltage to 
the new type MLIC was determined to be +600 V from 
the measured data (see Figure 4). The voltage 
characteristic was flat above +200 V, so the applied
voltage must be more higher. Other hand, considering the 
risk of discharge, the voltage value must not be too high.

Figure 4: Voltage characteristic of the new type MLIC.

CALIBRATION OF THE MLIC
A calibration of the MLIC is needed in order to

measure the DDD. The calibration of the MLIC has two 
purposes, the one is to correct the individual difference of 
each channel, and other one is to enable that the 
measurement results are treated as the DDD. The outputs 
of each channel of the MLIC mean only the amount of 
collected charge. The amount of the change is affected 
from such as the dark current, the beam divergence, and
atmospheric. Each effect has to be corrected before the 
calibration. And then, the output data of the MLIC with 
these corrections can be compared with the reference of 
the DDD that was measured using the water phantom.

Correction of the dark current
The MLIC and the measuring module have dark current.

In proportion to the time required for the measurement,
the component of the dark current will be added to the 
integrated charges.

This correction requires the data of the dark current that 
was measured before the irradiation. At i-th channel of the 
MLIC, the obtained signal without irradiation (Ci,dark) is 
the data of the integrated dark current. The required time 
for measurement of dark current is defined as t. The dark 
current of i-th channel (Ii,dark) is given by Eq. (1).

                                    (1)

The corrected value of dark current (Xi) is given by Eq.
(2), Where T is the measuring time of the beam and xi is
the output of i-th channel at that time.

(2)

The dark current correction should be done before other 
corrections that are described later.

Correction of the beam divergence
This correction means geometrical correction.

Irradiation beam tends to diverge, therefore, the amount 
of the beam that is received at a signal electrode depends
on the depth position of it.

The depth size of the MLIC is 480 mm, however the 
water equivalent range is 280 mm. It means that the actual 
position of the electrode substrate is different from the 
water equivalent position. The outputs obtained at actual 
positions have to be modified as measured at the water 
equivalent positions. As shown in Figure 5, the base point 
of beam divergence is called the virtual source position.
The fluence decreases in inverse proportion to the square 
of the distance from the virtual source position. Then, the 
correction factor of i-th channel (Di) is given by Eq. (3).

Figure 5: The beam divergence.

(3)

The actual positions of each electrode substrates were
measured relative to the MLIC casing at the time of 
manufacture. Further, by using the beam, the water 
equivalent positions of them were measured from the 
shifting amount of the Bragg peak.

Correction of the condition of atmospheric
This correction cancels the effects of atmospheric 

pressure and temperature. The correction factor (A) is 
given by Eq. (4). This factor is the same for all channels.

(4)

P: actual value of atmospheric pressure [hPa]
Pref : reference of atmospheric pressure [hPa]
K: actual value of temperature [Kelvin]
Kref : reference of temperature [Kelvin]

The value (Xi,correct) that is applied all corrections is 
given by Eq. (5).

(5)

O
pe

ra
tin

g 
vo

lta
ge

Ii,dark = Ci,dark
t

Xi = xi - Ii,dark T

Virtual source
position

lactual

lwater

Beam 
traveling 
direction

Actual
position

Water 
equivalent
position

A = Pref
P

K
Kref

Xi,correct = A Di Xi

Di = li,actual
2

li,water
2
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Figure 6 shows the corrected data of the MLIC. This 
data was measured by irradiating carbon beam of 380
MeV/u.

Figure 6: The corrected data of the new type MLIC.

Calibration of the MLIC
The corrected data of the MLIC was compared with the 

DDD measured by using water phantom as reference
value. In this case, both have to be obtained in the same 
beam irradiation conditions. In addition, at the time of 
comparing, the water equivalent positions of each 
channels of the MLIC have to be matched the depth 
position of the water phantom. The ratio between the two 
was used as calibration constant. The calibration constant 
of i-th channel (ki) is given by Eq. (6).

(6)

Wref : reference value measured by using water phantom

If the new data (element: yi) is measured under arbitrary
condition of irradiation, the DDD (element: Yi,calib) will be 
obtained by using Eq. (7).

(7)

MEASUREMENT OF THE DDD
Using the new type MLIC calibrated by above method,

we measured some DDD under different conditions of 
irradiation.

Figure 7: Inserting RSF of 100 mm (carbon 380 MeV/u).

Figure 8: SOBP 60 mm (carbon 380 MeV/u).

Table2: Relative displacement of the MLIC data in Fig.8
Subject of comparison Displacement
Plateau region (average)
Center of SOBP (Depth: 201.5 mm)
Tail part (average)

+0.4 %
+1.1 %
-4.7 %

The DDD of Figure 7 was measured by irradiating 
carbon beam of 380 MeV/u with 100 mm range-shifter 
(RSF). Figure 8 shows the result of spread-out Bragg 
Peak (SOBP) of 60 mm. In each figures, the measuring 
data of the water phantom layered on the MLIC data. 
Table 2 shows the relative displacement of the MLIC data 
from the water phantom data in Figure 8.

CONCLUSION
The new type MLIC showed a trend that meets our 

expectation. The displacement from the reference that was 
measured by using the water phantom was about a few 
percent as shown in Table 2, however, it is only 
evaluation in limited conditions of irradiation. To get 
confirmation of water equivalent, it has to been tested in 
many conditions.

In the case as to check the difference of the beam 
quality in the day-to-day, the new type MLIC is not 
required water equivalent. So it may be used in the 
current state.
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ELECTRON CLOUD MEASUREMENTS USING
SHIELDED PICKUPS AT CESRTA∗

J.P. Sikora† , J.A. Crittenden, J.S. Ginsberg, D.L. Rubin, CLASSE, Ithaca, New York, USA

Abstract

The Cornell Electron Storage Ring has been reconfig-
ured as a test accelerator (CESRTA) with positron or elec-
tron beam energies ranging from 2 GeV to 5 GeV. An area
of research at CESRTA is the study of the growth, decay
and mitigation of electron clouds in the storage ring. Elec-
tron Cloud (EC) densities can be measured with a Shielded
Pickup (SPU), where cloud electrons pass into the detector
through an array of small holes in the wall of the beam-
pipe. The signals produced by SPU have proved to be very
useful in establishing the mitigating effect of different vac-
uum chamber surfaces - including differences in quantum
efficiency as well as secondary and elastic yield. This has
been accomplished through the careful comparison of ob-
served signals with the output of the EC simulation code
ECLOUD. We present example comparisons of data and
simulation that show the sensitivity of the measurements
to secondary and elastic yield. In addition, some data has
been acquired using a solenoid to produce a longitudinal
magnetic field at the SPU. We will also present our current
understanding of the effect of a longitudinal magnetic field
on SPU signals.

INTRODUCTION

An important feature of the Shielded Pickup (SPU) are
the holes that connect its vacuum space to the that of the
beam-pipe, as shown in Fig. 1. The holes have a depth to
diameter ratio of about 3:1 that is effective in reducing the
strength of the direct beam signal [1]. The holes also limit
the angular acceptance of the detector, so that it is sensitive
primarily to electrons with vertical trajectories.

Initial cloud electrons are generated when synchrotron
radiation strikes the walls of the vacuum chamber produc-
ing photo-electrons. These electrons will then strike the
wall and produce secondary electrons. There are three cate-
gories of secondary electrons [2]. The first is that of the true
secondaries – where the incident electron interacts with the
material in a non-trivial way and secondaries are produced.
The two other categories are from scattering of an incident
electron: elastics – where the energy of the secondary is
equal to that of the incoming electron – and rediffused –
electrons with energies up to the incident electron energy.
Each of the categories has a corresponding secondary emis-
sion yield value, denoted by: δts, δe and δr for true secon-
daries, elastic and rediffused respectively.

∗This work is supported by the US National Science Founda-
tion PHY-0734867, PHY-1002467 and the US Department of Energy
DE-FC02-08ER41538, DE-SC0006505.

† jps13@cornell.edu

Figure 1: Cloud electrons enter the SPU through an array
of small holes in the beam-pipe wall. The pickup is biased
at +50 V and the signal amplified by +40 dB before being
recorded by a digital oscilloscope.

Signals from the SPU are amplified and sent to an Ag-
ilent DSO6054 oscilloscope where they are digitized and
averaged for 8k traces. The accelerator timing system pro-
vides triggers to the oscilloscope [3].

COMPARING DATA AND SIMULATION

Most of our experiments have focused on two bunch
data, where bunches of equal population are injected into
the storage ring with different spacings. As shown in Fig. 2,
the signal from the second bunch is much larger than the
first. The second bunch signal is dominated by electrons
that were generated by the first bunch being kicked into the
detector by the second bunch. So the signal after the sec-
ond bunch represents a sample of the electron cloud that
was produced by the first bunch.

The decay of the electron cloud is revealed by the super-
position of a number of measurements with different bunch
spacings. Through a comparison of these signals with sim-
ulations, the different spacings have shown different sensi-
tivities to the three categories of secondary electrons.

Synchrotron radiation is simulated at the locations of the
SPU with the program Synrad3D [4] that includes beam-
pipe geometry and multiple diffuse scattering of photons
throughout the CESR lattice. The simulation program
ECLOUD [5, 6] uses the azimuthal photon absorption dis-
tribution to generate photo-electrons based on a parame-
terization of quantum efficiencies and photo-electron ener-
gies. The production of secondary electrons is based on
the relative contributions from the three categories: true,
rediffused and elastic. The vacuum chamber geometry and
detector response is included in the model.
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Figure 2: The SPU signal from two bunches of positrons,
36ns apart.

A comparison of measured signals and simulations with
an uncoated aluminum chamber is shown in Figs. 3 and 4.
The dotted lines are the measured signal and the points with
(statistical) error bars are the simulation. The plots are a
superposition of two bunch measurements similar to Fig. 2,
but with six different bunch spacings.

The overall shape of the decay of the cloud is dominated
by δ0, the elastic yield δe as the energy of the incident elec-
trons approaches zero (Fig. 3). Details of the signal from
the first bunch are affected by changes in δr (Fig. 4).

Figure 3: The effect of changing δ0 in the simulation is
shown above. The measured signal is shown as dots; the
simulation as symbols with statistical error bars. The sim-
ulation fit is much better with a δ0 of 0.4 (lower plot).

Figure 4: Changing the rediffused yield (δr) in the simu-
lation increases the tail of the signal from the first bunch.
In the upper plot, a near zero value of δr in the simulation
does not match the data well. A larger value of δr gives
a much better match and also affects the amplitude of the
later second bunch signals.

SINGLE BUNCH WITH SOLENOID
Up to now, the flight time of cloud electrons has set the

scale of photo-electron energy distributions in this analysis.
The addition of a magnetic field should give additional in-
formation about the momentumof the electrons. Coils have
been installed that can provide a longitudinalmagnetic field
in the region of the SPU detectors. Data with longitudinal
magnetic field can be seen in Fig. 5. As the field increases
up to 30 G, photo-electrons from the beam-pipe side wall
begin to enter the detector as sketched in Fig. 7.

In Fig. 6, the peak voltage of the detector signal is plot-
ted at each magnetic field setting over a range of ± 150 G.
This was done at several different single bunch intensities
from 1 to 10 mA ( from 1.6 × 10

10 to 1.6 × 10
11 elec-

trons/bunch). There is a significant asymmetry for positive
and negative magnetic fields as might be expected with a
synchrotron radiation stripe primarily on one side of the
chamber. Analysis of this data is just beginning.

A simplified conceptual model of the SPU with a lon-
gitudinal field that contains the following ideas: the elec-
trons entering the detector are those with nearly vertical
trajectories so that they pass freely through the holes in the
beam-pipe wall (see Fig. 1). As a result, with a longitudi-
nal magnetic field the electrons entering the detector will
follow trajectories that are circles with centers in the plane
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Figure 5: Data from the SPU with a 2 mA single bunch of
electrons with a longitudinal field from 0 to 30 Gauss.

Figure 6: The peak value of the SPU signal is plotted at
each magnetic field setting. This was done with single elec-
tron bunch intensities from 1 to 10 mA.

of the detector holes as shown in Fig. 7.
Another important constraint is that the amount of time

for non-relativistic electrons to complete a cycle (or fixed
portion of a cycle) is determined by their cyclotron period
τcyc = 2πme/qB. This time is independent of the en-
ergy of the electrons. The beam-pipe was also simplified in
this model to be rectangular. As can be seen in Fig. 7, any
electrons that come from the top surface of the rectangu-
lar beam-pipe will arrive in a half cyclotron period, those
from the bottom will arrive in less than a quarter period,
and those from the side wall something between a half and
a quarter period. So at a given magnetic field, the arrival
time of photo-electrons is determined mostly by their point
of origin rather than their energy.

An ECLOUD simulation of rectangular beam-pipe was
run with a realistic synchrotron light distribution that in-
cluded scattered photons. Its output agreed with the con-
ceptual model by showing three signal peaks that corre-
sponded to photo-electrons from the midpoint of the side
wall, another from the top of the beam-pipe and a broad
peak from secondary electrons produced on the ceiling as
shown in Fig. 8.

Simulations that also included existing beam-pipe geom-
etry (non-rectangular) did not agree with the data until ad-

Figure 7: With longitudinal magnetic field, electrons enter-
ing the detector will follow circles in the plane of the holes.

Figure 8: A simulation of the electron cloud signal from a
single bunch in a longitudinal magnetic field of 23 Gauss
with rectangular beam-pipe shows peaks that correspond to
multiples of a quarter cyclotron period.

justments were made to the photo-electron energy distribu-
tions. Work is continuing in order to establish the simu-
lation parameters that will yield good agreement with data
over a wide range of magnetic field values and beam ener-
gies.
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ELECTRON CLOUD MEASUREMENTS USING A TIME RESOLVED
RETARDING FIELD ANALYZER AT CESRTA∗

J.P. Sikora† , M.G. Billing, J.V. Conway, J.A. Crittenden, J.A. Lanzoni,
X. Liu, Y. Li, D.L. Rubin, C.R. Strohman, CLASSE, Ithaca, New York, USA

M.A. Palmer, Fermilab, Batavia, Illinois, USA
K. Kanazawa, KEK, Ibaraki, Japan

Abstract

The Cornell Electron Storage Ring has been reconfig-
ured as a test accelerator (CESRTA) with positron or elec-
tron beam energies ranging from 2 GeV to 5 GeV. An area
of research at CESRTA is the study of the growth, decay
and mitigation of electron clouds in the storage ring. With a
Retarding Field Analyzer (RFA), cloud electrons pass into
the detector through an array of small holes in the wall of
the beam-pipe. The electrons are captured by several col-
lectors, so that the electron flux can be measured as a func-
tion of horizontal position. Up to now, we have time av-
eraged the collector currents to provide DC measurements.
We have recently designed and constructed a new Time Re-
solved RFA (TR-RFA), where the collector currents can be
observed on the time scale of nanoseconds. We present
a summary of the design, construction and commission-
ing of this device, as well as initial beam measurements at
CESRTA.

INTRODUCTION

The Time Resolved Retarding Field Analyzer (TR-RFA)
is a natural extension of two other instruments that have
been very successful in the study of electron clouds (EC):
Shielded Pickups (SPU) and Retarding Field Analyzers
(RFA).

The SPU is simple device for sampling the time resolved
growth and decay of the electron cloud [1, 2]. The SPU
measures the flux of cloud electrons into the beam-pipe
wall by allowing a sample of this current to pass into the
detector through an array of small holes. The holes also
isolate the SPU electrode from the direct beam signal –
the depth to diameter ratio of the holes of about 3:1 pro-
vides significant attenuation [3]. This is especially impor-
tant when recording time domain data. Time domain in-
formation has been used to map the growth and decay of
the electron cloud, measure the effectiveness of mitigation
techniques and to constrain the parameters used in electron
cloud simulations [4].

In the case of a Retarding Field Analyzer (RFA), cloud
electrons also enter the detector through an array of holes.
In addition, a retarding grid can be biased negatively to
suppress low energy electrons from reaching the collec-

∗Work supported by the US National Science Foundation
PHY-0734867, PHY-1002467, the US Deptartment of Energy
DE-FC02-08ER41538, DE-SC0006505, and the Japan/US Coopera-
tion Program

† jps13@cornell.edu

tors [5]. The current of electrons into the detector is time
averaged and recorded. The devices installed at CESRTA
have segmented collectors that allow this electron current
to be measured as a function of horizontal position [6].
These devices have been useful in measuring the effective-
ness of mitigation techniques, the horizontal distribution of
the electron cloud and in constraining EC model parame-
ters [7].

The Time Resolved RFA (TR-RFA) combines the prop-
erties of these two devices by providing a time resolved
collector signal and a grid that can be used to obtain ad-
ditional energy information. Figure 1 shows a cross section
of the beam-pipe with a TR-RFA detector. The middle of
three grids is used to provide the retarding field. There are
nine collectors, each 0.6 cm wide and 7.5 cm long, etched
on a kapton flex circuit that are connected directly to in-
dividual SMA feed-throughs as shown in Fig. 2. During
data taking, the collectors are biased at +50 V to prevent
secondary electrons from leaving the collector surface.

Figure 1: A cross section of the TR-RFA shows the ge-
ometry of the grooved beam-pipe extrusion and the relative
location of grids and collectors.

INITIAL BEAM TESTS

Early in 2012, two prototype TR-RFAs were installed at
CESRTA in beam-pipe of round cross section, one made of
bare aluminum, the other with the vacuum surface coated
with TiN. They were located in two of four chicane dipole
magnets, replacing standard RFAs that had been in use pre-
viously. A bias of +50V was applied both to the retarding
grid and the collectors during initial data taking. Cables
25 cm long route each collector signal to cascaded pairs of

Proceedings of IBIC2012, Tsukuba, Japan MOPB56

Miscellaneous and others 201 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



Figure 2: Bottom view of the nine collectors on a kapton
flex circuit. Each collector is connected to an SMA feed-
through. Collectors are numbered in order of horizontal
position, with 1 toward the outside of the storage ring.

Figure 3: A test chamber with a TR-RFA installed on round
beam-pipe. The thin pipe on the right connects to a small
ion pump. The thin pipe on the left carries wires for biasing
the grids.

Mini-Circuits ZFL-500 amplifiers for a voltage gain of 100.
The amplified signals are sent out to an array of Agilent
DSO6054L oscilloscopes where data is averaged for 8k
traces. The accelerator timing system provides the scopes
with a trigger on each turn of the stored beam.

Initial results can be seen in Fig. 4, where the signal from
the TR-RFA in the bare aluminum chamber is shown with
and without a dipole magnetic field of 790 G. The beam in
the storage ring consisted of a 10 bunch train of positrons
at 5.3 GeV with 14 ns spacing. A witness bunch is also
present 112 ns after the train. Without magnetic field, col-
lector 4 (near the horizontal center of the beam-pipe) has
the largest signal. When the field is turned on, all of the
signals are reduced in amplitude, but collector 4 is reduced
more than the others. This suppression of the central sig-
nal with magnetic field has also been seen in measurements
with standard RFAs [8].

The peak voltage of each collector is plotted for each chi-
cane magnet setting between zero and 790 Gauss in Fig.5.
The signal in all collectors is reduced considerably even
with low magnetic fields. This is probably due to the de-
flection of the low energy photo-electrons (produced by
synchrotron light) so that they do not propagate out into
the region of detector sensitivity. As the magnetic field in-
creases, the signal from collector 4 decreases steadily as

other signals either remain steady or increase.
Generally, the performance of the prototypes was suc-

cessful although the direct beam signal is significant. There
was also a resonance in the detectors due to details of
grounding that could be excited by the direct beam signal.
Initial data was taken only after some effort was made to
reduce the ringing of the detector with termination of the
grounded grids and filtering of the retarding grid bias.

Figure 4: Signals from the nine collectors of the aluminum
smooth wall chamber with 10 bunches of positrons at 8mA
(1.3 × 10

11 particles) per bunch and one witness bunch
112 ns after the train. The upper plot is with no dipole
field; the lower plot is at 790 Gauss.

Figure 5: Under the same conditions as Fig. 4, the negative
peak voltages from each collector are plotted over the range
of magnetic fields from zero to 790 Gauss.
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FOUR CHAMBER ASSEMBLY
In August 2012, four test chambers were assembled and

installed at CESRTA in order to test their (EC) mitigation
performance. A TR-RFA was installed in each chamber.
The chamber extrusions have two round cross sections, one
smooth and the other with grooves at the top and bottom of
the chamber as shown in Fig. 1.The grooves are intended as
an EC mitigation technique in dipole magnets. Two cham-
bers of each cross section were made, each about 66 cm
long. One pair has a surface of bare aluminum and the
other pair has a coating of TiN on the vacuum surface. They
were assembled and installed with each chamber centered
in a dipole of a four magnet chicane.

The construction of the chambers required particular
care in machining the 270 holes of 1.7 mm diameter for the
detector in the grooved chamber. To avoid burs on the in-
ner surface of the grooves, tests were made with mounting
wax and normal machining as well as Electrical Discharge
Machining (EDM) fabrication of the holes. EDM was used
for all of the chambers. The rows of holes were intention-
ally staggered so that the signal from each collector would
be the average over the grooved surface beneath it.

Given the large beam induced signal seen in the proto-
types, the depth to diameter ratio of the holes could have
been changed to increase attenuation. The hole geometry
was left unchanged in order to better compare the data from
the original standard RFAs and the TR-RFAs to be installed
at the same location.

Some preliminary data was taken shortly after installa-
tion. A 10 bunch positron beam at 5.3 GeV was injected
into the storage ring to 60 mA total current. Data from the
two grooved chambers without a magnetic field is shown
in Fig. 6. As expected, the signal from the bare aluminum
chamber is larger than that from the TiN coated chamber.
Additional analysis is required to determine whether or not
there is quantitative agreement with the model. The direct
beam signal appears to generate ringing in the data that is
similar to that of the prototype.

SUMMARY AND FUTURE WORK

Four Time Resolved Retarding Field Analyzers have
been installed in test chambers at CESRTA. Electron cloud
signals are measurable with short bunch trains and some
interesting effects have been see in the data as a function of
magnetic field.

The new TR-RFAs have also be connected to the origi-
nal time averaging electronics and data has been taken in
this configuration. A comparison of the two data taking
methods is in progress.

The upcoming experimental run in late 2012 will offer
an opportunity to do some systematic data taking. This will
include using the retarding grid to obtain additional energy
information. A good deal of work also needs to go into
simulation of the beam-pipe geometries and the detectors,
as has been done with the existing Retarding Field Analyz-
ers and Shielded Pickups.

Figure 6: Signal from the nine collectors of grooved cham-
bers with 10 bunches of positrons, 6mA (9.6 × 10

10 par-
ticles) per bunch. The upper plot is from the TiN coated
chamber; the lower plot is bare aluminum.
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 OVERVIEW OF BEAM INSTRUMENTATION AND TUNING                      
AT RIKEN RI BEAM FACTORY 

 N. Fukunishi*, M. Fujimaki, M. Kase, M. Komiyama, J. Ohnishi, H. Okuno, N. Sakamoto,          
H. Watanabe, T. Watanabe, K. Yamada, O. Kamigaito, RIKEN Nishina Center for Accelerator-

Based Science, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan 
R. Koyama, SHI Accelerator Service Ltd., 1-17-6 Ohsaki, Shinagawa, Tokyo 141-0032, Japan

Abstract 
The RIKEN Radioactive Isotope Beam Factory (RIBF) 

has been successfully producing the world’s most intense 
medium-energy heavy-ion beams, such as 0.42-pμA-48Ca 
and 24-pnA-124Xe beams. Several types of beam monitor 
have played a vital role in attaining current performance 
levels, though many are of conventional design. This arti-
cle gives an overview of RIBF beam instrumentation and
introduces beam-tuning methods adopted by RIBF. 

RI BEAM FACTORY 
The Radioactive Isotope Beam Factory (RIBF) [1,2] 

started operation at the end of 2006 as the first second-
generation radioactive beam facility. The RIBF experi-
mentally investigates unknown areas of the nuclear chart, 
especially candidate nuclei essential to nucleosynthesis, 
by producing the world’s most intense RI beams. For this 
purpose, beam intensities of 1 pμA are required for all 
stable ions, from hydrogen to uranium. 

 
Table 1: Beam Intensities Obtained by RIBF 

 
The RIBF accelerator complex consists of two injector 

linac complexes (RILAC [3] and RILAC2 [4]), an injec-
tor AVF cyclotron [5] and four ring cyclotrons (RRC [6], 
fRC [7], IRC [8], and SRC [9]), including the world’s 
first superconducting ring cyclotron SRC. Three accelera-
tion modes are available in RIBF. The first is AVF injec-
tion mode, which is suitable for accelerating very light 
ions such as 4He and 18O. Here, AVF, RRC, and SRC are 
used in series. For medium-heavy elements such as 48Ca 
and 70Zn, a variable energy mode using RILAC, RRC, 
IRC, and SRC is employed. The third mode is a fixed 
energy mode where the new injector RILAC2 is utilized 
with all four ring cyclotrons, producing high intensity, 
very heavy ion beams such as 124Xe and 238U. Table 1 

summarizes recent beam intensities. We have already 
extracted 1-pμA beams from SRC for light ions, and are 
steadily approaching 1 pμA for 48Ca. The new RILAC2 
injector was recently commissioned, and various RIBF 
upgrade programs are in progress to improve 124Xe and 
238U beam intensities. 

RIBF BEAM INTENSITY RANGE AND 
BEAM INSTUMENTATION  

The typical beam intensity from SRC, the final-stage 
RIBF accelerator, is several microamperes. This corre-
sponds to several tens of microamperes in the injector and 
intermediate-stage accelerators, because RIBF employs 
two-step charge-stripping schemes [10]. RIBF beam mon-
itors also measure beams with intensities of 100 nA or 
less, because we begin beam tuning with an intensity-
attenuated beam to avoid unnecessary hardware damage 
caused by poor accelerator optimization. The maximum 
beam power already obtained is 6.9 kW for a 345-
MeV/nucleon-48Ca beam, which requires careful beam 
tuning. 

RIBF beam monitors are required to cover a wide 
beam-intensity region ranging from a few tens of nano-
amperes to 100 μA. RIBF mainly uses conventional de-
structive beam monitors because they are suited to low-
intensity beam operations. RIBF beam monitors are di-
vided into two groups: monitors specific to cyclotrons, 
which include phase probes and radial probes, and moni-
tors installed in beam lines and the two linac compexes, 
such as Faraday cups and beam profile monitors.  

PROBES USED IN CYCLOTRONS 
A typical cyclotron beam tuning procedure is as fol-

lows. Ions are injected into the cyclotron through a bend-
ing magnet, magnetic channels, and an electrostatic chan-
nel. Baffle slits at channel entrances detect beam loss, 
allowing best-fit determination of an ion injection orbit. 
Ions are accelerated if proper phases of accelerating RF 
fields are chosen under reasonable starting values for the 
cyclotron’s isochronous magnetic fields. Step by step, 
ions are accelerated to higher energies by adjusting mag-
netic and RF fields. A radial probe plays an essential role 
in this procedure. The ions at last reach the cyclotron de-
sign energy, but the isochronous magnetic fields are still 
imperfect and are significantly improved by using a phase 
probe. After magnetic field tuning, RF phases are opti-
mized with the use of the radial probe. Finally, ions are 
extracted from the cyclotron through an electrostatic 

Ion Energy 
(A MeV) 

Beam 
Intensity 

Acceleration Mode 

4He 320 1 pμA Variable energy 
18O 290 0.45 pμA AVF injection 
18O 345 1 pμA Variable energy 
48Ca 345 0.42 pμA Variable energy 
124Xe 345 24 pnA Fixed energy
238U 345 3.6 pnA Fixed energy 

*fukunisi@ribf.riken.jp 
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channel, magnetic channels, and extraction bending mag-
nets.  

Phase Probe 
A large cyclotron requires isochronous magnetic fields 

with better than 5 ppm accuracy, because total RF phases 
experienced by ions during acceleration are nearly 1 mil-
lion degrees. Such accuracy can only be realized by iter-
ated updates of the magnetic fields, based on precise 
measurements of beam phase using a “phase probe.” A 
phase probe is a set of electrostatic pickup probes in-
stalled adjacently from the inner to outer radius, covering 
almost the entire acceleration region of the cyclotron. 
Table 2 summarizes values related to the pickup elec-
trodes installed in RIBF cyclotrons. 

 
Table 2: Phase-Probe Related Quantities 

 RRC fRC IRC SRC 

Inner Radius (cm) 89 156 277 356 

Outer Radius (cm) 356 330 415 536 

Harmonics 9 12 7 6 

Number of Pickup 
Electrodes 

20 14 15 20 

Typical Turn Num-
bers 

300 180 180 340 

RF Phase Advance 
(106 degrees) 

0.97 0.78 0.45 0.73 

Maximum RF Volt-
age (kV) 

270 450 600 600 

Signal Analysis Osc. LIA LIA LIA 

 
Signals induced by ions passing through the phase 

probes are pre-amplified (20 dB) and analyzed by a digi-
tal oscilloscope (RRC) or lock-in amplifiers (LIA, SR844 
[11]). Within fundamental and higher harmonic beam 
components, the harmonic giving the best signal-to-noise 
ratio is chosen in LIA analysis [12].  

Figure 1(a) shows an example of an optimization pro-
cedure making isochronous magnetic fields of fRC. Mag-
netic field updates are performed as follows. We made 
numerical simulations and prepared a database of time 
shifts induced on all the pickup electrodes by given cur-
rent changes in the cyclotron’s main or trim coils (Fig. 
1(b)). Using the database, new coil currents are deter-
mined by a least-square fitting method to minimize the 
RMS deviation of time shifts. The present method is not 
only valid for the cases where the first-order perturbation 
works well, but also effective for magnetic fields deviat-
ing sizably from an ideal isochronous magnetic field. In 
the latter case, it is sufficient that we introduce a reduc-
tion factor of 0.7 or so when applying the results of first-
order calculations to an actual magnetic-field update. 
Several updates are required until isochronous magnetic 
fields with an RMS deviation of 0.1 ns are obtained. This 

corresponds to a few RF degrees, and never degrades 
beam quality. This fitting procedure requires 1–2 h, de-
pending on initial conditions. 

Radial Probe 
Our radial probes can measure beam intensities at any 

acceleration stage, that is, at any radial position in the 
cyclotrons, simultaneously giving turn patterns of accel-
erated ions. Integral and differential electrodes are 
mounted on the front end of a stainless-steel shaft 
(Fig. 2). These electrodes are inserted into a vacuum 
chamber of the cyclotron and are driven by a pulse motor 
from inner to outer, or vice versa.  

An integral electrode measures beam intensity and per-
forms initial adjustment of isochronous magnetic fields, 
as described previously. The integral electrodes used in 
RIBF are made of tantalum and cooled by water. Each 
electrode is designed to be sufficiently thick to stop com-
pletely accelerated ions, except for very light ions having 
a comparatively long range. For accurate beam-intensity 
measurements, it is better to avoid escape of secondary 
electrons produced by heavy-ion bombardments from the 
probe. If a magnetic field with sufficient strength acts on 
the probe, secondary electrons cannot escape the elec-

Figure 1: (a) Fitting procedure for fRC isochronous 
magnetic fields. Lines show the time of data acquisi-
tion. (b) Estimated time shifts caused by given current 
changes (0.03 A for the main coil and 3 A for trim coils)
for fRC. 
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trode, and are finally absorbed by the top or bottom plate. 
Hence magnetic-field strength at the probe is important. 
Figure 3 summarizes magnetic field distributions along 
probe-moving lines for all the RIBF ring cyclotrons. Our 
operating experiences indicate that integral electrodes 
installed in RRC and IRC do not overestimate measured 
beam intensity in their outer radius region, suggesting that 
suppression of secondary electrons is sufficient for these 
two cyclotrons. On the contrary, enhancement by a factor 
of two or more is observed for fRC and SRC, caused by 
magnetic fields decreasing in their outer radius regions. 
Insufficient suppression of secondary electrons is a result 
of limited space available for the radial probes in fRC and 
SRC.  

 

Figure 2: Radial probe designs of RRC, fRC, and SRC. 
 
A differential electrode measures the turn pattern of ac-

celerated ions. The turn pattern, the radial dependence of 
the beam density distribution, is directly related to beam 
quality, and hence reveals any existence of poor beam 
behavior. Secondary electrons are a potential problem for 
differential electrodes, as with integral probes. If second-
ary electrons emitted from an integral electrode sidewall 
hit the differential probe, it is impossible to obtain a real-
istic turn pattern because the secondary electrons may 
dominate the ion contribution of interest. Hence, the an-
gle of the integral probe sidewall relative to the ion orbit 
and the position of the differential electrode relative to the 
integral electrode must be carefully designed. Conven-
tional design is adopted for RRC and IRC, in which the 
angle of the tantalum block sidewall is parallel to the ion 
orbit and the differential electrode is placed just behind 

the integral electrode. This design works well for these 
two cyclotrons due to the existence of sufficient magnetic 
fields. We attempted to use the same design for fRC and 
SRC, but were unsuccessful. We have hence modified the 
design for fRC and SRC (Fig. 2). The modified design 
works well for SRC by placing the differential electrode 
before the integral electrode. In the case of fRC, the mod-
ified design allows us to obtain essential information on 
beam quality, but is still insufficient in that we find a de-
crease in zero current level of the turn pattern in the outer 
radius region (Fig. 4). This is further evidence of insuffi-
cient suppression of secondary electrons.  

 

 
Figure 3: Magnetic fields calculated for the lines on 
which radial probes move. All the results are for 238U 
acceleration. The “R = 0 cm” point corresponds to the 
injection radius for each cyclotron. 
 

Figure 4: Effect of secondary electrons on fRC turn 
pattern. 
 

Among the most important roles of the differential 
electrode is selecting the optimal RF field phases. Ions 
are accelerated at the top phases of accelerating RF fields 
to avoid unnecessary energy spread. In addition, a flat-
topping cavity is introduced in fRC, IRC, and SRC to 
further reduce energy spread, and its phase must be close-
ly matched. Figure 5 illustrates the sensitivity of beam 
quality according to FT phase settings. The RF phase op-
timization procedure is one of the most time-consuming 
beam tuning processes, owing to limited moving speeds 
of the differential electrodes. 

One recent problem was serious damage to RRC’s ra-
dial probe, caused by high-power beams, nearly breaking 
the integral electrode (Fig. 6). As mentioned previously, 
beam tuning begins with an intensity-attenuated beam, 
and then beam intensity is increased step by step to its 
maximum. In this process, the space charge effect and 
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beam loading effect are expected to change the optimal 
RF phases. We therefore frequently measure turn patterns 
with relatively high-intensity beams. Because the existing 
radial probes do not have an protection system with the 
high-power beams, we failed to avoid serious damage to 
the radial probe. Increased cooling capacity or the intro-
duction of an interlock system is required. 
 

 
Figure 5: Comparison of IRC turn patterns with different 
parameters of FT phase in the case of a 114-
MeV/nucleon-48Ca beam. 
 

 
Figure 6: Damaged RRC radial probe. High-power beams 
melted two bolts used to fix the integral electrode to its 
cooling plate. The resulting heat deformed the top and 
bottom plates attached to the integral electrode. 

BEAM LINE MONITORS 
Table 3 summarizes the beam monitors used in the 

RIBF beam transport lines with the length of the beam 
lines. Some lines partly overlap, so the total number of 

monitors installed for all RIBF beam lines is less than the 
sum of the numbers listed in Table 3. 

Wire scanner beam profile monitors (PF) are common-
ly used to measure beam position and profile. Three 
measuring wires are mounted in the horizontal and verti-
cal directions, and a middle line between them for infor-
mation redundancy. PFs are used for beam centering and 
emittance analysis, as usual [2]. PFs cover the beam-
intensity region ranging from 0.1 nA to 1 μA using 4-
channel amplifiers. 

 
Table 3: Summary of Beam Line Monitors 

 L (m) PF FC PS PP 

RILAC–RRC 71 19 10 5 4 

RILAC2–RRC 39 11 6 3 2 

AVF–RRC 39 12 6 3 3 

RRC–fRC 81 18 11 3 3 
RRC–IRC 89 20 10 3 4 
fRC–IRC 120 25 10 3 4 

RRC–SRC 137 28 12 3 4 

IRC–SRC 54 11 5 2 2 

 

  
Faraday cups (FC) stop beams, allowing for not only 

beam intensity measurements, but also section-by-section 
tuning. FCs are capable of measuring a beam current 
ranging from 1 nA to 100 μA. Figure 7 illustrates the 
standard design, in which a shallow cup is adopted due to 
the importance of compactness. A compact cup is easily 
inserted into or removed from a beam path, but the price 
of compactness is again increased difficulty in completely 
suppressing secondary electrons. To mitigate overestima-

 
Figure 7: Standard Faraday cup design. 
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tion caused by insufficient suppression of secondary elec-
trons, a long electron suppressor producing a nearly uni-
form suppression field was introduced, instead of conven-
tional ring-type suppressors. However, there remains a 
10–20% overestimation, which is strongly indicated by 
comparing measured beam intensities with those meas-
ured by the radial probes of RRC and IRC. In addition, 
FCs are a major source of residual radiation in the beam 
lines, so nondestructive beam current monitors with high-
er precision are required. A high-Tc SQUID beam current 
monitor was therefore innovated by one of the authors 
[13], and long-term testing is scheduled for next fiscal 
year. 

 Plastic scintillators (PS) are also introduced in the 
beam lines. Six pairs of appropriately spaced plastic scin-
tillators are useful to measure ion time of flight (TOF). 
The beam energy as determined by the TOF monitors has 
resolution of 0.1%. PSs installed just before the cyclo-
trons are mainly used to investigate beam phase width. 
These TOF and plastic scintillation monitors played es-
sential roles in the beam commissioning of RIBF and 
RILAC2. In our case, intensity-attenuated beams of 
106pps or so are directly measured using plastic scintilla-
tors with a data acquisition system newly developed on 
LabVIEW architecture [14]. Due to limitations on maxi-
mum beam intensity allowed for PSs, it is currently im-
possible to quantify the space charge and beam loading 
effects on longitudinal beam emittance of high-power 
beams. Overcoming this limitation within a reasonable 
cost remains a topic for further study.  

 

 
Figure 8: Results of a correlation study between PP sig-
nals and RF power for a 28 GHz ECR ion source.  
 

Phase pickup (PP) electrodes are also installed in the 
beam lines. Signals induced on PPs are pre-amplified (20 
dB ~ 40 dB) and analyzed by digital oscilloscopes or 
lock-in amplifiers similarly as the phase probes of the 
cyclotrons. PPs are used to determine correct phases of 
the four rebunchers installed in the beam lines. They are 
also used for stability analysis of the whole RIBF acceler-
ator complex. Time-varying PP signals are analyzed in 
correlation with various time series data relevant to accel-
erator stability, such as magnetic fields, RF fields, power 

supply currents, cooling water and air temperatures, and 
commercial electricity. These are continuously monitored 
and displayed in real time by an integrated system devel-
oped by one of the authors [12]. Figure 8 shows an exam-
ple correlation analysis in which insufficient stability of a 
gyrotron power supply used in the 28 GHz superconduct-
ing ECR ion source [15] drove beam intensity fluctua-
tions. These fluctuations were detected as voltage fluctua-
tions in the PP signals measured at the beam line’s S71 
position (just before RRC injection). The power supply 
causing the problem has been replaced.  

SUMMARY 
RIBF has been steadily upgrading beam intensity for all 

atomic mass regions by using conventional beam moni-
tors, mainly destructive ones. The maximum beam power 
obtained is 6.9 kW, near the limits of destructive beam 
monitors. Development of nondestructive monitors is an 
important issue for future RIBF upgrade. 
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BEAM QUALITY ENSURING INSTRUMENTS AT THE GUNMA 
UNIVERSITY HEAVY-ION MEDICAL CENTER

E. Takeshita#, T. Kanai, S. Yamada, K. Yusa, M. Tashiro, H. Shimada,
K. Torikai, A. Saito, Y. Kubota, A. Matsumura, M. Kawashima,

Gunma University Heavy-Ion Medical Research Center
3-39-22, Showa, Maebashi, Gunma 371-8511 JAPAN

Abstract
Since carbon beam based cancer therapy started at the 

Gunma University Heavy-ion Medical Center in the year 
2010, the total number of treated patients increased to 306 
by the end of 2011. This fiscal year, already 164 patients 
have been treated. In order to control the medical beam 
qualities, i.e., position, size and intensity of the beam, 
monitoring devices were mounted on the high-energy 
beam transport line. The beam position and size can be 
measured and tuned with a screen monitor, which consists 
of a fluorescent screen and a CCD camera. Just before 
starting the treatment, the operators check for a proper 
beam position by strip-line monitor measurements placed 
close to the isocenter. The irradiation dose is controlled 
using two secondary electron emission monitors placed 
before wobbling magnets. This dose monitor is helpful as 
for high beam intensities it’s less affected by the 
recombination effect. The technical layout of all beam 
monitors are described.

INTRODUCTION OF GHMC
The Gunma University Heavy Ion Medical Center 

(GHMC) [1] is located at the Gunma University Hospital. 
Basic and accelerator building designs started in April and 
July 2006, respectively. The construction works started in 
February 2007 and were completed in October 2008. The 
facility's dimension is about 65 m × 45 m, approximately 
1/3 of the Heavy Ion Medical Accelerator in Chiba 
(HIMAC) [2]. The layout of the bottom floor is shown in 
Figure 1. The facility contains three treatment rooms with 
four irradiation ports (horizontal; Room A, horizontal + 
vertical; Room B, and vertical; Room C) and a room with 
a vertical port intended for R&D of beam delivery system 
and biology experiments.

Accelerator omplex
The injection part consists of a compact ECR ion 

source and two linear accelerators, which are the radio 
frequency quadrupole linac (RFQ linac) and the 
alternating phase focusing linac (APF linac) [3]. The RFQ 
linac accelerates the carbon ion beam up to 600 keV/u 

Figure 1: Layout of B1 floor in GHMC.________________________________________

#eriuli@gunma-u.ac.jp
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and the APF linac accelerates the carbon beam up to 4 
MeV/u.

The maximum carbon beam energy achieved by the 
synchrotron [4] is 400 MeV/u, and the extracted beam is 
delivered through a high energy beam transfer line 
(HEBT) to the isocenter. The excitation pattern cycle of 
the synchrotron is normally 2.7 seconds: Injection time is 
0.1 seconds, acceleration and deceleration are 0.7 seconds, 
respectively, and 1.2 seconds are needed for the 
extraction. The maximum beam intensity is 1 × 109

particles/seconds, which is equivalent to 5 GyE/min.

Beam Delivery System
The beam delivery system guides the high-energy 

carbon beams generated by the accelerator complex to the 
therapeutic usage and delivers them to the patient lying in 
the treatment room. A beam delivery system comprises of 
several devices, i.e., dose monitors, wobbler magnets, a 
scatterer, a ridge filter, a range shifter set, a multi-leaf 
collimator, a compensator and a patient positioner system, 
for precise aiming of the therapeutic beams on the 
planned target volume by adopting a beam wobbling 
method.

CHECK BEAM POSITION AND SIZE
Screen onitors for HEBT uning

The HEBT section includes 19 screen monitors (SC) 
and 4 strip line monitors (SLM) beam profile 
measurements. A screen monitor consists of a fluorescent 
screen (Al2O3) and a CCD camera. The beam profile is 
observed as motion picture with 30 frame/sec. After 
taking profile data, the position and size are manually 
calculated during measurement time. To tune the beam 
position, the beam profile is measured using the screen 
monitor and the position of the beam manually modified 
using steering magnets in order to decrease beam axis 
misalignments. Figure 2 shows a result obtained by the 
screen monitor data. The position was calculated applying 
the center of gravity method. It can be seen that the beam 
positions have a few millimetres time dependence during 
extraction. However, in a broad beam irradiation 
technique, position time dependence is not a serious 

problem for the treatment. As the beam's shape is very 
narrow and the beam size is about >10 mm on the 
isocenter, the irradiation field is not sensitive due to the 
beam motion. Every morning, the beam profile on the 
isocenter is inspected and adjusted to the center within 2 
mm.

Verification beam before and during treatment

The SLM is mounted on every irradiation port close to 
the isocenter in order to verify the position and size of the 
beam just before treatment begins. Each of the horizontal 
and vertical planes is covered by 30 strips with 1.5 mm 
spacing and the effective area is 45 mm × 45 mm. The 
beam position variation depends on the season as shown 
in Figure 3. The maximum difference for the position in
each port, measured at several beam energies, stay within 
~4 mm in a year.

Figure 2: Position of the extracted beam at the isocenter
 measured by SC as a function of time.

Figure 3: Season variation of the beam position measured
 by the SLM in room B (BHC and BVC).

Figure 4: Schematic view of “flatness monitor”.

380MeV/u
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Also during treatment beam position and size are 
controlled using the SLM and the flatness of the 
irradiation field is verified by a parallel plate type
ionization chamber called “flatness monitor”. Figure 4 
shows the schematic view of the flatness monitor. The 
effective area is � 220 mm and the electrode gap is 9 mm.

CONTROL INTENSITY
Spill rofile

Every morning, the extracted beam intensity is counted 
using a FC placed on the entrance of the HEBT. The 
efficiencies of the injection, acceleration, capture and 
extraction of the beam are measured by the DCCT inside 
the synchrotron. Figure 4 shows the spill structure (green 
line) and the beam current (blue line) at an energy of 380 
MeV/u. The average intensity of the extracted beam is 
almost 1.0 × 109 particles/seconds, which satisfies the 
initial design criterion.

Dose monitors
Two secondary emission monitors (SEM) are set up 

upstream of the wobbler magnets to control the irradiation 
dose for the treatment. The detection efficiency of the 
dose monitor for the treatment should not change due to 
the irradiation condition of the beam wobbling method. In 
order to measure the dose of the pencil beam before 
wobbling, the SEM as the dose control monitor is 
employed. The SEM is very helpful for high beam 
intensities, as it’s less affected by the recombination 
effect. Main monitor is used for the dose control mainly 
and the leak current of the beam continue to measure 
using sub monitor during the treatment. If the leak current 
surpasses a threshold value (~1% of preset count), the 
beam is stopped immediately by an interlock system 
using a fast quadrupole magnet set up within the 
synchrotron. Figure 5 shows the linearity of the dose 
response on the SEM depending on the irradiation preset 
count. From 1 to 5 × 104 counts, which was used for the 

treatment, the linearity of the response is acceptable 
within 0.3 %.

CONCLUSIONS
The presented data show that the beam diagnostics of 

the GHMC facility provide all necessary equipment for 
commissioning and machine operation, especially for 
beam quality verification during medical treatment. The 
HEBT devices deliver high resolution data and allow 
fine-tuning of synchrotron extraction and HEBT lines. 
Any device, most importantly the isocenter diagnostics, 
can be integrated into therapy protocols.
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Figure 5: Spill structure of the extracted carbon beam on  
380MeV/u.

Figure 6: Linearity of the dose response by the SEM as a 
function of number of the irradiation preset counts.
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BEAM DIAGNOSTICS FOR AREAL RF PHOTOGUN LINAC 

K. Manukyan#, G. Zanyan, B. Grigoryan, A. Sargsyan, V. Sahakyan, G. Amatuni, 
 CANDLE, Yerevan, Armenia 

Abstract 
Advanced Research Electron Accelerator Laboratory 

(AREAL) based on photocathode RF gun is under 
construction at CANDLE. The basic approach to the new 
facility is the photocathode S-band RF electron gun 
followed by two 1 m long S-band travelling wave 
accelerating sections. Linac will operate in single bunch 
mode with final beam energy up to 20 MeV and the bunch 
charge 10 –200 pC. In this paper the main approaches and 
characteristics of transverse and longitudinal beam 
diagnostics are presented.  

INTRODUCTION  
The beam diagnostic section for AREAL linac [1] can 

be divided into two sections 
� Gun section diagnostics 
� Linac diagnostics 

The commissioning of the AREAL linac will proceed 
in two stages: in a first step (phase 1), the gun section 
with additional diagnostics will be put into operation. For 
phase 2 the full accelerator will be assembled.  

The beam transport line between the electron gun and 
the first accelerating structure (energy < 4 MeV) has a 
length of almost 0.95 m, which is completely occupied by 
diagnostic devices. In this diagnostic line electron beam 
charge, position, transverse profile, emittance (phase 1), 
energy and energy spread must be measured. In a gun 
commissioning phase the gun section with additional 
diagnostics (pepperpot) will be put into operation. The 
schematic layout of the gun section with diagnostics is 
presented in Fig. 1. 

 

Figure 1: Layout of AREAL gun section with diagnostics 
(phase 1).  

After gun commissioning the pepperpot will be moved 
to the end of the linac. Also high resolution Cavity BPM 
will be installed in the straight arm of the gun section. In 
linac diagnostics it is foreseen to measure electron beam 
charge, position, emittance, energy, energy spread and 
longitudinal profile. The schematic layout of the linac 
with diagnostics is presented in Fig. 2. 

 

BEAM CHARGE 
The task for the beam current and charge measurement 

is to verify that the charge produced at the cathode is 
completely transported along the whole beamline to the 
beam dumps. In AREAL linac the charge of individual 
bunches will be measured using Faraday Cups and 
Integrating Current Transformers (ICT) [2] (see Fig. 1, 2). 
Three Faraday cups are intended to be used to collect and 
measure the beam charge. Two of them will be installed 
in the end of the spectrometer arms. The third one is an 
insertable faraday cup which will be installed in the gun 
section. Electrical connections are made to the base of the 
Faraday cups, terminating in a BNC connector. The 
output signal is integrated on the oscilloscope and divided 
by the termination to give a reading of the charge. 

Specifications of Faraday cups are presented in Table 1. 
Table 1: Specifications of ARIAL linac Faraday cups. 

 Non insertable Insertable 

Cup Diameter (mm)  15.1 9.5 

Cup Length (mm) 75 69.5 

Maximum Power (W) 10 4 

Impedance  50 Ω 

Signal Output BNC 

Also two in-air ICTs are planned to be used as non-
destructive devices for electron bunch charge monitoring. 
Typical installations include bellows, a wall current 
bypass and an electromagnetic shield covering the ICT 
completely. 

BEAM POSITION 
Three BPMs are intended to be installed in AREAL 

linac. High resolution Cavity BPM (CBPM) will be 
installed in the gun diagnostic line in phase 2. It will 
provide about 1~3 �m resolution for electron beam 
trajectory measurements. 

A cylindrical “pillbox” with conductive walls of length 
l and radius R resonates at its eigenfrequencies 
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with jmn  - the n-th zero of the Bessel function Jm of order 
m, p is an integer number. For the application as BPM the 
lowest transverse magnetic fundamental TM010 monopole 
and TM110 dipole modes are of interest. The X and Y 
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Figure 2: Layout of AREAL linac with diagnostics (phase 2). 

offset dependent (as well as the bunch charge dependent) 
TM110 dipole modes provide information about beam 
displacements. The cavity fundamental mode TM010, 
which is at a lower frequency compared with dipole 
modes, provides the reference signal to obtain the bunch 
charge and phase. For more details we refer to [2-3]. 

For the beam position monitoring after accelerating 
sections two stripline type BPMs [2-3] will be installed in 
AREAL linac (Fig. 2). Stripline BPMs (SBPM) are well 
suited for short bunch observation. A stripline pick-up 
consists of a transmission line of several cm length, 
having at both ends a feed-through matched to 50 Ω.  

Using three low energy corrector magnets, a beam 
position feedback for the AREAL linac will be 
implemented (see Fig. 1, 2). The corrector magnets must 
have maximum peak field of about 35 G and maximum 
10 cm magnetic length. 

TRANSVERSE BEAM PROFILE 
In the AREAL linac (for energies up to 20 MeV) only 

scintillating crystals will be installed, because the other 
systems (such as OTR screen or the wire scanner) would 
not generate sufficient signal-to-noise ratio. Profile 
monitors (scintillation screen monitored by CCD camera) 
are almost always the simplest beam profile measurement 
devices [2, 4]. A full horizontal/vertical profile can be 
produced by a single beam pulse. The image is digitized, 
projected onto orthogonal axes, and fitted with an 
appropriate function. A “background image” (obtained 
without beam) is subtracted from the data. The calibration 
is obtained using reference grid lines etched directly on 
the screen. 

Four optical screen monitors will allow the control, 
monitoring and optimization of the transverse beam 
envelope in the AREAL linac. Two of them will be 
placed in the low energy diagnostic line (Fig. 1) and the 
next two - after the accelerating section (see Fig. 2).  

The YAG: Ce scintillation screens of 30x30 mm2 and 
20�m thick will be used for the profile measurements. 
The screens are mounted to a ladder 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. The scintillators will 
be mounted at right angle to the beam. A mirror reflects 
the light out of the vacuum chamber.  

The readout system of the screen monitors consist of 
two selectable optical branches: an overview system that 

images an area covering 28 × 37 mm2 and a system that 
covers the central 5 × 8 mm2. The overview camera will 
be used during initial commissioning and covers an area 
large enough to detect unfocused or misaligned beams. It 
has a projected pixel size of 23 μm. The camera that 
images the central part of the screens has a projected pixel 
size of 4.5 μm.  

The radiation will be detected with a room-temperature 
monochrome CCD sensor digitized with a 12-bit ADC. 

TRANSVERSE BEAM EMITTANCE 
As a diagnostic of the first step of commissioning, 

when only gun will be installed, it is planned to use a 
pepperpot technique for emittance measurement. Because 
of space charge dominated, low energy beam this method 
is most convenient. Detailed analyze of principles of work 
of pepper pot technique are described in [5]. 

A tungsten “pepperpot” mask of 5 mm diameter, with 
150 μm hole spacing and 20 μm hole diameter is planned 
to be used. The mask thickness of 0.5 mm stops electrons 
with energies up to 4 MeV and should thus provide 
background suppression. YAG:Ce have been selected as 
scintillation material to visualize the electron beamlets, 
which are passing through the “pepperpot” holes. Their 
predominant emission in the green spectral range (535 – 
550 nm) is well matched to the maximum sensitivity of 
CCD cameras. For least scattering of electrons in the 
material and highest spatial resolution, screen thicknesses 
of 50 μm at 5 mm diameter have been chosen. Both, 
“pepperpot” mask and scintillation screen are mounted on 
stainless steel sliders inside of a 900 mm long DN100CF 
UHV chamber. Cable winches, which are driven by a pair 
of rotary feedthroughs and deflection rollers at back end 
of the monitor, allow travel of the sliders along the entire 
length of the UHV chamber. In this way, “pepperpot” and 
scintillation screen can be moved at any location along 
the emittance monitor and the distance between both can 
be freely selected depending on the divergence of the 
electron beam. “Pepperpot” mask and scintillation screen 
can both be moved out of the beam, when reaching a 
“parking position” at the front end of the UHV chamber. 
An out-coupling mirror (90 mm in diameter, λ/20 
planarity) at the back end of the monitor deflects the 
transmitted light from the scintillation screen under an 
angle of 90° out of the UHV chamber.  

At the second stage, when the gun section 
commissioning will be completed the pepperpot will be 
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moved to the high energy electron beam diagnostic line 
(after accelerating sections). In this section it is also 
planned to measure electron beam emittance using 
quadrupole scan technique. 

BEAM ENERGY, ENERGY SPREAD AND 
LONGITUDINAL PROFILE 

The momentum and momentum spread of the electron 
beam can be measured through dispersion created by a 
dipole magnet. Due to limited space for diagnostics at gun 
section, 90° bending magnet is chosen (see Fig. 1). 
Absolute momentum measurement is given by the 
geometry and calibration of the dipole and the subsequent 
drift length (about 20 cm).  

The energy spread can be inferred by observing the 
beam in a dispersive section. The spot size is a 
convolution of the emittance contribution and the 
dispersion contribution and can be written to first order 
as: 

22
Exxxx D ��� 
� . 

In order to maximize the momentum resolution of the 
spectrometer, the dispersive contribution to beam size 
should be large compared to the emittance contribution. 
The energy spread measured is then: 

x

x
E D

�� � . 

This is achieved by providing horizontal focus at 
YAG:Ce doped screen (S1), behind the bending at 
spectrometer arm. The setting for the focus is not known a 
priori, since space charge effects will perturb the beam 
transport matrix transformation, and the focus will be 
hard to find on the S1 where the beam is widened by 
dispersion. As we have another screen (S2), located in the 
non-dispersive straight beam path before the accelerating 
section (for solenoid field scan and achievement of 
minimum beam spot size), we provide horizontal focus at 
S1 installing it with the same path distance from the gun 
as S2. The dipole is a gradient free rectangular magnet, 
which behaves like a drift horizontally, so a focus 
produced at S2 and well observable there, will be moved 
to S1 after switching on the bending magnet.  

The same technique will be applied after accelerating 
sections for energy and energy spread measurements (see 
Fig. 2). 

The electron beam longitudinal phase profile is planned 
to be measured using the partial conversion of the energy 
of the electron bunch via cherenkov radiation [6] into a 
flux of photons with the same time properties as the 
electron bunch. These light pulses are then measured with 
a streak camera which is placed at some distance to the 
injector. To obtain a good time resolution high light yield 
in a small opening angle is required. The opening angle of 

the cherenkov radiation and the light yield depend on the 
refractive index of the material. A high refractive index 

 

Figure 3: Setup of the bunch length monitor system with 
the Cherenkov radiator aerogel. 

results in high light yield but poor time resolution. 
Aerogel is considered for this task. The setup is shown in 
Fig. 3. 

SUMMARY  
The diagnostics system of the AREAL linac is 

presented. Electron beam charge, position, emittance, 
energy, energy spread and longitudinal profile 
measurement techniques, which will be applied, are 
described in details. The gun section (phase one) of 
AREAL linac will be commissioned in summer 2013.  
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EMITTANCE MEASUREMENT USING 
X-RAY BEAM PROFILE MONITOR AT KEK-ATF 

T. Naito*, H. Hayano, K. Kubo, S. Kuroda, T. Okugi, N. Terunuma, J. Urakawa, H.R. Sakai, 
N. Nakamura High Energy Accelerator Research Organization(KEK), Tsukuba, 305-0801, Japan 

Abstract 
The X-ray profile monitor (XPM) is used for the beam 

size measurement in the KEK-ATF damping 
ring(ATF-DR) at all times. The XPM consists of a crystal 
monochromator, two Fresnel zone plates(FZPs) and X-ray 
CCD camera. Two FZPs make the imaging optics. The 
design resolution of the selected wavelength 3.8nm is less 
than 1µm, which is sufficiently small for the emittance 
measurement of the ATF-DR. However, the measured 
results at the early stage were affected by the mechanical 
vibration. This paper describes the improvement of the 
resolution and the measurement results. 

INTRODUCTION  
The damping ring(DR) of the KEK-ATF has been 

designed to produce extremely low emittance beam for 
future accelerator technologies, especially focus on the 
International Linear collider(ILC).[1][2] The beam energy 
is 1.3GeV. The design horizontal emittance(εx), we call 
“emittance” as “un-normalized emittance”, at a zero 
current is 1.1 x 10-11m.  The vertical emittance(εy) is 
1x10-11m when assuming 1% coupling. The expected 
beam size for the vertical is 5.5µm, at the location of the 
beam size monitor. The beta function at the location is 3m 
for the vertical. The beam size monitor needs to have 
enough resolution for 5.5µm measurement. The recent 
tuning effort of the DR is aiming to reduce the vertical 
emittance less than 1x10-11m. In this case, the vertical 
beam size reduces to 4µm(εy=5x10-12m) or 
3µm(εy=3x10-12m). 

The X-ray profile monitor(XPM) was constructed by 
Tokyo University group[3][4] to measure the beam size in 
the DR.  The XPM is a long-distance X-ray microscope, 
which consists of a crystal monochromator, two Fresnel 
zone plates(FZPs) and an X-ray CCD camera. The X-ray 
of the synchrotron radiation from the bending magnet is 
monochromatized by a crystal monochromator with the 
wavelength of 0.38nm(3.235keV). The two FZPs 
constitute imaging optics and the magnification ratio from 
the source to the CCD camera is 20.  The estimated 
resolution of the XPM is less than 1µm, which is enough 
to measure the vertical DR emittance. The detail of the 
design parameter and the specification of the FZPs are 
described in [3]. 

At the beginning of the system commissioning, the 
measured beam size could not be less than 6µm in 
vertical, which correspond to 1.2 x 10-11m of the vertical 
emittance. However, the emittance evaluated from other 

beam size monitors, a laser wire profile monitor(LW)[5] 
and a SR interferometer(SRI)[6] was less than 1.0 x 
10-11m. We investigated the reason of the discrepancy 
among the XPM, the LW and the SRI. We found that the 
mechanical vibration of the crystal monochromator 
deteriorated the minimum spot size. The minimum beam 
size 4µm was measured after reduced the mechanical 
vibration. 

A standalone video analyser was used, which didn’t 
have an interface to connect the accelerator control 
system. To synchronize the beam profile data with the 
other DR parameters, an online video analysis system was 
constructed. The new video analysis system can be 
controlled from the accelerator control system and can 
monitor the beam profile synchronized with the other 
machine parameters.  

SYSTEM DESCRIPTION 
The layout of the XPM is shown in Figure 1.  The 

synchrotron radiation (SR) from the bending 
magnet(BH1R.27) located just before the long straight 
section is used for the XPM. The SR parameters are 
summarized in Table 1. 

 
Table 1: Parameters of the SR of BH1R.27 

Beam energy    1.3 GeV  
Magnetic field of BH1R.27    0.75 T 
Bending radius   5.4m 
Critical energy of the SR   0.816 keV 

 
The SR is monochromatized by a Si monochromater 

with crystal lattice plane Si(220), Bragg angle 86.35°  
and spectral resolution 5.6 x 10-5 for the wavelength 
0.38nm(3.235keV). The two FZPs (Condenser Zone Plate 
: CZP, Micro Zone Plate : MZP) make the imaging optics. 
The CZP and the MZP have 0.91m and 24.9mm of the 
focal length, respectively. The magnification ratio of the 
CZP and the MZP are 0.1 and 200, respectively. 

 

 
Figure 1: Layout of the XPM. 

 
The image of the source point is magnified 20 times on 
the X-ray CCD. The X-ray CCD camera (HAMAMATSU 
C4742-98-KWD) is a direct incident type with a 

 ____________________________________________  
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back-thinned illuminated CCD, which has high QE. The 
pixel size is 24µm x 24 µm and the pixels are 512 x 512. 
The camera head is cooled to -50

! 

°C  and keep a high 
vacuum condition for the low thermal noise. The 
minimum exposure time is 20ms and the frame rate is 6 
frame/sec. The CCD is a full-frame transfer type and the 
CCD needs a mechanical shutter to cut off the X-ray 
irradiation during the readout of the charge on the CCD. 

NEW VIDEO ANALYZER  
 We fabricated the in-house made software based on 

the linux library. The new video analyzer software has a 
network interface, which can be controlled from the 
accelerator control software. The acquired data (the 
profile, the beam size, the intensity, etc.) can be saved to 
the database of the accelerator control with the other 
accelerator parameters. The acquisition speed is more 
than 3Hz. The normal operation of the ATF-DR is 1.5Hz. 
It is enough to acquire all of the shot of the beam. Figure 
2 shows the example of the XPM image by the software. 
The position control of the XPM image is included in the 
software. The mover of the MZP can control from this 
window.  

 
Figure 2: Example of the XPM image using the new 
software. 
 

By using this software, the all of the beam profile data 
could store to the database of the accelerator control 
system synchronized with the other parameters. This data 
can be used for the beam tuning to minimize the vertical 
emittance as a real time monitor. The trend graph of the 
XPM is shown in Figure 3. The DR stored current 
measured with the DCCT(blue line) is plotted with the 
XPM data (the horizontal beam size, the horizontal beam 
position, the vertical beam size and the vertical beam 
position).  The current dependence of the horizontal 
beam size can be seen in this graph.  

 
Figure 3: Trend graph of the XPM –DCCT (blue line), the 
horizontal beam size(green line), the horizontal 
position(light blue line), the vertical beam size(red line) 
and the vertical position(purple line) are plotted in the 
graph. 

IMPROVEMENT OF THE BEAM SIZE 
MEASUREMENT 

Figure 4 shows the vertical beam size measurement in 
2005. In the case of the ATF-DR, the beam size is a 
function of the bunch current due to the intra-beam 
scattering. The lines show the calculation.  The 
measured beam size was around 6µm and was not so clear 
the current dependence. It seems the measured beam size 
was somewhat limited. The oscillation of the vertical 
beam position was observed on the CCD using 1ms fast 
mechanical shutter [4]. The frequency was 100Hz. It 
seemed the vertical profile was smeared by the oscillation 
during the exposure time.  

 
Figure 4: Vertical beam size measurement in 2005. 

 
 We measured the mechanical vibration of each 

component. The spectrum of the mechanical vibration in 
vertical direction at the Si monochromater is shown in 
Figure 5. The red line shows the Si monochromater and 
the blue line shows the floor just beneath of the Si 
monochromater. The Si monochromater had a large peak 
at 100Hz. We tried to find out the source of the vibration. 
Finally, we found two blowers to cool the waveguide of 
the RF system caused the vibration. The RF cavities are 
located 2m down stream of the XPM and the two blowers 
sit on the floor just below of the cavities. We moved the 
two blowers to 7m downstream of the XPM and inserted 
cushions between the blower and the floor. The exhausts 
of the blower are connected using long flexible ducts.    
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Figure 5: Spectrum of the mechanical vibration in vertical 
direction at the Si monochromater. 

 
The vertical beam size measurement after treated the 

mechanical vibration is shown in Figure 6. The measured 
vertical beam size was 5+/-0.3µm at the bunch charge of 
0.8 x 1010 electrons(3.0mA). The current dependence can 
be seen in the plot, which means that the XPM does not 
have limitted the minimum beam size. The measured 
minimum beam size was 4µm at this time.  

 
Figure 6: Vertical beam size measurement in 2012. 

Emittance Measurement 
The beta function at the quadrupole magnet is measured 

from the strength dependence of the betatron tune. The 
beta function at the source point of the XPM is estimated 
from the fitting of the beta functions among the 
quadrupole magnets. Five magnets are used for the fitting. 

  

 
Figure 7: Fitting of the beta function near the source point 
of the XPM. 

Figure 7 shows the fitting curve of the beta function. 
The source point of the XPM is as the location of the red 
straight line. The contribution of the dispersion function 
in vertical direction is negligibly small. The estimated 
vertical emittace at the bunch charge of 0.8 x 1010 
electrons is 8.6 x 10-12 m.  

SUMMARY  
The XPM is a important monitor to measure the 

emittance of the ATF-DR. The measurable minimum 
beam size was limited by the mechanical vibration of the 
Si monochromater. The mechanical vibration was come 
from the vibration of the blower to cool the waveguide of 
the RF system. We succeeded to improve the measurable 
minimum beam size by removing the vibration source. 
The measured vertical emittance was 8.6 x 10-12m. 

The online data acquisition is required for monitoring 
the accelerator conditions. We fabricated the video 
analyser software for the online analysis of the beam 
profile and the other accelerator parameters. All of the 
beam profile data could be stored to the database of the 
accelerator control system synchronized with the other 
parameters. 
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MEASUREMENT OF SUB-PICOSECOND BUNCH LENGTH WITH THE 
INTERFEROMETRY FROM DOUBLE DIFFRACTION RADIATION 

TARGET* 

J.B. Zhang, S.L. Lu, T.M. Yu, H.X. Deng, Shanghai Institute of Applied Physics, China 
D.A. Shkitov, M.V. Shevelev, A.P. Potylitsyn#, G.A. Naumenko, Tomsk Polytechnic University, 
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Abstract 
Reliable and precise methods for non-invasive 

diagnostics of sub-picosecond electron bunches are 
required for new accelerator facilities (FEL, LWFA, 
et al.). Measurements of spectral characteristics of 
coherent radiation generated by such bunches using 
interferometer allow to determine a bunch length [1]. 

Here we present a compare experimental study between 
the measurement from the double diffraction radiation 
target interferometry and the measurement from the 
Michelson interferometer. 

INTRODUCTION 
Non-invasive methods of the sub-picosecond bunch 

length diagnostics are very important nowadays for such 
accelerator facilities as free electron lasers with typical 
bunch lengths of some hundreds of femtoseconds. 

One of the ways to measure the electron bunch length 
is based on coherent radiation that is generated at 
wavelengths comparable to, or longer than, the bunch 
length, when all electrons in the bunch irradiate more or 
less in phase. The intensity of coherent radiation is 
proportional to the square of the bunch population. The 
spectral distribution of the coherent radiation contains 
information about the electron bunch distribution. 
Coherent diffraction radiation (CDR) is suggested as the 
mechanisms for coherent radiation generation due to their 
non-invasive nature. 

DR appears when a charged particle moves rectilinearly 
in a vacuum in the vicinity of a medium. If the particle 
passes through a slit between two semi planes, it induces 
time-varying currents on both semi planes. These currents 
generate radiation. Two cones propagate in the direction 
of specular reflection producing an interference pattern. 

The interference pattern obtained by two diffraction 
radiation beams from two shifted plates (double DR 
target) may be used instead an interferometer [2]. 
Recently, the coherent DR interferometry scheme was 
established [3] on the femtosecond accelerator facility at 
SINAP [4, 5]. 

EXPERIMENTAL SETUP 
Our experimental equipments were consisted of a linear 

accelerator, a vacuum chamber with targets driven by 
motion-control system, a Michelson interferometer and 
a detector. 

Accelerator 
The accelerator providing femtosecond electron bunch 

facility consists of an S-band thermionic cathode rf-gun, 
an alpha magnet and a SLAC-type accelerating tube. 
The electron beam emerges from an APS type 1.6 cell π/2 
mode thermionic rf-gun. After pre-accelerated at the rf-
gun, the electron beam is transported to the alpha-magnet 
via a beamline consisting of the focusing, steering, 
scraping and beam monitoring components. The alpha-
magnet is used to compress the electron beam from a few 
hundreds of ps to few hundreds of fs in longitudinal 
length. A SLAC-type accelerating tube is used to 
accelerate the electron beam up to high energy to 
minimize the lengthening force in the drift space. 
The design parameters of electron beam are listed in 
Table 1. 

Table 1: Parameters of Electron Beam 

Beam energy 20 – 30 MeV 

Beam charge 0.068 nC 

Normalized emittance ~ 10 mm·mrad 

Macro-bunch repetition frequency 3.125 – 12.5 Hz 

Micro-bunch repetition frequency 2856.2 MHz 

Macro-bunch duration 2 – 3 μs 

Micro-bunch duration (FWHM) 0.3 – 3 ps 

Interferometer 
To measure the interferograms of the coherent 

diffraction radiation from ordinary DR target the typical 
Michelson interferometer was employed (see in Fig. 1). 
The interferometer consists of a beam splitter, which is 
made from a 2-µm-thick nitrocellulose and comes with 
a metallic coating, providing consistent 30% reflection 
and 30% transmission over a very wide bandwidth, 
a stationary Au-coated hollow reflector mirror, a moving 
Au-coated hollow reflector stepped by remote control 
system capable of sub-micron steps, and a off-axis 
parabolic mirror that focus the re-combined light into the 
a pyroelectric detector. 

 ___________________________________________  
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Figure 1: The experimental setup and the scheme of the 
interferometer. 

Detector 
To detect CDR a room temperature broadband LiTaO3 

pyroelectric detector SPI-D-62 THZ (Gentec-EO) was 
applied with the aperture diameter 5 mm which are 
optimized for use in our case. Other detector parameters 
are presented in Table 2. 

Table 2: Detector Parameters 

Sensitivity range 0.01 – 3 mm. 

Response 150 kV/W 

NEP 0.4×10-9 W/(Hz)1/2 

Average power (max) 200 mW 

 
In Fig. 2 the curve of detector sensitivity from 

specification is shown which was used in simulation. 

 

Figure 2: The curve of detector sensitivity. 

Target 
The DR target was consisted of two plates (with sizes 

46×20 mm2) made from the 2 µm aluminum foil covered 
on the 0.3 mm polyamide film. Both plates were fixed on 
the holder with a possibility to move one plate relative 
other one along the beam direction with a step less than 
16 µm. During such a movement we measured coherent 
DR intensity for each position (interferogram). 

In Fig. 3 the side view of doubled DR target is shown 
which illustrate the location of the two parallel plates 
relative to each other when they are shifted along beam to 
a distance d, θ0 = 45° is the tilt angle to the beam 
trajectory, β is the particles speed. 

 

Figure 3: The shifted two plates of DR target. 

RESULTS 
First we measured the interferogram by applying the 

Michelson system with changing the position of the 
movable mirror. This interferogram was measured from 
the coherent diffraction radiation of one plate (ordinary 
DR target), when another plate was moved aside. In Fig. 4 
the typical time domain interferogram from Michelson 
interferometer is depicted. The base of interferogram is 
equal to 0.249 μW. 

 

Figure 4: The typical Michelson interferogram. 

Then we measured the interferogram using the coherent 
diffraction radiation interferometry. In Fig. 5, part of 
the whole interferogram measured in experiment is 
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presented in distance domain. In conducted experiment 
we could to get the interferogram only in time domain. In 
order to compare the calculated and experimental 
distribution and moreover to have a possibility to use the 
approach [6] for estimating the bunch length from CDR 
interferometry the time domain interferogram was 
transformed to distance domain. Knowing the speed one 
plate to other 100 μm/s and macropulse repetition rate 
6.25 Hz of the accelerator the 16-µm-step value between 
two points of experimental interferogram was received. 
Also the distribution minimum was shifted to the 0 of the 
horizontal axis and cut to the interval (-5; 5) like in the 
further simulation. 

 

Figure 5: The modified experimental interferogram. 

The interferogram in Fig. 5 was measured when 
the movable mirror in the Michelson interferometer was 
placed in the centre of interferogram on Fig. 4. 

Table 3: Simulation Parameters 

Beam energy E = 21 MeV 

Bunch length σRMS = 0.2 mm 

Wavelength range of simulation 0.1 – 3 mm 

Target slit a = 10 mm 

Distance from the target centre to 
the centre of detector 

L = 260 mm 

 

 

Figure 6: The simulated interferogram. 

Finally the simulation was carried out for parameters of 
experiment. The parameters are listed in Table 3. 

In Fig. 6 below the simulation of the interferogram for 
value of the bunch length equal to 0.2 mm averaged on 
the 25 points of detector is shown. 

These 25 points on the detector surface are located 
along and across relative to motion of the beam with 
the same step from each other one. Above mentioned 
average was done to account for the detector aperture. 
The developed model [7] also takes the detector 
sensitivity into account in present case. 

DISCUSSION 
Applying the algorithm for spectra reconstruction 

described in [8], we have obtained the spectrum from 
Michelson interferogram (see in Fig. 7 red solid curve). 
The analysis of this spectrum gives the estimation bunch 
length about 0.19 mm that equal to 660 fs. The simulation 
of such spectrum using the above mentioned model is 
presented on the same Fig. 7 (blue dashed curve). This 
simple simulation is performed without taking into 
account the aperture and the sensitivity of detector with 
parameters like in Table 3, but with impact-factor 5 mm.  

 

Figure 7: The spectrum from Michelson interferogram 
and calculated spectrum. 

Moreover we can apply another technique because 
the main part of information about the bunch length is 
contained in the first oscillation of the interferogram. 
Therefore we may try to build a criterion for the bunch 
length estimation using this part of interferogram. If we 
define the interferogram function as ( )S d , then 

the simplest criterion may be represented using 
the dimension theory [9] as 

( )RMS f x  , 

where 

 
max

( )
( ) (0)

d d

S d
x S d S

d

 

   
 

, 

dmax is the value of variable d in the point of maximal 
( )S d

d




, RMS  is the bunch length in Gaussian 

approximation of the longitudinal distribution of electrons 
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in bunch, the function ( )f x  is yet undefined. For 

definition of this function we calculated the dependence 

( )RMSx   from theoretical curves of interferogram in 

Gaussian approximation of the longitudinal distribution of 
electrons. Finally with a good accuracy was obtained 

RMS x  . 

Applying the described approach for the experimental 
interferogram (Fig. 5) the bunch length was estimated 
about 0.2 mm. For the simulated interferogram (Fig. 6) 
was obtained the value about 0.248 mm. The difference of 
these values may be explained by a not enough alignment 
of the double DR target. 

It is clearly seen a good agreement all of results from 
two techniques which confirms the ability of the proposed 
technique for non-invasive bunch length measurements in 
the sub-picosecond range without a complicated scheme 
like Michelson interferometer or similar. 

CONCLUSION 
The first measurement of the sub-picosecond electron 

bunch length was carried out using coherent diffraction 
radiation interferometry (non-invasive beam diagnostics 
technique). 

From the measured interferogram the RMS bunch 
length was found to be about 660 femtosecond, which 
confirms the ability of the proposed technique for non-
invasive bunch length measurements in the sub-
picosecond range. 

The developed technique doesn’t need any complicate 
interferometer and additional optics elements. 
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DEVELOPMENT OF OFFNER RELAY OPTICAL SYSTEM FOR OTR 
MONITOR AT 3-50 BEAM TRANSPORT LINE OF J-PARC 

M. Tejima#, Y. Hashimoto, T. Toyama, KEK/J-PARC, Tokai, Ibaraki, Japan 
T. Mitsuhashi, KEK, Tsukuba, Ibaraki, Japan 

S. Otsu, Mitsubishi Electric System & Service Co. Ltd., Japan 

Abstract 
An extremely wide aperture relay optical system based 

on Offner system has been developed for Optical 
Transition Radiation (OTR) monitor at 3-50 beam 
transport line (3-50BT) from RCS to MR in J-PARC. 
Diagnostics for beam profile and halo at the 3-50BT are 
very important to optimize the injection of MR. For this 
purpose, an OTR monitor is planned to install for an 
observation of image of the beam and halo after the beam 
collimators in the 3-50BT. Since the opening of OTR is 
very wide due to small Gamma; 4.2, extremely wide 
aperture (500 mrad) optics will necessary to efficient 
extraction of OTR. We developed Offner type relay optics 
for the effective extraction of OTR.  As a result, we 
obtained a clear aperture which covers 100  100 mm aria 
on the target screen. An optical design of OTR monitor 
and results of optical testing are presented in this paper.  

INTRODUCTION 
Japan Proton Accelerator Research Complex (J-PARC) 

is composed of three accelerators which are a 400 MeV 
(currently operating at 180 MeV) linear accelerator 
(LINAC), a 3 GeV rapid cycling synchrotron (RCS), a 50 
GeV (currently 30 GeV) main ring (MR) [1]. The MR 
provides 30 GeV proton beams to beamlines in the 
Hadron Experimental Hall for hadron physics and to the 
neutrino beam line.  The produced neutrino beams are 
sent to the Kamiokande facility which is located in 
Kamioka, 300km apart from J-PARC. Figure 1 shows the 
schematic drawing for the layout of beam transport line 
from RCS to MR.  

 

 
14 Beam Position Monitors (BPMs), 50 Beam Loss 

Monitors (BLMs), 5 Fast Current Transformers (FCTs) 
and 9 Multi Wire Profile Monitors (MWPMs) are 
installed in the 3-50BT [2].  Those beam diagnostics 
systems are used for the measurement and regulation of 
the beam orbit, the beam loss and the beam size of the 3-
50BT. In summer 2013, the linac energy will upgrade 
from 181 MeV to 400 MeV, and the intensity of protons 
those extracted from the RCS will be increased by double.  
For this upgrade, we will have a plane to diagnostic the 
two-dimensional profile of the beam core and the beam 
halo to reduce radio-activation of the MR as small as 
possible. For this purpose, we plane to install a new 
profile monitor in the 3-50BT to observe the two-
dimensional beam profile. 

Since the beam aperture of the MR was designed to 81π 
mm mrad, the permissible emittance of the injection beam 
is 54π mm mrad [3]. On the other hand, we estimated that 
the beam from the RCS should have a large halo 
surrounding of the beam core.  Including the beam halo, 
the emittance of the beam in 3-50BT is estimated up to 
216π mm mrad. The collimators those set in the 3-50BT 
is designed to removes the halo surrounding of the beam 
core to reduce pollution of the residual radioactivity of the 
MR. The effective diagnostic for the beam halo is very 
important to eliminate it by the beam collimator. The 
optical profile monitor using the OTR is suitable for this 
purpose, because the OTR is emitted from the surface of 
thin metal target (typically 10 m thickness), and we can 
reduce radiation from the metal target as discussed in 
after.   

Figure 1: A schematic drawing for layout of beam instrumentations for 3-50BT in J-PARC. New beam profile monitor 
using the OTR is planed to set between QDC1 and QFC2. The collimator section locates between BPM3 and BPM4. 

 ___________________________________________  
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PROPERTIES OF OTR ON 3-50BT 

Luminous Intensity and Radiation Angle of OTR 
When a charged particle beam is incident on a metal 

target perpendicularly, the OTR is emitted to the radiation 
angle sharp axially of the beam [4].  The OTR gives 
maximum intensity at almost opening angle of 1/. The 
angular distribution of the OTR is given by [5]; 

 

   
 

2

2 cos1

sin1










I ,  (1) 

 
where is the velocity of the charged particle divided by 
the velocity of light (c), and  is the angle of radiation. 

The proton beam at 3-50BT is accelerated by an energy 
of 3GeV, and corresponding γ is 4.2. The angular 
distribution using eq. (1) at =4.2 is shown in Fig. 2 

 

 

Figure 2: The angular distribution of OTR emitted from 
3 GeV (=4.2) proton beam. 

 
From Fig. 2, the opening of OTR for 3GeV proton 

beam is very wide, and opening angle of the maximum of 
the distribution is 2/ (about 27 degree).  Due to this large 
opening of OTR, we need an optics having a very large 
acceptance for efficient use of OTR.  

Intensity of OTR from 3GeV Proton Beam 
The intensity of OTR emitted in a frequency range 1-2 
is given by [6]; 
 

    









1

2ln
2

1
2ln





N ,  (2) 

 
where  is the fine structure constant (CGS units). Since 
the intensity of OTR is proportional to ln (2), OTR 
intensity from 3.5GeV proton is 1/2 of OTR intensity 
from 30GeV proton. The result of  dependence of 
intensity of OTR in the visible light region is shown in 
Fig. 3. The intensity of OTR is roughly 2.5  1010 photons 
/ 1013 protons for 3.5 GeV proton.  

Figure 3:  dependence of intensity of OTR in the visible 
light region. 

Energy Loss in the Metal Target 
We plan to use two types of metal targets, one is target 

made of aluminium and other is made of titanium.  The 
energy loss (Stopping-power) of the proton beam whish 
passed through the metal target is estimated by using the 
database published by NIST (National Institute of 
Standards and Technology) [7]. The result of thestopping 
power for Aluminium is shown in Fig. 4. 

 

Figure 4: Stopping-power estimated for protons in 
aluminium. 

 

Results of energy loss for 1013 protons to Al and Ti 
target are listed in table 1. From table 1, energy loss for 
the Ti (10 m) and Al (50 m) target are 11 mJ and 35 mJ 
and, respectively. 

  

Table 1: Results of Energy Loss of Al and Ti Target 

Material Stopping Power Density Thickness Loss

 [MeV/cm] [g/cm3] [m] [mJ]

Aluminium 4.36 2.69 50 35 

Titanium 6.6 4.45 10 11 
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Since the beam of 3-50BT has large size of 60 mm (H) 
 30 mm  (V) due to large emittance of the proton beam 
at 3-50BT as described in before, this energy loss in the 
target will not make any significant thermal damage for 
the target. 

OFFNER OPTICAL SYSTEM AND THE 
OTR TARGET 

In order to extract the OTR from the proton beam axis, 
usually the target is tilted by 45° from the beam axis. 
Since large field depth in this configuration, telecentric 
optics is used in OTR monitor, especially in the object 
size is large.  In our case, mainly due to large o bject size 
and opening of OTR, the telecentric optics is not useable. 
Therefore, we must choose a target configuration 
perpendicular to the proton beam axis. For the efficient 
extraction of OTR from this target configuration, we 
developed Offner type optics.  

Offner Optics System for Extraction of OTR 
In order to efficient extraction of the OTR having a 

large opening, as shown in Fig. 2, it is difficult to extract 
the OTR by using a flat mirror inclined to 45°. It is 
possible to extract the OTR using a rotating elliptical 
mirror or off-axis parabolic mirror, but the aberration is 
very significant to cover a large field of view. By this 
reason, we have developed an optical system for relaying 
OTR based on Offner optical system [8]. Offner optical 
system is replacing of Dyson relay system [9] by mirrors, 
and it is simply composed of two common-centre 
spherical mirror. Then, the Offner optical system is a kind 
of 1 by 1 relay system Fig. 5.  
 
 
 
 
 
 
 
 
 
 
 

Figure 5:  Schematic drawing of Offner optical system. 
 

We designed combination of three mirrors configuration 
for the Offner optics as shown in Fig 6. We designed an 
Optical system which consisted of two concave mirrors, 
D=300 mm, F=500 mm and convex mirror D=200 mm, 
F=250 mm. The first concave mirror has a hole of 120 
mm diameter at centre of mirror for passing the proton 
beam. Because the angular distribution of OTR as shown 
in Fig. 2 has valley in the center, intensity loss by this 
hole is not significant. In the Offner system, the 
astigmatism becomes significant as the diameter of 
aperture increases.  In beam profile measurement for the 
proton beam, due to its large size (about 50 mm), the 

spatial resolution of 1mm should enough for the 
observation. The width of point spread function at 
balanced astigmatism point is estimated to smaller than 
1mm for clear aperture of 120 mm in our design. 
 

Figure 6: Offner relay system for large aperture. 

 

SPECIAL DESIGN FOR TARGET TO 
OBSERVE A BEAM HALO 

In the proton beam from RCS has a beam halo, which 
has about 1% of the beam core intensity. One of very 
important purpose for the OTR monitor is to observe this 
beam halo. For this purpose, we designed a spatial target 
to generate only OTR beam halo. The target design has a 
hall corresponding to beam core dimension in the centre 
of target.  With this target, the beam core will pass 
through the central hall (not produce the OTR), only the 
beam halo will produce the OTR as shown in Fig. 7.  We 
can observe beam halo image without any glare of beam 
core.  

Figure 7: OTR targets for halo monitoring. 
 

LATTICE PARAMETERS AT THE 
LOCATION OF OTR MONITOR 

The lattice parameters of the downstream part in the 3-
50 BT is shown in Fig. 8. The OTR profile monitor is 
installed between the Quadrupole magnets, QDC1 and the 
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QFC2. The designed values of the beta function are 
x=33 m and y=18 m at the target position. The beam 
sizes are xmm and y=30 mm when the emittance 
is 54mm mrad. We investigated the radiation dose at 
OTR monitor location during the normal accelerator 
operation. The result is not exceeding 21 mGy/month, and 
this value seems enough small doses for the monitor 
components. 
 

Figure 8: Lattice functions of the downstream part in the 
3-50GeV beam transport line. 

THE DESIGN OF OTR PROFILE 
MONITOR AT 3-50BT 

A schematics of OTR profile monitor for 3-50BT is 
shown in Fig. 9. The vacuum chamber is consists of three 
rooms; (1) the room for targets portion, (2) the room for  
Offner relay system, (3) the room for a initial stage of 
final imaging system.  The glass window is set side wall 
of the chamber to extract OTR from the vacuum. The two 
types of OTR target are set on the linear satage, in order 
to monitor for beam profile and beam halo.  We can select 
these targets depending on the purpose of the observation. 
The Offner relay optics is shown in left side. The mirros 
for Offner system are made of Pyrex glass and an Al 
coating is applied to surface of the mirror.  The Al coating 
covers the other surfaces, including the backside and the 
side to prevent the charge up of the glass.  

 

Figure 9: Schematic of the OTR monitor at 3-50BT. 

OPTICAL TESTING OF OFFNER RELAY 
SYSTEM 

We have performed several optical testing i.e., knife 
edge test, Ronchi test grid chart test to check the optical 
performance of Offner system.  From the Ronchi test, we 
have no significant spherical aberration and astigmatism. 

To testing the imaging performance of the Offner 
optical system, we check the imaging performance by 
using a grid testing chart. A result of image of grid testing 
chart is shown in Fig. 10.  From this figure, no significant 
deformation of the filed in +50 mm ~ -60 mm in the 
vertical, and  -100 mm ~ +100 mm in the horizontal.   The 
spatial resolution is 0.2 mm in the centre, and better than 
1 mm in the marginal. 

Figure 10: Test of grid pattern for Offner relay system. 
Grid spacing is 10 mm. 

SCREEN FOR OBSERVATION OF BEAM 
PROFILE IMAGE 

We will apply a next optics with CCD camera to 
observe real image of beam profile on the imaging plane 
of Offner system.  Since effective aria of the CCD camera 
is not wide (typically 1/3 to 1/2 inch), we must reduce 
image size less than 1/10 by next optics. The angular 
magnification of optical system is given by inverse of 
transverse magnification. The transverse magnification of 
1/10 means angular magnification of 10. The acceptance 
of Offner system is designed to cover a opening of 600 
mrad, then the opening of light will be 6 rad after the 1/10 
magnification.  

 
Figure 11: Diffuser screen to convert the angular 
distribution of OTR into uniform illumination for next 
optics. 

Diffuser screen

Aperture of 
next optics 
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It is no sense that the acceptance of optical system 
beyond 3.14 rad under the condition of limited acceptance 
of the CCD camera, so we cannot escape from some 
intensity loss.  

Otherwise, the angular distribution of OTR will not 
cover the aperture of next optics with uniform intensity, 
marginal of image of the beam profile becomes dark. To 
convert this angular distribution into more uniform 
illumination, we put a diffuser screen on the image plane 
of Offner system as shown in Fig. 11.  With this screen, 
the intensity loss about 1/30 will occur, but aperture of 
next optics will cover more uniform illumination.  The 
diffuser screen is made of fused silica plate with 1 mm 
thickness. 

SUMMARY 
An Offner type relay optical system having an 

extremely wide aperture has been developed for OTR 
monitor at 3-50 beam transport line (3-50BT) from RCS 
to MR in J-PARC. The Offner system consisted of two 
concave mirrors, D=300 mm, F=500 mm and convex 
mirror D=200 mm, F=250 mm. The first concave mirror 
has a hole of 120 mm diameter at centre of mirror for 
passing the proton beam.  We have performed several 
optical testing i.e., knife edge test, Ronchi test grid chart 
test to check the optical performance of Offner system, 
and we did not find significant spherical aberration and 
astigmatism. We also check the imaging performance by 

using a grid testing chart.  As a result, we obtained a clear 
aperture which covers 100 mm in diameter on the target 
screen.  To obtain uniform illumination for next imaging 
optics, we put a diffuser screen on the image plane of 
Offner system. 

The entire OTR monitor assembly will install in the 3-
50BT in December 2012. 
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DEVELOPMENT OF PROFILE MONITOR SYSTEM FOR HIGH
INTENSE SPALLATION NEUTRON SOURCE

Shin-ichiro Meigo∗, Motoki Ooi, Kiyomi Ikezaki, Atsushi Akutsu, Shinichi Sakamoto
and Masatoshi Futakawa, J-PARC center, Japan Atomic Energy Agency (JAEA), Japan

Abstract
At the JSNS in J-PARC, a mercury target is employed as

the neutron production target. It is well known that the
damage on the mercury target is proportional to the 4th
power of the peak current density of the primary proton
beam on the target. For the high intense neutron source, the
profile on the target is important to drive the neutron source
with the continuously observation of the profile. We have
developed to Multi Wire Profile Monitor System (MWPM).
During beam operation, when the abnormally of the beam
is found, the beam is cut out by the Machine Protection
System (MPS). For the measurement of the two dimension
observation on the target, we have developed the system
based on the residual radiation measurement by using an
imaging plate (IP). It is found that the beam width observed
by the MWPM and the IP shows good agreement.

INTRODUCTION
In the Japan Proton Accelerator Research Complex (J-

PARC) [1], an MW-class pulsed neutron source, the Japan
Spallation Neutron Source (JSNS) [2], and the Muon Sci-
ence facility (MUSE) [3] will be installed in the materials
and life science facility (MLF) shown in Fig. 1. The 3-
GeV proton beam is introduced to the mercury target for
a neutron source and to a carbon graphite target of 20 mm
thickness for a muon source. In order to utilize the proton
beam efficiently for particle productions, both targets are
aligned in a cascade scheme, where the graphite target is
located 33 m upstream of the neutron target.

For both sources the 3-GeV proton beam is delivered
from a rapid cycling synchrotron (RCS) to the targets by
the 3NBT [4, 5, 6]. Before injection to the RCS, the proton
beam is accelerated up to 181MeV by a LINAC. The beam
is accumulated in short two bunches having width about
150 ns and accelerated up to 3 GeV in the RCS. After ex-
traction, the 3-GeV proton beam is transferred to the muon
production target and the spallation neutron source.

Recently it became evident that pitting damage appears
in the target container of the mercury target [7]. Sev-
eral facilities are studying the effect; Alternating Gradient
Synchrotron (AGS) and Weapon Neutron Research facil-
ity (WNR) are pursuing off-beam experiments [8]. It has
been reported that the damage is proportional to the 4th
power of the peak current density of the beam [8]. Beam
profile monitoring plays an important role in comprehend-
ing the damage to the target. Therefore it is very important
to watch continuously the status of the beam at the target

∗meigo.shinichiro@jaea.go.jp

at the JSNS especially for the peak current density. We
have developed a reliable beam profile monitor for the tar-
get by using Multi Wire Profile Monitor (MWPM). In order
to watch the two dimensional profile on the target, we have
also developed the profile monitor based on the imaging of
radiation of the target vessel after beam irradiation.

Figure 1: Layout of JSNS and MUSE at J-PARC. The beam
transport line (3NBT) introduces the beam to both facilities
located in the MLF building.

MULTI WIRE PROFILE MONITOR

Silicon Carbide (SiC) Wire
In order to obtain the characteristics of the proton beam,

diagnostic system based on a Multi Wire Profile Monitor
(MWPM) is developed. Principle of the MWPM is simple
to observe the amount of the electron emission due to the
interaction of the beam at the wire. As a material of sen-
sitive wire, usually tungsten wire is selected due to large
emission amount of the electron and having high temper-
ature melting point. In the present system, silicon carbide
(SiC)is chosen due to the high resistance of the radiation.
Due to the interaction, the beam loss is caused, which is
one of issues of the high intensity proton accelerator and
the optimization of the beam loss is important. The an-
gular differential cross section of Rutherford scattering is
proportional to square of atomic number of wire material.
Therefore wire material with low atomic number has ad-
vantage for beam loss. Here, we compare property between
tungsten and SiC. Since the average atomic number of SiC
is 10, the differential cross section of SiC becomes 1/55
times of the cross section of tungsten. In order to obtain
the angular distribution after scattered by the wire is cal-
culated with DECAY-TURTLE [9] modified at PSI [10].
It is recognized that SiC wire than tungsten gives less in-
fluence on the beam. In order to estimate of the lifetime
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of monitor wire, the displacement cross section of DPA is
calculated with NMTC/JAM [11]. By the calculation, it
is found that the DPA cross section of SiC and tungsten
for 3-GeV proton is 278 and 7997 barn respectably, which
shows that DPA of the tungsten is about 29 times larger
than SiC. Furthermore, it is known that the SiC can stand
up 100 DPA. Therefore we chose to use SiC as wire of as a
standard model of the profile monitor.

MWPM
The view of MWPM is shown in Fig. 2. Along the beam

transport line, 15 sets of movable MWPMs is placed to
measure the beam profile. The MWPM frame has 31 wires
of SiC with the spacing pitch of 6 mm for each horizontal
and vertical directions. We employed the SiC wire hav-
ing diameter of 0.1 mm, which has a tungsten core of 0.01
mm and is coated with 1μm of pyrolytic carbon. The wire
frame made of aluminum oxide with purity more than 95 %
is selected due to the high radiation resistance. In order to
sustain with the fixed tension, wires are kept by the holder
with spring, which gives the unique tension of 0.6 N to the
wire. The frame of wires is placed in the vacuum chamber
made of titanium, which is selected by the following rea-
son, good vacuum characteristics and low activation. In or-
der to avoid unnecessary irradiation of the wires, the frame
can retract and moves like the pendulum motion. During
the profile measurement, the beam loss due to the scatter-
ing at wires was observed by the beam loss monitor. For
the practical aspect, beam loss cased at the MWPM can
be utilized to confirm good performance of the beam loss
monitors.

Figure 2: Movable MWPM placed at the beam transport
line. (top: MWPM and frame inside the vacuum chamber.
bottom: MWPM and chamber placed in the beam transport
line.)

Profile Monitor at the Proton Beam Window
(PBW)

It is important to watch continuously the characteristics
of the proton beam introduced to the spallation target. Due
to the high activations caused by the neutron produced at
the target, remote handling technique is necessary to ex-
change the beam monitor for the target. In order to de-
crease the radiation produced at the spallation neutron tar-
get, shieldings above the monitor are required. To decrease
the difficulties of the exchange work and decrease of the
shielding, we combined the MWPM with a Proton Beam
Window (PBW) for separation between the vacuum region
of the accelerator and the helium region around the neu-
tron target. The PBW is better to be placed closer to the
target where distance between the target and the PBW is
1.8 m, which gives reliable profile at the target. In Fig. 3,
the MWPM placed in the PBW is shown, which has the
MWPMs in the center of the chamber. In order to avoid
over heat load at target vicinities, beam halo monitors are
placed as well. The chamber of the PBW has inflatable seal
called pillow seal. Due to the pillow seal, we can exchange
MWPM by the remote handling.

Wires at the MWPM on the PBW are continuously irra-
diated to the beam so that long life time is required. Since
the monitor at the PBW is important, redundant system of
the wire is utilized. In order to give the life time informa-
tion about the wire for the future, both SiC and tungsten
wires are placed.

Figure 3: MWPM placed at the Proton Beam Window
(PBW).

For the tuning of the accelerators, we have the beam
dump located at the extraction section of the RCS made
of iron, which has capability of the beam load of 8 kW.
In order to watch the status of the beam toward the beam
dump, another stationary MWPM is placed in front of the
beam dump. During the beam tuning, the LINAC beam
without circulation and acceleration at the RCS is directly
introduced to the dump especially for tuning of the RCS
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injection. The time structure of the LINAC beam has a
width of 0.5 ms in total with chop having the width of
600 ns. Although the time structure and the energy of the
beam is completely different between LINAC and RCS,
the MWPM gives reliable result of the beam profile, which
helps tuning the accelerators very well.

Signal of the SiC Wire
Signal of the SiC wire after shaped amplifier is shown in

Fig 4. All signals of MWPM is transfer to the local control
room by twisted pare cables with high radiation Harding.
As for the MWPM of the PBW, Mineral Insulator Cables
(MICs) are applied because the cables receives quite high
radiation does more than 1 MGy. The signal is fed to the
inverter amp (Technoland N-GK 160 32ch Inverter AMP)
and fed to the charge collective ADC (Technoland C-TS
301B) with the integration time range of 3 μs, which has
integration charge range of -3000 pC in total and is driven
by the CAMAC bus. The signals on the CAMAC bus are
read out via crate controller of Toyo CC/NET. All signals
is controlled by the EPICS [12] and is data base server.

Figure 4: Signal of the MWPM after shaped by the inverter
amplifier (yellow).

In Fig. 5, the beam profile at the PBW obtained by the
present system is shown. Each result is fitted by the Gaus-
sian and base distribution for every second. Result of the
center position and the width is utilized to watch the status
of beam injected to the target.

PROFILE MONITOR BY THE IMAGING
PLATE

Imaging by Activation Aluminum Foil
In the beginning of the beam commissioning, we mea-

sured the profile by the activation technique using alu-
minum foil placed on the target vessel. In order to achieve
good performance at the neutron source, enough space is
not remaining around at the target to put any devices for
the beam profile measurement. To fit the requirement with
the tiny space around the target, we performed to activa-
tion technique which requires only thin foil space. Placing

Figure 5: Beam profile obtained by the MWPM located
at the proton beam window for 0.3 MW beam. Top and
bottom graph shows the result for horizontal and vertical
direction, respectively.

an aluminum foil (0.3mm in thickness) on the target, the
beam profile was obtained from the residual dose distribu-
tion on the foil. After irradiation, the foil is removed from
the target then foil is attached to the imaging plate (Fuji
firm BAS-SR 2040) to read the dose distribution. Figure 6
shows the observed result.

Figure 6: Beam profile observed by the activation of the
aluminum foil(0.3mm-t) located on the spallation neutron
target (one division in figure is 10mm).

Imaging Plate Attached to the Target After Beam
Irradiation

In order to perform beam profile measurement by the ac-
tivation, access to the target is necessary after beam irradia-
tion. The radiation around the target is extremely high such
as several tenth Sv/h therefore a remote handling technique
is required. We have developed an activation technique by
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utilizing the IP. By remote handling technique, the IP is at-
tached to the mercury target vessel shown in Fig. 7. The
IP contained in holder was attached to the hook of in-cell
crane by human hands. Around the entrance of hot cell,
radiation was several tenth of μ Sv/h so that human can
access. The IP approached to the target by the crane and
contacted with the target by help of the master slave ma-
nipulator as shown in Fig. 7. Typical duration of exposure
time was 5 min. After the exposure, the image of radiation
was read out by the reader of the IP.

Figure 7: Activation technique using Imaging Plate (IP)
located on the target vessel performed after irradiation at
hot cell of the MLF. (top) IP holder placed crane (bottom)
IP attached by the master slave manipulator.

Figure 8 shows the beam profile obtained by the activa-
tion technique with the IP after 120 kW beam operation.
In the distribution, it is shown that a clear Gaussian peak
exists without skew of the beam, which was also presented
by foil activation technique.

The beam profile in horizontal distribution obtained by
the IP is shown in Fig. 9. The distribution can be well
described by the combinations of two Gaussian functions
having small and large widths. The smaller one was
thought to be the initial protons. The larger width was
thought to be the secondary particles mainly neutrons. By
using the shorter width, we obtained the primary beam
width at the target.

Figure 8: Two dimensional beam profile obtained by the IP
attached to the target vessel.

Figure 9: Beam profile in horizontal direction obtained by
the IP with fitting of two Gaussian curves.

DISCUSSION

Comparison of Beam Widths Obtained by
MWPM and IP

In Fig. 10, beam width for horizontal and vertical direc-
tions observed by the MWPM and the IP is compared as
function of the beam run. The MWPM result is collected
to become the width at the target by taking account of the
beam gradient. As increase of the run number, the beam is
gradually expanded due to decrees the damage of the target
vessel. It is found that the beam width considerably agree
with each other. Agreement of the width implies that reli-
able width can be obtained by the present profile monitor
system. By using the MWPM, the present beam width can
be obtained each beam pulse.

Machine Protection System
Data of the beam profile for every shots are watched by

the control system driven by the EPICS and are stored in
data base. If any anomaly of the beam was found, such as
offset of the beam position, the beam should be immedi-
ately stopped for the safety reason. We have developed the
machine protect system (MPS), which cut out the beam if
the beam offset exceeded the threshold. Under the present
protection system, high power beam operation of 1 MW
can be performed with high confident.

MOPB68 Proceedings of IBIC2012, Tsukuba, Japan

230C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)

Transverse Profiles, Screens & Wires Monitors



Figure 10: Comparison of the beam width, which is root
mean square of the distribution, obtained by the IP and the
MWPM as a function of beam run.

CONCLUSION
We have developed MWPM system by using SiC wires

to built reliable and long life profile monitor system at the
JSNS in J-PARC. In order to obtain two dimensional beam
profile at the target of the spallation neutron source, it was
developed that beam monitoring technique based on the
activation technique by using the IP and remote handling
devices. It is shown that the beam width obtain by the
MWPM agrees with the result by the activation result by
IP. Under the present profile monitor system, high power
beam operation such as 1 MW can be performed with high
confident.

Up to beginning of July 2012, the profile monitor wire
has received the beam with the integration of about 1000
MWh. Even such high integration of the beam power, still
both SiC and tungsten wires at the profile monitor of pro-
ton beam window are survived. In the next year, we have
plan to exchange the proton beam window and the profile
monitor.
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THE SYNCHROTRON RADIATION DIAGNOSTIC LINE AT SSRF* 

J. Chen, Z.C. Chen, Y.B. Leng, G.Q. Huang, W.M. Zhou, K.R. Ye, 
 SINAP, Shanghai, 210200, China 

 
Abstract 

The synchrotron radiation photon beam line has been 
operated since 2009 at Shanghai Synchrotron Radiation 
Facility. There are two diagnostic beam lines of the 
storage ring behind bending magnet, which is employed 
conventional X-ray and visible imaging techniques. A 
synchrotron radiation (SR) interferometer using visible 
light region  in order to measure the small transverse 
electron beam size (about 22μm)，low emittance and a 
low coupling. A small off-axis mirror is set for the 
convenience of the observation. Wave front testing is used 
for interferometer to calibrate the deformation effect of 
optical components. An X-ray pin-hole camera is also 
employed in the diagnostics beamline of the ring to 
characterize beam. Typically the point spread function of 
the X-ray pinhole camera is calculated via analytical or 
numerical method. Those two methods check each other. 
As a result, the measurement with SR system has quite 
enough resolution of itself even though the absolute beam 
size acquired. This existed system suffices with dynamic 
problem for beam physics studies. It has been measured 
2.8nm.rad in small emittance mode at SSRF. 

GENERAL OVERVIEW 
For SSRF 3.5Gev storage ring, the emittance is 3.9 

(nm.rad). The Beam profile size, horizontal σx is 53μm 
and vertical σy is 22μm by the use of  1% vertical 
coupling. The monitor should be able to measure a small 
transverse beam dimension and motion.[1]  So 
interferometer is one of better equipment to measure this 

order beam size. It is located at the 30 end of the 2
# 

bending magnet of the first cell in the ring.  A unique 
diagnostics line has been working. We also have imaged 
the beam profile at the SSRF using x-ray synchrotron 
radiation (XSR) at the (0.8)0 end of same magnet, a 
selectable pinhole aperture. A unique synchroscan and 
dual-sweep features of visible streak camera has been 
used since 2009. Both transverse beam size and bunch 
length have been determined by this beamline.  

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. Using those 
two lines, we can characterize the electron beam size, 
phase-space ellipse and emittance. X-ray has been fetched 
directly from Al window. 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. 
It is described those dedicated diagnostics beam lines, and 

measurement equipments such as SR interferometer, x-ray 
pinhole and streak camera etc. in this paper. There are the 
general design of the SRM, extraction mirror design, and 
measurement equipments. Using this monitor, we can 
characterize the electron beam size, phase-space ellipse 
and emittance. It will be shown some results also. 

INSTRUCTION 
The source point of 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 setup of all diagnostic beam line, it is include 
interferometer, x-ray pinhole camera and streak camera. 

                                                     

 
 
Figure 1: Schematic layout of the Optical Diagnostic 
Beamline viewed. 

The basic layout and main components of the SSRF 
diagnostic beam line are shown in Fig. 1. 

About this system detailed described is in the follows.  

INTERFEROMETER & APPLICATION 
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.  We designed the mirror shape 
having a parabolic shape in the backside.  Most of the X-
ray will pass through the central thin part of the mirror.  

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.  

 ___________________________________________  

*Work supported by Shanghai Institute of Applied Physics 
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Thermal Distortion Analyse 
A thermal-mechanical analysis with electron beams 

show: the thermal distortion values for metals between 
00C to 4000C, these effects were especially good in 
Beryllium mirrors .The deformation of Be mirror is 
simulated by ANSYS and XOP 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. 

Actually, the key point for interferometer design of the 
mirror is to make deformation smooth and symmetry 
about the centre of mirror. It isn’t important for 
interferometer that 1 to 2 μm deformation of the mirror. 
The Calibration of interferometer has been done with ray 
trace technique. So, the beryllium mirror with two cooling 
tube which haves a parabolic shape in backside is applied 
in the SSRF. In the future, two parabolic shape Be mirrors 
in the backside, as shown in Fig. 2, can be employ 
extraction mirror on the way. One for daily monitors 
another one for interferometer measurement. The 
deformation will be getting small than one mirror. It will 
be install on beam line in the future. 
 

 
Figure 2: The construction of two Be mirrors. 

Motor control can help us to select mirror. Small 
deformation place will be fetching light. The Point Grey 
Flea®2 is designed to have the form factor of similar 
industry standard analogy cameras to get interferometer 
pattern. 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 50nm or 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 is shown in Fig. 3. A ray tracing method 
using a Hartman square mask is used to calibration of SR 
interferometer due to the first mirror deformation. [4] 

The measuring interferogram is fitted by the intensity 
distribution of the form. The image analysis system works 
extracting the orthogonal profile, centre position, and least 
square fit to evaluate the beam sizes.  
 

 
Figure 3: Arrangement of SR interferometers. 

 The 800Mb/s interface enables full frame rate and even 
more cameras on the same bus. The IEEE-1394b cable 
with jack screws allows a more secure connection to the 
camera. 12-bit A/D converter, Via external trigger, 
software trigger (on same bus), This equipment has been 
tested and found to comply with the limits for a Class A 
digital device, have good linearity It provide reasonable 
protection against harmful interference when the 
equipment is operated in experimental environment. 

After all environments and system calibration, 
Interferometer is good enough for the measurement of a 
few μm small beam size. 

Low Emittance Measurement 
The very low effective emittance optics of SSRF is 

found out by the method of Multi-Objective Genetic 
Algorithm (MOGA). [5]  

The main function of interferometer is to measure the 
beam profile size needed in the calculation of the 
emittance beam section size，calculated emittance from 
following formula (Eq.1), 

2 2 26 ( ( ) )
emittance=

dp
width D

p
B

 
 (1) 

D    the dispersion function 

p
dp

  momentum dispersion function 

B            beta function 
Width     beam width 
So we can get emittance from beam size. 
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Table 1: Beam Parameters of the Low Emittance at SSRF 

Parameter / unit Mode A Mode B 

Tune (H, V) 23.313, 11.232 23.309, 11.238 

Natural emittance / nm.rad 3.4±0.2 2.9±0.2 

design emittance / nm.rad 3.51 2.88 

Natural chromaticity (H, V) -58, -17 -67, -23 

Corrected chromaticity (H, V) 1.5, 1.0 2.0, 3.0 

Momentum compaction factor (4.1±0.2)×10-4 (4.2±0.2)×10-4 

Synchrotron frequency 0.0073±0.0002 0.0074±0.0002 

Coupling 0.4% 0.5% 

Beam current / mA 210 210 

Beam lifetime / hrs 16.5 15.0 

Injection efficiency >90% ~50% 

RMS beta beatings (H, V) 0.6%, 0.7% 0.7%, 0.8% 

 
Interferometer is used to acquire beam size in order to 

determine the extent and study to get small the emittance 
at SSRF. The measured beam parameters in 2011 are 
summarized in Table 1. For mode A the design emittance 
is 3.51 nm.rad, measured natural emittance is 3.4±0.2. 
Also for mode B the design emittance is 2.88nm.rad, 
measured natural emittance is 2.9±0.2 , which shows a 
good agreement with theory. 

It is useful to solve how much is the available lowest 
emittance and thus increase photon brightness. 

Adjusting Transverse Feedback 
SSRF has been operated for users’ experiments since 

May 2009. Transverse feedback system is useful to keep 
beam instability.  The interferometer is used to watch the 
effect of transverse feedback system. The beam size 
measurement also used to adjust the transverse feedback 
system for SSRF storage ring. It is shown as in Fig. 4. 

When beam current is getting higher than 40mA, the 
vertical beam size is getting large. If beam current 
changes from 40mA to 100mA, the vertical beam size 
will be getting 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 um just 
same as in the low current.  The variation is observed for 
x, y coupling parameters from those measurements. It is 
benefit for the adjustment phase of transverse feedback 
system. 

 

(a) 
 

 
(b) 

Figure 4: (a) the interferograme and beam image variation 
for feedback on or off; (b) X and Y beam size variation 
for feedback on or off. 

X-RAY PINHOLE IMAGING  
Pinhole cameras provide a well known means to image 

the light of synchrotron radiation in the x-ray regime. The 
basic layout and components of the SSRF pinhole camera 
are shown in Fig. 1. 

The X-ray beam from the bending magnet, alternatively 
the pinhole is installed after the aluminum window, which 
transmits only the high energy photons from vacuum to 
air. Putting the pinhole assembly outside the vacuum 
chamber simplifies design and maintain of the beamline 
but sacrifices achievable resolution. 

The point spread function was found by summing over 
all wavelengths and was fitted with the Gaussian curve. 
The resultant rms width was used as the resolution of the 
system [6]. 

A pinhole array combined by two sets of tungsten slits, 
in horizontal and vertical directions, is placed behind the 
Al window, as close as possible from the source, 6.19 m 
in our case. The X-ray image of the pinhole camera was 
converted into a visible light image at peak wavelength of 
530 nm with a YAG screen (thickness: 400 μm). The 
screen is placed at 9.25 m away from the pinhole, so that 
the image is magnified by a factor of 1.5 [7]. There are 
using a YAG/Ce crystal to convert the X-rays to visible 
light, A small Si mirror reflect image to CCD camera. 
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Then this is read out through an optical system and a 
CCD camera. 

A block of 1mm-10mm variable wedge shaped copper 
is attenuator.  It can move up and down by step motor to 
change attenuation values to select different energy X-ray. 

A macro-lens 2.8/50 and a compact IEEE 1394 CCD 
camera get image from YAG screen scintillator. It has an 
80-ns response time and be recorded by a CCD camera. 
An online video digitizer processes the data at a 30 Hz 
rate. 

Fig. 5 shows the beam size comparison of calculation 
and measurements. It is obvious that the experimental 
data has good agreement with modelling data, which 
verifies the good usability and reliability of SSRF X-ray 
pinhole camera. 

 

 
Figure 5: Comparison of calculated beam size and 
measured beam size. 

 
The performance of the measurement of the transverse 

electron beam size is given by the width of the point 
spread function (PSF) of the X-ray pinhole camera. The 
contributions to the PSF width are the PSF of the pinhole 
itself due to diffraction, and the PSF of the X-ray camera. 
The widths of these two contributions add quadratically to 
the total resolution of the X-ray pinhole camera, in the 
approximation of a Gaussian PSF. 

Let A is the aperture of a rectangular shaped pinhole. 
The contribution of the diffraction for a monochromatic 
photon beam of wavelength is given analytically by 
formula (Eq. 2). 

12

4diff

d
S

A




  (2) 

A simple geometrical computation shows that Saper can be 
expressed as formula (Eq. 3) [8], 

12
aper

A D d
S

d


  (3) 

d is the distance from source point to pinhole. 
D is the distance from pinhole to screen. 

X-ray pinhole cameras are widely used due to simple 
setup and high practical reliability. Typically a pinhole 
based emittance monitor has a limited resolution of > 10 
μm. Recent calculations taking into account the spectral 
distribution of the source and applying numerical methods 
to precisely evaluate the diffraction have shown that with 
the correct choice of pinhole size and magnification a 

better resolution can be achieved. Precise calculation or 
calibration of the point spread function of the whole 
system is required in this case [9]. 

By varying the beam size S at the source point and 
measuring image size ∑, the practical Ssys can be derived 
from Eq.4 using least-square fitting method. 

2/1
2)( 



  sysS

d

D
s  (4) 

A new beam based calibration method had been 
developed in the SSRF storage ring. 

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. 

STREAK CAMERA 
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. As shown in Fig. 1. The attainable 
phase stability is good: less than 2ps, and a bunch 
separation of 2 ns, while the revolution frequency is 694 
KHz. The synchroscan unit operates at 125 MHz allowing 
the bunch train to be analysed bunch-by-bunch, even 
bunches on one sweep and odd bunches on the return 
sweep. The temporal resolution of the synchroscan unit is 
less than 2ps which will allow an individual bunches to be 
resolved clearly and analyzed. 

 

Figure 6: The drifting between bunches while beam 
injection. 

Fig. 6 shows the drifting of bunch to bunch when beam 
injection in 10 seconds. Streak camera represents the 
temporal profile of the light impulse. Diagnostic beam 
line receives visible SR from a standard dipole magnet. 
Bunch length measurements are made by imaging the 
source onto the input slit of a dual-axis Hamamatsu 
C5680 streak camera.  It will be benefit to study beam 
instability, combining with the analysis of another 
diagnostics monitors.  

DATA ACQUISITION AND CONTROL 
Application software is located at workstation /Unix 

and PC/Linux control console, supporting commercial 
software Matlab and LabVIEW. 

PXI IOC software can be separated into two parts. The 
first part is LabVIEW low level application, which is 
developed in house, to complete raw data acquisition and 
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signal processing. The second part is the Shared Memory 
IOCcore and SM LabVIEW library, which is developed 
and maintained by SNS/ORNL, to implement the 
interface between low level LabVIEW application and 
EPICS CA server.  

A LabVIEW and shared memory IOC core technique-
based application has been developed to control the 
camera and communicate with the control system through 
EPICS CA protocol. The x and y position of the CCD, 
and the x and y position and angles of the pinhole array 
can be remotely adjusted. On the optical path, second and 
third mirror also can control for synchrotron radiation 
light fetch.  

The timing card (Event receiver) is a standard VME bus 
module used by many laboratories, which driver package 
is supported by EPICS community. It has been worked for 
streak camera trigger control. 

CONCLUSIONS 
Preliminary commissioning of the SRM is performed; 

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. 

The SR monitors measure the beam size, and bunch 
length etc. Beam size of electron in storage ring has been 
achieved. The transverse RMS beam sizes in both 
horizontal and vertical direction are measured in the rage 
of a few mA to 200mA by synchrotron radiation 
interferometer successfully. The results of vertical beam 
size measurement for beam regulation.  When beam 
current is 200mA, using a wave length λ = 550nm, with 
acquired data 600 times, the observed horizontal beam 
size is 52.3±0.4um and it is good agreed with designed 
value. The observed vertical beam size is 34.3±0.4um, 
and it is stable with transverse feedback system.  From 
this observed vertical beam size, eminttance coupling is 
1.2%.  

The very effective emittance 2.9±0.2nm.rad of SSRF 
was found, when coupling is 0.5%, by SR interferometers 
to measure the beam sizes. 

The X-ray pinhole camera is an imaging system to 
obtain a profile of electron beam normally and its point 

spread function has been calculated via analytical or 
numerical method. Interferometer and x-ray pinhole 
camera, those two methods check each other in the 
operating. 
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FIRST MEASUREMENTS WITH CODED APERTURE X-RAY MONITOR 
AT THE ATF2 EXTRACTION LINE 

J.W. Flanagan, M. Arinaga, H. Fukuma, H. Ikeda, T. Mitsuhashi, KEK, Tsukuba, Japan 
G.S. Varner, U. Hawaii, Honolulu, HI USA 

 
Abstract 

The ATF2 extraction line is used as a test-bed for 
technologies needed for the ILC final-focus region.  An x-
ray extraction beam line has been constructed at the final 
upstream bend before the extraction line straight section, 
for development and testing of optics and readout systems 
for a coded aperture-based imaging system.  The x-ray 
monitor is expected to eventually be able to measure 
single-shot vertical bunch sizes down to a few microns in 
size at its source location in the ATF2 extraction line.  
Preliminary scanned measurements have been made with 
beams in the ~15 micron range, and it is planned to make 
more measurements with further-tuned beam, and with 
fast read-out electronics.  The details of the layout, 
expected performance, and preliminary measurement 
results will be presented. 

INTRODUCTION 
Coded aperture imaging is a technique well-developed 

among x-ray astronomers, which consists of using a 
pseudorandom array of pinholes, which project a mosaic 
of pinhole camera images onto a detector[1]. This image 
is then decoded using the known mask pattern to 
reconstruct the original image. One example of such a 
pattern is the Uniformly Redundant Array (URA)[2], 
which features an open aperture of 50% with an even 
sampling of spatial frequencies in the non-diffractive 
limit. This provides the spatial resolution somewhat better 
than that of a pinhole camera, but with much greater x-ray 
photon collection efficiency for single-shot 
measurements.  Coded aperture x-ray imaging has been 
tested at CesrTA, with beam sizes down to about ~10 
microns[3], and it is planned to use it at SuperKEKB[4].  
An x-ray beam line has been constructed in the ATF2 
extraction line, with the goal of testing coded aperture 
measurements with beam sizes down to ~4-5 m. 

BEAMLINE LAYOUT 
The beamline is located off the last bend (BH3X) after 

the extraction point from the ATF ring, at the upstream 
end of the ATF2 line, as shown in Fig. 1.  The bending 
radius of this magnet is 4.3 m, and the beam energy is 
1.28 GeV, for a critical energy of 1.1 keV.  The beam size 
at this bend is typically around 20 microns, but can be 
reduced, by lowering the beta function, to around 4-5 
microns.[5]  This bend is also used as the source for a 
visible-light SR monitor. 

 

Figure 1: Location of x-ray beamline in the ATF2 
extraction line. 

The extraction chamber for the x-ray line has a 200 m 
thick, polished beryllium window, with ATF2 vacuum on 
one side and atmosphere on the other side.  Just 
downstream of the beryllium window is the coded 
aperture mask mounted on a rotating stage, which is then 
mounted on a 2-axis translational stage.  Downstream of 
the mask is a vacuum chamber with 25 m thick kapton 
at both the entrance and exit. There is a 6.4 cm air gap 
between the beryllium window, and entrance window of 
the second vacuum chamber, and a 1.5 cm air gap 
between the second chamber and the detector at the far 
downstream end, which is, like the mask, mounted on a 
rotating stage and 2-axis translational stage, on an optical 
table.  Mask and detector mounts are shown in Fig. 3.  
The distance between the source point and the mask is 
193.5 cm, and the distance from the mask to the detector 
is 835.7 cm. 

 

Figure 2: Views from downstream (left) and upstream 
(right) during construction of x-ray beamline at ATF2. 

The downstream vacuum chamber is only pumped 
down to a few tens of Pa with a scroll pump;  its function 
is to provide a low-loss path for the x-ray beam, and it is 
separate from the accelerator beam vacuum.  The total 
effective air path length, including the air gap around the 
mask and between the downstream kapton window and 
the detector, is ~10 cm. 
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Figure 3: Rotating mask holder (above), and detector on 
rotating stage (below).  Next to detector are a PMT with 
Ce:YAG scintillator and a CCD for initial alignment. 

The detector is an InGaAs array produced by Fermionics, 
Inc., which features 25 m 500 m pixels on a 50 
m pitch. The thickness of the InGaAs layer is 3.5 m, 
which captures about 90% of the flux that reaches it after 
passing through the diamond window, and other layers on 
the chip above the InGaAs layer.  For future bunch-by-
bunch use at the ATF2 and SuperKEKB, a high-speed 
readout is being developed, but for preliminary checking 
of the x-ray system, a single Fermionics pixel was 
mechanically scanned across the imaging plane while 
being read out with an oscilloscope. 

EXPECTED PERFORMANCE 
At low intensities, the resolution of the system is 

limited by statistical fluctuations in the number of 
detected photons.  To estimate the resolution of the 
system as a function of beam size, simulated images are 
calculated for Gaussian beams of various sizes.  The 
simulated detector images for different-sized beams are 
then compared pair-wise against each other using residual 
weighting function for each channel proportional to the 
square of the signal height in that channel.  The 2/  value 
that corresponds to a confidence interval of 68% is chosen 
to represent the 1-s confidence interval.[6] 

The calculated image pattern in the detector plane for 
vertical beam sizes of from 1 to 20 microns is shown in 
Fig. 4  The coded aperture mask is a 47-element array 
with 5-micron minimum feature size with a tantalum 
mask material on a 2.5 micron silicon carbide substrate, 
made by NTT-AT Nanofabrication. 

 

Figure 4: Simulation of expected beam patterns for 50-
micron pitch detector at different beam sizes. 

The minimum beam size possible at the x-ray monitor 
source point is expected to be around 4.5 m.  Figure 4 
shows the resolution contours for the 47-element coded 
aperture mask, for 1 nC bunches, which produce an 
average of ~250 photons per pixel per shot on the 
Fermionics detector.  As can be seen in Figure 5, single-
shot statistical resolutions of ~1 m can be expected for 
minimum beam sizes around 4 m.  

 

Figure 5: Calculated 1-  statistical resolution contours for 
47-element CA with 5 m elements at the ATF2 with 1 
nC bunches. 

  The single-shot readout electronics for the 64-channel 
detector are under development.  For the present time, a 
single pixel is scanned across the beam to make a slow-
scan image.  The shot-to-shot vertical orbit jitter of the 
ATF2 beam is about 10% of the beam size[7], which is 
sufficient for basic beam size measurements.  When the 
single-shot readout system is ready, we can then proceed 
to measurements of the single-shot resolution, as 
determined by photon statistics and readout noise. 
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PRELIMINARY MEASUREMENTS 
Optics 

T. Okugi of the ATF optics group designed a set of 
optics for the ATF2 extraction line which minimized the 
beam size at the x-ray source bend, BH3X, shown in Fig. 
6.  The vertical beta function at the source point is 1 m, 
which for a vertical emittance of 20 pm-rad (1% of the 
horizontal emittance) gives a vertical beam size of 4.5 m.  
(The horizontal beam size is 260 m.) The set of optics 
required to reach these parameters is incompatible with 
regular ATF2 operations, which are targeted at 
minimizing the beam size at the end of the ATF2 line, so 
dedicated machine time is needed to carry out this 
measurement.  One shift was allotted for this purpose on 
23 Feb., 2012. 

 

Figure 6: Small beam-size optics at BH3X (Courtesy of 
T. Okugi). 

 

Measurements 
  A dispersion knob and rotation knob were available to 

tune the beam at the source point, along with an x-y 
coupling knob.  After setting up the initial optics, and 
before tuning the knobs, the coded aperture mask was 
aligned with the x-ray beam, and a detector scan was 
taken to verify the coded aperture pattern was detected, as 
shown in Fig. 7.  The initial, unturned beam size at this 
point was about 15 microns (hand fit, based on peak-
valley modulation). 

Next, a dispersion knob scan was carried out, 
maximizing the peak-valley ratios using 50-micron-step 
scans.  The dispersion knob was set  to the value which 
maximized the peak-valley ratio (+0.25 machine units).  
The measurements taken during the dispersion scan are 
shown in Fig. 8. 

Following this, the coupling knob was scanned, and set 
to the optimum value (0 machine units).  The 

measurements taken during the coupling scan are shown 
in Fig. 9. 

 

Figure 7: Pre-tuning scan, corresponding to about 15 
micron beam size (hand fit). 

 

 

Figure 8: Dispersion knob scan. 

 

 

Figure 9: Coupling knob scan. 
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Finally, a mask angle scan was performed, and the 
mask angle set to the optimum angle, which was found to 
be at 1 degree from the initial orientation.  The mask scan 
measurements are shown in Fig. 10. 

 

Figure 10: Mask angle scan. 

 
At the end of the knob scans and mask angle scan, a 

detector slow-scan data set was taken using 25-micron 
steps (Fig. 11).  The final beam size was around 10 
microns, based on maximum peak-valley ratio (hand fit). 

 

Figure 11: Final scan, using 25-micron steps, 
corresponding to about 10 microns (hand fit). 

SUMMARY AND PLANS FOR THE 
FUTURE 

Preliminary measurements have been taken with a 
coded aperture mask at the ATF2 in slow-scanning mode.  
Beam sizes of around 10-15 microns were measured.  
Further improvements to the optics are considered 
possible, and will be tried in future studies in order to try 
to reach and demonstrate measurements of ~4-5 micron 
beams.  In addition, a 64-channel fast-readout is being 
developed, which will enable the quantitative 
measurement of the predicted ~1 m single-shot 
statistical resolution at such small beam sizes.  The beam 
line will also continue to be used for testing detector and 
readout systems for SuperKEKB. 
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BEAM SIZE AND INTENSITY DIAGNOSTICS FOR A SRF
PHOTOELECTRON INJECTOR

R. Barday∗, A. Jankowiak, T. Kamps, A. Matveenko, M. Schenk, F. Siewert, J. Völker,
Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Germany

J. Teichert, Helmholtz-Zentrum Dresden-Rossendorf, Germany

Abstract
A high brightness photoelectron injector must be de-

veloped as a part of the BERLinPro ERL program [1, 2].
The injector is designed to produce an electron beam with
100 mA average current and a normalized emittance of
1 mm·mrad. Prior to reaching the final gun/cathode design
a staged SRF gun development program has been under-
taken which began with the operation of a fully supercon-
ducting injector utilizing a lead photocathode. This will be
followed by a normal conducting CsK2Sb cathode capable
of generating high current beams. In the first stage we have
measured the fundamental beam parameters bunch charge,
beam energy and energy spread with a special focus on the
measurement of the transverse beam profiles. We will also
discuss our plans for the beam characterization at high cur-
rents.

INTRODUCTION
In the first stage of the high brightness photoinjector

R&D [3, 4] the electron beam is produced from a Pb pho-
tocathode in a superconducting RF gun cavity operating at
1.3 GHz. A superconducting lead photocathode was ini-
tially directly deposited on the back wall of the gun cav-
ity and irradiated by a UV laser operated at 258 nm with
2-3 ps pulse duration. The maximum average beam cur-
rent extracted from this gun was 50 nA corresponding to a
bunch charge of about 6 pC. The maximum beam energy of
about 2.0 MeV was achieved at a peak field on the cathode
of 22 MV/m.

In the second version of this type of the SRF gun, a thin
layer of lead with a diameter of 5 mm and a thickness of
about 400 nm was deposited on a Nb plug, which can be in-
serted into the backplane of the cavity. The plug is vacuum
sealed with an indium gasket. The advantage of this de-
sign is a possibility to change the photocathodes and to
test different deposition methods. The gun cavity with the
coated plug was tested up to the peak fields on the cathode
of 35 MV/m without laser irradiation [5].

DIAGNOSTICS BEAMLINE
A schematic overview of the diagnostics beamline is

shown in Fig. 1. A dipole spectrometer magnet is used
to measure the beam energy and the energy spread. To im-
prove the energy resolution we installed a vertical slit made

∗ roman.barday@helmholtz-berlin.de

of copper in the dispersive arm with a width of 2 mm and a
thickness of 4 mm.

Measuring the low energy electrons utiliting a Faraday
cup can be challenging due to backscattering of primary
electrons and secondary electron emission. The number of
backscattered electrons per incident electron for primary
electrons with energy of 1 MeV impinging on a copper tar-
get is about 0.23 [6]. The secondary and backscattered
electrons can be trapped if the Faraday cup has a sufficient
large ratio of length to diameter, which is commonly not
practical. Alternatively the Faraday cup can be electrically
biased to suppress low energy electrons, which is the case
in our beamline. The bunch charge is measured with an
integrating current transformer (ICT).

Cathode

YAG-Screen
Faraday Cup Beam

Dump

Beam
Dump

Bending
Magnet

YAG-
Screen

YAG-Screen

0 1 2 3 4

SC Solenoid

Cryomodule Warm part

Drive Laser
Port

Stripline

ICT

m

SRF
Cavity

Slit

Figure 1: Schematic view of the diagnostics beamline.

An electron beam is visualized by the image of the scin-
tillation light emitted by the cerium-doped yttrium alu-
minium garnet (YAG:Ce) crystal with Ce-doping concen-
tration of 0.2 %. YAG is a vacuum friendly material with
a short decay time and high light output of ∼35 photons
per keV of absorbed energy. In order to avoid accumula-
tion of the absorbed electric charge in the crystal, a thin,
10 nm, Indium Tin Oxide (ITO) coating was applied. ITO
has high electrical conductivity and is optically transpar-
ent. Initial tests with an uncoated YAG crystal irradiated
by low energy electrons showed damage, which look like
fine scratches shown in Fig. 2.

To provide a better control of the electron beam and
to avoid collisions between the Faraday cup and the view
screen (which happened in the first version of the beam-
line with a YAG screen installed perpendicular to the Fara-
day cup), the YAG:Ce was incorporated into the Faraday
cup (Fig. 3). In this design the free standing view screen
with a diameter of 32 mm and a thickness of 100µm was
mounted at a 45 degree angle with respect to the incoming
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Figure 2: Photograph of the view screen after collision with
the Faraday cup on the left and scratches on the uncoated
view screen from low energy electrons on the right.

beam. A 45 degree mirror located in the accelerator plane
perpendicular to the beam direction reflects the beam im-
age onto a charge-coupled device (CCD) camera [7]. The
camera is mounted vertically below the accelerator plane to
minimize its damage due to radiation. The CCD-Camera is
sensitive to the light within the range of 400 to 1000 nm
which has a maximum at 500 nm and is well suited for the
detection of the scintillation light from the YAG:Ce with
a maximum radiation wavelength of 550 nm. The CCD
chip has dimensions of 659X494 pixels with a pixel size
of 9.9X9.9µm and is digitized with a 12 bit ADC.

view screen

current

measurement

tungsten plate

e beam

Figure 3: Schematic view of the Faraday cup with a
YAG:Ce view screen and a slit.

Transverse Beam Profile
The beam emittance can be measured using a standard

solenoid scanning technique, where the transverse beam
size is measured for different focal lengths of the solenoid.
An example of the solenoid scan is shown in Fig. 4. The
electron beam was focused to waists of ∼350µm [8].

Additionally, the transverse emittance can be measured
using a single slit mask and a view screen while keeping
the focal length of the solenoid fixed. A horizontal slit in
a tungsten plate with a width d of 0.1 mm and a thickness
of 1.5 mm provides a compromise between requirements

Figure 4: Example of the solenoid scan.

on a good resolution and a tolerance of the angular align-
ment. The stopping power of tungsten at the beam energy
of 1 MeV is 19.3 MeVcm2/g, so that we expect a sufficient
suppression of the background.

Both techniques are based on the precise beam size mea-
surement, so, the spatial resolution of the view screens is
a critical point. The scintillation mechanism involving fol-
lowing phases [9]:

• energy conversion
• thermalization of electrons and holes
• energy transfer to the luminescent centers
• photon emission at the scintillating sites

can limit the scintillator resolution. Here we consider only
the geometric effects and an interaction of the primary
beam with the view screen and not the processes of the light
generation. For a low energy electron beam the spatial res-
olution of the screen can be limited by multiple Coulomb
scattering of electrons in the screen. If we ignore single
electron scattering at large angle, the multiple scattering
angle of electrons penetrating through a material with a ra-
diation length of Z0 is given by [10]

θrms =
13.6MeV

βpc

√
z

Z0

(
1 + 0.038ln

z

Z0

)
, (1)

where p is the electron momentum, βc is the velocity of the
particles and z/Z0 is the thickness of the material in radia-
tion lengths (Z0=3.5 cm for YAG:Ce). For a point electron
source with beam energy of 1 MeV the RMS size of the
electron beam at the exit of the screen with an effective
thickness of z=

√
2d can be estimated as√

2

∫ ∫
θ2

rmsdz
′dz ∼ 13.6MeV

βpc

√
z3

3Z0
∼ 53µm. (2)

However, the electron beam appears for the CCD-Camera
with an RMS size of

yrms ∼
13.6MeV

βpc

√
z3

12Z0
, (3)
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giving a spatial resolution of the screen in the vertical plane
of 26µm. Here we neglected the electron energy loss and
assumed a homogeneous emission of the scintillated light
along the scintillator.

In the horizontal plane an effective beam size seen by the
camera due to the tilt of the screen (Fig. 5) can be estimated
for our geometry as

Xeff =
d+ δ√

2
=

d√
2

(
1 +

1√
2n2 − 1

)
, (4)

where n is the index of refraction. Equation 4 shows that
the screen thickness has a significant influence on the spa-
tial resolution in the horizontal plane. From this point of
view, materials with a large index of reflection, like BGO
with n=2.15, or diamond with n=2.4, provide a better spa-
tial resolution, but the influence of the reflection index is
weak. For the YAG:Ce view screen with an index of reflec-
tion n=1.82 the beam size seen by the camera for a point
electron beam is limited by the thickness of the scintilla-
tor Xeff ∼ d. This corresponds to the minimum RMS size
in the horizontal plane xrms = Xeff/

√
12 ∼ 30µm. Ad-

ditionally, multiple Coulomb scattering also contributes to
the beam size, so that the screen resolution in the horizon-
tal plane for an electron beam with a finite beam size is
larger than 30µm estimated for a point electron beam with-
out scattering.

45
0

Xeff

n

d/sin450

d
d

e

Figure 5: Beam size seen by the camera in the horizontal
plane for a point electron beam.

BEAM CHARACTERIZATION AT HIGH
BEAM INTENSITY

A test of the view screens at high beam intensity was
performed at Helmholtz-Zentrum Dresden Rossendorf. An
electron beam with a momentum of 15 MeV/c passes

through a thin beryllium vacuum window and hits a view
screen (Fig. 6). Two different materials were investigated
as a view screen: a free standing chemical vapor deposited
(CVD) diamond with a thickness of 150µm and a free
standing YAG:Ce crystal with a thickness of 200µm. A
mirror reflects the scintillation light into a CCD-Camera
oriented at∼155 degree angle with respect to the incoming
beam. A CVD-diamond has an excellent thermal conduc-
tivity of∼2000 W/(mK), which is two orders of magnitude
higher than for YAG:Ce and is well suited for the visual-
ization of the beam with high intensity.

Be-window view screen mirror

CCD-Camera

e

1550

Figure 6: Layout of the experimental setup.

In this experiment the electron gun operated with 0.1 ms
and 1.0 ms long macropulses separated by 1 s. Within the
macropulse the bunch repetition rate was changed between
0.1 and 26 MHz at a bunch charge of ∼20 pC giving a
macropulse charge between 0.2 and 290 nC. The light in-
tensity for both screens was measured as a function of the
macropulse charge. Both screens showed a linear depen-
dence from the charge, but YAG provides light output two
orders of magnitude higher than diamond for the same set-
tings of the CCD-Camera as shown in Fig. 7. An exam-
ple of the beam profile measurement is shown in Fig. 8.
No optical attenuator was used between the screen and the
CCD-Camera in this measurement.

Figure 7: Light output intensity measured with a
CVD-diamond and a YAG:Ce scintillator.
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Figure 8: Beam profile measurement using a YAG:Ce view
screen and a Gaussian fit.

Optical Measurements

A white-light interferometer (magnification 20X) was
employed to measure the surface roughness of the
CVD-diamond. Figure 9a shows an unpolished side of the
diamond, which is formed from the polished silicon wafer
on which it is grown. The ridges with a transverse size of
about 10µm and a height of several nanometer are due to
the polishing of the silicon wafer. Figure 9b shows a pol-
ished side of the diamond, which is free of such artifacts,
but the peak-to-peak roughness is about a factor of 4 worse.
Such structures can scatter the light and have a potential to
affect the spatial resolution at a beam size comparable to
the size of the ridges. After the irradiation of the diamond
screen with an electron beam no surface damage was ob-
served.
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Figure 9: Unpolished (a) and polished (b) sides of the
CVD-diamond; front (c) and back (d) sides of the YAG:Ce
crystal.

FUTURE DEVELOPMENTS AT HZB
An implementation of the CsK2Sb cathode will allow a

production of the electron beam with an average current of
up to 100 mA and bunch charge of 77 pC at 1.3 GHz repeti-
tion rate. YAG:Ce crystal provides a high light output and
is suitable for the beam visualization at low intensity, but
it has a moderate spatial resolution [11]. YAG:Ce exhibits
a decay time of ∼70 ns, which is longer than the distance
between the bunches at 1.3 GHz. At a charge density of
∼ 0.01 pC/µm2 a saturation blurring appears due to lim-
ited amount of Ce sites available for emission. We want to
study the influence of the Ce activator concentration vary-
ing from 0.1 to 0.2% in the YAG crystal on the spatial res-
olution and saturation effect which occurs at high charge
density. We want to install a screen holder with five dif-
ferent view screens (Fig. 10) to compare a spatial resolu-
tion of a standard YAG:Ce, LuAG:Ce, CRY19 (trade name
from CRYTUR), CVD-diamond with a wire scanner serv-
ing as a reference signal. The wire scanner utilizes a tung-
sten wire with a diameter of 40µm. At high beam intensity
a CVD-diamond screen is preferable and we want to study
the influence of the radiation damage on the efficiency of
the radiator at high intensity.

Tungsten wire

(40 µm)

LuAG:Ce

(50 µm)

CRY19

(50 µm)

Diamond

(150 µm)

YAG:Ce

(100 µm, 0.1% Ce)

YAG:Ce

(100 µm, 0.2% Ce)

Figure 10: Holder for the view screens investigation.

The transverse beam size at high currents will be also
measured using a double slit system with a shield to protect
the precise slit at high beam power based on the Cornell
design [12].
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REAL-TIME BEAM PROFILE MEASUREMNT SYSTEM USING 
FLUORESCENT SCREENS 

Takahiro Yuyama, Yosuke Yuri, Tomohisa Ishizaka, Ikuo Ishibori, and Susumu Okumura 
Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency 

1233 Watanuki-machi Takasaki, Gunma, Japan, 370-1292 

Abstract
An irradiation technique of a large-area uniform ion 

beam formed by multipole magnets is developed at the 
TIARA azimuthally-varying-field (AVF) cyclotron 
facility in Japan Atomic Energy Agency (JAEA). It is 
indispensable to perform uniform-beam tuning in real 
time for efficient operation. Therefore, we developed a 
real-time beam profile measurement system, composed of 
CCD cameras, fluorescent screens and an image analysis 
program based on LabVIEW. In order to measure the 
transverse intensity distribution of the beam through the 
fluorescence map converted from a camera image, the 
irradiation response of two fluorescent screens, DRZ-
High (Gd2O2S:Tb) and AF995R (Al2O3:Cr), were 
investigated using several species of ion beams. The 
available fluence rate of the screens was found in the 
present system. The relative transverse intensity 
distribution could be obtained from the fluorescence in 
real time. It was also confirmed that the intensity 
distribution measured in this system agreed well with the 
relative intensity distribution obtained with a Gafchromic 
radiochromic film. 

INTRODUCTION
The JAEA AVF cyclotron with a K number of 110 MeV�

accelerates and provides various species of ion beams at 
different energies for researches in the fields of biological 
and materials science, such as plant breeding, production 
of functional polymers and radiation hardness tests of 
space-use devices [1]. Various irradiation techniques have 
been developed for providing useful beams. In recent 
years, a large-area uniform beam irradiation technique 
using the nonlinear focusing force of octupole magnets 
has been developed [2]. In the technique, a Gaussian-like 
beam, obtained by multiple Coulomb scattering through a 

thin metallic foil, is transformed into a uniform beam on 
the target by folding the beam tail the by the nonlinear 
magnetic field. It is possible to irradiate the whole of a 
large-area sample uniformly at a constant fluence rate. 

It is indispensable to form and evaluate the beam 
quickly for the efficient utilization of the uniform beam. 
The real-time measurement system of the beam profile 
based on the beam fluorescence was, therefore, 
configured and tested.  

SYSTEM CONFIGURATION 
The real-time beam profile measurement system is 

composed of CCD cameras and fluorescent screens. The 
fluorescent data is processed using a computer (PXI, 
National Instruments) with LabVIEW. Two different 
types of fluorescent screens, DRZ-High (Gd2O2S:Tb, 0.5 
mm thick, Mitsubishi chemical) and AF995R (Al2O3:Cr, 1 
mm thick, Desmarquest) have been chosen. The active 
layer (310 �m thick) of DRZ-High is put on a 190-�m
plastic base. The DRZ-High screen is more sensitive and 
has lower afterglow as compared with AF995R. The main 
devices used in the present system and their layout are 
shown in Table 1 and Fig. 1, respectively.  

The fluorescent screen is mounted on the target in a 
vacuum chamber where the large-area uniform intensity 
distribution of the beam is formed by octupole magnets. 
The target size is as large as 20 cm square at the 
maximum. When the large-area screen is monitored 
diagonally using a camera, the distortion of the 
fluorescent image is inevitable. As shown in Fig. 1, the 
camera A (B), therefore, monitors the screen from the 
below (from the right side) diagonally for the horizontal 

Table 1: Main omponents of the eal-time Beam 
 Measurement System   

Chassis PXI-1031 
CPU PXI-8106 
Image capture 
device PXI-1411 

Chassis PXI-1042Q 
CPU PXI-8106 

Image analysis 
PC (PXI) 

Image capture 
device PXIe-8234 

National
Instruments Co. 

Al2O3:Cr AF995R Desmarquest Co.Fluorescent
screen Gd2O2S:Tb DRZ-high Mitsubishi

chemical Co. 
Horizontal 
camera ICD42VP Ikegami tsushinki 

Co.Measurement 
hardware Vertical 

camera scA1390-17gc BASLER AG 

Camera A

Camera B

PXI 

Octupole 
magnet 

Figure 1: Schematic layout of the main components 
for the real-time beam profile measurement. The CCD 
cameras A and B monitor the beam fluorescence 
vertically and horizontally, respectively. 

Fluorescence
 screen 

PXI

C R   Profile
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(vertical) profile of the beam. 
The fluorescent light from the screen due to ion-beam 

irradiation is taken as an 8-bit image data of the 
luminance (fluorescent intensity) and processed in the 
PXI computer. The image data is analyzed for the 
evaluation of the beam intensity distribution in real time. 

EVALUATION OF THE SYSTEM 
In order to explore the available beam intensity i.e., to 

reveal the dependence of the fluorescent intensity on the 
fluence rate in this system, the beam irradiation 
experiment was carried out using 10-MeV proton and 
520-MeV argon beams.  

Beam Intensity Control Using a Beam Chopper 
An electrostatic beam chopper, installed before the 

cyclotron, was used for the gradual control of the average 
beam intensity. Figure 2 shows the scaled beam intensity 
when the beam duty was changed by the beam chopper 
working at 1 kHz. The beam current of 10-MeV protons 
was monitored by a Faraday cup near the target. Six 
different conditions of the beam are plotted. It was found 
that, using the beam chopper, the beam intensity could be 
reduced within an error of 1%, independent of beam 
conditions. Thus, the fluence rate can be controlled in a 
wide range. 

Irradiation Response of the Screen 
Using the beam chopper, the fluence-rate dependence 

of the screens was investigated on the target. The uniform 
distribution of 40 ~ 50 cm2 was formed on the target so 
that the transverse dimension of the beam could be 
determined easily. The fluence rate was determined from 
the beam cross-sectional area and current measured by the 
Faraday cup.  

Figure 3(a) shows the dependence of DRZ-High and 
Desmarquest on the fluence rate of the 10-MeV proton 

beam. The fluorescent intensity is proportional to the 
fluence rate of the beam at a low fluence rate and then 
saturated. DRZ-High is available in the fluence rate on 
the order of 108 cm-2 s-1, which is 15 times more sensitive 
than AF995R.  

The result on the 520-MeV argon beam is shown in Fig. 
3(b). The available fluence rate is about one order of 
magnitude lower than that of 10-MeV protons for each 
screen. The difference of the sensitivity between the two 
screens is larger than that in Fig. 3(a). This might be 
because the argon beam stops fully in the active layer of 
DRZ-High. 

BEAM INTENSITY DISTRIBUTION 
MEASUREMENT

The present system was applied to beam tuning of the 
uniform distribution formation using multipole magnets 
[2]. The transverse intensity distribution of the beam on 
the target was measured based on the response 
characteristics of the fluorescent screen The horizontal 
scaled intensity distribution of the beam is shown as the 
red line in Fig. 4, which indicates the flat-top intensity 
distribution of 12-cm wide.  
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Figure 3: Fluorescent intensity of the two screens on 
the fluence rate of ion beams. (a) 10-MeV proton 
beams. (b) 520-MeV argon beams. 
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Figure 2: Scaled beam current of 10-MeV proton 
beams as a function of the duty of the electrostatic 
beam chopper. The beam current has been scaled by 
the value at a duty of 90%. 
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For the verification of the intensity distribution 
measured by the beam fluorescent, a Gafchromic 
radiochromic film was irradiated with the same beam [3]. 
The scaled intensity distribution obtained from the optical 
density of the Gafchromic film is given by the blue 
dashed line in Fig. 4. As clearly seen in the figure, both 
distributions agree well except for the noise included in 
the beam fluorescence. 

SUMMARY 
The real-time beam profile measurement system was 

developed for the efficient formation of the uniform ion 
beam. We investigated the beam irradiation response of 
two fluorescent screens DRZ-High and AF995R for 10-
MeV proton and 520-MeV argon beams. The fluorescent 
intensity was proportional to the fluence rate of the beam 
at low fluence rates for both screens in the present system. 
The real-time analysis of the relative intensity distribution 
of the beam was carried out for the uniform beam 
formation. It was confirmed that the relative intensity 
distribution of the beam obtained from the fluorescence 
agreed well with the relative intensity distribution 
determined from the Gafchromic film, which verified the 
measurement system developed. 

REFERENCES 
[1] K. Arakawa et al., Proc. 13th International Conference 

on Cyclotrons and their Applications, Vancouver, 
Canada, 1992, p. 119. 

[2] Y. Yuri et al., Nucl. Instrum. Methods Phys. Res. Sect. 
A 642 (2011) 10. 

[3] Y. Yuri et al., in these proceedings, TUPB79. 

0

0.2

0.4

0.6

0.8

1

-100 -50 0 50 100

Fluorescence intensity
Optical density

Sc
al

ed
 in

te
ns

ity
 [a

.u
.]

Horizontal length [mm]
Figure 4: Comparison between the relative horizontal 
intensity distributions from the DRZ-High 
fluorescence and the optical density of the HD-810 
Gafchromic film. The HD-810 film was irradiated with 
the 10-MeV proton beam of 15 nA for 10 s. 
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EVALUATION OF A FLUORESCENT SCREEN WITH A CCD SYSTEM 
FOR QUALITY ASSURANCE 

IN HEAVY-ION BEAM SCANNING IRRADIATION SYSTEM 
Y. Hara#, T. Furukawa, K. Mizushima, S. Sato, T. Inaniwa, T. Shirai and K. Noda, 

National Institute of Radiological Sciences, Chiba, JAPAN 
E. Takeshita, Gunma University Heavy-Ion Medical Center, Gunma, JAPAN

Abstract 
Two-dimensional dosimetry system was developed for 

quality assurance (QA) of therapeutic scanned ion beams 
at HIMAC. This system consists of a fluorescent screen 
and a charge coupled device (CCD) camera. To evaluate 
the performance of this system, we carried out a few 
experiments for QA procedures. The verification of this 
system was also carried out by comparing the film 
dosimetry. As a result, we confirmed that this system 
could be used as the system for QA procedures of 
therapeutic scanned ion beams. 

INTRODUCTION 
Heavy-ion beams such as carbon-ion beams have 

attracted growing interest for cancer treatment due to their 
high dose localization and high biological effect at the 
Bragg peak. To make the best use of these characteristics 
and provide flexible dose delivery, three-dimensional 
(3D) pencil beam scanning [1-3] is an ideal irradiation 
technique. At the Heavy Ion Medical Accelerator in Chiba 
(HIMAC), it has been utilized for treatment since 2011 
[4]. In a dynamic delivery system using the 3D scanning 
system, it requires additional quality assurance (QA) 
procedures to ensure a consistent and safe dose 
prescription, as compared with broad-beam delivery 
system. Since the accuracy and quality of the planned 
dose for the treatment depends on the accurate deposition 
of individually weighted pencil beams, any change of 
scanned beams will result in a significant impact on the 
irradiation dose. Thus, the QA procedures and tool for 
making refined measurements for the verification of the 
position and size of pencil beams must be developed. For 
this purpose, a few types of QA tool have been developed, 
such as an ionization chamber array and a radiographic 
film. These systems allow an efficient check of the 
absorbed dose in the treatment field at many points and 
perform a direct comparison with the planned dose at 
these points. However, the spatial resolution of the 
ionization chamber array is not so high. Although 
radiographic film is a very useful tool due to its high 
spatial resolution and suit for the measurement of the 
integral dose, overall data processing with the system is 
time consuming. Instead of these systems, we developed a 
quick verification system using a fluorescent screen with 
a charge coupled device (CCD) camera, which we called 
the QA-SCN [5], originally proposed by Boon et al [6, 7]. 

In this paper, the results of the QA measurements 
obtained by using the QA-SCN are described. The 
performance of the QA-SCN is evaluated from the 
viewpoints of utility as the system for QA procedures of 
therapeutic scanned ion beams. The verification of the 
QA-SCN was also carried out by comparing the film 
dosimetry. 

MATERIALS AND METHODS 
The technical details of the QA-SCN system, e.g., 

design of the QA-SCN, the control system and the 
off-line image processing, was reported previously [5]. A 
simplified explanation only is given here. 

 

Figure 1: Schematic of the QA-SCN system layout. 

The QA-SCN system was used to verify the 2D 
irradiation field deduced from the relative fluence on the 
isocenter without the water phantom. Figure 1 shows a 
schematic layout of the QA-SCN system. The QA-SCN 
consists of a fluorescent intensifying screen (Type 
HG-M2, Gd2O2S:Tb, Fujifilm Corp., Japan), a CCD 
camera (Type BU-41L, 1360×1024 pixels, Bitran Corp., 
Japan), a mirror, camera controllers and a dark box to 
protect against surrounding light. The CCD camera 
allows the measurements of 2D light output with a large 
dynamic range and low thermal noise, due to a decrease 
of the operating temperature of the CCD by a cooling unit. 
The QA-SCN is set at the isocenter. The distribution of 
fluorescent light is reflected by the mirror, located at 45 
degrees relative to beam axis, and is observed by the 
CCD camera, which was installed at 90 degrees relative 
to the beam axis to reduce the background from the 
radiation. The distance between the fluorescent screen 

 ___________________________________________   
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figures in Fig. 6 show the results for a typical 
one-dimensional distributions selected form the 2D 
irradiation measurements at both the horizontal and 
vertical irradiation lines for the treatment room F. The 
fluctuations of the uniform irradiation were small, 2% at 
the standard deviation. To check the spacing of each spot, 
we also fitted the uniform irradiation field measured by 
QA-SCN with multi Gaussian functions. The beam size 
and position, which are the parameter of the Gaussian 
function, were deduced from the measurements obtained 
by spot irradiation. Figure 7 shows the measured and 
fitting profiles of uniform irradiation field for three 
different irradiation fields. In any fields, we confirmed the 
spot spacing determined by fitting is within less than 0.1 
mm of the prescribed position.  

The performance of the QA-SCN was also verified by 
comparing the film dosimetry. To check the propriety of 
the beam position, we compared the results of spot 
irradiation measured by the QA-SCN and the film 
dosimetry in Fig. 8. In both measurements, differences 
between the measured and prescribed positions are within 
0.2 mm at 1-sigma.  

Figure 6: Result of 2D uniformity measurement obtained 
by using large uniform irradiation. 

 
Figure 7: Fitting results of three different uniform 
irradiation fields using multi Gaussian functions. 

  As shown in Fig. 9, the differences between the 
uniformity of 2D irradiation by using the QA-SCN and 
the film were less than 1.2%. From these results, we 
confirmed measurements by the QA-SCN were good 
agreement with the film dosimetry.  

Overall verification of the scanned beam can be 
realized by checking the 2D delivery with intensity 
modulation [8]. The checking irradiation pattern 
introduced by Flanz [8] was employed and measured by 
the QA-SCN. As shown in Fig. 10, the 2D irradiation 
with the intensity modulation was successfully performed. 
The measured distribution was good agreement with the 
expected one, i.e. 1.5% at 1-sigma. 

 
Figure 8: Differences between the measured and 
prescribed positions obtained by using small spot 
irradiation field. The rhombus shows differences obtained 
by the QA-SCN. The square shows differences obtained 
by the film. 

 

 
Figure 9: Result of 2D uniformity measurement obtained 
by using middle uniform irradiation. The continuous line 
shows the profile measured by using the QA-SCN. The 
dotted line shows the profile measured by using the film. 
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Figure 10: Measured distribution in 2D intensity 
modulation. The dotted line shows the prediction. 

CONCLUSIONS 
We evaluated a fluorescent screen and a CCD camera 

system, so-called the QA-SCN, used as useful tool for 
quality assurance of therapeutic scanned ion beams. 
Several types of QA inspections such as the accuracy of 
the scanned beam position, the uniformity of the 2D 

irradiation field, the verification of the spacing at each 
spot and the check of intensity modulation in 2D delivery, 
can be measured by using the QA-SCN accurately. 
Compared with the result of the QA-SCN and the film, in 
both measurements, the accuracy of the beam position 
was within 0.2 mm. The differences between the 
QA-SCN and the film by using 2D uniform irradiation 
were less than 1.2%. As a result, we confirmed that the 
QA-SCN could be used as a useful tool for QA 
procedures of therapeutic scanned ion beam. 
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ADJUSTABLE OPTICS FOR A NON-DESTRUCTIVE BEAM PROFILE 
MONITOR BASED ON SCINTILLATION OF RESIDUAL GAS 

V. Kamerdzhiev, A. Pernizki, K. Reimers#, FZ-Jülich, Germany

Abstract 
The scintillation profile monitor (SPM) is being 

developed at COSY in addition to the existing ionisation 
profile monitor (IPM). Contrary to the IPM it does not 
require in-vacuum components, making it a robust and 
inexpensive instrument. The SPM is suitable for high 
intensity operation rather than operation with low 
intensity polarised beams. A multichannel PMT is used to 
detect scintillation light. The rate of detectable 
scintillation events is about three orders of magnitude 
lower compared to the rate of ionisation events. To boost 
the photon yield, small amounts of nitrogen are injected 
into the SPM vacuum chamber. An adjustable light 
focusing system is being built to optimise the SPM 
performance for different machine operation modes. The 
new system allows using a variety of optical components 
ranging from single lenses to high-grade camera 
objectives. Cylindrical lenses are considered to further 
boost the sensitivity by better fitting the beam image to 
the detector geometry. The latest experimental results and 
the new design of the optical system are presented. 

INTRODUCTION 
The cooler synchrotron COSY is equipped with a low 

energy electron cooler and a stochastic cooling system. 
While the electron cooler is typically used at injection 
energy stochastic cooling is operated at higher energies. A 
2 MeV electron cooler built by BINP is expected to be 
installed in a few months. The new cooler will allow 
electron cooling in the entire energy range of COSY [1].  

Non-destructive beam diagnostics, in particular profile 
monitors are essential for the operation of circular 
accelerators with beam cooling. At COSY two profile 
monitors are installed. The ionisation profile monitor 
(IPM) relies on the beam particles ionising residual gas. 
The IPM is routinely used and delivers beam profiles with 
high sensitivity down to 1108 protons in the ring at 
typical vacuum pressure of 110-9 mbar [1]. It provides 
beam profiles in both transverse planes. The IPM became 
a very valuable tool for setting up beam cooling. 
However, high cost and components prone to aging 
triggered a search for alternatives. 

The scintillation profile monitor (SPM) detects light 
emitted by the residual gas atoms and molecules after 
their excitation by the beam particles. This method is 
typically used in beamlines [3, 4]. The SPM is a robust 
and inexpensive instrument aimed at operation at high 
beam intensities. At COSY the much lower event rate 
compared to the IPM is coped with by creating a local 
pressure bump. Nitrogen [5, 6, 7] is injected directly into 
the SPM vacuum chamber using a commercially available 

piezo-electric dosing valve. The vacuum chamber is 
blackened inside to avoid light reflections. It is equipped 
with two DN100 viewports for light extraction and two 
DN40 ports for vacuum monitoring and gas injection. A 
32-channel photomultiplier (PMT) is used to detect 
scintillation light. 
 

 
Figure 1: SPM installation in COSY. Shown is the 
vacuum chamber with the horizontal vacuum port for 
light extraction and the vacuum ports for N2 injection and 
vacuum measurement.  

A housing made of steel seals the electric connections 
and the backside of the PMT against incoming light and 
electromagnetic fields. All elements of the lens tube are 
blackened inside to reduce light reflection. The joints are 
sealed by tape to avoid light from outside of the chamber.  ___________________________________________   
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The lens is mounted on a sledge inside the lens tube. It 
can be moved by about 20 mm. Its position is fixed with 
two screws. The whole SPM has an overall height of 
about 450 mm above the flange . 

This rigid setup bears disadvantages of mismatched 
profile measurement if the beam isn’t crossing the field of 
focus. Readjusting the optics is time consuming as it has 
to be done by hand in the accelerator tunnel. 

Upgrade 
The newly designed twin drive optical system uses 

commercially available components. Each beam profile 
monitor has two linear drives. The PMT is placed on the 
upper, a lens or a lens system is placed on the lower drive. 
This setup allows matching the plane of focus to the beam 
position. Also, the scale of image can be adjusted to 
improve the resolution of the beam profile measurement. 
The vacuum chamber was made much shorter than the 
previous one. Its length has been reduced from 508 mm to 
256 mm to fit with the length of the 2MeV cooler beam 
pipe. Correspondingly the in-air components have to fit 
within the available length. 

 
Figure 2: New SPM design. 

The current data acquisition software written in NI 
LabView will be extended to control the linear drives by 
means of a commercially available stepper motor 
controller. The linear drives chosen are made by IGUS 
[8]. 

Cylindrical enses 
A standard lens system only “translates” an area seen as 

an object to an area seen as an image. The sensor is a 
PMT with 32 pixels having the dimension of 0.8 mm x 
7 mm and a pitch of 1 mm [9]. Due to vacuum chamber 

geometry, approximately 150 mm of beam length can be 
imaged by the SPM. An optical scaling factor in the 
current setup is about 0.5 (1/1.837) meaning that only a 
14 mm long part of the beam is seen by the detector. 
Cylindrical lenses may be useful as they allow different 
light focusing along and across the beam axis leading to a 
significant boost of light intensity on the detector. The use 
of two cylindrical lenses oriented as shown in Fig. 3  
corresponds to two optical lens systems having the same 
overall focal length but different lens positions and 
delivering different magnifications to the detector [10]. 

 
Figure 3: Cylindrical lens system for the SPM for one 
working distance. The upper lens compresses the beam 
image along the beam axis. The lower lens focuses the 
beam image across the axis (profile). 

Operation of SPM 
The calibrated optomechanics will allow refocusing 

step by step both transverse beam profiles. The horizontal 
beam profile will deliver the beam position to focus the 
vertical one, the vertical beam profile information will be 
used for focussing in the horizontal plane. 

RESULTS 
A 48-channel picoammeter electronics developed at 

iThemba Labs, South Africa [3] is used to read out the 
PMT. At typical vacuum pressure of 110-9 mbar there is 
not enough light to be detected by the PMT. With the 
pressure bump to about 410-8 mbar and beam intensities 
of 5109 protons reasonable S/N ratio can be achieved. 
The local pressure bump doesn’t impact the machine 
operation [2]. 

Figure 4 shows the measured profiles and corresponding 
Gaussian fits recorded simultaneously with the SPM and 
the IPM. The measurement was carried out with 6109 

polarized protons circulating in the machine and PMT 
voltage set to 750 V. The profiles were observed at the 
pressure of 810-8 mbar. The horizontal profiles show a 
good match. As the PMT of the SPM only has 32 
channels, the profile has lower resolution compared to the 
profile taken by the IPM. The IPM uses CCD cameras 
with 640 pixels per line. 

Sensor plane  

Beam plane  

PMT 

PMT

Lens 

Vacuum 
windows 

. 
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Particle 
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Figure 4: Comparison of horizontal profiles of stacked  
polarized proton beam taken by SPM and IPM at the 
same time. Only during gas injection enough scintillation 
events are available for profile measurement by SPM.  

SUMMARY 
The SPM is robust and inexpensive due to absence of 

vacuum parts. Good agreement of horizontal SPM and 
IPM profiles was achieved with current SPM setup. The 
new motorized optomechanical system promises 
enhancements in versatility and accuracy of the SPM. 

The use of cylindrical lenses is regarded to increase the 
sensitivity of the SPM by boosting the photon number on 
the sensor. 
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BEAM SPOT MEASUREMENT USING A PHOSPHOR SCREEN 
FOR CARBON-ION THERAPY AT NIRS 

K. Mizushima#, E. Takeshita, T. Furukawa, T. Shirai, K. Katagiri, Y. Hara, K. Noda, 
National Institute of Radiological Sciences, Chiba, Japan

Abstract 
A two-dimensional beam imaging system with a 

terbium-doped gadolinium oxysulfide (Gd2O2S:Tb) 
phosphor screen and high-speed charge coupled device 
(CCD) camera has been used to measure the beam spot 
for scanned carbon-ion therapy. The system can take the 
image of the beam spot with the frequency of 50 Hz. 
Using this system, the time stability of the unscanned-
beam spot size and position was verified in the isocenter. 
This system was also used to check a beam alignment by 
observing a shadow, which appears on the beam spot 
image, of the steel sphere located on the reference axis. 

INTRODUCTION 
In charged particle cancer therapy with pencil beam 

scanning, the time stability of the beam position and size 
is important factor to provide the prescribed dose 
distribution. The large fluctuations of them are capable of 
increasing damage to normal tissues in the vicinity of the 
tumor and producing a hot or cold dose region in the 
target volume. To verify their stability at the isocenter in 
the treatment room, National Institute of Radiological 
Sciences (NIRS) [1] in Japan developed a two-
dimensional (2D) beam imaging system. 

NIRS has performed the three-dimensional scanning 
irradiation with a carbon-ion pencil beam [2] since May 
2011. The carbon-ion beam is provided from the Heavy 
Ion Medical Accelerator in Chiba (HIMAC) synchrotron 
using the RF-knockout slow extraction method [3]. The 
beam energy is changed from 430 MeV/u to 140 MeV/u 
stepwise by the multiple-energy synchrotron operation 
[4], and small changes of the beam range are controlled 
by inserting the PMMA plates with various thicknesses. 
In the HIMAC synchrotron, the flattop is extended in 
order to extract the beam for a long time. The beam size 
variation due to emittance growth, therefore, should be 
cared during a long extraction period. The beam position 
drift is also cared although the beam position is controlled 
with the feedback system integrated into the control 
system of the scanning magnet power supply. 

The 2D beam imaging system developed at NIRS can 
obtain the 2D beam profiles with the frequency of 50 Hz 
and observe the stability of the beam position and size at 
the isocenter in the treatment room. This system consists 
of a phosphor screen and high-speed charge coupled 
device (CCD) camera. This system construction is 
identical to that of the beam monitor system installed in 
the high-energy beam transport line at HIMAC [5].  The 
2D beam imaging system also functions as a beam 
alignment adjustment system by setting a steel sphere on 

the reference axis. The beam alignment can be checked 
by observing a shadow of the steel sphere on the beam 
spot image. 

Using the 2D beam imaging system, the fluctuations of 
the unscanned-beam spot position and size were observed 
in the isocenter to verify the time stability of the delivered 
beam for scanning irradiation. On the other hand, the 
misalignment of the beam has been routinely checked for 
quality assurance. In this paper, we describe the 2D beam 
imaging system and the measurement results using it. 

2D BEAM IMAGING SYSTEM 
System Configuration 

A schematic drawing of the 2D beam imaging system is 
shown in Fig. 1. A terbium-doped gadolinium oxysulfide 
(Gd2O2S:Tb) phosphor screen is mounted at an entrance 
surface of the beam inside the dark box. The light radiated 
from the phosphor screen is carried to the high-speed 8-
bit CCD camera (Type XG-H035M, KEYENCE, Japan), 
for protecting the camera from the radiation damage, via a 
mirror placed at a 45 degree to the beam direction. The 
typical observed image of the beam spot is shown in Fig. 
2. The spatial resolution in this system is about 0.2 
mm/pixels. 

 

 

 
Figure 1:  Schematic drawing of  the 2D beam imaging 
system.  

 
Figure 2: Typical image of the beam spot measured by 
the 2D beam imaging system.   _________________________________________  
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The CCD camera is controlled by the special controller 
(Type XG-7500, KEYENCE, Japan). It employs three 
processors for a fast image processing, and it is operated 
through the Programmable Logic Controller. 

Beam Alignment Adjustment 
The 2D beam imaging system is also utilized for the 

alignment adjustment of the beam by using an acrylic 
phantom. The setup for adjusting the beam alignment is 
shown in Fig. 3. A steel sphere is embedded in the surface 
of this phantom, and its position is on the axis of the 
reference coordinate system. The misalignment of the 
beam can be measured by taking an image of the beam 
spot while setting this phantom. 

The steel sphere generates a shadow, as shown in Fig.4, 
on the beam spot image. The beam misalignment is 
calculated by deriving the centres of the beam spot and 
the steel sphere. The algorism to obtain the two centres is 
indicated in Fig. 5. At first, the standard deviations of the 
beam image including the shadow are calculated from the 
horizontal and vertical projection profiles. In the next step, 
the difference map is created by subtracting the pixel 
values of the original image from the 2D Gaussian 
distribution, which is derived from the above standard 
deviations. After that the negative values in the difference 
map are replaced zero, the centre of the beam spot is 
obtained from the addition map of the original image and 
the difference map. This addition map is the anticipated 
image map in the case of without the steel sphere. The 
centre of the steel sphere is also calculated by subtracting 
the original pixel values from the addition map. 

 

 
Figure 3: Photograph of the 2D beam imaging system 
with a  steel-sphere-mounted acrylic phantom. This is 
the setup for the beam alignment adjustment. 

 

 
Figure 4: Typical image of the shadow on the 2D beam 
spot profile. It is created by the steel sphere located on 
the reference axis. 

 

 

 
Figure 5: Algorism to calculate the beam misalignment. 

MEASUREMENT RESULTS 
The measurement of the time stability of the 

unscanned-beam position and size was carried out at a 
scanning beam course in the HIMAC treatment room. The 
2D beam imaging system was set so that the phosphor 
screen corresponded with the isocenter. The carbon-ion 
beam was provided from the HIMAC synchrotron using 
the multiple-energy operation with extended flattops. The 
beam-energies were 430, 400, 380, 350, 320, 290, 260, 
230, 200, 170 and 140 MeV/u. The rate of the extracted 
beam was 1 × 108 particles per second. 

The beam was extracted for 20 seconds on each 
energy-flattop, and its position and size were measured 
with the frequency of 50 Hz all the time. The result of the 
time stability measurement is shown in Fig. 6. The 
fluctuation of the beam position was observed during 
extraction. The horizontal and vertical position 
fluctuations were in the range of 0.4 mm and 0.2 mm, 
respectively. The horizontal fluctuation was larger than 
the vertical one, and this is because the horizontal beam 
position is strongly affected by the current fluctuation of 
the synchrotron magnets due to the extraction mechanism. 
On the other hand, the slow drift of the beam position was 
not observed owing to the feedback control system of the 
scanning magnets. The measurements of the unscanned-
beam position and size stability were carried out at other 
three courses. Their results were equal to that indicated in 
Fig. 6. 

 

 
Figure 6: Time stability measurement of the 
unscanned-beam  position  and  size.  
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The beam alignment was checked using the 2D beam 
imaging system and the steel-sphere-mounted acrylic 
phantom at the four beam courses. The calculation of the 
beam misalignment is performed by the beam image 
analysis program, as shown in Fig. 7. This program 
derives the centres of the beam spot and the shadow 
created by the steel sphere from the algorism indicated in 
Fig. 5. The beam misalignment is calculated from the 
difference between the two centres. The results of the 
derived misalignments are shown in Fig. 8. They were 
measured for the eleven beam-energies as the time 
stability measurement of the unscanned-beam position 
and size. The beam misalignments were less than the 
tolerance of 0.5 mm in all the scanning beam courses. 

The beam alignment measurement is routinely carried 
out at NIRS. If the misalignment is over the tolerance, the 
current of the steering magnets placed in the upstream of 
the scanning magnets is adjusted so that the beam spot 
centre corresponded to that of the steel sphere.  

 

 
Figure 7: Screenshot of the beam image analysis program. 

 

 

 
Figure 8: Measurement results of the beam misalignment. 

CONCLUSION 
A 2D beam imaging system with a terbium-doped 

gadolinium oxysulfide (Gd2O2S:Tb) phosphor screen and 
high-speed CCD camera has been used to measure the 
beam spot for scanned carbon-ion therapy at NIRS. The 
system enables us to obtain one image of the beam spot 
every 20 milliseconds. The small fluctuations of the 
unscanned-beam spot position and size were confirmed in 
the isocenter to verify the time stability of the delivered 
beam for scanning irradiation. The beam imaging system 
also functions as a beam alignment adjustment system by 
setting a steel sphere at the isocenter. For quality 
assurance, the beam alignment is routinely checked by 
observing a shadow of the steel sphere on the beam spot 
image, and it was confirmed that the misalignment of the 
beam was smaller than the tolerance of 0.5 mm. 
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DESIGN OF A HIGH-PRECISION FAST WIRE SCANNER FOR THE SPS 
AT CERN 

R. Veness, N. Chritin, B. Dehning, J. Emery, J. Herranz Alvarez, M. Koujili, S. Samuelsson, 
J.L. Sirvent, CERN, Geneva, Switzerland 

Abstract 
Studies are going on of a new wire scanner concept.  

All moving parts are inside the beam vacuum and it is 
specified for use in all the machines across the CERN 
accelerator complex. Key components have been 
developed and tested. Work is now focussing on the 
installation of a prototype for test in the Super Proton 
Synchrotron (SPS) accelerator. 

This article presents the specification of the device and 
constraints on the design for integration in the different 
accelerators at CERN. The design issues of the 
mechanical components are discussed and optimisation 
work shown. Finally, the prototype design, integrating the 
several components into the vacuum tank is presented. 

INTRODUCTION 
Wire scanners are installed in the LHC and all circular 

machines in the injector chain as a means to measure the 
transverse beam profile and hence emittance. The 
motivation for the development of a new scanner design 
has been described in a previous article [1], along with the 
concept with the rotor of the motor and wire position 
measurement system inside the beam vacuum [see 
Figure 1]. Development of key components, in particular 
the motor and control system, are well advanced [2]. 
Work is now focussing on the integration of all the 
required components with the aim of producing a scanner 
capable of 20 ms-1 scanning speed combined with 2 µm 
position precision. 

A number of mechanical components require careful 
optimisation. These include the motor housing, shaft, 
bearings, fork and wire. In addition, the design concept 
includes an in-vacuum optical position encoder in order to 
reach the required precision. Development of these 
components is described in the following sections. 

 
Figure 1: Fast Wire Scanner concept. 

 
INTEGRATION CONSTRAINTS 

Wire scanners are currently installed in the PS, Booster, 
SPS and LHC at CERN. It would greatly simplify 
operation and maintenance if the same basic design could 
be implemented for all of these machines. To this end, the 
main constraints in terms of machine physics, operation 
and environment have been analysed for each machine. 
These are summarised in Table 1. 
 

Table 1: Summary of Integration Constraints from the 
CERN Accelerator Complex 

Machine Scan 
aperture 
(mm) 

RF 
Screen 

Bakeout Space 
Constraint 

PS 
Booster 

146x70 N N Axial, 
Transverse 

PS 146x70 N N Axial 

SPS 152x83 Y N - 

LHC 65x65 Y Y Transverse 

 
The scan aperture is the horizontal and vertical space 

that must be cleared by the wire. RF screens are required 
in some machines to minimise impedance and RF heating 
effects. Integration of new scanners into existing 
machines must take into account machine geometries and 
equipment. Axial space constraints occur in machines 
with a tight lattice whereas transverse constraints are seen 
with parallel equipment on the beamline (eg, the 
cryogenic distribution line in the LHC). It can be seen 
from table 1 that each of the machines brings constraints 
to the design. A solution has been adopted where the main 
components can be integrated into designs for the PS, 
SPS and LHC. Each machine will require a different fork 
geometry and a different flange interface, but other main 
components and principles will be common. The layout of 
the Booster with 4 rings in very close proximity mean that 
it has not yet been possible to integrate the design into 
this machine. 

Combining these constraints leads to a design with 
aperture range up to 152 by 152, with the option to 
include RF screen and to be bakeable to 200°C in order to 
activate a low emission yield getter coating used in the 
LHC vacuum system. 

DESIGN OF COMPONENTS 

Motor Housing 
The motor housing has the function of separating the 

rotor in-vacuum and stator on the atmospheric side of the 
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electric motor. The housing needs to be thin to fit in the 
relatively small air gap (approximately 0.8 mm) between 
the rotor and stator. The required wall thickness of the 
housing has been determined using finite element method 
(FEM) analysis. The analysis shows that elastic instability 
is the critical failure mode. The stability of the structure 
increases strongly with wall thickness. The dependence of 
stability on the length of the structure is weaker, where a 
shorter structure increases the stability. Furthermore, a 
thicker housing (within the limits of this problem) is 
easier to manufacture. When all the above mentioned 
considerations are put together, the optimum wall 
thickness of the motor housing is determined to be 0.4 
mm. 
 

 
Figure 2: Graph of motor housing collapse load for 
different lengths and wall thicknesses. 

Shaft and Bearings 
One principal of this design is to support forks and 

position measurement system on one rigid structure to 
maximise precision. The shaft forms the core of the 
mechanical structure. It is driven by the motor and 
supports the rotor, forks and optical disc. The main 
constraint on the shaft is its deformation in torsion. The 
torsional deformation appears due to the acceleration of 
the shaft and the inertias of the components mounted on 
the shaft. This deformation must be kept small to ensure 
accuracy of the measurements. Although the shaft is not 
accelerating when the wire passes through the beam, the 
shaft will vibrate with a maximum amplitude 
corresponding to the torsional deformation due to the 
acceleration. The shaft needs to be hollow to be able to 
pass cables through it. Analysis of the shaft, using 
analytical calculations and FEM simulations, show that 
using a larger outer diameter has a strong effect on the 
stiffness. It is also shown that the stress in the shaft is low 
and the inertia of the shaft is of little importance 
compared to the inertias of the components mounted on 
the shaft. This means that the strength of the material is 
not critical and that a stiff, relatively heavy stainless steel 
is a better material choice compared to lighter, more 
flexible alternatives such as aluminium or titanium. The 
analysis also shows that it is the optical disc and the disc 
holder which give the largest contribution to the shaft 
twist. This is because they are mounted on the shaft end 
opposite to the motor. Therefore effort should be put into 
minimising the mass of these components. Figure 3 
showsthe offset of the wire position relative to the 

encoder which the shaft vibrations give rise to. The 
calculations show that an outer diameter of 35 mm is 
needed to keep the deformation below the tolerated limit 
of 5 μm. 

 
Figure 3: Graph of relative offset of wire vs. encoder for 
different shaft diameters and thicknesses. 

 
The bearings need to assure high precision in terms of 

radial runout and the materials used must be UHV 
compatible and radiation and bake out resistant. This 
means that traditional lubricants such as oil and grease 
cannot be used [3]. Instead one must rely on running the 
bearings without any lubricant or possibly using solid 
lubricants (such as molybdenum disulphide or tungsten 
disulphide coatings). It is also recommendable to use 
different materials for the races and the rolling elements 
in the bearing, to avoid cold welding. One available 
alternative for this is hybrid bearings which use steel 
races and ceramic rolling elements.  

Optical Disc and Support 
The principle selected for the high precision 

determination of the beam size is an optical system based 
on a glass disc with a photo-lithographed μm pattern 
made of high reflectivity chrome, placed inside the 
vacuum chamber and fixed on the scanner shaft. This 
incremental angle encoder uses single-mode optical fibre 
and UHV fibre optic feedthrough (9/125μm) to drive 
1310 nm laser light on a 1:1 lens system in-vacuum that 
focuses the light on the disc surface with a 10 μm light 
spot size. Using the reflectivity of the chrome pattern, the 
reflected light is coupled back into the same fibre, and 
through an optical circulator directed to the photodiode. 
The laser diode, circulator, photodiode and subsequent 
electronics will be located in the surface building and 
only one optical fibre will go down to the accelerator 
tunnel (250 m). The performance of this single fibre 
angular position sensor has been tested and validated on 
the bench shown in Fig 4. 
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Studies of the wire are on-going and will be presented 
separately. 

STATUS AND NEXT STEPS 
All major components have been integrated into a 3D 

model with an envelope which would allow installation 
into the PS, SPS or LHC. Figure 7 shows a section 
through this model. The scanner is assembled as one self-
contained ‘cartridge’ that will be inserted into the 
accelerator vacuum chamber. This will protect the wire 
from damage during insertion – a common problem with 
existing designs. A prototype will be constructed and 
tested in the coming months to verify the operation of the 
scanner assembly and performance. It is then planned to 
produce a first production model for test in the SPS 
accelerator. This will be installed in the forthcoming 
‘Long Shutdown 1’ of all CERN accelerators in 2013-14. 
The plan is then to produce a series of scanners for 
installation in the second Long Shutdown scheduled for 
2018-19. 

 
Figure 7: 3-D model section through the scanner. 
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HIGH DYNAMIC RANGE BEAM IMAGING WITH TWO 
SIMULTANEOUSLY SAMPLING CCDS 

P. Evtushenko#, D. Douglas, JLab, Newport News, USA

Abstract 
Transverse beam profile measurement with sufficiently 

high dynamic range (HDR) is a key diagnostic to measure 
the beam halo, understand its sources and evolution. In 
this contribution we describe our initial experience with 
the HDR imaging of the electron beam at the JLab FEL. 
Contrary to HDR measurements made with wire scanners 
in counting mode, which provide only two or three 1D 
projections of transverse beam distribution, imaging 
allows to measure the distribution itself. That is especially 
important for non-equilibrium beams in the LINACs. The 
measurements were made by means of simultaneous 
imaging with two CCD sensors with different exposure 
time. Two images are combined then numerically in to 
one HDR image. The system works as an online tool 
providing HDR images at 4 Hz. An optically polished 
YAG:Ce crystal with thickness of 100 µm was used for 
the measurements. When tested with a laser beam, images 
with a dynamic range (DR) of about 105 were obtained. 
With the electron beam the DR was somewhat smaller 
due to the limitations in the time structure of the tune-up 
beam macro pulse. 

MOTIVATION 
High current CW SRF LINACs with average current of 

several mA have been used to provide electron beam for 
high average brightness, high power IR FELs [1]. It is 
proposed that LINACs with similar average current and 
beam energy in the range 0.6 – 1.2 GeV can be used as 
the drivers for next generation of high average brightness 
light sources operated in X-ray wavelength range in 
seeded FEL configuration [2-5]. The existing pulsed 
FELs, operating now in the soft and hard X-ray 
wavelength ranges, utilize average currents many orders 
of magnitude less than the above-mentioned mA. At the 
same time, operation of the IR/UV-Upgrade at Jefferson 
Lab with average current of up to 9 mA has provided an 
experience base with high-current LINAC operation [1]. 
The primary operational difference between such high 
current LINACs and storage rings, even with a few 
hundred mA of average current, is that LINAC beams 
have neither the time nor the mechanism to come to 
equilibrium, in contrast to storage ring beams, which are 
essentially Gaussian. This has significant operational 
impact. When a LINAC is setup, by establishing the 
longitudinal and transverse match, a tune-up beam with 
small average current is used. Such an accelerator setup is 
based most frequently on measured mean and RMS 
parameters such as beam size, bunch length, and energy 
spread. When going from tune-up mode to higher duty 

cycle and CW operation, it is frequently found that the 
“best” RMS-data-based setup must be changed to allow 
for high current operation to eliminate beam losses. Even 
when this modification is successful, it is time-consuming 
process involving some trial and error. It is frequently 
unclear what the sources of the problem are, and which 
adjustments to the low-density parts of the phase space 
distribution were effective in improving performance. 
This is highly undesirable for any user facility where high 
availability is required. Also of significance is that the 
resulting setup does not necessarily provide the best beam 
brightness and is a compromise between acceptable 
brightness and acceptably low beam losses. 

Contributing to this problem is the fact that the 
measurements used for machine setup are typically based 
on methods with a DR of 103 or even less. It is not 
surprising that the relevant (from the high current 
operation and beam loss point of view) low-intensity and 
large-amplitude parts of the phase space are simply not 
visible during machine tuning. 

Therefore, we think that the proper solution to the 
aforementioned tune-up problem is to base the tuning on 
the measurements with much larger, than routinely used 
now, DR, such that the very low intensity and large 
amplitude parts of phase space distribution are taken in to 
account from the very beginning. We are presently 
developing such diagnostics at the JLab FEL. The 
ultimate goal is to be able to measure both the transverse 
and longitudinal phase space with a DR of about 106. 
Measurements of both phase spaces can be based on the 
HDR transverse beam profile measurements, which is the 
first step in our program. One of the techniques we are 
developing is the HDR beam imaging. Here we present 
our technique and first results of transverse beam profile 
measurements with extended DR and its application to 
emittance and Twiss parameters measurements. 

EXPERIMENTAL SETUP 
Operation of the JLab FEL relies very heavily on the 

transverse beam profile measurements made in many 
places around the machine. Even with a relatively 
compact footprint the IR and UV recirculators beamlines 
have 62 viewers and synchrotron light monitors in total. 
This has allowed us to accumulate a lot of experimental 
experience with transverse beam profile measurements. 
From this experience we know the intensity of the beam 
image on the CCD matrix from OTR or YAG:Ce viewer 
with the typical beam size and with the amount of beam 
charge in the tune-up macro pulse. It also agrees well with 
calculations. Thus one can tell that, for the measurements 
with the OTR and DR of 106 an additional gain in the 
range between 10 and 100 would be needed, and the 
measurements with YAG:Ce may not need additional 

 ____________________________________________  
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gain. One of our goals is to develop a diagnostic that 
would be affordable, hence could be used in many 
locations at an accelerator, and would not be expensive to 
repair. For this reason we decided to use non-scientific 
CCD cameras that are produced in large volumes. Among 
such cameras we select ones with best signal to noise ratio 
(SNR), which is typically 57 dB. To make the 
measurements with the DR of about 120 dB (~106), at 
least two sensors are required. The original idea was to 
have two cameras and an optical setup with the beam 
splitter where the cameras would be aligned with an 
accuracy better than one pixel and would have the same 
magnification. The optical path of one of the sensors 
would have an image intensifier to provide the additional 
gain. The two cameras would be operated with different 
gain or/and different exposure time. One of the sensors 
with smaller gain would measure the brightest fraction of 
the distribution, while the camera with higher gain or/and 
exposure time would beam measuring less intense fraction 
of the distribution. Some fraction of the second CCD 
sensor will be saturated. One concern here is that the 
saturation might lead to the charge bleeding to the 
neighboring pixels and therefore affect linearity. We 
check for this in the algorithm that combines images from 
two sensors in to one HDR image. In practice, we did not 
find any evidence that this an effect that, we had to 
correct for. As we were preparing for the experiment a 
camera with beam splitter and two CCD sensors had 
become commercially available [6]. We decided to use 
the camera for the first measurements. On one hand this 
simplifies the optical setup, since the alignment of the 
CCD sensors relative to each other is made, on the other 
hand it has the disadvantage that one does not have the 
additional gain from image intensifiers. However, since it 
was planned to use a YAG:Ce viewer, it was not expected 
that the absence of the additional gain would be a 
problem.  

The camera has independent electronic gain control for 
both sensors. However, its use does not improve the 
sensitivity of a CCD sensor, i.e., it does not make low 
intensity light undetectable with zero gain detectable with 
higher gain. A note should be made that, usually, higher 
electronic gain in the camera worsens the SNR. This is 
very undesirable especially for the HDR measurements. 
The electronic gain of the camera is used to cross calibrate 
the two sensors - to balance them. For this purpose the 
integration time of the sensors is set equal and the gain of 
one of the sensors is adjusted to minimize the difference 
of intensities of the two sensors. The gain can be negative 
as well as positive. We choose to adjust the gain of the 
sensors that needs to be adjusted negative to prevent SNR 
degradation. 

For the measurements, results of which are presented 
here, we used 100 µm thin YAG:Ce crystal scintillator 
optically polished on both sides. The crystal was inserted 
in to the electron beam at normal incidence. Behind the 
YAG:Ce crystal a stainless mirror was mounted at 45 
degrees relative to the beam direction. Such, the 
scintillation photons were directed out of the beamline 

 
Figure 1: HDR algorithm example. 

through a viewport at 90 degrees. Orienting the 
scintillator normal to the beam direction (not 45 degree as 
sometimes done) serves two purposes. First, it places all 
the crystal in to the focal plane of the lens preventing any 
problems due to the finite depth of field of the imaging 
optics. Second, it mitigates the effect of the finite crystal 
thickness on the transverse resolution. Since a scintillator 
is transparent at the wavelength it emits, an infinitely 
small beam passing though a 100 µm thin scintillator set 
at 45 degrees to its direction, will appear to the observer 
as infinitely thin in one direction and as a 100 2 µm long 
line in the orthogonal direction. That was an important 
aspect for the viewer we used, as it was built for 
measurements of beams with the transverse size down to, 
at least, 50 µm or smaller. 

A 300 mm telephoto lens was used to image the crystal 
on to the CCD matrix. The magnification is such that one 
pixel of the matrix corresponds to about 11.7 µm on the 
viewer. The vertical field of view is about 8 mm and the 
aspect ration of the field of view is 4:3. 

Tune-up beam mode is used at the JLab FEL for 
measurements with intercepting beam diagnostics. The 
time structure of the beam is the following. The photo 
cathode drive laser maximum repetition rate of 74.85 
MHz is reduced by the factor of 2! with the help of fast 
electro-optical cell. For the tune-up beam n is 4 or higher. 
From the “infinite” pulse train of ~ 4.67 MHz 250 µs long 
macro pulses are allowed through a Pockels cell. The 
macro pulses follow at 2 Hz repetition rate. To improve 
average extinction ratio two mechanical shutters are used 
to open a time window slightly longer than 250 µs. The 
repetition rate of the micro pulses can be reduced further 
from 4.67 MHz to ½, ¼ or ⅛ of this and the macro pulse 
can be made correspondingly longer. When an image 
intensifier is not used, the increase in the DR comes 
mainly from the integration time difference of two 
sensors. The largest increase is possible with the largest 
ratio of the integration times. This is limited by the 
minimum integration time of the camera (~20 µs) and by 
longest allowable macro pulse length. At the time of the 
measurements the macro pulse length was always limited 
to 400 µs. This limited the DR increase to about 20. To 
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further improve the DR we average the data over 16 
images. It takes 8 seconds to get a new image, which 
seems to be acceptable for the improved DR. 

COMBINING HDR ALGORITHM 
An imperative element in such measurements is the 

algorithm used to combine two images in to one with 
larger DR. The algorithm that we use is illustrated in the 
Fig. 1 and works in the following way. It operates on the 
rows of an image and therefore is essentially 1D. As the 
first step, the intensity of each image is normalized to the 
integration time, such that the images can be compared. 
Then the algorithm looks for the regions of saturation in 
the data of the sensor with longer integration time. If no 
saturation is found, only the normalized data from the 
longer integrating sensor are used. When saturation 
regions are present the corresponding row of the 
combined HDR image contains three kinds of regions. 
First is the region where longer integrating sensor is 
saturated, for this part only the data from the shorter 
integrating sensor are used. Second, the most important 
kind, are regions where the data from both detectors 
overlap. It is a requirement to setup the combination of 
the integration times so that there are such regions and the 
data overlap over substantial span of the amplitude. In our 
case we have overlapped the data by 0.5 – 1 orders of 
magnitude. The importance of this data is that it checks 
the cross calibration of the two sensors and ensures 
continuity and linearity of the HDR image intensity. For 
this region of the HDR image we use average of the data 
from two sensors. The third kind of data are from the 
longer integrating sensor that are less intense than the 
ones in the overlapping region. Here the data from the 
shorter integrating sensor have SNR of about 1 and are 
not used. 

BEAM SIZE AND LEVEL OF INTEREST 
As mentioned earlier the LINAC beams in general do 

not have Gaussian distribution. It is observed with the 
JLab FEL beam regularly, and complicates the task of 
transverse beam size measurements. Even more, it 
suggests that the question of “what is the proper and 
relevant measure of the size?” might need to be revised. 
Here we use RMS width of the beam distribution 
projections to the X and Y axis. To calculate the RMS 
width one needs to decide on the fraction of the image to 
be used for the projection, usually referred to as region of 
interest (ROI) and on the fraction of the 1D projection 
used for the RMS width calculations, i.e., 1D-ROI. This is 
where the availability of HDR data makes a significant 
difference, as shown below. We use another numerical 
algorithm to remove the ambiguity from setting both the 
2D and 1D-ROI. In the first step, the entire image is 
projected to either axis and the two projections are sent 
through a low pass filter to remove high frequency noise. 
Then the maximum of a projection is found. It is assumed, 
that the beam distribution is far enough from the edges of 
the field of view, so that the edges can be used to  

Figure 2: HDR beam profile. 

Figure 3: RMS beam size vs. quad current and LOI. 

 
determine level of the background. That is made on both 
sides of the projection maximum. The range between the 
maximum and the background level is defined as 1. Then 
the main adjustable parameter of the algorithm is 
introduced; let’s call it the level of interest (LOI), which 
can assume values between 0 and 1. Typically, as we try 
to include as much of the beam as possible in the 
projection, the level will be set to a few times 0.01, where 
0.01 means 1 % from the projection maximum. The LOI 
and the filtered and normalized projection are used to 
determine two transverse coordinates at which the 
projection intensity equals the LOI. A numerical 
interpolation is used for this step. Important here is that 
the DR of the data, or its overall SNR, limits how low the 
LOI can be requested. For instance, in our standard 
measurements with the DR of about 500, the smallest LOI 
that typically can be used is 0.01 or higher. This depends 
critically on the noise performance of the camera. With 
the DR extended as described above, we found that we 
can robustly set the LOI as low as 5×10-4. Consequences 
of this for the beam measurements are presented in the 
next section. An example of the image built by the 
algorithm is shown in Fig. 2. Note the intensity scale in 
Fig.2 is logarithmic. 
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Figure 4: Emittance and Twiss parameters vs. LOI. 

EMITTANCE AND TWISS PARAMETERS 
A single HDR measurement of the transverse beam 

profile can be revealing and interesting by itself, since at 
the corresponding level the beam halo can be seen 
directly. The next level of details and complexity would 
be the application of such measurements to the emittance 

and Twiss parameters measurements. To demonstrate how 
much the LOI affects the RMS beam size measurements 
and what impact this has on the emittance and Twiss 
parameters values, we consider a quadrupole scan that 
consists of 20 HDR images. Note that the HDR and LOI 
are directly related. The DR enables lower values of the 
LOI. Selecting different LOI we extract from every image 
not one value of the RMS beam size but an array, where 
beam size is a function of the LOI. In the example here 
we scan the LOI in the range from 0.001 through 0.03 in 
steps of 0.001. The results of such data evaluation are 
given in Fig. 3. Using the standard approach, assuming 
linear beam optics approximation, with the help of 
nonlinear least square fit, we obtain transverse emittance 
and Twiss parameters value. Results of such data 
evaluation are shown in Fig. 4. 

DISCUSSION AND OUTLOOK 
As can be seen from Figs. 3 and 4, including the low 

intensity, large amplitude fraction of the beam in to the 
measurements of beam size, emittance and Twiss 
parameters makes a dramatic difference. This brings us 
back to the note made in the first section of this paper. As 
the emittance and Twiss parameters of the beam including 
halo are different from these on the beam without halo, it 
requires a somewhat different match, compared to the best 
peak brightness, to allow for high current operation. It is 
critical that the difference in the match is not too big. 
Then, when the match is adjusted for high current 
operation, the peak brightness and best match to the FEL 
undulator and the FEL performance are not altered 
significantly. On the other hand, it is possible that the 
application of the HDR measurements to establishing the 
match will help to fulfill these requirements. 

We are planning to improve the DR further by adding 
image intensifiers to the setup and by allowing more 
flexibility in the tune-up beam time structure. We are 
currently building a set of diagnostics stations to be 
installed around the machine to enable such 
measurements in several places in the lattice. 
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RESIDUAL GAS IONIZATION PROFILE MONITORS IN J-PARC SLOW-
EXTRACTION BEAM LINE 

Y. Sato#, K. Agari, E. Hirose, M. Ieiri, Y. Katoh, M. Minakawa, R. Muto, M. Naruki, S. Sawada,     
Y. Shirakabe, Y. Suzuki, H. Takahashi, M. Takasaki, K. H. Tanaka, A. Toyoda, H. Watanabe, and     

Y. Yamanoi, KEK/IPNS, Tsukuba, Ibaraki 305-0801, Japan 
H. Noumi, RCNP, Osaka, Japan

Abstract 
Residual gas ionization profile monitors (RGIPMs) for 

slowly extracted proton beams at Japan Proton 
Accelerator Facility Complex (J-PARC) have been 
developed to monitor transverse profiles of intense proton 
beams up to 50 GeV-15 A. To minimize beam loss and 
residual dose on the beam line devices, the RGIPMs 
working around 1 Pa vacuum pressure have been 
developed. The present manuscript reports the working 
principles, fabrications, installations, and operations of 
the RGIPMs in detail. 

INTRODUCTION 
Hadron Experimental Facility at J-PARC is a multi-

purpose facility for particle and nuclear physics, using 
intense secondary beams [1]. Primary proton beams 
accelerated up to 30 GeV in the Main Ring are 
continuously extracted for 2 seconds in every 6 seconds, 
and transported to Hadron Experimental Facility through 
the slow-extraction beam line. The maximum beam power 
is designated to be 50 GeV-15 A (750 kW in total 
power). Since the beam loss on the transport beam line 
must be minimized to keep residual activation of beam 
line devices as low as possible, non-interceptive type of 
beam monitor is desirable.  

Residual gas ionization profile monitors (RGIPMs) are 
widely used in many accelerator rings [2][3]. Electrons or 
ions produced by proton beams passing through residual 
gas, whose pressure is normally 10-6 Pa or less, are guided 
to a micro-channel plate (MCP) with electrostatic and /or 
magnetic fields applied between gap electrodes. The 
signals   amplified in a MCP by typically a factor of 104 
are observed as transverse profile distributions. The 
conventional RGIPM with MCPs is an acceptable choice, 
but they have some issues as follows; 

1. More than ten monitors required in a transport 
beam line enhance purchasing cost due to MCPs. 

2. MCPs do not have sufficient hardness against 
severe radiation around the production target. 

The present RGIPMs have been developed to overcome 
above issues [4]. Since the vacuum pressure in the slow-
extraction beam line is about 1 Pa, the signal is 
sufficiently large enough without MCP. The amount of 
charge measured by the RGIPM can be estimated as 
follows, 

L
N

10602.1

P

P

dx

dE
NQ

I

19

stp

air
airp


  ,        (1) 

where Q is measured charge in coulomb per unit length, 
dE/dx is an energy loss per unit length when 30 GeV 
protons are passing through air, Np is a number of protons, 
air is density of residual gas, Pair is pressure of residual 
gas in a beam pipe, Pstp is a standard temperature pressure, 
NI is mean energy to produce an electron-ion pair in 
normal air, L is length of electrode in beam direction. 
When Np is 1013, dE/dx is 2 MeV/(g/cm2), air is 1.2×10-3  
g/cm3, Pair is 1 Pa, NI is 38 eV/pair, and L is 8 cm,  the 
equation (1) gives 8 nC, that is sufficient amount for 
charge integration circuits without amplification. 

Operation of RGIPM in 1 Pa pressure arises a different 
issue. The mean free path of the electrons drifting in 1 Pa 
pressure (e) is estimated to be about 30 mm, assuming 
that typical elastic cross section of electrons on nitrogen 
and oxygen  molecules is 10-15 cm2 [5].  Since typical gap 
length between electrodes in the present RGIPMs is 10 
cm or more, observed profile distributions would become 
considerably broader than the actual size of beam when 
electrons are guided with a uniform electric field between 
the electrodes. 

To reduce broadening due to diffusion, a uniform 
magnetic field can be applied parallel to the electric field 
in the present RGIPMs. Motion of the electrons drifting in 
a uniform magnetic field is limited in a Larmor radius (re). 
According to a standard transportation theory [6] under a 
magnetic field, the diffusion coefficient of drifting 
electrons with an electrostatic field (D) is given by, 



2

D
2
e ,   (2) 

where  is mean collision time, dependent on mean 
velocity of electrons. When a magnetic field is applied 
parallel to the electric field, the diffusion coefficient of 
electrons across a magnetic field (D⊥)is given by, 

2
r

D
2

e ,   (3) 

When the applied magnetic field is set to be 420 gauss 
and the Larmor radius of electron is 0.25 mm, the 
diffusion coefficient given by the equation (3) is reduced 
by factor of (e/re)

2= (30/0.25)2=14400. A naive 
evaluation of broadning due to diffusion of electrons with 
a kinematic energy Te is estimated as follows,  

 ___________________________________________  
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g

e
e eV

m
Gt,t2Dσ   ,  (4) 

where e denotes broadening width at the electrode, t is 
travelling time from the center to the electrode in the gap, 
G is width of the gap, me is electron mass, and Vg is 
voltage applied between the gap. When G is 10 cm and Vg 
is 100 V, initial kinetic energy of an electron is 10 eV, e 
is 0.27 mm, which is sufficiently good spatial resolution 
for profile measurement. 

FABRICATIONS AND INSTALLATION 
Figure 1 and 2 are photos of the present RGIPM. The 

gap width of inside electrodes is 10 cm. The gap 
electrodes are made of ceramic or G10 boards plated with 
nickel-gold. The segmented pattern (typically 32 
channels) is made on the surface plane, and the other area 
surrounding the patterned area is connected to signal 
ground. The signal cables are mounted on the backplane 
with through holes. By omitting MCP, the structure of 
electrodes is quite simplified and robust against radiation 
damage. 

Two permanent magnets made from strontium-ferrite 
material for horizontal and vertical monitors are mounted 
outside the chamber.  Field strength at the centre of the 
gap is 420 gauss in the case of 10 cm gap length. It is 
known that some type of permanent material, especially 
neodymium-iron-boron (NdFeB), shows significant 
demagnetization by radiation [7][8][9]. Since the present 
RGIPM is installed near the production target, the lifetime 
of monitor due to demagnetization of strontium-ferrite 
must be evaluated. A radiation damage test of permanent 
magnet materials of NdFeB, Sr-ferrite, Sm1Co5, and 
Sm2Co17 was carried out up to irradiation of 1017 
protons/cm2 with 60 MeV proton beam at Tohoku 
University Radioisotope Center [10]. No demagnetization 
was observed in Sr-ferrite material chosen for the present 
RGIPM up to 110 MGy (1017 protons/cm2). According to 
the MARS15 simulation code [11], the accumulated dose 
near the production target, on which beams of 30 GeV-
1014 protons per second at maximum were irradiated for 
2500 hours per year, it takes 7.4 year to reach 1017 
hadrons/cm2. Therefore, the present RGIPM is considered 
to have sufficient lifetime under severe radiation 
environment. 

For the slow-extraction beam line at J-PARC, several 
types of RGIPMs with different gap width are fabricated, 
as shown in Table 1. In total 14 RGIPMs are installed in 
the beam line. Two RGIPMs installed near the beam 
dump, no magnetic field is applied in the monitor since 
the profile width near the beam dump is wide enough. 
Vacuum pressure in the beam duct is controlled by MKS 
250E mass flow controller. Total amount of charge is 
adjustable in a desired dynamic range for charge 
integration circuit. 

Figure 1: A side view of RGIPM. 

Figure 2: A front view of RGIPM. 

Table 1: Specifications of RGIPMs installed in the slow-
extraction beam line at J-PARC 

Gap 
width 

(cm) 

Pitch 

(mm) 
# of 

channels 

Mag. 
field at 
center 

(gauss) 

Amount 

10 1 64 420 1 

10 2 32 420 1 

10 3 32 420 6 

30 6 32 220 4 

40 10 32 0* 2 

* Collecting positive ions 

 

READOUT ELECTRONICS 
The signals of RGIPMs are transferred to charge 

integration circuits outside shielding enclosure. The 32 
channels of charge integration circuit with a dynamic 
range of 4nC/5V are fabricated on a standard VME board 
[12]. Output voltage signals are scanned by analog-to-
digital converters with 12 bit resolution (ADVANET 
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advme2607 [13]).  Charge signals from the monitors are 
integrated twice in the acceleration and the extraction 
period. Subtracting the background distributions 
measured in the acceleration period (no beam in the beam 
line) from the distributions measured in the extraction 
period improves signal-to-noise ratio significantly. Gate 
timing for the integrators are precisely controlled via J-
PARC timing distribution system [14]. Digitized data of 
the profile distribution of each monitor are processed by a 
VME on-board computer (VMIVME7807 [15]) and 
stored to EPICS [16] waveform records. Users can 
display and print out all the profile monitors with a GUI 
program based on WxPython [17]. When the amount of 
signals is increased as the beam intensity increases, a 
mountain plot of the profile distribution during extraction 
period would be possible by multiple trigger during a 
single extraction.

COMMISSIONING AND OPERATION 
Figure 3 shows typical profile distributions measured 

by the present RGIPM near the production target. The 
horizontal and vertical widths of the profiles are 1.2 mm 
and 1.9 mm in RMS, which is consistent with the design 
values. Clear profile distributions are obtained by 
subtracting background profiles during beam-off period 
from those measured in beam-on period. Figure 4 show 
summed signals measured by the RGIPMs with 10 cm 
and 30 cm gap, changing applied voltage. Flat regions 
have been observed in the RGIPMs with both 10 cm and 
30 cm gap. As applied voltage increases, amount of 
charge increases due to multiple-ionization process in 
residual gas. The operating voltage of the RGIPMs with 
the 10 cm and 30 cm gaps is set to be 100 V. The amount 
of charge measured with the RGIPM in the plateau region 
is consistent with the one evaluated by the equation (1). 
The main difference comes from ambiguity of 
measurement of vacuum pressure with Pirani gauges. 

Currently, the maximum beam intensity extracted to the 
slow-extraction beam line is 1.7×1013 PPP (14 kW in 
power), and all the RGIPMs are working properly. No 
demagnetization due to radiation dose is observed. 

Figure 5 shows a comparison of the vertical profile 
distributions measured by the RGIPM with a 10 cm gap 
and aluminium wire scatter installed close to the RGIPM. 
The aluminium wire with a 300 m diameter was scanned 
in the vertical direction and the number of the scattered 
particles was counted by coincident signals of three 
photomultipliers. The observed profile distributions well 
agree in each other. 

Figure 6 shows the measurements of the horizontal and 
vertical beam emittance with the parabola method. The 
RGIPM with a 30 cm gap was used to measure horizontal 
and vertical profile widths by changing the focusing 
power at the monitor position with a quadrupole magnet 
located upstream of the monitor. The measured horizontal 
and vertical beam emittances are 2.35 π and 5.60 π mm 
mrad, respectively, compared to the designed value of 4.4 
π and 10.4 π mm mrad for the maximum beam intensity 

(30 GeV-9 A). The difference of the measured 
emittances from the design values may be attributed to 
smallness of space-charge effect for the current beam 
intensity. 

I

 

Figure 3: Typical horizontal and vertical distributions 
measured by the present RGIPM with 64 channel 
segmented electrodes of 1 mm pitch. The beam intensity 
is 30 GeV-7.1×1012 (6 kW) protons per pulse (PPP) and 
the vacuum pressure is 0.3 Pa. 

 

Figure 4: Plateau curve measurements with 10 cm and 30 
cm gap RGIPMs. 
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Figure 5: Comparison of vertical profile distributions 
measured by the RGIPM with a 10 cm gap and 
aluminium wire scatter. The horizontal axis is relative 
position of the scatter and the vertical axis is normalized 
counts. 

 

Figure 6: Horizontal and vertical emittance measurements 
by the parabola method. Measured horizontal and vertical 
emittances are 2.35 π and 5.60 π mm mrad, respectively. 

SUMMARY 
Residual gas ionization profile monitors working in 1 

Pa pressure have been developed and installed in the 
slow-extraction beam line at J-PARC. Applying a 
magnetic field parallel to the electric field in the gap 
electrodes reduces diffusion of electrons, and the spatial 
resolution less than 1 mm is achieved. All the monitors 

are working properly up to 30 GeV-1.7×1013 proton 
beams. No significant demagnetization due to radiation 
has been observed. The present RGIPMs are 
indispensable devices for the beam commissioning of the 
slow-extraction beam line at J-PARC. 
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BUNCH-COMPRESSOR TRANSVERSE PROFILE MONITORS OF THE
SwissFEL INJECTOR TEST FACILITY
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Rasmus Ischebeck, Eduard Prat, Peter Peier, Thomas Schietinger, Volker Schlott, Vincent Thominet

Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
Christopher Gerth, DESY Hamburg, Germany

Abstract

The 250 MeV SwissFEL Injector Test Facility (SITF)
is the test bed of the future 5.8 GeV SwissFEL linac that
will drive a coherent FEL light source in the wavelength
range 7-0.7 and 0.7-0.1 nm. Aim of the SITF is to demon-
strate the technical feasibility of producing and measuring
10 or 200 pC electron bunches with normalized emittance
down to 0.25 mm.mrad. A further goal is to demonstrate
that the electron beam quality is preserved in the acceler-
ation process, in the X-Band linearizer and the magnetic
compression from about 10 ps down to 200 fs. The SITF
movable magnetic bunch-compressor is equipped with sev-
eral CCD/CMOS cameras for monitoring the beam trans-
verse profile and determining the beam energy spread: a
YAG:Ce screen and an OTR screen camera at the mid-point
of the bunch compressor and a SR camera imaging in the
visible the Synchrotron Radiation emitted by the electron
beam crossing the third dipole. Results on the commis-
sioning of such instrumentations, in particular in the low
charge limit, and measurements of the beam energy spread
vs. the compression factor will be presented.

INTRODUCTION

The SwissFEL project aims at the construction of a
5.8 GeV electron linac driving a coherent FEL light source
in the wavelength regions 7-0.7 and 0.7-0.1 nm. The rela-
tive compact size of the facility (the SwissFEL total length
is about 700 m, linac+undulators+experimental area) being
a constraint for the linac energy performance, high bril-
liance features are imposed to the electron source by the
lasing condition. Projected emittance 0.65/0.25 mm.mrad
and longitudinal length of 25/2 fs (RMS) at the undulator
are indeed the design parameters of the 200/10 pC electron
bunches of the SwissFEL [1]. In the two different charge
operation modes of the SwissFEL, sequences of two elec-
tron bunches separated in time by 28 ns will be produced
at a repetition rate of 100 Hz by a photocathode gun and
accelerated by S-band Travelling Wave (TW) accelerating
structures (injector section) up to 330 MeV and, finally,
by a C-band TW linac up to the final energy of 5.8 GeV.
Thanks to a magnetic switchyard and a further accelerating
section (up to 3.4 GeV), two different undulator lines will
be simultaneously electron-supplied at 100 Hz: the hard X-
ray undulator line (ARAMIS) and the soft X-ray undulator

∗gianluca.orlandi@psi.ch

line (ATHOS). The electron beam, produced at the cathode
of the RF gun by a Ti:Sa laser with a flat-top longitudinal
profile (3.6/10 ps FWHM), will reach the undulator after a
two-stage longitudinal compression by means of two mag-
netic chicanes. The magnetic compression scheme foresees
an energy chirping of the electron beam, achieved in the S-
band injector, and a longitudinal phase space linearization
performed by a couple of X-band cavities upstream the first
magnetic chicane.

The preparatory phase of the future SwissFEL is carried
out at the 250 MeV SwissFEL Injector Test Facility (SITF).
This is composed of, see Fig. 1: a Copper photo-cathode
and a Standing-Wave (SW) S-band 2.5-cell RF gun acceler-
ating a 10/200 pC electron bunch up to 7.1 MeV/c at a repe-
tition rate of 10 Hz; four S-band TW RF structures acceler-
ating the beam up to a maximum final energy of 250 MeV;
a compression section composed of a X-band cavity (under
installation) and a magnetic chicane; finally, downstream a
SW S-band 5-cell Transverse Deflecting Cavity (TDC), a
FODO section and an energy spectrometer where both the
transverse and the longitudinal phase spaces of the electron
beam are experimentally characterized. Goal of the exper-
imental activity so far performed at the SITF is to check
the reliability of the key components of the future accel-
erating machine, to optimize the procedures to experimen-
tally characterize the electron beam parameters, to demon-
strate the feasibility of an electron source with the required
high brilliance quality and, finally, to show that the high
quality features of the electron beam are preserved by the
X-band linearizing scheme of magnetic compression. The
campaign of measurements carried out so far at SITF es-
tablished and consolidated several measurement techniques
of the beam projected and slice emittance measurements
for both the charge operation modes and of the longitudi-
nal phase space, for instance. The outcome of this experi-
mental work [2, 3] confirmed that the extremely high beam
quality constraints required by the SwissFEL design can be
achieved. The bunch compressor is one of the key compo-
nents of the future SwissFEL whose main diagnostics have
been recently commissioned or is under commissioning as
in the following described.

BUNCH-COMPRESSOR DIAGNOSTICS

The vacuum chamber of the magnetic bunch compres-
sor (BC) is a flexible structure composed of two arms and
a central part whose rigid components are joined together
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Figure 1: Schematic layout of the 250 MeV SwissFEL Injector Test Facility (SITF).

by vacuum-bellows (see Fig. 2). The central part of the BC
vacuum chamber, mounted on a movable girder together
with the two central dipoles of the chicane, can be hori-
zontally shifted with respect to the accelerator beam axis
by means of a micro-meter stepping-motor. The BC ac-
ceptance of the dispersive trajectories ranges continuously
from 0 to about 404 mm, corresponding to a BC bending
angle between 0◦ and 5◦. The BC is equipped with diag-
nostics measuring charge, center-of-mass, transverse and
longitudinal distribution of the electron bunch and phase
jitter of the beam. Charge and position in the transverse
plane of the electron beam can be measured by Beam Po-
sition Monitors (BPM): Resonant Strip Line (RSL) (7 µm
resolution 5-500 pC) are located upstream and downstream
the first and the fourth dipoles of the chicane [4]; Cavity
BPM, also installed in the BC arms, are under commission-
ing [5]. Bunch Arrival-time Monitor [6] (BAM, resolution
better than 5 fs, SwissFEL specifications) are installed up-
stream and downstream the BC to measure, respectively,
the phase jitter of the beam due to both the gun and the
laser arrival time and to the S-band accelerating structure
in off-RF-crest operations. A single shot monitoring of
the electron bunch length can be provided by pyrodetec-
tor monitors detecting in the THz the synchrotron radiation
(CSR) emitted by the fourth dipole of the chicane and the
coherent diffraction radiation (CDR) produced, just after
the BC, by a 1 µm thick Ti foil with a circular hole of di-
ameter 5 mm. A couple of Electron Optical (EO) monitors
are also installed upstream and downstream the BC. They
will be used for on-line monitoring the compression and the
bunch shape with a resolution of 200 fs. At the BC, bunch
length measurements can be obtained from a spectroscopic
analysis of the CSR performed by a Martin Puplett Inter-
ferometer equipped with a bolometer.

The transverse profile of the electron beam can be moni-
tored at the entrance of the third bending dipole of the chi-
cane and in the mid symmetry plane of the BC. The visible
Synchrotron Radiation (SR), emitted by the electron beam
at the third bending dipole of the BC, can be imaged by
a CMOS-Camera located below the vacuum chamber be-
tween the third and the fourth dipoles thanks to a couple
of in-vacuum and out-vacuum mirrors forming a vertical

translation stage for the SR light. The set-up of the SR
out-coupling mirror guarantees the transmission of the full
SR light spot within a range of the BC bending angle be-
tween 3◦ and 5◦. The CMOS-Camera, equipped with a
300 mm focal length lens (AF-S Nikkor 300 m f/2.8G ED
VR II), can image the SR light spot with a projected pixel
size resolution of 0.040 mm. A YAG:Ce and an OTR view
screen allows the monitoring of the beam transverse profile
at the mid symmetry plane of the BC. Both view-screens
can be vertically inserted in the central vacuum chamber
of the BC by a step-motor feed-through. The YAG:Ce
screen (0.3 mm thick and 45◦ vertically tilted with respect
to the machine axis) can be imaged by a vertically oriented
CCD camera that is located below the BC central vacuum
chamber. This CCD camera, equipped with a 45 mm fo-
cal length lens (Nikkor 45 mm f/2.8D ED), can resolve the
beam transverse profile with a projected pixel resolution
of 0.115 mm. The BC OTR screen, normally intercepting
the electron beam, emits a backward light pulse that can be
imaged by a second CMOS camera whose optical set up
is almost identical to the SR one and specularly symmet-
ric to it with respect to the BC mid plane. The backward
OTR light spot can be imaged by a CMOS camera with
a 300 mm focal length lens and projected pixel size reso-
lution of 0.049 mm (under commissioning). At the nom-
inal bending angle (4.07◦) of the SITF magnetic chicane,
the BC transverse profile monitors are designed to mea-
sure the relative energy spread (∆E/E) with an expected
resolution of: 1.2×10−4 (SR-monitor); 1.5×10−4 (OTR-
monitor); 3.5 × 10−4 (YAG-monitor). The sCMOS cam-
eras (PCO.Edge) are connected via a CAMERLINK-Fiber
bridge to a PC with a 64-bitWindows operation system.
The CCD camera (Basler SCOUT) for the YAG screen is
connected via a direct GigE-Link to a similar PC described
before. The cameras synchronization is done with a TTL-
puls generated by the event based timing-system (Micro
Research Finland). The software (IOC/EPICS) controls
the camera via the vendor software interface and delivers
the picture over EPICS or saves the pictures directly to a
filesystem.
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Figure 2: The SITF Bunch Compressor layout with Transverse Profile Monitors

MEASUREMENTS AND RESULTS
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Figure 3: Bunch-Length measurements vs. compression at
12 pC, 165 and 185 pC.

The BC transverse profile monitors of SITF were com-
missioned in both the 10 pC and the 200 pC operation
modes. A Ti:Sa laser pulse with a nominal flat-top longitu-
dinal profile (3.6/10 ps, FWHW) is the photo-cathode laser
used at SITF for 10 and 200 pC operations. A Nd:YLF

laser with a nominal Gaussian longitudinal profile (2.7 ps,
RMS) is also available for machine operations at SITF. Ac-
cording to the compression scheme designed for SITF, the
electron beam is chirped in energy by running off-RF-crest
the last two TW-structures of the injector and operating the
magnetic compression at a nominal bending angle of 4.07◦

of the magnetic chicane, corresponding to a horizontal dis-
persion function of about ηx=331 mm. In order to preserve
the matching of the magnetic optics with the beam during
the compression scan, the beam energy is maintained to a
constant value lower than the nominal one (230 MeV in-
stead of 250 MeV) so that the forward RF power to the
last two TW accelerating structures can be accordingly in-
creased as a function of the off-RF-crest phase. During the
compression operations, the transverse size of the electron
beam in BC can be measured on-line and continuously by
the SR monitor and in a destructive way by the YAG and
the OTR monitors. The relative energy spread can be fi-
nally determined from the measured horizontal beam size
σx from:

σx =

√
σ2
x,0 +

(
ηx

∆E

E

)2

(1)

where σx,0 =
√
ϵxβx is the natural betatron size of the

electron beam.
A campaign of measurements aiming at studying the per-

Proceedings of IBIC2012, Tsukuba, Japan MOPB82

Transverse Profiles, Screens & Wires Monitors 273 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



-5 0 5 10 15 20 25
0

0.2

0.4

0.6

0.8

1

1.2

1.4

OFF-RF-crest phase (Deg)

s
X
(m

m
)

HE Spectrometer

BC-YAG Monitor

BC-SR Monitor

-5 0 5 10 15 20 25
0

0.5

1

1.5

2

2.5

3

3.5

4
x 10

-3

OFF-RF-crest phase (Deg)

R
e

la
ti

v
e

E
n

e
rg

y
S

p
re

a
d

(D
E

/E
)

HE Spectrometer

BC-YAG Monitor

BC-SR Monitor

ASTRA

(a)

(b)

Figure 4: Beam Energy 230 MeV, bunch charge 12 pC. (a)
Horizontal beam size vs. off-RF-crest phase measured in
the High Energy Spectrometer, BC-YAG Monitor, BC-SR
Monitor. (b) Resultant Relative Energy Spread in compar-
ison with numerical results.

formance of the compression scheme was carried out at
SITF. As a function of the compression factor (i.e., as a
function of the off-RF-crest phase of the last two acceler-
ating structures of the injector), the transverse profile of
the electron beam was measured in the BC by means of
the YAG and SR monitors. In parallel, the electron bunch
length was measured by means of the TDC as well as the
beam energy spread in the high energy (HE) spectrome-
ter. TDC bunch-length measurements were done streak-
ing the beam onto a view screen where the vertical beta-
tron phase advance maximizes the TDC resolution. In the
bunch-length measurements as well as in the HE spectrom-
eter measurements, a YAG:Ce screen (0.2 mm thick and
45◦ horizontally tilted with respect to the beam axis) and a
CCD camera with a projected pixel size of about 0.023 mm
were used.

Bunch compression measurements were performed with
a bunch charge of 12 pC (Ti:Sa laser, flat-top profile) and
165 and 185 pC (Nd:YLF laser Gaussian profile). As a
function of the off-RF-crest phase of the last two accel-
erating structures of the injector (compression), the beam
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Figure 5: Beam Energy 230 MeV, bunch charge 165 pC.
(a) Horizontal beam size vs. off-RF-crest phase measured
in the High Energy Spectrometer, BC-YAG Monitor, BC-
SR Monitor. (b) Resultant Relative Energy Spread in com-
parison with numerical results.

transverse profile at the BC, the bunch length by means
of the TDC and the energy spread at the HE spectrometer
were measured in a row. Results of the measurements of
the bunch length (Fig. 3) and of the horizontal beam size
(BC YAG and SR monitors and HE spectrometer) are re-
ported in Figs. 4(a), 5(a), 6(a). From the measured values
of the beam transverse size (BC YAG and SR monitors and
HE spectrometer), the corresponding values of the relative
energy spread of the beam were determined via Eq.(1) and
compared with numerical simulations of a beam tracking
code (ASTRA, [7]), see Figs. 4(b),5(b), 6(b). In the analy-
sis of the experimental data, Eq.(1) was used neglecting the
natural betatron size of the beam except in the case 12 pC.
In the 12 pC operations, the signal-to-noise ratio of the SR
monitor was checked by reducing the light intensity with a
10% density filter with a performance of appreciable sensi-
tivity of the monitor in the low compression regime.

The measured results of the beam transverse size and
bunch length, reported in Figs. 4(a), 5(a), 6(a) and (Fig. 3),
respectively, are RMS values. These values were obtained
by using a noise-cut routine of the camera images of the
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Figure 6: Beam Energy 230 MeV, bunch charge 185 pC.
(a) Horizontal beam size vs. off-RF-crest phase measured
in the High Energy Spectrometer, BC-YAG Monitor, BC-
SR Monitor. (b) Resultant Relative Energy Spread in com-
parison with numerical results.

beam profile. An adaptive region-of-interest is used to
mask the noise not related to the beam spot. This is
achieved by an intermediate smoothing of the image and
then a comparison with a certain threshold. Pixels above
the threshold in the intermediate image are considered to
be beam related in the original image [8]. For the beam
transverse profile analysis, a 10% noise-cut threshold was
settled on a basis of a check of different threshold values
and of a comparison with results of a Gaussian fit when
possible. For the bunch-length analysis, a cut-threshold of
6% was defined. In the numerical simulations of the beam
energy spread, the values of the laser profile at the cathode
of the RF gun were set according to the TDC measurements
of the bunch length (see Figs. 3): i.e., 1.1 ps (RMS, 12 pC);
1.9 ps (RMS, 165 pC); 2.2 ps (RMS, 185 pC).

On the basis of a comparative analysis of the experimen-
tal characterization of the relative energy spread vs. com-
pression, the resolution performance of the BC SR moni-
tor can be evaluated. In particular, in the case 12 pC, the
SR monitor shows to have a very good sensitivity to small
variations of the energy spread energy. The relatively high

value of the projected pixel size (0.115 mm) of the YAG
monitor in the BC strongly affects the resolution and the
precision of such a device. Finally, numerical simulations
and experimental data are in a good agreement, in partic-
ular, in the 12 pC case, where the role of space-charge ef-
fects in the numerical model of the beam tracking is less
important compared to the high charge case. Further mea-
surements and studies on modeling the beam dynamics are
foreseen.

CONCLUSIONS
The BC transverse profile monitor were successfully

commissioned in SITF. The commissioning results con-
firmed the high resolution performance of the SR monitor
in determining the relative energy spread of the electron
beam in comparison with instrumentation already in op-
eration at SITF. The experimental characterization of the
beam energy spread vs. compression is also in agreement
with expected results from numerical simulation of beam
tracking codes. Moreover, the sensitivity of the SR cam-
era in monitoring the beam transverse size of the beam has
been checked to extend far below the 10 pC charge value
of the SwissFEL specifications. Further steps towards rou-
tine operations of the BC transverse diagnostics will be
the commissioning of the OTR monitor and more exten-
sive comparative studies of the energy spread monitors of
SITF. The improvement of the energy spread resolution of
the BC YAG camera by replacing the 45 mm focal lens with
a 85 mm focal lens is also foreseen.
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TURN-BY-TURN OBSERVATION OF THE INJECTED BEAM PROFILE
AT THE AUSTRALIAN SYNCHROTRON STORAGE RING

M.J. Boland, Australian Synchrotron, Clayton, Victoria 3168, Australia
T. Mitsuhashi, KEK, Ibaraki, Japan

K.P. Wootton, The University of Melbourne, Victoria 3010, Australia

Abstract
A fast gated intensified CCD (ICCD) camera was used

to observe the beam profile turn-by-turn in the visible light

region. Using the visible light from the optical diagnostic

beamline on the storage ring at the Australian Synchrotron

an optical telescope was constructed to focus an image on

the ICCD. The event driven timing system was then used

to synchronise the camera with the injected beam. To over-

come the problem of dynamic range between the amount of

charge in an injected bunch and the stored beam, the beam

was dumped by slowly phase flipping the RF by 180 de-

grees between each one 1 Hz injection cycle. The injection

process was verified to be stable enough so that measure-

ments of the different turns could be captured on succes-

sive injections and did not need to be captured in single

shot. The beam was seen to come in relatively cleanly in

a tight beam but would then rapidly decohere due to the

strong non-linear fields needed to run the storage ring at

high chromaticity. It would take thousands of turns for the

beam to damp down again and recohere into a tight beam

spot again. This measurement technique will be used to

tune the storage ring injection process.

MOTIVATION
Observation of the beam profile can give extra informa-

tion that is not available using other position diagnostics

which are only sensitive to the centroid of the beam, such as

BPMs, DCCT or striplines. Turn-by-turn beam profiles of

the beam in the Australian synchrotron storage ring can be

captured using the visible light Optical Diagnostic Beam-

line which is equipped with an ICCD [1].

In May of 2012, the Australian Synchrotron changed

its user beam mode from decay mode to top-up injection.

Since the x-ray beamline shutter are open when the top-

up beam is injected into the storage ring it has become

more important to optimise the injection process. Two ar-

eas that can be improved in the system are the injection

kicker bump and the sextupole settings. By observing the

beam profile and motion during injection it is planned to

improve the injection efficiency and the beam stability dur-

ing injection.

Turn-by-turn measurements of the transverse beam posi-

tion can be made using electron BPMs [2], however these

measure only the bunch centroid. Using a synchrotron light

monitor, the transverse electron beam distribution can be

measured. Employing the ICCD camera, we are able to

gate acquisition fast enough to measure single bunches on

single turns. Hence, events on a highly reproducible cycle

– like injection – can be accurately measured.

Of particular interest is both closing the injection bump

[3], as well as minimising the effect of sextupoles within

the injection bump [4].

EXPERIMENTAL SETUP
The optical diagnostic beamline (ODB) of the Australian

Synchrotron [5, 6] was used to image the visible light from

the injected electron beam. To accommodate this imaging

apparatus, the lens in the optical chicane [5] was removed.

Instead, the principal focusing optic was positioned on the

optical table, as described elsewhere in these proceedings

[7]. We form a real image of the electron beam photon

source at the ICCD camera.

The imaging system of the ICCD camera [1] can be trig-

gered down to a shutter gate of 200 ps, sufficient to capture

a single bunch of 23 ps which are spaced by 2 ns in the stor-

age ring. Acquisition using the ICCD was triggered using

the programmable accelerator timing system [8] Event Re-

ceivers which are synchronised to the accelerator RF sys-

tem. The event-driven timing system was used to synchro-

nise the camera with the injected beam and change the de-

lay to monitor a different bunch or a different turn on a

1 Hz cycle. The reproducibility of the data was checked

from one injection to the next to confirm that data taken

on different turns during different injection events can be

combined in a single data set.

The storage ring can be injected to a maximum of 200

mA with an injection rate of ≈ 1 mA per shot at a 1 Hz

injection rate. To overcome the problem of sufficient dy-

namic range of the ICCD to observe both the an injected

bunch and the stored beam, the stored beam was dumped

by slowly phase flipping the storage ring RF phase by 180

degrees at the end of each 1 Hz injection cycle. In this

way the storage ring was empty of charge during each in-

jection and the ICCD could be set to maximum sensitivity

to observe the low current injection shot. In order to record

the sequence of images of the beam each turn, the gated

ICCD camera was triggered by delay times equal to a mul-

tiple of the revolution period. The timing system can be set

in unit of clock cycles which simplifies this process. The

Event Receivers have a clock frequency of ≈125 MHz, so

90 clock cycles equals one revolution cycle of ≈1.38 MHz.
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turn 3 turn 4 turn 5 turn 6 turn 7
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turn 18 turn 19 turn 20 turn 21 turn 22

Figure 1: Injected beam first 30 turns of the storage ring, imaged using ICCD camera.

0.066 ms 0.498 ms 0.930 ms 1.362 ms 1.794 ms

2.226 ms 2.658 ms 3.090 ms 3.522 ms 3.954 ms

4.386 ms 4.818 ms 5.250 ms 5.682 ms 6.114 ms

6.546 ms 6.978 ms 7.410 ms 7.842 ms 8.274 ms

8.706 ms 9.138 ms 9.570 ms 10.002 ms 10.434 ms

Figure 2: ICCD images of the injected beam taken at intervals of 600 turns after injection.
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RESULTS
The first few hundred turns of the beam were imaged

turn-by-turn to establish the timing and performance of the

system. The injection process was determined to be sta-

ble enough since the position and profile for a given turn

was very similar from injection to injection. The first 8

turns shown in Fig. 3 were then examined in more detail

and compared with the model shown in Fig. 4. The po-

sitions were in very good qualitative agreement and only

turn 5 had a significantly different horizontal position com-

pared with the measurement. Next the profile was exam-
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Figure 3: Injected beam over first eight turns . Images mea-

sured using optical telescope and ICCD camera.

ined for the first 22 turns as shown in Fig. 1, where the

dark field frame for turn −1 was subtracted from the sub-

sequent frames to remove the background noise. For the

first 8 turns the beam seems to oscillate as expected about

the central beam axis. However, from turn 9 onwards the

beam appears to decohere and filament into a large diffuse

blob covering the whole of the injection coordinate space.

As seen in Fig. 2 this diffuse beamprofile persists for sev-

eral thousands of turns until the beam damps down into a

smaller profile after about two damping times (τ ≈ 4 ms).

ANALYSIS
The measured position of the injected beam for the first

few turns in the storage ring are in excellent agreement with

the model. Interestingly the beam appears to decohere af-

ter about 8 turns in the ring which can be due to the strong

sextupole fields that are present due to the high chromatic-

ity used to damp current dependent instabilities. It is hoped

that by tuning the injection kicker bump the motion in the

beam during injection will be reduced. In addition the op-

eration of a bunch-by-bunch transverse feedback system is

planned so the chromaticity can reduced and maybe the fil-

amentation of the beam will be reduced, thereby improving

the injection efficiency.
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Figure 4: Tracking simulations over the first eight turns.

Australian Synchrotron storage ring, modelled in AT [9].

CONCLUSIONS
A fast gated intensified CCD camera was used to observe

the beam profile turn-by-turn in the visible light region.

This measurement technique will be used to tune the stor-

age ring injection process. The close agreement between

measurements and tracking simulations illustrates the im-

portance of this technique in observing real electron beam

motion on fast gated timescales. In the future this technique

will be used to fine tune the storage ring and the injection

process.
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LATEST RESULTS FROM THE 4.8 GHz LHC SCHOTTKY SYSTEMS 

M. Favier, O. R. Jones, CERN, Geneva, Switzerland

Abstract 
This paper will present the latest results from the LHC 

4.8GHz travelling wave schottky system, summarising 
measurements performed with both lead ions and protons 
during the 2011 and 2012 LHC runs. It will also describe 
attempts to improve the system architecture in order to 
make it more immune to the strong coherent lines 
observed with proton bunches even at these very high 
frequencies. 

INTRODUCTION 
Since 2010, the transverse LHC schottky systems have 

been undergoing commissioning. These sensitive 
detectors, designed by FNAL and installed in the LHC, 
are based on a slotted wave-guide structure resonating at 
4.8GHz. They allow for a non-invasive observation of the 
tune, chromaticity, momentum spread and emittance [1, 
2]. The theoretical performance of the system and its first 
results with proton beams has been described in previous 
publications [3, 4]. This article will present the 
measurements performed with lead ions during the 2011 
LHC heavy ion run and make a comparison to protons 
measurements taken in 2012. It will also discuss methods 
of optimising the hardware in order to reduce the effects 
of the strong coherent lines still observed with protons 
bunches even at this high frequency. 

SCHOTTKY SPECTRA WITH PROTONS 
AND LEAD IONS 

The 2011 LHC heavy ion run gave the opportunity to 
compare the performance of these schottky devices when 
operating with lead ions and protons. These 
measurements were performed throughout the LHC cycle 
from injection, up the energy ramp, into collision and 
throughout the stable beams period (i.e. during physics 
data taking). As described in [3] an RF gate is used to 
allow acquisition of single bunches while maintaining a 
good signal to noise level. In these measurements the gate 
was typically set to 50ns to make sure that all the signal 
from a single bunch was captured with the current 50ns 
spacing used for protons physics. Figures 1 and 2 show 
the typical evolution of the schottky signals along the 
LHC cycle for ions and protons respectively. It can be 
seen that with ions the transverse schottky sidebands are 
clearly visible in the spectra at injection, up the ramp and 
during the entire stable beams period. This allows for a 
continual measurement of both tune and chromaticity 
throughout the entire fill. For protons, however, the 
transverse schottky sidebands disappear during the ramp 
and only re-appear several tens of minutes into the stable 
beams period. The reason for this is linked to the 
controlled longitudinal blow-up performed on the beam 
during the ramp to maintain a constant bunch length. It is 

then thought that the bunches continue to oscillate 
longitudinally for quite some time after this longitudinal 
blow-up is switched off at top energy, before quietening 
down when the transverse sidebands once again appear. 

 
Figure 1: Evolution of the schottky signal for a nominal 
Pb82+ bunch (9x109 charges) along fill #2327. 

 
Figure 2: Evolution of the schottky signal for nominal 
proton bunch (1.2x1011 charges) along fill #1647. In red 
the schottky spectra during the ramp during which the 
transverse schottky sidebands are no longer visible. 

 
Figure 3: Schottky signal comparison at injection between 
a nominal ion bunch (red) and a nominal proton bunch 
(blue). 

Transverse schottky 
Sidebands 

Coherent 
transverse tune 

peaks 
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Figure 4: Schottky signal comparison at stable beam 
between a nominal ion bunch (red) and a nominal proton 
bunch (blue). 
 

A comparison of the transverse schottky sidebands at 
injection and stable beams is presented in Figures 3 and 4. 
These were obtained by averaging the continuous 4096 
point FFT spectra calculated from the 44 kHz sampled 
data over 29 seconds. Compared to protons with Q = 1, the 
ion signal is expected to deliver Q times the power for the 
same number of charges in the ring (QxNIONS = NPROTONS). This 
is 19 dB stronger for lead ions with Q = 82. Even though the 
proton intensity is some 13 times higher than the lead ion 
intensity, the ion signal therefore remains some 8dB 
larger than the proton signal at all moments of the fill. 
This, combined with the absence of controlled 
longitudinal blow-up for ions, significantly improves the 
conditions for fitting the spectrum, allowing the beam 
parameters to be computed for ions throughout the cycle. 

TUNE AND CHROMATICITY 
MEASUREMNTS 

Tune Measurements 
The tune corresponds to the average position of the 

centre of both schottky bands with respect to the 
revolution frequency. Once the schottky spectra are 
visible the tune can therefore be computed by a suitable 
fitting of the two sidebands [5]. An example of the 
evolution of the tune from a nominal ion bunch during the 
LHC fill is shown in Figure 5. 

 
Figure 5: Tune evolution for a nominal ion bunch along 
fill #2327. 

The tune derived from the schottky spectrum with ions 
(red trace in Fig. 5) is seen to give reproducible results 
from injection right into physics. This can be compared to 
the regular LHC tune measurement, based on the Base 
Band Tune (BBQ) detection technique [6], shown as the 
blue trace in Fig. 5. Detecting the coherent tune, the BBQ 
system suffers from considerable interference due to the 
use of a transverse feedback system to stabilise the beams 
throughout the injection, ramp and beta squeeze sequence. 
It is also optimised for high intensity proton bunches; 
leaving it with signal to noise issues for the much lower 
intensity ion bunches. However, since it takes a minimum 
of ~20 seconds of averaging for the schottky system to 
produce a new, useable spectrum, compared to the 12.5 
Hz update rate of the BBQ, the schottky results are too 
slow to be used as an input for the tune feedback system. 

 
Figure 6: Single bunch tune shift measured using the 
schottky system during a head-on beam-beam study in the 
LHC. 
 

Due to the fact that the LHC transverse schottky system 
is currently the only system able to measure individual 
bunch tunes, it is heavily used during LHC machine 
development periods. Figure 6 shows the results from one 
such study, where the tune shifts caused by head-on 
beam-beam were being investigated. In this case proton 
bunches are first brought into collision in the ATLAS 
experiment (collision rate shown by the blue curve) 
before being made to collide in the CMS experiment 
(collision rate shown by the black curve). The tune of the 
bunch is clearly seen to change as it experiences the 
beam-beam force from one or two experiments and also 
follows the repeated collide and non-collide status of the 
CMS experiment. The tune shifts measured in this way 
with the schottky system are in good agreement with the 
expected values, confirming the accuracy of the single 
bunch schottky tune measurements. 

Chromaticity Measurements 
Some attempts to compute the chromaticity from the 

schottky sidebands was made for lead ion spectra. This 
involves fitting the two sidebands and extracting their 
widths. The chromaticity is then proportional to the 
difference in these widths. It is currently not possible to 
measure chromaticity with any other technique with 
physics production beams, which is why such a 
measurement using schottky signals is currently being 
pursued.  

Tune shift clearly visible

Tune shift before 
going into collision 
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Figure 7: Chromaticity evolution for a nominal ion bunch 
along fill #2327. 

An example of such results is shown in Figure 7. The 
standard chromaticity measurement (BOFSU 
Chromaticity), using frequency modulation and coherent 
tune measurement with the BBQ system, can only be 
performed at the start of the injection process when there 
is little intensity in the machine. An accurate comparison 
of the two measurements is therefore not possible. 

It can be seen that there is considerable scatter in the 
measured schottky values, which results from the fact that 
there is little difference in the measured widths. This is a 
result of the high detection frequency (4.8 GHz) used by 
the pick-up, where the majority of the width comes from 
the energy spread in the beam, which is common to both 
sidebands. The contribution of chromaticity, which is 
asymmetric for the two sidebands, represents less than 
1% of the total width at this frequency. Nevertheless, 
improvements to the fitting routines are currently being 
investigated, as a proven method of continuous 
chromaticity measurement would be of benefit to regular 
LHC operation. 

THE SIGNAL PROCESSING CHAIN 

Of the fours installed schottky systems (one per plane 
per beam), only the beam 1 horizontal system has been 
shown to give good signals with proton beams. It is 
suspected that one reason for this could be due to 
saturation of the electronics in the other channels by the 
strong coherent lines that are still present in the beam 
spectrum even at this high detection frequency, (see 
Fig. 2). These coherent lines can be over 50 dB higher 
than the schottky signals of interest and their suppression 
depends strongly on a good phase and amplitude match 
between the opposing waveguides in the pick-up. 

Changes to the processing chain have therefore been 
made in order to try and reduce the influence of these 
lines. The original system uses a gate after a 100 MHz 
band pass filter and a 38 dB front-end amplifier to both 
select the bunch being measured and improve the signal 
to noise by cutting out the amplifier noise when there is 
no bunch present. However, this large bandwidth, 
required for the bunch by bunch measurement, means that 
the front-end amplifier has to deal with relatively large 

signals. The new scheme tested involves adding a second 
gate, this time right after the difference hybrid, whose 
sole job is to select the signal from the bunch of interest 
(see Fig. 10). Once selected this signal can be filtered to a 
much narrower bandwidth (in this case 24 MHz) before 
being amplified. The second gate is still present to cut out 
the front-end amplifier noise when there is no signal 
present. 

 

 

Figure 8: Oscilloscope measurement with protons at 
injection. View of the signal at the pick-up plate output. 
Blue trace has 15 dB amplification and no filtering, while 
green trace has 100 MHz band pass filter and 38 dB 
amplification. 

 
Figure 9: Oscilloscope measurement with protons at 
injection on the modified channel. Yellow trace shows the 
signal at the pick-up output with cascaded 100 MHz and 
24MHz band pass filters and 38 dB amplification. Pink 
trace is taken after the second gate with further filtering 
by 24MHz band pass filters and 38 dB amplification. 

The effectiveness of this approach was measured using 
a fast oscilloscope (18 GHz bandwidth, 60 GS/s) installed 
in the gallery next to the LHC tunnel. In this way it was 
possible to observe the time domain signals coming from 
the pick-up plate after they had gone through the 
difference hybrid, band pass filter and 38dB front-end 
amplifier. Comparing the green trace of Figure 8 with the 
yellow trace of Figure 9, it can be seen that the output 
voltage (and hence input) of the front-end amplifier is 
reduced by more than a factor of 3, corresponding to the 
reduction in input bandwidth. This is sufficient to remain 
well below the 1dB compression point of this amplifier 
under all conditions. 

Despite these modifications (see Fig. 10) the overall 
signal to noise did not improve significantly on the 
channels where this change was implemented. Further 
investigations have raised the possibility that structural 
defects in the pick-up, and in particular in the phase 
matching between waveguides could be the reason for the 
reduced performance of three of the installed systems. 
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Figure 10: Analogue Processing Chain describing the modified pickup plate with the addition of a gate and a 24 MHz 
filter (elements unlighted in yellow).

CONCLUSION 
The LHC 4.8 GHz travelling wave schottky system has 

been shown to give good results with lead ion beams, but 
is proving more problematic with high intensity proton 
beams. Measurements during proton physics energy 
ramps are not currently possible due to the controlled 
longitudinal blow-up performed on the beam to maintain 
the bunch length constant.  

Analysis of the schottky tank output signals indicate 
that the poorer signals observed on 3 of the schottky 
measurement chains probably originate from the tanks 
themselves and not the analogue electronic chains. 
Investigations are now underway to pinpoint this source 
with a view to significantly improving the system for the 
LHC run at 6.5 TeV in 2014. 
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BETATRON TUNE MEASUREMENT AND AUTOMATIC CORRECTION 
SYSTEMS AT NEWSUBARU STORAGE RING  

S. Hashimoto#, Y. Hamada, S. Miyamoto, NewSUBARU, Hyogo, Japan

Abstract 
  At the NewSUBARU electron storage ring, two 

different kinds of systems for betatron tunes have been 
developed: a high-precision tune monitor and a real-time 
measurement and automatic correction system.  The high-
precision tune monitor has the resolution of 0.0002 and 
uses frequency analysis methods such as SRSA, zoom 
FFT, in addition to usual FFT.  Fluctuations of tune due 
to a slight difference of filling pattern in the top-up 
operation and tune shifts due to the decrease of stored 
current in the decay operation can be observed with this 
monitor. The tune monitoring and automatic-correcting 
system has been developed to compensate tune shifts 
during the energy ramp from 1.0 to 1.5 GeV.  This system 
can measure and correct betatron tunes every 0.5 sec to 
keep tunes to the optimal values.  The system also has a 
tune survey function that can automatically measure the 
beam lifetime in a tune diagram to find the optimal 
operating point experimentally. 

INTRODUCTION 
The NewSUBARU synchrotron radiation facility [1,2] 

of University of Hyogo [3] is located in the SPring-8 site 
and has a 1.5 GeV electron storage ring.  Synchrotron 
radiation in the soft X-ray regime is applied to industrial 
purposes such as EUV Lithography, LIGA, the 
development of new materials, and the generation of 
gamma ray by Compton scattering.  Electron beams are 
injected from 1.0 GeV Linac of SPring-8.  The ring 
operates in the top-up mode at 1.0 GeV and the decay 
mode at 1.5 GeV.  The main parameters of the ring are 
shown in Table 1. 

 
Table 1: Main Parameters of the NewSUBARU Ring 

Beam energy 1.0 – 1.5 GeV 

Circumference 118.7 m 

RF frequency 499.955 MHz 

Stored Current  500 mA (max.) 

Harmonic Number 198 

Synchrotron Frequency 6 kHz 

Betatron Tune 6.28 (H) / 2.22 (V) 

Operation mode in user 
time 

220 mA Top-up @1.0GeV 
350 mA Decay @1.5GeV 

 
One of the problems on machine operation is a betatron 

tune shift during user time.  Tune shifts were observed in 
the following cases: (1) current dependence in the decay 

mode operation, (2) dependence on a slight difference of 
filling pattern in the top-up operation, (3) during energy 
ramping from 1.0 to 1.5 GeV.  In our ring a stripe-line 
kicker shakes electron beams vertically to enlarge the 
Touschek lifetime.  Thus horizontal and vertical tunes can 
be usually observed even during user time. 

In this paper we introduce two different kinds of 
systems concerning betatron tunes, the one is for precise 
measurement and the other is for real-time tune 
correction. 

BETATRON TUNE MONITOR 
To measure betatron tunes with a high resolution we 

developed a precise tune monitor.  Although the update 
rate is relatively slow, the monitor has the resolution of 
0.0002 and can measure a slight change of tune or its fine 
structure.   

Hardware 
Signals from four electrodes of a Beam Position 

Monitor are analyzed using a BPM signal processing 
circuit (bergoz LRBPM).  The output signals representing 
horizontal and vertical beam positions are digitized by a 
digital oscilloscope (NI PXI-5102) in a PXI chassis.  The 
digitizer has 15MHz bandwidth and 20MS/s sampling 
speed.  The PXI system was connected to a PC through 
Ethernet.  The digitized waveform data in time domain, 
whose typical number of samples per channel is 25600, 
was transferred to the PC.  The application software 
developed by National Instruments (NI) LabVIEW 
performs frequency analysis from the position data.  The 
PC runs as a virtual machine on a host machine using 
VMware workstation.  

 

Figure 1: Layout of the precise tune monitor. 

Frequency Analysis 
The advantage of performing frequency analysis at the 

PC is that resources of high-performance PC can be used 
for the frequency analysis requiring a huge amount of  ____________________________________________  
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calculation and that various methods of frequency 
analysis can be used.  As frequency analysis methods, we 
used zoom FFT, SRSA (Super-Resolution Spectral 
Analysis) in addition to FFT which is the most popular 
frequency analysis method.  Zoom FFT analysis [4] is an 
efficient computation on a subset of frequencies of 
interest, and can save an amount of processing power and 
time compared to computing the FFT for entire 
frequencies.  SRSA is a model-based analysis method.  It 
needs smaller datasets of sample points and prior 
knowledge of the input signal, that is, an estimate of the 
number of sinusoidal components in the input signal.  

Horizontal tune spectrums at the 1.0 GeV top-up 
operation obtained by the three methods are shown in 
Fig. 2.  Peak frequency of 726 kHz corresponds to 
fractional tune of 0.287.  The resolution of the FFT is 
0.0002 in tune. In both sides of the main lobe sidebands 
are observed which are separated by a synchrotron 
frequency of 6 kHz from the main peak.  The elapsed 
times for computing one waveform are 15.4 ms in FFT, 
4.5 ms in zoom FFT and 10.0 ms in SRSA.  
Magnification of the zoom FFT is about 80.  The zoom 
FFT has relatively lower resolution than the FFT but 
smaller elapsed time for computing.  SRSA can the peak 
frequency but it is hard to obtain fine structure and need 
computing time longer than the zoom FFT.   

 

 

Figure 2: Horizontal tune spectrums analyzed by FFT 
(upper), zoom FFT (middle) and SRSA (lower).  

 

Measurement Results 
Temporal changes of horizontal and vertical tunes 

during top-up operation, where the stored beam current of 
220 mA is kept constant for eight hours, are shown in 
Fig. 3.  In our ring the number of harmonic number is 198 
and “70+70 over Full-Fill” filling pattern, which means 
two 70 bunch trains plus fulfilling, is used in usual user 

time [5].  The ratio of bunch charge between a bunch in 
70 bunch trains and the full-fill part is about 3 to 1.  The 
beam from the linac can be injected in the order of bucket 
address or to a selected bucket which charge is smallest 
compared to the other bunches [6]. When beams are 
injected in the order of bucket address, observed tunes are 
fluctuated as shown in Fig. 3 due to a slight and relative 
variation of a filling pattern.  When the address of an 
injected bunch is selected, no fluctuation was observed, 
but slow drifts of tunes in both horizontal and vertical 
were observed.  These drifts may arise from a temperature 
drift such as magnets, vacuum chambers.  Our facility 
stops machine operation at night and starts to operate 
power supplies in morning for energy saving everyday.  

The dependence of tune on the stored current is shown 
in Fig. 4.  Tune slowly decreases according to the 
decrease of the current for ten hours of the 1.5 GeV decay 
mode operation. 

 

 

Figure 3: Measured tune variation during user-time in 
horizontal (left) and vertical (right).  Bunch selection is 
OFF (upper) and ON (lower). 

 

 

Figure 4: Horizontal (upper) and vertical (lower) tunes 
during 1.5 GeV decay mode. 

AUTOMATIC TUNE CORRECTION 
SYSTEM 

The second system is the tune measurements and 
automatic correction system.  In the NewSUBARU 
storage ring, horizontal and vertical tunes drift or 
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fluctuate during energy ramping in addition to the filling 
patterns and the stored current as mentioned above.  Tune 
shifts during the ramping come from asynchronous 
ramping speeds among magnets, eddy currents and an 
inadequate reproducibility of magnetic field strength.  It 
is desired to compensate tune shifts in real-time for a 
stable operation.   

Tune Measurement for Correction 
  The layout of the tune correction system is shown in 

Fig. 5.  To measure both horizontal and vertical tunes 
simultaneously, beam signals from diagonally displaced 
two electrodes of a BPM are used.  The intensity and 
phase of the two signals are adjusted using attenuators 
and phase shifters.  And subtracted signal is generated by 
180-degree hybrid.   After being amplified, this signal is 
frequency analyzed by the spectrum analyzer 
(ADVANTEST U3751).  The spectrum data is transferred 
to a PC through GPIB and Ethernet.  In the PC raw 
spectrum data is analyzed and tunes are evaluated in real-
time using the application software developed by 
LabVIEW. 

 

Figure 5: Layout of the automatic tune correction system. 

 

 
Figure 6: Spectrum waveform before (upper) and after 
(lower) ten times averaging and a smoothing. 

In Fig. 6 measured spectrum waveforms are shown.  
The raw data from the spectrum analyzer is very noisy, so 
the estimation of signal peaks is difficult.  After ten times 

averaging and a smoothing, the processed waveform 
becomes clear and suitable for peak detection.  In the 
software the peaks are carefully analyzed so that there is 
no detection error, taking into account that the beam 
signal intensity varies according to the stored beam 
current and a spectrum is largely disturbed in top-up 
operation if the timing of measurement is overlapped with 
a beam injection. 

Tune Correction 
A flow chart for the tune correction scheme is shown in 

Fig. 7.  The PC detects two peaks of tunes in the spectrum 
waveform and determines that it should be corrected if 
the measured tunes are largely shifted from the desired 
ones.  The PC calculates correction amount of tune and 
corresponding currents for power supplies (PS). 

To adjust tunes we attached the additional windings to 
quadrupole magnet Q1, Q2 families.  For the additional 
winding, power supplies that can be controlled separately 
from the main power supplies for Q1 and Q2 are 
provided. The PC sends current setting for Q1 and Q2 
windings to the PS controller, which controls the PS 
through Programmable Logic Controller network.  The 
control loop speed is 0.5 sec.   

Because these power supplies are monopolar from the 
point of view of cost, a simple polarity switcher that can 
be controlled by external high/low voltage from the 
remote I/O device (NI compact Fieldpoint) is used.  To 
avoid an over-correction due to measurement errors, in 
case of tune shifts larger than 0.02 in one cycle, the 
correction is not performed.  

 
Figure 7: Scheme of tune correction. 

Correction Results 
Results of tune correction during energy ramping are 

shown in Fig. 8.  Without corrections, horizontal and 
vertical tunes vary in the range of 0.01 to 0.02 during 
energy ramping.  These changes come from discrepancy 
of magnetic field during energy ramping.  The trajectory 
in a tune diagram during energy ramping is shown in 
Fig. 9.  The large shift is one of reasons of a partial loss 
of beams or a beam abort.   

With tune corrections, the range of tune shifts become 
be kept within 0.005 and stable ramping is possible.  The 
tune trajectory with the correction in a tune diagram is 
also shown in Fig. 9.   
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Figure 8: Time variation of horizontal and vertical tunes 
without and with correction. 

 

 

Figure 9: Tune trajectory during energy ramp from 1.0 to 
1.5 GeV without (left) and with (right) tune real-time 
correction. 

AUTOMATIC TUNE SURVEY 
The tune correction system has an automatic survey 

function, which can measure automatically beam lifetime 
with varying operation points.  Figure 10 shows the 
experimental results of tune survey of the beam lifetime 
at 1.0 GeV, 200 mA.  Because of the insufficient number 
of windings and the lack of capability of power supplies, 
a survey area is divided into three parts.  All data was 
taken within one hour.  Some resonance lines and the 
usual operating point (6.28, 2.21) are also plotted.  It is 
obvious that there are the decrease of lifetime due to 
resonances near 3νx=19 and νx - νx =4.   

At the usual operating point, the product of current and 
lifetime Iτ is about 1000 mA hour.  On the other hand, it 
is found that Iτ around νx =6.31 increases about 40 %.  
This optimal area is relatively large but close to the strong 
resonance 3νx=19.  Without tune corrections, ramping in 
this area may cause the reduction of lifetime or a beam 
abort, considering that tunes shift about 0.02 as shown in 
Fig. 8.  Thus it is necessary for the stable operation to 
operate and ramp in this area with the tune correction. 

 

Figure 10: Contour plot of the measured beam lifetime in 
tune diagram.  The circle denotes typical operating point. 

CONCLUSIONS 
In the NewSUBARU electron storage ring, the two 

kinds of betatron tune monitors have been used.  The one 
is for the high-precision measurement and the other is for 
the real-time automatic correction.  

Although the high-precision monitor is slow monitor, 
the resolution of tune measurements is 0.0002.  In 
frequency analysis three methods such as FFT, zoom 
FFT, SRSA were compared.  Small fluctuations of tunes 
during the top-up operation can be observed using this 
monitor. 

The tune correction system can automatically 
compensates tune shifts every 500 ms, if measured values 
are shifted from the desired values.  The automatic tune 
survey of the beam lifetime is useful for study of beam 
dynamics. 
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DEVELOPMENT AND FIRST TESTS 
OF A HIGH SENSITIVITY CHARGE MONITOR 

FOR SwissFEL* 

S. Artinian, J. Bergoz, F. Stulle, Bergoz Instrumentation, Saint-Genis-Pouilly, France 
V. Schlott, P. Pollet, Paul Scherrer Institut, Villigen, Switzerland  

Abstract 
The compact X-ray free electron laser SwissFEL, 

which is presently under development at the Paul Scherrer 
Institut (PSI) in Villigen, Switzerland, will operate at 
comparably low charges, allowing the compression of the 
electron bunches to a few femto-seconds (nominal 200 pC 
mode) and even towards the atto-second range (short 
bunch 10 pC mode). A high precision charge 
measurement turns out to be a challenge, especially in the 
presence of dark currents, which may occur from high 
gradient RF gun and accelerating structure operation. In 
response to this challenge, a higher sensitivity charge 
transformer and new beam charge monitor electronics 
were developed in collaboration between Bergoz 
Instrumentation and PSI. The Turbo-ICT captures sub-pC 
bunch charge thanks to a new magnetic alloy exhibiting 
very low core loss. Transmission over a carrier using 
narrow-band cable television technique preserves the 
signal integrity from the Turbo-ICT to the BCM-RF. 
Electro-magnetic and RF interferences are strongly 
attenuated; the dark current signal is suppressed. First 
beam test results, which have been performed at the 
SwissFEL Test Injector Facility (STIF), are presented in 
this contribution. 

SwissFEL AND THE SwissFEL TEST 
INJECTOR FACILITY 

SwissFEL is a compact free electron laser user facility 
presently under design at the Paul Scherrer Institut in 
Villigen, Switzerland [1, 2]. The project comprises two 
FEL beam lines, which will be realized in two phases. 
The three hard X-ray ARAMIS end stations (phase 1) will 
provide highly brilliant SASE radiation from 1 to 
7 Ångström while the soft X-ray ATHOS beam lines 
(phase 2) will range from 7 to 70 Ångström [3]. 
SwissFEL will be operated at 100 Hz repetition rate with 
two bunches per RF pulse at a bunch distance of 28 ns. 
Bunch distribution towards the two FEL beam lines will 
be accomplished at electron energies of 2.1 GeV by fast 
kickers in a switchyard. The nominal operation at low 
bunch charges between 10 and 200 pC provides excellent 
transverse emittances and allows the utilization of 
compact (in-vacuum) undulators providing full hard X-
ray photon flux at comparably low electron energies of 
5.8 GeV. Full compression of the low charge electron 
bunches will lead to ultra-short pulses of < 20 fs (rms at 
200 pC) and < 2 fs (rms at 10 pC) in the nominal 
SwissFEL operation modes and even to towards the atto-

second range in a specific short bunch mode of operation. 
A status of the SwissFEL facility and simulations of its 
accelerator and FEL performance have recently been 
summarized in [4]. 

Most of the design aspects for the SwissFEL 
accelerator sub-systems as well as the experimental 
verification of the initial electron beam parameters are 
presently examined at the 250 MeV SwissFEL Test 
Injector Facility (STIF) (Fig. 1) [5, 6]. An extensive 
experimental program is dedicated towards the generation 
and measurement of the low charge, low emittance 
electron beam. In this context, prototypes of beam 
instrumentation specifically designed for the low charge 
operation modes are being designed and tested – such as 
cavity beam position monitors [7], transverse profile 
monitors [8], bunch compressor diagnostics [9] as well as 
the beam charge monitors presented in this paper.  

First operational experience at STIF and preliminary 
results from (mainly longitudinal) sensitivity studies of 
electron beam parameters [10] indicate that the tightest 
tolerances for SwissFEL are driven by the peak current 
stability, which is mainly related to the longitudinal 
stability of the RF system (mainly in the injector) and the 
stability of the bunch charge. In this respect, a reliable 
and high precision bunch charge measurement with an 
anticipated resolution of 1% at the low charge (10 pC) 
operation mode, especially in the presence of dark current 
from the high brightness RF gun and/or the high gradient 
accelerating structures, turns out to be an important pre-
requisite for stable and reproducible SwissFEL user 
operation. The design of a prototype bunch charge 
monitor, the so called Turbo-ICT, and the related BCM-
RF electronics as well as first test measurements at the 
STIF are presented in the following. 

TURBO-ICT & BCM-RF PRINCIPLE 
The Turbo-ICT sensor and the BCM-RF electronics 

receiver perform bunch charge measurements with low 
noise and high accuracy. The Turbo-ICT combines an 
Integrating Current Transformer [11] of a new kind and 
front-end electronics in one assembly. The original ICT 
developed for LEP in 1989 was redesigned to measure 
bunch charges as low as 10 pC with 1% resolution. 
Several techniques were used to maximize the signal 
taken from the beam and minimize the noise from various 
sources:  beam dark current, electronics noise, RF and 
other electromagnetic interferences. 

To maximize the amplitude of signal taken from the 
beam, the ICT integration time is reduced by a factor of 
25 compared to the classical ICT making its amplitude 25 

 ____________________________________________ 

* The work was done within a Paul Scherrer Institut / Bergoz 
Instrumentation collaboration under a June 2010 MoU. 
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times higher. The shorter signal requires a processing  
bandwidth 25 times higher. It causes the bandwidth noise 
to increase by 25, while the signal noise increases 

by 25 only.  The net signal-to-noise ratio is therefore 

improved by 25 . The ICT bandwidth increase is made 
possible thanks to new alloys whose core losses remain 
below 1% up to 350 MHz. 

To further increase the signal multiple cores are used 
[12]. The available signal is multiplied by the number of 
cores coupling with the beam. The core windings outputs 
are combined to optimize the power transmission from 
cores to front-end amplifier. 

The first amplifier stage is located in a front-end 
electronics box near the sensor. This close proximity is 
essential to avoid excessive noise pick up. The amplifier 
noise performance is mainly defined by input impedance 
and transistor transfer gain. A pHEMT transistor with 
high transconductance and low input capacitance is used 
[16]. The front-end modulates a 180 MHz narrow-band 
carrier similar to cable TV signal transmission improving 
electromagnetic interference immunity. 

In conclusion, the Turbo-ICT and its front-end 
transform a beam signal whose frequency spectrum 
extends into the THz region into a narrow-band signal 
proportional to bunch charge. During this process the dark 
current signal is rejected by > 40 dB. The setup is shown 
in Fig. 1. 

 

Figure 1: Turbo-ICT with two active cores and front-end. 

The Turbo-ICT front-end electronics is powered from 
the BCM-RF receiver through its output coaxial cable. In 
the BCM-RF, the modulated carrier is processed through 
a 500 MHz diplexer removing out-of-band signals.  
Rejection of 3 GHz dark current signals is about 50 dB. 
The receiver implements a logarithmic RF amplifier to 
achieve 90 dB input dynamic range and a 10 MHz output 
bandwidth. Logarithmic amplifiers are however wide-
band devices which demodulate any wide-band noise 
present on their input. To reduce this noise, a narrow-band 
filter is located at the input. The filter’s centre frequency 
is adjusted to the RF signal carrier. The log amplifier 
output signal is proportional to the logarithm of bunch 
charge. A sample and hold circuit holds the signal 
magnitude until the next bunch arrives to allow 
comfortable readout. Fig. 2 shows the BCM-RF input 
circuit. 

 

Figure 2: BCM-RF input circuit. 

An AD8310 logarithmic amplifier [13] was chosen for 
its wide input dynamic range and its better sensitivity 
compared to others models. It is built of six cascaded 
cells. Each one has a fixed 14 dB gain. The transition 
from one cell to another produces a periodic log 
conformance error versus input signal strength of +/-
0.4 dB [13]. BCM-RF circuit features a Microchip PIC 
microcontroller [14] which can be programmed to correct 
this systematic error. 

TEST SETUP AT STIF 
The purpose of the test is to compare measurements 

from a classical ICT with BCM-IHR electronics to 
measurements from a Turbo-ICT with BCM-RF 
electronics. ICT and Turbo-ICT are installed at STIF 
close to each other. Long cables bring their output signals 
to their respective electronics. The bunch charge is also 
measured by a BPM which is calibrated vs. a wall current 
monitor. Output values from both BCMs are digitalized 
and processed by LabVIEW. 

During the charge scan the bunch charge is decreased 
by the control room in small steps from a starting value of 
200 pC/bunch. For every bunch charge LabVIEW takes 
20 measurements, averages them and calculates standard 
deviation. The standard deviation expresses the 
measurement noise, since the bunch charge variations are 
assumed to be minimal. The average value is then 
processed by a reverse function to get the bunch charge: a 
linear for the ICT/BCM-IHR and an exponential for the 
Turbo-ICT/BCM-RF. Figure 3 shows the ICTs/BCMs test 
setup. 

 

Figure 3: Test setup at STIF. 
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MEASUREMENTS & RESULTS 
The BCM-IHR was calibrated on site using a 1 nC 

calibrated source and calibrated attenuators. The linearity 
error measured during the calibration is less than 1%. The 
BPM had been calibrated previously by the STIF team 
using a wall current monitor. 

A charge scan from 200 pC to 0.13 pC is performed by 
control room operators in fourteen steps. Figure 4 shows 
the ICT/BCM-IHR response and its signal over noise 
ratio. The signal over noise ratio decreases linearly with 
beam charge. The ICT/BCM-IHR measures 120 pC with 
1% resolution (S/N = 100). In laboratory conditions the 
BCM-IHR measures 70 pC with 1% resolution, which is 
almost twice better. One reason may be dark current 
making the ICT/BCM-IHR signal noisier.  
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Figure 4: ICT/BCM-IHR response (squares, left axis), 
signal over noise ratio (triangles, right axis) and reference 
charge line (left axis). 

Figure 5 shows the BPM relative deviation compared to 
ICT/BCM-IHR from 200 pC to 30 pC. Below this value 
the ICT/BCM-IHR signal was too noisy to be properly 
analysed. The relative deviation stays within +/-1%, 
which confirms the assumption that BPM and ICT/BCM-
IHR have a linear response. As a consequence, the 
ICT/BCM-IHR response was extrapolated to lower 
charge values using BPM measurements. This 
extrapolation is the calibration reference for the Turbo-
ICT/BCM-RF below 30 pC. At higher charges the BCM-
IHR measurements are accurate enough to be directly 
used as the reference. 
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Figure 5: Relative deviation of BPM measurements 
compared to ICT/BCM-IHR measurements. 

Figure 6 shows the Turbo-ICT/BCM-RF response. 
Even at 5 pC, the signal over noise ratio remains close to 
90, i.e. 1.1% resolution, which is slightly better than 
expected. 
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Figure 6: Turbo-ICT/BCM-RF response (squares, left 
axis), signal over noise ratio (triangles, right axis) and
reference charge line (left axis).  

The Turbo-ICT/BCM-RF relative deviation is within 
+/-5%, which is slightly higher than expected (Fig. 7). We 
have identified three different sources: the log amplifier, 
the BCM-RF electronics and the BPM. Although the 
linearity of ICT/BCM-IHR and BPM has been confirmed 
above 30 pC, linearity of our reference could not be 
checked for lower charges. It is planned to address this 
topic in future measurements. Having established better 
reference will possibly allow recognizing the log 
amplifier conformance error signature. More points will 
be taken in order to identify it and try to correct it by 
using mathematical functions or a predefined correction 
table.  
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Figure 7: Turbo-ICT/BCM-RF relative deviation 
compared to BPM charge measurement. 
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MOST RECENT RESULTS 
Recently measurements were performed by PSI. The 

results show (Fig. 8) that after setup improvements the 
BCM-IHR signal is much less noisy. Its measurement is 
still useful down to 10 pC. This is advantageous for future 
calibration. Moreover, BCM-RF response on fig. 9 
confirms our previous results. Its measurement looks 
accurate even down to 1 pC. These are preliminary results 
which required careful analysis.  
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Figure 8: charge measured by ICT/BCM-IHR (green) and 
BPM (blue). 
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Figure 9: charge measured by Turbo-ICT/BCM-RF (pink) 
and BPM (blue). 
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CONCLUSION 
We have described first measurements at STIF using a 

new non-destructive high sensitivity beam charge 
monitor. The new instrument was developed by Bergoz 
Instrumentation with guidance from Paul Scherrer 
Institut. Measurements were compared and calibrated 
with a classical ICT associated with BCM-IHR 
electronics and a BPM. Results show that the new beam 
charge monitor can measure 10pC single bunch charge 
with 1% resolution. 

We plan to repeat the charge scan with more points in 
order to establish a better charge reference, to confirm the 
first measurements, to identify the log conformance error 
signature and to explore even lower beam charge. The 
influence of dark current will be studied in depth. Further, 
charge measurements using the nominal two-bunch beam 
will be performed. 
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BEAM SIZE MONITOR FOR TPS 
Chien-Kuang Kuan, Tse-Chuan Tseng, I Ching. Sheng, Shen-Yaw Perng, June-Rong Chen 

National Synchrotron Radiation Research Center, Hsinchu, Taiwan

Abstract 
Third-generation light source TPS under construction in 

NSRRC has two diagnostic beamlines in the storage ring. 
Visible SR interferometers and X-ray pinhole cameras are 
widely used to measure the transverse beam profile in 
synchrotron light sources. In phase I we shall adopt both 
methods for application as beam-size monitor. The visible 
SR interferometer uses a double slit to obtain a one-
dimensional interference pattern along the horizontal or 
vertical axis. A simple X-ray pinhole camera is designed 
to measure the size, emittance and energy spread of the 
electron beam. In this paper we present the design and 
calculation of these two beam-size monitors for TPS. 

INSTRODUCTIONS 
Taiwan Photon Source (TPS) is under construction at 

National Synchrotron Radiation Research Center 
(NSRRC). The electron beam stored in the storage ring of 
circumference 518 m has energy 3 GeV and current 500 
mA. In phase I we shall have two diagnostic beamlines, 
using radiation from a bending magnet: one is a dedicated 
diagnostic beamline; the other is constructed together 
with the bending beamline. The rms beam sizes at these 
places are theoretically 40 μm in the horizontal plane and 
16.5 μm in the vertical plane for 1 % coupling. We adopt 
two methods to measure the beam size -- a visible SR 
interferometer and an X-ray pinhole camera. 

Both methods of measuring the beam size are simple, 
cheap and reliable, and can measure the vertical beam 
size of 16.5 μm. The visible SR interferometer [1,2] has 
better resolution than the X-ray pinhole camera [3], but is 
constrained by the maximum opening angle between the 
slits. The X-ray pinhole camera is an imaging system. 
There are many effects on the point spread function (PSF) 
in the imaging system, including diffraction and pinhole 
dimension. The deconvolution of the PSF determines the 
smallest image size measurable with the imaging system. 
We use the X-ray pinhole camera to measure the beam 
size, emittance and energy spread of the electron beam. 

If the coupling is down to 0.1%, the rms beam size is 
theoretically 5.2 μm in the vertical plane. It is difficult to 
measure accurately a beam size in this range with these 
two methods; it is possible, but must be done carefully: 
there are too many constraints and errors induced by the 
optical components. In this paper we present the design, 
calculation and smallest resolution of the beam size for 
these two beam size monitors for TPS. 

VISIBLE SR INTERFEROMETER 
Figure 1 shows the layout of the visible SR 

interferometer. This interferometer is based on an 
investigation of the spatial coherence of SR. An 

interferogram in the CCD is shown in fig. 2; fitting the 
interferogram yields visibility γ from Eq. (1): 

 (1) 

The beam size σbeam comes from the relation [1], 

 (2) 

in which λ is the wavelength of the observation, R is the 
distance from the light source to the double slit, and S is 
the slit separation. 

 
Figure 1: Layout of the visible SR interferometer. 

 

 
Figure 2: Interferogram in the CCD

The parameters used are wavelength λ = 500 nm, 
distance R = 20 m, and maximum possible visibility γ = 
0.97. With these values inserted into Eq. (2), the possible 
resolution of the beam size depends on the slit separation 
S as shown in fig. 3. Using S = 70 mm and visibility γ = 
0.97, the beam size is about 5 μm. The opening angle 
between the slits, 70/20 = 3.5 mrad, is constrained by the 
bending chamber; the minimum gap in the bending 
chamber of the TPS case is 3.8 mrad. The main error of 
the visible SR interferometer arises from the distortion of 
the mirror by the radiation power. We use a cooling mirror 
made of Be to diminish the mirror distortion. With 
visibility γ=0.97, the background of noise in the CCD 

. 
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affects the accuracy of measurement of the beam size. 
The CCD will be tested and calibrated before use. 

 
Figure 3: Calculation of the beam size with varied slit 
separation S and visibility γ

X-RAY PINHOLE CAMERA 
Figure 2 shows the layout of the X-ray pinhole camera; 

the distance from the light source radiated by the bending 
magnet to the zero point of the front end (FE) is 4.6 m, 
from the light source to the shielding wall is 19.2 m. 

 
Figure 4: Layout of the X-ray pinhole camera. 

 

 
Figure 5: Optimum pinhole dimension with varied 
magnification D/d and varied energy at fixed length d. 

To increase the resolution of the beam size, a smaller 
length d from the light source to the pinhole is better, 
whereas a greater length D from the rectangular pinhole 
to the scintillator is better [3]. The smallest length for a 
possible place to install the pinhole is d = 5 m from the 
light source. The greater is length D, the weaker is the 
intensity of the image into the CCD. We must hence 
compromise between length D and the intensity of the 
image. From fig. 5, the magnification M = D/d increases 
little for M larger than 3. We put the scintillator, CdWO4 

and YAG:Ce, at length D = 15 m; the magnification M is 
then equal to 3.  

The photon energy is filtered with Al material. The 
transmission ratio is shown in fig. 6. We filter the photon 
energy with this Al material of varied thickness to obtain 
the photon flux in fig. 7. To use Al with thickness < 3 mm, 
photon flux > 10-6 photon/s [4] and a CdWO4 screen gives 
a compromise between the CCD and the energy range; the 
ultimate value depends on the final choice of CCD type.  

 
Figure 6: Transmission ratio of material Al of varied 
thickness. 

 

 
Figure 7: Photon flux after the Al filter with varied 
thickness at fixed aperture 13 μm  

 

 
Figure 8: Image beam size divided by M  with varied M 
and varied energy at fixed length d

Figure 8 shows the size of the source beam, obtained on 
dividing the size of the image beam by M; we can have 
the measuring resolution of the beam size. The relation of 
filter, energy and pinhole with measurement resolution of 
the source beam size is summarized in Table 1.  

. 

.

.  
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Table 1: Resolution of the source beam size 

 
Al filter /mm 

0.1 0.5 1 1.5 2 2.5 3 

maximum energy 
/keV 13.0 18.3 21.5 23.0 25.0 26.5 27.1 

optimum pinhole 
/μm 18.5 15.6 14.5 13.9 13.3 12.9 12.8 

image beam 
size/M  /μm 10.1 8.5 7.8 7.6 7.3 7.0 7.0 

 
With varied photon energy, length d and magnification 

M, the pinhole has varied resolution of the beam size. 
With fixed length d = 5 m, M = 3 and thickness of the Al 
filter less than 3 mm, the minimum source beam size is 
located between 10 and 20 μm of the pinhole dimension, 
as shown in fig. 9.  

 
Figure 9: Calculated resolution of the beam size [3]. 

 

 
Figure 10: Resolution of the beam size with program 
SRW and a single electron. 

We use the program SRW [5] to simulate the resolution 
of the beam size, with energy 21.5 keV and the profile 
fitted with a Gaussian shape. Figure 10 using the single-
electron mode, the data is near the calculation at the 
pinhole 15μm. Figure 11 using the multi-electron mode, 
the data is larger than calculated. The minimum source 
beam size is between 10 and 25 μm of the pinhole 
dimension. 

To align the pinhole, there are two methods: one is an 
adjustable pinhole; the other is a pinhole array. We shall 

use the pinhole array with vertical separation 0.5 mm and 
horizontal separation 1 mm to prevent overlap of the light 
from adjacent pinhole. The first choice of pinhole 
dimension is 15 μm, varied pinhole dimension between 
10 and 25 μm. 

 

Figure 11: Resolution of beam size with program SRW 
and multiple electrons. 

DISCUSSION 
The main design parameters of the beam size monitor 

for TPS are set. Both a visible SR interferometer and an 
X-ray pinhole camera are used to measure the beam size 
of the TPS project. From the analysis a beam size larger 
than 10 μm is easily measured with the two methods at 
TPS. For the purpose of machine study, the beam size can 
be adjusted below 10 μm. In the range of beam size 10 to 
5 μm, the relative design parameters should be carefully 
adjusted. A beam size less than 5 μm is difficult to 
measure. 
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BEAM INSTRUMENTATION GLOBAL NETWORK [BIGNET]:

J-J. Gras, CERN, Geneva, Switzerland 

 
Abstract 

This document will present an initiative launched 
during the International Particle Accelerator Conference 
(IPAC11) to define and produce a common web portal for 
Beam Instrumentation, with the aim of allowing any beam 
instrumentalist to easily and efficiently:  

 find the laboratories with machines using beams of 
similar characteristics (particle type, total beam 
intensity, bunch intensity, frequency, energy) 

 find the person who is working there on the beam 
observable concerned (i.e. beam position, loss, 
intensity, transverse or longitudinal profile, tune) 
and how to contact him/her 

 create discussion forums with the right audience on 
hot beam instrumentation topics or issues 

 advertise topical events and workshop 
 provide links towards documents describing 

system designs and performance assessments... 
This document will cover the status and prospects of 

the project with the aim to invite and welcome new 
laboratories to join the adventure. 

INTRODUCTION 
On regular occasions over the past years, user 

requirements have put increasing demands on the CERN 
accelerator complex beam instrumentation. 

These requests are most of the time easy to summarize 
as “improve the performance” of a given instrument and 
“quantify precisely the uncertainty of its measurements”. 

Implementation on the other hand often turns out to be 
a difficult and challenging task and it was quickly realized 
during this process that there was no easy way to share 
issues, questions and progress with people probably 
facing similar kinds of problems in other laboratories. 

The opportunity of the 2nd International Particle 
Accelerator Conference (IPAC11) was therefore taken to 
discuss the subject with beam instrumentation colleagues 
from other institutes and it was agreed that something 
useful could be done in this domain. That is how BIGNet 
(for Beam Instrumentation Global Network) started. 

INITIAL OBJECTIVES AND PLANS 
The aim of the project was to build ‘something’ that 

would allow any beam instrumentalist to: 
 Easily find the laboratories with accelerators 

producing beams with similar characteristics 
(particle type, total beam intensity, bunch intensity, 
energy…) 

 Easily find the experts working at these institutes 
on the different beam observables (i.e. beam 

position, loss, intensity, transverse or longitudinal 
profile, tune…) and how to contact them.  

 Launch (or participate in) discussion forums with 
the right people 

 Advertise events such as workshops on specific 
instrumentation technologies and beam 
instrumentation related conferences. 

 Provide links towards documents describing 
system designs and performance assessments 

 Find job offers in the field...  
The obvious solution was to develop a web site 

providing all the relevant features to host and maintain 
this data (i.e. accelerator and beam parameters, expert 
lists…), a calendar and discussion forums. 

Each participating laboratory would nominate a local 
administrator to maintain the information (i.e. machine 
and beam parameters, instrument and expert lists, local 
events…) related to their laboratory. 

Once this was in place, any beam instrumentation 
expert could then use the site content and create or 
participate to discussions 

The plan was to develop and assess a prototype of this 
web site during 2012 in collaboration with some 
volunteer local administrators in other laboratories and to 
propose it to a wider audience during IBIC2012. That is 
where we stand today. 

CURRENT STATUS OF BIGNET 
The current implementation of the BIGNet web site 

(see https://espace.cern.ch/info-bi-portal/default.aspx) is 
based on the SharePoint [1] infrastructure available at 
CERN. This option was taken for the following reasons: 

 The SharePoint infrastructure is extremely flexible 
and embeds all the functionalities to handle 
discussions, alerts, access rights etc. 

 It allows the export of data into standard formats 
such as Excel tables, which would make migration 
to another platform possible if eventually required. 

 It is widely used at CERN so an efficient support 
from the CERN-IT department can be relied upon. 

This choice allowed the rapid development of a 
prototype web site. Its current entry page is shown in Fig. 
1. Despite the good flexibility and functionality of this 
architecture, the look and feel can in some cases remain 
clumsy. If this is felt to be too penalizing for the final 
implementation other options could be considered, but as 
it is this web site already allows assessment of the 
usefulness of such a tool and permits the type of services 
and interfaces it should provide to be defined. 

The following chapters will give details on the content 
and functionalities of the main subpages of this site. 

A COMMON WEB PORTAL FOR BEAM INSTRUMENTALISTS 
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Figure 1: BIGNet entry page at https://espace.cern.ch/info-bi-portal/default.aspx. It provides a short introduction to the 
site and its contents with an overview of upcoming events and latest discussion forums, as well as providing access to 
its different subpages. 

 

Laboratories 
This page presents the list of laboratories participating 

to the BIGNet with the name of their local administrators. 

Accelerators Overview 
This page proposes two different views to describe the 

relevant machine and beam parameters of the different 
accelerators found at the participating laboratories. One 
view gives the details of the selected accelerator while the 
other regroups all accelerators in a single table with some 
filtering criteria, such as accelerator type or particle type.  

Beam Instrumentalists 
This page regroups the information on the beam 

instrumentation specialists at the the participating 
laboratories. In addition to their home laboratories and 
email contact, it also provides their main domains of 
competence (beam physics, digital electronics,…), the 
types of instruments they use (current transformer, 
inductive pick-ups…) and on which observables 
(intensity, losses, position…) they concentrate. The 
filtering facilities available on this page allow for a fast 
and easy way of producing a list of experts working in a 
specific domain.  

Documentation 
Papers and notes describing system designs and 

performance assessments are scattered in many different 
places and it is often difficult to find them unless they are 
known to exist, or there is some knowledge of the storage 
location, author or part of the title. The purpose of this 
library is not to store a copy of these documents but just 
refer to them with some attached attributes that will ease 
their access by relevant filtering. Each record in this 
library will contain a title, abstract and list of authors, 
with in addition the type of document (functional 

specification, technical description, performance 
assessment…), the beam observable and type of 
instrument it covers, which accelerator it concerns and 
finally the link towards the document itself. 

Related Events 
Major conferences such as IBIC are well publicised 

throughout the community but smaller workshops with 
more focussed scopes often go unnoticed. Even if people 
are not able to attend these meetings, they could be 
interested by the proceedings or possible participation via 
video conferencing. This part of the web site will allow 
the organizers to advertise such events and possibly reach 
a wider audience. The ‘Alert’ facility of the web site will 
do the rest with every member of the BIGNet 
automatically notified by email that a new event record 
has been added to the site with the corresponding details. 

Discussions 
An important aim of this site is to also allow BIGNet 

members to launch technical discussions on issues or 
achievements with other experts in the field around the 
world. The Discussion Forums are available for that. 
Every member will be able to launch a discussion on a 
beam instrumentation related topic or participate to any 
existing discussion via the BIGNet website. Activity on 
the discussion forums is also monitored via ‘Alerts’. 
Every member of the network will receive an email once 
per day gathering all the new discussions launched and 
any new input on existing discussions. A quick look at the 
headers will allow users to see if some topics could be of 
interest to them. One may fear that eventually this daily 
mail becomes too crowded to be useable but this would 
also mean that the forum is successful. Options could then 
be put in place to allow users to filter topics of interest. 

Two main discussion forums are currently in place. The 
first one is dedicated to discussions on beam 
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instrumentation. It could be split further (by observable 
for instance) once there is larger scale activity within the 
network. The second focuses on discussions on the 
BIGNet functionality itself. This is the forum to use in 
this early phase to discuss functionality and options or 
propose extensions etc.  

KEY ROLES WITHIN THE PROJECT  
It is now important to define the role of the different 

users of this site, especially the local administrators who 
will be essential for the success of this project. 

The following subchapters will describe these different 
roles as they are imagined today. 

General Public 
The general public, i.e. users who cannot (or did not) 

sign in, will be able to consult the list of the participating 
laboratories, the accelerators views and the event pages 
but will not have access to the details on beam 
instrumentalists or the discussion pages. 

Network Members 
Network members will appear in the Beam 

Instrumentalists page and will have access (once signed 
in) to all the information on the site. In addition, they 
have the right to launch a discussion or participate to an 
existing one. The site will be configured in such a way 
that they will receive up to 2 emails per day gathering the 
activity on the site, one for new events added in the 
calendar and one for new items in the discussion forum 
on beam instrumentation. If there is no activity, no mail 
will be sent. 

Network Local Administrators 
BIGNet local administrators are the most important 

piece of the puzzle. They take the responsibility of 
entering and keeping up-to-date the data related to their 
home institute. In particular, they are responsible for: 

1. Adding the accelerators hosted in their laboratory 
to the Accelerators Overview page. 

2. Registering their beam instrumentalists onto the 
site and training them on how to use it. 

3. Adding the beam instrumentation related events 
that may be organized by their laboratory. 

4. Promoting the network inside their team. 
5. Contribute actively to the upgrade of the tool with 

feedback on the functionality. 
The corresponding workload may look heavy at first 

glance but experience shows that it can be made 
reasonable and certainly worth the effort. Gathering the 
initial set of data, especially machine parameters, could 
be a non-negligible (but always useful) task but once done 
the maintenance effort to keep this data up-to-date should 
be limited. Machine parameters and experts list do not 
change so often with a yearly update considered enough 
for the moment. Overall, it looks to be a good investment 
for any laboratory with respect to the potential return 
from the wider community. 

Steering Board Members 
The most motivated local administrators will be 

welcome to join the BIGNet steering board that will be in 
charge of discussing this feedback and deciding on what 
should be implemented, when and how. The organisation 
and frequency of these discussions is still to be defined 
but the current idea is to meet via a video conference 
every quarter with a yearly ‘physical’ meeting during 
IBIC. 

Web Site Administrators 
Finally, web site administrators will be in charge of 

implementing agreed structural/behavioural changes at 
least for the current version. It is worth noting that any 
local administrator could become a site administrator with 
a fairly basic training on SharePoint. 

THE NEXT STEPS 
Now that this tool is in our hands, the next steps will 

be: 
 to invite other laboratories to join the adventure 

and motivate future local administrators. IBIC2012 
being the ideal opportunity for that. 

 to populate the Accelerators Overview and Beam 
Instrumentalist lists. 

 to launch a few discussion forums and advertise 
upcoming events  

 to put the Steering Board in place and react to 
experience and feedback 

CONCLUSIONS 
The current implementation of the BIGNet prototype 

proposes most of the features that were targeted at the 
start of the project. Even if it may not be perfect in terms 
of look and feel, it is sufficiently user-friendly to start 
working efficiently and demonstrate the usefulness of this 
initiative. It is now up to the community as a whole to 
make it grow and it is hoped that many new laboratories 
will join the adventure by clicking the ‘How to join the 
BIGNet’ link on https://espace.cern.ch/info-bi-
portal/default.aspx. 
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BPM ELECTRODE AND HIGH POWER FEEDTHROUGH – SPECIAL 
TOPICS IN WIDEBAND FEEDTHROUGH 

Makoto Tobiyama#                                                                                    
KEK Accelerator Laboratory, 1-1 Oho, Tsukuba 305-0801, Japan 

Abstract 
Since most of the beam in accelerator runs in the 

vacuum chamber consists of metal, it is needed to have 
'feedthrough' to get or to put the RF signal from or to 
beam. For example, we can get the beam signal by using 
button-type electrode which have electrical isolation 
material to seal the vacuum. Now, many types of vacuum 
feedthrough with coaxial structure are available commer-
cially. Nevertheless, it is meaningful to understand the 
design principle of the feedthrough needed for the beam 
instrumentation, especially for short bunch length, high 
beam current machine. I will show the design method of 
the feedthrough such as BPM electrodes or high power 
feedthroughs using 3D EM-codes such as HFSS or 
GdfidL based on several examples developed for 
SuperKEKB accelerators. 

INTRODUCTION 

In particle accelerators, so many wideband feed-
throughs are used to monitor the electromagnetic signal 
and to excite or damp the beam. Figure 1 shows examples 
of the feedthroughs used in KEKB rings. Though it is 
easy to purchase good feedthroughs commercially in the 
market, understanding the characteristics of the 
feedthrough is still very important.  

 
Figure 1: Feedthroughs used in KEKB rings: (A) Cut-
model of N-type button electrode for LER. (B) High 
power feedthrough for the transverse kicker. (C) Bunch 
position detection chamber for bunch-by-bunch feedback. 
(D) SMA-type button electrode. 

In this tutorial, we at first briefly review the 
transmission line theory which is needed to understand 
the specification of the feedthrough. Next, we show the 
example of the two widely used simulation tools to design 
the feedthrough: one is the frequency domain method to 

optimize the S-Parameters, and the other is time domain 
method to calculate the beam induced signal such as wake 
filed or the output signal of the electrode. Finally, several 
examples of the button electrodes and feedthroughs used 
KEKB and SuperKEKB accelerators are shown. 

REVIEW OF THE TRANSMISSION 
THERORY 

There are many good textbooks such as reference [1, 2] 
to introduce the microwave theory and techniques, we 
here only show several definitions used afterwards.  

Frequency Domain View 
Figure 2 shows a trans-mission line with characteristic 

impedance of Z0 with a termination Zr and a resulting 
SWR for wavelength. 

Figure 2: Transmission line with a termination. 

The Standing Wave Ratio (SWR) S can be written 
using Vmax and Vmin or reflection constant  as 
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where LC   in the case of loss less transmission line. 

In a linear two port network shown in Fig. 3, we can 
define the S-Parameters as follows:
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Figure 3: A linter two-port network. 
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S11 is the input reflection coefficient (input match) and 
S22 is the output reflection coefficient (output match). S21 
is the forward transmission coefficient (gain or loss) and 
S12 is the reverse transmission coefficient (isolation). The 
S-Parameter has many good points, such as: 
 It is relatively easy to measure S-Parameter at high 

frequency region.  
 It is related to familiar measurements such as gain, 

insertion loss SWR, or return loss. 
 It can be easily cascaded with multiple devices. 
 It has good compatibility with the E-M simulation 

software. 

Time Domain View 
We can estimate the impedance of the load using the 

voltage ratio between the forward and reflecting wave. If 
we send a short pulse with sharp rise time and flat top, it 
is easy to distinguish the forward pulse and the reflecting 
pulse using very wideband oscilloscope. This method is 
called as Time Domain Reflectometry (TDR). As this 
method is so intuitive and very easy to understand, it is 
widely used to hunt the failure point in transmission line 
components such as cables, connectors or feedthroughs 
around the accelerator. Note that theoretically it is 
possible to estimate the impedance with imaginary 
components such as capacitor or inductor, the estimation 
easily includes huge error coming from the loss of the 
cables or small impedance mismatch. Also, theoretically 
it is possible to de-convolute the multiple mismatch effect 
from the source to the DUT (device under test), 
reflections from the far point is easily smeared and not 
easy to distinguish the effect. 

Comparison of the Two Method 
As most of the feedthrough has only one RF port (air 

side) and the other side is open, measuring the S-
Parameters is not easy. Only S11 measurement is possible 
and meaningful. In case if there exist dangerous high-Q 
trapped structure in the feedthrough, it might show sharp 
drop structure in S11 measurement. Nevertheless, if one 
need to measure the pure RF characteristics of the 
feedthrough, it might be a good idea to prepare specially 
designed feedthrough with both side has good RF 
connector. 

On the other hand, TDR measurement does not need 
impedance matched port on the vacuum side. You can 
easily measure and check the internal structure of the 
feedthrough and the connected components after the 
installation to the beam chamber. 

ITEMS NEEDED TO CONSIDER BEFORE 
DESIGNING THE FEEDTHROUGH 

Size of the Feedthrough—Cutoff Frequency of 
TE11 Mode  

The signal attenuation of a coaxial cable comes from 
imperfect conductors and insulator (loss tangent). Both 
contributions of the attenuation length (dB/m) are 

proportional to the frequency.  If the insulator is fixed, it 
is inversely proportional to the diameter of the coaxial 
line.  

The lowest higher-mode propagation in the coaxial line 
is the TE11 mode. The cutoff frequency 

cf  of a coaxial 

line with inner conductor radius of a and inter radius of 
the outer conductor b is expressed as: 

  R

c
ba

c
f

 
  

where c is the speed of light and R is the relative 
permittivity of the insulator. For example, the cutoff 
frequency of RG-223 cable is around 30 GHz and EIA 
7/8” cable is around 6.8 GHz. Part of the signals with 
frequency higher than the cutoff frequency change the 
propagation mode in the coaxial line from TEM to TE11 
mode and cannot be received correctly with the 
termination designed to receive TEM mode signal. Also 
as in the higher-mode propagation, the phase velocity of 
the signal depends on the frequency, the shape of the 
signal in the time domain is wildly deformed. The size of 
the feedthrough should be chosen much smaller than the 
size which passes TE11 mode cutoff frequency.  

Support of the Inner Conductor 
In a connector or a feedthrough, most of the material 

between the two conductors is air or vacuum, with
R  is 

almost 1.  It is needed to support the inner conductor at 
some point with other dielectric materials. In the air, we 
can use lower 

R  materials of around 2, such as 

polyethylene or Teflon. There are mainly four types of 
low-reflection bead supports [1] and used as the wideband 
connectors in the air. Unfortunately for the feedthrough 
for vacuum use, it is not so easy to directly apply such 
method because of much large R in vacuum sealing 
material and required mechanical toughness there. 

On the feedthrough for vacuum use, alumina ceramic of 
10~R or glass 4~R   are widely used for the support of 

the inner conductor and the vacuum sealing. The seal 
needed to be stand the mechanical stress coming from the 
vacuum pressure, thermal stress due to baking process of 
the chamber and heating up due to the passing the beam 
power, and huge pressure when connecting the cable or 
attenuator to the feedthrough. In the view of signal 
condition, it is needed to keep good RF contact under 
much severe conditions such as many heat cycles and 
radiation effect. Note that use of materials including 
halogen, such as Teflon or polyvinyl is extremely 
dangerous because they easily decompressed by the 
radiation and damage other accelerator components 
including feedthrough itself. 

During the fabrication process of the feedthrough, high 
temperature (around 800 deg. C) brazing or melting is 
applied. For the outer or inner conductor metal, it is 
desirable to have very similar thermal expansion 
coefficient with the sealing materials. Kovar (Nickel-
cobalt ferrous alloy) is widely used as it is designed to be 
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compatible with the thermal expansion characteristics of 
borosilicate glass. Note that Kovar is magnetic substance 
so need care to use near the strong magnetic field such as 
quadrupole magnets. Thermal conductivity of the Kovar 
is also not so good so need to care about the heating up of 
the inner conductor or stripline plate or button connected 
to the inner conductor. For the use of strong magnetic 
field such as near the superconducting magnets, use of 
titanium might be a good candidate. Other materials, such 
as cupper or aluminium might be used. 

 FREQUENCY DOMAIN SIMULATION 
For the example of the frequency domain EM 

simulation, we show ANSYS HFSS[3]. It is 3D full-wave 
electromagnetic field simulator and can calculate S-
parameters, field patterns, eigen values or impedances. 
Figure 4 shows an example of BPM model for 
SuperKEKB BPM feedthrough. Note that both ports (RF 
connector port and the button head) are assigned to be the 
completely matched port on the simulation. 

 
Figure 4: HFSS Modeler. 

We set the target frequency, accepted delta-S and 
frequency range to sweep. HFSS automatically generate 
suitable mesh and iterate the calculation until delta-S 
condition satisfies. An example of calculated S-
parameters of this model is shown in Fig. 5. 

 
Figure 5: Simulated S-parameters. 

In the case of most feedthroughs, HFSS simulation time 
needed is fairly short.  

TIME DOMAIN SIMULATION 
Another kind of 3D electromagnetic simulation is the 

time domain simulation which simulate the beam 
response such as wake function or port outputs in time 
domain.  For an example, GdfidL[4] simulator is shown. 

GdfidL is an electromagnetic filed simulator which can 
calculate time dependent fields in loss-free or lossy  
structure. The field may be excited by port mode or 
relativistic line charge. Also resonant fields in loss-free or 
lossy structure can be calculated. From the calculated 
results we can easily extract the S-parameters, including 
time evolution of the extracted power to the port, wake 
potentials including loss factor, coupling impedance, or Q 
values and shunt impedance of a resonant structure. As it 
is time domain simulator, it needs large-scale parallel 
computing resources to finish the simulation within a 
realistic time. Also, as the input is the simple text, unlike 
the beautiful 3D CAD like HFSS, it is not so user friendly. 
The text input has, however, merit we can change some 
parameters by changing only one line in the input. 
Translation script from other CAD interface or 3D EM 
simulation code[5] might help for complicated structure. 

Figure 6 shows the cut plot of BPM electrode for 
KEKB feedback system. In Fig. 7, the simulated BPM 
output for the =6 mm bunch (A) and the longitudinal 
wake potential (B). 

 
Figure 6: GdfidL model of KEKB-FB BPM . 

 
Figure 7: Examples of simulated results of GdifdL : (A) 
Output of BPM with 1 pC charge with =6 mm, (B) 
Longitudinal wake potential and loss factor. 

(A) (B) 
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In GdfidL, the user needs to decide the mesh size and 
wake length. Typical simulation time strongly depends on 
the mesh size, total size of the object and the length of 
wake.  The example shown here (wake calculated up to 
5m) took about 4 hours using 64 cpu cores.  

EXAMPLE OF FEEDTHROUGH DESIGN 

Button electrode 
The design of the button electrodes for SuperKEKB 

rings has already been reported in Ref. [6] so here we 
show some tips to design the electrode. 
 Normal SMA-J connector, which has split-pin on the 

feedthrough side, has difficulty in RF contact 
because we cannot expect any spring action of the 
center-pin material after the blazing process. We 
have modified the split-pin to solid-pin like P-side 
connector (“Reverse J-type connector”) for better 
contact.  

 We prefer gold-plating at the RF connector also for 
better RF contact. During the blazing process, gold 
easily diffused into the bulk metal. It is not so easy to 
control the thickness. Also, we need to care about the 
reduction of the resistance between the center 
conductor and outer conductor due to the plating 
residuals. 

 We need to pay attention to the possible trapped 
modes in the sealing structure, which might damage 
the seal on high beam, multi-bunch condition. The 
trapped mode can be estimated using eigen-mode 
solver or fine frequency sweep in S-parameter 
calculation.  

 The narrow gap between the button electrode and the 
vacuum chamber might cause multipactoring after 
passing the bunch, especially for high single-bunch 
current machine such as light source or traditional 
high energy colliders. 

 The longitudinal coupling impedance of the button 
electrode might not be negligible on large 
circumference, high beam current machine. It might 
cause longitudinal coupled-bunch instability. 

Though  the current simulation codes are fairly reliable, 
it is still meaningful to test the devices using real beam,  

 

 
Figure 8: Measured beam signal from FB electrode of 
KEKB-LER. Sampling scope of bandwidth of 20 GHz 
was used.  

such as short pulse from linac. Figure 8 shows an example 
of measured beam signal from KEKB-LER FB electrode.  

We can make the bunch length of the linac beam much 
shorter than the beam in the ring using pulse compression 
at the transport line. The beam response of the device 
form such short beam includes very high frequency 
characteristics of the target device. In this case, the use of 
very wideband realtime oscilloscope might be needed 
because the beam from linac might change pulse by pulse, 
and preparing good timing signal for the trigger might not 
be easy. Figure 9 shows examples of beam response of 
(A) KEKB-FB button electrode and (B) SuperKEKB-FB 
button electrode using test beam line of KEK-PF beam 
transport line. As expected, better time response is shown 
in SuperKEKB-FB button electrode which uses low R 
glass as sealing material.  

 

 
Figure 9: Button signal using short linac pulse: (A) 
KEKB-FB type electrode (B) SuperKEKB-FB type 
electrode with glass seal. 

High Power Feedthrough 
For the bunch feedback use, we need (semi-)wideband 

feedthrough to pass power at the range of kW. As the 
target center frequency and the bandwidth is much 
smaller and narrower than the case of button electrode, 
we can use simple but solid structure for the vacuum 
sealing. In KEKB, we have used 20D-type structure, the 
size were just same as EIA-7/8”, for the feedthroughs of 

(A)KEKB-FB

(B)SuperKEKB-FB 
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the transverse stripline kickers and cavity-type 
longitudinal kickers. They worked very well without 
almost no trouble until the shutdown of the rings. Only 
one exception was the vacuum leak of one feedthrough of 
the longitudinal kicker due to intrinsic inferior of the 20D 
anchor contact at the air side: the RF contact had failed 
due to passing beam power and became open-contact so 
gigantic SWR had attacked the ceramic structure to break 
it. 

During the design work of the new longitudinal kicker 
for PEP-II, we found that the small change of SWR of the 
feedthrough within the pass band affects the quality factor 
of the kicker too much[7]. For the longitudinal kicker for 
SuperKEKB rings, we have designed the EIA-7/8” feed-
through with the VSWR in the pass band (500 MHz to 2 
GHz) less than 1.4. Also, to reduce the insertion loss at 
the vacuum seal, Si3N4 was used as the ceramic. Figure 10 
shows simulated S-parameters and SWR. We have 
confirmed this type of feedthrough does not affect the Q 
of the longitudinal kicker for SuperKEKB by the HFSS 
simulation. 

 

 
Figure 10: Simulated frequency response of the high 
power feedthrough for SuperKEKB longitudinal kicker. 

We have also tested the increase of the temperature of 
the ceramic using 1.3 GHz high power amplifier. The 
measured temperature rise without water cooling outside 
the ceramic was 4 deg per 100 W. Using water cooling 
channel outside the ceramic structure, we expect the 
feedthrough can be usable up to around 5 kW CW. 

SUMMARY 
In this tutorial, we at first reviewed the transmission 

line theory briefly. The S-parameters, SWR, reflection 
constant and the Time Domain Reflectometry has been 
reviewed.  

Next, two well-known 3D E-M simulation software, 
HFSS for frequency domain simulation and GdfidL for 
time domain simulation has been shown.  

Finally, we showed several examples of the 
feedthroughs used KEKB rings and prepared for 
SuperKEKB rings with some tips useful to design the 
button electrodes and feedthroughs.  

 Though it is fairly easy to buy good feedthroughs 
commercially available in the market, designing and 
fabricating your own special feedthrough might help to 
increase the total performance of your diagnostic system 
because the feedthroughs are placed nearest position to 
the beam. 
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(A)Simulated S21 and S11 

(B) Simulated SWR 
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ELECTRON STORAGE RING AS A SINGLE SHOT LINAC BEAM 

MONITOR* 
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Y. Minagawa, Y. Takemura, S. Suzuki, T. Asaka, JASRI, Sayo 679-5198, Japan

Abstract 
The SPring-8 linac has been used as an injector to the 

electron storage ring, NewSUBARU. There exists a shot-

to-shot fluctuation in the injection efficiency during top-

up operation. In order to understand the source of the 

fluctuation, we have developed single shot diagnostics of 

the injected beam using the visible light beam line of the 

ring. The techniques utilized the phase rotation of 

betatron or synchrotron oscillation in the ring. The time-

resolving visible light monitor in the ring, a streak camera 

or ICCD gated camera, records the profiles of the injected 

linac beam over multiple revolutions. The time profile 

recorded at the point of injection reveals the bunch 

structure in the 1 ns macro pulse, which contains three 

linac bunches. The time profile at after 1/4 of the 

synchrotron oscillation period gives the energy profile of 

a pulse. The bunch-by-bunch spatial profiles over 

consecutive several revolutions after the injection can be 

used to reconstruct the transverse emittance of each bunch. 

INTRODUCTION 

 The electron storage ring NewSUBARU [1] has used 

the SPring-8 linac [2] as an injector for top-up operation 

since 1998. However, fine parameter tuning is required 

for stable injection because of the small ring acceptance. 

For that process, single shot linac beam monitors were 

necessary to measure beam parameters with the injection 

efficiency. Although the feedback control of steering 

magnets using BPMs along the transport line [3] 

improved the stability, the injection efficiency still 

fluctuates due to the injected linac beam. We have 

developed single shot diagnostics utilizing the phase 

rotation in the ring, providing an opportunity to 

understand fluctuations in the injection efficiency. 

We used the time resolving visible light profile 

monitors of the electron storage ring. The time profile at 

the instance of the injection, recorded by a streak camera, 

gives the bunch structure in a pulse. The time profile after 

1/4 of the synchrotron oscillation period gives the energy 

profile. The dual sweep streak camera can also be used to 

record the spatial profile of several turns. The fast sweep 

separated linac bunches in a macro pulse and the slow 

sweep separated profiles from different turn numbers. 

The betatron oscillation in the ring produced a phase 

rotation allowing the reconstruction of the beam 

emittance. Here the beam emittance means not only the 

area but the ellipse in the transverse phase space. 

The stability of the linac beam was evaluated from the 

shot-to-shot variation. We could also see differences of 

beam parameters in the bunches of the same macro pulse. 

The measurements detailed here required dedicated 

time at the facility because the stored beam should not 

exist in the ring. This meant that storage of the injected 

beam was not necessary. The ring parameters, such as the 

beta functions, betatron tunes, etc. could be fully 

optimized for the measurement. This also means that a 

booster synchrotron of any facility can be used as a 

monitor if it has a light extraction port. 

In addition to the two aforementioned monitors, we 

will discuss the possibility of using an ICCD gated 

camera, capable of recording several spatial profiles, 

allowing analysis of the H/V coupling of the injected 

beam. 

PARAMETERS OF DAILY OPERATION 

Averaged Beam Parameters 

Figure 1 shows the layout of the SPring-8 linac, the 

booster synchrotron, and NewSUBARU storage ring. 

Table 1 shows the main parameters for the linac. 

 

 

Figure 1: Layout of the 1 GeV SPring-8 linac, the booster 

synchrotron, and the NewSUBARU storage ring. 

Table 1: Main Parameters of the Linac 

Electron energy 1 GeV 

Rf frequency 2856 MHz 

Common pulse rate 1 Hz 

Common pulse width  1 ns 

FWHM Bunch length; front/middle 10 ps / 14ps 

Full energy spread; front / middle 0.4% / 0.6% 

Transverse emittance (FWHM
2
) 100  nmrad. 
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The macro pulse width of the linac beam is normally 1 

ns, which enables a single rf bucket injection of the ring, 

covering three rf buckets of the linac [4]. The 1 ns beam 

is obtained by applying 200V rectangular pulse to the grid 

of the thermionic electron gun. 

The listed transverse emittance in Table 1 was 
calculated from the average over many shots, measured 
by Q-scanning at the beam transport line. The 

longitudinal parameters were obtained from the 

measurements of the synchrotron oscillation in the ring 

just after the injection [5]. The listed bunch length and the 

energy spread were obtained from the average of 10 shots. 

Setup of the Visible Light Beam Line 

Figure 2 shows the schematic layout near the injection 

point and the monitor line, named SR5. The dove prism 

on the line switches transverse measurement axis for the 

streak camera, in this case we selected the vertical with 

90 degrees rotation. 

The Twiss parameters at the light source point are x 

= 0.7 m, y = 17 m and the dispersion function is  = 

0.052 m. The longitudinal and transverse radiation 

damping time are 12 ms and 22 ms, respectively. 

 
Figure 2: Layout of the visible light monitor line SR5. 

CORRELATION OF INJECTION 

EFFICIENCY WITH BUNCH 

STRUCTURE 

Bunch Structure and Injection Efficiency 

The bunch structure was fluctuated by a jittering of 

the gate pulse timing of the electron gun. Figure 3 shows 

six typical dual sweep images of the streak camera with 

six typical bunch structures. They are grouped and named 

A-F for convenience. The vertical axis in the images is 

the ring rf phase and the horizontal axis shows the 

progressively increasing number of revolutions. The time 

structure at the injection imprints a bunch structure in a 

pulse. The time profile at 1/4 of the synchrotron 

oscillation period (41 μs) gives the energy profile. 

Figure 4 shows the bunch structure of each group and 

the corresponding energy profile of the middle bunch. 

The energy profile had two peaks, separated by 0.3-0.4%. 

These two peaks were intentionally produced at the 

bunching process using two bunchers [6]. 
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Figure 4: Bunch structure of three bunches and the 

corresponding energy profile of the middle bunch. The 

part of the energy profile, that contains a contribution 

from another bunch was plotted with a dotted line. The 

labels A-F corresponds to the images of Figure 3. 

The injection phase of a bunch was stable with a small 

jittering of the synchronization system between the 2856 

MHz linac rf and the 500 MHz ring rf [7]. On the other 

hand the timing jitter of the gate pulse was roughly 0.3 ns, 

much larger than the expected (30 ps FWHM [8]). The 

actual gate pulse length was thought to be 0.7 ns or less.  

 

         

Figure 3: Typical dual sweep images. Because of the non-linear momentum compaction factor, the movement of the 

front bunch is slower at the initial 50 μs. 
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(A)       (F)  

Figure 5: Calculated movement of bunches in the ring rf bucket for the images A and F of Figure 3. The black solid line 

is the separatrix. The red spots show the bunches at the injection and the blue spots at after 41 μs. The origin of the time 

axis is the synchronous phase 

Figure 5 shows the movement through 1/4 of the 

synchrotron oscillation period for images A and F. It 

explains the non-linear movement in Figure 3. The rf 

bucket model was based on the measurement of non-

linear chromaticity of synchrotron tune [9]. This showed 

that the acceptance of the rf bucket was large enough for 

the linac beam. Another experimental survey about the 

longitudinal ring acceptance was consistent with the 

model. 

Figure 6 shows the injection efficiency of 35 shots 

with the ring parameters characteristic of daily operation. 

Shots shown in images A and B had a comparatively 

worse injection efficiency. These two results suggested 

that a dependence of transverse parameters caused 

fluctuations in the injection efficiency. 
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Figure 6: Injection efficiency for different bunch structure 

labeled A-F in Figure 3. 

Here, we will mention that we could have blocked the 

light from the other bunches at after 41 μs, if we needed 

accurate energy profile. Setting an appropriate mask at a  

point of the light source image could have blocked them 

using a displacement by 0.5% energy difference, although 

sacrificing the time profile at the injection timing. 

BUNCH-BY-BUNCH EMITTAMNCE 

MEASUREMENT 

Setup of the Ring 

We wanted a bunch-by-bunch transverse parameter 

measurement. As the first step, we measured vertical 

parameters because it was easier than that to measure 

horizontal parameters. 

The linear ring lattice was the same as those of daily 

operation because the vertical beta function was large at 

the light source point. Some other parameters were 

different from those of daily operation during the 

measurement. The injection pulse bump was optimized so 

that the injected beam had a small dipole oscillation and 

maintained almost 100% injection efficiency. The vertical 

chromaticity was reduced to 0 in order to eliminate the 

chromatic betatron phase spread over multiple revolutions. 

The linear H/V coupling was reduced to less than 1%. 

The very small beam size of the stored beam was used to 

calibrate the vertical spatial resolution. It was 0.3 mm 

FWHM at the light source point with y = 17 m.  

Data Analysis of a Typical Shot 

Here we demonstrate our method of analysis using a 

representative shot (#12, image B) as an example. Its total 

charge, measured by fast CT on the beam transport line, 

was 0.23 nC. 

Figure 7 shows the dual sweep image of the streak 

camera frame and the projection to the fast sweep axis. 

The vertical axis is the horizontal position in space and 

the ring rf phase in time. The upper part of the figure 

corresponds to the head of the linac pulse with the tail in 

the lower part of the figure.  The horizontal axis is the 

vertical position in space and the ring revolutions in time. 

The six spots correspnd to profiles from the 4th through 

9th turns after the injection. Profiles at the initial 3 turns 

were out of the camera slit because of a large horizontal 

displacement. The horizontal profile of each spot in the 

image corresponds to the vertical spatial profile in the 

ring. 

Figure 8 shows the profiles of the 6 turns of the two 

respective bunches. They were fitted with Gaussian 

functions. We derived the peak position y and a 

divergence 
2
 as a function of the revolution number N. 
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Figure 7: Dual Sweep image of the injected beam of the 

shot #12. 

-2 -1 0 1 2

9th
8th
7th
6th
5th
4th

0

20

40

60

80

100

y (mm)

front

-2 -1 0 1 2

y (mm)

middle

 

Figure 8: Vertical beam profiles from turns 4 through 9 of 

the front bunch and the middle bunch. 

As shown in Figure 9, the data were fitted with the 

following sinusoidal functions 

y = A0 + AS sin(2 yN) + AC cos(2 yN)  (1) 

2
= B0 + BS sin(4 yN) + BC cos(4 yN)  (2) 

Here y =0.224 is the sub-integer part of the vertical 

betatron tune. The dipole oscillations of two bunches 

were obviously different. The oscillations of the widths 

were almost the same except for one data point, the 6th 

turn of the middle bunch. 
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Figure 9: The dipole oscillation of the peak position (left) 

and the quadrupole oscillation of the divergence (right). 

The dotted line on the right indicates the spatial resolution. 

The beam ellipse at the injection point was calculated 

using the phase advance to the light source point, 0.15 rad. 

Figure 10 shows the calculated beam ellipses at the 

injection point. 
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Figure 10: The calculated beam ellipses in the normalized 

phase space at the injection point. 

Shot-to-Shot Fluctuation 

We recorded the profiles of 20 shots in order to see 

the shot-to-shot fluctuation. Figure 11 shows the bunch 

charge for the 20 shots. They are grouped A-E, according 

to the charge of the front bunch. 
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Figure 11: Bunch charge for the highlighted 20 shots. 

The parameters quantifying the dipole oscillation, AC 

and AS, of the middle bunch are plotted in Figure 12. The 

fluctuation was correlated with the group and took place 

at the phase AS/ AC = 1.3. We added data points of the 

front bunch of groups A–C to the plot. The differences in 

the same pulse were roughly of the order of the 

fluctuation in phase. 
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Figure 12: Shot-to-shot fluctuation of the dipole 

oscillation of the middle bunch (left) and those of the 

front bunch (right). The oscillations of different bunches 

in the same shot are connected with lines. 
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The parameters for the quadrupole oscillation, BC and 

BS, of the middle bunch are plotted in Figure 13. No clear 

dependence on the group was observed. However, it 

seems to be no accident that the difference of two 

bunches satisfied 2 BS  BC > 0 for all 8 shots. 
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Figure 13: Shot-to-shot fluctuation of the quadrupole 

oscillation parameters of the middle bunch (left) and 

those of the front bunch (right). 

TRANSVERSE EMITTANCE 

At the present, the ICCD gated camera is used to 

monitor the small transverse oscillation and confirm the 

identification of the number of revolutions. However it 

has a potential to reconstruct a transverse four-

dimensional profile and identify the H/V coupling of the 

linac beam. Figure 14 shows an example of single shot 

profiles from turns two through six in the frame of the 

ICCD gated camera. 

In this case the dipole oscillation was adjusted to a 

small amplitude. However, an intentional dipole 

oscillation, both in horizontal and vertical directions, 

would separate profiles at defferent turns. Too small 

horizontal beta function at the light source point is the 

other setting parameters, which should be changed to 

improve the accuracy of horizontal beam parameters. 

 

 

Figure 14: Injected beam profiles from turns two through 

six taken from the ICCD gated camera. 

SUMMARY AND DISCUSSION 

We have presented some single shot data from the 

SPring-8 linac obtained at NewSUBARU. The shot-to-

shot fluctuation in the injection efficiency was related to 

the bunch structure, originating from the time jittering of 

the gate pulse. The energy profile and the vertical orbit 

also depended on the bunch structure. The bunch-by-

bunch emittance measurement showed a difference in 

beam parameters for different bunches. 

Our measurement showed that the energy stabilization 

using ECS [8], which certificate the energy stability of 

0.02%, is not enough. The improvement of the timing 

jitter of the grid pulser was another important factor of 

the beam energy. We are considering to add re-trigger 

using the master clock for the improvement. 

In order to have much injection tolerance, the linac 

beam energy was raised by 0.4% after the measurements. 

We are preparing system for the independent tuning of 

the beam energies, that for the booster and that for 

NewSUBARU. 

The data at our disposal from the new diagnostics 

provide an opportunity to address and solve problems in a 

systematic way. However, there still exists scope for 

improvement. Our research is still underway for more 

improvement based on better understanding of the 

injection process. 
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DESIGN AND EXPECTED PERFORMANCE OF THE NEW SLS BEAM 
SIZE MONITOR* 

N. Milas, M. Rohrer, A. Saa Hernandez, V. Schlott, A. Streun , PSI, Villigen, Switzerland 
 A. Andersson, J. Breunlin, MaxLab, Lund, Sweden

Abstract 
The vertical emittance minimization campaign at SLS, 

realized in the context of the TIARA WP6, has already 
achieved the world's smallest vertical beam size of 
3.6 μm, corresponding to a vertical emittance of 0.9 pm, 
in a synchrotron light source. The minimum value 
reached for the vertical emittance is only about five times 
larger than the quantum limit of 0.2 pm. However, the 
resolution limit of the present SLS emittance monitor has 
also been reached during this campaign, thus, to further 
continue the emittance minimization program the 
construction of an improved second monitor is necessary. 
In this paper we present the design and studies on the 
performance of this new monitor based on the image 
formation method using vertically polarized synchrotron 
radiation in the visible and UV spectral ranges. This new 
monitor includes an additional feature, providing the 
possibility of performing full interferometric measure-
ment by the use of a set of vertical obstacles that can be 
driven on the light path. Simulations results are used to 
investigate the possible sources of errors and their effects 
on imaging and the determination of the beam height. We 
also present the expected performance, in terms of 
emittance accuracy and precision, and discuss possible 
limitations of this new monitor design. 

MOTIVATION 
The main objective of the TIARA (Test Infrastructure 

and Accelerator Research Area) work package 6 [1, 2] is 
the achievement and control of ultra-low vertical 
emittances. This is of large interest for present and future 
storage ring based light sources in order to utilize small 
period / gap undulators, which provide higher photon 
energies, and for the design of damping rings for future 
linear colliders to obtain their desired high luminosities. 
In this context, a vertical emittance tuning and 
optimization program has been launched at the Swiss 
Light Source (SLS) at Paul Scherrer Institut (PSI) in 
Villigen, Switzerland [3]. The main activities include (a) 
the suppression of betatron coupling and vertical 
dispersion by beam-assisted realignment of the storage 
ring magnets and the subsequent application of correction 
schemes using skew quadrupoles, (b) the measurement of 
small vertical beam sizes by means of a high resolution 
beam profile monitor and (c) the determination of intra 
beam scattering contributions to the emittance. 

SLS Vertical Emittance Minimization 
In case of ideal flat storage ring lattices, extremely low 

vertical equilibrium emittances can be obtained, which 
are only limited by the direct recoil of the emitted photons 
[4]. For SLS this so called quantum limit of the vertical 
emittance is at 0.2 pmrad. In reality, however, magnet 
errors and alignment tolerances (typically in the order of 
few tens of ms) as well as beam position measurement 
errors lead to betatron coupling and vertical dispersion 
causing a subsequent emittance growth to several pmrad 
or even tens of pmrad. Thus, as a first step towards 
emittance minimization, a beam-assisted re-alignment of 
the SLS storage ring magnets (lattice) was carried out in 
April 2011, leading to a substantial reduction of the rms 
vertical corrector kick from initially ~ 130 rad to ~ 50 
rad. On the wa to a systematic vertical dispersion 
correction, the BPM roll errors were determined and 
regarded as “fake” vertical dispersion contributions, when 
the model-based dispersive skew quadrupole correction 
was applied. As a result, the spurious vertical dispersion 
could be reduced by using the 12 dispersive skew 
quadrupoles to < 1.3 mm rms. In a final step, a SVD 
model-based betatron coupling correction was performed 
with the 24 non-dispersive skew quadrupoles, which 
reduced the coupling part of the orbit response matrix by 
almost a factor of 2.5. Several iterations of this procedure 
including a final random optimization lead to a vertical 
beam height of 3.6 ± 0.6 m and a corresponding vertical 
emittance of 0.9 ± 0.4 pmrad [5]. Figure 1 shows this 
final “random walk” optimization of the SLS vertical 
beam height, measured with the existing -polarization 
monitor [6], which reached its resolution limit during this 
emittance minimization campaign. 

 
Figure 1: Random optimization of the SLS vertical beam 
height. The resolution limit of the existing -polarization 
monitor has been reached at 3.6 ± 0.6 m. 

 ___________________________________________  

*The presented work has received funding from the European 
Commission under FP-7-INFRASTRUCTURES-2010-1/INFRA-2010-
2.2.11 project TIARA (CNI-PP). Grant agreement no. 261905. 
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THE NEW SLS BEAM SIZE MONITOR 
The new beam size monitor at SLS will provide two 

different modes of operation: (a) the imaging of the 
vertically polarized synchrotron radiation (SR) with the so 
called π-polarization method [7] and (b) the interference 
of the vertically polarized synchrotron radiation with the 
so called interferometric method [8]. 

Working Principles and Monitor Design 
Both, the π-polarization and the interferometric 

method, allow the use of visible or ultra-violet SR for the 
determination of beam sizes well below 10 m.  

In a -polarization mode of operation, the two lobes of 
the vertically polarized SR from the BX08 bending 
magnet of the SLS storage ring are imaged onto a CCD 
camera (Basler scA1300-32gm) at the end of the beam 
line. In order to avoid damage of the optical elements and 
heat-load induced distortion of the image, the hard X-ray 
part of the synchrotron radiation, which has a small 
vertical opening angle (~ 1/) and contains most of the 
energy, is absorbed by a water cooled horizontal “finger” 
absorber (4 mm height) without obstructing the well 
separated vertical lobes of the SR. In case of the new SLS 
beam size monitor, the imaging of the -polarized 
components will be achieved by a toroidal mirror, 
generating the characteristic destructive interference 
pattern, caused by the 180° phase difference of the two 
vertical SR lobes. The resulting peak-to-valley ratio can 
be related to the source size (vertical beam height). In 
addition to the beam height and width, the -polarization 
method reveals also information about the local vertical 
dispersion by determining the tilt of the image. 

The interferometric method will be implemented on the 
same beam line by introducing a double slit in the path of 
the synchrotron radiation. The working principle of this 
method follows the van Cittert-Zernike theorem [9] and is 

based on the fact that the measurement of the spatial 
coherence of synchrotron light in the vis-UV region is 
related to the beam size.  

A sketch of the new monitor is presented in Figure 2, 
and more details on the design can be found in [10]. The 
main characteristics and improvements of the new 
monitor in respect to the existing one are: 

 the beam line ends outside of the SLS storage ring 
tunnel, thus being accessible at any time - also 
during machine operation 

 the larger magnification ratio of M = -1.45 increases 
the measurement precision of almost a factor two 

 the use of the toroidal mirror as a focusing element 
provides a free selection of the SR wavelength 
without moving the image plane  

 the potential use of shorter wavelengths (e.g. 
266 nm) enables an increase of the resolution to 
smaller beam sizes 

 two measurement methods – π-polarization and 
interferometric – enable cross-checking of results 
and extended measurement ranges 

 calibration and alignment with the use of a laser 
setup provides an online performance check of the 
monitor 

Expected Performance 
The simulations of the SR propagation along the new 

beam size monitor have been performed using the SRW 
(Synchrotron Radiation Workshop) code [11]. 

The -polarization monitor resolution has been studied 
for three different wavelengths (266, 340 and 498 nm). 
Figure 3 shows the expected increase of the monitor 
sensitivity for shorter wavelengths as the slope of the 
peak-to-valley curve becomes steeper. Although the 
proximity of the two lobes in the image plane increases at 
shorter wavelengths as well, this will not limit the 

Figure 2: Schematic design of the new SLS beam size monitor applying the -polarization and interferometric methods 
(top). Layout of the X08DA beam line – calibration and alignment set-up and imaging station are schematic (bottom). 
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performance, since the smaller pixel size of 3.75 m of 
the Basler CCD camera and the enlarged magnification of 
the new monitor compensate for this effect. 

 

Figure 3: SRW simulation of peak-to-valley resolution for 
the -polarization method and for different wavelengths. 

The sensitivity of the -polarization method to beam 
height changes is well matched to the nominal user 
operation mode of the SLS with a vertical beam size of 
~ 10 m at 0.13 % coupling. In case of further emittance 
minimization studies in the SLS storage ring, the 
interfometeric method will be applied, providing superior 
resolution of < 2 m as shown in Fig. 4.  

Figure 4: SRW simulation of the fringe visibility for the 
interferometric beam size measurement method as a 
function of slit separations (15, 20, 25 mm). The -
polarization method is shown as a reference. 

Tolerance Studies 
The toroidal mirror is the most critical component of 

the new beam size monitor concerning surface quality, 
offsets and misalignments. Mirror imperfections were 
modelled according to [12] and simulated with SRW, 
resulting in specifications for the mirror fabrication in 
terms of slope errors < 0.2 arcsec, roughness of /30 (at 
633 nm) and waviness from the polishing procedure to be 
allowed in vertical or radial directions. The toroidal 
mirror will be mounted in a gimbal mount, a pivoted 
support which allows for the rotation of the mirror around 
the horizontal and vertical axes, while keeping its centre 

fixed. In order to define the constraints on mechanical 
alignment necessary to utilize the monitor at its full 
resolving power of < 2 m, all possible misalignments of 
the toroidal mirror from its ideal position have been 
included in the SRW simulations. The results show that 
horizontal and vertical offsets of up to ± 50 m are not 
affecting the determination of the vertical beam size. A 
vertical tilt, however, turns out to be quite critical and 
results in an overestimation of the beam size from the 
valley-to-peak ratio of 11%, 100% or even 270% for tilts 
of ± 1, ± 3 or ± 5 mrad respectively. In order to avoid 
such overestimation of the beam size due to vertical tilts, 
the gimbal mount will be adjusted by using a laser-based 
alignment and calibration set-up until a symmetric 
interference pattern is observed at the CCD camera. 
Horizontal tilts of the same amount as above, will lead to 
an underestimation of the beam size in the order of 6%, 
33% and 46% in case of decreasing incident angles of the 
light on the toroidal mirror. Increasing horizontal incident 
angles lead to a less critical overestimation of the beam 
size by 4%, 6% and 10%. These effects will be 
compensated by adjusting the gimbal mount of the 
toroidal mirror until the distance between the two peaks is 
minimal. Finally, rotation around the normal axis of the 
toroidal mirror by ± 1, ± 3 or ± 5 mrad results in beam 
size overestimations of 1.5%, 17% or 49%.  
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MEASUREMENT OF NANOMETER ELECTRON BEAM SIZES  
WITH LASER INTERFERENCE USING IPBSM

Jacqueline Yan, Sachio Komamiya, Masahiro Oroku, Taikan Suehara, Yohei Yamaguchi, 
Takashi Yamanaka, University of Tokyo, Tokyo, Japan

Yoshio Kamiya, ICEPP, University of Tokyo, Tokyo, Japan
Sakae Araki, Toshiyuki Okugi, Toshiaki Tauchi, Nobuhiro Terunuma, Junji Urakawa, KEK, 

Ibaraki, Japan 

Abstract 
An e- beam size monitor, called the “Shintake Monitor” 

(or “IPBSM”), is installed at ATF2’s virtual interaction 
point (“IP”). It plays a crucial role in achieving ATF2’s 
Goal 1 of focusing the vertical e- beam size (σy*) down to 
a design value of 37 nm, using an ingenious technique of 
colliding the e- beam against a target of laser interference 
fringes. σy* is derived from the modulation depth of the 
resulting Compton signal photons measured by a 
downstream γ detector. IPBSM is the only existing device 
capable of measuring σy* as small as 20 nm with better 
than 10% resolution, and can accommodate a wide range 
of σy* up to a few μm  by switching between laser 
crossing angles θ = 174° , 30°, and 2° - 8° according to 
beam tuning status.  

The effects of several major hardware upgrades have 
been confirmed during beam time, such as through 
suppressed signal jitters, improved resolution and stable 
measurements of σy* down to about 150 nm by Feb 2012. 
The aims of the extensive 2012 summer reform 
implemented upon the laser optics are higher reliability 
and reproducibility in alignment. Our goal for the autumn 
2012 run is to stably measure σy* < 50 nm.  This paper 
describes the system’s design, role in beam tuning, and 
various efforts to further improve its performance.  

 
INTRODUCTION  

The International Linear Collider (ILC) holds great 
potential for detection and detailed research of new 
physics beyond the Standard Model. Clean e-e+ collisions 
enable observations of the most fundamental processes 
free of synchrotron radiation loss. However ILC faces 
stringent demands for luminosity, expressed here as: 

L =
nbN

2 frep
4πσ x

*σ y
*
HD

                                                          (1) 
 

nb : no.of bunches,  N : bunch population,   
frep : repetition rate,  HD: disruption parameter. 

  It is apparent from the Gaussian beam cross section in 
the denominator that beam focusing is crucial for 
achieving high luminosity. The design IP beam sizes for 
ILC are (σ*x, σ*y) = (640, 5.7) nm[1]. At the Accelerator 
Test Facility 2 (ATF2), a FFS test facility for ILC located 
in KEK, “Goal 1” is to to verify the “Local Chromaticity 
Correction” scheme by demonstrating focusing of σy* to 
37 nm, the design size energy-scaled down from ILC[2]. 
“Goal 2” is to nm precision beam trajectory stabilization 
under such a small σy*. IPBSM, installed at ATF2`s 

virtual IP, is the only existing device capable of 
measuring σy* as small as 20 nm. Its outcomes are 
indispensible for Goal 1, and thus for realization of ILC. 
 

 

Figure 1: Location of  Shintake Monitor in the ATF(2) 
beamline [3,7]. 

Measurement Scheme of IPBSM 
Figure 2 shows the schematic layout of IPBSM, which 

consists of laser optics, a detector, and DAQ 
electronics[5]. The pulsed laser beam is split into two 
paths by a half mirror, then made to cross to form 
interference fringes at their focal points matched to IP. 
The phase between the paths, controlled by a piezoelectric 
stage, is scanned relative to the e- beam traversing the 
fringes perpendicularly. A downstream  detector 
measures the modulation depth (M) of the resulting 
Compton scattered photon signal at each phase. M is large 
for focused beams, and small for dispersed beams (Fig. 3).  

Laser fringe intensity is expressed using intensity of 
magnetic field (B), averaged over time as: 

Bx
2 +By

2 = B2 (1+ cosθ cos2kyy)                                       (2) 
x and y are coordinates perpendicular to e- beam. ky = 
ksin(θ/2) (θ:laser crossing angle, λ:laser wavelength) is 
wave number component normal to fringes. Assuming 
Gaussian distribution, N, number of Compton photons, is 
related to beam centre y0 and σy* as[4].

N ∝
1

2πσ y

exp −
y− y0( )2

2σ y
2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟ Bx

2 +By
2( )−∞

∞

∫ dy

⇒   N =
N0

2
1+ cos 2kyy0( )cosθ exp −2 kyσ y( )

2( ){ }

                (3) 

M, interpreted as ratio of amplitude to average, is 
calculated in Eq. (4) from N  and N  , max. and min., + -
respectively, of signal intensity. Figure 3 relates M and 
σy*, calculated as in  Eq. (5). Here, measurable range is 
determined by the laser fringe pitch “d” (Table 1)[5, 7]. 
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M =
N+ − N−

N+ + N−

= cos(θ ) exp −2(kyσ y )
2( )

                            
(4) 

 

σ y =
d

2π
2 ln

cos(θ )

M

⎛

⎝
⎜

⎞

⎠
⎟                d =

π
ky
=

λ
2sin(θ / 2)

                 (5) 
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Figure 2: Schematic layout of IPBSM[6]. 

 
Figure 3: Relationship between beam size and modulation 
depth. 
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Figure 4: Plot of modulation depth vs σy* for each θ 
mode[6]. 

Table 1: Observable σy* Vary with Fringe Pitch, Which 
Depends on θ 
Crossing 
angle θ  

174 deg 30 deg 8 deg 2 deg 

Fringe pitch 
d 

266 nm 1.028 μm 3.81 μm 15.2 μm 

Measurable 
σy*  

20- 110 nm  80- 400 nm 360 nm-1.4 μm 1.2 ~ 6 
μm 

Comparison with IPBSM at FFTB 
  Shintake Monitor had first been put into practical usage 
at Final Focus Test Beam (FFTB ) at SLAC, where it had 
succeeded in measuring σ*y ~ 70 nm with 10% resolution, 
whereas the design size was 40 nm[2,4].  
   Table 2 shows the major changes in IPBSM related 
parameters from FFTB to ATF2.  In order to produce 
narrower fringe pitches to measure the smaller ATF2 σy*, 

was halved by SHG from 1064 nm to 532 nm. The 

measurable range was widened to encompass σy* as large 
as several μm by adding continuously adjustable lower θ 
modes. A new multi-layer CsI(Tl) detector separates 
signal from BG by taking advantage of their clearly 
distinct energy spectrum due to the much lower beam 
energy at ATF2. Instead of the FFTB method of shifting 
the e- beam using steering magnets, at ATF2, tuning of 
the lower energy e- beam is maintained effective by 
scanning laser fringes relative to a fixed e- beam.   

Owing to these accommodations, IPBSM at ATF2 is 
capable of similar resolution as FFTB despite challenges 
such as much lower beam energy, single photon energy, 
and repetition rate.  
 
Table 2: Typical e- Beam and IPBSM Parameters: ATF2 
vs FFTB [2, 4] 
 FFTB ATF2 
Beam energy 46.6 GeV 1.28 GeV 
1 photon energy 8.6 GeV 15 MeV 
rep. rate 30 Hz 1.56 Hz  (3 Hz) 
e- / bunch 1 x 1010 1 x 1010 
Bunch length 3 ps 16 ps 
(σx*, σy*) at IP  (900, 60) nm (2200, 37) nm 
Laser wavelength 1064 nm 532 nm  (SHG) 
Range for σy* 40-720 nm  20 nm-6μm       

Overall Layout of the Laser Optics 
  The laser source, located in a separate laser hut, uses 
SHG to create 8 ns (FWHM) Nd:YAG Q-switch laser 
pulses at λ  = 532 nm with an intense peak power of 164 
MW. The laser beam is delivered to IP through a 30 m 
transport line containing intermediate mirrors and 
expanders/reducers to adjust spot size and divergence. 

  After emerging onto the upright “vertical table” at IP, 
the laser beam is divided by a 50% beam splitter into 
upper and lower paths which are focused tightly by lenses 
at IP, where they cross to form interference fringes. The 
e- beam, also focused to a waist at IP, is collided against 
these fringes, then dumped safely. Meanwhile Compton 
signal photons proceed into the downstream γ detector.  

   Depending on the targeted σy*, “mode switching” 
between θ  = 174° , 30°, and 2° - 8° (continuously 
adjustable) is carried out by remote control of mover 
stages carrying mirror actuators. Meanwhile, weakened 
laser light is admitted to diagnostic devices e.g. PSDs, 
PIN-PDs, and CCD cameras for real-time monitoring of 
alignment, phase, timing, intensity and profile. 

PERFORMANCE 
IPBSM and Beam Tuning 

Measurement by IPBSM commences after σy* has been 
tuned below about 3 µm, confirmable by wire scanners. 
Multi-knob tuning of beam trajectory may affect shower 
energy deposit into the γ detector, thus degrading 
resolution. We check deviation of signal photon path by 
sliding in a movable collimator with a 10 mmϕ center, 
and if necessary adjust beam orbit or collimation.  
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  M detection requires precise laser position alignment, 
and a sufficiently focused laser waist to be matched 
strictly to IP. First, laser spots are overlapped with e- 
beam spot within O(10 µm) precision on a screen monitor 
inserted into IP. Following this is the finer “laserwire 
scan”, where one laser path at a time is scanned transverse 
to e- beam using mirror actuators, and laser position is set 
to the peak of the resulting Gaussian Compton signal. 
Similarly, a “z-scan” resolves longitudinal offset to 
achieve the sharpest fringe contrast i.e. deepest 
modulation. Laser Q-switch timing is synchronized with 
beam timing using precise digital delay modules. Stable 
operation requires suppression of timing jitter < 1 ns. 

   After completing all spatial and temporal alignments, 
IPBSM continuously feeds the σy* it measures using 
interference scans back to the beam focusing process. 

Expectations 
IPBSM is capable of measuring σy* from 20 nm to a 

few μm with resolution better than 10%, assuming 90 
bunch measurements, S/N = 3.5 and 50 % bunch-by-
bunch BG fluctuation[6]. The expected accuracy for 
measuring the design beam size is  

37± 2 stat.( )+4

−0
(syst.)  nm                                     (6) 

The following subsections describe (a) statistical errors, 
the source of signal jitters that hinder M detection, and (b)  
systematic errors, which cast a lower measurable limit for 
σy* by smearing fringe contrast, thus under-evaluating M. 

Statistical Errors 
It becomes more challenging to suppress statistical 

errors below 10% as σy* is focused down very small, 
since the stringent beam optics implemented to realize 
sudden focusing may generate extra BG and lower S/N. 
Measurement precision of a smaller σy* is impacted more 
heavily by Compton signal fluctuations [6,7].  The major 
sources are described as follows[6,7]. 

Detector Resolution: Resolution of the detector, which  
separates signal from BG using their distinct shower 
development, may become degraded when energy 
spectrum is altered due to  (1) Change over time in gain 
or light collectivity (2) unexpected BG levels and sources 
(3) photon energy loss due to collision with collimators 
(4) fluctuation in beam size or trajectory. 

Laser Timing and Intensity: Because 8 ns (FWHM) 
laser pulses interact with much shorter 16 ps e- beam 
pulses, even a few ns change in laser timing will trigger 
pulse-to-pulse inconsistency in the laser power felt by the 
beam during its passage. Fluctuations in laser timing and 
total power are monitored using TDC and PD, 
respectively, and are measured during typical operation is 
measured to be 1 - 2%, with precision better than 1 %. 

ICT Monitor Resolution:  By normalizing signal 
energy by beam current measured using an “integrated 
current transformer (ICT) monitor”, the impact from 
beam current jitter is suppressed down to the monitor 
resolution, measured to be about 2.5 - 5%.   

Systematic Errors 
Systematic errors are interpreted using “modulation 

reduction factors” C i (i = 1, 2, ....). These smear laser 
fringe contrast and reduce Mmeas from its theoretical value 
as Mmeas = CαCβ.......Mideal i.e. over-evaluate σ y.meas as 
σ2

y.meas + |ΣlnCi|/2ky
2. It is crucial to estimate the effect 

from these laser and/or beam related factors and correct 
y,meas accordingly. Certain factors affect only 174 deg 

measurement of σy* < 50 nm (see Table 3[6,7]).  
Laser position and profile at IP: Laser crossing is 
generally well aligned to e- beam center at IP within 0.1
σlaser using mirror actuators with < 50 nm resolution. Fine 
readjustment is conducted in between scans while 
monitoring jitters or drift. Meanwhile, profile imbalance 
between the two laser paths, due to lens misalignment, 
cast significant local bias on fringe intensity. 
Relative position jitter: Fluctuation in relative position 
between beam and laser smears the M curve. By the time 
we measure σy* < 50 nm, beam position jitter, likely from 
magnet vibrations or unstable extraction from damping 
ring, will be monitored by O(nm) resolution “IPBPMs” 
Fringe tilt: A tilt between the e- beam and the transverse 
plane on which laser fringes form can be observed from 
the relative offset between the two misaligned laser spots 
upon the final focal lenses after laser paths have been 
initially overlapped with beam position on a screen at IP.  
Spherical wavefronts: If the e- beam collides at a point 
offset from laser waist, it would feel “distorted” fringes, 
due to the finite curvature of the spherical Gaussian 
wavefronts. Movers attached to the 174 deg final lenses, 
is expected to scan and align laser focal point to IP within 
100 µm precision when measuring the smallest σy*. 
Change of beam size within fringe:  Measurement of an 
ultra focused e- beam, whose waist is tuned exactly to IP, 
is vulnerable to fluctuation in σy* inside the finite 
longitudinal length of laser fringes. Alignment precision 
must be reinforced for the heavily impacted 174 mode. 
Table 3: Upper Limits of Each M Reduction Factor 
Predicted for Measuring the Design σy* = 37 nm at ATF2. 
Assumed here are nominal laser and ATF2 beam 
parameters, as well as implementation of specific 
correction functions for the sensitive 174 deg mode used 
in this case [6] 
Modulation reduction factor 37 nm at 174 deg 
Total power imbalance > 99.8 % 
Relative position jitter   > 98.0 % 
Fringe tilt  > 97.2% (tilt < 1 mrad) 
Alignment (t, z) (> 99.6%, > 99.1 %)  
Spatial coherence > 99.9% 
Spherical wavefronts > 99.7% 
Beam size growth within 
fringe 

> 99.7% 

Major Systematic Errors in Recent Beam Time 
Table 4 summarizes M reduction factors analysed using 

recent measurements of σy* near 500 nm. These error 
sources were assessed through the 2012 summer upgrade.  
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Here, one of the most dominant bias factors is profile 
imbalance between upper and lower laser paths. This can 
be inferred from the difference in peak energy and sigma 
(or σlaser) in Compton signal of a pair of laserwire scans.  

Another major bias factor is the tilt of laser fringes 
relative to e- beam. The alignment precision confirmable 
with eyes after constructing laser paths at IP is about a 
few mm, corresponding to a tilt of 5 – 20 mrad. Assuming 
(according to recent status) precision of 3 mm, and IP 
σlaser ~ σx* ~ 10μm, this corresponds to a maximum Ctilt of 
99 % and 83% for 8 and 30 modes, respectively. 
Assuming design IP σlaser and σx* for 174 mode, 
suppression of tilt to 1 mrad would improve Ctilt to better 
than 97%, or 1-2 nm in σy* blow-up.  

 
Table 4: Upper limits of Dominant M Reduction Factors 
for Measuring σy* ~ 500 nm at 4 deg mode, Estimated 
using Data from June, 2012 
Modulation reduction factor O(500) nm at 4 deg 
Profile imbalance (t, z) (> 94%, > 89 %) 
Relative position jitter  > 95 % 
fringe tilt (t, z) > 95% (tilt < 20 mrad) 

Alignment (t, z) (> 95%,  > 99 %) 
Polarization  > 98%  

BEAM TIME STATUS OF IPBSM 
Status in 2010 - 2011  

In spring of 2010, due to tentative tuning issues, a 
special “10 × βy*” beam optics had been implemented. 
Though this limited the smallest feasible σy*, it enabled  
exceptionally high S/N, under which IPBSM measured 
σy*= 300 ± 30 (stat.) +0 

-30 (syst.) nm [6] at 8 deg mode. 
In autumn 2010, βy* was restored to the nominal 0.1 

mm, after which IPBSM measured σy* averaging at 280 
± 90 nm (stat.) at 5.96 deg[6,7]. After this laser optics was 
immediately switched to commission the 30 deg mode in 
pursuit of smaller sizes. However M-reconstruction was 
interrupted by unexpectedly large signal jitters, then by 
the Great Eastern Japan Earthquake on March 11, 2011. 
While recovering the IPBSM system alongside rest of 
ATF, we investigated signal jitter sources and upgraded 
hardware accordingly. One of major suspects was a 
significant rise in BG levels, likely due to return of 
nominal βy* optics. This lowered S/N to below 0.5, which 
degraded detector precision. The long post-IP bending 
magnet was discovered to be a major bremsstrahlung 
source. An “intermediate collimator” was installed theer, 
and its effectiveness was verified during the following 
beam run. Instabilities in trajectory and profile for both e- 
beam and laser may also have caused large jitters.  

We re-commissioned the interference mode for the first 
time after the earthquake by detecting M at 2 mode 
under 10 × βy* optics to measure σy* tuned down to 2.5 − 
3 μm. Due to certain issues in beam tuning, such as 
having to experiment with several sets of (βx,βy*), σy* 
was tuned to only ~ 1 μm by the end of 2011. However 
IPBSM demonstrated good resolution in continuously 

measuring σy* at  2 - 8 modes. A series of consecutive 
scans at 5 marked the best status for this run, as σy* = 
1058 ± 23 (stat.) nm[7]. Meaningful data were 
accumulated for study of systematic errors and detector 
resolution. More efficient scan software and display 
monitors were introduced into the ATF2 control system. 

Status in 2012 
Beam focusing resumed in early 2012. On Feb 17, we 

achieved full commissioning of 30 deg mode under 10 × 
βy* optics, followed by stable measurement of σy* around 
150 nm under 3 × βy* optics. The best status came from 
10 consecutive stable scans which averaged at M = 0.56 ± 
0.02 (stat.), σy*= 166.2 ± 6.7 (stat.) nm. Figure  shows 
one of these interference scans. 

From there, we took advantage of the favorable laser 
conditions to commence commissioning of the 174 deg 
mode. At this point σy* has not been sufficiently focused, 
as βy* optics wasn’t at nominal. Low S/N and drifts in 
beam condition made it even more difficult to reproduce 
such slight M patterns. Thus time was spent in performing 
various check-ups of hardware and scan methods.  

A large part of beam tests was dedicated to optimizing 
schemes for mode switching, optics setup, and multi-knob 
tuning. At the lower 2-8 deg modes, we measured large M 
of 0.8-0.9 i.e. clear fringe contrast, and used these to 
investigate systematic errors. This provided us with 
important directions for the 2012 summer upgrade. 

Summer Upgrade of 2012 
Systematic errors concerning recent beam times are 

largely due to misalignment of optical components or of 
the laser beam itself. In 2012 summer, the vertical table 
laser optics was reformed extensively. The primary aims 
are higher stability and reproducibility, crucial for 
fulfilling ATF2 Goal 1. The new layout will also 
accommodate certain upgrades for Goal 2 planned for 
early 2013, e.g. installation of a new IP chamber with 
three IPBPMs. The major upgrades points are as follows. 

Firstly, reference lines were precisely redefined on new 
base plates to guide the travelling laser path, and ensure 
ideal setup of optical elements. Positioning of final lenses 
is then strictly checked using CW alignment laser and 
transparent targets. The focal scan system was introduced 
for every modes by adding movers to all lenses. 

Consistency in laser path is particularly important 
during mode switching, as part of σy* focusing process. 
Angle selection used to be executed by two sets of 
rotating stages carrying mirrors, shared by all modes. 
Because these mirrors are also responsible for 
overlapping laser with e- beam at IP, it is difficult to 
maintain laser path consistency when switching in 
between modes to accommodate beam tuning. Therefore, 
we replaced the rotators with a more reliable combination 
of mirror on a small linear mover. With one set for each 

mode, this enables independent mirror adjustments.  
More effective alignment is expected to alleviate 

multiple issues such as fringe tilt, non-ideal laser crossing, 

5
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offset injection into lenses, and profile imbalance due to 
difference in focal points between upper and lower paths. 
Path length difference due to the delay line for fringe 
phase control inserted into the upper path, is treated by 
adding a drift space created by image flopping mirrors. 

 
Figure 5: One of the smallest σmeas* measured at 
30°mode. M = 0.51 ± 0.02 (stat.), σy*= 168.5 ± 6.2 
(stat.) nm  (Feb 23, 2012,  10 × βx*, 3 × βy*). Data is 
plotted as average of ten events at each phase, then χ2 
fitted.  

Stabilization of the Laser Optics  
Stabilization and careful maintenance of the 

environment-sensitive laser system is of utmost 
importance to successful operation. We regularly analyse 
data collected from temperature sensors strung all around 
the laser optics. The transport line and its mirror boxes 
received insulation and anti-vibration reinforcements.  

To maintain laser position stable over long operation 
hours, “Beamlok”, a piezoelectric feedback device was 
added to the laser cavity, and demonstrates satisfactory 
performance. Duo-lateral PSDs are installed at several 
locations to monitor laser position drift and jitters. To 
confirm compatibility for the upcoming beam run, each 
PSD and readout DAQ electronics have been individually 
recalibrated and tested for linearity and signal cross-talk.  

Laser oscillation is maintained stable by regular 
inspections, tuning and exchange of laser cavity mirrors, 
seeder and flash lamps. These also relaxed laser beam 
divergence, improved pointing stability at IP, and  
significantly improved laser profile, which contributed to 
measurements of  clear fringe contrast at lower  modes. 

SUMMARY AND FUTURE GOALS 
PBSM is on its way to measuring ATF2’s design σy* 

while serving as a vital beam tuning tool. At present we 
have achieved stable measurements of σy* > 150 nm. 
Hardware upgrades have been carried out to further 
suppress systematic errors. Particularly important is the 
reform of 2012 summer, aimed at improving laser path 
reproducibility and alignment precision. In preparation for 
start-up of the ATF2 dedicate runs on Oct.15, we are 
currently undergoing a series of beam-off tests, such as 
confirming component positioning precision and 
optimizing laser spot size and divergence. The effects 
from the upgrade will be further verified during beam 
time, We expect to operate under significantly improved 
precision and stability, and fully commission 174 deg 
mode i.e. consistently measure  σy* < 100 nm before year 
end. This demands favorable conditions for both IPBSM 
laser optics and beam tuning.  

  After achieving ATF’s goals, the next step is to 
upgrade IPBSM for utilization as the nm resolution beam 
size monitor necessary for initial commissioning of the 
ILC beamline. This demands major modification of laser 
optics and detector to accommodate the higher beam 
energy, smaller design σy*, and multi-bunch operation at 
ILC. Although ATF2 is a scaled down prototype, the 
technologies verified there are directly applicable to ILC. 
R&D of IPBSM is indeed valuable for realization of ILC–
like future Tev scale linear colliders. 
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DIRECT OBSERVATION OF THE DUST-TRAPPING PHENOMENON 

Y. Tanimoto, High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

Abstract 
Dust trapping is a phenomenon known to cause a 

sudden decrease in beam lifetime at electron storage 
rings. It has been one of the most serious operational 
problems at the Photon Factory Advanced Ring (PF-AR) 
since the 1980s, and many efforts have been made to 
resolve it. In a recent experimental study on dust trapping, 
video cameras fortuitously captured the culprit, recording 
a luminous micro-particle trapped in the electron beam, 
just as if a shooting star were traveling in the beam tube. 
In successive research, supersensitive cameras repeatedly 
observed trapped dust particles, and revealed that they 
behaved differently under different conditions. This 
article summarizes the experimental results, as well as 
some theories about dust trapping that are consistent with 
the observations. 

INTRODUCTION 
Stored beams in circular accelerators are susceptible to 

lasting interaction with particles of opposite polarity. In 
electron or antiproton storage rings, the beam captures 
positively charged ions or dust particles. The latter 
phenomenon is called dust trapping, and a hypothesis that 
explains the observations was proposed in the early 1980s 
[1-3]. 

Dust trapping often causes operational problems 
because it can severely disturb stored beams; it leads to a 
sudden decrease in the electron beam lifetime and to a 
sudden increase in the antiproton beam emittance. In this 
article, we mainly discuss the phenomenon in electron 
storage rings. 

During dust trapping, gamma-ray bursts are often 
detected at the extension of the beam orbit as a result of 
bremsstrahlung scatterings between the electron beam and 
the trapped dust particle [4-6]. This can also cause 
operational problems to users of synchrotron radiation 
(SR) and high-energy physics when it occurs upstream of 
the beam line and detectors [7-9]. In experimental 
research on dust trapping, however, detection of such 
gamma rays has provided indirect evidence of the 
interaction between beam and dust. 

In order to clarify the mechanism behind this 
phenomenon, dust-trapping theories consistent with 
observations have been developed, considering dynamic 
and thermal conditions for trapped dust particles [2, 10-
16]. These theories explain how the dust can remain 
trapped for a long time in spite of the interaction with 
high-intensity stored beams. The main theories will be 
briefly reviewed in Chapter 2. 

From an operational point of view, it is important to 
locate the dust sources and then to take effective 
measures to suppress the dust trapping. Some known dust 
sources will also be reviewed in Chapter 2. 

At KEK PF-AR (formerly called “TRISTAN AR”), 
dust trapping occurred more frequently following the 
major reconstruction in 2001. Our long-term investigation 
on the phenomenon suggested that distributed ion pumps 
(DIPs) produced dust particles, so we installed more than 
60 sputter ion pumps to replace the DIPs [17]. However, 
switching all the DIPs off suppressed the occurrence by 
only 50%, suggesting that there were other dust sources at 
PF-AR. Further investigation indicated that electric 
discharges at some in-vacuum undulators or a feedback 
kicker were causing dust trapping, so we surface-
conditioned these discharge-prone devices by storing 
25% higher beam current than usual. As a result, the 
occurrence of dust trapping was suppressed by 70% 
compared to that before taking the countermeasures [18]. 

In addition, we started an experimental study at PF-AR 
which was primarily designed to intentionally replicate 
dust trapping by simulating the above two conditions for 
dust production. In one experiment, we fortuitously 
observed a trapped dust particle with video cameras [19], 
and found it effective to conduct the dust-trapping 
research by direct observation [20]. Important results of 
the experimental demonstrations and the dust-trapping 
observations will be presented with some video snapshots 
in Chapter 3. 

DUST-TRAPPING PHENOMENON IN
STORAGE RINGS 

Previous Reports on Dust Trapping 
In the early 1980s, the dust-trapping phenomenon 

started to be reported around the world. The CERN 
Antiproton Accumulator (AA) suffered from unexpected 
sudden increases in beam emittance, and the phenomenon 
was so mysterious that they nicknamed it “AA-ghost” [3]. 
They concluded later that the phenomenon was related to 
dust particles stirred up by vibration of stochastic cooling 
shutters [21]. 

Also in the 1980s, some second-generation light 
sources such as PF-ring [22, 23] and NSLS [2] 
experienced the problem that the beam lifetime suddenly 
dropped and the stored beam decayed faster. At PF-ring, 
they found that the phenomenon occurred less frequently 
when the DIPs were switched off [22]. 

Until around 2000, dust problems were often reported 
at electron storage rings for light sources and for high-
energy physics such as TRISTAN AR [5], DCI  and 
SuperACO [6], CESR [13], HERA, DORIS and PETRA  
[24-26], ESRF [27], KEKB [9], PEP-II [8], and BEPC 
[28]. 

Experimental studies on dust trapping have been 
carried out at several accelerators. In the early 1990s, 
Marin observed bremsstrahlung bursts at SuperACO and 
DCI [6], and revealed that trapped dust moved 
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longitudinally along the beam orbit [11]. They reported 
that, in contrast to the electron beam mode, the beam 
currents decayed smoothly when positron beams were 
stored [6, 29]. The same results with positron beams were 
also obtained at PF-ring [30], TRISTAN AR [31],  HERA 
and DORIS [24], KEKB [9], PEP-II [8], and BEPC [28], 
which strongly supported the dust-trapping hypothesis. 

Around the same time, Saeki et al. conducted similar 
experiments at TRISTAN AR, and detected 
bremsstrahlung bursts as evidence of dust trapping [5]. 
Furthermore, they tried to experimentally replicate the 
phenomenon by introducing dust particles on the bottom 
of a vacuum chamber [12], but the phenomenon was not 
well reproduced. Kato and his team carried on the study 
with a different approach: they dropped dust particles 
from the top of a vacuum chamber, and showed that the 
dust trapping could be replicated by dropping micron- or 
sub-micron-sized particles of high melting point such as 
diamond and TiO2 [32]. Kanazawa summarized statistics 
from one year of AR’s operation in 1993; the dust size 
estimated from the reduction in lifetime during the dust 
trapping was mostly in the range of 0.5–2 μm in diameter 
(assuming them to be alumina spheres) [31]. 

Also in the 1990s, Kelly et al. carried out statistical 
studies at HERA and DORIS. They investigated the 
behavior of dust particles by analyzing loss monitor 
signals [7, 33]. Moreover, they proposed a multi-particle 
trapping model to explain the observed beam lifetimes 
[34]. 

In 2000, the BaBar detector at PEP-II suffered frequent 
background noise attributed to bremsstrahlung from dust 
particles trapped in the HER electron beams. Wienands’ 
team verified this phenomenon by intentionally 
provoking dust trapping using a remotely powered 
solenoid (“thumper”) attached to a vacuum chamber [8]. 

But in fact, problems related to dust particles had 
occurred earlier. In the early 1960s, the first electron-
positron collider AdA suffered a sudden loss of the stored 
beam, which was found to be caused by dust particles [35, 
36]. 

Dust problems were also reported at proton machines. 
In 1971, the first hadron collider ISR in CERN was 
afflicted with unexpected increases in the beam loss rate. 
They tried to stir up dust particles by using a shaking 
device [37], and suspected that the problem was caused 
by the ceramic “wool” used for thermal insulation in 
vacuum [38]. Since 2010, the CERN LHC has suffered 
from abrupt increases in the beam loss rate and occasional 
beam dumps. Systematic investigation has revealed that 
these events were caused by micron-sized dust particles, 
which they call UFOs, and injection kicker magnets were 
identified as one of the major sources of the dust [39-41]. 

 

Dust-trapping Theories 
 

Dynamic Stability 
Calculation of one-dimensional dynamics considering 

the stability conditions of a trapped dust particle gives a 

critical mass-to-charge ratio. Here, we only consider the 
dust motions in the vertical direction to avoid complex 
horizontal motions in dipole magnets. The vertical 
position of a dust particle y and its velocity y•  can change 
with the passage of an electron bunch as follows [42] 

  (1) 

where a denotes the kick parameter, i.e., the attraction 
received during the passage of the bunch, and is given by 

 (2) 

where Ne is the total number of electrons in the beam, nb 
is the number of bunches, rp is the classical proton radius, 
c is the speed of light, σx and σy are the rms beam sizes in 
the horizontal and vertical directions respectively, Q is 
the charge number of the dust, and A is the dust mass in 
the unified atomic mass unit (i.e., the total number of 
nucleons in a dust particle). 

After the bunch passage, the dust particle drifts during 
the bunch spacing time τb, and its motion is given by 
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Finding a condition under which the movement does 
not diverge even while the bunch passage periodically 
repeats, we derive the mass-to-charge ratio A/Q, which 
should satisfy the condition: 

 (4) 

where (A/Q)c is the critical mass-to-charge ratio. 
Dust particles that satisfy the above condition can be 

stably trapped while oscillating transversely around the 
beam orbit. For example, a titanium sphere of 1-μm 
diameter (A = 1.4×1012) can be stably trapped by the PF-
AR’s electron beam when it has a charge Q of up to 
2.7×109. 

The trapping condition given by Eq. (4) is also 
applicable to the ion-trapping phenomenon when Q is one 
or a few and A is the mass of the trapped ion. Note that, 
however, a famous solution to avoid ion trapping by 
prolonging the bunch spacing τb is generally ineffective in 
the case of dust trapping. Since trapped dust particles 
have larger A/Q than trapped ions, longer τb is required to 
avoid the trapping condition. Trapped dust particles move 
much more slowly than trapped ions, so dust particles are 
less likely to feel the gap of the bunch train. 

 
Mass and Size of Trapped Dust 

During dust trapping, bunched electrons lose their 
energy mainly due to the bremsstrahlung process, and 
those that fall out of the energy acceptance will be lost 
from the bunch. Assuming that a grain of dust 
continuously interacts with the electron beam, i.e., the 
amplitude of its transverse oscillation is smaller than 1σ 
of the beam size, we can estimate the mass of the trapped 
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dust from the observed (reduced) beam lifetime [13, 14]. 
In other words, electron beams can tell us how many 
atoms should be trapped to result in the reduced beam 
lifetime. 

The bremsstrahlung cross section σb is approximately 
given by [43] 

 (5) 

where re is the classical electron radius (2.82×10-15 m), Z 
is the atomic number of the dust constituent, and ΔE/E is 
the energy acceptance. 

Assuming that the electron beam composed of Ne 
electrons travels at the speed of light c and continuously 
hits dust of number density nd (the number of atoms per 
unit volume), we obtain the change in the number of 
electrons per unit time: 

 (6) 

The beam lifetime due to the bremsstrahlung τ is 
therefore written as 

 (7) 

Using the atomic mass of the dust element Aatom and the 
circumference of the ring L, we derive the number density 
of the dust atoms nd : 

 (8) 

Now, we summarize the above discussion and obtain 
the relation between the beam lifetime τ and the dust mass 
A: 

 (9) 

More practically, the dust diameter d can be estimated 
by modifying the above relation: 

 (10) 

where m is the atomic mass of the dust element and ρ is 
the weight density of the dust material. 

Note that the beam lifetime during dust trapping τ is 
independent of the number of electrons in the beam Ne, 
i.e., the stored beam current I. In other words, while the 
beam lifetime is being significantly reduced by the dust 
trapping, the product of the beam current and beam 
lifetime Iτ is no longer constant. 

Figure 1 shows the calculated beam lifetimes during 
dust trapping as a function of dust diameter for silica 
(SiO2), titanium, and copper. At PF-AR, the natural beam 
lifetime is about 1200 min at 60 mA or about 2000 min at 
40 mA (Iτ = 70–80 A·min). Since the beam lifetime due 
to dust trapping at PF-AR is typically less than 500 min, 
the dust size is calculated to range from sub-microns to a 
few microns. 

 

Figure 1: Estimated beam lifetimes due to dust trapping 
as a function of dust diameter.  

 
Thermal Stability 

Being trapped, a dust particle receives energy 
deposition from the beam, and consequently its 
temperature quickly increases. If the dust element has a 
low melting point or high vapor pressure, it will soon 
vanish. However, if the dust can survive at high 
temperature, the dust trapping will last a long time. In this 
case, the trapped dust can reach thermal equilibrium 
between heating by energy deposition and cooling by 
radiation. 

In order for the trapped dust to maintain thermal 
equilibrium, the lifetime due to evaporation needs to be 
long enough. Such dust elements must have a high 
melting point and low vapor pressure, as discussed below. 

During dust trapping, a dust particle composed of Nd 
atoms evaporates with a rate N

•

d, which is given by the 
product of the evaporation flux and the surface area of the 
dust sphere: 

 (11) 

where P(T) is the vapor pressure of the dust material at 
temperature T and kB is the Boltzmann constant. Using the 
weight density of the dust material ρ, the dust lifetime τd 
is written as 

 (12) 

Lifetimes estimated using this equation for several 
kinds of 1-μm dust are shown in Fig. 2, together with the 
vapor pressures as a function of temperature [44, 45]. As 
one of the most stable dust elements in accelerators, a 
silica sphere of d = 1 μm and T = 1500 K has an 
estimated lifetime of 67 hours. By contrast, a copper 
sphere under the same condition evaporates within 2 
seconds. Moreover, the copper might vanish even faster 
because it could be highly ionized and easily split when 
melted.  
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Figure 2: Estimated dust lifetimes due to evaporation as a 
function of dust temperature. 

 

The size of a trapped dust particle is generally much 
smaller than the transverse cross section of the beam 
(roughly μm vs. sub-mm). The power of energy 
deposition on the dust particle is therefore proportional to 
the beam flux, i.e., the beam intensity per unit area. The 
minimum beam flux that surpasses the thermal radiation 
power from a silica sphere of 1 μm and 1900 K can be 
calculated as 7×104 A/m2 by using the equations in Ref. 
[14]. 

Table 1 summarizes the presence of dust trapping at 
four large accelerators in Japan, together with their beam 
parameters. At PF-AR and in the single-bunch mode of 
PF-ring, lasting dust trapping can occur, whereas it is not 
observed at SPring-8 or KEKB-HER, or in the multi-
bunch mode of PF-ring. This suggests that the threshold 
of the beam flux necessary to evaporate any ordinary dust 
particles could lie in the range of 105 A/m2, which is 
nearly consistent with the above calculation result. 
Indeed, recent storage rings that circulate low emittance 
and high current beams, such as third-generation light 
sources and high-luminosity lepton colliders, have not 
been affected by dust trapping. 

Table 1: Beam Parameters and Occurrence of 

 PF-AR 
PF-ring 

SPring-8 
KEKB 

HER Single-bunch Multi-bunch 

Beam current (mA) 60 20 450 100 1300 

Beam emittance (nm·rad) 290 36 36 3.4 24 

Beam flux (A/m2) 2×104 5×104 1×106 3×106 3×106 

Occurrence of lasting dust trapping Yes Yes No No No 

 

Known Dust Sources 
 

Distributed Ion Pump (DIP) 
A distributed ion pump installed along the beam orbit 

has often been identified as a source of dust [7, 17, 22, 28, 
46]. Positively ionized dust particles can be released as a 
result of high-intensity electric discharge (“sparking” or 
“arcing”), and be attracted to the electron beam regardless 
of the polarity of high voltage applied to the pump. In 
some accelerators, switching the DIPs off or replacing 
them with non-evaporable getter (NEG) pumps improved 
the problems.  

Figure 3 illustrates a cross-sectional view of the dipole 
chamber installed in PF-ring. A high voltage of −7.5 kV 
is applied to the titanium cathode of the DIP. The gap 
between the cathode and the anode is 7.5 mm, which is 
about 10 times wider than the criterion of high voltage 
breakdowns [47]. Nevertheless, dust particles are 
occasionally produced while the high voltage is applied. 

One possible explanation for the dust production at 
DIPs is the famous microparticle-based breakdown 
hypothesis: a charge exchange between the electrodes 
through ionized microparticles can cause the breakdown. 
In fact, some experiments revealed that micron-sized 

particles were detected at the commencement of 
breakdown [48, 49]. 

 

Figure 3: Cross section of the PF-ring dipole chamber. 

Both at PF-ring and at PF-AR, every dipole chamber is 
equipped with a DIP, and during user operations we have 
observed dust trapping presumably caused by dust 
particles from the DIPs. 

At PF-ring, dust trapping frequently occurred shortly 
after the large-scale reconstruction in 2005, at which 12 
DIPs in the straight sections were replaced with new ones. 
It only appeared in the single-bunch mode (I = 20–60 
mA), and not in the normal multi-bunch mode (I = 450 
mA). As discussed earlier, the stored beam in the single-
bunch mode was conceivably not intense enough to 
evaporate the trapped dust particles. To alleviate this 
problem, we switched off the newly installed DIPs during 
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the single-bunch mode, and the dust trapping was 
completely suppressed [18]. After a few years, the DIPs 
in the PF-ring no longer produced harmful dust particles 
because of the conditioning effect. 

According to dust size estimations, the diameter of dust 
particles should be larger than 1 μm to reduce the 
naturally short beam lifetime in the single-bunch mode at 
PF-ring. In the multi-bunch mode, however, since the 
natural beam lifetime is about 20 times longer than that in 
the single-bunch mode, a momentary drop in beam 
lifetime can be observed by a dust particle as small as 0.4 
μm (~20-1/3). 

 
Discharge-prone Vacuum Devices 

Electric discharge can be provoked in accelerator 
vacuum systems not only by applied high voltage but also 
by beam induced electro-magnetic fields. In the latter 
case, the discharge source can be a sharp edge or a 
complicated structure in vacuum devices. For example, it 
was reported that sparking of the electric separators 
initiated dust trapping at CESR [13]. 

Also at PF-AR, dust trapping is sometimes caused by 
electric discharge at some in-vacuum type insertion 
devices (IDs) and at an RF kicker that has four tubal strip-
line electrodes (see Fig. 4). 

     

Figure 4: Discharge-prone vacuum devices at PF-AR 
(left: in-vacuum ID, right: RF feedback kicker). 

 

 

Figure 5: Example of sudden lifetime drops triggered by 
electric discharge at ID-NE3. 

As an example of such events, Fig. 5 shows how dust 
production at the ID-NE3 resulted in a sudden decrease in 
beam lifetime. Shortly after the SR user reduced the gap 
from 40 mm to 10 mm, the vacuum pressure measured by 
a cold cathode gauge leaped several times, and then the 

beam lifetime suddenly dropped. We consider that the 
pressure spikes are evidence of electric discharges in 
vacuum. When such events occur at in-vacuum IDs, 
gamma rays are often detected at SR experiment stations.  
 
Movable Devices 

Dust particles can also be released by mechanical 
movement, shock, vibration, and friction in movable 
devices. As mentioned earlier, harmful dust particles were 
projected into the beam by vibration of shutters at CERN 
AA, and intentionally stirred up by knocking on the 
vacuum chamber at PEP-II HER. Also at CESR, scraper 
movements caused dust trapping [13]. 

Dust particles released by mechanical shocks or by 
operations of gate valves and ion pumps were carefully 
measured with an in-vacuum particle counter developed 
at CERN [50]. Using this device, they also investigated 
the behavior of dust particles under electric fields, and 
revealed that the applied high voltage released dust 
particles from the chamber surface. 

 
Particles Lying on the Chamber Surface 

A significant number of dust particles may exist in 
accelerator vacuum chambers, and, as many people 
suspect, are a candidate source of harmful dust. However, 
calculations of the forces exerted on a dust particle 
indicate that a positively charged dust particle lying on a 
conducting surface cannot be picked up because of the 
strong image charge force [13, 14, 28]. These particles are 
therefore unlikely to get trapped by the beam without any 
external stimulation such as shock, vibration, or electric 
field. 

EXPERIMENTAL OBSERVATION OF 
THE DUST-TRAPPING PHENOMENON 

Purpose of the Experiment 
The dust-trapping mechanism has not been clearly 

elucidated even though credible theories have been 
developed. One of the reasons for this is a lack of 
experimental verification, so we conducted an 
experimental study designed to intentionally reproduce 
the dust trapping, and then carefully observed the 
phenomenon. Having obtained empirical evidence that 
electric discharges could produce dust particles, we tried 
to simulate such conditions using an experimental device. 

Our experimental study on dust trapping had two main 
objectives: 
1) to demonstrate that two kinds of electric discharges can 

provoke dust trapping: 
- discharge by applied DC high voltage (e.g. DIP) 
- discharge by beam-induced electro-magnetic  fields 

(e.g. in-vacuum ID, RF feedback kicker) 
2) to help clarify the dust-trapping mechanism by 

observing: 
- bremsstrahlung with gamma-ray detectors 
- dust production at electric discharges with video 

cameras 
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Demonstration of Dust Trapping 
Details of the experimental arrangements and results 

were described in other papers [19, 20]. Here, we only 
present the outline and some key results. 

First, we designed a device that can simulate two kinds 
of electric discharges and then installed it at one of the 
longest straight sections in PF-AR. 

As shown in Fig. 6, the device comprises two pairs of 
remotely controlled electrodes and two viewing ports for 
video cameras. Electrode A was used to simulate the 
discharge at a DIP by applying a high voltage of 5–7 kV 
to the lower electrode. Electrode B was used to simulate 
the discharge due to beam-induced electro-magnetic
fields by moving the top and/or bottom electrodes closer 
to the beam (although both rods were grounded, we call 
them “electrodes”). 

 

Figure 6: Interior view of the discharge device.  

Throughout the experiments, Electrodes A and B were 
visually monitored by Cameras A and B, respectively, for 
evidence of electric discharges. Evidence of dust trapping 
was confirmed by detecting gamma-ray bursts 
downstream from the device, accompanied by a sudden 
decrease in the beam lifetime. 

In the early stage of the study, the first objective was 
successfully achieved: intentional electric discharges at 
Electrode A and at Electrode B both repeatedly triggered 
the dust trapping. The detailed results were reported and 
discussed in Ref. [19]. 

In fact, the intentional generation of electric discharges 
at this device was not easy at first. For Electrode A, it was 
necessary to reduce the gap between the electrodes as 
narrow as 100 μm (from the digit counters of pulse 
motors). In addition, the power supply was sometimes 
tripped due to a short circuit, and the high voltage 
connector was damaged due to repeated overcurrent. 

Electrode B also required a little attention. When the tip 
of the rod was brought to a position closer than 20 mm 
from the beam, the temperature outside exceeded 100ºC, 
even though the rods were shielded by RF contact fingers 
and cooled by water. On one occasion, as soon as we 
started to insert the rods, the beam was completely lost. A 

snapshot from the movie recorded by Camera B is shown 
in Fig. 7. Later, we found some molten fragments of the 
RF ringers (made of beryllium-copper, see Fig. 8) on the 
bottom of the device, which had probably dropped down 
from the top when the beam was dumped. 

 

Figure 7: The moment when the beam was dumped. 

 

Figure 8: Molten fragments of RF fingers found on the 
bottom of the device. 

First Direct Observation of Trapped Dust 
We carried on the same dust-trapping experiment even 

after achieving the first purpose. In one experiment using 
Electrode B, the video cameras captured something that 
was not a common discharge image. When we started to 
move the pair of Electrode B, the beam lifetime suddenly 
dropped, i.e., the dust trapping was successfully triggered. 
Shortly after that, we noticed something bright moving 
back and forth in the displays from the cameras. The 
movie recorded by Cameras A and B can be seen on the 
web [51], and a snapshot from the movies is shown in Fig. 
9. 

Carefully analyzing the recorded movies, we found that 
the luminous object had appeared 9 times in 6 seconds, 
and had been moving longitudinally at a speed faster than 
6 m/s or sometimes as slow as 0.3 m/s. Since it was 
impossible for the object to travel around the 377-m ring 
at these speeds within such a short period of time, the 
repeated appearance suggested that the object had been 
oscillating longitudinally in front of the cameras. 
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Figure 9: First direct observation of the dust-trapping 
phenomenon. 

The period of 6 seconds at which the object appeared 
was almost synchronized with the period of 7 seconds at 
which an intense gamma-ray burst was detected. In 
addition, the intensity of the gamma ray was proportional 
to the beam loss rate. We therefore concluded that the 
luminous object was none other than a trapped dust 
particle, and visually confirmed the dust-trapping 
hypothesis proposed about 30 years ago. 

We studied why the dust particle emitted such an 
intense light by calculating the number of photons 
entering the camera, and concluded that the trapped dust 
had emitted the light through blackbody radiation with a 
temperature higher than 1300 K. This is consistent with 
the theory of thermal stability. Incidentally, the dust 
diameter was estimated from Eq. (10) to be 1–2 μm. 

The dust particle that the cameras first captured was 
probably released by a mechanical movement of 
Electrode B, because the dust trapping commenced 
immediately after we started to move the electrode. The 
distance between the beam and the electrode was long 
(~50 mm), and no electric discharge was observed. 

Observation of Dust Trapping using 
Supersensitive Cameras 

Estimation of the photon intensity also suggested that 
dust particles of smaller size and lower temperature could 
be observed with more sensitive cameras. Based on this 
expectation, we employed supersensitive cameras with 
about three orders of magnitude higher sensitivity than 
the original ones. 

 
Discharge by DC High Voltage 

The dust particle at the first direct observation was 
probably released by the simple mechanical movement of 
Electrode B. Despite repeated replication of dust trapping, 
the trapped dust produced by electric discharge had never 
been observed by normal cameras. After replacing them 
with supersensitive cameras, trapped dust particles were 
captured very frequently. 

Figure 10 shows an example of dust observations in the 
experiment using Electrode A. After a series of sparks, a 
trapped dust particle appeared on the beam orbit. In this 
case, however, it glimmered only faintly and instantly 
disappeared. 

 

 

Figure 10: Direct observation of dust trapping triggered 
by electric discharge at Electrode A. 

 
Discharge by Beam-induced Fields 

Dust particles produced by the electric discharge at 
Electrode B were also seen by the supersensitive cameras. 
Figure 11 shows an example of such events. A spark was 
provoked by the beam-induced fields, and emitted a dust
particle from the bottom of Electrode B. The dust seemed 
to collide with the stored beam and be divided into two 
particles (top). Immediately after that, the dust reappeared 
on the beam orbit (bottom). 

 

 

Figure 11: Direct observation of dust trapping triggered 
by electric discharge at Electrode B. 
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Dust Trapping in a Longitudinal Potential Well 
When the trapped dust was first observed, it was 

moving longitudinally and oscillating along the beam 
orbit. One possible reason for such behavior is the 
longitudinal potential well, also known as the ion pocket, 
formed by the longitudinal change in the transverse beam 
size and the vacuum chamber dimension. 

In fact, at the first observation, Electrode B was kept 
moving, which could have caused a fluctuation in depth 
of the potential well. Based on this hypothesis, we tried to 
keep the electrode at the same position even after the dust 
release. As a result, we succeeded in confining trapped 
dust particles to one place right in front of the cameras. 

Figure 12 is a snapshot of the movie recorded during 
the dust trapping. The trapped dust stayed still at almost 
the same position for 40 minutes until we withdrew the 
electrodes to the initial position.  

 

Figure 12: Direct observation of trapped dust that stayed 
at the same position for 40 min. 

 
Trapping of Multiple Particles 

The direct observation of dust trapping also revealed 
that multiple dust particles could be simultaneously 
trapped. While one particle was already trapped, we 
moved Electrode B by 1 or 2 mm to provoke an 
additional discharge. After the discharge, a second 
particle appeared and was stably trapped next to the 
original one as shown in Fig. 13.  

 

Figure 13: Direct observation of multiple dust particles 
being trapped simultaneously. 

SUMMARY 
Dust trapping is an intrinsic problem in electron storage 

rings. It can significantly reduce the performance of 
accelerators by giving rise to a sudden decrease in the 
beam lifetime and by emitting bremsstrahlung gamma-
rays into experimental detectors. Since the first 
appearance of the phenomenon in the early 1980s, many 
studies have been done and some reasonable theories 
have been developed. 

Thanks to these efforts, it is now commonly accepted 
that, for example, electric discharges in vacuum can 
produce dust particles, and that thermally stable dust 
particles can reach thermal equilibrium. The latter 
theoretical understanding explains why recent high-
current and low-emittance electron storage rings are not 
affected by dust trapping. 

At PF-AR, long-term investigation has led to evidence 
that dust particles can be produced at DIPs and discharge-
prone vacuum devices. This empirical information was 
experimentally demonstrated by using a discharge device 
as the dust source. 

In one experiment, video cameras fortuitously captured 
the trapped dust particle as a luminous object, by which 
the dust-trapping hypothesis was first visually confirmed. 
In addition, detailed analysis of the cause of the light 
emission concluded that the temperature of the trapped 
dust exceeded 1300 K, which supports the main dust-
trapping theory. 

Further observations using supersensitive cameras 
indicated that the trapped dust moved or stayed in a 
longitudinal potential well. Thus, we found that direct 
observation of dust trapping is a useful method to 
investigate the various behaviors of trapped dust particles. 

ACKNOWLEDGMENTS 
The experimental research on dust trapping presented 

here was based on many instructive suggestions and 
valuable discussions with Tohru Honda, Shogo Sakanaka, 
Yoichiro Hori, Toshio Kasuga, Yoshio Saito, and Ken-
ichi Kanazawa.  

The authors are also grateful to Takashi Nogami, 
Takashi Uchiyama, and engineers from Mitsubishi 
Electric System  Service and Seiwa Works for their 
professional contribution to the experimental preparations. 

REFERENCES 
[1] Photon Factory Activity Report 1983/84  (1984) IV. 
[2] A. W. Maschke, BNL Heavy Ion Fusion Technical 

Note 84-1 (1984). 
[3] E. Jones et al., IEEE Trans. Nucl. Sci. NS-32 (1985) 

2218. 
[4] Photon Factory Activity Report 1987  (1988) 66. 
[5] H. Saeki, T. Momose, and H. Ishimaru, Rev. Sci. 

Instrum. 62 (1991) 874. 
[6] P. Marin, LURE RT/91-03 (1991). 

Trapped dust

Trapped dust Trapped dust

& 

TUIC02 Proceedings of IBIC2012, Tsukuba, Japan

322C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)

Miscellaneous and others



[7] D. R. C. Kelly, W. Bialowons, and K. Wittenburg, 
Proc. 5th European Particle Accelerator Conference, 
p. 289 (1996). 

[8] U. Wienands, Proc. 2001 Particle Accelerator 
Conference, p. 597 (2001). 

[9] K. Kanazawa et al., Appl. Surf. Sci. 169-170 (2001) 
715. 

[10] F. Pedersen, Proc. 1987 Particle Accelerator 
Conference, p. 1246 (1987). 

[11] P. Marin, LURE RT/90-06 (1990). 
[12] H. Saeki, T. Momose, and H. Ishimaru, Rev. Sci. 

Instrum. 62 (1991) 2558. 
[13] D. Sagan, Nucl. Instrum. Methods Phys. Res. A 330 

(1993) 371. 
[14] F. Zimmermann, Technical Report PEP-II AP Note 

No.: 8-94 (1994). 
[15] S. Heifets, Q. Qin, and M. Zolotorev, Phys. Rev. ST 

Accel. Beams 8 (2005) 061002. 
[16] A. Kling, Proc. 10th European Particle Accelerator 

Conference, p. 1486 (2006). 
[17] Y. Tanimoto et al., Vacuum 84 (2010) 760. 
[18] Y. Tanimoto et al., AIP Conference Proceedings 

1234 (2010) 595. 
[19] Y. Tanimoto, T. Honda, and S. Sakanaka, Phys. Rev. 

ST Accel. Beams 12 (2009) 110702. 
[20] Y. Tanimoto, T. Honda, and S. Sakanaka, Proc. 1st 

International Particle Accelerator Conference, p. 975 
(2010). 

[21] F. Pedersen, A. Poncet, and L. Soby, Proc. 1989 
Particle Accelerator Conference, p. 1786 (1989). 

[22] K. Huke et al., IEEE Trans. Nucl. Sci. NS-30 (1983) 
3130. 

[23] M. Kobayashi, H. Kitamura, and Y. Takiyama, Proc. 
1987 Particle Accelerator Conference, p. 1614 (1987). 

[24] F. Zimmermann, Technical Report DESY HERA 93-
08 (1993). 

[25] D. R. C. Kelly, Technical Report DESY HERA 95-
01 (1995). 

[26] D. R. C. Kelly, Proc. 1997 Particle Accelerator 
Conference, p. 3547 (1997). 

[27] G. Debut et al., Proc. 4th European Particle 
Accelerator Conference, p. 2473 (1994). 

[28] Q. Qin, and Z. Y. Guo, Proc. 2nd Asian Particle 
Accelerator Conference, p. 451 (2001). 

[29] P. C. Marin, Rev. Sci. Instrum. 63 (1992) 327. 
[30] M. Kobayashi, Y. Hori, and Y. Takiyama, Rev. Sci. 

Instrum. 60 (1989) 1728. 
[31] K. Kanazawa, Proc. 9th Meeting on Ultra High 

Vacuum Techniques for Accelerator and Storage 
Rings, p. 105 (1994) in Japanese. 

[32] S. Kato et al., Proc. 10th Symposium on Accelerator 
Science and Technology, p. 200 (1995). 

[33] D. R. C. Kelly, Technical Report DESY HERA 96-
04 (1996). 

[34] D. R. C. Kelly, Technical Report DESY HERA 95-
02 (1995). 

[35] J. Haïssinski, LAL 98-103 (1998). 
[36] C. Bernardini, Phys. Persp. 6 (2004) 156. 
[37] H. Frischholz, and T. Wikberg, ISR-VA/TW/ck 

(1971). 
[38] E. Jones, and H. Schühback, ISR Performance Report 

ISR-VA/EJ/cc (1973). 
[39] B. Goddard et al., Proc. 3rd International Particle 

Accelerator Conference, p. 2044 (2012). 
[40] T. Baer et al., Proc. 3rd International Particle 

Accelerator Conference, p. 3936 (2012). 
[41] N. F. Martinez et al., Proc. 2nd International Particle 

Accelerator Conference, p. 634 (2011). 
[42] Y. Baconnier, and G. Brianti, CERN/SPS/80-2 (DI) 

(1980). 
[43] A. Piwinski, CERN Accelerator School, Gif-sur-

Yvette, 1984, CERN 85-19 (1985). 
[44] D. R. Lide, CRC Handbook of Chemistry and 

Physics (CRC Press, Cleveland, 2008). 
[45] R. E. Cohen, D. R. Lide, and G. L. Trigg, AIP 

Physics Desk Reference (Springer, New York, 2003). 
[46] K. Balewski et al., Proc. 5th European Particle 

Accelerator Conference, p. 436 (1996). 
[47] W. D. Kilpatrick, Rev. Sci. Instrum. 28 (1957) 824. 
[48] J. E. Jenkins, and P. A. Chatterton, Journal of 

Physics D: Applied Physics 10 (1977) L17. 
[49] C. Texier, Journal of Physics D: Applied Physics 10 

(1977) 1693. 
[50] J. M. Jimenez, J. L. Dorier, and N. Hilleret, Vacuum 

53 (1999) 329. 
[51] M. Schirber, Phys. Rev. Focus 24 (2009) 16, 

http://physics.aps.org/story/v24/st16 . 

 
 

Proceedings of IBIC2012, Tsukuba, Japan TUIC02

Miscellaneous and others 323 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



 

 

 DIAGNOSTICS UPDATE OF THE TAIWAN PHOTON SOURCE 

C. H. Kuo, K. H. Hu, P. C. Chiu, C. Y. Liao, C. Y. Wu, Y. S. Cheng, S.Y. Hsu, Jenny Chen, K. T. Hsu 

NSRRC, Hsinchu 30076, Taiwan

Abstract 
Taiwan Photon Source (TPS) is a 3 GeV synchrotron 

light source which is being construction at campus of 
NSRRC. Various diagnostics are in implementation and 
will deploy to satisfy stringent requirements of TPS for 
commissioning, top-up injection, and operation. These 
diagnostics include destructive monitors, beam intensity 
observation, trajectory and beam positions measurement, 
synchrotron radiation monitors, beam loss monitors, orbit 
and bunch-by-bunch feedbacks, filling pattern and 
miscellaneous devices. Current status will summarize in 
this report. 

INTRODUCTION 
The TPS is a latest generation of synchrotron light 

source featuring high brightness with extremely low 
emittance [1]. Civil construction and installation will be 
finished in 2013. Machine commissioning is scheduled in 
2014. The accelerator system 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. The diagnostics will 
help TPS to achieve its design goals. Major diagnostics 
related parameters for the booster synchrotron and the 
storage ring are summarized in Table 1. Beam size and 
divergence angle is summary in Table 2. 

Diagnostics for the TPS accelerator system were 
summary in reference [2]. Diagnostics of linear 
accelerator and transfer lines will help to generate and 
delivery high quality electron beam to booster and storage 
ring. Booster diagnostics will provide beam parameters 
include orbit, working tunes, circulating current, filling 
pattern, beam size, bunch length, emittance, and derived 
parameters. The diagnostics are designed to provide a 
complete characterization stored beam in the storage ring, 
including averaged beam current, fill pattern, beam 
lifetime, closed orbit, working tunes, chromaticity, beam 
size, beam loss pattern, beam density distribution, 
emittance, bunch length, and etc. To utilize the benefits of 
the high brightness and small beam sizes of TPS sources, 
photon beams must be extreme 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 the 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 (y = 5.11 m); this will require 
special consideration for measuring both electron and 
photon beams.  

 
Table 1: Major Parameters of the 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 

Synchrotron tune s - 0.00611 

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) 17.1887 8.40338 

Repetition rate (Hz) 3 - 

 
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 

BEAM INTENSITY MONITORING 
The TPS 150 MeV linac system was contracted to the 

RI Research Instruments GmbH [3]. The schedule for 
delivery and commissioning is in early of 2011 at test site. 
The linac will move to the TPS building in late 2012 after 
TPS building available. 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), which is formed 
by equally spaced broadband ceramic resistors, mounted 
on a flexible circuit board and wrapped around a short 
ceramic break, will give information on beam charge as 
well as longitudinal profiles of electron bunches.  All of 
mentioned diagnostics were provided by the vendor 
except the profile measurement data acquisition and 
analysis [4].  
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Integrating current transformer will provide 
information of beam charge pass LTB and BTS and hence 
on the beam losses during the injection cycle. 

At booster synchrotron, circulating current will be 
measured with Bergoz’s NPCT, while bunch pattern will 
be monitored with a fast current transformer. 

A high precision averaged current measurement at the 
storage ring will be performed by Bergoz’s NPCT. The 
NPCT device provides a resolution of better than 1 
A/Hz1/2 and has large dynamic range and bandwidth to 
make itself a versatile device for measuring lifetime and 
injection efficiency.  

All sensors were acquired form Bergoz [5]. Final 
design and implementation for all vacuum chambers to 
host various current transformers are in proceeding. 

Two approaches will be used to measure individual 
bunch current or filling pattern. Fill pattern of the storage 
ring observed from the sum signal of BPM buttons by 
wide bandwidth oscilloscope or fast digitizer sampling at 
RF or a multiple of RF frequency will enable 
measurement of the bunch current to better than 0.5% 
accuracy. This information is sufficient for filling pattern 
control or feedback applications for top-up operation and 
various studies. The other method is used time correlated 
single photon counting (TCSPC) for high dynamic 
population measurement. Avalanche photodiode detector 
(APD) is used to detect scattered X-ray photon or visible 
light and count by the HydraHarp 400 TCSPC system [6].  
More than six order of dynamic range (106) can be 
achieved easily.  

DESTRUCTIVE PROFILE 
MEASUREMENT 

The YAG:Ce fluorescence screens will provide 
information on beam position and profile for the LTB 
amd BTS. 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 the selected position of the BTS to avoid saturation 
of YAG:Ce screens. There are six cells of booster 
synchrotron. Each cell will install a YAG:Ce screens. 
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 good resolution of the beam image 
and exhibits high sensitivity and high radiation hardness. 
There are screen monitor at just after the injection septum 
of the storage ring for injection condition adjustment. 
Design and implementation of the screen monitor 
assembly is in proceeding. Data acquisition and analysis 
solution is developing [7]. 

BEAM POSITION MONITORING 
The beam trajectory for the LTB/BTS will be 

monitored with button type beam position monitors 

equipped with Libera Brilliance Single-Pass [8], its 
functionality is similar with the BPM electronics for the 
booster and the storage ring but equipped with high gain 
analogue board to improve its performance for single pass 
measurement. Preliminary beam measurement was done 
at TPS linac test transport line. Better than 50 m 
resolution can be achieved for a bunch train with total 
charge of 0.5 nC [4]. 

Booster orbit will be monitored with 60 BPMs with 
turn-by-turn capability. The BPM electronics will be the 
same as those in the storage ring. The sum signal from the 
receivers can be used to monitor fast history of the beam 
current. Booster BPM block is shown in the upper left 
corner of Fig. 1. All BPM blocks were received. 
Integrated with vacuum chamber is in proceeding. 

The storage ring has 24 DBA lattices cells with 6-fold 
symmetry configuration [1].  Each cell will have five 
standard RF BPMs mounted on elliptical chambers, two 
primary RF BPMs located in the ID straight section 
mounted on racetrack chambers. To achieve the highest 
level of orbit measurement resolution, the optimization of 
the button geometry to obtain a high resolution for both 
standard and primary BPMs is in progress. Prototype 
BPM equipped with 7.4 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 will install in 20 mm height racetrack 
chamber with monitor constants around 9 mm, both side 
have bellows to ensure stability of the BPM.  BPM block 
for the storage ring arc is shown in upper right corner in 
Fig. 1, while the BPM block of straight is shown in the 
lower left corner. Photo of the arc BPM flange is shown 
in the lower right corner. 

 

Button diameter 7.4 mm

Gap 0.4 mm

Button separation 17.5 mm

Chamber dimension 30 x 68 mm

Button diameter 7.4 mm

Gap 0.4 mm

Button separation 13.5 mm

Chamber dimension 16 x 64 mm

Cross section of the arc BPM

Photo of the arc BPM button flangeCross section of the straight BPM

Booster and BTS BPM clock

Button diameter 10.7 mm

Gap 0.3 mm

Button separation -

Chamber dimension 20 x 35 mm

 
Figure 1: BPM block for the TPS project. 

 
BPM electronics was award to Instrumentation 

Technologies in 2011 to delivery Libera Brilliance+ [8] 
for TPS project. The BPM electronics platform is in 
microTCA form factor. The crate can host up to four 
BPM modules in AMC form factor. The new BPM 
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platform enhanced functionality and performance. All 
BPM platforms are received in 2012. Acceptance test of 
functionalities and performance are summary in the 
reference [9]. Installation for acceptance is shown in Fig. 
2. 

Up to two X-ray photon BPMs (XBPM) will be 
installed at each beamline. The electronics consists 
functionalities such as current to voltage conversion, 
range selection, bias, ADC, local signal processing, 
embedded EPICS IOC, delivery slow data (~ 10 Hz rate) 
for control system access and fast data (~ 10 kHz rate) for 
feedback purpose. The fast data is compatible with orbit 
feedback infrastructure. It can seamlessly be integrated 
with the orbit acquisition system and feedbacks. The 
BPM electronics will be embedded with EPICS IOC for 
slow access form the machine control system side and 
beamline control system side. Commercial products like 
Libera Photon [8] or its successor will be used.  
 

 
Figure 2: Acceptance test for the BPM electronics. 

TUNE MEASUREMENT 
Tune measurement at the booster synchrotron, the 

electron beam will be excited with narrow bandwidth 
white noise using striplines. The beam response will be 
observed with a to the dedicated BPM buttons with the 
front-end amplifier. Turn-by-turn data acquired by BPM 
electrons can also use as input for Fourier analysis. Real-
time spectrum analyzer is an alternative solution. There 
will be an extra set of striplines for a bunch cleaning 
system and for users who need a specific filling pattern in 
the storage ring. Prototype test at the TLS booster 
synchrotron is described in reference [10]. 

There are several methods available for tune 
measurement at the storage ring. In the instance of 
injection kicker(s) fire, turn-by-turn data from BPM 
electronics can be further processing to get tune easily. In 
the stored beam case, if the beam is unstable, tune by-turn 
data from the BPM can be used to extract tune. If the 
beam is stable, shaker by transverse kicker by white noise 
is needed. Another using the notch in the averaged 
spectrum of selected bunch or all bunch bunch-by-bunch 
data can also be used as tune monitor. 

BEAM LOSS MONITORING 
TPS storage ring plans to adopt coincidence type PIN 

diodes beam loss monitor (BLM) for loss pattern 
measurement. Revised version of Bergoz’s PIN BLM [5] 
will be adopted to improve its connectivity. Cat 5/5e 
twisted cable will be used to connect of BLM to data 
acquisition electronics and EPICS IOC. The twisted pair 
cables provide power to the BLM module and send back 
signal from the BLM. It plans to install 6 PIN BLM per 
cell and total number is 144 on the TPS storage ring. New 
design simply the cabling and installation. At the control 
rack side, an in-house made adapter will equip with 
power supplies and receiver to convert the count signal 
into TTL pulse. Several scintillator and photomultiplier 
combine detectors will also be used for high counting rate 
applications, such as loss mechanism selective 
experiments. Both the PIN type and scintillation  type 
BLM will be working in counting mode. A scaler in 
industry pack (IP) form factor [11] with history buffer and 
shadow register will installed in cPCI IP carrier module 
which will install on the EPICS IOC. The data acquisition 
will be performed by the nearby EPICS IOC and can be 
performed in synchronous way by the help of timing 
system.  

Some novel BLM are possible to adopt for some 
applications. Scintillation fiber based BLM with Silicon 
Photomultiplier (SiPM) might also adopt for beam loss 
detection [12]. Glass rod based Cerenkov radiator with 
SiPM is also in evaluation for beam loss detection. 
Distributed dosage is measured on-line by using 
RADFET [13] is also in study. 

ORBIT FEEDBACKS 
Slow orbit acquisition will perform by channel access 

to the BPM platform embedded EPICS IOC up to 10 Hz 
rate. Fast orbit beam position will circulate around all 
BPM platforms at 10 kHz rate by using BPM grouping 
scheme. Orbit of the whole ring can be accessed from any 
BPM platform. Fast data of XBPM is also possible to  be 
integrated with BPM system for feedback purpose later.. 

The TPS will adopt modularized high performance 
corrector power supply which was developed in-house 
[14]. The power supply will use analog regulator, adopt 
biased analogue PWM scheme to improve zero current 
crossover problem. The current sensing element is the 
LEM Danfysik Ultrastab 868-20I DCCT for slow 
corrector and shunt for fast corrector. Combining all of 
these schemes improves integrated noise level from DC to 
1 kHz down to a few parts per million of the output full 
scale corresponding to nano-radian level kick for slow 
corrector with maximum ±600 rad kick. Control of each 
cell’s corrector will be through a custom designed 20 bits 
DAC in corrector power supply controller (CPSC) [15]. 
This module will provide EPICS CA interface via 
embedded EPICS IOC for configuration, setting and 
status monitoring. Two fast setting ports support 10 KHz 
sustain setting stream. Two fast setting ports might 
configure as AURORA and Gigabit Ethernet for different 
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applications. The AURORA is suitable for fast orbit 
feedback application with less overhead. The gigabit 
Ethernet interface is supported to receive unidirectional 
UDP packet via private network. The CPSC embedded an 
waveform generator, it can serve various beam excitation 
scheme for beam response observation, fast transfer 
matrix measurement, …etc.  

The DAC modules design will be also supported feed-
forward applications as well, such as, global feed-forward 
orbit control and global skew quadrupoles feed-forward 
coupling control for elliptical polarized insertion devices 
operation. These feed-forward setting can be issued from 
EPICS IOCs or dedicated computers more than 200 Hz 
rate are feasible. 

The feedback calculation [16] will be performed by the 
FPGA module installed in the BPM platform. Two 
functionalities of this FPGA module will perform: one is 
grouping the whole ring BPM data by using two counter 
rotating redundant links around the ring, the other is used 
as feedback engine. BPM data grouping provides a way to 
distributed all BPM around the TPS storage ring at all 
BPM platforms in 10 kHz rate. Orbit feedback 
computation will distribute to the all 48 FPGA modules 
and install at the BPM platform. Half will serve. Half 
FPGA module will serve for horizontal plane and the 
other half serve vertical plane. One or two sniffer nodes 
(eavesdropping) will be setup to capture orbit information 
with 10 kHz rate for more than 10 sec record time and 
decimated data at lower rate with much longer record 
time will be supported for various applications and 
analysis. The functional block diagram of the orbit 
feedback infrastructure is shown in Fig. 3. 

to
Cell N-1 BPM 

platforms

6.5 Gbps BPM
Grouping Link

2.5 Gbps Corrector
Setting Link
(AURORA)

Grouping and fast orbit feedback FPGA module Corrector Power Supply Controller, CPSC

Corrector Power Supply Rack
(up to 8 power supply module/rack)

Cell N
BPM platforms

to
Cell N+1 BPM 

platforms FPGA

EPICS IOC

20 bits
DACs

24 bits
ADCs

Horizontal 
Fast Corrector

VerticalFast
Corrector

Horizontal Fast 
Correction

Vertical Fast 
Correction

Figure 3: Functional block diagram of the fast orbit 
feedback infrastructure on each cell. 
 

There are 4 fast correctors per cell and total 96 fast 
correctors in each plane. All fast correctors are mounted 
at bellow site with maximum 30 rad kick angle. The 
FPGA responsible to fast orbit feedback using fast 
correctors as actuator.  Seven BPM electronics are hosted 
in two BPM platforms, so 48 BPM platform in total. To 
simply the system configuration, the FPGA of one BPM 

platform will serve for the horizontal plane fast orbit 
feedback, the other will serve for vertical plane. The 
control rule will apply on the eigenmode space rather than 
on real space directly This will delivery robust and 
insensitive to single or a few  BPMs reading error and 
possible to apply different control parameters for 
difference eigenmodes. 

There are two difference schemes for the slow orbit 
control. The first option is to implement an independent 
slow orbit feedback loop and communication with the fast 
orbit feedback loop – move DC component of fast 
corrector to slow corrector regularly in the second order. 
The second option is move the DC component of fast 
corrector to nearby slow corrector. Both scheme were 
simulated can achieve desired performance.  

BUNCH-BY-BUNCH FEEDBACKS AND 
DIAGNOSTICS 

Transverse coupled-bunch instability mainly caused by 
the resistive wall impedance and other sources will 
deteriorate beam quality. Bunch-by-bunch feedback 
system is planned to suppressed instabilities to ensure 
TPS to achieve its design goals. The system will be 
implemented in vertical plane and horizontal plane. 
Transverse feedback kickers are planned to adopt the 
SLS/ELETRA design and compatible with TPS vacuum 
vessel. Transverse signals pick-up will be used as an extra 
BPM and installed at location of high beta function. 
Beside feedback functionality, the feedback electronics 
and software also support bunch oscillation data capture 
for analysis to deduce rich beam information, tune 
measurement, bunch clearing, and beam excitation and 
etc. Features of the planned system include the latest high 
dynamic range ADC/DAC (12/16 bits), high performance 
FPGA, flexible signal processing chains, flexible filter 
design, bunch feedback, tune measurement, bunch 
cleaning, various beam excitation scheme, flexible 
connectivity, and seamless integrated with the control 
system. On-line control interface to operate feedback 
system and off-line analysis tools should be included. 
Functional block diagram of the planned bunch-by-bunch 
feedback system is shown as Fig. 4. Commercial 
feedback processor iGp12 from Dimtel [17] will serve for 
the TPS. Prototype test is ongoing. 

 
Figure 4: Prototype electronics for bunch-by-bunch 
feedbacks. 
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SYNCHROTRON RADIATION MONITOR 
 Synchrotron radiation from a dipole will be used to 

observe the beam profile during energy ramping and 
emittance measurements. Beam size of the booster 
synchrotron during the ramping will shrink from (x= 0.7 
mm, y= 1.5 mm) at 150 MeV to (x= 0.15 mm, y= 0.1 
mm) at 3 GeV due to radiation damping. It will measure 
by two synchrotron radiation monitors working in center 
wavelength of 400 nm or less. Short wavelength can 
reduce diffraction contribution slightly. The capability to 
monitor bunch length with a streak-camera will be also 
provided.  

Beam size of the storage ring bending magnet 1o source 
point (x = 39.73 m, y = 15.81 m) is small. It prevents 
conventional imaging method at visible light wavelength 
for precision  beam size measurement is possible due to 
~50 m diffraction contribution which is about three 
times of the vertical beam size. So, X-ray imaging system 
is needed for precision beam size measurement. The 
visible light is still need for temporal, longitudinal and 
transverse dynamic observation. Since the beam size is in 
the small prevent imaging method in visible light region 
useless. However, interferometer and p-polarization beam 
size measurement will implement as complementally tool 
for the x-ray pin-hole camera. 

Two X-ray pinhole cameras imaging of 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 measure the electron 
beam size accurately at all currents from below 1 mA to 
500 mA stored beam current range. Optimization of the 
X-ray pinhole system will give possibility to measure 
very small beam sizes in a few microns typically. Its main 
function will include measurement of the electron beam 
energy spread and vertical beam size.  

The filling pattern measured by TCSPC will used 
avalanche photodiode detector (APD) to detect scattered 
X-ray photon or visible light. The APD will mound on the 
synchrotron radiation monitor station also. 

Visible light beamline will be built to measure various 
beam parameters include longitudinal and transverse 
parameters. Streak camera operates at 250 MHz 
synchroscan mode is preferred to observe beam behavior 
of the consecutive bunches. Integrating the streak camera 
system with EPICS is planned. The contract was award to 
the Hamamatsu newly delivery C10910 universal streak 
camera  [18] system and accompany with necessary 
sweep units and accessories with 1 psec temporal 
resolution. It will available in 2013. Beam size 
measurement by visible light interferometer and -
polarization method is also considered. 

SUMMARY 
Update of diagnostics system for TPS are summarised 

in this report. Detailed engineering design of various 
diagnostics devices and electronics are in proceeding 

include scraper, stripline kicker, synchrotron diagnostics, 
data acquisition for specific diagnostic application which 
are not includes in this report are still on the way. Control 
system supports and applications are in development 
phase. Refining of interfaces among different systems and 
groups is underway. Efforts to dig out insufficient parts 
and avoid last minute wonder are continue watch. Prepare 
for installation is the current focus. Installation and 
integration of accelerator system are scheduled in 2013. 
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MODERNIZED OF THE BOOSTER SYNCHROTRON DIAGNOSTICS IN 
THE TAIWAN LIGHT SOURCE 

C. H. Kuo, K. H. Hu, P. C. Chiu, C. Y. Liao, C. Y. Wu, Y. S. Cheng, S.Y. Hsu, Jenny Chen,              
K. T. Hsu, NSRRC, Hsinchu 30076, Taiwan

Abstract 
Taiwan Light Source (TLS) is a 1.5 GeV synchrotron 

based light source which was dedicated 20 years ago. 
After several major and minor upgrades, the TLS now 
operated in top-up mode since late 2004. A new 3 GeV 
Taiwan Photon Source (TPS) is in construction to provide 
more x-ray users. To provide a test bed for the diagnostic 
devices in booster synchrotron for the TPS project, the 
diagnostics of the TLS booster synchrotron is revised 
recently. It can also provide up-to-date diagnostics for the 
TLS booster to help to achieve a better operation of the 
injector for the TLS storage ring. Efforts of these 
upgrades and modifications are summary in this report. 

INTRODUCTION 
The TLS booster synchrotron was delivered in 1992 [1]. 

Some diagnostics of the TLS booster revised in recently 
by borrow components for the TPS project before its 
commissioning in 2014. Two goals of these revised 
efforts, the first goal is as test bed for the TPS project to 
do hardware, software, and application development. The 
second goal is to provide better understanding its 
characteristics of the TLS booster synchrotron. The major 
parameters of the TLS booster synchrotron are 
summarized in Table 1. This study focus on BPM 
electronics, tune monitor, synchrotron radiation monitor, 
and perform some preliminary test to check functionality 
and performance.  

 
Table 1: Major design parameters of the TLS booster 
synchrotron relate to diagnostics. 

Parameters Value 
Energy 1.5 GeV 

(operated  at 1.3 GeV 
before 1999) 

Circumference  72 m 
Periodicity 12 
Energy spread 5 x 10-4 
Momentum compaction factor 0.058 
RF frequency 499.654 MHz 
Harmonic number 120 
Tune �x ~ 4.4, �y ~ 2.43 
Chromaticity �x ~ -6.5, �y ~ -2.8 
Betatron function (max) �x ~ 11.9 m, �y ~ 11 m 
Repetition rate 10 Hz 

BPM ELECTRONICS 
Beam position monitor (BPM) in the TLS booster 

synchrotron was mounted 45 degrees on the chamber at 
between the dipole and the quadrupoles. The lattice of the 
booster synchrotron is FODO type with periods of 12. 
There are 23 BPMs used around the synchrotron, because 

one location is used as a photon port. The BPM location 
on the booster is shown in Fig. 1. Past efforts to measure 
closed orbit and turn-by-turn position of in the TLS 
booster synchrotron during ramping from 50 MeV to 1.3 
GeV are summarized in references [2, 3, 4]. Energy 
ramping of the TLS storage ring from 1.3 GeV to 1.5 
GeV was done in 1995 to enhance x-ray emission. The 
booster synchrotron was raised from 1.3 GeV to 1.5 GeV 
in 1999 to provide full energy injection for the storage 
ring. 

 

 
Figure 1: BPM layout of the TLS booster synchrotron. 

 
The BPM cabling and electronics were completely 

modified during shutdown in August, 2012. BPM 
electronics borrow from the TPS project. These BPM 
electronics will available before TPS commissioning in 
2014. The four buttons of each BPM were connected to a 
Libera Brilliance+ [5] BPM module directly. The BPM 
electronics provide turn-by-turn data for x, y, and sum 
signals. Further processing include spectral analysis, 
decimated raw data to reduce amount of data, data 
averaging, etc. are easy to do by various software 
applications after data readout from BPM electronic. 

Validation checking and preliminary measurement are 
in proceeding since the accelerator startup from shutdown 
in the early September. The preliminary measured orbit is 
shown in Fig. 2. The extraction is disabled, so, the beam 
can survive almost full booster cycle (100 msec). 
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(a) Horizontal beam position 

 
(b) Vertical beam position 

Figure 2: Beam position variation during the booster 
energy ramping. Extraction is disabled. Each curve 
represents one BPM reading, consecutive BPM data 
vertical offset is -2 mm for clear visualization. The first 
BPM trace is in the injection straight, the last trace 
corresponding on the last BPM just at upstream of 
injection straight. 
 

The extraction of the TLS booster done by three 
bumpers excited by 2 msec half-sine current, a septum 
excited by 500 �sec half-sine and a extraction kicker by 
an PFN type pulser. Bumpers were excited for 1 msec 
before extraction. The septum is triggered 250 �sec 
before extraction. The orbit excursion during the 
extraction process proceed is started about 44.5 msec and 
end at 45.5 msec is clear visible in Fig. 3. The maximum 
beam excursion should appear at BPM within the three 
bumper magnet bump. However, the measurement shows 
that the extractions bump is not a closure bump. The BPM 
reading will help to adjust extraction condition setting of 
the booster synchrotron. 

 
Figure 3: Horizontal beam position variation during beam 
extraction bumper magnets triggered. Each curve 
represents one BPM readings; vertical data of consecutive 
BPM is offset -1 mm for visualization purpose. 

TUNE MONITOR 
Efforts to measure working tune for the TLS booster 

synchrotron were described in reference [1, 6, 7]. Early 
efforts adopt extraction kicker as beam excitation with 
shift timing and strength adjustment setting at different 
energy and use digital oscillator to capture demodulated 
signal and perform FFT analysis to extract tune. The 
method can only capture single tune value at specific 
energy during the ramping; it needs many booster cycles 
to construct the tune variation along ramping. Excitation 
of booster magnets system should stable enough to 
achieve useful measurement. This pulsed kicker is a 
window framed, two-turn, ferrite magnet capable of 
providing 1.4 mrad horizontal kick to the extraction 
energy. Since the accelerating electron beam covers a 
wide range of energy change, the kicker strength has to be 
finely tuned so as not to over-kick and loss the electron 
beam. Since the excitation kicker produces only 
horizontal deflection to the electron beam, it is difficult to 
identify the vertical component. However, there is a small 
coupling between horizontal and vertical tune signals can 
be identified successfully.  

In the latest effort [7], a dedicated diagnostic kicker was 
installed over a ceramic chamber. This kicker can provide 
horizontal and vertical kick simultaneously and adopt log-
ratio BPM electronics to extract beam oscillation 
information. The stored electron beam in the booster was 
excited with a magnetic pulse from the kicker. While the 
electron beam executed betatron oscillation along the 
booster ring, the transverse motion of the beam signal was 
picked up by the stripline through a log ratio amplifier. 
The associated turn-by-turn information was recorded 
with a transient digitizer where the length of the recording 
data was defined. The raw data was then saved to the 
control console where the FFT analysis and peak 
identification were performed. It still need many booster 
cycles for measurement to construct full cycle tune 
variation. 

There are two stripline electrodes on the TLS booster, 
however, small shut impedance due to large aperture 
prevent its in-effective as beam excitation in higher 
energy portion. It was decided to modify the diagnostic 
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X-Y kicker as magnetic shaker [8, 9]. Single turn coil of 
X-Y kicker was removed. Multi-turn coils are mound on 
the existed ceramic chamber of the diagnostic kicker. 
There are two coils in each plane enclosed surrounding 
ferrite box with ceramic chamber surrounding them.  The 
kickers with 50Ω terminated load have calibration factor 
of 3 mG/A. The kickers are driven by a 50W amplifier in 
each plane. The input signal is a band-limited white noise 
in a bandwidth from 1 MHz to 2 MHz. The turn-by-turn 
beam oscillation data is observed by the Libera 
Brilliance+ [5] BPM electronics. The functional block 
diagram of this new tune monitor system is shown in Fig. 
4.  A digital step attenuator is used to control the 
excitation level [10].  

1 ~ 2 MHz
Narrow 
Band

White Noise 
Generator

50 W Power Amplifiers

Libera Brilliance+

BPM
or

Striplines
10 Hz 

Trigger

Magnetic Shaker

Attenuation
Control

Circuitry

Horizontal 
coil pairs

Vertical
coil pairs

f rev= 4.167 MHz

Digital Step 
Attenuator

 
Figure 4: Functional block diagram of the new tune 
monitor for TLS booster. 

Horizontal coils

Vertical coils

 
Figure 5: Magnetic shaker. 

 
Preliminary test show that the beam can be excited 

effectively during the whole ramping cycle. A digital 
stepping attenuator is added to adjust the attenuation 
excitation level to prevent too large excitation at low 
energy which will cause beam loss. The BPM can 
observed betatron sideband with acceptable signal to 
noise ration. Figure 6 shows the spectrogram of the 
horizontal and vertical of BPM turn-by-turn data. The 
spectra line is clean visible. We excite the beam 
oscillation using magnetic shaker. Owing to the fast data 
acquisition and calculation capability, the tune drift 
during ramping can be observed in cycle to cycle basis.  

 
(a) Horizontal tune variation during ramping cycle. 

 
(b) Vertical tune variation during ramping cycle 

Figure 6: Spectrogram of the turn-by-turn beam position 
data. Tune shift in the booster ramping can be observed 
clearly. 
 

Tune information was obtained by spectra analysis of 
the FFT of turn-by-turn beam position data. Tune 
variation during ramping was observed in current routine 
operation setting. The fractional tune drift can be as large 
as 0.2. It is related to the tracking errors among 
focusing/defocusing quadrupoles and dipole. In 
cooperating with the monitoring system of FQ and DQ to 
dipole magnet strength, optimization of the booster 
working point can be efficiently achievable in tuning the 
booster synchrotron.  

SYNCHROTRON RADIATION MONITOR 
 The synchrotron radiation monitor of the booster 
synchrotron has been replaced the original Firewire 
camera [11] by GigE Vision camera. Data acquisition and 
analysis is done by an EPICS IOC which embedded 
Matlab [12]. The layout of the synchrotron radiation 
monitor is same as reference [4]. The two axes translation 
stage is added to easy align the light to enter the CCD 
camera as shown in Fig. 7 (b). The monitor contains a 
computer, GigE Vision CCD camera, lens, molybdenum 
mirror, band-pass filter (centre wavelength at 550 nm 
with 10 nm spectral width) and motion stage. In this new 
design, a CCD camera comply with GigE Vision standard 
allows maximum data bandwidth 125 Mbytes/s over Cat 
5e/6 cables up to 100 m, and a motorized translation stage 
moves the camera in XZ directions to adjust the CCD 
position. The photons of synchrotron radiation emitted by 
the electron bunches passing through a bending magnet in 
the booster ring are reflected by a molybdenum mirror 
and passed through a convex lens (f = 500 mm) to form 
image at CCD image sensor. The magnification factor is 
2:1 to save for current setup. 
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Lens
f = 500 mm

Bending Magnet Molybdenum Mirror

CCD Camera

BPF, 550 nm, 10nm FWHM

Polarizer
Camera Server

Control Network

Trigger

Gigabit Ethernet (GigE)

Orbit Height : 1250 mm

� = 4.584 m

Stage +Z

+X

Z axis

BPFCCD

+Z

+X

X axis

GigE

 
(a)                                        (b) 

Figure 7: Layout of the synchrotron radiation monitor and 
photo of the CCD camera mounted on two axes 
translation stage. 

The display GUI for the booster synchrotron radiation 
monitor is shown in Fig. 8, which has been developed and 
has the same features as previously. The CCD exposure 
time and trigger delay are set to 1 ms and 30 ms 
(corresponding to energy about 0.8 GeV); as a result, the 
beam size is 0.74 mm (�x), 0.34 mm (�y). Raw data and 
fitted parameters are published as EPICS PV such that 
EPICS clients can readily access for further usage.  

 

 
Figure 8: User interface for the booster synchrotron 
radiation monitor. 

A beam profiles during energy ramping is shown in 
Fig. 9; Extracted variation of the beam emittance is 
shown in Fig. 10. The emittance decreases when the 
energy increases due to radiation damping. A significant 
shift of position occurs near 45 msec in ramping cycle in 
horizontal is due to the extraction bumpers are excited.  

 

 
Figure 9: synchrotron radiation profiles at several 
different energy during energy ramping, the CCD 
exposure is 1 ms (energy scan mode). 
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Figure 10: Deduced beam emittance from measured beam 
size variation during energy ramping. 

PRELIMINARY EXPERIMENTS 
When good diagnostics are available, parameters of the 

booster can be check routinely. We performed several 
simple experiments in a limited available time of the 
booster synchrotron in machine start up and summarized 
in this paragraph. 

Tune Stability 
It can monitor the tracking stability of dipole and 

quadrupole power supplies, when tune variation data of 
each booster cycle available. Figure 11 shows the 5 
continuous tunes measured in an interval of 100 booster 
cycles (10 seconds). There is no sensible tune variation. 
The difference of these measured tunes is shown that the 
repeatability of tune is good for 5 times measurement. 
The fractional tune difference is less than 0.005. The 
difference looks like form the data fluctuation rather than 
form the contribution of power supplies. Long-term 
stability for hours will be further studies. 

 
(a) Tune variation as function of ramping time. 

 
(b) Fractional tune difference. 

Figure 11: Reproducibility of tune is good for 5 times 
measurement. The fractional tune difference is less than 
0.005. 

Chromaticity Measurement 
The chromaticity of booster has been calculated as RF 

frequency and measured tune change during the ramping. 
For a small variations, the chromaticity should be a linear 
function of the tune shift, �x,y = -
x fRF ��x,y/�fRF. The 
momentum compaction factor ac is normally a constant 
depending on the lattice. The measurement result is 
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shown in Fig. 12. 

 
Figure 12: Measured uncompensated chromaticity.  

Turn-by-turn Data Analysis 
Independent component analysis (ICA) [13] method is 

used to analyze turn-by-turn data to calculate horizontal 
beta function as Fig. 13. The spatial and temporal 
function of ICA shows the integer part and the fractional 
part of horizontal tune are 4 and 0.31 respectively. The 
lattice is symmetric where odd BPMs location have low 
beta value and even’s BPMs are located at high beta 
section. The ICA analysis result shows that they are 
consistence from model. There is a little bit nonlinearity 
and distortion effect that are contributed in the high beta 
BPM location. Systematic study to improve reliability of 
BPM data by the usage of ICA that is a short-term effort. 

 

 
Figure 13: Preliminary results to apply ICA to calculate 
horizontal beta function using BPM turn-by-turn data. 

SUMMARY 
In this report, we are performed some minor 

modification of the TLS booster synchrotron to 
modernize orbit, tune, synchrotron radiation monitor. The 
system can be used as test bed for the similar system for 

the TPS booster synchrotron and software development.  
The schedule of TPS is still for one year, a plan to test 
hardware and software supporting are in proceeding. Plan 
to study the TLS booster synchrotron is also launched.  
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THE CALIBRATION FACTOR DETERMINED AND ANALYSIS FOR HLS 
BUNCH CURRENT MEASUREMENT SYSTEM* 

Y.L. Yang#, T.J. Ma, B.G. Sun, P. Lu, J.G. Wang, J.Y. Zou, C.C. Cheng 
NSRL&SNST, USTC, Hefei 230029, P. R. China

Abstract 
For bunch current measurement system, button 

electrode or strip-line electrode can be selected as its 
signal pickup, peak value or integral of signal from 
pickup can be used to indicate the related bunch current 
value. To obtain the absolute value of bunch current, the 
calibration factor should be determined with the help of 
DCCT. So, the calibration factor is a key parameter for 
bunch current measurement system. At HLS, the stretch 
effect of bunch length was observed when bunch current 
decay over time and this will affect the performance of 
bunch current detection for different pickups and 
calculate methods, which mean the calibration factor will 
be different. In this paper, theoretical analysis and 
experimental validation results are performed to find out 
an acceptable solution about pickup and signal processing 
method for bunch current measurement system at HLS. 
The results show that, the best performance can obtained 
by adopting strip-line pickup. 

INTRODUCTION 
Bunch current measurement is necessary elements for 

most accelerators, especially for synchrotron radiation 
light source. A lot of various types of measurement 
systems are developed by now [1-4]. Current transformers, 
pickup-electrodes and wall current monitors are most 
widespread among devices for bunch current 
measurement.  

Hefei Light Source (HLS) is a synchrotron light source, 
many button pickups and strip-line pickups have been 
mounted on the vacuum pipe for the measurement of 
electron beam position called as BPM. Typically, a BPM 
have four electrodes to calculate both vertical and 
horizontal beam position. Additionally, the sum signal 
from the four electrodes carry the bunch charge 
information and its change rate is less than 0.005 when 
beam position alternated within 4mm [5]. So the sum 
signal can be used to calculate the bunch current. 

HLS storage ring operates in 800MeV with 
204.016MHz RF and 45 bunches, the bunch separated 
from each other only 5 ns, and the bunch length is about 
300ps. So, two type of four-electrode pickup can be 
selected as the pickup of HLS bunch current measurement 
system [6]: button electrode and strip-line electrode. Peak 
value or integral of bunch signal from pickup can be used 
to calculate the related bunch current value. To obtain the 
absolute value of bunch current, the calibration factor 
should be determined with the help of DCCT. At HLS, the 

stretch effect of bunch length was observed [7] when 
bunch current decay over time and this will affect the 
performance of bunch current detection for different 
pickups and calculate methods, which mean the 
calibration factor will be much different. So, theoretical 
analysis and experimental validation results are 
performed to find out an ideal solution for bunch current 
measurement at HLS. 

BUNCH CURRENT CALCULATE 
The electrons in a bunch from storage ring are usually 

expressed with a Gaussian distribution. When the total 
charge in bunch is 0Q  and bunch length is �� , formula 1 
show the expression of a bunch in time domain. 

 
2

0
2( ) exp( )

22 �� ���
� �b

Q tI t
                

(1) 

For button pickup, the sum signal of four electrodes can 
be expressed as follow: 

2
0

22

( )( )

exp( )
22 �� ���

� �

� � �

bdI tV t k
dt

Q tk
           (2) 

k is the scale factor of electronics. The chart was 
shown in Figure 1(a) [8].  

Peak value and integral value of each bunch sum signal 
carry bunch charge information, which can be obtained 
from formula 2: 

0 0
2 2

� �� �
� �peak P

Q QV K                      (3) 

1

0 0 0
int ( )egral It

Q QV V t dt K
� �� ��� � �	       (4) 

Where pK is the calibration factor for using peak value 

of sum signal and IK is the calibration factor for using 
integral of sum signal. The above equation shows the 
strong influence of the bunch length �� , both on peakV  

and int egralV . 
Alike, for strip-line electrode, the chart was shown in 

Figure 1(b) and the sum signal expression is: 


 � 2( )
4
�
��

 �� �� � �� �� �� �� �
b b

Z lV t I t I t
c

    (5) 

 ___________________________________________  
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peakV  and int egralV  are approximated as formula 6 and 
formula 7: 

0 0

� �� �
� �peak P

Q QV K                     (6) 

2

1
int 0 0( )�� � �	

t

egral It
V V t dt K Q Q    (7) 

The equation 7 shows that the integral of sum signal of 
strip-line electrodes is proportional to bunch charge 0Q  

and have no influence of the bunch length ��  

t
2

�

t
1

0

  
a) Sum signal from button electrodes. 

t2

�

t1

 
        b) Sum signal from Stripline electrodes 

Figure 1: Sum signal of BPM. 

EXPERIMENT DATA ANALYSIS 
To evaluate how bunch length will influence the 

calibration factor of bunch current measurement, Beam 
current, bunch length and bunch current were monitored 
at the same time at HLS storage ring. 

Beam Current Value  D  ecay  O  ver  T  ime 
Figure 2 shows the DCCT beam current value decay 

over time in HLS storage ring. Beam current decay from 
200mA to 80mA within about 10 hours. 
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Figure 2: DCCT beam current value. 

Bunch Length Stretch E   ffect  at HLS 
In this case, the stretch effect of bunch length was 

observed by Streak Camera [9]. Figure 3 shows that the 
bunch length changed from 303ps to 244ps, and the 
change rate is about 19%.  
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Figure 3: Bunch length changed with bunch current. 

The bunch length stretch will affect the performance of 
bunch current detection for different pickup type and 
calculate method. With beam current decay from 200mA 
to 80mA, strip-line BPM and button BPM are used as 
pickup to detect the bunch current, integral value and 
peak value for each bunch of the sum signal from BPM 
are used to calculate the calibration factor.  

Calibration F  actor for Bunch Current  
When beam current decayed from 198mA to 86mA, 

sum signal from button and strip-line pickup have been 
recorded by oscilloscope. Figure 4 show the sum signal of 
four-strip-line pickup, include all 45 bunches. 
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Figure 4: Sum signal of four-strip-line pickup. 

From the sum signal waveform, peak value and 
integrate value of every bunch can be extracted and then 
the relative bunch by bunch current value can be obtained. 
Combined the DCCT beam current value, we can 
calculate the calibrate factor which changed following the 
beam current. The normalized calculating results were 
showed in Figure 5. With strip-line pickup and integral 
(Fig.5 a), the normalized calibration factor changed only 
1.4% when bunch length have changed 19.3%, the 
measurement RMS is 0.003. The factor change rate is 
16.1% with button pickup and integral (Fig.5 b), 15.5% 
with strip-line pickup and peak value, and 27.1% with 
button pickup and peak value. 
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Figure 5: The calibration factor has changed with bunch 
current value. 

So, strip-line pickup and integral method were finally 
selected to calculate the calibration factor and get the 
absolute bunch by bunch current value at HLS storage 
ring. Figure 6 show the bunch current measured by HLS 
bunch current measurement system. 
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Figure 6: Bunch current decay over time. 

SUMMARY 
Theoretical and experiment data analysis show that, 

using strip-line as signal pickup and processing the sum 
signal waveform by integral, the bunch length stretch 
effective on calibration factor can be omitted, the best 
choice for bunch current detection for electron storage 
ring. The experiment data analysis show that the factor 
will change about 27% when bunch length changed about 
19% if using button pickup and processing by peak value 
of bunch signal. 
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PULSED ELECTRON BEAM CURRENT AND FLUX MONITOR FOR THE
RACE-TRACK MICROTRON

Abstract
In electron irradiation experiments on the materials, a

true current of the electron beam is to be known to calcu-
late the electron fluence received by the sample. Therefore,
a pulsed electron beam current and flux monitor along-
with electronic system for an electron accelerator called
Race-Track Microtron has been designed and developed.
The sensing device used was a ferrite core having suitable
number of turns of copper wire wound around it, through
which the electron beam was passed without loss in the in-
tensity. With an appropriate developed electronic circuit,
the instantaneous value of the induced voltage was mea-
sured which in turn provides value of the electron beam
pulsed current. The total charge passed through the ferrite
core per unit time was therefore recorded and an integrated
value of the total charge in a given period could be derived.
This system can be used to measure the electron flux in the
range from 108 electron/cm2 to 1016 electron/cm2. More-
over, this system has been used successfully in a few elec-
tron irradiation experiments where the knowledge of the
electron fluence received by the sample is required.

INTRODUCTION
Charged particle accelerators deliver particle beams ei-

ther in the pulse or continuous mode. In case of continuous
beam current, combination of Faraday cup and current me-
ter can serve the purpose of flux measurement. However,
in case of pulsed electron beam, analog meters are not sen-
sitive to the small beam pulse width which may vary from
nanoseconds to microseconds. In such cases, integration
of the charge collected over a known period is required to
obtain particle fluence received by the target.

The Microtron, an electron accelerator of the University
of Pune is operated in a pulse mode with pulse width 2 µs
and pulsating rate variable in the range 50 pps to 200 pps.
The energy range can be set in two ranges 0.5 to 1 MeV
and 6 to 8 MeV. For many applications, samples are ex-
posed with electrons and fluence level (e−/cm2) is required
to be known with accuracy around 1%. In this laboratory,
for irradiation experiments, a Faraday cup is being used to
measure electron fluence received by the sample. In this
method, a conducting plate made of graphite or aluminum
is placed in the beam path and the charge collected is mea-

∗ sanjay@physics.unipune.ac.in

sured by a current integrator. The thickness of the plate
is kept much more than the range of the electrons. How-
ever, all the incident electron do not flow to the integra-
tor because a fraction of the incident electron are lost due
to backscattering. Secondary emitted electrons also reduce
the charge reaching the current integrator. Due to this prob-
lem, it was difficult to estimate fluence level by measuring
the charge received by the sample. To avoid this problem an
induction type current transformer[1, 2, 3] and pulse inte-
grator have been designed and fabricated to measure pulsed
electron beam current and hence fluence received by a sam-
ple.

DESIGN PRINCIPLE OF INDUCTION
MONITOR

The measurement of pulse current using ferrite core is
based on the principle of current transformer[2]. If ideal
transformer conditions are assumed i.e. unity coupling
without core losses and winding reactances much greater
than respective primary and secondary resistances, the ra-
tio of primary and secondary current inversely proportional
to the turns ratio

ip
is

=
Ns

Np
(1)

Where ip= primary current, is = secondary current, Ns =
number of secondary turns, Np= number of primary turns

In many cases, while the monitoring of primary current
requires a voltage output from the secondary, the secondary
current passes through load resistance RL

Vs = ip.
Np

Ns
RL (2)

Considering Ns=50, Np=1, then ip=is × 50

Vs = isRL ∴ is =
ip
50

(3)

Vs = ip (4)

Relation 3 gives the magnitude of voltage Vs directly pro-
portional to the primary beam current.

DESIGN PRINCIPLE OF THE CURRENT
TRANSFORMER

The current monitor consists of a ferrite core type
T45HP3 having OD 46 mm, ID 28.6 mm and width 13

B.J. Patil, Department of Physics, Abasaheb Garware College, Karve Road, Pune, India
Shahzad Akhter, N.S. Shinde, V.N. Bhoraskar, S.D. Dhole∗,

Department of Physics, University of Pune, Ganeshkhind, Pune, India
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mm. The permeability and the flux density of the ferrite
core as supplied by the manufacture are 2300 Henries/m
and 3900 Weber/m2 respectively. Winding of nearly 1000
turns of fine insulated copper wire of 40 SWG are provided
around the core. The measure value of the inductance and
resistance of the core are 67 mH and 150 Ω respectively.
When electron bunch passes through the ferrite ring, pulse
voltage is generated directly proportional to the number of
electrons in the bunch. The details of the system are shown
in Fig. 1 and induced pulse is shown in Fig. 2.

Figure 1: Induction beam current monitor.

Figure 2: Photograph of induced pulse from induction
monitor.

DESIGN OF THE PULSE INTEGRATOR
As the machine pulse beam current is available in the

range 0.1 mA to 10 mA, the output voltage of the in-
duction current monitor was small in amplitude. The
pulse voltage was therefore amplified, integrated and then
given to an A/D converter and subsequently to a counter
[4, 5, 6, 7, 8, 9, 10]. Block diagram of the pulse integrator is
shown in Fig. 3. A FET input preamplifier was used to am-
plify the induced current pulse. The amplifier output was
fed to ultra low pulse peak detector. A damping resistor R

is added in the peak detector to get recovery time variable
in the range 0.01 to 0.1 second. DC voltage was given to
an amplifier having variable gain. The amplifier DC output
was fed to a 3 and 1/2 digit A/D converter. An IC7107 is
used to convert the analog signal into digital form, mag-
nitude of which can be directly seen on display. Instanta-
neous value of the pulse current of the electron beam was
therefore observed in terms of voltage.

Second stage of this circuit is an integrator. In this, a
precession amplifier was used to increase the amplitude of
the DC level, which was fed to a precision voltage to fre-
quency converter. In this way, by measuring the frequency
accurately, small variation in the input voltage and hence in
pulse current can be observed. The IC used is type LM331
with 100kHz full scale ±0.03 nonlinearity with overall
conversion accuracy around 0.1 %. Output of this converter
was fed to a multiplexed counter MM74C926 and its carry-
out terminal was used to cascade the counters. On the dis-
play, the pulse current can be seen in digital form. The sys-
tem was calibrated using a re-entrant type Faraday cup in
which all the backscattered and secondary emitted electron
were also collected. The total electron charge of the Fara-
day cup was measured by a separate commercially avail-
able current integrator having based level of 10−8 coulomb.
Facilities such, presetting (1 sec to 104 sec) and present
count (108) were also incorporated.

The time scaling factor was used to obtain a number of
counts in a fixed time period. For this purpose, a 60 Hz fre-
quency signal was obtained using a crystal oscillator type
IC5369, having frequency 3.579 MHz. The 60 Hz signal
is given to a decade counter type 7490. The circuits are
used in different mode such that time period from 1 sec-
ond to 104 seconds can be set. The outputs of the counters
are connected to multiplexed switch and the selected time
mode pulse is further used to gate and latch signals of the
counter 74C926. In this way for any period from 1 second
to hundreds of seconds, the total integrated charge value in
terms of count can be obtained on the display.

PRECISION AUTO DOSE CONTROL
SYSTEM

Further to control either irradiation period of electron
dose, an additional feedback circuit was designed and fab-
ricated. A separate counter was used to set the time using
time scaling circuit and counts from V/F converter. The
counter can be set to work either in time mode or in count
mode through mode selector switch. The output of this
counter is given to (A input) magnitude comparator which
compares the data (B input) in counter with the data set
on a thumbwheel BCD switch and generates three outputs
A < B,A > B and A = B. The IC74LS85 is used as
a comparator in the present case to set the counts or time.
The output of this comparator (A >B) is used to control
mastercontrol triggering circuit of the modulators of the
Microtron. After completion of the desired dose or irra-
diation time, the circuit puts off the trigger pulse generator.
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Figure 3: Block diagram of the pulse integrator used with ferrite induction current monitor.

In this way the electron beam is stopped from coming out
of the machine.

CALIBRATION OF THE MONITOR

For the calibration of the induction current monitor, the
re-entrant type Faraday cup as mentioned earlier was used
to collect all the electrons of the beam. The output from
this Farady cup was connected to charging condenser (tan-
talum, 1 µF) through 50 ohm co-axial cable and thus the
integrated charge was measured by digital multimeter per
unit time. Simultaneously, the signal from the induction
monitor was fed to the pulse current integrator circuit made
in this laboratory. The charge shown by the condenser was
found to vary linearly with that shown by the present in-
duction current integrator system. In this way, the pulse
output of the induction monitor was calibrated in terms of
the charge collected by the re-entrant Faraday cup calibra-
tion curve is shown in Fig. 4. It is observed from the figure
that the flux increases with increase in the induced voltage.

Figure 4: Calibration curve for the induced current monitor.

CONCLUSION
The current monitor consists of a ferrite core having OD

46 mm, ID 26.6 mm, width 13 mm and wound 1000 turns

Proceedings of IBIC2012, Tsukuba, Japan TUPA06

Beam Charge and Current Monitors 339 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



copper wire around it. When electron beam pass through
the axis of the core, induced pulse generated which is di-
rectly proportional to the electron beam current. Further
this pulse is given to the pulse integrator designed indige-
nously where the induced voltage pulse shows directly pro-
portional to the flux of the electron beam.
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BPM SELECTION FOR BEAM CURRENT MONITORING IN SSRF∗

Zhichu Chen† , Yongbin Leng‡ , Yingbing Yan, SSRF, SINAP, Shanghai, China

Abstract
Although New Parametric Current Transform-

ers (NPCT), commonly called Direct Current Current

Transformer (DCCT), is the general solution of beam

current monitor, Beam Position Monitor (BPM) sum

signals may still surpass it in some aspects such as the

faster data rate and higher resolution in low current

situations. Nevertheless, an additional monitor should be

harmless. Meanwhile, the DCCTs in the storage ring of

Shanghai Synchrotron Radiation Facility (SSRF) have

been suffering from various noise and the signals from the

BPMs could be an aid to provide the beam current more

accurately. There’re 140 BPMs in the storage ring in SSRF

but not all of them are suitable for this particular usage.

This article focuses on the methods used here to dynamicly

choose the BPMs that meet the criteria.

INTRODUCTION
Beam current is one of the fundamental parameters to

be measured in any particle accelerators and its direct

current (DC) component is especially important in syn-

chrotrons and storage rings. Thus, DCCT is almost the

most widely used DC monitor in modern light sources

around the world for its fine resolution less than 1μA

r.m.s. [1] and long-term stability.

An NPCT175 from Bergoz Instrumentation have been

positioned on the storage ring as the beam current mon-

itor and another one in addition as its backup since the

beginning of the commisioning in SSRF [2, 3]. Both of

them have been suffering from various noise from time to

time [4]:

• power line noise,

• narrow band noise which is strongly related to the

beam current,

• random square wave noise from nowhere.

Figure 1 shows a typical performance of the DCCT with-

out any noise mentioned above and the BPM sum signal.

The quasi-constant resolution of DCCT reading is less than

2μA in all circumstances and that can be regarded as the

limitation of the electronics. The situation of the BPM is a

little more complex. The resolution of a single BPM is bet-

ter than the DCCT’s for a really low current (weaker than

10 mA) but gets worse as the beam current rises. Averag-

ing the whole BPM system, on the other hand, can improve

the performance significantly. The resolution of the BPM

system is better than that of the DCCT when the current is

weaker than 60 mA and it seems still under control even the

current is stronger. It all seems that the BPM alternative is
∗Work supported by National Natural Science Foundation of China

(No. 11075198)
† chenzhichu@sinap.ac.cn
‡ Corresponding author, leng@sinap.ac.cn

especially suitable for the low current mode. It is not un-

reasonable to assume that some BPM may act worse than

the others and the new BPM set will work even better. The

purpose of our beam experiment is to find an algorithm to

dynamicly maintain such a list in which each BPM is rela-

tively stable.
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Figure 1: A performance evaluation of DCCT and BPM

sum signal as the beam current monitor.

There’re 140 BPMs on the storage ring [2] and some of

the probes can be considered stable enough to accomplish

the task of been current monitors. Using the BPM sum

signal to relatively measure the DC beam current has al-

ready been a handful means during the commisioning of

SSRF [2]. This idea is being urged by all the benefits it can

offer: faster data rate, dead time free and sensitive even in

low current situations. Hence, a performance evaluation is

needed to pick out the qualified BPMs.

PRINCIPLES
The sum signal on the pick-ups of a BPM does not po-

sition insensitive. For such a resolution requirement, the

nonlinearity problem must be taken into account. There’re

positions that the transverse motion of the beam is fierce

and the BPMs at these locations are less desirable. Some

BPMs might suffer from some kind of local noise like the

DCCT does, or just encounter some machining, installa-

tion, even connection problems. So the algorithm we need

will only choose good BPMs at good positions.

Some algorithms have been tried and compared, but it

turns out that the one inspired by the theory of Principal

Component Analysis (PCA) is better than others. One ex-

ample is that we used to rate the BPMs by the r.m.s. of the

difference the each BPM “waveform.” The noisy or unsta-

ble BPMs could be picked out without problem. The one

smooth but wrongly decayed or slowing drifting can get

away. But PCA can be helpful to list all of them.

Overview of PCA
PCA is a useful mathematical technique for finding pat-

terns in data of high dimension which has been introduced

to the particle accelerator physics [5]. Only a statistical

analysis of the BPM data matrix is needed to study the
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beam dynamics by using PCA without the knowledge of

the machine model. PCA uses singular value decomposi-

tion (SVD) to convert the P -by-M BPM data matrix B into

a product of three matrices [5]:

BP×M = UP×PSP×MV †
M×M , (1)

where

S = diag(λ1, λ2, . . . , λk) (2)

is the singular matrix and λi the singular values.

Each singular value has its mode. A global mode,

which is usually related to an aspect of the beam dynam-

ics physics, tends to correspond to a significantly large sin-

gular value and should be shared by all BPMs. The ther-

mal noise modes could be divided and mixed in an unpre-

dictable combination of almost negligible singular values.

A local mode will only imply the malfunction of a specific

BPM. Thus, only the thermal noise modes and the local

modes are needed to evaluate the performance of BPMs.

Selection Algorithm
Normally, PCA extracts the beam transverse motion

modes along with the longitudinal ones. In our case, the

BPM sum signal matrix would be decomposited to get the

spacial vectors as well as the temporal ones. The principal

component will be the decay mode with little doubt. There

might also be some singular values much greater than the

noise floor in practical cases. They may due to the non-

linearity of the BPM probes or something alike, but what

should be concerned is always the principal decay mode.

The other modes should be considered as some kind of

noise in spite of their internal physical mechanics because

we only use the sum signal to monitor the beam current

without optimization.

Once the SVD is done, the deviation matrix can be eas-

ily derived by setting the first element of the singular value

matrix, say λ1, to zero without touch the others and multi-

plying them back:

B′
P×M = UP×PS

′
P×MV †

M×M , (3)

where

S′ = diag(0, λ2, . . . , λk). (4)

The r.m.s. value of each column denotes for the standard

deviation of each BPM.

BEAM EXPERIMENTS
The data of the BPMs and the DCCT are being fetched

during the daily operation and machine study time is not

really required. The normal operation mode in SSRF is to

inject beam into the storage ring with the energy of 3.5 GeV

until the current reaches 210 mA or so every 12 hours be-

fore it starts to decay for the rest of the time. The time

series data from 10:20 a.m. to 4:20 p.m. on May 2, 2012

were used here as a demonstration. Figure 2 shows a typ-

ical BPM sum signal (BPM 1) and a noisy one (BPM 47)

which this algorithm aims to highlight.
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Figure 2: Typical BPM sum signals.

The Result of PCA
After a simple SVD of the BPM data, unrelated modes

are separated:

B = (u1, u2, . . . )× S × (v1, v2, . . . )
†. (5)

The principal mode u1 is the decay mode which matches

the DCCT readings (see in Fig. 3) as expected. The slight

difference between them implies the nonlinearity of the

ADCs.
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Figure 3: The principal mode of the BPM data (blue) along

with the DCCT data (red).

The peak in the spacial component v2 of the secondary

mode u2 (see in Fig. 4) indicates this mode is a local mode

that concerns just one single BPM. The mode appeared at

the 47th component exclusively which is why the wave-

form is so messy in Fig. 2.

To obtain the performance of the overall system, the es-

timating process as mentioned in Eq. (3) is made. Figure 5

shows that some BPMs may behave poorly but we can still

get a couple of BPMs that are both steady and correlated to

the beam current.

Sorting the standard deviations should offer the confi-

dence list. There is no human intervention needed, so the
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Figure 4: The secondary mode of the BPM data (upper)

and its corresponding spacial component (down).
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Figure 5: The performance of the overall BPM system in

the PCA process. The BPM sum signals are normalized

before the process and the absolute value of the standard

deviation of each BPM is irrelevant so that an arbitrary unit

is adopted here.

list could use the live BPM data and refresh itself automat-

ically.

The Result of Difference Method
As a comparison, the difference method we’ve talked

about is also applied and the result is show in Fig. 6. BPM

47 is quite distinguishable while other BPMs behave just

alike. It is hard to tell whether one BPM is more suitable

for the current measurement than another since the result

suggests many of them have reached the electronic noise

limits. It’ll be very difficult to decide the threshold to fil-

ter the “improper BPMs.” Thus, it is not safe to run this

method without the manual monitoring.

This method seems to be qualified to filter those obvi-

ously noisy BPMs. The stable BPMs can also be entangled

among low frequency fluctuations, which means they are

not totally usable, or they can have unfortunately intolera-

ble nonlinear problems, which means each BPM should be

calibrated separatedly. So even if a threshold is chosen, the

selected BPMs still need a careful check individually.
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Figure 6: Result of the performance of the overall BPM

system by using the difference method.

CONCLUSIONS
The BPM sum signal has been used as an alternative to

the DCCT in SSRF. The BPM probes still have readings

even there’s no beam in the ring, so the zero drift is not

neglectable. The ADCs at the electronics front-end do not

have perfect linear responses. Therefore, a careful calibra-

tion is needed when the sum signal method becomes a prac-

tical application.

In spite of the above problems, the BPM has a better per-

formance than DCCT sometimes, e.g., under the condition

of low current. BPMs with fine resolutions, little noise and

luck locations that the transverse movement of the beam is

of small amplitude are needed to be picked out to aid the

DCCT. A new BPM selection algorithm based on PCA was

then proposed to choose such a set of BPMs.

The new algorithm for the beam current measurement

has several advantages over other ones tried in SSRF. The

main reason why it’s chosen is that PCA can extract the

correlationship between BPMs. This feature assures that

the selected BPMs have the max likelihood of the beam

current. Besides, the PCA idea is user friendly. The total

process is neat and obvious. That makes the algorithm easy

to be implemented and work online.
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APPLICATION OF SINGLE CRYSTAL DIAMONDS (scCVD) AS BEAM
CONDITIONS MONITORS AT LHC

E. Castro, DESY, Zeuthen, Germany on behalf of the DESY and BRM CMS group.

Abstract
The properties of single-crystal diamonds (scCVD): ra-

diation hardness, low leakage current with negligible tem-
perature dependence and fast signal response, make them
attractive to be used as robust particle counters in areas
of high radiation dose. The Beam Conditions and Radi-
ation Monitoring system (BRM) of the CMS experiment
includes the monitor BCM1F (Fast Beam Conditions Mon-
itor) consisting of 8 scCVD sensors. BCM1F monitors the
flux of particles from beam induced backgrounds and from
collisions. It protects the inner CMS detectors from high
background and delivers feedback on the beam conditions
to the LHC.

Since the LHC start up in September 2008, BCM1F has
revealed to be a valuable tool in the daily operation of the
CMS experiment and the LHC. It was successfully used to
keep the background level low, to identify vacuum leaks
via the enhanced rate of halo particles from interactions of
beam particles with residual gas atoms in the beam-pipe,
and to perform an on-line luminosity measurement. In or-
der to cope in future with higher bunch density and lumi-
nosity an upgrade of the BCM1F front-end-electronics and
data acquisition is foreseen.

Due to the positive experience with the CMS BCM1F,
the LHC was equipped with currently 6 BCM1F modules
at several positions along the ring where beam losses will
be analysed. The modules deliver information about hit
rate and arrival time distributions projected on the time of
an orbit, allowing to count halo particles originating from
each bunch. A characterisation of both BCM1F systems
using data collected during the LHC operation is presented.

INTRODUCTION
The CMS experiment contains several systems within

BRM to measure independently the dose at several posi-
tions inside and near the detector, and the flux of ionising
particles [1]. Three systems use diamond sensors. Two sys-
tems, using polycrystalline sensors [2], integrate the sensor
current over microsecond time intervalls and may induce
beam aborts when the current reaches preset limits.

The 8 BCM1F modules are particle counters to moni-
tor the flux of particles with a time resolution of nanosec-
onds [3]. They consist of scCVD sensors, fast and radi-
ation hard front-end ASICs and and a laser driven analog
signal transmission. The back-end electronics containing
fast ADCs, discriminators, scaler and TDCs and the data
acquisition are operated independently from the CMS data
acquisition.

To monitor the particle flux along the LHC 6 more mod-
ules, forming the BCM1F4LHC system, are installed at

several IPs, as shown in Figure 1. The back-end electron-

Figure 1: Location of BCM1F modules along the LHC ring.

ics of BCM1F4LHC is similar to the one of BCM1F and
located near the LHC control room.

SINGLE CRYSTAL CVD DIAMOND
SENSORS

The charge collections efficiency of scCVD sensors is
nearly 100% and signals of sensors with a thickness of
about 500µm are sufficiently large to count MIPs. They
are operated as solid state ionisation chambers by applying
high voltage to thin metal plates on both sides of the sensor
to generate an electric field in the bulk. Signals are created
due the drift of both electrons and holes with high mobility.

The scCVD sensors used in BCM1F have an area of
5×5mm2 and a thickness of 500µm. They have been man-
ufactured by Element Six Ltd. as a result of the collab-
oration with the CERN RD42 project. A first application
of an scCVD diamond sensor in a collider experiment was
described in Ref. [4].

THE CMS BCM1F
The BCM1F consists of 2 planes of 4 modules each lo-

cated at 1.8m on either side of the IP at a distance of 4.5cm
from the beam pipe. Each module contains a scCVD sen-
sor, radiation hard front-end electronics and optical trans-
mission of the signal, as shown in Figure 2. The peaking
time of the front-end ASIC is about 25 ns and the time res-
olution about 2 ns. The distance between the sensors and
the IP is optimal for the separation of incoming and outgo-
ing particles and corresponds to a time-of-flight of ∼6 ns
for relativistic particles.

THE BCM1F4LHC BLM SYSTEM
Six scCVD diamonds were installed in the LHC tunnel

near the beam-pipe to monitor the beam halo and analyse
beam losses. They are positioned next to collimators to be
sensitive to losses originating from protons hitting the walls
of the collimators, and next to ionisation profile monitors
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Figure 2: Photograph of one of the CMS BCM1 planes
where the BCM1F modules are mounted around the beam
pipe.

in the RF zone. Figure 3 shows an example of an installed
sensor module.

Figure 3: Photo of the installation of the sensor in P4. The
yellow and white cables carry the sensor signals and the
HV/LV respectively.

The amplified signals are transferred as analog optical
signals through fibres to the CERN Prevessin site, where
the data acquisition set-up is installed.

DATA ACQUISITION SET-UP

In the service room the analog optical signals are con-
verted back to electrical signals. The analogue signals
are duplicated, fanned out, and monitored by either an
analogue-to-digital converter (ADC) with 500MS/s, or dis-
criminated and fed into scalers and time-to-digital convert-
ers (TDCs). Relevant results are displayed in the control
rooms and raw data files are stored permanently on disk for
off-line analysis.

Figure 4: Data acquisition se-tup for BCM1F at CMS and
LHC.

PERFORMANCE OF THE CMS BCM1F

Beam Background Measurements

The CMS BCM1F delivers to the LHC control room two
numbers from scalers: the total flux of particles in the inner
region of the pixel detector (BKGD 1) and the flux or par-
ticles due to beam halo (BKGD 2). For the calculation of
BKGD 2 only the rates of non-colliding bunches are taken.
These rates are also corrected for delayed hits originating
from the activation of the material surrounding the sensors.
The beam halo rates are a measure of proton scattering on
residual gas atoms in the vacuum. This is nicely seen in
Figure 5 where the rate of halo particles is measured as
a function of the vacuum pressure measured by the gauge
VGPB 183 1R5 during the ramp up after bad vacuum con-
ditions on the right side of IP 5. The sensitivity is up to
∼0.5×109mbar.

Luminosity Measurement

BCM1F will be used for the on-line luminosity measure-
ment. Since it is independent of the central CMS DAQ it
measures the luminosity when the other monitors are not
available. Currently the whole system, including special
logics and histogramming modules, is under commission-
ing. However the results are very promising to e.g. lumi-
nosity values for each bunch crossing.

Upgrade Plans for the CMS BCM1F

After 2014 LHC will be operated at higher energy and
luminosity, with bunches crossing every 25 ns. Because of
the peaking time of the currently used FE ASIC of 25 ns,
the performance of the whole system will be reduced and
particularly the luminosity measurement difficult due to a
large dead-time. A new FE ASIC with a peaking time and
signal width below 10 ns and a fast baseline recovery is
currently being developed. With a gain of 50 mV/fC and a
signal-to-noise ratio of ∼10 it will discriminate MIPs from
noise with better performance.
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Figure 5: The rate of beam halo particles as a function of
the vacuum pressure on the right side of IP 5.

PERFORMANCE OF THE LHC BCM1F

Total Flux

The discriminated sensor signals are fed to a scaler that
counts the hit rate. Depending on the location of the sen-
sors, the rates account for beam halo, beam losses, proton
interaction with residual gas atoms due to vacuum degrada-
tion or collision products coming from nearby interaction
points. Figure 6 shows an example of the rates for several
proton-proton fills with collisions in the experiments Alice
and LHCb (IP2, IP8 respectively).

Figure 6: OP Vistars display: Beam 1 and 2 currents (in
blue and red respectively) are overlapped with the scalers
rates. Upper plot: P2 (black) and P8 (grey) rates.

Time Distribution of the Signals

The TDC measures the time of a hit within an orbit. The
information is relevant ta assign hits to bunches. Interest-
ing are also hits not synchronous with bunches or even hits
in the so called abort-gap, which should not contain beam
particles. Figure 7 is an example of a TDC plot for sensor
in IP8, revealing a clear bunch structure of the halo from
the incoming bunch train and collision products.

Figure 7: Sensor in IP8: zoom in one orbit of the distri-
bution of hits with respect to the orbit trigger: lower peaks
are hits due Beam 1 travelling towards IP8, higher peaks
are the collision products overlapping with Beam 2 coming
from the IP8.

CONCLUSIONS
The CMS BCM1F is a fully operational monitor that

provides information to grant safe data of LHC and CMS.
Its sensitivity and reliability in the daily operation shows
that new monitoring capabilities can still be exploited. An
upgrade of the FEE will grant its performance after the
first long LHC shutdown. The BCM1F4LHC delivers valu-
able information on the halo at several positions along the
ring and will allow diagnostics in case of beam losses with
nanosecond time resolution. It demonstrates the potential
of the scCVD sensors to be used as BLMs.
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SYSTEM ARCHITECTURE FOR MEASURING AND MONITORING
BEAM LOSSES IN THE INJECTOR COMPLEX AT CERN

C. Zamantzas, M. Alsdorf, B. Dehning, S. Jackson, M. Kwiatkowski, W. Vigano,
CERN, Geneva, Switzerland

Abstract
The strategy for beam setup and machine protection of

the accelerators at the European Organisation for Nuclear

Research (CERN) is mainly based on its Beam Loss Mon-

itoring (BLM) systems. For their upgrade to higher beam

energies and intensities, a new BLM system is under devel-

opment with the aim of providing faster measurement up-

dates with higher dynamic range and the ability to accept

more types of detectors as input compared to its predeces-

sors. In this paper, the architecture of the complete system

is explored giving an insight to the design choices made to

provide a highly reconfigurable system that is able to fulfil

the different requirements of each accelerator using repro-

grammable devices.

INTRODUCTION
During the upgrade of each injector line at the European

Organisation for Nuclear Research (CERN), an up-to-date

Beam Loss Monitoring (BLM) system will be included for

the monitoring of the beam losses and machine protection.

That is, apart from the high reliability and availability ex-

pectations from the system, the architecture chosen should

provide a generic, highly configurable and high-performing

system.

The acquisition part should provide the ability to ac-

cept several detector types as input. In the majority of

the cases, it is foreseen to use ionisation chambers simi-

lar to those developed for the LHC. Nevertheless, several

other types, e.g. secondary emission monitors, diamonds

and Cherenkov detectors, will need to be used also in some

locations to cover particular cases. For the transport of the

signal between the detector and the front-end coaxial dou-

ble shielded cables are employed and wherever possible all

cables pass through enclosed cable trays. That is, make use

of any possible means for noise reduction.

The digitisation of the detector current output will use a

new design concept and is currently under implementation.

The input channel circuit should be able to measure a cur-

rent input from 10 pA to 200 mA. That is, a dynamic range

of 1011.

Further, the processing part of the system will combine

the information gathered by each channel and keep several

moving integration windows between 2 μs and 1.2 s. The

calculated values for each channel will be checked continu-

ously against predefined threshold values both at the hard-

ware and software level, as well as will be forwarded in the

control room and databases for online observation and later

analysis. The BLM system, through its direct connection

to the beam interlock system, will have the ability to either

block all upcoming injections, when the machine protec-

tion thresholds get exceeded, or selectively block specific

upcoming injections, by tracking losses for each individual

beam cycle destination separately.

The system is making use of reprogrammable devices,

i.e. Field Programmable Gate Arrays (FPGA), to allow

flexibility and target all injectors’ requirements. A block

diagram of the architecture of the system can be seen in

Fig. 2.

ACQUISITION ELECTRONICS
The acquisition electronics are comprised by the digi-

tiser modules, the control module and the crate that pro-

vides the hosting and interconnections.

The acquisition crate (BLEAC) can support up to eight

6U sized acquisition modules. It is based on a custom

designed backplane that provide connection for 64 input

channels and to each inserted module the needed connec-

tion to the power supply voltages and control signals.

The crate’s backplane provides in addition support for

direct injection of a remotely adjustable reference cur-

rent either via a dedicated input or via an internal current

source. To achieve this each channel’s input pass through a

relay contact. This option will be used in the future firstly

for an automatic calibration procedure and secondly for a

channel connection check. That is, the system will be able

to guarantee the full dynamic range and maximum linear

response possible of each channel, as well as check regu-

larly the complete channel’s connection and its ability to

trigger the beam interlock.

Figure 1: Picture of the BLEAC acquisition crate.

Acquisition Crate (BLEAC)
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Figure 2: Overview of the BLM system under development for the Injector Complex at CERN.

The reliability of the system and its correct connection is

further enhanced by the options to provide the geographi-

cal address of each connected module in the crate and the

monitoring of the high voltage power connection.

The acquisition part has the ability to use two methods:

(a) based on a fully differential integrator principle assisted

by an ADC that can be used in the range between 10 pA

and 30 mA and (b) a direct measurement using a fast ADC

to be used in the range between 20.3 μA and 200 mA. A

picture of the prototype module is shown in Fig. 3 and more

information on the methods used can be found in [1].

Depending on the input current level, an FPGA embed-

ded in this module controls which circuit will make the

measurement in the next acquisition period. This allows

reaching an enhanced dynamic range that can be explored

with continuous measurements having no blind time mak-

ing it an additionally favourable option for critical mission

applications like machine protection.

Figure 3: Picture of the BLEDP acquisition module.

Most of the control operations of the analogue circuitry

are handled by the FPGA device. That is, the FPGA de-

fines the start and stop of the acquisition period, it keeps a

count of the number of pulses occurred in the acquisition

period, clocks the ADC circuitries, directs which acquisi-

tion technique is active for each channel and makes differ-

ences of the recorded ADC values. Finally, it processes the

data, i.e. merges the values acquired in the counter and the

ADCs, and provides the integral of the losses measured for

each channel over the last 2 μs period. More details on the

merging algorithm employed can be found in [2].

The advantage of this configuration is that there is no

need of a manual gain selection. The two modes partially

overlap and the switch between the 2 ranges is managed di-

rectly by a dedicated part in the FPGA logic that observes

the input data in regular intervals. If the maximum level of

the low range measurement method is reached, the FPGA

switches the circuit to the high range method. Consecu-

tively, when the value of the high input range method falls

below a threshold, the FPGA switches the circuit back to

the low range mode. The sum of all parts acquired is cal-

culated in real-time internally in the FPGA and a sample

summarising the beam losses measured for each channel in

the last 2 μs is published.

PROCESSING ELECTRONICS
The processing modules are hosted in VME crates to-

gether with the front-end computer and timing receiver

modules.

VME Crate
The crates are making use of the extended VME64 [3]

specification. This extension defines a set of features that

can be added to VME and VME64 boards, backplanes and

sub-racks. Some of the features included are a 160-pin con-

nector, a P0 connector, and geographical addressing.

In order to make the best out of those features, CERN

Beam Instrumentation group has defined a custom-made

backplane for the P0 connector [4]. Some of the features it

provides include connections to form two daisy-chain links

between the processing modules, general purpose I/Os,

broadcast lines for distributing the timing events, and ad-

ditional supply voltage outputs.

The system makes use most of those features, e.g. for

broadcasting timing events to the inserted modules, allow-

ing synchronisation of the acquisitions with the beam cy-

Acquisition Module (BLEDP)
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cles, or for daisy-chaining their beam permit signals, aug-

menting the reliability by minimising the number of con-

nections.

Processing Modules (BLEPT)

Each VME crate can accommodate up to eight process-

ing and triggering (BLEPT) modules. These modules are

comprised by one of the standard CERN Beam Instrumen-

tation carrier boards, i.e. the DAB64x [5], and an active

mezzanine with an FPGA device, i.e. Altera’s Cyclone IV

with 150K logic elements. The mezzanine also provides

two SFP connectors that can accept standard modules. Two

types are expected to be used depending on the configura-

tion required. That is, the bidirectional multi-gigabit opti-

cal link or the gigabit Ethernet type.

Figure 4: Picture of the BLEPT’s Active Mezzanine.

The backbone of the carrier board is also an FPGA. In

this system’s configuration it is used to handle the com-

munication with the front-end CPU and the interlock lines.

This involves the publishing of the processed data and sta-

tuses information collected from the whole chain of mod-

ules to the VME communication channel, and directing the

final decisions regarding beam injection and circulation.

The board provides two distinct connections via the

VME P0 connector for the beam interlocking features.

With the appropriate parameters set, the FPGA device will

direct the requests from each of its connected monitors to

one of the outputs. In this way, it will be possible to com-

bine detectors from several locations but separate their re-

quests for blocking beam injections by destination.

Combiner and Survey Module (BLECS)
The final receiver of the two beam permit lines is the

Combiner and Survey module, named BLECS, and is lo-

cated at the last slot of the processing crate. The two beam

permit lines are daisy chained through each of the pro-

cessing modules using the custom-made backplane in the

crates. If any of the modules decides to break any of these

lines a beam interlock request will be given to the Beam

Interlock System [6].

As an additional reliability feature, those lines will be

used by the BLECS module to provide a continuous su-

pervision of the operation of the processing modules in the

crate. Thus, it will be able to discover immediately a mod-

ule’s disconnection from the crate, failure in the power sup-

ply or error in the configuration of the FPGA and request

an interlock for each of those cases.

Finally, the BLECS will have also the task of distribut-

ing the synchronisation signals to the beam cycle timing

events to each of the processing modules in the crate, as

well as, initiating all the system sanity checks procedures

and confirm the successful results on regular intervals.

INSTALLATION

In order to cover the large dynamic range requested, es-

pecially in the lower end where external interference could

be critical, several measures have been taken to provide a

high level of noise immunity in the system.

The screen of the high-voltage power cable used is

grounded on the power supply side and open on the detec-

tor side to remove noise from any possible ground loops.

The return path connects through the signal cable.

For the transport of the induced signal a coaxial double

shielded cable is being used. The internal screen wiring

will be used to provide shielding from low frequency noise

and will have a connection to the ground only on the elec-

tronics side and have the detector side “floating”. Consec-

utively, the external screen wiring will be aimed to provide

Figure 5: Schematic diagram of the cabling installation.

Noise Immunity

shielding from high frequency noise and will have a ground

connection from both ends. Figure 5 shows a schematic di-

agram of the cables and the connections realised.

The mezzanine’s design shares many of the digital com-

ponents found in the acquisition module. That is, it makes

use of the same FPGA device and SFP modules allowing

quick development and guaranteed interoperability. Fig-

ure 4 shows a picture of the prototype version of the mez-

zanine’s PCB.
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Finally, the acquisition electronics are electrically sepa-

rated from the rest of the system hosted in a dedicated crate

isolated from noisy parts like the front-end CPUs. The ac-

quired signals are transmitted to the processing crates using

optical links.

Due to the criticality of the system several measures

have been taken also though the installation configuration

to augment the reliability of the system.

Each of the detectors is powered using a separate cable.

In the case of cable disconnection, e.g. due to connector

failure, cable cut or erroneous manual intervention, the loss

of the monitoring ability will be isolated to a single detec-

tor. The disconnected detector will be discovered in the

next iteration of the regularly executed connectivity check,

i.e. in less than 24 hours.

For the detectors’ powering, a secondary power supply is

installed in parallel to the main power supply, but at a lower

voltage of approximately 50 V. Therefore, the secondary

will be idling without the need of supplying any current up

to the case of failure of the main supply.

STAND-ALONE MEASUREMENT
SYSTEM

For assisting the development phases as well as

later serving as a stand-alone measurement system, the

BLEDP’s reconfigurable FPGA device is exploited further

by embedding a soft-core CPU with a custom-made server.

The server exposes on-demand, through a Gigabit Ethernet

connection and the TCP/IP protocol, different types of data

in the network. A block diagram of this setup of the system

is shown in Fig. 6.

Figure 6: Block diagram of the system configuration ded-

icated to detailed measurements using a gigabit Ethernet

connection.

The additional complexity in the development of this

version of the system was mainly in the communication

protocol and the accompanying client application realised

with the purpose of commanding, collecting storing and

viewing the different types of data. The hardware modifi-

cations needed are really simple since the gigabit Ethernet

module replacing the optical link in the SFP connector can

be connected directly to the cable network and includes the

additionally need hardware components.

The TCP/IP and UDP stacks are integrated in the FPGA

firmware through a NIOS-II system-on-chip and the Triple

Speed Ethernet (TSE) IP core provided by Altera Corp.

The server included in the FPGA has been developed

with the C programming language and has been realised to

accept commands, collect, package the data requested and

finally transmit them to the connected client. The client

application has been developed with the JAVA program-

ming language and apart from sending the commands and

requesting for specific data, it is also able to display on-

line summaries of the received information and store and

display with more processing capabilities the received data.

More information on the development of the measure-

ment version of the system can be found in [7].

SUMMARY
For the upgrade of each injector line at the European

Organisation for Nuclear Research (CERN), an up-to-date

Beam Loss Monitoring (BLM) system is under develop-

ment with a highly versatile architecture. All modules em-

ployed host reprogrammable devices that can be tuned to

match the requirements of each machine. Special attention

has been given for the system to provide detailed low noise

measurements and high reliability interlocking features.
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OPTICAL-FIBER BEAM LOSS MONITOR  
FOR THE KEK PHOTON FACTORY 

T. Obina# and Y. Yano, KEK, Tsukuba, Ibaraki 305-0801 Japan

Abstract 
A beam loss monitor using optical fibers has been 

developed to determine the loss point of an injected beam 
at the Photon Factory (PF) 2.5-GeV electron storage ring. 
Large-core optical fibers were installed along the 
vacuum chamber of the storage ring that cover the 
entire storage ring continuously. Two injection systems: 
kicker magnets and a pulsed  sextupole magnet, are 
used for routine operation at the PF. In this paper, 
details of the loss monitor system and the difference in 
beam loss when using the two injection system are 
reported. 

INTRODUCTION 
In the KEK Photon Factory (PF) 2.5-GeV storage 

ring, an electron bunch is injected directly from a linear 
accelerator (linac) that is shared by KEKB-HER, -LER 
and PF-AR [1]. The three rings (PF, KEKB-HER, -LER) 
share the linac pulse-by-pulse at a maximum rate of 50 
Hz. Because ambient temperature affects the stability of a 
large water cooling plant, we sometimes need to adjust 
the injection parameters—such as injection energy or 
injection angle to the storage ring. A beam loss monitor 
with high position and time resolution is strongly desired 
for this kind of tuning procedure for the PF-Ring. 

Many kinds of loss monitor have been proposed and 
used in many different facilities [2]. For example, a loss 
monitor with a PIN diode can detect very small losses, but 
is easy to saturate with background X-rays or lost 
electrons during injection. Another problem is that a large 
number of detectors is required to cover the entire ring. A 
pulse-counter type detector is suitable for average loss 
detection, but the time resolution is no better than 1 
revolution time (624 ns) in the PF-Ring. The other 
candidate is an ionization chamber constructed using 
coaxial cable applying a high voltage. We did not select 
this type of detector due to the limited space in our ring, 
and they are relatively heavy and an obstacle to 
maintenance work. 

The use of a beam loss monitor using optical fibers is 
common in many linear accelerators or FEL facilities[3-6]. 
In the KEK linac, loss detection using optical fibers has 
been developed—starting from an arc sensor for the 
accelerating tube—since before 2007 [7]. Optical fibers 
are suitable for our purpose because of the ease of 
covering the entire ring with them, they have better time 
and position resolution than other methods, and they are 
cost effective. On the other hand, they have disadvantages, 
such as needing an external trigger, their difficulty in 
detecting CW loss, they provide small coverage in the 
plane perpendicular to the beam, and there is difficulty in 
the calibration of absolute beam loss.  

In this study, first we tested the fiber beam loss monitor 
in a location where the normalized horizontal aperture is 
small, then we installed a total 10 fibers to cover the 
circumference of the entire ring circumference. 

PRINCIPLES OF LOSS DETECTION 
Electrons that are not captured in the storage ring hit 

the vacuum chamber wall and produce secondary 
electrons outside the vacuum chamber. Secondary 
electrons that run through quartz fiber generate 
Cherenkov light provided the energy of the electrons is 
high enough. As shown in Fig. 1, a photomultiplier tube 
(PMT) is used for the detection of a light pulse. There are 
three candidates for the PMT layout: one PMT at the 
upstream end, one PMT at the downstream end, and a 
PMT at both ends of the fiber. We opted to use one PMT 
on the upstream side because of its better time resolution 
than the downstream end, and the small reflection 
produced by the opposite side of a fiber can determine the 
exact location of the light pulse. 

With one loss point, as shown in Fig. 1(a), the source 
position is determined by measuring the arrival time of 
the direct light (t1 in the figure) and the reflected light (t2), 
using simple arithmetic x=L – (t2 – t1) *vfiber/2, where vfiber 
is the speed of light propagation in a glass medium, which 
is equal to 2/3 the speed of light in a vacuum (vc). 

Figure 1(b) shows a case where two light pulses are 
produced by a single passage of a bunch. The time 
difference between two direct pulses becomes longer 
because the direction of the electron bunch and the light 
pulse are opposite. It is useful to introduce an “effective” 
propagation time for the calculation of two direct pulses: 
veff = 2/5*vc (equivalent to 8.3 ns/m). 

Figure 1: Schematic drawing of detection principle for:
points (b). In both cases, 

 

Figure 2: Determination of loss location. 
___________________________________________  

#takashi.obina@kek.jp 

the loss is coming from a single bunch. 
one loss point (a), and two loss 
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Figure 2 shows an example of PMT output measured in 
the PF-Ring during injection. We can observe large peaks 
marked as B, C, and D in the figure and small peaks at E 
and F. In order to determine which pulses are coming 
from a direct path or a reflected path, we attached a 
reflector  on the downstream end of the fiber. 

 

 
Figure 3 shows examples with and without a reflector. 

In this way, we determined that peaks E and F in Fig. 2 
are reflections from the downstream end. Next, by 
assuming peak E to be a reflection from D and by 
applying the method in Fig. 1(a), the distance from the 
PMT to peak D is estimated to be 23.08 m. In the same 
way, the distance of peak C is estimated to be 19.86 m 
from the PMT by assuming peaks C and F are a pair. We 
can conclude that the distance between peaks C and D is 
3.23 m from the reflection signal. 

 To cross-check this measurement, it is important to 
utilize the time difference of peaks C and D. By applying 
the procedure in Fig. 1(b), the distance between C and D 
is estimated to be 3.1 m, which shows good agreement 
with 3.23 m. On the downstream-end of the fiber, peaks B 
and C are squeezed and only one peak—F—is observed. 

 

MEASUREMENT SETUP 
 We selected 600-�m core, all-silica, low-OH, step-

index large-core optical fibers, manufactured by OFS 
Furukawa Co. They were installed along the inner wall of 
the vacuum chamber to cover the entire storage ring 
continuously. Figure 4 shows an example of installation. 
In total, 10 optical fibers with a length of 30 m were used. 
Both ends of the fibers are fed out through the radiation 
shield of the ring, and a photomultiplier tube (H10721-

110, Hamamatsu Photonics, with a wavelength of 230-
700 nm) is attached to the upstream side of the fibers. The 
sensitivity of the PMT is sufficiently high to detect loss at 
the PF-Ring, and its short rise-time of about 0.6 ns is fast 
enough to determine the location of the beam loss point. 
The PMT has a built-in high-voltage power supply. A 
standard oscilloscope (Rohde&Schwarz RTO1024) 
together with the external injection trigger was used for 
the measurements. 

In order to reduce the number of PMTs and fibers, the 
PMTs can be sited on the inside of the radiation shield 
wall or optical fiber cables longer than 50 or 100 m can 
be used. The disadvantages of such an approach includes 
the fact that identification of the beam loss point becomes 
slightly more complicated, connecting or removing PMTs 
during machine operation is not possible, and the 
attenuation of the light pulse becomes larger. We are 
reviewing the optimal number and length of fibers, before 
putting optical fibers on the outside, top and bottom of the 
vacuum chamber.  

RESULTS 
Figure 5 shows the results for turn-by-turn loss 

detection of an injected beam. Note that the vertical axis 
is auto-scaled, and not every turn is plotted. On the first 
turn, the beam is lost upstream of undulator U#02 
indicated as 1 and 2 in red in the figure. On the second 
turn or fourth turn, a large loss is detected downstream of  

Figure 5: Layout of storage ring components and optical 
fibers (top) and detected loss signal (bottom) on each 
turn. The electron beam travels from left to right in the 
figure. 

Figure 3: Signal without (blue) and with (red) reflector. 

 

Figure 4: Black cables mounted on the side of the 
vacuum chamber are the optical fibers for the loss 
monitor. The fibers can be fed through the magnet due to 
the non-magnetic nature of the medium. 
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the pulsed sextupole magnet (PSM). Large losses are 
observed on the 2nd , 4th , 7th turns because the 
horizontal tune is equal to 9.60 in the KEK-PF. Taking 
into account the injection angle and normalized apertures 
of the storage ring, the result agrees with the simulation.  

Triggering the septum and kicker magnets without an 
injection beam does not result in a peak in the PMT 
output, and we confirmed the beam loss shown in Fig. 5 is 
not emanating from a stored beam. The signal-to-noise 
ratio is good enough to distinguish the loss from the 
stored beam or other PMT noise from the loss signal of 
the injected beam. 

The peaks in the figure appear in locations where the 
fibers are attached to bellows or the thickness of the 
chamber wall is thinner than in other locations.  

Position resolution depends on the rise time of the PMT 
and the length of the fibers and cables between the PMT 
and oscilloscope. From the output signal, we can 
distinguish two peaks at 2-3 ns apart, which corresponds 
to a position resolution of about 30 cm. The resolution is 
good enough compared with the distance between 
accelerator components. 

Figure 6: Beam loss over the whole ring. In each row, the 
horizontal full scale corresponds to the entire ring 
circumference of 187 m. 

Beam Losses of Entire Ring Circumference 
Figure 6 shows beam loss for the entire ring. We used 

the same PMT with the same gain to measure all 10 fibers 
to ensure the output voltage of the PMT is equal to the 
same beam loss. Of course this is not an accurate 
measurement because the detected losses depend on the 
thickness of the walls of the vacuum chamber, however, it 
is still useful for an approximation of beam loss around 
the ring. The beam loss shown in Fig. 6 is the summary of 
10 injections. The peak voltage of each signal depends on 
the charge, energy spread and position of the injected 
beam. We confirmed the output voltage and the loss 
location are sometimes different pulse-to-pulse, but show 
almost a similar loss pattern. Figure 6 shows a typical 
pattern during kicker injection. 

In the KEK-PF, the horizontal normalized aperture is 
small at three locations: septum magnet, vertical wiggler, 
and pulsed sextuple magnet. These locations show a large 
loss, as expected. The aperture is large at a normal cell, 
and there is almost no loss there. 

 

Kicker and PSM Injection 
Two injection systems have been used for routine 

operation: kicker magnets and a PSM. The fiber loss 
monitor is useful for analyzing the turn-by-turn difference 
of the beam loss pattern. Figure 7 shows an example of 
PMT voltage with the two injection methods measured 
downstream of the vertical wiggler. Kicker injection 
shows a large loss at the first turn and fourth turn, 
whereas PSM injection shows no loss of beam at the first 
turn, but a large loss at the second turn. The pulsed 
sextupole magnet deforms distribution in the phase space 
of the injected beam, so the loss point is different from 
kicker injection. Detailed analysis and optimization of 
injection parameter for PSM injection are under way. 

Figure 7: Beam loss measured using two injection 
systems: kicker magnets (top) and a pulsed sextupole 
magnet (middle). The bottom figure shows the signal 
from a button pickup electrode near the vertical wiggler. 
No beam is stored in the ring prior to injection. The 
horizontal axis represents the turn number, namely, time 
in unit of revolution of the PF-Ring. 
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DETERIORATION BY RADIATION 
At the time of writing, the optical fibers have been 

mounted on the vacuum chamber for about a year since 
installation. Total operational time of the PF-Ring was 
about 9 months during this period. We measured the 
transmission factor of the optical fibers and found that 
there was no significant deterioration after the 9 months 
of operation. One fiber showed a 6 % decrease in 
transmission factor, but that was located in the normal cell 
where there is no loss during injection. We assume the 
decrease to be the result of vacuum working at the 
location because we must remove the fibers from the 
vacuum chamber during operation. This factor of 6 % has 
almost no effect on loss measurement. There remains 
ambiguity in the transmission factor measurement. 
Because we did not have a good light source in the range 
of PMT, we measured the transmission using a 
wavelength of 850 nm. This is different from the PMT 
range and is not the wavelength of Cherenkov light. A 
new light source for the transmission measurement will 
be available soon.  

SUMMARY AND FUTURE PLAN 
A beam loss monitor using optical fibers was 

developed to determine the loss point of an injected beam 
at the PF-Ring. The time resolution was good enough to 
distinguish a distance of about 30 cm along the vacuum 
chamber, and turn-by-turn measurement was achieved.  

Development of a real-time display system that can cover 
the entire ring with every injection bunch is under way. 
This will become an indispensable tool for the tuning of 
the linac, beam transport line and injection parameters. 
The same beam loss detection system will be adopted for 
the compact ERL in KEK, where beam loss detection is a 
key issue for operation.  
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AN DBPM CALIBRATION METHOD IMPLEMENTED ON FPGA * 

X.D. Sun#, Y.B. Leng†, SINAP, CAS,Shanghai, CHINA

 
Abstract 

An calibration method on the four channels of DBPM 
is discussed. Using interpolation, the method is 
implemented on FPGA, which can handle the data on-line. 
The calibration algorithm is mono-channel dependent and 
is intended to solve the beam current dependence problem 
and increase resolution.  Orientations of the method are 
presented. Basic design diagrams of the pipelined FPGA 
modules are listed and comparisons are made before and 
after the calibration.  

INTRODUCTION 
Due to the gain inconsistency across different channels 

of DBPM and the gain nonlinearity of the mono channel , 
problems of beam current dependence occur, which blurs 
beam position measurement. 
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Figure 1: The beam current position dependence problem 
of the DBPM . 

When Beam stays at the same position with increasing 
intensity, the same demodulated position output is 
expected but in practice not. The demodulated position 
output tend to be stable as beam current intensity 
increases as show in figure1. This is resulted from the fact 
that the channel give different gain to signal with the 
same frequency band but varying intensity, which we call 
signal channel nonlinearity and another aspect that four 
channels give different gain to the same signal.  

The across channel inconsistency is caused by 
hardware inconsistency on the front end, which means 
that the four channel outputs differ with the same inputs,  
as shown in figure 2. whilst the mono channel 
nonlinearity refers to the fact that the gain of a channel to 
inputs with different intensity  and deviates from a linear 
gain. The two aspects are shown together in figure3. 

 

 

Figure 2: The four channel gain inconsistency of DBPM. 

Different calibration methods have been proposed and 
implemented as a solution on respective instrument 
[2][4][5]. Libera EBPM use a Quasi-crossbar switch to 
randomly connect inputs to different channels thus in 
average remedy the inconsistency [2][3]. The SNS use the 
wave reflection to do calibration on the s plane analysis 
[5]. 

 

Figure 3: Across channel gain inconsistency of DBPM. 

We have put forward a new approach based on DDC 
algorithm and attest its validity using Matlab on PC 
offline [4]. In this article, the calibration method  using 
piece-wise linear interpolation is realized it on our self-
developed DBPM using FPGA, thus the calibration is 
implemented on line directly after TBT data. 

The advantage of our tactic is that it can remedy the 
inconsistency across different channels and the mono 
channel inconsistency together.   

The basic idea of our method is that it try to align the 
four channel inconsistency to a single reference. 

 _________________________________________ 
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Figure 4: The calibration dataflow diagram. 

 
 
 

OVERVIEW 
The overall diagram is shown in figure 4, calibration is 

done to the TBT data after DDC process. A general 
description to our calibration strategy is as below: using 
standard signal source, inputs with constant frequency but 
varying power are fed to the four channels of the DBPM 
through a power splitter, response data after the 
processing of the 4 channels is acquired using an Ethernet 
interface and the energy at the critical frequency are 
constructed using harmonic analysis, thus a table is 
established that maps the processed data back to the 
original data. Gain experiments of the DBPM show that 
the nonlinearity of the gain of each channel can be well 
approximated by linear interpolation on small intervals. 
Herein, the dynamic range of the input is divided into N-1 
sections, thus 5*N parameters are acquired after doing the 
calibration, as show in table 1.  

Table 1: Calibration parameters 

Input CH1 
response  

CH2 
response 

CH3 
response 

CH3 
response 

I1 R11 R12 R13 R14 

I2 R21 R22 R23 R24 

     

IN Rn1 RN2 RN3 RN4 
 
 
The DDC process moves the frequency band in 

question down to the base band. Thus the amplitude 
variance reflects the energy of the critical frequency after 
the processing of the channel, a map back to the pre-
processing state thus correct the four channel 
inconsistency and mono channel nonlinearity together. 

BA
B-Aposition
�

� (1) 

 

The position calculation is carried out using formula1, 
while the processing gain of channel a and channel b will 
make the calculated position drift from the ideal one as 
shown in formula 2. 

)()(
)()(a

GG

GG

BbAa
BbApositioneduncalibrat

�
�

��       (2) 

The question then moves to how to use the 5*N 
parameters to construct the map from the TBT amplitude 
back to the signal source amplitude as shown in formula 
3 ,where  and  is the map function. 

)]([b)]([a
)]([b)]([aa

GcGc

GcGc

BbAa
BbApositioncalibrated

�
�

�� (3) 

Here we use piecewise interpolation to thread the 
discrete input-response pair to approximate the amplitude 
response curve of DBPM in figure 3, thus giving the map 
function     and   

 
A general expression of interpolation is  g p

                                                 (4) 

Where (xi,fi) is the control point sampled. Lj(x) is the 
blending function or base function used to interpolate. 
When reduced to linear segmented interpolation, the 
blending function becomes linear, and the formula 
simplifies to  p

(5) 

Figure 5 and Figure6 shows the blending function. 
Therefore, a core module in the FPGA would be a  
realization of formula 2 with inputs x, which is the 
uncalibrated DDC data, xn, xp, the lower and upper  
bound of x 

 
 

Figure 5: The global plot of blending function. 
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Figure 6: The local plot of blending function. 

 

TECHNICAL DETAIL  
General Layout 

The algorithm is implemented on FPGA which is 
mounted on the digital board of the DBPM. A work flow 
of the calibration process looks like this: 

First the data after the DDC( TBT data ) are put into a 
segmentation module to judge which interval the current 
data belong to. The two ends of the TBT interval xn, xp 
and the corresponding signal source amplitude interval 
yn,yp are decided. Thus in this interval, all the parameters 
are determined in order to calculate the calibrated value 
using formula 5. 

 

Figure 7: The working flow inside the FPGA LOGIC. 

 
  The 5*N calibration parameters in table 1 are stored on 
the FPGA IP CORE ram and can be dynamically altered. 
The whole FPGA logic is divided into several modules 
that are decoupled, ready for future update. 

Results 
Experiments are conducted which verified the 

feasibility of our approach. The beam current dependence 
problem is well suppressed as show in figure 8. 
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Figure 8: The beam current dependence comparison. 

 
Disscussion 

 The discussed method try to align the 4 channel 
processing to a common reference which closely rely on 
the  relative accuracy of the signal source. The signal 
source should be stable as time varies insuring an relative 
accurate power ratio between different input level during 
the calibration parameter acquire process.  

Finite word length of the FPGA without floating point 
operation might impair the precision of the calibration but 
can be ameliorated by increasing the word length. 

Refinements to our solution will soon be carried out. In 
the coming future, the whole calibration process will be 
controlled by the on board ARM and can be accessed 
remotely in an automatic way. Communication of FPGA 
and ARM is being brought out. 
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BEAM POSTION MONITOR FOR ENERGY RECOVERY LINAC* 

I. Pinayev#, BNL, Upton, NY 11973, USA

Abstract 
The energy recovery linacs have co-propagating beams 

inside the same vacuum vessel. These beams can have 
different trajectories, which should be distinguished by 
beam position monitors (BPM). In this paper we present a 
concept of a BPM utilizing the phase information for 
calculation individual position of each of the two beams 
(accelerating and decelerating). The practical realizations 
are presented and achievable accuracy is estimated. 

INTRODUCTION 
Most commonly used method for BPM is based on the 

evaluation of the signals induced on the pick-up 
electrodes (PUEs) by a circulating beam. Beam position is 
calculated from the signal amplitudes using delta over 
sum [1]. For the vertical plane BPM with two PUEs the 
equation is  

! = ! !!"!!!"#$
!!"!!!"#$

                               (1) 

where Uup and  Udown are the amplitudes, k is a scaling 
factor, which is determined by geometry. For a 
symmetrical system and beam in the center both signals 
have equal amplitudes and the corresponding position 
readback is zero. 

With two (or more) beams circulating inside the 
vacuum chamber we need to separate the signals and 
process them individually. For the colliders with beams 
moving in the opposite directions this task is solved by 
utilizing the striplines, which have directional properties. 
The signals appear on the different ports and conventional 
processing units can be utilized.  

This technique is not suitable for energy recovery linacs 
(ERL) where two or more beams co-propagate through a 
vacuum system and each beam has its own trajectory.  

PROPOSED METHOD 
For ERL with two co-propagating beams the time delay 

between accelerated and decelerated bunches is fixed by 
design and it becomes possible to employ the phase of the 
PUE signal to extract information on the position of each 
bunch. If bunches, separated by a flyby time ∆!!", have 
different positions then each PUE sees different 
longitudinal “center of gravity” (see Fig. 1) and there is a 
phase shift between two signals. For a processing unit, 
utilizing signal processing at frequency !, and small 
displacements of the first and the second bunches δ1 and 
δ2 (!!!, !!! ≪ 1, where S=1/k is a sensitivity coefficient) 
we can write the linearized equations: 

 

Figure 1: Signals induced on the pick-up electrodes by 
two bunches with different coordinates. Because of 
bunches’ displacements the amplitudes of the induced 
voltages differ. 

!!" = !! 1 + !!! sin! ! + Δ!!" 2 +
!! 1 + !!! sin! ! − Δ!!" 2

!!"#$ = !! 1 − !!! sin! ! + Δ!!" 2 +
!! 1 − !!! sin! ! − Δ!!" 2

      (2) 

When both bunches have equal charges (a valid 
assumption for ERL) then we re-write Eq. 2 as 

!!" = !! cos
!!!!"
!

2 + ! !! + !! sin!" +

!!! sin
!!!!"
!

!! − !! cos!"

!!"#$ = !! cos
!!!!"
!

2 − ! !! + !! sin!" −

!!! sin
!!!!"
!

!! − !! cos!"

  (3) 

Neglecting second order terms we can estimate 
amplitudes (! = !!"#! + !!"#! ) of the signals induced on 
PUE  

!!" ≈ 2!! 1 + ! !!!!!
!

cos !!!!"
!

!!"#$ ≈ 2!! 1 − ! !!!!!
!

cos !!!!"
!

       (4) 

Substitution of the found amplitudes into the Eq. 1 
gives 

! = ! ! !!!!!
!

= !!!!!
!

                       (5) 

That means that using information on the amplitude we 
measuring the average position of the beam. Now we will 
consider the phases of the signals. Using the same 
assumptions we will find  

 ____________________________________________  
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! ≈ !!"#
!!"#

!!" ≈
! !!!!!

!
tan !!!!"

!

!!"#$ ≈ − ! !!!!!
!

tan !!!!"
!

                (6) 

and difference of the two phases gives us the difference 
between two positions 

!! − !! = ! !!"!!!"#$
!"# !!!!" !

                    (7) 

The processing frequency is usually equal to the RF 
frequency. Such a choice allows processing of any fill 
pattern because all bunches are separated by a multiple of 
the RF period. In the ERL distance between bunches can 
be different. It may be as small as half of the RF 
wavelength because the decelerated bunch should be in 
the opposite phase vs. accelerated one. Moreover, this 
distance can differ from the multiple of the half periods 
due to the shifts in the merge lines. Also, there is no 
revolution period in the ERL but only a round-trip time. 
Hence, choice of the processing frequency is somewhat 
arbitrary and can be used for optimization of the system. 
There are frequencies that should be avoided: if 
cos !Δ!!" = 0 then there is no signal for the average 
position calculation and with sin !Δ!!" = 0 phases will 
be constant and difference in orbits can not be found. 
Therefore, the processing frequency should be in between 
close to ! = !

!!!"

!
!
+ ! , where N is an integer. 

ACCURACY 
Modern digital beam position electronics have the 

required capability to process both amplitude and phase of 
the PUE signals [2].  

To estimate the accuracy of the measurement let us 
consider vector diagram shown in Fig. 2. When the 
measurement error is not correlated with the signal the 
probable error will draw a circle around the end of the 
vector and r.m.s. phase error will be equal to the signal to 
noise ratio of the amplitude measurement 

!! =
!!

!                              (8) 

That means that achievable error in the difference of 
position is the same as for the average position. For the 
system described in [2] r.m.s. position error is 3 microns 
for k=10 mm, which means that noise is 3×10-4 of the 
signal level and the ratio is close to the r.m.s. fluctuations 
of the phase measurements 0.01° (1.75×10-4 radians). 

 
Figure 2: Vector diagram for the PUE signals. Two longer 
vectors indicate phases and amplitudes of the signal when 
two smaller ones show the noise amplitude. 

So far we have neglected phase shifts in the system 
associated with propagation of the signals the cables and 
in the processing electronics. The system transfer function 
will not be identical for all channels and a phase shift 
corresponding to the identical beam positions should be 
established. Otherwise these phase shifts will include a 
systematic error in the measurement of the difference of 
the two positions. Similarly, the unequal gain and/or 
losses in the channels generate systematic offset in the 
average position readback.  

Both phase and amplitudes can be calibrated using a RF 
generator with a splitter. In this case the whole chain from 
the cable to electronics can be characterized. For the 
phase calibration exclusively it is also possible to use 
exclusively the accelerated bunches (dumping the beam at 
high energy). In this case the BPM processing unit sees 
signal from a single bunch, and there are no ambiguities 
associated with the second bunch.  

FOUR PUES SYSTEM 
In the system with four pick-up electrodes, as shown in 

Fig. 3, the beam position is calculated with the modified 
equations 

x = !!
!!!!!!!!!!!
!!!!!!!!!!!

! = !!
!!!!!!!!!!!
!!!!!!!!!!!

                           (9) 

As before, for the small beam displacements we can write 
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!! = !! 1 − !!!!! + !!!!! sin! ! + Δ!!" 2 +
!! 1 − !!!!! + !!!!! sin! ! − Δ!!" 2

!! = !! 1 + !!!!! + !!!!! sin! ! + Δ!!" 2 +
!! 1 + !!!!! + !!!!! sin! ! − Δ!!" 2

!! = !! 1 + !!!!! − !!!!! sin! ! + Δ!!" 2 +
!! 1 + !!!!! − !!!!! sin! ! − Δ!!" 2

!! = !! 1 − !!!!! − !!!!! sin! ! + Δ!!" 2 +
!! 1 − !!!!! − !!!!! sin! ! − Δ!!" 2

   (10) 

 

With the similar to the above calculations we can find 
that Eq. 9 is applicable for the calculation of the average 
beam position when the difference can be found from 

!!"## =
!!

!"# !!!!" !
!! + !! − !! + !!

!!"## =
!!

!"# !!!!" !
!! + !! − !! + !!

    (11) 

SUPPRESSION OF THE CABLE DRIFTS 
The temperature changes and other slow processes can 

change physical length of the cable or phase velocity of 
the signal in the cable. To suppress the drifts one can 
lower the processing frequency to the range where the 
sensitivity to the variations of delays is less. 
Unfortunately, it also lowers the sensitivity to the position 
difference due to the tan !Δ!!" 2  term. To have both 
high sensitivity to the differential beam position (and low 
noise) and to suppress influence of drifts we can convert 
down the PUE signals. In this case the sensitivity is 
defined by sum of the local oscillator frequency and 
processing frequency, while drifts are defined by 
processing frequency only. Local oscillator signal should 
be brought to the PUE with a single cable and split to 
required number of mixers with shortest connection. 

REFERENCES 
[1] R.E. Shafer. “Beam Position Monitoring”, BIW’89, 

AIP Conf. Proc. 212 (NY, 1990), p. 26. 
[2] M. Znidarcic et al., “Testing of New Hadron Beam 

Phase and Position Monitor at CIEMAT Laboratory,” 
DIPAC’11, Hamburg, May 2011, MOPD26, p. 104; 
http://www.JACoW.org   

 

 
Figure 3: Geometry of the four PUE beam position 
monitor. Such configuration is used to avoid exposure of 
the PUEs to the synchrotron light. 
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HOM CHOICE STUDY WITH TEST ELECTRONICS  
FOR USE AS  BEAM POSITION DIAGNOSTICS  

IN 3.9 GHZ ACCELERATING CAVITIES IN FLASH  §

Nicoleta Baboi#, Bastian Lorbeer, DESY, Hamburg, Germany 
Pei Zhang, DESY, Hamburg, Germany; UMAN, Manchester, UK 

Nathan Eddy, Brian Fellenz, Manfred Wendt, Fermilab, Batavia, USA 

Abstract 
Higher Order Modes (HOM) excited by the beam in the 

3.9 GHz accelerating cavities in FLASH can be used for 
beam position diagnostics, as in a cavity beam position 
monitor. Previous studies of the modal choices within the 
complicated spectrum have revealed several options: 
cavity modes with strong coupling to the beam, and 
therefore with the potential for better position resolution, 
but which are propagating within all 4 cavities, and 
modes localized in the cavities or the beam pipes, which 
can give localized position information, but which 
provide worse resolution. For a better characterization of 
these options, a set of test electronics has been built, 
which can down-convert various frequencies between 
about 4 and 9 GHz to 70 MHz. The performance of 
various 20 MHz bands has been estimated. The best 
resolution of 20 m was found for some propagating 
modes. Based on this study one band at ca. 5 GHz was 
chosen for high resolution position monitoring and a band 
at ca. 9 GHz for localized monitoring. 

INTRODUCTION 
Higher Order Mode Beam Position Monitors (HOM-

BPM) are devices that can be used to center the beam in 
accelerating cavities [1,2]. Since their principle relies on 
monitoring beam excited dipole modes, which are the 
main transverse component of the potentially damaging 
wakefields [3], they can help improve the quality of the 
charged particle beam. Moreover, they can be calibrated 
in terms of beam offsets, resembling a classical BPM. 

HOM-BPMs have been built for the TESLA 1.3 GHz 
cavities at FLASH [1,4] and are routinely used for 
centering the beam. We are planning to build similar 
monitors for the 3.9 GHz cavities [5] in the same facility, 
often referred to as third harmonic cavities. The 
implementation is however much more complicated than 
in TESLA cavities for various reasons, briefly reviewed in 
the next section. Extensive studies have been made with 
the aim of defining the specifications of the HOMBPMs. 
The studies started with transmission measurements in 
each of the 4 cavities before and after installation in the 
cryo-module [6]. They continued with the dependencies 
of dipole modes on the transverse beam position, which 
had as result the identification of several regions in the 

HOM spectrum suitable for beam position monitoring 
[6,7]. The studies culminated with the examination of the 
potential of each region with a set of test electronics [8], 
which makes the subject of this paper. As a result, the 
specifications for the final electronics have been defined. 

FLASH 
FLASH [4] is a Free Electron Laser facility generating 

short laser-like pulses with a wavelength between about 4 
and 45 nm. It is also a test facility for the European X-ray 
FEL and the International Linear Collider. The first part 
of the linac is shown in Fig. 1. The photo-electric gun 
generates electron bunch trains with an energy of 5 MeV. 
These are accelerated by the first cryo-module, ACC1, 
containing 8 TESLA cavities. The subsequent cryo-
module ACC39 is used to linearize the energy spread 
along the bunch generated by the non-linear accelerating 
field in ACC1 [9]. 

Figure 1: Schematics of the FLASH injector section. 

The Third Harmonic Cavities 
Four 3rd harmonics cavities are installed in the ACC39 

cryo-module (Fig. 2). They are denoted with C1 to C4, in 
the beam direction. There are 9-cells per cavity. Each 
cavity is equipped with an input coupler and 2 HOM 
couplers, placed in the connecting beam-pipes, to extract 
energy from the beam excited HOMs and thus reduce 
their effect on the beam quality. 

Figure 2: The four cavities in the ACC39 cryo-module. 
C2H1 means cavity 2, HOM-coupler 1. 

The cavity design is inherited from the TESLA cavity. 
Figure 3 shows a picture of a 3.9 GHz cavity compared to a 
TESLA cavity. The main difference is the beam pipe 
diameter, which is larger than one third of the beam pipe 
in the TESLA cavity. This enables all HOMs to propagate 
along the module and therefore be damped by the 
couplers of all cavities. 

 ___________________________________________  
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Figure 3: Picture of a 3.9 GHz cavity (down) and a 
1.3 GHz cavity (up). 

The Principle of HOM-BPMs 
Dipole modes are the main component of transverse 

HOMs and therefore have the highest damaging potential. 
Their strength depends linearly on the beam offset from 
the cavity center and therefore can be used for beam 
alignment and the monitoring of transverse beam 
positions, like classical cavity BPMs.  

HOM-BPMs have been previously built for TESLA 
cavities at FLASH [1]. In that case, a dipole mode at 
ca. 1.7 GHz, one of the modes in the first dipole band, 
was used (see Fig. 4(a)). This mode has a high R/Q [10], a 
parameter which indicates the interaction strength of the 
mode with the beam. Thus a high R/Q has the potential 
for better position resolution.  

Dipole modes in 3rd harmonic cavities are however 
overlapping with each other and are not easy to separate 
(see Fig. 4(b)). This is mainly due to the larger beam pipe, 
which makes the modes couple among cavities. This fact 
makes the beam position unable to be determined in each 
cavity, but only for the whole module. This is also true for 
the high R/Q modes.  

Some modes in the fifth dipole band are found to be 
trapped inside each cavity [11,12] and could be used for 
local position diagnostics. However, these modes are 
located in an upper frequency range (ca. 9 GHz) and have 
only weak coupling to the beam (small R/Q values). The 

former requires careful electronics design and the latter 
will impact the position resolution of the HOM-BPM. 

Figure 4: Beam-excited dipole modes in the 1st dipole 
band of a TESLA cavity and a 3rd harmonic cavity. 

Since we cannot separate single modes, for the 3rd 
harmonic cavities multiple modes are used.. Initially this 
seemed to be a large disadvantage, but it may have some 
benefit. Using more modes means more information and 
has the potential for more resolution. 

MEASUREMENTS WITH  
THE TEST ELECTRONICS 

Results from Previous Studies 
Along with extensive simulations [11-14], spectra 

measurements have been made with network and 
spectrum analyzers [6]. A beam-excited spectrum 
measured with a real-time spectrum analyzer (RSA) at 
coupler C1H1 is shown in Fig. 5 together with simulation 
results. The first two cavity dipole bands are between 
about 4.2 and 5.5 GHz, while the trapped cavity modes in 
the fifth dipole band are between 9.03 and 9.08 GHz. 

 

Figure 5: Beam-excited spectrum measured at coupler C1H1. Every 50 MHz from 4 GHz to 9.5 GHz was excited by a 
single electron bunch. The vertical lines indicate simulation results of an ideal cavity [11]. 
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Studies on the behavior of the dipole modes on the 
beam position enabled finding of three regions of interest 
in the HOM spectrum promising for diagnostics, as 
summarized in Table 1 [2]. Beam-pipe dipole modes are 
localized between cavities and could deliver localized 
beam position estimations. However they have low R/Q’s 
and are not cavity-based, therefore not relevant for beam 
alignment and the reduction of HOM effects through 
beam alignment. The first two cavity dipole bands contain 
modes with high R/Q’s and thus have the potential for 
high resolutions, but they can only offer a measurement 
for the whole module. In the fifth dipole band there are 
trapped modes due to the geometry of end-cells and can 
provide a localized cavity-based beam measurement, but 
with low resolutions. 

Table 1: Modal Options for HOM-BPM 

Mode 
type 

Freq. 
(GHz) 

Advantages Disadvantages 

Beam-
pipe 

~ 4.1 Localized Low R/Q; 
Not cavity-based 

Cavity/ 
1st & 2nd 
band 

4.2-5.5 High R/Q Not localized 

Cavity/ 
5th band 

9.05-
9.08 

Localized 
Cavity-based 

Low R/Q 

Note that in our previous studies we could not study the 
resolution achievable with the various options, due to the 
limitations of the devices we used: oscilloscope and RSA. 
Therefore, in order to be able to make the final choice for 
the HOM-BPM electronics, flexible test electronics have 
been built. 

Setup 
The test electronics was designed to have the flexibility 

to study the various modal options of interest as well as 
accommodate the large mode bandwidths (BW) of these 
options. Its simplified block diagram is shown in Fig. 6. 
One of four different analog bandpass filters (BPF) can be 
connected into the chain to study the localized dipole 
beam-pipe modes at ca. 4.1 GHz, strong multi-cavity 
modes in the first dipole band at ca. 4.9 GHz and in the 
second dipole band at ca. 5.4 GHz, and the trapped cavity 
modes in the fifth dipole band at ca. 9 GHz. After 
filtering, the signal is mixed with a selectable local 
oscillator (LO) to an intermediate frequency (IF) of 
ca. 70 MHz. Then the IF signal is further filtered with a 
20 MHz analog BPF to select the specific band of modes. 
In order to ensure that the possible remaining high 
frequency components of the IF signal generated during 
the mixing step are well suppressed, a lowpass filter 
(LPF) is applied to preserve only the frequencies below 
105 MHz with a dominant component from 60 to 
80 MHz. In Fig. 6, the “INPUT” is connected to the HOM 
signal through a multiplexer for easy switching between 
couplers. The 70 MHz IF out of the analog box is further 
split into two signals. One is digitized by a VME digitizer 

operating at 216 MS/s with 14 bit resolution along with a 
programmable FPGA for signal processing. The other IF 
signal is processed by a µTCA digitizer SIS8300 [15,16]. 
The VME digitizer is triggered by a 10 Hz FLASH beam 
trigger. Both the selectable LO and the digitizer clock are 
locked to the FLASH accelerator by using RF signals 
delivered from the master oscillator as a reference. This 
locking allows correct phase information of the digitized 
signal. 

 

Figure 6: Schematics of the test electronics. One of the 
four BPFs was connected in front of the mixer during 
each measurement. 

All the devices were set up outside the FLASH tunnel. 
Digitized data was collected from the VME digitizer with 
an EPICS software tool, while the beam charge, steerer 
current and BPM readouts were recorded synchronously 
from FLASH control system DOOCS. The data 
processing for position diagnostics is conducted offline 
using MATLAB. 

This paper cites primarily the results from the VME 
digitizer. Results obtained with the TCA digitizer can be 
found in Ref. [15]. 

An example of a signal measured with the VME 
digitizer for the input filter with a center frequency of 
5.437 GHz and its Fourier transform are shown in Fig. 7. 

 

Figure 7: An example output signal (a) and its Fourier 
transform (b) measured from coupler C3H2 for a center 
frequency of 5.437 GHz. 
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Measurements 
The HOM frequency regions to be studied have been 

selected based on the previous measurements and 
simulation results as summarized in Table 2. The 
bandwidth was 20 MHz. A couple of tests with a 
bandwidth of 100 MHz have been made as well, with less 
promising results. 

Table 2: Modal Options Selected from Previous Studies 

Mode type Centre frequency (MHz) 

Beam pipe 4082, 4118 

1st dipole band 4859, 4904, 4940 

2nd dipole band 5437, 5464, 5482 

5th dipole band 9048, 9066 

 
The schematic of the measurement setup is shown in 

Fig. 8. An electron bunch of approximately 0.5 nC was 
accelerated on-crest to ca. 150 MeV by ACC1 before 
entering the ACC39 module. Two steering magnets 
located upstream of ACC1 were used to produce 
horizontal and vertical offsets of the electron bunch in 
ACC39. Two beam position monitors (BPM-A and BPM-
B) were used to record transverse beam positions before 
and after ACC39. By switching off the accelerating field 
in ACC39 and all quadrupoles nearby, a straight line 
trajectory of the electron bunch was produced between 
those two BPMs. Therefore, the transverse offset of the 
electron bunch in the module can be determined by 
interpolating the readouts of the two BPMs. 

Figure 8: Schematic of measurement (not to scale; ACC1 
is larger than ACC39). 

In order to study the position dependencies of HOMs, 
we moved the beam in a 2D grid manner. Figure 9(a) shows 
the steerer current during the scan, while the readouts of 
the two BPMs are shown in Fig. 9(b) and Fig. 9(c). The 
samples in blue are used for calibration, and then 
validation samples were taken as shown in red to estimate 
the performance. The integrated HOM power over the 
frequency range shown in Fig. 7(b) is calculated for each 
beam position. Figure  9(d) shows the integrated power 
distribution measured from coupler C3H2. The position, 
which has minimum integrated power, is marked with 
white pentagon. 

Data Analysis 
Singular Value Decomposition (SVD) has been applied 

to the matrix consisting of HOM waveforms in order to 
lower the system dimension by reducing the noise, and 
thus retain only the relevant information related to the 
beam position [7]. 

Figure 9: Steerer current (a) and readouts of BPM-A (b) 
and BPM-B (c) during a 2D grid-like beam scan 
(Calibration: blue; Validation: red). (d) Integrated power 
at different beam position. The center frequency was set 
to 5437 MHz with a BW of 20MHz. 

The main SVD components have then be used to 
construct a “cleaner” waveform matrix, which has then 
been correlated to the matrix of beam positions where 
HOM signals have been measured. This means the center 
of the cavity for the localized modes, and the center of the 
cryo-module for the case of propagating modes. In this 
way the HOM signals are calibrated with beam offsets. 
By applying this calibration to newly measured HOM 
waveforms, a HOM-BPM is obtained. By comparing the 
reading of the HOM-BPM for the validation samples (red 
dots in Fig. 9) to the measurement interpolated from 
BPMs, an estimation of the measurement accuracy is 
made.  

Figure 10(a) shows an example of the HOM-BPM 
readings (red) and the interpolated positions from BPMs 
(blue) when using the HOM signals shown in Fig. 7 for 
validation samples. The center frequency was 5.437 GHz, 
with a BW of 20 MHz. The differences between these two 
positions are shown in Fig. 10(b) as prediction errors:, 
20 µm rms for x and 22 µm rms for y. 

Figure 10:  (a) Measurements (blue) and predictions (red) 
of the transverse beam position for a center frequency of 
5.437 GHz. (b) Prediction errors. 

It is worthwhile mentioning that this RMS error does 
not represent the usual resolution. We obtained smaller 
values when estimating this error for a smaller scan range 
of beam offsets. We expect to get even better results when 
measuring on beam jitter. 
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RESULTS 

Localized Modes 
Beam pipe modes 
For the beam pipe modes, the first filter in Fig. 6 was 

used. Only the TCA-based digitizer was available at the 
time. The minimum number of SVD modes was chosen 
that leads to a smaller RMS error and it differs for the 
various couplers between 5 and 13. The RMS error 
obtained for the second frequency range, centered at 
4.118 GHz, varies from coupler to coupler and is between 
40 and 100 m for the horizontal plane and between 80 
and 180 m for the vertical plane. The large error values, 
particularly for the y plane led to the elimination of this 
option early in the study. 

Trapped cavity modes 
The fourth filter, centered at 9.085 GHz, was used to 

test the trapped modes. An ideal mathematical filter cut 
the propagating modes above 9.08 GHz. Similar results 
were obtained for the two frequency regions in the 5th 
dipole band tested. RMS errors between 40 and 100 m 
were obtained for all couplers and both transverse planes. 
7 to 15 SVD modes were used. In spite of the large 
relatively large errors, we kept this option, since it can 
deliver localized, cavity based measurements. Also, we 
expect the resolution with the final electronics to be 
better. 

Propagating Cavity Modes 
Surprisingly, the tested frequencies in the 1st dipole 

band performed slightly worse than the 2nd band. The best 
results obtained were for a center frequency of 
5.437 GHz. This may be due to the presence of high R/Q 
modes in this range, as predicted by simulations. The 
RMS errors are between 20 and 30 m for the x plane and 
between 20 and 50 m for the y plane (Fig. 11). Between 
5 and 15 SVD modes were used. 10 - 20 m rms is about 
the resolution of the BPMs used and therefore may be a 
limiting factor of our measurement. Due to the higher 
resolution, we chose to build an electronics version based 
on the second dipole band. 

Figure 11: Position prediction accuracy for each coupler. 
The center frequency is 5437 MHz with a 20 MHz BW. 

Specifications for HOMBPM Electronics 
Based on the test electronics results, the design of the 

final HOM-BPM electronics for the 3.9 GHz module has 

been finalized. Two couplers will be equipped with 
electronics centered at ca. 5440 MHz and a bandwidth of 
100 MHz to provide high resolution positions in the 
module, and six couplers with electronics centered at 
ca. 9060 MHz, same bandwidth, to deliver local position 
inside each cavity. Since not all modes in the fifth dipole 
band are trapped [11,17], the frequency band has been 
carefully chosen in order to mitigate the contaminations 
of travelling modes. 

CONCLUSION AND OUTLOOK 
Defining the frequency regions to be used for beam 

monitoring was no easy task, since all frequency regions 
in the spectra previously considered had advantages and 
disadvantages. Only with the flexible test electronics, 
which overcame the resolution limitations of the test 
devices previously used, oscilloscope and real-time 
spectrum analyzer, could these regions be further 
differentiated, and thus the specification of the final 
HOM-BPM electronics could be defined. 

The HOM-BPM electronics is currently being designed 
by FNAL in collaboration with DESY. First tests should 
take place till spring 2013. The achieved resolution is 
expected to be at least as good as the one achieved with 
the test electronics. 

Installing the electronics at FLASH is not the end of the 
project, since we experienced difficulties with the 
calibration stability. This may be due to phase drifts or 
even to drifts of the HOM frequencies. Further studies are 
required to understand this issue. Nevertheless as soon as 
the electronics is installed, it will already benefit beam 
alignment in ACC39. 
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 TPS BPM ELECTRONICS PERFORMANCE MEASUREMENT AND 
STATISTICS 

P. C. Chiu, K. H. Hu, C. H. Kuo,  K. T. Hsu 
NSRRC, Hsinchu 30076, Taiwan

Abstract 
 The BPM electronics Libera Brilliance+ are developed 
for Taiwan Photon Source (TPS) which is a 3 GeV 
synchrotron light source constructed at NSRRC. This 
BPM electronics can accommodate four BPM modules 
with integrated FPGA-based hardware. The BPM was 
contracted in the 2nd quarter of 2011; I-Tech award the 
contract to provide BPM electronics for the TPS project. 
The first prototype had been delivered in August 2011 
and performed the preliminary test to verify fundamental 
specifications; the rest units had been delivered 
respectively in December 2011 and June 2012. The 
acceptance test for all units had been completed during 
June to August of 2012. Performance of each unit are 
individually tested and measured. Statistics data will be 
summarized in this report. 

INTRODUCTION 
The TPS is a state-of-the-art synchrotron radiation 

facility featuring ultra-high photon brightness with 
extremely low emittance [1]. Civil constructions are 
expected to be finished in early 2013. Machine 
commissioning is scheduled in 2014. The TPS accelerator 
complex 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. The storage ring has 24 DBA 
lattices cells with 6-fold symmetry configuration. This 
synchrotron machine requires beam position stability less 
than 1/10 beam size therefore the position measurement 
system is also required to achieve one hundred or even 
tens of nanometer resolution. TPS has decided to adopt 
Libera Brilliance+ [2] electronics for the position 
measurement. The new instrumentation has the 
satisfactory performance and diagnostic functionalities as 
well as provides interface for fast orbit feedback 
application [3]. The vast tests including current 
dependency, filling pattern dependency, temperature 
dependency, latency estimation, long-terrn and short-term 
stability have been done and summarized in this report.  
Statistics data will be summarized.  

BPM SPEC AND FUNCTIONALITES 
The TPS storage ring is divided into 24 cells and there 

are 7 BPMs per cell; the booster ring has six cells where 
each cell is equipped with 10 BPMs. The number of BPM 
modules installed in the BPM platform might vary due to 
various install consideration and future expansion. 

Therefore, the BPM platform is designed to accommodate 
maximum 4 BPM modules. The TPS acquire 76 BPM 
platforms in MicroTCA based form factor and 228 BPM 
processors modules for storage ring and booster 
synchrotron application exclude the spares or the extra 
BPM due to the later design change.  

The conceptual functional block diagram of the BPM 
is shown in Fig. 1. It will be embedded with EPICS 
interface for control, monitor and configuration. The 
timing AMC module would provide functionalities of 
synchronization, trigger, interlock and post-mortem. The 
BPM platform should also accommodate the FPGA 
module for fast feedback application for the future 
expansion. 

COM Express
(Linux + EPICS, ..etc.)

Clock Distribution,
Interlock
Module

PCI Express (AMC.1)
LVDS links
LVDS links ?

RF front-end ADC FPGA

BPM Module #1

RF front-end ADC FPGA

BPM Module #2

RF front-end ADC FPGA

BPM Module #4

Extra
Digital I/O?

Data communication
Feedback FPGA

(GDX)

MGT

GigE

Clock &
Trigger

Interlock

RF front-end ADC FPGA

BPM Module #2

Grouping
(3.2 Gbit/sec?)

GbE or 10 G (UD
GbE or

Rocket I/O
(Corrector Control)

 
Figure 1: BPM platform functional block diagram. 

The major specifications that the system must be 
fulfilled are also listed in Table 1. 

Table 1: TPS BPM Performance Requirements 
Parameters Beam 

Charge/Curre
nt Range 

Spec. 
(in rms) 

Measured 
(in rms) 

Single pass 
sensitivity and 
resolution 

100 pC < 1 mm 0.2 mm 

Turn-by-turn 
resolution 

0.5 mA < 1 mm 0.15 mm 

10 mA < 100  um  10 um 

500 mA ~ 1 um 1um 

Resolution (10 
Hz update rate) 

0.5~10 mA < 1000 nm 80 nm 

100~500 mA 
(14 dB 
range) 

< 100 nm 20 nm 

Resolution (10 
KHz update rate) 

100~500 mA < 200 nm 100 nm 

Beam current 
dependence 

100~500 mA < 1000 nm 200 nm 

Filling pattern 
dependence 

100~500 mA < 1000 nm 200 nm 

Temperature 
dependence 

 <1000 nm/oC ~ 100 nm/oC 
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ACCEPTANCE TEST & SETUP 
The first BPM prototype had been delivered in August 

2011; the rest units had also been delivered respectively 
in December 2011 and June 2012. The delivered units had 
been performed functionality and performance test to 
ensure compliance with this specification in this August. 
The test environment setup is shown as Fig. 2.  

���������
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Insert hear for latency measurement
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Figure 2: Set up for the acceptance test. 

 
The BPM electronics will be sensitive to very small 

change (one part of 10000 or less) and many factors will 
affect the measurement. Since the beam splitter is 
sensitive from the ambient environment, we are using 
Polyethylene foam to perform thermal isolation. The 
vibration of cable will cause signal variation as well. The 
fixed solid cables are also essential to achieve nano-meter 
measurement performance. The setup for acceptance test 
is shown in Fig. 3. 

 
Figure 3: Set up for the acceptance test. 

The current dependency, filling pattern dependency, 
temperature dependency, latency, and short-terrn and 
long-term stability are verified and shown as the 
following sections.  

FUNCTIONALITY TEST 
To support 24/7/365 operation of the BPM electronics, 

functionalities like cold start, shutdown, housing, control 
system interface should meet the requirements.  

Cold Start and Shutdown 
All BPM platforms and BPM electronics have been 

performed cold and shutdown test. Only minor problems 
encounter. One platform had been re-installed and re-
configured to resolve continuous program fail. One of 228 

modules hardware had malfunction after three months 
operations.  Reason of the fault is still in investigation. 

EPICS Interface 
The EPICS interfaces for all BPM platforms are tested. 

One defect is that some waveform records are empty (data 
is zeros) for first acquisition even external trigger is given. 
Besides, EPICS CA server crash had occasionally 
occurred and was reported to the vender. The upgrade to 
the EPICS IOC is foreseen in October 2012 roughly. 

Housekeeping 
The BPM platform provides power supply status 

monitoring, temperature monitoring, fan status 
monitoring and fan control. The status looks good from 
the system maintenance point of view. 

Synchronization tability 
Synchronization is accomplished by internal PLL to 

lock to the revolution frequency and the stability is 
observed for 9 modules during 60 hours. The phase errors 
had never gone out of �  1o region and the PLL had 
always remained locked status.  

RESOLUTION TEST 
The BPM electronics provides several data flow 

including around 10 Hz slow data, 10 kHz fast data, turn 
by turn data, and ADC raw data. These different data flow 
resolutions would be estimated respectively as followings.   

Slow Data 
Figure 4 shows the histogram of horizontal and vertical 

position resolution distibution at power level around -10 
dBm for 228 BPM modules. Most of these modules could 
achieve 20 nm resolution. Few mouldes could be over 50 
nm which could be caused by ambient environment and 
will be further explained later. Fig. 5 shows resolution 
changes versus input power level variation. It can be 
observed that the resolutions don’t worsen until the power 
level drops less than -50 dBm.  

 
Figure 4: Histogram of horizontal and vertical position 
resolution distibution at power level around -10 dBm for 
228 BPM modules.  
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Figure 5: Position resolution versus power level change 
for 228 BPM modules.  

Turn-by-turn Data 
Turn-by-turn data resolution is evaluated between the 

two modes of switching and DSC (digital signal 
conditioning) on and off. There is no clear spike caused 
by analog switch input because new compensation 
method has been applied in this new platform. Both of the 
resolution could achieve around 1000 nm which meet the 
specification at 500 mA (~10 dBm). Fig. 6 shows the 
results. At lower current mode of 0.5 and 10 mA which 
power level decreases around -50 and -24 dBm, the 
resolutions are 150 and 10 um respectively, which also 
achieve the required performance.  

 
(a) Switch and DSC Off 

 
(b) Switch and DSC On 

Figure 6: TBT data. 

Fast Data 
FA data resolution is around 100 nm and meets the 

specification which should be less than 200 nm as well. 
Fig. 7 shows the results. 

 
Figure 7: FA data. 

BEAM CONDITIONS AND 
ENVIRONMENTAL EFFECTS TEST 

The BPM electronics should be not sensitive but 
immune to the beam condition including beam current 
dependence, filling pattern, ambient temperature, 
mechanical vibration and etc. Efforts are summarized in 
the following paragraphs. 

Current ependency 
TPS will be operated at top-up mode. Current 

dependency requires within 1 um variation for 100 mA ~ 
500 mA range. Fig. 8 shows current dependency test 
result which is less than 200 nm for 40 dBm input power 
level changes. 

 
Figure 8: 228 BPMs current dependencies. 

Filling Pattern Dependency 
Figure 9 shows the filling pattern dependency versus 

different percentage of filling width with and without 
power compensation. Results clarified that both of 
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horizontal and vertical position changes are much less 
than 100 nm and can be ignored. 

 
   (a) 

 
   (b) 

Figure 9: (a) Filling pattern dependency without power 
compensation. (b) With power compensation. 
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Figure 10: Position observation at camshaft mode filling 
pattern with/without isolated bunches. 

The camshaft mode filling pattern is also tested as 
Fig 10. There were three modes observed: (1) without 
isolated bunches (2) with isolated bunches (3) with larger 
isolated bunches. It can be seen that sum value increasing 
reflects the switch of three modes while horizontal and 

vertical positions stay unchanged. It could be concluded 
that Camshaft mode fill pattern dependency almost can be 
ignored either. 

Ambient Temperature Effects 
To characterize drift due to ambient temperature 

variation, a BPM platform was put into an incubator 
chamber as Fig. 11 to do long term drift measurement. 
The incubator is set in soak mode from 25 to 30 degree, 
27 to 29 and 28 to 29 degree in Celsius scale respectively. 
Fig. 12 shows the results of beam position changes versus 
temperature and it is observed that both of horizontal and 
vertical position changes are smaller than 100 nm/ �C.  
Horizontal position fluctuation is observed to have 3 
minutes delay compared to vertical one and it is inferred 
caused by thermal propagation delay on four ADCs. 

 

Figure 11: Libera Brilliance+ platform put inside an 
incubator which provide precision temperature control in 
the range between 0~60 oC. Measurement is performed 
around 30oC. 
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Figure 12: Temperature dependency around 100 nm/�C. 

LONG-TERM AND SHORT-TERM 
STABILITY  

Long-term and short-term position stabilities are 
studied as Fig. 13. Most of position drifts could be less 
than 500 nm within 30 minutes. It’s observed that 
mechanic stability including fan vibration, air flow and 
cable sway quite effect BPM readins. In a steady and 
controlled condition, long-term position stability for 14 
hours and 60 hours could be much less than 1 um as Fig. 
13 (b)(c).  

 
(a)  

 

 
(b)  

Figure 13:  (a) Histogram of 30-minutes satbility for 228 
BPM modules.  (b) 14 hours and 60 hours stability 
observations for one BPM module. 

LATENCY TIME  

Interlock output is used to measure the FA latency for 
evaluating fast orbit feedback application. A steep orbit 
change implemented by controlled gating signal is applied 
to trigger interlock. The latency time calculated by the 
time difference between the input change and the 
interlock output is around 150 � 50 us as Fig. 14. 100 us 
jitter is roughly equal to one FA sample period and the 
FA latency time is one to two FA sample period. 

!�%(��'����'����%�0�

�����$'�-�1�����

	���μ���
2�����3�	���μ���

Figure 14: The time difference between input change and 
interlock output is around 150 � 50 us  

SUMMARY 
TPS BPM electronics factory acceptance test (FAT) 

had been completed in August. Each BPM platform and 
module had been individually tested and measured. 
Fundamental functionalities are passed.  SA, FA and TBT 
resolution generally satisfy specification. Current, filling 
pattern and temperature dependency are also adequate. 
Mechanic stability is key issue beyond expectation when 
it requires nano-meter level stability. The FA latency time 
is around 150 � 50 us.  
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DEVELOPMENT OF THE BEAM POSITION MONITORS FOR THE 
SPIRAL2 LINAC 

M. Ben Abdillah, P. Ausset, J. Lesrel, P. Blache, P. Dambre, G. Belot, E. Marius 
Institut de Physique Nucléaire d’Orsay, France

Abstract 
The SPIRAL 2 facility will deliver stable heavy ion 

beams and deuteron beams at very high intensity, 
producing and accelerating light and heavy rare ion 
beams. The driver will accelerate between 0.15mA and 5 
mA deuteron beam up to 20 MeV/u and also q/A=1/3 
heavy ions up to 14.5 MeV/u. 

The accurate tuning of the Linac is essential for the 
operation of SPIRAL2 and requires from the Beam 
Position Monitor (BPM) system the measurements of the 
beam transverse position, the phase of the beam with 
respect to the radiofrequency voltage and the beam 
energy. 

This paper addresses all aspects of the design, 
realization, and calibration of these BPM, while 
emphasizing the determination of the beam position and 
shape. The measurements on the BPM are carried out on a 
test bench in the laboratory: the position mapping with a 
resolution of 50 µm is performed and the sensitivity to the 
beam displacement is about 1.36dB/mm at the centre of 
the BPM. The characterization of the beam shape is 
performed by means of a special test bench configuration. 

An overview of the electronics under realization for the 
BPM of the SPIRAL2 Linac is given. 

OVERVIEW 
SPIRAL2 represents a major advance for research on 

exotic nuclei. It will provide better insight into the table 
of nuclides, thereby fostering the discovery of new 
properties of matter. 

SPIRAL 2 Linac is installed in Caen, France. It is 
composed of 2 types of cryomodules A and B 
respectively for low (β= 0.04) and high (β=0.2) energy 
sections. Each of these cryomodules contains respectively 
one or two resonators superconducting radiofrequency 
cavities.According to beam dynamics calculations, all the 
cavities operate at 88.0525MHz. 

A doublet of magnetic quadrupoles takes place between 
the cryomodules for the transverse horizontal and vertical 
focusing of the beam. 

Measurement of the particle beam position in 
accelerators is an essential part of beam diagnostics, and 
the Beam Position Monitors (BPMs) provide the basic 
diagnostics tool for commissioning and operation of 
accelerators. One of the primary applications of the BPMs 
is the stabilization of the particle beam positions through 
feedback. 

In order to save room, BPM will be inserted in the 
vacuum pipe inside the quadrupoles which will be buried 
at their turn in the quadrupole magnet. 

Different beams are accelerated by SPIRAL2; Table 1 
shows the main characteristics of some of these beams at 
the start and at the end of the linac. 

 

Table 1  Beam  haracteristics

 Linac start Linac End 

Beam relative velocity β 0.04 0.2 

Beam energy (MeV) 1.46 40 

 
The specifications of the required BPM resolution for 

beam position feedback in SPIRAL2 linac are listed in 
Table 2. 

 

Table 2  BPM  pecifications

Beam position resolution 50 um 

Beam position range ±20 mm 

Beam shape resolution 20% 

 
This paper addresses the design, realization and 

calibration of these BPMs; it also shows the design 
adopted for the realization of the BPMs acquisition cards. 

BPM DESIGN 
SPIRAL2 BPMs have four electrodes mounted directly 

within the focusing magnets as shown in Figure 1 (A 
zoom of the BPM portion is shown on the right) . A BPM 
has four electrodes that couple to the beam through the 
image charge produced by the beam [1]. 

 

 
 

Figure 1: BPM position inside the linac. 
 

The influence of the electrode dimensions on the signal 
level and harmonic content for different beams was 
calculated using the method described by Schulte [2]. The 
BPM electrodes are considered as capacitors that are 
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charged by the beam and discharged through a resistor 
connected to ground. 

BPM diameter and length are respectively equal 48mm 
and 39mm respectively. Each electrode has an angular 
coverage of 63 degrees. 

BPM REALIZATION  
SPIRAL2 will be equipped with 20 BPM. As 

consequence the equipment to be supplied consists of 23 
BPMs: one prototype, two pre-series planned for a test 
bench to commission the RFQ and will be considered 
later as spares and 20 to be put on operation. Each BPM 
has four electrodes and each electrode is composed of a 
feed-through and capacitance as shown in Figure 2. 
 

 
 

Figure 2  Feed-through (left), BPM block(right) and BPM.

 
BPM realization is divided into three steps: 

Feed-Through  ealization 
Our industrial partner CoorsTek* is in charge of BPM 

fabrication, it delivered 110 feed-through that were tested. 
The testing first verifies feed-through isolation then 

measures its capacitance and TDR* response and finally 
matches four feed-through to form a single BPM. Four 
feed-through are matched if the difference between there 
capacitances is less than 0.1pF and their TDR responses 
are identical. 

The 110 feed-through delivered by CoorsTek had 
capacitances measuring 1.35pF with a margin of ±0.05pF. 

Therefore, feed-through matching only takes account of 
their TDR response. 

BPM ealization 
Once the needed feed-through matched, they were sent 

back to CoorsTek for BPM block realization. 

Twenty BPM blocks were delivered by CoorsTek, their 
isolation was verified, and their capacitance were 
measured and verified to be within ±0.2pF per block. The 
TDR responses of each block were verified as well: An 
example is illustrated in Figure 3. 

 

 
Figure 3: BPM block TDR responses (zooming at feed-
through location). 

Each block is again sent back to CoorsTek for final 
integration in the BPM. 

BPM CALIBRATION 
Due to different speeds of the beam particle, expected 

signals at each electrode have different shapes along the 
LINAC: As shown in Figure 4 , low β beams mainly 
induce fundamental tone signals at the electrodes output 
and more energetic beams with β up to 0.2 induce signals 
with harmonic tones as well. To manage different β 
values, the generator sends signals at two different tones: 
the fundamental frequency (88.0525MHz) and its first 
harmonic (176.0525MHz). Processing higher tones is 
abandoned.  

 

 
Figure  4  Electrode voltage FFT at different beta beams. 

Thanks to BPM calibration, two main parameters are 
measured: BPM sensitivity and the displacement between 
mechanical and electrical centres of the BPM. 

To achieve these goals, the BPM is mounted inside the 
automated test bench shown in Figure 5. The BPM is 
mounted onto an automated XY table that moves the 
sensor into a predefined point with coordinates (X, Y). 
The signal generator continuously sends a signal along a 
copper wire inside the BPM. The copper wire could have 
a circular or elliptical shape and it simulates the beam at 
β=1. At each position, the power received by each 
electrode is measured by the probes and the power 
meters, the measurements are then saved sequentially into 
appropriate files. 
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*CoorsTek: www.coorstek.com 
*TDR: Time Domain Reflectometry 
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Figure 5  BPM automated test bench

 
The following steps are performed:  

BPM echanical  entre Measurement 
The cable inside the BPM has a fixed position. The XY 

table moves the BPM on four predefined axes until the 
cable touches the BPM boundaries.  

The four positions measured are then combined to find 
the BPM mechanical centre coordinates Xm and Ym with a 
precision less than 20μm. 

BPM lectrical entr e Measuremen t
The cable is placed at the BPM mechanical centre 

position; the power received by each electrode is then 
measured. These powers are combined to find BPM 
electrical center coordinates Xe and Ye. 

Cables between BPM feed-throughs and probes induce 
differences in magnitude and phase between measured 
voltages at BPM electrodes. To annihilate these additional 
differences, measurement is performed at four different 
cable configurations: for a given electrode, the received 
signal is measured using a different cable at each 
configuration, therefore, four power measurements are 
performed and averaged. 

Xe and Ye are computed in mm using Eq. 1 and Eq. 2: 

 
Sc

ElecPElecPXX me
)1()3( PPX . (1) 

 
Sc

ElecPElecPYY me
)2()4( PPY . (2) 

P is the power received by each electrode and Sc is the 
BPM sensitivity to beam displacements at the BPM 
electrical centre. After a couple of iterations, Sc is found 
to be equal to 1.36dB/mm at fundamental frequency and 
1.41dB/mm at the first harmonic. 

BPM Sensitivity Measurement 
Once the BPM electrical centre is measured, two 

sweeps of the XY table (one is horizontal and the other is 
vertical) are performed and the powers received by each 

electrode are recorded. These sweeps are over a range of 
40mm with a step of 0.5mm. The goal out of these sweeps 
is to measure BPM sensitivity for off centered beams. 

The same technique mentioned above is used to 
annihilate differences in cables attenuation and phasing. 

BPM sensitivities at a given point (X, Y) are computed 
using Eq. 3 and Eq. 4: 

 
e

x XX
ElecPElecPXS

X
PP )1()3()0,( . (3) 

 
e

y YY
ElecPElecPYS

Y
PP )2()4(),0( . (4) 

This measurement is performed at the fundamental 
frequency and its first harmonic.  

BPM Mapping 
BPM mapping aims to measure the difference between 

theoretical and measured wire positions. Beam measured 
position coordinates Xb and Yb are computed in mm using 
Eq. 5 and Eq. 6: 

 
)0,(

)1()3(
XS

ElecPElecPXX
x

eb
PPX . (5) 

 
),0(

)2()4(
YS

ElecPElecPYY
y

eb
PPY . (6) 

The XY table follows the predefined map shown in 
blue in Figure 6 (distance between adjacent dots is 
0.5mm).  

 

 
Figure 6  Example of BPM mapping at 88.0525MHz
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Figure  shows good agreement between theoretical 
and measured position around BPM centre. This 
agreement is distorted at BPM boundaries because of the 
approximation in the sensitivities Sx and Sy 

BPM  uadrupole Moment Measurement 
Estimation of beam shape is based on the computation 

of σx²-σy² that uses the following formula given by 
R.H.Miller [2] 

    
22

4321

432122 1
bbyx YX

VVVV
VVVV

K
YX

VVV
VVV

K
2
y

2
x  

 
Where σx and σy are the beam rms half widths in the x 

and y directions, Xb and Yb are beam position coordinates 
regarding its electrical centre and V1, V2, V3 and V4 are 
the sensing electrodes voltages. 

The parameter K depends on beam velocity β, BPM 
radius and the electrode angular coverage. For β=1, 
K=0.0028mm-2. 

Two different copper wires were used to check Miller’s 
formula: A cylindrical wire with diameter of 5mm and an 
elliptically shaped wire with major axe length of 5mm 
and minor axe length of 3mm. The two wires were 
mounted at the BPM electrical centre. 2mm sweeps 
(horizontal and vertical) were performed around the BPM 
electrical centre, the ratio at the left of Miller’s formula 
was measured and the difference σx²-σy² was deduced. 
As shown in Figure σx ²-σy ² is close to 0 for circular 
shaped cable and around 2 for elliptical shaped cable.  
 

 
Figure 7  σx²-σy² for different beam positions.  

The factor K is expected to be stronger for low beta beams, 
exhaustive studies shows K=0.0051mm-2 at β=0.04. 

BPM ACQUISITION CARD 
Each BPM is supplied with an electronic acquisition 

module. The module processes fundamental frequency or 
the first harmonic tones contained in the signals delivered 
by BPM electrodes in order to deliver beam position, 
shape, energy and phase. It also warns the operator if the 
beam is 5mm close to BPM boundaries. 

The design of the BPM is done in collaboration with 
our partner BARC*. The BPM module, shown in Figure 

8, consists of an analogue board and a digital board. The 
design of the BPM module is based on the scheme of 
auto-gain equalization using offset tone. In this scheme 
the gain of different channels is equalized with respect to 
the injected offset tone. The scheme consists of digitally 
generating an amplitude and phase stable calibration tone 
having frequency slightly offset from the RF Reference. 
This calibration tone is added to each of the 4 incoming 
sensor signals. Each combined signal is then passed 
through respective analogue channel, which essentially 
incorporates the functionality of programmable 
amplification and selectable band-pass filtering. The 
amplification/attenuation is identically set for all the four 
analogue channels. 
 

 
Figure 8: BPM acquisition module. 

 
These conditioned signals (four electrodes, one selected 

reference and one calibration tone) are digitized by 
respective ADCs on the digital board. The digitized data 
from the ADCs is sent to FPGA for calculation of output 
parameters. The results are also stored in a local memory 
for analysis and diagnostic purposes. Two DACs are kept 
for diagnostic purposes for viewing the variables in the 
signal path. A clock synthesizer generates the sampling 
clock for ADCs, DACs and FPGA using the 88.0525 
MHz reference signal. The system has provision for 
digital input and output signals on the front panel for 
interfacing to the external world or to be used during 
testing and debugging. 

CONCLUSION 
SPIRAL2 BPM measurements show a good agreement 

to expected sensitivity and quadrupole moment. The next 
step is to realize and test the BPM acquisition card. 
 

[1] P. Ausset and al “Beam diagnostics for the SPIRAL2 
accelerator, SPIRAL2 week, Jan 2011, Caen, France. 

[2] J.Bosser, “Beam instrumentation”, CERN Editions, CERN-
PE-ED-001-92. 

[3] R.H. Miller and al., “Nonintercepting emittance monitor”

 

12th Int. Conf. on high-energy accelerators. Fermi Nat 
Accelerator Lab, 11-16 Aug 1983. 
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FIRST TESTS OF A LOW CHARGE MTCA-BASED ELECTRONICS FOR
BUTTON AND STRIP-LINE BPM AT FLASH

B. Lorbeer∗, N. Baboi, F. Schmidt-Föhre, Deutsches Elektronen-Synchrotron† , Hamburg, Germany

Abstract
Current FEL based light sources foresee operation with

very short electron bunches. These can be obtained with
charges of 100pC and lower. The typical charge range for
FLASH, DESY, Hamburg spans a range from 100pC up
to 1nC. The electronics currently installed at button and
strip-line BPMs have been designed for best performance
at higher charges and have reached their limits. Currently,
for low charges a new type of electronics is being devel-
oped to overcome these limitations. These electronics are
conforming with the MTCA.4 for physics standard [1]. The
next generation of FLASH BPM electronics is suitable for
measurements of button and strip-line BPMs. Furthermore,
the first measurement results taken with beam at FLASH,
DESY are presented here.

INTRODUCTION
Free-electron-laser (FEL) user facilities like FLASH at

DESY and LCLS at SLAC have been established as very
useful sources in the VUV and X-Ray regime. Apart
from the laser-like features of these sources, the short light
pulses produced by these machines are very attractive for
users. Recently it turned out that the typical pulse length
of about 100fs can be shortened substantially. The oper-
ation of these FEL facilities have demonstrated that beam
charges smaller than 100pC allow the generation of very
short electron bunches resulting in FEL pulse lengths in the
few fs regime [2, 3]. Since existing electronics for button
and strip-line beam position monitors (BPM) of FLASH
have been designed for a charge of about 1 nC, they show
insufficient resolution for machine operation below 300pC.
Therefore, a new type of button and strip-line electronics
is under development. The dynamic range has been ex-
tended to lower charges to match the increasing need for
low charge operation. At FLASH the Micro Telecommuni-
cation Computing Architecture (MTCA) for physics stan-
dard will replace the old Versa Module Eurocard (VME)
based electronics of the old BPM system. The standard
introduces a new environment for the analog front-end
and digitizer electronics. The specifications for the new
FLASH BPM electronics match with the ones from Euro-
pean XFEL [4]. The requirement for single-bunch resolu-
tion is 50μm in an aperture of +/- 3mm of center with a
beam line diameter of 40mm [5]. In this paper the first pro-
totype BPM electronic system based on the MTCA.4 stan-
dard is introduced. The analog electronics are described in
detail. The first measurements with single-bunch operation
are presented.

∗ bastian.lorbeer@desy.de
† DESY

OVERVIEW
The MTCA-based button and strip-line BPM system is

schematically shown in Fig. 1.

Figure 1: BPM conceptual system setup. One signal of
each plane from the BPM is combined with the other after
a delay of ca. 100ns. The combined signals are then trans-
ported over a long RF cable from the tunnel to the elec-
tronic racks.

It follows the well-known Delay Multiplex Single Path
Technology (DMSPT), originally developed in 1986 for the
HERA accelerator at DESY[6]. The pick-ups of the button
and strip-line BPMs are oriented in the vertical and hori-
zontal plane in the beam line. The strip-line monitor un-
der test is the main type of standard BPM currently in op-
eration at FLASH. The beam line diameter is 34mm and
the strip-line length is 200mm. The button monitor used
here is a prototype button BPM for the E-XFEL. It is an
improved HERA type button pick-up design to match the
needs in linear machines such as FLASH, and the E-XFEL.
The button diameter is 16mm and the beam line diameter is
34mm. It has been installed and studied in the last year at
FLASH [7]. The signals Vx1

and Vx2
in the horizontal, and

Vy1
and Vy2

in the vertical plane are concatenated with the
help of a broadband radio frequency (RF) combiner. This
is done by inserting a delay of 100ns for Vx1

and Vy1
with

respect to the other signal in each plane. Finally the signals
are travelling on a 80 m long 3/8” RF-cable from a patch
panel in the tunnel to a patch panel at an electronic rack out-
side the tunnel. This method has a superior common mode
electromagnetic interference (EMI) rejection compared to
a single RF cable connection for both signals in each plane.
Typical signals from a button and a strip-line monitor are
shown in Fig. 2. A zoom of the signals is shown in Fig 3.

The rise-time of both signals is in the order of a few hun-
dred picoseconds. Though the signal shape for both types
of BPM is entirely different, the front-end can measure
both types of waveforms. With a beam charge of 100pC
and a centered beam the signal strength is 180mVpeak for
the strip-line and 270mVpeak for the button BPM. The
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Figure 2: Button and strip-line monitor signals measured
in electronic racks. The amplitude is normalized to pC.
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Figure 3: A zoom of the strip-line and button BPM.

aquisition takes place on an analog front-end module, a dig-
itizer with a generic FPGA firmware, and a CPU module.
All boards are designed to be compatible with the MTCA.4
standard. The analog front-end on a rear transition mod-
ule (RTM), the digitizer on double size advanced mezza-
nine card (AMC), and the MTCA crate will be described in
more detail in this paper.

ANALOG FRONT-END
The signals from either button or strip-line BPM are re-

ceived by an analog front-end. A picture of the prototype
board is shown in Fig. 4.

The standard size for a MTCA.4 compatible RTM is
180mm x 162mm. The module is powered by a single
+12V supply. Other voltages are generated by DC/DC con-
verters and voltage regulators. The connector on the right-
hand side of the picture is the so called Zone3 connector.
It carries the interface to the Advanced Mezzanine Card
(AMC) digitizer card. A single receiver consists of two
channels. Each channel measures one plane of a BPM. The

Figure 4: The prototype electronics for one BPM are lo-
cated on a standarMTCA.4 for physics rear transition mod-
ule.

receiver for each plane is based on a peak detector that is
driven by an alternating cascade of a low noise amplifier
and a digital step attenuator. The step attenuator can be
adjusted over a wide range from 0...31.25dB in steps of
0.25dB. The maximum small signal gain of the front-end is
in the order of 40dB. The block diagram of one channel is
shown in Fig. 5.

Figure 5: Block diagram of the front-end for the position
measurement in one plane.

The purpose of the first step attenuator in the measure-
ment chain of each plane is to adjust the power level for
the different beam charges, while the second step attenu-
ator optimizes the signal level for the different transverse
offset’s. The output of the second amplifier drives a fast
detector composed of a Schottky diode and a peak hold ca-
pacitor. The hold capacitor is actively discharged with a
fast discharge circuitry. The discharge circuit is driven by
an external pulse generator that is synchronized with the
machine timing. The hold capacitor is followed by a buffer
operation amplifier and a fanout with four outputs. This
fanout offers the opportunity to sample in an inter-leaved
mode and hereby increasing the number of sample-points
per waveform, resulting in an improved resolution. An ad-
ditional feature of the front-end is the possibility for in-
ter macro pulse calibration of the electronics using either
an external pulse or a pulse signal sent from a field pro-
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grammable gate array (FPGA) on the digitizer AMC. In
calibration mode the RF switch is switched to calibration
mode. Moreover the front-end board has an interlock in-
terface to the Machine Protection System and an I2C bus
interface for optional purposes. In the AC coupled part of
the front-end the lower cut-off frequency is <5MHz and the
upper bandwidth limit is at the -3dB point is 350MHz. Af-
ter the peak detector the signal path is DC-coupled and the
bandwidth is <160MHz at the fanout. The measured noise
figure from input jack to the input of the detector diode is
<7dB. In order to have a sufficient drive voltage on the
peak detector the minimum input peak voltage is 20mV.
The strip-line and button BPM types tested with this new
electronic deliver a sufficient signal strength to measure the
position at charges down to 30pC.

MTCA CRATE

For the test measurements a five slot MTCA from
Schroff has been used (Fig. 6).

Figure 6: Crate used for the tests including management
carrier hub (MCH), hard disk (HD), processor (CPU), digi-
tizer SIS8300, and timing module x1timer. The BPM front-
end RTM is on the rear side and is not shown here.

The analog signals from the RTM are digitized on a com-
mercially available 10 channel digitizer SIS8300 [8]. After
the digitization the raw data is collected on a control sys-
tem server that is running on the crate CPU. The server is
read out by a Matlab program running on a remote PC via
ethernet. The beam offset is calculated here. The synchro-
nization of the measured data is done with a timing mod-
ule x1timer. The x1timer receives a 108MHz clock sig-
nal from the master oscillator and a machine trigger from
the old VME based timing system. The x1timer redis-
tributes the trigger and clock to the digitizer card to clock
and trigger ADC’s and FPGA. At the moment a generic
FPGA firmware has been used to obtain the raw data sam-
ple points from the ADC’s. The development of a custom
made firmware is under way.

Position Calculation
The expressions to calculate the beam offset positions in

the horizontal and vertical plane are given by Eq. (1) and
Eq. (2):

xoffset ∼
Vx1

− Vx2

Vx1
+ Vx2

=
Δx

Σx

(1)

yoffset ∼
Vy1

− Vy2

Vy1
+ Vy2

=
Δy

Σy

(2)

The values of the Δ/Σ - term is normalized to the
charge. They lie in the range between +1 and -1. The pro-
portionality factor in Equ. (1) and (2) is mainly given by
beam line diameter, button size or strip-line length. The
factor has been obtained from electromagnetic field sim-
ulation of a beam excited structure considering the entire
geometry or can be obtained experimentally from calibra-
tion of the monitor in the machine. At the point of the
maximum slope, where the sign of the Δ/Σ - term flips
the monitor constant k is defined. From simulations we ob-
tain kstrip =19.8mm for the strip-line monitor and from a
combination of simulations and measurements we obtain
kbutton =12.3mm for the button BPM [7].

MEASUREMENT DATA
During recent beam studies it was possible to make posi-

tion sweeps for typical button and strip-line BPM using the
new electronic system in a MTCA crate. A typical raw data
trace from hundred subsequent measurements for a strip-
line BPM is shown in Fig. 7.
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Figure 7: Raw data for a centered beam measured at 500pC
for the strip-line monitor. The sampling time step is 9.23ns.
The data is taken for 100 subsequent pulses in single-bunch
mode.

The graph shows the ADC data for hundred subsequent
macro-pulses in single-bunch mode. The same signal
strengths for Vx1

and Vx2
indicate that the beam is cen-

tered. The fluctuations in the hundred subsequent mea-
surements originate from the beam jitter as well as from
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limitation of the electronic resolution. For the calculation
of the Δ/Σ - term only the maxima of Vx1

and Vx2
have

been considered. Consequently, all horizontal offset posi-
tions deliver hundred points.

Strip-line Monitor
The strip-line under test is positioned after the first bunch

compressor in FLASH. The quadrupoles nearby have been
switched off for these measurements in order to have a drift
line. With the help of a steering magnet in this section
the beam could be moved tranversely by approximately +/-
3mm at the position of the strip-line under test. The posi-
tion sweep detected with the new electronics is shown in
Fig. 8. The Δ/Σ is plotted against the steerer current. The
charge was approximately 20pC. In the circuit configura-
tion for these measurements the maximum drive level on
the detector diode is 1Vpeak and a minimum of 0.5Vpeak.
Using Eq. 1 this leads to a measurable aperture of approxi-
mately +/- 3.5mm.
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Figure 8: Position sweep at 20pC for the strip-line BPM.

Button Monitor
The button BPM under test is installed in a dump sec-

tion prior to the undulator section in the FLASH facility.
The electron beam has been moved using a dipole magnet.
The beam has been detected on a screen at the end of the
section. The distance between the BPM and the screen is
0.6m. The measured charge was 80pC. With the calibration
constant of the screen the relative movement at the BPM
under test could be estimated. The measurable aperture is
approximately +/- 4mm with an error of 10%. The position
sweep is shown in Fig. 9.

PERFORMANCE ESTIMATION
The resolution for the strip-line and button BPM have

been estimated using the monitor constants kstrip and
kbutton respectively multiplied by the measured Δ/Σ val-
ues. The standard deviation for the strip-line BPM is well
below 50μmrms at all offset positions. The measurable
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Figure 9: Position sweep at 80pC for the button BPM.

range fulfills the requirements. The expected resolution
will improve when considering several points for the po-
sition calculation. In the case of the button BPM, the stan-
dard deviation at all positions is on the order of 100μmrms.
The measurement range is larger than required. One pos-
sible reason explaining that the resolution is worse than re-
quired might be that the dipole transfers the energy jitter
into a position jitter. A cure for this is to perform future
measurements in a dispersion free section of the machine
with the same type of BPM. In order to have a real resolu-
tion measurement excluding the beam jitter one needs sev-
eral BPM systems of this new type. The individual BPM’s
can then be compared with all other BPM’s. Plans to do
this in the future are under way.

SUMMARY
The prototype of the first MTCA compatible electronics

for button and strip-line BPM has been tested in FLASH.
The measurements show promising results for a new type
of BPM to be used in the future at FLASH, DESY in Ham-
burg. The analog electronics have successfully been inte-
grated on a MTCA.4 for physics RTM. The test setup for
the strip-line BPM has shown sufficient measurement per-
formance of 50μmrms at charges below 100pC, even in a
non optimized readout configuration. The measurement of
the button BPM probably includes a huge amount of beam
jitter. With a removed beam jitter in a future measurement
the resolution will improve significantly.

OUTLOOK
The drive voltage on the detector circuit will be in-

creased in order to obtain higher accuracy, linearity, and
an extended measurement range for transverse offsets. A
redesign of this prototype is planned for this year. Refer-
ence measurements in the laboratory and calibration of the
analog front-end are in progress. The readout configura-
tion will be further improved by optimized sample timing,
attenuation control, and correction of acquired data.
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DESIGN OF RF FRONT END FOR CAVITY BEAM POSITION  
MONITOR BASED ON ICS* 

B.P. Wang#, Y.B. Leng†, L.Y. Yu, W. M. Zhou, R.X.Yuan, Z.C. Chen,  

SSRF, SINAP, Shanghai, China.

Abstract 
RF front end has the significant impact on the 

performance of cavity beam position monitor (CBPM) 
which is indispensable beam instrumentation component 
in free electron laser (FEL) or linear collider facility. 
With many new advances in data converter and radio 
technology, complex RF front end design has been greatly 
simplified. Now a based digital intermediate frequency 
(IF) receiver architecture RF front end for CBPM has 
been designed by using surface mount components on 
print circuit board (PCB). The front end contains analog-
digital converter used to digitize the IF signals. The whole 
system would be integrated to a digital board developed 
by our lab to produce the dedicated signal processor for 
CBPM. There is a Xilinx Vertex-5 FPGA device on the 
digital board and relevant signal processing algorithm has 
been implemented on it using VHDL. The details about 
design would be introduced blow. 

INTRODUTION 
   CBPM is a key beam instrumentation component only 

which could reach sub micron or nano resolution in all 
beam position measure solutions[1][7][8][10]. So it was 
seen as a necessary solution to measure beam position in 
the long undulator section of shanghai soft X ray FEL 
facility[2] which is on the way. Nowadays, CBPM signal 
processing system is on the stage of development and 
some preliminary system hardware frame has been 
completed, and relevant offline signal algorithms also 
have been verified and implemented in Matlab[4]. The 
whole system hardware frame contains RF front end 
accomplished by using microwave connectors and high 
speed ADC board integrated digital signal processing 
chip-FPGA on which the online algorithm was 
implemented. It also makes pulse-by-pulse position 
measurement come true. Some bench test results have 
been acquired. But in the aspect of system integration and 
cost, the current system did not behave well. So taking all 
the elements into account we decided to develop the new 
RF front end by using surface mounted components on 
the PCB. Also the RF front end, including the RF signal 
conditioning module and ADC module, by using high 
speed connectors, was integrated into a digital board 
which consists of Vetex 5 FPGA chip and ARM signal 
board computer[3]. So the dedicated and high integration 
level signal processor for CBPM may replace the 
previous system as results of cost saving. 
 ________________________________________  

* Work supported by National Natural Science  
   Fundation of China (11075198) 
# wbplll@sinap.ac.cn  † lengyongbin@sinap.ac.cn 

LAYOUT  DESIGN 
The RF front end topology used a single stage three 

channels digital IF receiver architecture[9] which contains 
three sections: an RF signal conditioning module, a based 
phase locked loop (PLL) LO and ADC module. Figure 1 
shows the schematic of RF front end.  
 

 
Figure 1:  Schematic of RF front end. 

 
In the signal conditioning module, the output signal of 

CBPM must enter into band pass filter to eliminate 
interference from other resonant mode. But surface 
mounted band pass filter was not chose in our design 
since its characteristic of stop band attenuation could not 
meet CBPM requirement of high quality factor [4]. So a 
connector of resonant cavity BPF was also needed prior to 
the board level RF front end. 

RF CONDITIONING 
The function of RF signal conditioning module is to 

downconverted RF signals to IF signals which could be 
digitized by some high precision ADC. Details about 
signal conditioning module were shown in Figure 2. 

Considering the protection of amplifier against high 
power surges, we chose a limiter prior to the amplifier as 
its maximum input power is about 11dBm. And then RF 
signals were first amplified by low noise amplifier (LNA) 
of 16dB gain. A digital attenuator was used to adjust the 
signal intensity and make the RF channels compatible to 
high Q and low Q cavity. A mixer converted the RF 
signals down to 20MHz IF signals. A 22MHz cutoff low 
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 pass filter (LPF) was used to remove high order 
harmonics in the process of frequency conversion. Before 
the IF signals was digitized, IF amplifier must be used to 
improve the signal intensity to match the ADC input 
requirement and make it work in the optimal 
circumstance. As the 1 dB output compression point of 
the IF amplifier was 21.5dBm, more than the maximum 
input level of ADC, Pi attenuator was added to readjust 
the signal intensity. Harmonics generated by the IF 
amplifier was suppressed by the last LPF, which has the 
function of anti aliasing. 

Limiter Digital
atten.

Mixer

LPF

LPF

RF Amplifier

IF Amplifier

pi
resistor
network

atten.

LO From PLL

Limiting beyond
12dBm

Insert loss
0.23dB

16dBm Gain
Max input

11dBm

45dB atten.
3 dB digital

step

22MHz cutoff16.5dB Gain
21.5dBm P1dB

22MHz cutoffFixed
atten.12dB

4.65GHz

4.63 GHz

20 MHz

 
Figure 2: Electronics of RF signal conditioning module.
 
The LPFs have different frequency cutoff for the same 

package, such 30MHz and 40MHz. So we could flexibly 
change the LPFs to subject to the high Q or low Q cavity. 

Based on .s2p files of all the components from 
corporations, we did some simulations about gain budget 
and noise figure. Figure 3 illuminates gain budget of RF 
channel. 

 
Figure 3: Gain budget of RF channel  

 
In the simulation, we acquired 17dB RF gain, and by 

using the digital attenuator we could get dynamic range 

from 0dB to 45dB. Noise figure simulation was shown in 
Table 1. Noise figure is 7.364dB. 

 
Table 1: Noise Figure Simulation 

 
Components Comp_NF(dB) NF_chan(dB) 

Limiter 0.230 0.230 

RF amplifier 2.500 2.730 

Digital atten. 2.500 2.777 

Mixer 6.500 6.147 

LPF 0.900 6.164 

IF amplifier 5.000 7.087 

LPF 0.900 7.088 

Fixed atten. 12.000 7.364 
 

ADC AND PLL 
The IF signals from RF channel were sent to ADC 

module, which could reach 125MSPS sampling rate and 
16 bit precision. The ADC module adopted different pair 
transmission line to transmit digital signals so as to avoid 
interference from common mode signals and be immune 
to external EMI. And then digital signals were transmitted 
to a digital board which was developed by our lab. The 
single board was demonstrated in Figure 4[3].  The Xlinx 
Vertex 5, as the key digital signal processing device on 
the board, extended memories, clock, trigger etc. 
Samsung’s S3C6410 based ARM11 core[6] was used as 
embedded controller on the board so as to implement data 
access. The controller also extended 100M Ethernet used 
to build up distributed industrial Ethernet. The processor 
could implant based linux kernel embedded operation 
system. So based EPICS embedded control system come 
true.   

 

 
 

Figure 4: Digital board.
 

.
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By using the connectors, we could integrate RF front 
end on the digital board to build up a dedicated CBPM 
signal processor. 

In order to achieve phase synchronization with beam, 
we utilized PLL to generate LO which can be locked to 
119 MHz facility timing reference. Details about the PLL 
module was shown in Figure 5. 

 

 
 

Figure 5: PLL module. 
 

In our design, we employ a integer architecture 
synthesizer which made the 119MHz timing reference 
divided by 119, the PFD frequency reference is 1MHz. 
our LO goal is 4630MHz, So 4630MHz output of VCO 
was fed back to the synthesizer, and then divided by 4630 
to implement phase locked. 100 KHz bandwidth of loop 
filter was chose so as to achieve short lock time.  

Phase noise, a measurement of the purity of the LO, is 
the single most critical specification in the LO section 
with a direct bearing on RF front end sensitivity. The 
phase noise of PLL module can be described roughly as 

 
20 log +10 logPN PN N fTOTAL SYSNTH PFD� �  (1)

 
Where PNTOTAL is the total phase noise of the PLL, 

PNSYSNTH is the phase noise due to the PLL synthesizer 
circuit itself, 20logN is the increase of phase noise due to 
the frequency magnification associated with the feedback 
ratio, 1/N, 10logfPHD is the increase of noise associated 
with the incoming phase frequency detector (PFD) 
frequency. According to the detail of PLL synthesizer 
datasheet, we could theoretically acquire phase noise of  
-86 dBc/Hz based on Equation 1. 

 

PCB CONDIDERATION 
The electrical characteristics of PCB used to physically 

mount and connect the circuit components in a high 
frequency product will have a significant impact on the 
performance of that product. The potential magnitude of 
the effect of the PCB design increases with frequency as 
the parasitic elements tend to a similar magnitude to the 
typical lumped components used. As our working 
frequency is up to about 5 GHz, the parasitic elements 
which must be pay more attention is very strong, the PCB 
layout and trace routing must be adhered to RF circuit 
design disciplines. 

Also PCB materials are important for the performance 
of RF circuit. Typical board materials are FR4, Roger. 
For about 5 GHz signals may be Roger preferred since it 
has smaller Dielectric constant, tolerance and loss tangent. 

CONCLUSION 
   Now schematic of board level RF front end for 

CBPM has been completed. PCB design and fabrication 
was undergoing. And dedicated CBPM signal processor, 
we could acquire based on the RF front end on which  a 
digital board would be integrated, would come true. After 
fabrication, the RF front end equipped with the completed 
digital board will be test based on the SDUV facility. 
Good performance could be looked forward to according 
to all the previous consideration and simulation.  
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PERFORMANCE OF A DOWNCONVERTER TEST-ELECTRONICS WITH 
MTCA-BASED DIGITIZERS FOR BEAM POSITION MONITORING IN 

3.9GHZ  ACCELERATING CAVITIES 
T. Wamsat*, N. Baboi, B. Lorbeer, 

 P. Zhang,
  Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany   

The University of Manchester, Manchester, U.K. 

 

Abstract 

accelerating cavities are planned to be used for beam 
position monitoring at the European XFEL. The selected 
HOMs are located around 5460MHz, with a bandwidth of 
100MHz and 9060MHz, with a bandwidth of 50MHz. A 
downconverter electronics, built for tests at FLASH, 
converts the HOMs to an intermediate frequency of 
70MHz.  The MTCA (Micro Telecommunications 
Computing Architecture) standard will be used for the 
XFEL. Thus it is important to have a performance study 
of the downconverter test-electronics using the MTCA 
digitizer card SIS8300. In the digitizer the IF frequency of 
70MHz is undersampled with a clock frequency of 
108MS/s. The paper presents the performance of the 
digitizer together with the test-electronics. A comparison 
with a 216MS/s VME (Versa Module Eurocard) digitizer 
is made. 
 

INTRODUCTION 
 
The ACC39 module in FLASH, DESY [1] contains 

four third harmonic cavities operating at 3.9GHz as 
shown in Fig. 1. An electron bunch passing through these 
cavities generates wakefields, which can be decomposed 
into higher order modes (HOM). These HOMs, available 
from existing coupler, can be used to determine transverse 
beam positions in the cavities [2] [3].  

 

 
Figure 1: Schematic of the four cavities within ACC39. 

 
In 3.9GHz cavities HOMs around 5460MHz and 

9060MHz are used to determine the beam position [4]. 
 

Measurement etup 

frequency (IF) of 70MHz which is then digitized. Figure 2  
shows the schematic block diagram of the downconverter, 
built by FNAL [4]. 

 
 

 
 

 
Figure 2: Schematics of the downconverter analog box. 

 
A bandpass filter (BPF) with an appropriate frequency 

band filters the HOM signal and then it is connected to a 
mixer. A local oscillator (LO) which uses a 81.25MHz 
reference from the master oscillator of FLASH generates 
the required LO frequency. The IF signal is then filtered 
with a 20MHz bandpass filter. After a proper 
amplification, the IF is further filtered by a lowpass filter 
(LPF) to reduce the noise. To switch the analog box to 
another frequency, the bandpass filter was swapped and 
the frequency of the LO was changed accordingly to 
ensure an IF of 70MHz. 
The analog electronics is shown in Fig. 3. 

 

 
Figure 3: Downconverter analog box. 

 
The downconverted HOM signal was digitized by the 

VME and also by the MTCA. The former used a sampling 
rate? of 216 MHz, and the second 108MHz. The setup 
used to make a comparison between the VME and MTCA 
is shown in Fig. 4. 

 ___________________________________________  

*thomas.wamsat@desy.de 

 Beam-excited higher order modes (HOM) in 3.9GHz 

 The HOM signals are downconverted to an intermediate 
S
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Figure 4: Set-up with VME and MTCA. 

An example of the IF output signal of the 
downconverter is shown in Fig. 5. 

The MTCA system is described in detail in ref. [6]. 
 
 

 
Figure 5: Downconverted HOM signal with MTCA. 

 

Measurement cheme 
The schematic of the measurement setup is shown in 

Fig. 6. An electron bunch of approximately 0.5nC is 
passing the ACC39 module.  Two steering magnets 
located in front of ACC1 are used to produce horizontal 
and vertical offsets of the electron bunch in ACC39. Two 
beam position monitors (BPM-A and BPM-B) are used to 
record transverse beam position before and after ACC39. 
A straight line trajectory of the bunch is produced 
between those two BPMs by switching off the 
accelerating field in ACC39 and all quadruples close to it.  

Therefore, the transverse offset of the electron bunch in 
each cavity can be determined by interpolating the 
readouts of the two BMPs, as shown in Fig. 7. 

 

 
Figure 6: Schematic of measurement setup (not to scale, 
cavities in ACC1 are approximately three times larger 
than those in ACC39). 

 

 
Figure 7: Position interpolation into the center of each 
cavity. 

 

BEAM POSITION DETERMINATION 
 

procedure based on Singular Value Decomposition (SVD) 
is used and the details are described in ref. [5].  
At the beginning of the measurement a calibration was 
made. The beam was moved in a 2D grid manner by 
changing the steerer current. The resultant beam positions 
at BPM-A and BPM-B are shown in Fig. 8 and Fig. 9. 
 

 
Figure 8: The readouts of BPM-A during the 2D grid scan 
(calibration: blue, validation: red). 

 
Figure 9: The readouts of BPM-B during the 2D grid scan 
(calibration: blue, validation: red). 

The set of beam positions marked in blue were used for 
calibration of the HOM signals into beam offsets. The 
ones in red were applied this calibration and were used to 
estimate the system performance. 
 A result of the beam position prediction for calibration 
and validation using the HOM signal with SVD compared 
to the interpolated beam position (x,y) using BPM-A and 
BPM-B are shown in Fig. 10 and Fig. 11. 

 To determine the beam position in each cavity a 

S

Proceedings of IBIC2012, Tsukuba, Japan TUPA23

Beam Position Monitor System 387 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



 
Figure 10: Measurement (blue) and prediction (red) of 
beam position from calibration. 

 

 
Figure 11: Measurement (blue) and prediction (red) of 
beam positions from validation. 

 
The difference between measured and predicted 
transverse beam position from calibration and validation 
is shown in Fig. 12.  
 
 

 
Figure 12: Difference of measured and predicted beam 
positions.  

Note that the denoted resolution in the plots is in a global 
sense, since the RMS is calculated on the prediction 
errors for all different beam offsets. It is not the resolution 
which is usually used in beam diagnostics for certain 
positions. This will be clarified in the next section. 

RESOLUTION ESTIMATION 
 

were used (see Fig. 1). To estimate the resolution a 
hundred beam pulses were taken for each of several 
positions shown in Fig. 13 as measured with BPM-B. In 
this measurement only the MTCA digitizer was used.  
    

 
Figure 13: Selected beam positions for resolution studies. 

 
Figure 14 shows the analysis of one measurement. Figure  14

from the BPM in blue and the prediction from the SVD in 
red. In Fig. 14(b) all 100 beam pulses are painted within it 
and the deviation between these hundred beam pulses can 
be obtained. Figure 14(c) and (d) show the resultant 
resolution for x and y direction at a specific position. 
 

 
Figure 14: Analysis of the 100 beam pulses taken from 
coupler C3H1 at 9060MHz with MTCA at BPM-B 
position (2.37, -1.58), see Fig. 13. 

In Fig. 15 the measured and predicted beam positions 
for the same position, three cavities are shown. 
 

(a) shows the calibration with the position determination 

 For this measurement couplers C1H1, C2H1 and C3H1 
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Figure 15: Measured (blue) and predicted (red) beam 
positions in the three cavities C1 to C3. 

 
Figure 16 to Figure 18 show the resolution results taken 

beam positions shown in Fig. 13. The dashed lines 
indicate the MTCA resolution in a global sense using a 
cross-validation technique [5]. The solid lines are results 
from the VME digitizers.  
 
 

 
Figure 16: Position resolution of x and y in C1. 

 
Figure 17: Position resolution of x and y in C2. 

 
Figure 18: Position resolution of x and y in C3.

 
The reached resolution with both digitizers is similar. 

But it has to be considered that the VME digitizer works 
with 216MS/s and the MTCA with 108MS/s which means 
an undersampling of the used 70MHz.  The resolution 
obtained for several beam positions is in general better 
than the global resolution. 

CONCLUSIONS 
The MTCA SIS8300 digitizer card is a reasonable 

alternative to the VME digitizer. The resolution in this 
application is nearby the same although the  sampling rate 
of the MTCA causes an undersampling.   

OUTLOOK 
A downconverter with an IF of 30MHz is currently 

built by FNAL in order to avoid undersampling. This will 
be installed at FLASH. A MTCA-based digitizer card 
with a higher sampling rate (500Ms/s), under 
development at DESY, is considered for the XFEL. 

REFERENCES 
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with a hundred beam pulses with the MTCA for the selected 
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DESIGN OF CAVITY BPM PICKUPS FOR SWISSFEL 

Fabio Marcellini, Boris Keil, Martin Rohrer, Markus Stadler, Jerome Stettler, Daniel Marco Treyer, 
PSI, Villigen, Switzerland

 Dirk Lipka, Dirk Noelle, Maike Pelzer, Silke Vilcins, DESY, Hamburg, Germany

Abstract 
SwissFEL is a 0.1nm hard X-ray Free Electron Laser 

being built at PSI. A photocathode gun, S-band injector 
and C-band linac provide 2 bunches at 28ns spacing, 10-
200pC charge range, 100Hz repetition rate, and 5.8GeV 
maximum energy. A fast distribution kicker will provide 
one bunch each to one hard X-ray and one soft X-ray 
undulator line. For linac and undulators, first prototypes 
of dual-resonator cavity BPM pickups have been designed 
and one undulator prototype has been fabricated. The 
pickups were optimized for low charge and short bunch 
spacing in the linac. Design considerations, simulation 
and first test results will be reported. 

INTRODUCTION 
SwissFEL [1] requires three different BPM pickup 

types, due to the different beam pipe apertures along the 
machine: 38mm in the injector, 16mm in the linac, and 
8mm in the undulators. The desired BPM RMS noise and 
drift is <1 µm for the undulators, <5 µm for the linac, and 
<10 µm for the injector, for a charge range from 10-
200pC. For the SwissFEL undulators, we will use dual-
resonator cavity BPMs due to their good achievable drift 
and noise level even at low charge.  

At the SwissFEL injector test facility (SITF) that is 
operational since 2010, resonant striplines are used as 
“working-horse” BPMs, achieving 7 µm RMS noise 
down to charges of 5pC [2], while a test section at the end 
of the machine is used for cavity BPM tests.  

For the final SwissFEL machine, we plan to use cavity 
BPMs in the accelerator, including injector and linac. 
This will allow to have a homogeneous BPM system and 
to be able to use the latest electronics generation for the 
whole machine, based on our developments for the E-
XFEL BPM system [3]. 

Both the RF and mechanical designs of the present 
SwissFEL cavity pickup prototypes were largely inspired 
by devices developed in Japan for the XFEL/Spring-8 [4] 
and at DESY for the E-XFEL [5]. In particular, we plan to 
use the 3.3GHz working frequency of the E-XFEL 
undulator BPMs also for SwissFEL injector and linac 
pickups. This choice allows us to adapt our E-XFEL 
cavity BPM electronics to SwissFEL linac and injector 
BPM requirements with relatively small effort, thus 
maximizing the synergies of the E-XFEL BPM 
collaboration between PSI and DESY on this subject and 
minimizing costs and man power.  

For the present SwissFEL BPM pickup prototypes, we 
adapted the loaded quality factor (Q) and sensitivity to the 
lower bunch charge range (10-200pC) and bunch spacing 
(28ns) of SwissFEL, since the E-XFEL BPM pickups 
were designed for 100-1000pC and 222ns bunch spacing. 

As shown in Fig. 1, each pickup consists of two cavities 
having a folded shape to limit their transverse dimensions 
and get a more compact device. The working modes are 
TM110 (dipole) for the so called position cavity and TM010 
(monopole) for the reference cavity. When the beam 
crosses the two cavity gaps it induces signals proportional 
to the product of charge and position offset in the position 
cavity, and to the charge only in the reference cavity. The 
beam position is then obtained by dividing the two signal 
amplitudes, which are available at the outside by means 
of properly designed couplers. In particular, the position 
cavity has four rectangular waveguides that couple to the 
dipole mode while rejecting the monopole mode that 
would otherwise limit the resolution of the electronics.  

 
Figure 1: Cavity BPM pickup schematic view (shown: 
vacuum). 

The waveguides are connected to the cavity volume 
through slots placed 90° apart from each other on one 
cavity side wall. Each waveguide has a transition to a 
coaxial line which ends with a standard type-N connector 
output. In the reference cavity the signal is coupled out by 
means of a coaxial line where the inner conductor passes 
through the cavity (predominantly magnetic coupling). 
The position and the reference cavities must have a 
sufficiently large distance to each other to avoid crosstalk. 
This distance needs to be increased with increasing 
diameter of the beam pipe.  

In the following sections, the undulator and linac 
pickup design as well as lab measurements of the RF 
characteristics of the first undulator pickup prototypes are 
presented. The design of the injector BPM has not yet 
started. 

UNDULATOR CAVITY BPM 
Design and imulation esults 

The design of the SwissFEL BPM system is based on 
the E-XFEL cavity BPMs where the pickup is developed 
by DESY and the electronics by PSI. Since SwissFEL 
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operates at much lower beam current than E-XFEL, one 
of the main requirements is to maximize the monitor 
sensitivity. For the present SwissFEL linac and undulator 
BPM pickup prototypes this has been achieved by 
increasing the cavity gap from 3 to 7 mm, extending the 
waveguide length and connecting the waveguide to the 
beam pipe along its whole length. After readjusting the 
other dimensions to obtain the desired TM110 mode 
frequency at 3.3GHz with a Q of 70, HFSS simulations 
showed an increase of the position sensitivity to 
S=9.3V/nC/mm, compared to 2.89V/nC/mm for the E-
XFEL undulator BPM pickup.  

The improved sensitivity also lead to an increase of the 
beam angle sensitivity, i.e. the additional signal generated 
when beam and cavity have a relative dX/dZ or dY/dZ 
angle, where X, Y and Z are the horizontal, vertical and 
longitudinal coordinates. According to simulations, a 
pickup misalignment angle dX/dZ or dY/dZ of 1mrad 
gives the same output amplitude (for a centered beam) as 
a trajectory with 9µm offset. The undesired impact of this 
angle signal on the position resolution, linearity and drift 
will be minimized by suppressing the angle signal 
digitally (exploiting the fact that angle and position signal 
have 90° phase difference), and by survey-based and then 
beam based angle measurement and correction. The angle 
is dominated by the misalignment of the pickup, while the 
additional angle signal caused by betatron oscillations of 
the beam around its ideal trajectory is negligible. 

Other properties of the pickup that may affect the 
performance are the leakage of the TM010[6] (monopole) 
mode in the dipole cavity as well as the coupling between 
horizontal and vertical plane, e.g. due to manufacturing 
tolerances. 
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Figure 2: Simulated output signal, generated by 1nC, 
centred beam, due to TM010 coupling as a function of 
waveguide misalignments. Red and blue curves refer to 
stainless steel and copper (or copper plated) structures 
respectively. 

Although the monopole mode leakage is minimized by 
the arrangement of the mode-suppressing coupling slots 

and waveguides, some dimensional tolerances, especially 
slot misalignments in position and angle may cause 
monopole mode leakage, where the amplitude of the 
leaking signal is proportional to the mechanical error, as 
shown in the simulation results [7] plotted in Fig. 2. The 
frequency of the monopole mode in the dipole cavity is 
around 2.5GHz, but the amplitude of the tail is still not 
negligible at the 3.3GHz working frequency. 

For the material of the inner cavity surface, two options 
have been considered in the simulations: stainless steel, 
and copper (or copper plated steel). In the second case the 
common mode Q, which essentially depends on the losses 
at the cavity walls, is higher, and the tail amplitude at 
3.3GHz is lower. As a consequence also the TM010 
leakage is lower, as shown by the blue curve in Fig.2.  

The effect of slot position and angle misalignment has 
been simulated also concerning the X-Y coupling. In 
Fig. 3 the ratio between the signal voltage at orthogonal 
outputs, VX/VY (VY/VX), due to a purely vertical 
(horizontal) beam position offset, is plotted as a function 
of the misalignment error. The allowed mechanical 
tolerances for a given upper limit of orthogonal coupling 
can be estimated from these plots. 
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Figure 3: X-Y coupling due to position and angle error of 
the waveguides in the 3.3GHz undulator pickup. V+ and 
V// are the voltages detected respectively at the orthogonal 
plane and at the same plane of the beam offset plane. 

A 4.8GHz cavity BPM has also been considered and 
simulated as an alternative to the design described above. 
The pickup sensitivity increases with the frequency, thus a 
4.8GHz pickup can give better performance at low charge 
operation, which would mainly be attractive for the 
undulator BPMs. The frequency has been chosen as the 
maximum to still have a safe distance to the C-band 
accelerating section frequency (5.712 GHz). Moreover 
staying below 6GHz simplifies the electronics design and 
minimizes drift effects that tend to increase with the 
frequency. A quality factor of 100 was chosen to have the 
same bandwidth and decay time constant as for the 
3.3GHz version. For a pickup made of stainless steel the 
sensitivity exceeds 14V/nC/mm, while a 10% higher 
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value could by achieved by copper plating of the surfaces. 
The common mode coupling, the orthogonal coupling and 
the beam angle signal are lower in the case of the 4.8GHz 
cavity. The main parameters characterizing the two 
designs are listed in Table 1.  

Table 1: RF characteristics of the 3.3GHz and 4.8GHz 
BPM position cavities, both made of stainless steel 

Frequency 3.3 GHz 4.8 GHz 
Q loaded 70 100 
Q external 160 232 
R/Q 0.65  Ω/mm

2 1.01 Ω/mm
2 

Sensitivity 9.3 V/nC/mm 14.1 V/nC/mm 
TM010 frequency 2.534 GHz 3.492 GHz 
Angle/position signal ratio 9 rad/mm 7 rad/mm 

Prototype easurement  esults 
For the 3.3GHz undulator BPM prototype four pickups  

have been fabricated, with the aim to both validate the 
simulation results and to test different manufacturing 
techniques.  

The pickup body, made of LN316 stainless steel, is 
composed of three pieces, forming both the position and 
the reference cavities. The vacuum feedthroughs, which 
constitute the end part of the coaxial line outputs, are 
welded onto the pickup central body. Figure 4 shows 
pictures of the three main parts and the final assembly of 
the pickup. 

 
 

Figure 4: SwissFEL undulator prototype: pictures of the 3 
parts composing the pickup body and final assembly after 
brazing. 

A first RF measurement of the pickup frequency and Q 
has been done before welding/brazing the parts together, 
just by applying pressure to the stacked body parts and 

then inserting the feedthroughs. This allowed to have an 
early indication of the manufacturing quality and RF 
tolerances. Afterwards, two prototypes have been electron 
beam welded and the other two brazed. Finally the 
frequency and Q were measured again to test the impact 
of the welding and brazing on the pickup RF parameters.  

The measurement results are summarized in Table 2, 
where the numbers in black (blue) refer to the 
measurements before (after) the brazing or welding. For 
each device, the table shows the frequencies and the 
quality factors of both the TM110 polarizations of the 
position cavity and of the TM010 of the reference cavity. 
The undulator prototypes named UP1 and UP2 have been 
brazed, while UP3 and UP4 were electron beam welded. 
Moreover, the feedthroughs have been welded only in 
prototypes UP1 and UP4, while they have just been 
plugged into the unbrazed/unwelded and then 
brazed/welded main body parts of UP2 and UP3. 

Table 2: Measured frequency and quality factor of the 
position and reference cavity working modes of the four 
prototypes, before (black) and after (blue) brazing (UP1 
and UP2) or electron beam welding (UP3 and UP4) 

BPM # 
Position cavity Ref. cavity 

f
S31

 [GHz] Q
S31
 f

S42
 [GHz] Q

S42
 f

 
[GHz] Q 

UP1 3.3005 64.1 3.3010 64.7 3.3010 62.0 
3.3008 63.9 3.3004 65.4 3.3009 68.7 

UP2 3.3002 65.4 3.2995 66.0 3.2995 65.0 
3.2990 71.7 3.2998 70.4 3.3010 73.0 

UP3 3.3006 64.9 3.3021 63.7 3.2984 72.0 
3.2969 68.2 3.2970 68.5 3.2935 72.0 

UP4 3.2999 64.7 3.2999 63.6 3.2984 72.0 
3.2985 66.0 3.2978 68.7 3.2925 74.0 

Before the brazing/welding process, the measured 
frequencies deviated -1.6 to +2.1MHz from the design 
values, which is very well acceptable. This means that the 
mechanical tolerances are well in the range of 
specifications for all four prototypes. The position cavity 
quality factors are 6 to 9% lower than expected, which 
may be caused by imperfect electrical contacts of the 
loosely assembled body pieces before welding/brazing. 
The reference cavity measured quality factors are in a 
larger range of values, being between 62 and 74. A reason 
for that could be the larger sensitivity of Q to the coupler 
insertion position and to the VSWR of the feedthrough, as 
the analysis of dimensional tolerances has pointed out. 

The brazing has not caused any significant change of 
the frequencies, while the electron beam welding caused a 
still negligible shift of -4 to -6MHz, with the exception of 
the position cavity of the prototype UP4, where the 
frequency change has been smaller. Due to these results, 
and considering that the electron beam welding is a 
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technique which only few companies can provide, we 
favour brazing for the future series production. 

The quality factors measured after brazing or welding 
are generally higher than before, because of the improved 
electric contacts, and are still within the desired range of 
±10%. 

LINAC CAVITY BPM DESIGN  
For the linac BPMs, we are aiming for <5µm RMS 

noise and drift at 10-200pC, compared to <1µm for the 
undulators. Another difference is that the linac BPMs 
must be able to measure independently the position of two 
bunches with 28ns spacing. To reduce the bunch-to-bunch 
crosstalk and to simplify the digital suppression of this 
crosstalk in the BPM electronics, we reduced the Q value 
to ~40 while keeping the working frequency at 3.3GHz.  

Table 3: RF characteristics of linac BPM position cavity 
 

Frequency 3.300 GHz Sensitivity 7.1 V/nC/mm 
Q loaded 39 TM010 freq. 2.252 GHz 
Q ext 83 Angle/position 

signal ratio 4.3 rad/mm 
R/Q 0.19 Ω/mm

2 
 

Comparing the geometries of this pickup with the 
3.3GHz version for the undulators, the main differences, 
for the position cavity, are the larger size of the beam pipe 
aperture (16mm), and the shorter length of the 
waveguides (reduced from 25 to 14mm, for a more cost 
efficient machining of the body parts). Both modifications 
cause a reduction of the R/Q and thus of the resolution at 
low charge that mainly depends on this value. The shorter 
waveguides have a positive impact on the beam angle 
sensitivity, that is ~2 times lower, as well as on the 
common mode coupling, due to a larger frequency 
separation between TM010 and TM110.  The X-Y coupling 
benefits from the larger pipe diameter. For the same error 
in the waveguide position or angle, the ratio V+/V// is 
reduced by a factor 4 (position) and a factor 2.3(angle) 
compared to the undulator pickups (see Fig. 3). Table 3 
reports the main parameters obtained from the 
simulations.  

A further consequence of the larger beam tube 
diameter, for a given cavity distance, is a larger coupling 
between the working modes of position and reference 
cavity. Therefore the distance between the cavities was 
increased by 10mm to 60mm for the linac pickup with 
respect to the undulator 3.3GHz prototype. The residual 
cross coupling signal produces an equivalent position 
offset of  150nm in the position cavity. 

CONCLUSIONS AND OUTLOOK 
The development of cavity BPMs for the SwissFEL 

project is in progress at PSI. So far, a 3.3GHz and a 
4.8GHz version for the undulator and a 3.3GHz version 
for the linac have been designed. The 3.3GHz undulator 
prototype has been fabricated, and the linac prototype is 
currently in production.  

Measurement results for frequency and Q are in good 
agreement with our expectations. To validate RF 
properties and to measure the performance at low charge, 
we plan to make also beam test of the SwissFEL pickup 
prototypes. The tests will be performed at the SwissFEL 
test injector facility, where a BPM pickup test area with 
space for four cavity pickups (two of them on motorized 
X-Y movers) is available. We intend to use the E-XFEL 
cavity BPM electronics that already has been proved to 
work successfully [8]. 
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SIGNAL TRANSMISSION CHARACTERISTICS IN STRIPLINE-TYPE
BEAM POSITION MONITOR

T. Suwada∗, KEK, Tsukuba, Ibaraki 305-0801, Japan

Abstract
A new stripline-type beam position monitor (BPM) sys-

tem is under development at the KEK electron/positron in-
jector linac in order to measure transverse beam positions
with a high precision less than 10 µm towards the Super
KEKB-factory (SKEKB) [1] at KEK. The new stripline-
type BPMs with a large aperture compared with previously
designed BPMs have been designed for the installation in
the positron capture section. In this report, the basic design
for the fabrication of the prototype BPM, the theoretical
analysis, and the experimental investigation on the signal
transmission characteristics and its performance are in de-
tail described on the base of a coupled-mode analysis in
uniform transmission lines.

INTRODUCTION
A stripline-type BPM is a well-known beam diagnostics

device to measure transverse beam positions in a plane per-
pendicular to the beam axis. There are many excellent re-
view articles on this subject (see, for example, [2, 3]). In
general, a stripline-type BPM has four stripline electrodes
which are mounted on the inner surface of a circular pipe
with π/2 rotational symmetry. The upstream port of the
stripline electrode is a signal pickup and the downstream
port may be short- (or 50-Ω-) terminated to the pipe ground
or left open.

When a charged-particle beam passes through the BPM,
a characteristic signal with bipolar shape is induced on
all the stripline electrodes due to electromagnetic coupling
between the electrodes and the beam. The induced sig-
nals are fed into a detection electronics through vacuum-
feedthrough pickups, and the signal intensities are mea-
sured by the detection electronics. The transverse beam
positions can be obtained by calculating a weighted aver-
age of the four signal intensities based on algebraic calcu-
lations. This is a basic principle on measuring transverse
beam positions with a stripline-type BPM.

The signal intensity induced on each stripline electrode
can be generally analyzed based on a so-called wall-current
model [2], in which the wall current is a mirror current in-
duced on the stripline electrode. Based on this model, the
signal intensity may be proportional to the intensity of the
wall current, that is, the beam charges, and also propor-
tional to the angular width of the stripline electrode. Such
the analysis may be fundamentally based on an electrostatic
model taking into account only electrostatic coupling be-
tween the stripline electrodes and the beam.

In conventional stripline-type BPMs, there are some va-

∗ tsuyoshi.suwada@kek.jp

rieties in spatial configuration and mechanical structure of
the stripline electrodes which are mounted on the inner sur-
face of the BPM. The stripline electrode with a finite angu-
lar width viewed from the beam may be mounted with a
certain gap between the electrode and the inner surface of
the pipe. In such a mechanical configuration, not electro-
static coupling but electromagnetic coupling may dynam-
ically arise between the electrodes and also between the
electrodes and the beam, and thus, the signal intensities
may change to some extent from the wall-current model.

From another point of view on a signal-gain calibration
in a stripline-type BPM, it is important to analyze the elec-
tromagnetic coupling strengths between the stripline elec-
trodes. An excellent calibration procedure has been im-
plemented to stripline-type BPMs by Medvedko et al. of
SLAC [4]. In this calibration procedure, an on-board cali-
brator embedded in the detection electronics sends its cal-
ibration signal to one of the electrodes. When the calibra-
tion signal is fed into the electrode, similar bipolar signals
are induced on the other electrodes due to electromagnetic
coupling. The induced signal goes back to the correspond-
ing channel in the detection electronics in which the signal
intensity is precisely measured. Thus, in such a calibra-
tion procedure, not only the signal gains in the detection
electronics but also the transmission losses in entire trans-
mission lines including the stripline electrodes themselves
can be calibrated with high precision. Thus, this new cal-
ibration procedure make use of electromagnetic coupling
between the stripline electrodes of the BPM.

Although electromagnetic coupling between the stripline
electrodes is an important physical phenomena in the
stripline-type BPM, only a few analyses have been per-
formed to investigate the signal transmission characteristics
taking into account electromagnetic coupling between the
electrodes. A new analysis on the signal transmission char-
acteristics with electromagnetic coupling between the elec-
trodes are presented in this article. The new analysis ex-
ploits a similar method developed in microstripline circuits
with electromagnetic coupling. Based on the new analysis,
the signal transmission characteristics in the stripline-type
BPM is systematically investigated in frequency domain
along with experimental verification.

STRIPLINE-TYPE BEAM POSITION
MONITOR

A new stripline-type BPM with a large aperture is shown
in Fig. 1. This BPM is under development for the new
positron beam line so as to reduce the beam losses in the
positron transmission as small as possible. The mechan-
ical structure of the BPM is a conventional stripline-type
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Figure 1: Mechanical drawings of the prototype new stripline-type BPM, (a) in front view and (b) in side view.

BPM with π/2 rotational symmetry. The development of
the present stripline-type BPM previously designed was re-
ported elsewhere [5]. The requirements for the new BPM is
that (i) firstly, the aperture diameter must be as large as pos-
sible and the diameter is required to be larger than 60 mm,
and (ii) secondly, the outer diameter of the BPM must be
68 mm so that the BPM body can be precisely mounted
inside a bore of a quadrupole magnet.

Based on these requirements, in order to enlarge the
aperture diameter of the BPM, the four electrodes have
been symmetrically mounted to the inner surface of the
pipe with a same diameter, while the electrodes of the
present BPM were designed to be protruded away from
the inner surface of the pipe with a different diameter [5].
The electrode length is 132.5 mm and the angular width
of the electrode is 36o. The characteristic impedance of
the stripline electrode has been designed to be ∼50 Ω
so as to match a characteristic impedance of the signal
transmission line. The upstream end of the electrode is a
signal-pickup port comprised a 50-Ω SMA-type vacuum-
feedthrough while the downstream port is short-terminated
to the pipe ground. The main mechanical design parame-
ters are summarized in Table 1.

Table 1: Main Mechanical Design Parameters of the Proto-
type BPM

Design parameter unit

[Electrode]
Inner diameter 63 mm
Thickness 1.5 mm
Angular width 36 o

Gap length 4.2 mm
[Body]
Inner diameter 63 mm
Outer diameter 68 mm

SIGNAL TRANSMISSION
CHARACTERISTICS

Electromagnetic Coupling Between the Stripline
Electrodes

A principal picture in electromagnetic coupling between
the stripline electrodes is shown in Fig. 2. For example,

#1

#2

#3

#4

V
c

V3 V1

V4

Figure 2: Principal picture of electromagnetic coupling be-
tween the stripline electrodes of the BPM in the front view.

when a calibration signal (Vc) is directly sent to a specific
electrode (#2) from a detection electronics through a coax
cable, bipolar signals are induced in the other electrodes #1
(V1), #3 (V3) and #4 (V4) due to electromagnetic coupling.
Here, only the induced signals of the nearest-neighbor elec-
trodes (#1 and #3) to the input channel (#2) are taken into
account. The strength of electromagnetic coupling can be
obtained by measuring the intensity ratio of the induced
signal to the input calibration signal. If this procedure are
similarly carried out for other electrodes, whole the cali-
bration procedure can be easily performed to the BPM.

For simplicity, taking into account two transmission
lines as the stripline electrodes to analyze the electromag-
netic coupling between the electrodes, an equivalent model
may be conceivable as shown in Fig. 3.

Here, taking into account proper symmetry, two calibra-
tors in both the first and second transmission lines, VG1 and
VG2, respectively, are shown in Fig. 3, and the correspond-
ing output impedances of the calibrators are ZG1 and ZG2,
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a

a

b

b

l

Figure 3: Equivalent model in the signal transmission lines
of the BPM.

respectively. The characteristic impedances of the corre-
sponding stripline electrodes are Z1 and Z2, respectively.
The resistive terminated impedances of the corresponding
transmission lines are ZL1 and ZL2, respectively. The
length of the transmission line is l. The normalized am-
plitudes of forward and backward waves transmitting along
the stripline electrodes are indicated by ai and bi (i = 1, 2),
respectively, and on these waves, detailed discussions are
given in later section.

Equivalent Circuit
An equivalent circuit related to the equivalent model

on the stripline-type BPM may be shown in Fig. 4. This
equivalent-circuit model is based on a distributed-constant
circuit model with distributed capacitances and induc-
tances.

Figure 4: Equivalent circuit on two transmission lines with
electromagnetic coupling.

Here, Ci and Li (i = 1, 2) are a self-capacitance and a
self-inductance per unit length in terms of the i-th stripline
electrode without any electromagnetic coupling. CM and
LM are a mutual-capacitance and a mutual-inductance per
unit length between the two stripline electrodes. In such the
equivalent circuit, quasi-TEM waves can propagate along
the transmission lines with electromagnetic coupling [6].
In a case that resistive terminators matched to the character-
istic impedance of the stripline electrode are applied at the
downstream port of the electrodes, the forward waves are
absorbed by the terminators, and however, the backward
waves are generated at the downstream port due to electro-
magnetic coupling. On the other hand, in a case that the
downstream port is short-terminated (or open) to the pipe
ground, the forward waves are reflected and the backward
waves propagate in the direction of the calibrator. Thus,

standing waves are excited along the stripline electrodes in
spite of any type of the terminators at the downstream port.

THEORETICAL ANALYSIS
The quasi-TEM wave propagating along the stripline

electrodes with electromagnetic coupling can be described
with well-known telegraphic equations as follows [6]:

∂V1

∂z
= −L1

∂I1

∂t
− LM

∂I2

∂t
, (1)

∂I1

∂z
= −C1

∂V1

∂t
+ CM

∂V2

∂t
, (2)

∂V2

∂z
= −L2

∂I2

∂t
− LM

∂I1

∂t
, (3)

∂I2

∂z
= −C2

∂V2

∂t
+ CM

∂V1

∂t
. (4)

Here, Vi and Ii (i = 1, 2) are the voltage and current am-
plitudes in the i-th electrode at the position z and time t,
respectively. When CM = 0 and LM = 0, the telegraphic
equations are ascribed to simple equations related to the
independent two stripline electrodes without any electro-
magnetic coupling. The theoretical analysis discussed here
is briefly summarized, since a detailed analysis is available
elsewhere [7].

The voltage and current amplitudes of the standing wave,
Vi(z) and Ii(z)(i = 1, 2), are represented by using the
relations, Vi = Vi(z)ejωt and Ii = Ii(z)ejωt, respectively.
Using the corresponding characteristic impedance Zi for
the i-th stripline electrode, the normalized amplitudes ai(z)
and bi(z) of the forward and backward waves are given by

ai(z) =
Vi(z) + ZiIi(z)

2
√

2Zi

, (5)

bi(z) =
Vi(z) − ZiIi(z)

2
√

2Zi

. (6)

Solving Eqs. (5) and (6) inversely, the voltage and current
amplitudes of the standing wave are represented by

Vi(z) =
√

2Zi(ai(z) + bi(z)), (7)

Ii(z) =
√

2
Zi

(ai(z) − bi(z)). (8)

Here, taking into account only one calibrator, that is,
VG1 6= 0 and VG2 = 0, the boundary conditions at the
end ports, z = 0 and z = l, are given by

V1(0) + ZG1I1(0) = VG1, (9)
V1(l) = ZL1I1(l), (10)
V2(0) + ZG2I2(0) = 0, (11)
V2(l) = ZL2I2(l). (12)

Thus, taking into accout these boundary conditions,
the telegraphic equations with electromagnetic coupling,
Eqs. (1)−(4), can be directly solved. The results for the
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first transmission line are given by

V1(0) =
1 + ΓL1ζ

−2
1

1 − ΓG1ΓL1ζ
−2
1

V, (13)

V1(l) =
ζ−1
1 (1 + ΓL1)

1 − ΓG1ΓL1ζ
−2
1

V, (14)

and the results for the second transmission line are given
by

V2(0) =

[
κ(ζ−1

1 − ζ−1
2 )(ΓL1ζ

−1
1 + ΓL2ζ

−1
2 )

(1 − ΓG1ΓL1ζ
−2
1 )(1 − ΓG2ΓL2ζ

−2
2 )

+
χ(1 − ζ−1

1 ζ−1
2 )(1 + ΓL1ΓL2ζ

−1
1 ζ−1

2 )
(1 − ΓG1ΓL1ζ

−2
1 )(1 − ΓG2ΓL2ζ

−2
2 )

]
V20,

(15)

V2(l) =

[
κ(ζ−1

1 − ζ−1
2 )(1 + ΓL1ΓG2ζ

−1
1 ζ−1

2 )
(1 − ΓG1ΓL1ζ

−2
1 )(1 − ΓG2ΓL2ζ

−2
2 )

+
χ(1 − ζ−1

1 ζ−1
2 )(ΓL1ζ

−1
1 + ΓG2ζ

−1
2 )

(1 − ΓG1ΓL1ζ
−2
1 )(1 − ΓG2ΓL2ζ

−2
2 )

]
V2l.

(16)

Here, the parameters (i = 1, 2) are defined by

ΓLi ≡ ZLi − Zi

ZLi + Zi
, ΓGi ≡

ZGi − Zi

ZGi + Zi
,

V ≡ (1 − ΓG1)
2

VG1, ζi ≡ ejβil,

V20 ≡ (1 + ΓG2)V, V2l ≡ (1 + ΓL2)V,

κ ≡
√

Z2

Z1

κ

β1 − β2
, κ ≡ 1

2

√
β1β2 (kL − kC) ,

kL ≡ LM√
L1L2

, kC ≡ CM√
C1C2

,

where βi is the uncoupled wave number in the i-th
stripline electrode. It should be noted that kL and kC are
the important parameters which represent the magnetic-
and electric-coupling parameters between the stripline
electrodes, respectively. Thus, Eqs. (13)−(16) give the an-
alytical formula in the voltage amplitudes at the end ports
of the stripline electrodes with any output impedances of
the calibrators (ZG1, ZG2), any characteristics impedances
of the transmission lines (Z1, Z2), and any resistive termi-
nated impedances (ZL1, ZL2).

Here, taking into account symmetrical structure for the
stripline electrodes short-terminated to the pipe ground,
let’s impose following restrictive conditions for the param-
eters, (i) ZG1 = ZG2 = 50 Ω, (ii) ZL1 = ZL2 = 0 Ω, (iii)
Z1 = Z2 = Z0, and β1 = β2 = β ≡ ω/v0 where ω and
v0 are the angular frequency and velocity of the propagat-
ing wave. Under these restrictive conditions, the voltage
amplitudes at the downstream ports are modified according
to

V2(0) =

[
jωKf (ΓL1 + ΓL2)ζ−2

(1 − ΓG1ΓL1ζ−2)(1 − ΓG2ΓL2ζ−2)

+
Kb(1 − ζ−2)(1 + ΓL1ΓL2ζ

−2)
(1 − ΓG1ΓL1ζ−2)(1 − ΓG2ΓL2ζ−2)

]
V20,

(17)

V2(l) =

[
jωKf (1 + ΓL1ΓL2ζ

−2)ζ−1

(1 − ΓG1ΓL1ζ−2)(1 − ΓG2ΓL2ζ−2)

+
Kb(1 − ζ−2)(ΓL1 + ΓG2)ζ−1

(1 − ΓG1ΓL1ζ−2)(1 − ΓG2ΓL2ζ−2)

]
V2l.

(18)

Here, the parameters are defined by

Kf ≡ −κl

ω
, Kb ≡

χ

2β
, ζ1 = ζ2 = ζ ≡ ejβl,

χ ≡
√

Z2

Z1

χ

2β
, χ ≡ 1

2
β (kL + kC) .

Under these restrictive conditions, assuming that the ve-
locity of the propagating wave is equal to the velocity of
light (v0 = c), the parameters kL, kC , l and Z0 are the
free ones to be experimentally determined. These free pa-
rameters can be quantitatively obtained on the base of a
least-squares fitting procedure using the analytical formu-
lae Eq. (17). The experimental tests can be systematically
performed with an rf network analyzer which can measure
S-parameters. The electromagnetic coupling strength Cs is
directly related to the parameter S21 as follows:

Cs =
∣∣∣∣V2(0)

VG1

∣∣∣∣ , (19)

S21 = 20 log10Cs . (20)

EXPERIMENTAL TESTS
Characteristic Measurements

Using an rf network analyzer, the coupling strength be-
tween the stripline electrodes #2 (input port) and #1 (or
#3) (output port) was obtained by measuring the parame-
ter S21 in frequency domain (see Fig. 2) in which the fre-
quency region is from 10 MHz to 1.2 GHz. The results are
shown in Fig. 5. Figures 5(a) and 5(b) show the measure-
ment results of the amplitude and the phase in the parame-
ter S21 between the stripline electrodes #2 and #1, respec-
tively, where the experimental data are indicated with cross
points. The solid lines represent fittings of the experimen-
tal data using the analytical formulae (Eq. (17)) based on
a least-squares fitting procedure, and the broken lines indi-
cate calculations with the different parameters on kL while
the other fitted parameters are fixed. The similar results
were obtained for those between the stripline electrodes #2
and #3.

In Fig. 5(a) we can see a well-known resonant structure
in frequency domain in the amplitude of the parameter S21

measurement due to the excitation of a standing wave on
the stripline electrodes. The dip frequency fd at the central
region is 538.2 MHz. The frequency fm giving the maxi-
mal sensitivity (or the maximal coupling strength) and the
amplitude of the parameter S21 are 315.8 (837.1) MHz and
−39.7 (−36.4) dB in the first (second) lobe, respectively.
The coupling strength is Cs ∼ 1% while fm in the first lobe
is very close to the frequency (f = 300 MHz) of the on-
board calibrator under development for the new detection
electronics.
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(a)

(b)

Figure 5: Measurement results of the parameter S21, (a)
the amplitude and (b) the phase. It should be noted that the
phase is defined in the region within ±180 o.

The coupling strength obtained for the new BPM is about
one-eighth smaller than that for the present BPM [5]. The
results may come from (i) the elongation of the length be-
tween the stripline electrodes due to the increase of the
BPM aperture, (ii) the reduction of the angular width of the
electrode, and (iii) the coupling strength is reduced due to
the different mechanical structure of the stripline electrode
compared with that of the present BPM. The third item is
in detail discussed in later section.

Characteristic Analysis and Discussions
The characteristic analysis was performed for the free

parameters based on a least-squares fitting procedure with
the analytical formula. The results are obtained to be kL =
0.011, kC = 0.013, Z0 = 42.5 Ω, and l = 128.1 mm.
In Figs. 5(a) and 5(b), the calculated lines are obtained de-
pending on the magnetic-coupling parameter kL while the
other fitted parameters are fixed. The experimental results
are in good agreement with calculations. The characteristic
impedances of the stripline electrodes were directly mea-
sured to be Z0 = 41± 2 Ω with a time-domain reflectome-
ter (TDR). The measurement result is also in good agree-

ment with this characteristic analysis. It should be noted
that the measurement results with a TDR give the charac-
teristic impedance under a condition with electromagnetic
coupling between the four stripline electrodes, while the
characteristic analysis gives the characteristic impedance
Z0 as a free parameter under a condition without any elec-
tromagnetic coupling. However, the difference is quantita-
tively small within experimental errors. Thus, the charac-
teristic analysis is satisfactory enough with the experimen-
tal results.

On the length of the stripline electrode, the mechanical
length of the transmission line for the stripline electrode is
l = 132.5 mm, is slightly different from the electric length
of l = 128.1 mm obtained by the characteristic analysis.
This may come from slight electromagnetic distortion of
the propagating quasi-TEM wave at the end ports because
the characteristic analysis is simply based on an analysis in
one dimension, and thus, it should be carried out by taking
into account more rigorous electromagnetic distortions at
the end ports in three dimensions.

The results also show that the magnetic-coupling param-
eter kL is smaller than the electric one kC by ∼15%. It can
be understood that because the inner radius of the stripline
electrode is the same as the pipe radius without any me-
chanical steps away from the inner surface of the pipe, the
magnetic-coupling strength may be reduced in comparison
with the electric one.

Again, in Fig. 5(a) we can clearly see a slight asymmetry
in the resonant structure in terms of the dip frequency, and
also see an asymmetric structure even in each lobe. These
results have not been observed at all in the present BPM for
which kL ' kC . The results in the phase of the parameter
S21 measurement are shown in Fig. 5(b). The experimental
results are also in good agreement with calculations.

CONCLUSIONS
We have successfully tested a new stripline-type BPM

with a large aperture for analyzing electromagnetic cou-
pling between the stripline electrodes. The coupling
strength was measured to be ∼1%. With the analytical
model based on a coupled-mode theory in transmission
lines with electromagnetic coupling, the experimental re-
sults are in good agreement with calculations.
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DEVELOPMENT OF NEW BPM ELECTRONICS FOR THE SWISS LIGHT 
SOURCE 

W. Koprek, R. Baldinger, R. Ditter, B. Keil, G. Marinkovic, M. Roggli, M. Stadler, PSI, Villigen, 
Switzerland

Abstract 
PSI is currently developing new BPM electronics for 

the Swiss Light Source (SLS). Although the present 
"DBPM1" system that was designed 12 years ago still 
allows to achieve excellent beam stability and uptime, the 
development of a new system is motivated by long-term 
maintenance, improved performance in line with 
increasing user requirements, and new features and 
functionality provided by latest electronics technology. 
The new system is based on a generic modular BPM 
electronics platform developed by PSI that will also be 
used for linac based Free Electron Lasers (FEL) like 
European XFEL and SwissFEL. The hardware and 
firmware architecture of the present prototypes as well as 
first test results will be presented. 

PRESENT SLS BPM SYSTEM 
The Swiss Light Source is operational since eleven 

years and delivers high brightness photon beams to 
experimental stations. One of the most important 
properties of the machine is high stability and 
reproducibility of the electron orbit at the location of the 
radiation source points. The high stability is maintained 
by a fast global orbit feedback (FOFB) [1]. The feedback 
consists of 72 BPMs and 72 corrector magnets grouped in 
12 sections as presented in Fig. 1. 

Figure 1: Overview of SLS global orbit feedback. 

Each section typically contains six BPMs. The 
horizontal and vertical position of the six BPMs is 
calculated in a single DSP board and the data is 
exchanged with adjacent sections through fibre optic 
links. This structure allows, on the same DSP board, 
calculation of the current set values for six vertical and 

six horizontal dipole corrector magnets from 18 beam 
position readings, with an update rate of 4 kHz. 

BPM UPGRADE DEVELOPMENTS 
The planned upgrade of BPM system is motivated by 

long-term maintenance, improved performance and future 
user requirements. By using the latest FPGA, ADC and 
RF technology, the resolution and latency of the new 
BPM system can be improved significantly. In contrast to 
the present system where the 500MHz signals from the 
button pickup electrodes are mixed to a 36MHz IF that is 
sampled by 12-bit ADCs at 31MSPS, the new electronics 
will (under-)sample the 500MHz pickup signals directly. 
The system will be based on a generic modular 
electronics framework developed at PSI [2]. While the 
present BPM digitizer boards just provide button pickup 
signal amplitudes and the FOFB DSP boards are used to 
calculate a calibrated beam position and related data like 
RMS values, the new BPM electronics will take over this 
functionality and provide calibrated position data to the 
control system and to a new global fast feedback network 
via multi-gigabit fiber optic links. 

General Layout 
Figure 2 shows the different modules of the present 

prototype electronics for the new SLS BPM system. The 
500MHz signals of the button pickup electrodes are 
received by an RF front-end (RFFE) that performs 
amplification and filtering (no mixers). The RFFE is 
connected to four 16-bit ADCs of a mezzanine, where two 
mezzanines are plugged onto one FPGA carrier board 
(GPAC = Generic PSI ADC Carrier).  

 

Figure 2: Block diagram of the new SLS BPM system. 
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Digital Electronics 
Figure 3 presents a photo of GPAC board. Two so-

called “BPM” FPGAs on the GPAC are used for 
application-specific tasks, i.e. to perform digital 
downconversion, calculate beam positions for different 
bandwidths, etc. 

Figure 3: Photo of the GPAC carrier. 

The “System” FPGA on the GPAC contains generic 
firmware used for different BPM types (SLS, SwissFEL, 
E-XFEL), e.g. the control system interface. GPAC and 
RFFEs are using the VME64x form factor that provides 
the desired amount of PCB area to efficiently implement 
the required functionality. In addition to a VME64x 
interface for use in VMEbus based environments like at 
SLS, the GPAC also provides several multi-gigabit 
interfaces that support different protocols (Ethernet, PCIe, 
custom protocols) for control, timing and feedback 
system integration. This allows to use the BPM 
electronics also in non-VME environments, where one 
GPAC with up to four RFFEs can be plugged into a cost-
efficient customized standalone crate called MBU 
(Modular BPM Unit) that was primarily designed for the 
E-XFEL BPM cavity and button BPM systems. 

RF Front End Electronics and ADC 
Our modular design approach, where digital back-end, 

ADC and RFFE are separated on three PCBs with 
standardized interfaces, allowed us to get a first prototype 
for the new SLS system just by recombining already 
existing FEL BPM hardware. For the first performance 
tests and firmware development we used the GPAC 
FPGA carrier board with a 6-channel 16-bit 160MSPS 
ADC mezzanine designed for the European XFEL 
undulator cavity BPM, and with a 500MHz RFFE that we 
currently use for the SwissFEL Test Injector Facility 
(SITF) – see photo in Fig. 4. This RFFE is used for 
resonant stripline BPMs [3] where we have a special 
5GSPS waveform digitizer that is not suitable for the SLS 
ring BPMs since it only supports recoding of 1024 
samples in single-shot mode with limited (~10Hz) rep 
rate.  

 

Figure 4: Left: Photo of a 16-bit ADC mezzanine card. 
Right: Photo of a 500MHz Stripline BPM RFFE. 

Although the performance we obtained with this setup 
is already very promising (see measurement results in a 
following section), we are currently developing the first 
prototype of an RFFE that is optimized for the SLS. 
Figure 5 shows its block diagram. While the stripline 
RFFE only has on-board temperature sensors that would 
allow a feed-forward correction of temperature-induced 
beam position drift, the new RFFE has on-board heaters 
and temperature sensors that enable active temperature 
stabilization. In addition, we have foreseen a pilot tone 
with programmable frequency and amplitude that can be 
used both for self-tests and for off-line or on-line 
calibration. 

Figure 5: Block diagram of SLS RFFE. 

A crossbar switch allows to swap the pickup signals of 
opposite buttons at the RFFE inputs to average out drifts 
and nonlinearities by re-swapping the inputs in the BPM 
FPGA. Further improvements include an increase of the 
gain range beyond the 31.5dB of the stripline RFFE. 

Firmware Implementation 
The advantage of FPGA technology gives great 

flexibility in project customization according to the 
machine specific requirements [4]. Growing size and 
speed of state-of-the-art FPGA chips allows 
implementation of high resolution computations and more 
features in a single chip. Therefore, the complete ADC 
signal processing from raw data to calibrated beam 
position and charge was implemented in the BPM FPGA 
(see Fig. 6), using only VHDL code for all computations, 
with the goal to make the design portable, compact, fast 
and efficient. 
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Figure 6: Block diagram of the BPM firmware. 

The fast ADCs directly sample the 500MHz RFFE 
output signals at an adjustable sampling rate up to 
160MSPS. Unlike the present system there is no analog 
intermediate frequency (IF). The aliasing effect converts 
500 MHz to IF of e.g. 20 MHz at 160MSPS. The sampled 
ADC data is scaled in order to compensate for channel 
amplitude imbalance and then processed in a digital 
downconverter (DDC). The DDC converts the IF 
frequency to base band, where both the bandwidth and 
data decimation rates can be changed during operation 
e.g. via the control system interface. The DDC I and Q 
(in-phase and quadrature) output values of the DDC are 
converted to the signal amplitude using the CORDIC 
algorithm. The whole signal processing chain from ADC 
data to amplitude calculation is replicated four times for 
each RF channel. The very last VHDL component 
calculates X and Y position of the beam in single-
precision floating point format, as well as the charge as 
fixed-point integer. 

The BPM Control and Data Acquisition firmware 
component shown in Fig. 6 has two main functions. It 
allows to read and set parameters of the signal processing 
chain during run time, including a reconfiguration of the 
DDC and its FIR filters, thus allowing to adapt the system 
to different accelerators without having to modify and 
recompile the FPGA firmware. Furthermore, the 
component has interfaces to memory chips connected to 
the FPGA. The QDR II SRAM of the present GPAC 
prototype is able to collect 512k samples per ADC at the 
sampling frequency rate. This allows detailed on-line 
analysis of the RFFE output signal in the frequency 
domain. The second DDR2 SDRAM records charge and 
position data, where the max. duration depends on the 
update rate of the output data. For the final version of the 
GPAC that is currently being developed [2], we are 
planning to use DDR3 RAM both for ADC raw data and 
position/charge data storage, thus supporting sampling 
depths much larger than 512k samples. 

The Automated Gain Control component shown in Fig. 
6 measures level of the ADC signals and controls the gain 
level of the RFFE channels.   

Digital Downconverter 
The digital downconverter was implemented as a 

cascade of several filters. The block diagram is presented 
in Fig. 7. The IF waveform from ADC is mixed with sine 
and cosine waveforms of the same frequency generated in 
a numerically controlled oscillator (NCO) component. 

FIR 1 FIR 2CIC
Comp.

FIR

NCO

cossin
I
QADC

Figure 7: Block diagram of the digital downconverter. 

The frequency generated by the NCO module can be 
changed in run time with 2 Hz resolution. Together with 
the arbitrary ADC clock frequency generated in RFFE 
this gives possibility to optimize the frequencies as 
necessary to avoid aliasing of unwanted frequency 
components in the base band. A cascaded integrator-comb 
(CIC) filter was chosen as a first filtering stage after the 
mixer. Due to simplicity of CIC implementation in FPGA 
it can run at the ADC clock frequency of e.g. 160MHz. 
The 5th order of CIC is a compromise between desired 
high rejection of aliased images and possible size of the 
accumulator in the integrator part (48 bits in a DSP48E 
primitive). As shown in Fig. 8, the drawback of a CIC 
filter is a slope in the pass band. Therefore the CIC filter 
is followed by a compensation filter implemented as 8th 
order finite impulse response (FIR) filter with decimation 
ratio of 2. The resulting amplitude response characteristic 
with a very flat passband without slope (see Fig. 8) 
minimizes e.g. the dependency of the measured betatron 
oscillation amplitude on the betatron tune for beam 
studies in turn-by-turn mode. 
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Figure 8: Magnitude response of CIC, compensation and 
composite filters. 

The compensation filter eliminates the decaying 
characteristic of CIC filter in base band. The shape of the 
compensation filter is optimized to give an overall 
flatness of the DDC better than 0.01 dB in a frequency 
range from 0 Hz to 0.01fs. For fs = 160MHz the upper 
frequency corresponds to 1.6 MHz which is still higher 
than the base band used for feedback. The composite 
filter gives more than 100 dB dynamic range in the base 
band. 

The composite filter is followed by two 1024-tap FIR 
filters with decimation from 1 to 16. The filter order can 
vary from 1 to 1024 where order 1 corresponds to 
bypassing of the filter. These filters are implemented with 
a single multiplier each. This limits the maximum order 
of the filter to the product of decimation factor of 
previous stages and the current FIR filter. The total 

Proceedings of IBIC2012, Tsukuba, Japan TUPA26

Beam Position Monitor System 401 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



decimation of the downconverter is from 8 to 16384 
which corresponds to an output update rate from 20MHz 
to 9.765kHz at fs = 160MHz. The decimation ratios of 
CIC, FIR1, and FIR2 can be changed together with the 
coefficients of FIR1 and FIR2 in run time. The run time 
parameter change makes the DDC flexible, with the 
possibility to adapt the parameters to a given operation 
mode. 

MEASUREMENTS 
Test Setup 

Figure 9 shows the setup that we  used for first lab tests
 of

 
prototype hardware and firmware.  

Figure 9: Block diagram of the BPM test setup. 

The EPICS server running on a commercial VME CPU 
board provided the interface between the GPAC firmware 
and Matlab scripts running remotely on a PC. All settings 
for the DDC were generated in Matlab using its signal 
processing toolbox.  

Measurement Results 
The first step was to measure position and charge in 

order to test the DDC and to see where and how much the 
performance of the non-SLS-specific hardware needs to 
be improved for the final, SLS-specific electronics 
version. 

Figure 10: Short term position and charge measurement. 

Figure 10 presents plots of position and charge taken 
over more than 13 seconds with update rate of 
39.0625 kHz. The update rate is equal to 160 MHz 
divided by overall decimation factor of 4096. The pass 
band of the DDC is 2 kHz. The measured accuracy of the 
system is better than 100 nm, using 10 mm as a geometry 
factor. 

Figure 11 shows the dependency of the measured 
position and charge on the ambient temperature. 

Figure 11: Position and charge versus temperature. 

Position, charge and temperature of the RFFE board 
were measured over 28 minutes. The fan level of VME 
crate was increased in minute 6 to generate a temperature 
drop in the crate. In minute 16 the fan level was reduced 
back to its initial value. Obviously the temperature change 
of the board has influence on channel amplitudes and in 
case of charge it is ~0.3% per oC. In case of position 
measurements the temperature dependency is in the order 
of 2 m/oC. 

The last measurement was done to check if position 
change is linearly dependent on temperature change. 
Figure 12 presents the amplitude change versus 
temperature change of the RFFE board. 

Figure 12: RFFE channel amplitude versus board 
temperature. 

As one can see the dependency is linear but with 
slightly different coefficients. The blue and red curve 
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presents the original data. The hysteresis visible on both 
is due to fact that the temperature sensor was not located 
directly on the RFFE board. Knowing the coefficients of 
temperature dependency the position can be corrected in 
feed forward mode in firmware as presented by black and 
green curves. In this case the measurement accuracy 
would be improved by at least factor of 5. However active 
temperature control of the new RFFE board should give 
better results due to temperature measurement directly on 
the board with higher resolution sensor. 

STATUS AND OUTLOOK 
RFFE 

While the noise performance of the SITF stripline 
RFFE already meets our goals for SLS, the new SLS-
specific RFFE that we are currently developing aims for 
minimal long-term drift, where we will experimentally 
determine via lab and beam tests what long-term drift is 
obtained by the different employed suppression 
mechanisms (active temperature stabilization, pilot tone, 
crossbar). Beam pattern and bunch charge dependence of 
position and noise will also be measured, although the 
top-up injection and filling pattern feedback of the SLS 
relaxes the respective requirements for the electronics, 
thus leaving noise and drift as main optimization criteria. 

ADC 
For the ADC board, we are considering a redesign of 

the presently used 6-channel ADC for the SLS, since we 
need only four channels there and not six like for the E-
XFEL cavity BPMs for which the ADC board was 
actually designed. Moreover, for the SLS the clock 
distribution can be simplified, since the ADC delay 
shifters are needed for E-XFEL but not for SLS. This may 
also reduce clock jitter, although the jitter of the present 
pre-series FEL ADC is already low enough for the SLS. 

GPAC Hardware 
While the present GPAC uses Xilinx Virtex-5 FPGAs, 

we are currently developing a new version based on 
Artix-7 / Kintex-7 FPGAs, mainly for cost and long-term 
maintenance reasons: these chips are significantly 
cheaper, need less power, and the availability of FPGAs 
and design tools is longer.  

GPAC Firmware 
So far we implemented all parts of the FPGA firmware 

necessary to perform efficient tests of the overall system, 
including the complete ADC signal processing chain 
(DDC, position calculation), ADC and position data 
storage in external RAM, and full VME-based control 
system access to measurement data, filter settings, etc. 
Features still to be implemented include the automatic 
gain control, as well as the interface to the global 
feedback network. EPICS-based GUIs for efficient 
control and readout of the BPM system for lab tests have 
been implemented. However, while BPM data analysis 
tasks like calculation of FFTs are presently done on high-
level, the final system will perform these tasks on FPGA 
level. 

CONCLUSION 
The modular BPM electronics framework developed by 

PSI for the European XFEL and SwissFEL BPM systems 
will allow to upgrade of the SLS BPM system with 
significantly reduced development effort, by re-using or 
adapting already existing hardware and firmware 
modules. Although tests with the present SLS BPM 
prototype hardware are already very promising, the still 
high reliability of the present SLS system does not require 
to meet a specific deadline for the SLS upgrade, thus 
enabling us to do the necessary new developments of the 
new SLS systems in parallel to higher-priority FEL BPM 
developments (1st beam in SASE undulators expected end 
2015 / 2016), with the goal to re-use the final FEL BPM 
hardware and firmware developments for the new SLS 
system and thus to minimize our long-term maintenance 
effort for hardware and firmware. 
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BEAM TEST RESULTS OF UNDULATOR CAVITY BPM ELECTRONICS 
FOR THE EUROPEAN XFEL 

M. Stadler*, R. Baldinger, R. Ditter, B. Keil,  R. Kramert, G. Marinkovic, M. Roggli, 
PSI, Villigen, Switzerland  

D. Lipka, D. Nölle, M. Pelzer, S. Vilcins-Czvitkovits DESY, Hamburg, Germany  

Abstract 
The European X-ray Free Electron Laser (E-XFEL) 

will use dual-resonator cavity BPMs (CBPMs) between
the SASE undulators and in the beam transfer lines to 
measure and stabilize the beam trajectory. The BPM 
electronics is developed by PSI, while the pickup 
mechanics is developed by DESY.  BPM electronics beam 
tests with three adjacent pickups have been performed at 
the SwissFEL injector test facility (SITF) at PSI. The 
system architecture and algorithms, achieved performance 
and noise correlation measurements of the present 
electronics prototypes will be presented. 

INTRODUCTION 
The European XFEL (E-XFEL) [1] has a 

superconducting 17.5GeV main linac that will provide 
trains of up to 2700 bunches, with 0.1-1nC bunch charge 
range, 600µs train length, �222ns bunch spacing, and 10Hz 
train repetition rate. A kicker/septum scheme can 
distribute fractions of the bunch train to two main SASE 
undulator lines followed by “secondary undulators” for 
spontaneous or FEL radiation. The E-XFEL will provide 
SASE radiation down to below 0.1nm wavelength and 
supports arbitrary bunch patterns within a bunch train, 
with bunch spacing of n*111ns, where n is an integer >1. 

The E-XFEL is presently under construction in 
Hamburg, with first injector beam scheduled for 2014 and 
first main linac beam and SASE for 2015.  

The cavity BPM electronic system is being developed 
at PSI [2,3]. For preliminary performance measurements 
an array of 3 E-XFEL cavity BPMs have been installed at 
the SwissFEL injector test facility [4]. 

CAVITY PICKUP 
The 3.3 GHz cavity pickups were designed at DESY 

[5]. They have the parameters given in Table 1. 

Table 1: Undulator cavity BPM pickup parameters
 (10mm beam pipe aperture)  

 position cavity 
(TM110 mode) 

reference cavity 
(TM010 mode) 

Resonant frequency 3300 MHz 3300 MHz 

Sensitivity 2.8 mV/nC/�m 42 V/nC 

Cavity loaded-Q 70 70 

BPM ELECTRONICS 
The present BPM electronics prototype consists of: 

• The RF front-end electronics (RFFE): One I/Q 
downconverter and LO synthesizer for 
reference, x- and y-position signal channel, 
and an ADC sampling clock synthesizer. 
Active local temperature stabilizers are 
employed for drift reduction. 

• 6-channel, 16-bit 160MS/s analog-to-digital 
converters for all RFFE I and Q baseband 
differential output signals. 

• Digital signal processing hardware (“GPAC” 
board) for signal processing and interfacing to 
control, feedback, timing and machine 
protection systems. 

RF Frontend 
The simplified block diagram of the RFFE electronics 

used is shown in Fig. 1. The basic principle of the BPM 
electronic and cavity design is based upon ref. [6].  

Figure 1: Simplified downconverter block diagram 
(one channel). 

An input bandpass filter selects the cavity signal 
components around 3.3GHz. The filter is followed by a 
switchable gain section. The gain is selected depending 
on the actual bunch charge (4 charge ranges). 
The quadrature downconverter operates with an LO 
frequency of approximately 3.3GHz. This frequency is 
equal for all three channels (reference-, x- and y-channel). 
A reference signal (214 MHz at the SwissFEL injector 
test facility, 216.66 MHz at EXFEL) is provided from the 
machine reference system. This signal is divided by 24 
with a divider common to all LO PLLs on the RFFE. 
The ADC is clocked by a signal also generated on the 
RFFE. Its phase is controllable in 0.5º steps around the 

 ___________________________________________  
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full circle by programming the phase tuning word of a 
direct digital synthesizer (DDS). 
The RF front-end electronics was designed in a VME64x 
compliant form factor (Fig. 2). 

Figure 2: RF front-end card. 

ADC & Digital Backend 
The RFFE analog baseband signals are sampled by a 6-

channel 16-bit ADC board at 160 Ms/s sampling rate. The 
sampling clock is provided by the RFFE. Programmable 
delay units allow correction of individual path delay 
variations for each ADC (Fig. 3). 

Figure 3: ADC block diagram (simplified). 

The ADC mezzanine module resides on top of a VME64x 
compliant FPGA carrier board (GPAC = Generic PSI 
ADC Carrier). RFFEs and GPAC can be used both in 
VME64x crates, or in the so-called modular BPM unit 
(MBU) that will be used for the final E-XFEL BPM 
systems [3]. The MBU is a cost-efficient standalone crate 
solution with a customized backplane. The housing of the 
MBU provides slots for one GPAC and either two E-
XFEL undulator or re-entrant cavity BPM RFFEs or four 
E-XFEL button BPM RFFEs, or a combination of those. 
By using MBU and GPAC for all BPMs in E-XFEL, a 
standardized interface to control, timing, interlock and 
feedback systems is provided. Supported protocols 

include Ethernet (with Linux running on the GPAC), 
PCIe, or custom protocols e.g. for beam based feedbacks 
using up to 8 multi-gigabit SFP+ transceiver links 
provided by the MBU. 

Figure 4: Lab test setup of a Modular BPM Unit 
(MBU), with one GPAC and two cavity BPM 
RFFE boards. 

SIGNAL PROCESSING 
RF Cavity Pulse Shape 

The cavity signals as seen at the input of the RFFE 
electronics have a shape as seen in Fig. 5. Because of the 
low cavity loaded-Q factors the pulses durations is only 
about 20ns. High loaded-Q factor cavities providing 
longer pulse durations are unfavourable since bunch 
spacing can be as short as 222ns in the EXFEL. 

Figure 5: Cavity signals at input of RFFE 
(timescale: 10ns/div). 

IF Pulse Shape 
Down conversion and filtering in the RFFE produce 

baseband signals as seen in Fig. 6 top. 
The IF pulses are relatively narrow compared to the 
sampling interval of 6.25 ns. The IF signal filter shape has 
been chosen to maximize S/N ratio under the condition of 
preventing bunch-to-bunch crosstalk. Figure 6 (top) shows 
an example taken from real pick up signals.   
Given the short signal pulse duration the sampled vector 
magnitude (Fig. 6 bottom) is sensitive to the ADC 
sampling clock phase. Therefore, an all-digital feedback 
loop is used to compensate any ADC clock phase 
misalignment and drift (Fig. 7). 
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Figure 6: Baseband waveforms samples (top: I and 
Q signals, bottom: vector magnitude). 

ADC Clock Phase Control Loop 
In order to optimize signal to noise ratio and to 
compensate drifts occurring in beam arrival time and/or 
sampling clock phase the BPM electronics employs a 
digital phase feedback loop. 
The clock phase offset is estimated from the three 
sampling values around the top of the reference IF vector 
magnitude (Fig. 6, bottom). Then the DDS clock phase is 
adjusted to correct this error and keep on sample at the 
top of the magnitude waveform (solid circles in Fig. 7). 

Figure 7: Principle of sampling phase alignment 
feedback loop. 

  
The phase estimator currently employs a polynomial 
interpolation of the top section of the reference IF vector 
magnitude waveform. This approach allows a relatively 
precise estimation to be computed within a bunch spacing 
of 220 ns in an FPGA. Other approaches offering higher 
accuracy were discarded due to their higher latency. 

Beam Offset Calculation 
The beam offset in x direction Dx is basically 

calculated using the formula 

R
X

kDX ⋅=     (1) 

The values R and X are the peak vector magnitudes 
calculated from the pulse peaks of I and Q baseband 
waveforms of reference and x channel, respectively. For 
example, in Fig. 6 (bottom) the vector magnitude is 
represented by the value of the highest sample.  k is a gain 
constant that we calibrate using a pickup mounted on a 
motorized mover with a high-resolution position encoder. 
In the above formula (1) |X| and |R| represent processed 
values, where downconverter I/Q imbalances and ADC 
offsets have already been corrected for.  

TEST SETUP 
In order to test the BPM system with beam an array of 

four BPM pickups has been installed at the SwissFEL test 
injector. A similar array is also installed at the FLASH 
accelerator facility at DESY (Hamburg). The array 
consists of three undulator BPM (10mm aperture) cavity 
pickups followed by one beam transfer line BPM 
(40.5mm aperture). The test results reported here were 
obtained using the three EXFEL undulator pickups. The 
test injector operates with a single-bunch repetition rate of 
10Hz. Using a VME64x crate instead of an MBU allowed 
easy integration into the VME64x based control and 
timing system of the test facility. Similar measurements 
are planned using the cavity test array at DESY.  

Figure 8: BPM test array at SwissFEL 250MeV 
test injector facility. 

Figure 9: BPM electronics test rack (RFFE, ADC 
& FPGA board) at SwissFEL injector facility.  
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The three 10mm diameter cavities are arranged as seen in 
Fig. 10. 

Figure 10: BPM (Ø10mm) pickup arrangement. 

TEST RESULTS 
Charge Resolution 

Since the reference cavity TM010 mode that is coupled 
to the RFFE is sensitive to the beam charge only the 
reference channel information can be used as a sensitive 
charge monitor after calibration of the scaling factor by 
means of a dedicated charge monitor. The charge 
resolution RC is determined by taking the difference of the 
charge readings of two BPMs and calculating  

2
)( 21 QQstdRC

−=    (2) 

std(x) is the standard deviation of the samples x. 
A sample charge measurement at C�210 pC is shown in 
Fig. 11. Applying (2) results in a charge resolution RC of 
�85 fC rms. 
Those values are slightly higher than the theoretical value 
obtained from ADC/RFFE noise calculations (Table 2). 

Figure 11: Charge measurement example at C�210 pC. 

Charge resolution at 210 pC 

Resolution Calc. From Q1-Q2 82 fC rms 

Resolution Calc. From Q1-Q3 85 fC rms 

Resolution Calc. From Q2-Q3 80 fC rms 

Theoretical Value 70 fC rms 

Table 2: Measured and calculated charge resolutions
 (bunch charge  � 210pC)  

Position Resolution 
We performed position resolution measurements  based 

on correlating the readings of three cavities (Fig. 12). 
Using the position readings of BPM1 and BPM3 (d1 and 
d3) we calculate the difference between the linear 
interpolation and the displacement measured by BPM2. 
This difference is seen as �d in Fig. 12. 

Figure 12: BPM resolution measurement using 3 cavities. 

If one assumes that all BPMs have equal position jitter 
then the BPM resolution is 
  

dBPM Δ⋅= δδ
3
2

   (3) 

Sample data for beam position jitter measurement is seen 
in Fig. 13. The bunch charge during this measurement 
was 180pC. The RFFE gain settings were chosen to 
provide a linear measurement range of +/-500�m. 

Figure 13: Sample position measurement of BPMs 
(180 pC bunch charge). Left: position data. 
Right: Histogram of the error �d. 

Calculating the distribution of the displacement �d 
results in the histogram seen in Fig. 13 (right). The 
measurement position resolution of the BPM is 183nm. 
Table 3 summarizes sensitivity measurements at various 
beam conditions. 

The rightmost column in Table 3 contains predicted 
values based on system noise measurement. One possible 
cause for the deviation from measured values is LO phase 
jitter that causes an increase of the position jitter of the 
I/Q imbalance is not fully corrected. However, the 
deviation could also be caused by any uncorrelated 
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mechanical vibrations of the three pickups (also included 
in the measured resolution above). 

Table 3: Measured and predicted measurement jitter  for
 different settings (x-direction)  

Beam 
Offset 
(mm) 

Beam 
Charge 

(pC) 

Linear 
Meas. 
Range 

Measured 
Resolution 
(�m-rms) 

Predicted 
Resolution 
(�m-rms) 

0.1 285 ±2mm 0.35 0.33 

0.5 285 ±2mm 0.40 0.36 

1 285 ±2mm 0.56 0.4 

0.05 183 ±500�m 0.18 0.165 

0.2 2 ±6.4mm 11.2 13 

�0.06 
varying 

350 ±250�m 0.12 (0.06) 

It should be noted that any positively correlated noise or 
drift is not included in the measured resolution. Such a 
drift factor could be temperature drift of the electronics. 
Temperature drift measurements under realistic beam 
conditions will be conducted in near future. 
Measurements of the vibration levels at the pickups are 
also planned in order to determine the electronic 
resolution more precisely. 

CONCLUSION 
We reported first tests of the EXFEL cavity BPM 

electronics. The tests were performed at the SwissFEL 
injector facility under single-bunch conditions. First 
results show beam position resolution well below 1�m 
rms even at a linear measurement range >±1mm. These 
results fulfill the resolution requirements for the EXFEL 
undulator BPMs. 
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IMPLEMENTATION OF AN FPGA BASED SYSTEM SURVEY AND
DIAGNOSTIC READER WITH THE AIM TO INCREASE SYSTEM

DEPENDABILITY
Marcel Alsdorf, Bernd Dehning, Maciej Kwiatkowski, William Vigano, Christos Zamantzas

CERN, Geneva, Switzerland

Abstract

The operation and machine protection of accelerators
practically rely on their underlying instrumentation sys-
tems and a failure of any of those systems could pose a
significant impact on the overall reliability and availabil-
ity. In order to improve the detection and in some cases the
prevention of failures, a survey mechanism could be inte-
grated to the system that collects crucial information about
the current system status through a number of acquisition
modules.

The implementation and integration of such a method
is presented with the aim to standardize the implementa-
tion, where the acquisition modules share a common build
and are connected through a standardized interface to a sur-
vey reader. The reader collects regularly data and controls
the readout intervals. The information collected from these
modules is used locally in the FPGA device to identify crit-
ical system failures and results in an immediate failsafe re-
action with the data also transmitted and stored in external
databases for offline analysis.

INTRODUCTION

The basic functionality of the System Survey and Di-
agnostic Reader is to readout diagnostic data from external
chips and sensors connected to an FPGA, process them and
finally log them in a database or directly use them on-chip
to monitor the system status.

The general goal is, to utilize such a reader on the beam-
loss monitoring (BLM) electronics for the CERN injector
complex. This system consists of three FPGAs mounted
on three different PCBs, where each of them is connected
to different kinds of external diagnostic chips and sen-
sors. For a detailed overview on this particular system see
TUPA09 [1].

To realize this goal, a design is needed, that is suitable
for many different environments. In this case such an en-
vironment would be primarily defined by the number and
types of different diagnostic interfaces and by the means of
processing and forwarding those informations to an exter-
nal logging database.

In the following sections the fundamental concepts, the
design and the implementation of this System Survey and
Diagnostic Reader will be presented, that is independent
from the types of external diagnostic interfaces used and
from its surrounding environment.

GENERAL CONCEPT
The key to any new hardware or software design or the

enhancement of a given one is to evaluate the performance
of it with regards to the quality characteristics defined in
ISO 25010 [2]. Through this method, the usefulness of a
design can be evaluated and weak points can be revealed
and reinforced accordingly.

One approach to achieve this goal is to carefully divide
the underlying problem into multiple smaller and easily
solvable problems. In a software environment this is an
old and well know approach called Divide-and-Conquer.
In a hardware environment it is fairly unused. Due to typ-
ically long development times in hardware design, design-
ers are often times discouraged to invest even more time
in the generalization and optimisation of their design ac-
cording to those quality characteristics. In term it is often
overlooked, that in most cases it is sufficient to invest this
additional time only once and to profit from it thereafter in
upcoming design challenges.

In the here presented System Survey and Diagnostic
Reader the approach is taken to logically divide the hard-
ware design into two abstraction levels. The fundamental
architecture of the design builds the lower level. This ar-
chitecture defines the structure of design components, the
general behaviour of them and their way of communicat-
ing with each other. The upper level on the other hand is
defined by the functional model of the design. On this ab-
straction level those before mentioned components are seen
as sub-functions, that can be combined to build more com-
plex functions and consequently entire digital systems.

In the following two sections the fundamental architec-
ture and the functional model for the System Survey and
Diagnostic Reader are presented and analysed with respect
to their improvements in design quality. As fundamental
architecture a modular structure is used called Common
Modular Interconnect (CMI).

COMMON MODULAR INTERCONNECT

In a typical digital architecture functional modules are
specifically build with respect to their surrounding envi-
ronment. This approach leads to various problems. Firstly,
they depend on the timing behaviour of their surrounding
modules. If there are modules, that take a given amount of
time to complete their task, they introduce a high delay in
this area of the design. Consequently, neighbouring mod-
ules have to be adapted to ensure proper timing. This con-
dition in turn limits those neighbouring modules to work
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only in this particular local environment. Secondly, mod-
ules often times incorporate very specific input and output
ports. This limitation exist due to the fact, that these mod-
ules had to be able to talk to a certain module in a specific
design environment.

Those two problems alone hinders any designer to utilize
an already implemented version of the requested function-
ality in his own design. Consequently he has to write the
exact same module all over again in a different packaging,
which once more is only suitable for his specific design.

Figure 1: The general structure of the CMI interconnection.
An independent pair of rx next and rx vld signals is needed
for every additional receiver module.

To circumvent such problems a fundamental architecture
has been developed called Common Modular Interconnect
(CMI). The general assumption given by this architecture
is, that any system can be divided into independent mod-
ules, that are connected among themselves with a common
interconnect (see Fig. 1). This interconnect implements a
certain protocol between a single transmitter module and
one or more receiver modules. These modules perform a
predefined handshake utilizing the two signals vld and next.

Generally speaking, the vld signal is used by the trans-
mitter module to mark the current data on the data lines
as valid data and the next signal is used by the receiver
module to declare, that the valid data on the data lines can
not be processed in the current clock-cycle. Utilizing these
handshake signals, the interconnect is able to resolve tim-
ing inconsistencies by locally stopping the dataflow.

A typical case is, that a receiver module might not be
able to process incoming data from a transmitter module
and therefore informs the corresponding transmitter about
this hold-up through the next signal. In the case, that this
hold-up takes a bunch of clock-cycles to be resolved, the
corresponding next signal might be forwarded through a
whole chain of overlying modules and thus stopping them.

This state can be ultimately resolved by the interconnect it-
self. But it could happen, that this information reaches the
topmost module in the chain, which is typically an acqui-
sition module. In that case, data could be lost, as in most
cases it is not possible to forward the next signal to the
data source. If this happens and it actually would come to
the loss of acquisition data, either the functional model is
not suitable for such a frequent change of incoming data or
the hardware resources are too slow to handle such a data
stream. This problem can not be resolved by any funda-
mental architecture.

Analysing this fundamental architecture in terms of
quality characteristics, the presented one is in compliance
with most of them, including:

∙ learnability - The designer only has to handle the in-
terconnect protocol correctly. The real complexity of
the CMI architecture is hidden inside the interconnect.

∙ interoperability - Every module is able to interact
with any other module, assuming both are in compli-
ance with the CMI protocol and port.

∙ changeability - Modules and entire sub-function can
easily be replaced by different modules.

∙ stability - Changes inside modules have little to no
impact on the stability of the entire design. Modules
can be designed independently of their surroundings.

∙ testability - This architecture is designed to test mod-
ules independently from one another with regards to
CMI protocol compliance and internal functionality.

∙ adaptability - Rather complex designs can be adapted
to new specifications through the simple exchange of
modules.

∙ replaceability - Modules or sub-functions can easily
be replaced by different versions of the same function-
ality or a completely different one.

As a final note, this architecture is not only utilized in
the here presented Diagnostic Reader, but it is and will be
used throughout the entire digital framework of the BLM
injector electronics.

FUNCTIONAL MODEL
In order to create a suitable design, the functional model

has to include the main functional tasks. For the System
Survey and Diagnostic Reader they are defined as follows.
Firstly the readout of diagnostic informations from con-
nected external chips and sensors has to be triggered by
a timer. This trigger is issued in a predefined, but change-
able interval called an update cycle. Due to possible run-
time differences between multiple diagnostic interfaces all
readouts have to be stored locally with the begin of the fol-
lowing update cycle.
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Figure 2: Functional Model of the System Survey and Di-
agnostic Reader. CMI interconnections are displayed in
red. Sub-functions are displayed either with a red, dark
blue or green background.

In the beginning of this second update cycle, every lo-
cally stored readout has to be adapted to a predefined pack-
age format and subsequently combined with all the other
diagnostic readout packages. This action results in a large
package that contains all readouts of the previous update
cycle. In addition the occurrence of each package should
be tracked, allowing some diagnostic interface readouts to
be missing. In the final step both the package and the track-
ing results can be stored on-chip and be later forwarded to
an external logging database.

Secondly, for the sake of monitoring certain crucial di-
agnostic readouts, specific interface readout ports have to
be tapped by a sub-function that is monitoring the system.
This monitor determines, if a failsafe action has to be per-
formed. Those readout informations need to be requested
more than once per update cycle to ensure system safety.

By utilizing the previously presented modular system ar-
chitecture, the described functionality can be divided into
multiple sub-functions (also see Fig. 2). The specific tasks
and the implementation of those sub-functions are pre-
sented in the following section.

Finally to unlock the full potential of the underlying fun-
damental architecture (CMI), most of these mentioned sub-
functions can be comprised of multiple CMI modules. The

idea is, to increase the changeability and testability of the
system even more by utilizing rather basic modules. An
example for this would be a generic multiplexer module.
As a result, these modules can be even more useful, as they
are suitable to be added to a completely different design
environment.

IMPLEMENTATION

As stated before, the System Survey and Diagnostic
Reader can be divided into several sub-functions. The tasks
and implementation of these sub-functions are described
in the following. Note that this design is primarily com-
posed of five sub-functions, while the Timer and the Read-
out Storage are necessary external functionalities.

Timer

The Timer creates a one clock-cycle long trigger ev-
ery predefined update cycle. The update cycle time corre-
sponds to the rate in which diagnostic informations will be
requested from the external chips and sensors. In the BLM
injector electronics the Timer is triggered by a machine
synchronisation timing event. This trigger called upd is the
base timing event for nearly all of the other sub-functions.

Sequence Generator

Figure 3: The Sequence Generator sub-function. CMI in-
terconnections and basic CMI modules are displayed in
red.

One Sequence Generator is needed for every diagnos-
tic interface. The Sequence Generator (shown in Fig. 3)
runs through a predefined list of read requests and forwards
them to its corresponding diagnostic interface. The start
of a request sequence is triggered by an upd event and af-
ter that it follows a predefined sequence until every request
is send out and accepted by the diagnostic interface mod-
ule. Meanwhile any new upd event is disregarded. This
is a necessity to always ensure a complete readout of all
requested diagnostic informations. In case this sequence
takes longer than one update cycle, these interface readouts
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are only updated every other update cycle. This is the rea-
son why later on tracking of interface packages becomes
necessary. It is to accommodate these kinds of slow read-
able diagnostic interfaces. In addition a second sequence
generator can be incorporated to prepare requests that are
needed for the System Self-Monitoring sub-function. This
second sequence generator has to run on a much faster local
timer.

The sequence generator sub-function consists either only
of a module called seq generator or of two such mod-
ules, a priority mux and a local timer called loc timer. The
seq generator modules themselves are implemented using
either a look-up table or a ROM storing the read request
sequence. A local timer and the second sequence genera-
tor are necessary to request those diagnostic informations
more often during the update cycle, that are relevant for the
System Self-Monitoring sub-function.

Diagnostic Interface

The diagnostic interface mainly incorporates the neces-
sary protocol to communicate with an external chip or sen-
sor. It consists of up to three different modular intercon-
nects. The necessary ones are the read-request (rd req)
and readout (readout) CMI ports, which are connected to
the sequence generator sub-function on one side and to
the storing and packaging sub-function on the other side.
In addition certain chips incorporate local registers or an
EEMEM that can be written from a connected FPGA.
Therefore those diagnostic interfaces possess also a write-
request (wr req) CMI port.

The implementation of the Diagnostic Interface consists
of one module, that incorporates primarily a digital control.
This control performs the necessary protocol to communi-
cate with the external chip or sensor. It only processes one
request at a time. Apart from this, there is no additional
processing happening inside this module.

Storing and Packaging

For every diagnostic interface a Storing and Packing sub-
function (shown in Fig. 4) is needed. In the beginning of
every update cycle it waits for the first occurrence of every
requested diagnostic information. It recognizes the differ-
ent readouts by checking the addr label. In case that there
are multiple occurrences of the same information, the addi-
tional ones are discarded. Those additional data points are
vital for the System Self-Monitoring and are therefore pro-
cessed only by that sub-function. If updates for all requests
are present at the end of the cycle, they are locally stored
with the begin of the following update cycle. During the
second update cycle all of these information are format-
ted into a predefined package format and then forwarded
to the next sub-function. This general package format is
necessary to be able to combine interface packages from
different interfaces later on in the Combining and Tracking
sub-function.

Figure 4: The Storing and Packaging sub-function. CMI
interconnections and basic CMI modules are displayed in
red.

The Storing and Packaging sub-function consists of up
to four different modules. If there is more than one type of
data incoming (recognisable by the addr label), filter mod-
ules are used to sort each of them out individually. After-
wards they are pre-stored in the delayed storage module.
The local storage implemented in these modules only gets
updated with the begin of the following update cycle, if
all modules have received an updated in the current one.
After that, all of these stored readouts are forwarded to
the slice and tag module, that gives each of them a header
consisting of their addr label and a corresponding inter-
face number. Furthermore it might slice the actual data
part into multiple ones depending on the package format.
Afterwards all the packaged readouts of one interface are
combined together by a priority mux.

Combining and Tracking

In the Combining and Tracking sub-function (shown in
Fig. 5) all incoming interface packages are combined and
over the course of the whole update cycle every occurrence
of such a package is tracked in a so called scoreboard. This
is necessary, as some of the interface packages might not
have been getting an update in the previous update cycle.

The combination of all interface packages is done by a
priority mux. The final package comprised of all readouts
from all connected chips and sensors is forwarded to the
readout storage and in parallel looped through the score-
board, that is tracking the occurrence of interface packages.
The tracking result is then also forwarded to the readout
storage.
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Figure 5: The Combining and Tracking sub-function. CMI
interconnections and basic CMI modules are displayed in
red.

Readout Storage
The complete package and the scoreboard can be stored

locally in an SRAM and be read out from another process
to be forwarded to a database for logging. The content of
this storage is updated every update cycle with the recent
package content and the corresponding scoreboard. This
happens two update cycles after the initial request for the
diagnostic informations, which defines the latency of the
Diagnostic Reader.

System Self-Monitoring

Figure 6: The System Self-Monitoring sub-function. CMI
interconnections and basic CMI modules are displayed in
red.

In order to get the ability to react on critical failures in-
side the system, the readout of any relevant diagnostic in-
terface needs to be tapped by the System Self-Monitoring
sub-function (shown in Fig. 6). Relevant informations are
then filtered out of the complete readout stream and com-
pared with predefined thresholds. In case of a critical fail-
ure, an action is performed according to its severity level.
In order to receive additional readouts of the same type dur-
ing one update cycle, additional requests for this specific
diagnostic information have to be issued by the Sequence
Generator.

The implementation of the System Self-Monitoring sub-
function consists of two main CMI modules. The filter
module screens the readout stream for relevant diagnostic
informations and forwards them to the corresponding fail-
safe module. That module compares the value with a given
threshold and performs an appropriate reaction.

SUMMARY
A System Survey and Diagnostic Reader has been

shown, that is capable of adapting to many different en-
vironments. To realize this capability, a fundamental archi-
tecture has been utilized called CMI. Together with a strict
functional model it leads to a design, that is in compliance
with multiple quality characteristics. This in turn leads to
an overall increase in system dependability.

Furthermore the capabilities of the Diagnostic Reader in
combination with the System Self-Monitoring sub-function
actually results in a System Survey mechanic, as any diag-
nostic readout can be used directly on-chip for any desired
functionality.
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DEVELOPMENT OF A BEAM LOSS MEASUREMENT SYSTEM
WITH GIGABIT ETHERNET READOUT AT CERN

M. Kwiatkowski, M. Alsdorf, E. Angelogiannopoulos, B. Dehning,
S. Jackson, W. Vigano, C. Zamantzas, CERN, Geneva, Switzerland

Abstract
The aim of the BLM Dual Polarity module under devel-

opment at the European Organisation for Nuclear Research
(CERN) is to measure and digitise with high precision the
current produced by several types of beam loss detectors.
In its default configuration, it is expected to provide data to
the processing electronics through two point-to-point con-
nections with bidirectional multi-gigabit optical links. For
the development phases as well as later serving as a stand-
alone measurement system, its reconfigurable FPGA de-
vice is exploited to provide a soft-core CPU with a custom
made server. This server, running on the CPU, will expose
through the Gigabit Ethernet connection and the TCP/IP
protocol different types of data in the network. In this paper
the development of the system and of the communication
protocol is explored as well as the accompanying client ap-
plication that is realised with the purpose of commanding,
collecting storing and viewing the different types of data.

INTRODUCTION
During the upgrade of each injector line at the European

Organisation for Nuclear Research (CERN), an up-to-date
Beam Loss Monitoring (BLM) system will be included for
the monitoring of the beam losses and machine protection.
For this reason, a new BLM system is under design [1].

The BLM Dual Polarity (BLEDP) module is the first
stage of that system with the purpose to collect and digi-
tise the current output from the detector. The acquisition
crate will be able to host up to eight of these modules.
The BLEDP module should be able to digitise input cur-
rent from eight input channels each having a wide range
from 10 pA up to 200 mA.

To accomplice this, the range is split into two partially
overlapping sub-ranges and for each of them a different
circuit and measurement method is used. The current from
100 µA up to 200 mA will be measured directly by the
ADC as a voltage drop on the input resistor. It is so called
Direct Analogue to Digital Conversion (DADC) method.
The current in the lower range from 10 pA to 10 mA will
be measured by making use of a low noise Fully Differen-
tial Frequency Converter (FDFC). More about the analogue
front-ends used in both of the measurement methods can be
found in [2].

The BLEDP module is equipped with a Cyclone
4GX150 FPGA device which is responsible for processing
the FDFC data [3] and controlling the analogue circuitries.
In the standalone version of the module, an Ethernet server
is implemented in addition in the FPGA. To achieve this,

the Nios-II soft-core processor which is running under con-
trol of a µC/OS-II real-time operating system is realised in
the FPGA device. In this configuration, each of the mod-
ules in the acquisition crate have a separate link to the net-
work. The measurement data collected is send to a dedi-
cated supervision application which is used for online view
as well as offline data storage and analysis. This paper fo-
cuses on the Ethernet implementation in the FPGA and it
describes briefly the client application developed.

DATA TRANSMISSION
The data frame, shown in Fig. 1, was designed to satisfy

both of the measurement methods which are automatically
selected by the BLEDP module. That selection of the mea-
surement method depends on the input current. In addition,
the protocol must be capable of transmitting acquisition
data from a single or multiple channels. The channel num-
ber or multi-channel transmission is requested by a com-
mand send by connected client. The measurement method
and the channel information are attached as a header to the
data sample which is acquired every 2 µs and transmitted to
the client. That is, each BLEDP frame will be 32 bits wide
in total and it will consist of the header and the measure-
ment data. The data rate per channel is therefore around
16 Mbit/s. The size of the data depend on the measure-
ment method. The FDFC mode requires a 20 bit data field,
whereas the DADC mode requires only a 16 bit. At the
time of the writing, the DADC mode as well as the auto-
mated measurement method switching is not yet fully sup-
ported by the BLEDP firmware. Therefore, the size of the
data field in this mode could be changed in the final spec-
ification. The data frames of the BLEDP are encapsulated
in TCP/IP frames. The TCP protocol was selected due to
its high reliability and automatic data reordering at the re-
ceiver side. However, it is expected to be also necessary to
transmit data frames encapsulated into UDP format for the
case of multichannel and raw data transmissions.

Figure 1: Structure of the BLM Data Frame transmitted
over an Ethernet packet.
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Figure 2: Architecture of the Nios-II system used for the Gigabit Ethernet Readout in the BLEDP firmware.

The remaining bits in the header part of the frame are
used to include an incremental sequence number. In the
frame there are 6 bits for the sequence number. That is,
it will increment from 0 to 63 and will roll over as soon
as it reaches the maximum value. This number is used by
the client application to verify data continuity, which could
potentially be broken due to not sufficient throughput of
the network. The server implemented for the Nios-II soft
processor is able to detect the low network throughput and
it will try to recover from such situation.

The data frames are not transmitted one at a time but
they are collected first in a buffer, whose size was selected
so that its contents fit into a TCP Maximum Segment Size
(MSS) packet, and the complete buffer is send every time
it becomes full. That was necessary in order to avoid IP
fragmentation, which would lower the performance of the
Nios-II based TCP/IP software stack. The buffer size is
set to 1400 bytes, i.e. contains 350 BLEDP frames. That
package of the frames is referred to as “BLEDP bundle”.

Server Commands
A set of commands has been defined to be send to the

BLEDP module by the client application for controlling
and initiating the data transmission. Each command con-
sists of 4 bytes divided into bit fields which specify:

• Start or Stop transmission request. A stop request
disables all active transfers regardless of the other bit
fields.

• Data type selection. It is possible to request data from
one selected channel or from all the channels. In spe-
cial mode, the raw ADC data from just one channel
can be requested.

• Channel number selection. It is only valid when single
channel data types are requested.

• Data amount request. It specifies the number of data

bundles which should be transmitted by the server. By
taking into account fixed sampling time of the BLEDP
module, i.e. 2 µs, the data size can be easily trans-
formed into an acquisition time. The maximum ac-
quisition time that can be requested is approximately
13 hours.

On the reception of the command the server starts trans-
mission of the selected channel and will end the transmis-
sion as soon as the requested amount of data has been trans-
mitted.

Data Frames
The BLEDP data frames are equipped with a header that

identifies the measurement method used to digitise the data
as well as the channel source of the measurement data. It
takes into account future development of the BLEDP mod-
ule which will transmit also data collected from the several
sensors included in the board to provide a status overview
of the acquisition module. Therefore, the header is divided
into three fields providing the following information:

• Data type provided, i.e. measurements or statuses.
• Measurement method specifying if the FDFC or

DADC circuit was used to measure the input current.
• Acquisition channel specifying the source of the mea-

surement data.

FPGA FIRMWARE
The FPGA firmware realised for the BLEDP module is

comprised by two distinct parts. One part is the custom
user logic and the second is the System-On-Chip (SOC)
components generated with the assistance of the Altera de-
velopment tools. A block diagram of the BLEDP firmware
is shown in Fig. 2.
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Figure 3: Example of the online data viewer in the client application.

User Logic
The user logic mainly consists of an instance for the data

combination logic for each input channel. Each instance in-
cludes a FIFO queue which carries either FDFC or DADC
data depending on the input current of the given channel.
The data to be written in the FIFO is selected using a mul-
tiplexer. The DADC data path uses less bits and therefore
there is more bits for the protocol. These bits are used to
increase the range of the sequence number.

A Finite State Machine (FSM), implemented in the user
logic, prepares the buffer for the TCP or UDP transmis-
sion. The FSM realises the round robin algorithm to read
and write the data from the active channels into the buffer.
The data buffers correspond to the BLEDP bundles and
they are stored in a Dual Port RAM (DPRAM) memory.
The FSM is configurable by generic parameters specifying
the bundle size (M) and the number of the buffers (N). A
multiplexer is used to select the channel to be written into
the memory via one of the ports. The second port of the
DPRAM is connected to the SOC via an Avalon bus. In
the case of a multichannel transmission, the BLEDP pack-
ets are mixed in the BLEDP bundle. As shown previously,
the packet header will allow the receiver later to distinguish
their source. Whenever the buffer becomes full, the inter-
rupt for the Nios-II is generated. The custom server, as
soon as it receives the interrupt, is transmitting the contents
of the buffer. It is also responsible for detecting faulty sit-
uations, e.g. data overwritten by the custom logic before
being transmitted to the client.

System-On-Chip
The Nios-II SOC was created using the Altera Corp.

standard IP cores and development tools. The processor
is using only internal on-chip RAM memory for the pro-
gram and data. This becomes possible due to the small
memory footprint of the used software components and
the large memory resources of the employed FPGA de-
vice. The fastest version of the Nios-II core was selected
to achieve the highest possible performance of the TCP/IP
stack. The SOC is clocked using a 100 MHz internally
generated clock.

The Gigabit Ethernet functionality is realised by a Triple
Speed Ethernet (TSE) IP core provided by Altera Corp.
The TSE requires the usage of two Scatter-Gather Direct
Memory Access (SGDMA) IP cores and is configured to
include the 1000BASE-X/SGMII Physical Coding Sub-
layer (PCS) function with an embedded Physical Medium
Attachment (PMA). This configuration instantiates a High-
Speed Transceiver of the Cyclone IV GX device and it al-
lows using direct connection to a Small Form-Factor Plug-
gable (SFP) module on the BLEDP board. The Manage-
ment Data Input/Output (MDIO) functionality of the TSE
is not included, but instead the SFP modules are configured
via the I2C interface realised in the Nios-II software. More
information about the TSE configuration can be found in
the manufacturer’s documentation in [4]. As expected,
there are many additional components included in the SOC,
e.g. the JTAG UART and the Parallel I/Os, but they are out
of the scope of this paper.

Server Process

The embedded software includes mainly ready made
components provided by Altera Corp. and other vendors.
The main advantage of that solution is the very short time
to reach from specifications to the first working prototype.
The µC/OS-II real-time kernel ported for the Nios-II is re-
quired by the NicheStack TCP/IP stack. Another advantage
of using the provided software libraries is the availability of
various services, e.g. the ICMP and DHCP.

Therefore, the only custom software implemented for
the BLEDP module is the server application. It was writ-
ten with the C language as a single-threaded process. The
server creates a standard socket which listens for incoming
connections. Only one client is allowed to be connected at
a time and any additional connection requests from more
clients are refused. The server is parsing incoming com-
mands and it disables or enables the requested channels of
the BLEDP module. The channels implemented in the user
logic are enabled by software using access to the PIO in-
terface included in the SOC. When there are enabled chan-
nels, the interrupt coming from the FSM is also enabled by
the server. The Interrupt Service Routine (ISR) was im-
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Figure 4: Example of the offline data viewer in the client application.

plemented in the server. The ISR reads a pointer to the
BLEDP bundle and it puts it to a global queue. The server
reads the content of that queue and it transmits the BLEDP
bundles written by the custom logic. In the case of not suf-
ficient network throughput, it is possible that all the buffers
allocated will become full with data that were not possible
to be transmitted. In that case, the acquisition channel is
stopped until the data are transmitted. At the same time,
the client receives an alarm.

CLIENT APPLICATION
The BLEDP client has been developed using the JAVA

programming language. It is a graphical user interface ap-
plication, which was built using the Swing framework. Its
purpose is to command and collect data from the server as
well as to visualise the data collected. The data is plot on
the online display and it can be stored in files for offline
analysis. The application separates the actions a user can
perform providing an online and an offline tab.

Online Display
The data received by the client application are plotted on

the online display after some data reduction. An example
of the online tab is shown in Fig. 3. A user is asked to select
the data type, channel number and other parameters (not
shown in the figure). Among them the most important is an
“observation period”. In most of the cases only a part of the
observation period is visible in the online plot. The visible
window is specified by the ”window size” parameter.

After setting all these parameters, the user can press the
“start” button to command and initialise the data transmis-
sion. The data transmission can be stopped at any time,
i.e. before the required observation period completes, by
pressing the “stop” button. In the online mode, some data
reduction is necessary due to relatively high data rate. By
default the BLEDP module provides measurements of the

input current with 2 µs period. The client application calcu-
lates and displays the average, the maximum and the min-
imum values observed since the last update. The data re-
duction is controlled by the user through the “measurement
period” parameter.

Offline Analysis
In parallel to the online display, the client can store all

the data in files without any data reduction. The BLEDP
data is stored with the headers which allows identifying
their source, measurement method and continuity problems
if any. The offline tab is intended for more accurate data
observation and analysis.

The data stored locally in the files is used for the offline
data display and analysis. An example of the offline tab is
shown in Fig. 4. The folder containing the acquired offline
data should be selected by clicking the “open” button. On
top of the offline tab, the whole acquisition session is dis-
played, as soon as the data is selected. This plot is created
using statistics read from files which are calculated and
stored every second in parallel to the main offline data files.
The statistics file contains the average, minimum and max-
imum acquired values in the current second. These files al-
low the efficient creation of the acquisition overview over
long periods without the necessity of re-examining large
amounts of data.

Furthermore, the acquisition session view created serves
as the data picker for the detailed analysis. All the points
on that plot correspond to consecutive seconds of the ac-
quired offline data. The selected second is indicated by a
black dot visible in the figure and, when selected, its com-
plete contents are plotted in the bottom view allowing to
perform a very detailed analysis. On that plot the data can
be displayed with or without data reduction, converted to
different units and zooming is possible in all views.

The examples shown in Fig. 4 is actually data acquired
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in the Proton Synchrotron accelerator at CERN with circu-
lating beam. The detailed view of the offline panel in that
example is presented without data reduction.

CONCLUSIONS
The TSE IP core is capable to reach the throughput of

the Gigabit Ethernet but the software TCP/IP stack running
on the Nios-II processor is limiting it to only 20-30 Mbit/s.
The TCP protocol has several advantages which justify its
usage for the first prototype. Moreover that speed is fully
satisfying the needs of the single channel mode which was
planned for the first step of the development. For the mul-
tichannel mode the UDP protocol will be used to reach the
Gigabit Ethernet throughput. For that purpose the custom
UDP offload logic will be implemented to be used with the
TSE. The multichannel transmission will be used mainly in
the Local Area Network (LAN), whereas the single channel
can be used also in the Wide Area Networks (WAN).
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A REAL-TIME FPGA BASED ALGORITHM FOR THE COMBINATION
OF BEAM LOSS ACQUISITION METHODS USED FOR MEASUREMENT

DYNAMIC RANGE EXPANSION

M. Kwiatkowski, C. Zamantzas, M. Alsdorf, B. Dehning, W. Vigano,
CERN, Geneva, Switzerland

Abstract
The aim of the Beam Loss Monitoring Dual Polarity

(BLEDP) module under development at the European Or-
ganisation for Nuclear Research (CERN) is to measure and
digitise with high precision the current produced by several
types of beam loss detectors.

The BLEDP module consists of eight analogue channels
each with a fully differential integrator and an accompany-
ing 16 bit ADC at the output of each analogue integrator.
The on-board FPGA device controls the integral periods,
instructs the ADC devices to perform measurements at the
end of each period and collects the measurements. In the
next stage it combines the number of charge and discharge
cycles accounted in the last interval together with the cy-
cle fractions observed using the ADC samples to produce a
digitised high precision value of the charges collected.

This paper describes briefly the principle of the fully dif-
ferential integrator and focuses on the algorithm employed
to process the digital data.

INTRODUCTION
The LHC Injectors Upgrade project was launched at

CERN to provide higher intensity beam for the LHC, which
will allow to increase further its luminosity. A new Beam
Loss Monitoring (BLM) system is under design [1] for the
monitoring of the beam losses and the machine protection.

The BLM Dual Polarity (BLEDP) module is the first
stage of that system. The acquisition crate will be able
to host up to 8 BLEDP modules each having 8 analogue
inputs to attach various types of detectors. The BLEDP
module should be able to digitise input current in the wide
range from 10 pA up to 200 mA.

In specific, the range is split into two partially overlap-
ping sub-ranges and for each of them a different measure-
ment method is used. The current from 100 µA up to
200 mA should be measured directly by the ADC as a volt-
age drop on the input resistor. The current in the lower
range from 10 pA to 10 mA is measured by making use of
a low noise differential integrator. The BLEDP module is
equipped with a Cyclone IV GX FPGA which is responsi-
ble for processing of the integrator output combined with
the ADC samples to reach higher accuracy. The digitised
result will be transmitted via the fibre optic link into the
processing part of the system.

In the stand-alone version of the system, the data is send
via a Gigabit Ethernet link into a dedicated JAVA super-

vision application which is used for on-line view of the
measurements as well as offline data storage and analysis.
More information about this version of the system and the
methods employed can be found in [2].

MEASUREMENT METHODS
The analogue front-end of the BLEDP module can mea-

sure input current in a wide dynamic range. To achieve
this, the input current in the lower range is measured by a
Fully Differential Frequency Converter (FDFC) circuit and
in the higher range by a direct Analogue to Digital Con-
version (DADC) circuit. In the DADC method the ADC
converter is attached to the input resistor on which the volt-
age drop is measured. In the FDFC method the ADC is
attached to the differential output of the integrator.

The analogue switch, that selects which of the two cir-
cuits is active at any given time, is controlled by the FPGA
device. A module operating in the FPGA is monitoring the
data stream and depending on the measurements it receives
selects the most suitable measurement method for the next
period.

This paper focuses on the FDFC method which require
processing of both the ADC samples and the comparator
pulse stream. A simplified schematic of the FDFC ana-
logue front-end is shown in Fig. 1.

Figure 1: Fully Differential Frequency Converter.

The input current is directed by the analogue switches
to the positive or negative branch of the differential inte-
grator. The current arriving is charging the capacitor of
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Figure 2: Fully Differential Frequency Converter data acquisition cases.

the connected branch and in the same time it is discharg-
ing the capacitor of the opposite branch. Both branches are
connected to the analogue comparators which create a neg-
ative pulse as soon as the voltage reach the threshold Vthr.
The Vthr is provided by the digital potentiometer, which is
also controlled by the FPGA device. Its role is to limit the
voltage range on the differential input of the ADC. Thus,
the Vthr is always below the reference voltage Vref of the
ADC. The pulses of both the comparators are combined by
a NAND gate, which toggles a flip-flop. Change of the flip-
flop value forces the connection of the input current to be
directed in the opposite branch. More information on the
analogue front-ends of both the DADC and FDFC can be
found in [3].

FDFC PROCESSING ALGORITHM
The FDFC circuit’s output is processed by the FPGA de-

vice. The outputs of both analogue comparators are com-
plemented by the ADC samples to reach higher measure-
ment precision. The ADC is triggered by the FPGA every
2 µs. Those triggers mark also the integration period, in
which the measurement result is produced. The algorithm
has to take into account 4 cases of the input data, each hav-
ing 2 sub-cases in order to calculate the result.

FDFC Sampling Cases
All possible sampling scenarios of the FDFC signal

within the integration period are presented graphically in
Fig. 2. It will be shown further that a group of these cases
can be handled by a generic equation after applying some
optimisations. The Y axis in Fig. 2 is scaled in bits of the
ADC. The ADC used in the BLEDP module converts the
differential voltage to a 16 bits value in two’s complements
format. The maximum ADC range includes values from
-32768 to 32767, but the input voltage is always limited by
the digital potentiometer.

The algorithm that will be described would work cor-
rectly for any ADC range, including non symmetric with
just positive values. In each integration period a digital
value is produced that combines two ADC samples at its
boundaries with the number of times the integrator output
signal reached the minimum and maximum extremes. The
calculations that could be applied to produce the result are

Table 1: Processing of the FDFC Cases

Case Calculations

1.1 An+1 −An

1.2 An −An+1

2.1 (max−An) + (max−An+1)

2.2 (An −min) + (An+1 −min)

3.1 (max−An)+(max−An+1)+
(M − 1) · (max−min)

3.2 (An−min)+(An+1−min)+
(M − 1) · (max−min)

4.1 (An−min)+(max−An+1)+
(M − 1) · (max−min)

4.2 (max−An)+(An+1−min)+
(M − 1) · (max−min)

presented in Table 1. The case numbers correspond to these
shown in Fig. 2:

• Case 1: there were no extremes reached by the out-
put signal during the integration period. The result is
therefore just a difference of two ADC samples. The
sub-case distinguishes if the samples were acquired
on the rising, i.e. sub-case 1.1, or on the falling, i.e.
sub-case 1.2, slope of the signal.

• Case 2: there was just one extreme reached during the
integration period. The sub-case takes into account if
it was a maximum, i.e. sub-case 2.1, or a minimum,
i.e. sub-case 2.2, extreme. The result is the sum of
the two parts. The difference between the first sample
An and the extreme, and the difference between the
extreme and the second sample An+1.

• Case 3: there was an odd overall number of minimum
and maximum extremes reached during the integra-
tion period. In this case, the first sample An and the
second sample An+1 were acquired on the opposite
slopes, rising and falling, i.e. sub-case 3.1, or falling
and rising, i.e. sub-case 3.2, respectively. The result
is the sum of the two differences between the samples
and extremes at the boundaries of the integration pe-
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riod and the third component (M−1) · (max−min).
Where M is the total number of extremes. That com-
ponent adds to the result a number of slopes expressed
by the ADC ranges.

• Case 4: there was an even overall number of mini-
mum and maximum extremes reached during the in-
tegration period. In this case, the first sample An and
the second sample An+1 were acquired on the same
slopes either falling, i.e. sub-case 4.1, or rising, i.e.
sub-case 4.2. The third component is similar to the
one shown in case 3.

Optimisation of the Cases
The first optimisation can be simply done by noticing

that case 2 is similar to case 3, but miss the third compo-
nent. The equations in the Table 1 for case 3 are valid also
for case 2 due to the fact that the total number of extremes
is 1 and therefore the third part of the equation is multi-
plied by 0, i.e. M-1. For this reason, the two cases can be
merged.

The second optimisation method implies the use of the
absolute value (ABS) in the calculations. With the use
of the ABS operation the importance of the order in the
subtraction’s operands, which is expected to always have a
positive result, is effectively removed. This simplifies case
1 to the following Eq. 1.

|An −An+1| (1)

The third optimisation makes use of the fact that in cases
3 and 4 the only important information is on which slope
the samples were acquired. This means that cases 2, 3 and 4
can be reduced to just one case. That case will be named 2
in the following sections and it is valid for the total number
of extremes M > 0. The ABS operation is applied to that
case as well. The first difference, i.e. An-extreme, is now
calculated according to the Eq. 2. The first part of the alter-
native in the Eq. 2 should be applied if the first sample An

was acquired on the rising slope and the second alternative
otherwise.

|An −max| ∨ |An −min| (2)

Similarly the second difference, i.e. extreme-An+1, is
expressed as the Eq. 3. The first part of the alternative in
the Eq. 3 should be applied if the second sample An+1 was
acquired on the rising slope and the second alternative oth-
erwise.

|min−An+1| ∨ |max−An+1| (3)

Third and last component of the optimised case 2 is the
number of the ADC ranges reached and can be expressed
by the Eq. 4 (where M=1,2,3,...).

(M − 1) · |max−min| (4)

PSPICE AND MATLAB SIMULATION

The optimised algorithm described was written and sim-
ulated in the MATLAB environment. The input data was
taken from the PSpice simulation of the analogue circuit.
Some example of the results of the simulation are shown in
Fig. 3.

In the PSpice simulation the FDFC circuit was modelled
and 1 nA input current was injected. The PSpice data,
shown in the plot at the top of the figure, was interpolated
for better accuracy in the simulation and the voltage was
converted to ADC values. By using this method it allows
to simulate as close as possible the ADC output in the real
BLEDP module. The input data was processed by the al-
gorithm and the result of processing was scaled to the cur-
rent units. That scaling takes into account the analogue
parameters of the FDFC circuit like the threshold voltage,
the gain and the capacitance of the integrator’s capacitor.
The processed data was averaged due to the low input cur-
rent. The 2µs integration period is not sufficient to measure
1 pA. The averaging simulates extension of the integration
time. The result of the simulation is visible at the bottom
of the figure.

Figure 3: Examples of the PSpice and MATLAB simula-
tion outputs.

REALISATION IN THE FPGA

This section will discuss the implementation of the sim-
plified algorithm for being embedded in the FPGA device.
The FDFC processing is split into two functional groups.
The first one has the task to register all the necessary infor-
mation and the second to perform the calculations.
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Input Data Storage
The FDFC input data storage is based on the pipeline

principle. Its simplified block diagram is shown in Fig. 4.
Registers on that diagram are shown in blue. The main con-
trol element is a free running timer which produces a trig-
ger pulse, every 2 µs, that mark the integration period end.
The ADC sample (CNV) is acquired also by that pulse. For
simplicity reasons, it is assumed here that the ADC data is
available immediately, and it is stored in the “Sample 2”
register. At the same time, the old value of that register is
written to the “Sample 1” register. This requires at least 2
ADC samples after the algorithm start-up, to obtain a valid
result (pipeline). The second sample, written to the “Sam-
ple 2” register, corresponds to the generalised name An+1

and the first sample, written to the “Sample 1” register, to
An. The same names were used also in the previously de-
fined equations.

Figure 4: Block diagram of the FDFC input data storage.

The number of times the FDFC signal has reached the
extremes of range during an integration period are ac-
counted on the basis of the CNT+ and CNT- inputs coming
from the analogue comparators. These inputs require syn-
chronisation to the FPGA clock domain and use of an edge
detection logic. Pulses from both comparators are counted
by a counter (FDFC CNT). At every integration period end,
the counter value is reset just after storing the result in the
“Counts” register. The result is called M.

The CNT pulses are additionally used by the storage
logic to distinguish the actual slope of the FDFC signal.
The “Slope” bit is set when the rising slope starts and it is
cleared when the falling slope starts. The “Slope” output
is also shifted into the pipeline registers at each integration
period pulse. In this way, the actual An+1 and the previ-
ous An acquired samples are complemented by their slope
information, i.e. Sn+1 and Sn respectively.

In the next step the stored data is passed to the calcula-
tion logic.

Result Calculation
In the FPGA logic responsible for the result calcula-

tion, the FDFC data given is processed in either of the two
paths of the calculation logic shown in the block diagram
of Fig. 5.

As it was shown, the simplification of the algorithm al-
lowed the reduction of the number of cases to just two.
Case 1, i.e. when M = 0, is realised using signed addition
of the previous An and the actual An+1 acquired samples
with the ABS operation. These operations correspond to
the Eq. 1. Case 2, i.e. when M > 0, is realised by making
a sum of the following three components:

• Difference between the previous sample An and the
extreme (see Eq. 2). The |An −max| is selected by
the multiplexer when the slope was rising, i.e. Sn = 1.
The |An −min| is selected by the multiplexer when
the slope was falling, i.e. Sn = 0.

• Difference between the actual sample (An+1) and the
extreme (see Eq. 3). The |min−An+1| is selected by
the multiplexer when the slope was rising, i.e. Sn+1 =
1. The |max−An+1| is selected by the multiplexer
when the slope was falling, i.e. Sn+1 = 0.

• Number of full slopes in the integration period, be-
tween the previous An and actual An+1 acquired sam-
ples (see Eq. 4). One slope is expressed as the ac-
tual ADC range, i.e. |max−min|. To count all
the slopes that number is multiplied by the number of
counts decreased by 1 (M − 1). The ADC range, i.e.
|max−min|, differs depending on the actual setting
of the digital potentiometer, which changes the Vthr.
Therefore, the use of a binary multiplier is required.

Finally, the last multiplexer from the right side is used to
provide the output of the used path depending on the num-
ber of counts accumulated during the integration period.

Figure 5: Block diagram of the FDFC result calculation
logic.
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Figure 6: Example of the ModelSim simulation output.

VHDL SIMULATION
The algorithm to be embedded in the FPGA was imple-

mented with the VHDL language. For the resulting code,
a test-bench was also written in VHDL and the ModelSim
simulation tool was used to perform the functional verifi-
cation of the algorithm implementation correctness.

The test-bench creates the FDFC output signal repre-
sented in ADC output values. In the figure it is called
analog ADC. The period of the analogue signal is slowly
changing proportionally to the provided ramp signal. The
ramp signal chosen simulates a continuous increase of the
input current. In addition to the ADC signal, the test-bench
also generates the pulses of the FDFC analogue compara-
tors every time the analogue signal changes its polarity.

The response of the implemented algorithm is registered
and plotted using ModelSim. Example results of the simu-
lation are presented in Fig. 6. The response is non linear as
expected. The reason is that the result corresponds to the
real number of FDFC counts accumulated over the integra-
tion period and it must be inverted to show the frequency.
The input current is proportional to the frequency of the
Fully Differential Frequency Converter.

CONCLUSIONS
The algorithm presented in this paper was implemented

with the aim to be embedded in the FPGA device of the
digitiser module. With its help the FPGA, which has the
ability to control and read the outputs of the analogue cir-
cuits digitising the input channel, can provide in real-time
the current value integrated over a reference period.

The new BLM system will be progressively deployed in
the CERN Injectors Complex. A prototype version of the
complete acquisition crate has been installed in the Pro-
ton Synchrotron accelerator at CERN. First tests with beam
and several types of detectors are on-going.
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SIGNAL EQUALIZER FOR SPS ECLOUD/TMCI INSTABILITY
FEEDBACK CONTROL SYSTEM∗

K. Pollock† , J. Dusatko, J.D. Fox, C. Rivetta, D. Van Winkle, SLAC, Menlo Park, USA
R. Secondo, CERN, Geneva, Switzerland

Abstract
The 4 GS/sec Ecloud/TMCI instability control system in

development for the CERN SPS requires 1.5 GHz of pro-
cessing bandwidth for the beam pickups and signal digi-
tizer. An exponentially tapered stripline pickup has suffi-
cient bandwidth, but has a phase response that distorts the
beam signal in the time domain. We report on results from
the design and implementation of an equalizer for the front
end signal processing with correction for the pickup and
cable responses. Using a model of the transfer functions
for the pickups and the cabling, we determine a desired
frequency response for the equalizer. Design for the cir-
cuitry and component value fitting is discussed as well as
board construction and reduction of parasitic impedances.
Finally, we show results from the measurement of an as-
sembled equalizer, and compare them with simulations.

DEFINITION OF THE PROBLEM
Electron clouds and transverse mode coupling induce

intra-bunch instabilities for high intensity beams in circu-
lar accelerators [1]. A feedback instability control system
is in development to sample the vertical displacement of
the bunch at 4 GS/sec such that the transverse head-tail
modes can be detected and the necessary correction signal
applied [2].

Figure 1: Instability control system diagram.

In order to measure the higher order transverse modes
we need a pick-up with a bandwidth of up to 1.5 GHz. Ex-
ponentially tapered stripline couplers have sufficient band-
width and flat frequency response at high frequencies, how-
ever, the phase response of the pick-ups distorts the beam
signal [3]. Also, the long cables between the beam tun-
nel and signal processing introduce further distortion of the
beam signal. The combination of these responses results in
the deviation from the Gaussian as seen in Figure 2, and
equalization is needed to recover original signal. An ac-
curate time domain picture of the bunch is critical because
∗Work supported by the US-DOE under Contract DE-AC02-

76SF00515 and US-DOE LARP program
† kmpollock@stanford.edu

this information will be used to apply a specific correction
signal centered on the bunch.

Figure 2: The beam shape is expected to be close to Gaus-
sian, however the pick-up and cabling cause distortion in
the time domain. Shown above is the modeled pick-up sig-
nal (red) and a measured signal (green).

The responses of the pick-up and cabling have been
modeled and measured for the system at the SPS [4]. The
transfer function of the pickup is modeled as

Hp(s) =
s

s+ ca
2L
∗ (1− e−(a+−2Ls

c ))

where L is the pick-up length and equals 0.375 m, a
is the coefficient that describes the exponential taper and
equals 2.48, and c is the speed of light. This is plotted in
Figure 3.

The cable transfer function is represented by

Hc(s) = e
1
2 (−a0(1+j)0.707

√
s
π−a1

s
2π )

The coefficients a0 and a1 are the measured cable
coefficients. For the current cables a0 = 1.05×10−4 and a1
= 3.5×10−10. The transfer function magnitude and phase
are plotted in Figure 4.

The equalization can be done with either software or
hardware. A digital signal processing approach is attrac-
tive because any desired transfer function can be used and
it can be changed easily, however, for our system this ap-
proach becomes too computationally intensive. For a soft-
ware implementation the processing cost increases by n2

whereas with a hardware equalizer circuit it is possible to
do n channel parallel processing. Also, the cabling and
pick-ups are unlikely to change often. For these reasons,
an analog equalizer circuit has been designed.
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Figure 3: Model of exponentially tapered stripline pickup
shows a frequency response similar to a differentiator.

Figure 4: Model of cable between beam pipe and control
room shows a frequency response similar to a low pass fil-
ter.

DETERMINATION OF IDEAL
EQUALIZER

The ideal equalizer would have a frequency domain
behavior equal to the inverse of the transfer function of the
pick-up and cable. The current system, which monitors the
beam position without feedback, uses this inverse transfer
function in an offline software equalization. In designing
an analog implementation, we first fit a polynomial to
the ideal equalizer transfer function which suggests a
circuit topology. System functions of linear, lumped, finite
networks are real rational functions and can be represented
as the ratio of two real polynomials, where the zm are the
zeros and the pn are the poles of G(s) [5].

G(s) = H ∗ (s−z1)(s−z2)···(s−zm)
(s−p1)(s−p2)···(s−pn)

A polynomial fit with one pole and two zeros fits well
up to 500 MHz, and suggests an easy implementation with
a simple passive low pass filter. If it is determined that
greater than 500 MHz is necessary, a more complicated cir-
cuit can be designed.

INITIAL CIRCUIT TOPOLOGY AND
OPTIMIZATION

A low pass filter can be implemented with a variety of
passive components. A distributed element solution is of-
ten used for high frequency filters, however it is impractical
for our bandwidth due to the large areas needed for each
element. Instead, we use a lumped element implementa-
tion with surface mount components to try to minimize un-
wanted parasitic elements. Various low pass filters were
modeled and fit using a simple optimization algorithm.

Figure 5: Simple low pass topology capacitor implementa-
tion, with frequency response results shown in Figure 6.

Figure 6: Frequency domain fit results for simple low pass
topology as shown in Figure 5.

Our initial circuits had problems with parasitic compo-
nents causing resonances within the desired bandwidth.
Each circuit element can be modeled as a resistor, capaci-
tor and inductor, the values of which can be measured and
included in the model (see Figure 7).

Figure 8 shows the results from including these para-
sitics elements in the modeling step. The original cir-
cuit without parasitics included fits the ideal polynomial fit
well, however, when actually building the circuit there was
resonance at 100 MHz. Then, by adding the parasitics into
the model before optimizing the component values the fit
is again good and resonances are not found in the desired
bandwidth.

Additionally, added to the optimization code was the
option to put multiple resistors or capacitors in parallel,
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Figure 7: Models used for resistors (top) and capacitors
(bottom) with parasitic impedances included.

Figure 8: Component optimization with and without para-
sitics included in the model.

thereby reducing the overall parasitic impedances. Finally,
we used a matching T network at the output in order to
work into a higher load resistance, which helps in getting
realistic component values. Using the optimization code
and mocking up a variety of solutions led to a topology
that achieved a good fit of the polynomial.

CONSTRUCTED CIRCUIT RESULTS

The circuit design was chosen to balance the require-
ments of a good fit and low loss of signal. Amplifiers with
low noise figure were chosen to recover the magnitude lost
in the equalizer. The frequency domain results can be seen
in Figure 11.

To test the equalizer a measured pick-up signal was dis-
cretized, played out through the system 4GS/sec DAC, run
through the equalizer and measured with an oscilloscope as
shown in the top and bottom panels of Figure 12. To detect
the higher order modes the system must have a bandwidth
of 1.5 GHz, but for a first implementation, a bandwidth of
500 MHz will be able to measure the beam offset and the
lower order modes.

Figure 9: Circuit Design with component values chosen
by optimization algorithm and three resistors in parallel to
reduce the effect of parasitic inductance.

Figure 10: Constructed circuit with one amplifier on either
end of the circuit. Input is on the left, output on the right,
and DC biasing for the amplifiers at the bottom. Circuit
components are 0805 surface mount.

CONCLUSIONS

A hardware equalizer has been designed, constructed
and tested for use on the front end of a feedback instability
control system, replacing the current software implementa-
tion and allowing the system to operate in feedback mode.
In designing an analog equalizer we found that the parasitic
elements associated with lumped element circuits made cir-
cuit design difficult, and proceeded by including the para-
sitic elements in the modeling. The resulting equalizer cir-

Figure 11: Frequency Domain Measured Circuit Results.
The modeled and measured magnitudes have amplification
included.
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Figure 12: Pick-up signal discretized and played out
through a 4GS/sec DAC (red), and then through equalizer
(green).

cuit has a low pass topology and has a transfer function that
fits well to 500 MHz.

Next we will need to determine whether a higher band-
width equalizer is needed to resolve higher order modes
within the bunch. The same methods developed for this
initial equalizer can be used to design higher bandwidth
equalizers, or equalizers with a different frequency re-
sponse for new front end pick-ups or cabling. Finally, the
same procedure could be used to create a pre-equalizer for
the back end of the system. The kicker has a low pass fre-
quency response with a cut off at 200 MHz, so a high pass
equalizer could be designed to correct the time domain sig-
nal seen by the bunch.

This initial version of the equalizer will be tested at
CERN on the SPS in the fall of 2012.
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FAST ORBIT FEEDBACK CALCULATION IMPLEMENTATION FOR TPS 

P. Leban, A.Bardorfer, Instrumentation Technologies, Solkan, Slovenia 
K.T.Hsu, C.H.Kuo, NSRRC, Hsinchu, Taiwan

Abstract 
Fast orbit feedback (FOFB) application is planned for 

the Taiwan Photon Source (TPS) at storage ring 
commissioning. Part of the application is transferred to 
the beam position electronics which implements global 
orbit position data concentration, its processing and 
actuating the magnet power supply controllers via optical 
links. The beam position electronics (Libera Brilliance+) 
includes gigabit data exchange (GDX) modules with 
Virtex6 field programmable gate array. The feedback 
calculation algorithm is based on the SVD – the PI 
controller will be applied in the modal space for 
individual eigenmodes. The calculation will be distributed 
to all GDX modules to reduce overall latency. Each GDX 
module will calculate either 4 vertical or 4 horizontal 
magnet corrections. 

This article presents details about the FOFB topology 
and implementation in the GDX module. 

SYSTEM OVERVIEW 
The TPS storage ring will use a 24-cell DBA lattice and 

will have 24 straight sections for insertion devices, six of 
them 12 m-long and 18 of them 7 m-long. It will be a 
combined-function magnets lattice structure with 10 nm 
rad emittance and will be located in the inner tunnel of the 
TPS storage ring [1]. 

The Libera Brilliance+ instrument is a beam position 
processor instrument used in the TPS. It provides wide 
and narrow bandwidth data paths with excellent 
measurement and stability capabilities [2]. The fast orbit 
feedback capability (FOFB) is provided by an extension 
module – the Gigabit Data Exchange (GDX) module. The 
GDX module is tightly connected with its neighbour 
BPM and TIM modules and receives fast position data 
streams over Low-voltage Differential Signalling (LVDS) 
links to ensure low latency [3].  

 

Figure 1: The Gigabit Data eXchange module. 

The module contains Virtex6 field programmable gate 
array (FPGA) with TPS custom-made FOFB application. 
There is also 1 GB of DDR3 available as a circular buffer 
for the fast data. 

CONTROL TOPOLOGY 
The Libera Brilliance+ instruments are daisy-chained 

with fibre optic or copper cables to form a single group of 
168 BPMs installed in 48 chassis (see Figure 2). Each 
instrument runs the EPICS IOC and communicates over 
GbE network interface to the Control System. The FOFB 
application runs in the FPGA in the GDX modules. FOFB 
related parameters are controlled by Libera BASE, 
running in the Libera Brilliance+. 

 

 

Figure 2: Global control topology. 

There are 8 fast corrector magnets located in each of 
the cells: 4 for the horizontal and 4 for the vertical 
direction. Fast corrector magnets are controlled by a 
Corrector Power Supply Controller (CPSC) device which 
features 2 optical inputs (SFPs) and 8 analogue outputs 
(20 bit) [4]. Each cell contains 2 Libera Brilliance+ 
instruments with 3 or 4 BPM modules and 1 GDX 
module. One Libera Brilliance+ calculates and outputs the 
data for one set of the fast corrector magnets only (either 
horizontal or vertical). See Figure 2 for more details. 
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FOFB calculation
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Fast
corrector
magnets
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system
Control
system

Timing
system
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system

Libera Grouping loop
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Figure 2: Local control topology. 

The global orbit data is present in each GDX module 
and can be output via UDP/IP as a data stream. 

IMPLEMENTATION 
The source of the fast orbit feedback look is the beam 

position data stream with 10 ksamples/second data rate. 
The data stream is lead from the BPM modules over 
LVDS connections to the GDX module. The data content 
after the data concentration includes horizontal and 
vertical positions (X, Y), SUM and status. The Libera 
Grouping communicates with its neighbours over two 
Small form-factor pluggable transceivers (SFPs) at 6.5 
Gbps bitrate. It concentrates the source data from all 
daisy-chained instruments and forms global orbit data. 
The design includes a measurement of the time needed to 
concentrate all BPM data. This time can be interpreted as 
the Libera Grouping latency. The global orbit data packet 
is then immediately output to a dedicated GbE link which 
is configured for UDP/IP at 1 Gbps. Due to standard 
protocols used, the orbit data stream can be received with 
a standard Windows or Linux based PC with compatible 
network interface (GbE, support for jumbo frame). 

Further down the matrix multiplication scheme (Figure 
4), the orbit data is compared to the golden orbit 
(reference orbit) and its diff enters the matrix 
multiplication block. The transform matrix from orbit 
reading to magnet correction is: 

 
 =	 . . .  (1) 
 

The position delta (dP) is first multiplied with almost 
diagonal matrix of singular values (S-1.UT) which 
transforms the data from BPM to eigenmode space. The 
PI controllers are applied to the multiplication result. In 
the end, multiplication with the V matrix transforms the 
data from the eigenmode space to the corrector magnet 
space and selects which magnet correction is sent to the 
output. 

The multiplication scheme is flexible in terms of the 
number of BPMs, magnets and eigenmodes. It can output 
corrections for all magnets or just for local ones. The 
selection is done with a dedicated filter which in the end 
equips data packets with corresponding magnet IDs. The 
magnet correction output is sent through the SFP1, which 
is configured for AURORA at 2.5 Gbps. 

Figure 4: Implementation scheme. 

Such approach requires several multiplications of big 
matrices (up to 128 x 256) but it is designed to do all 
multiplications in parallel. This was done to reduce the 
calculation to minimum possible extent. It is estimated 
that the calculation latency is 2 µs at maximum number of 
elements and approximately 1.5 µs for the TPS storage 
ring configuration (96 x 168). 

The multipliers used are 18 x 25 bits. The design 
contains several checkpoints that detect saturation after 
critical multiplication steps. Whenever necessary, bit 
width is narrowed to fit multipliers. 

Control over matrices is fully supported by the EPICS 
IOC as well as all the parameter settings. 

PRELIMINARY RESULTS AND 
OUTLOOK 

The main driver of the implementation in the FPGA 
was the overall latency, which consists of a Libera 
Grouping latency and FOFB calculation latency as the 
two main contributors. The Libera Grouping latency was 
pushed to the limits with the use of 6.5 Gbps bitrate in the 
SFPs and optimization of the Libera Grouping block. 
Preliminary tests show the Libera Grouping latency of 
about 50 ns per BPM (not including transmission time 
over cables around the storage ring). The matrix 
multiplication block was optimized for the XC6VLX240T 
chip. Its 768 DSP48E1 slices allow multiplications in 
parallel thus reducing the calculation latency to minimum 
(below 2 µs). 

Additional reduction of the overall latency was 
achieved by calculating a single direction per GDX 
(horizontal or vertical). This reduction is almost 
negligible compared to the overall latency, however. 

First installation at NSRRC will be done in October 
2012 and will include software and FPGA upgrade of the 
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Libera Brilliance+ instruments. Beam tests are foreseen in 
the existing TLS booster ring. Besides the general 
configuration and test of the Libera Grouping 
functionality, the compatibility test with the CPSC will be 
performed. Fine tuning will be done on-site with 
adjustment of bit cutting, to allow for optimal use of 
multipliers’ dynamic range, transform-matrix-elements 
normalization and fitting the calculated values to 
corrector magnets. 

CONCLUSION 
The FOFB implementation has been customized 

specifically for the TPS. The decision for the high 
performance Virtex6 chip was correct because it offers 
flexibility in the design and high performance operation. 

Preliminary tests showed excellent results for the overall 
latency and the system will be tested on a larger scale 
during Autumn/Winter 2012. 

Installation and system integration of the TPS 
accelerator systems is scheduled in 2013. Commissioning 
will be performed in 2014. FOFB is planned to test at 
early commissioning phase. Operational FOFB is 
expected from day one of user service.  

REFERENCES 
[1] TPS Design Handbook, version 16, June 2009. 
[2] Libera Brilliance+ documentation, http://www.i-
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INVERSE RESPONSE MATRIX COMPUTATION FOR THE STORAGE 
RING SLOW ORBIT FEEDBACK CONTROL: SYNTHESIZED 

TOPOLOGICAL INVERSE COMPUTATION 

J. M. Lee#, J. Y. Huang*, C. Kim, Accelerator Division, Pohang Accelerator Laboratory, 
POSTECH, 790-784, Korea 

Abstract 
For the storage ring orbit feedback control, the inversed 

SVD (Singular Value Decomposition) method is normally 
working under stabilized orbit situation, but less effective 
at relatively large orbit fluctuation. To overcome such 
numerical drawback, we investigated the alternative 
feedback control based on the solution tracking algorithm. 
Using our novel STIC (Synthesized Topological Inverse 
Computation), we simulated the formation of residual 
tune orbit under the closed orbit dynamics response 
matrix, measurable relationship between BPM-data 
readout and corrector-MPS setting. By placing empirical 
evidence of beam based alignment measurement, we 
achieved remarkable numerical fidelity on our STIC 
feedback algorithm, especially ascribing the topological 
importance of inverse response matrix computation. We 
demonstrated the STIC-inherent triggering behaviour and 
adaptive pattern-notched feedback stability.  
 

INTRODUCTION 
 
 Practically useful for SOFB (slow orbit feedback) 

with assistance of FOFB (fast orbit feedback), the 
inversed SVD manipulation [1] is not fully acceptable 
because a type of consecutive instability noise irreversibly 
accumulates in the beam trajectory deviation. On the 
other hand, a novel numerical algorithm – emerging from 
a topological math approach – can lead to numerical self-
consistency and solution tracking, dramatically 
suppressing ill-posed instability problems associated with 
numerical truncation residuals. This approach, known as a 
singularity regularization method, makes it feasible to 
compute a feature-invariant inverse matrix and system-
matched de-noising filter. For deep investigation of the 
closed orbit feedback control, we applied our novel recipe 
of inverse computation, namely STIC(Synthesized 
Topological Inverse Computation) [2]. Fundamentally, 
this Orbit-STIC feedback is similar to the numerical 
computation of the inner origin function ascribing a type 
of complex systems. In our other study [2], we described 
the singularity inhibitor algorithm with essential 
topological nature engaged in the symplectic 
transformation (e.g. S-matrix, satisfying A3=SA1 with 
S2=-I). Because this inverse math algorithm deals with the 
phase-component feature, commonly required is the 
complete phase-space relationship, e.g. the horizontal and 
vertical coupling term in the closed orbit response matrix. 

Even though LOCO (linear optics closed orbit) 
configurations are so complicated, entire physics of beam 
dynamics feature can be extracted from the measured 
response matrix. In this study, we introduced the PLS-II 
response matrix, even not so much matured since 
upgrading commission year 2012. [3] Proper matrix 
refinement can be made both numerically and empirically, 
according to our self-consistent manner of filtering out 
the uncertainty of measurement errors escaping from 
beam dynamics constraints. We are deeply investigating 
our advanced feedback algorithm, Orbit-STIC, practically 
in collaboration with world-wide accelerator community.  

 

NUMERICAL PROCEDURES 
 
As depicted in Fig. 1, the closed orbit feedback 

algorithm can be expressed with the following equations:  
 ∆ = ∆ − ∆ = 	(∆ −	∆ )         (1) 

 ∆ = ∆ +	(∆ 	–	 	∆ )                    (2) 
 ∆ = 	∆ = 	 	∆                          (3) 

 ∆ = 	∆ 	+ ( − )	 	∆            (4) 

 ∆ = ( )		∆ 	+ ( )	∆ 		                      (5) 

 ( ) 	 = [ ] − 	 	           (6) 
 ( ) 	 = − 	 	                         (7) 

 ∆ = 	 	 ( ) 		∆ + ( ) 	∆ 																																				 
      = ( + ) − 	 	 	∆         (8) 

 
Eqs (1)-(4), include the basic recursive formula for the 

feedback control. Eqs (5)-(7), are the modified formalism 
based on Eq(4). This is efficient and convenient way of 
stabilizing the iteration process. For the STIC feedback in 
Fig. 2, as → , it is proper to get the stabilized BPM-
solution (xo). In contrast, for the SVD method, as	 → , 
the feedback speed is retarded and eventually 
extinguished. (Refer to Table 1.) Typically, when the 
particular orbit solution is given as xp, the corrector-
MPS setting is simply computed according to Eq (8). Two  ___________________________________________  

# jaymin@postech.ac.kr   

* huang@postech.ac.kr 
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numerical approaches, STIC and SVD, are significantly 
different: (i) STIC algorithm works at the solution 
tracking mode with valid xo-seed value in Fig. 1. If the 
initial xo-setting is largely deviated from the real orbit 
situation, prompt feedback is jeopardized. (ii) SVD 
algorithm computes go directly from BPM-readout 
(current orbit). Even uncertainty of xp is not totally 
rejected under -parameter adjustable feedback speed. 
However, under the SVD feedback control, the orbit will 
be excursive without smart feedback such as STIC 
solution tracking. More specification will be described 
later with our numerical simulation results in Fig. 3, 
relevant to quantitative basis in Fig. 4 and Table 1. 

  

 
Figure 1: Algorithm diagram of STIC feedback process. 
The inverse process ( 	 ) is represented as the equivalent 
inverse algebra using two conjugate operators ( ( ) , ( ) 	) 
in Eqs (5)-(6). The solution tracking operator ( ( ) 	) keeps 
the solution orbit stabilized, while the filtering operator 
( ( ) 	) plays a nullifying role against the amplification of 
noise components along repeated feedback loop. 
 

RESULT AND DISCUSSION 
 

As shown in Fig. 2, numerical simulation results 
indicate that the residual tune orbit - corresponding to xo 
in Fig 1 - exists in real beam orbit, as well as numerical 
final solution converged via numerical iteration. This 
residual tune orbit can be taken as an average of statistical 
fluctuation as numerically simulated. Its amplitude was 
compared to the so-called reference orbit, empirically 
measured through BBA(Beam Based Alignment) method 
[4], as plotted in Fig. 2 (b). Numerical counterpart is 
apparently coincident to the empirical pattern, in case that 
the numerical inversion (R-1) is reasonably close to our 
STIC result. At least, it is a good indicator to recognize 
the plausible betatron oscillation - the lattice tune 
arrangement coupled with quadrupole magnet to BPM 
position involving beam based offset errors. Normally, 
the betatron oscillation is damping slowly after every top-
up injections, and is fluctuating within the bounded 
stability in beam dynamic aperture. 

 

Our numerical simulation results, illustrated in Fig. 3, 
are deserved to develop the hybrid algorithm connecting 
STIC and SVD. Within numerical simulation, it is 
possible to trigger the effect of STIC solution feedback. 
When triggered, this solution is surely valid. The resultant 
STIC xo-solution is stabilized better compared to the 
SVD-case. This is a case of triggering at the extremely 
stabilized orbit – statistically reachable instantaneously. 

 

 
Figure 2: (a) Simulated residual tune orbit, statistical 
average of random-number generated orbit fluctuation. 
Horizontal/vertical tune orbit indicates the operational 
status (x=15.28, y=9.18) of PLS-II. (b) Empirical 
evidence is observed from typical beam based offset 
measurement, the BPM arrangement data presumed as   ∆ ( ) = ( − 	)	∆ ( ). 

 

 
Figure 3: Comparison between STIC and SVD feedback 
simulation. In the case (a2), the STIC solution tracking is 
performed when the seed setting (x0 in Fig. 1) is taken 
from other feedback orbits, STIC-(a1) or SVD-(b1). 
Appropriate parameter can control the triggering 
threshold, associated with statistically distributed orbit 
stability (blue color). Up to complete orbit tracking 
situation, the extremely stabilized orbit can be established 
via such an adaptive triggering operation. 
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Whenever STIC process confirms the stabilized BPM-
readout orbit at good confidence, we can put appropriate 
setting values for corrector magnets with sufficient safety. 
In Fig. 3 (b), eventually xo-solution can be obtained at 
the minimal deviation - indicating submicron stability 
desirable. In this way, it is possible to reach the maximum 
stability with safety and quickness, and meanwhile orbital 
drift problem will be removed.  

 
In Fig. 4, showing the feature of inverse matrices, it is 

clearly manifested how STIC feedback works differently 
from SVD feedback process. In case of SVD, ( ) 	 is 
only effective, but ( ) 	actually vanishes as indicated, i.e. ‖ ‖ =  in Table 1. This belongs to a single pattern style 
of feedback kernel. In contrast, STIC is a homology case - 
combing doublet patterns ( ( ) 	 and ( ) 	) into one matrix. 
With such distinctiveness, this STIC process is more 
potential than SVD for theoretical computation and 
modelling. As we computed the residual tune orbit in Fig. 
2, we can achieve a great numerical confidence regardless 
of noise fluctuation. Indeed, the entire details of closed 
beam orbit can be evaluated from the measured response 
matrix, e.g. a theme of accelerator simulation works. Of 
course, as we promised, our STIC process will be 
prominent for a practical implementation of on-tracking 
solution, especially fast feedback process competing 
FOFB system. If so, our feedback system may have a 
great benefit to establish top-up operation mode safely 
and quickly – optimizing a fast betatron oscillation 
damping. Also, we believe, this smart and effective 
algorithm can be interfaced with RF tune frequency 
adjustment. Subsequent feedback under noise statistics 
can be traced with sensitively evaluating the disparity 
covariance (maximum entropy) across orbital instability 
situation, as pointed out in other study [2].     

 

Table 1: Characteristics of Inverse Matrix 

Inverse 
Operator   

 

Norm of operator algebra: ‖ ‖								 − 								‖ − ‖				 −  

 

 ( )
 ( )
 

 1.0       0.23        0.051       23.27  

 1.0       8e-7        0.004       4e-7 

1.23      0.30        0.002       0.25 

0.54      0.27        1.0         0.35 

 ( )
 		 ( . )

 

 		 ( )  
pinv(R) 
@matlab  

 1.0       2e-14       0.018       2e-14 

 1.0       2e-14       0.018       2e-14 

0.5       0.25        0.5         0.25 

0 ( meaningless, featureless)  

1.0       7e-13       2e-14       1e-12 

  

 
Figure 4: Color-map representation for the storage ring 
orbit response matrix, [RHH,RHV; RVH,RVV]. For ∆ = 	∆  system, [Q,R; R-1,P] consists of complete 
Hilbert four-space set with R (forward), R-1 (inverse), 
Q=RR-1 (x-space projection) and P=R-1R (g-space 
projection). With |intensity|0.65 adjusted image, red/blue 
color indicates positively/negatively valued. Refer to 
numerical feature characteristics in Table 1. 
 

Our simulated numerical distinctiveness is so 
remarkable and thinkable for practical utility of feedback 
system with modern computers of massive parallel 
architecture. Our STIC result – phase retrieval solution - 
is basically dependent on math approach, which is being 
revealed as a category of Bayesian statistics and 
maximum entropy theory. Like a hologram, STIC matrix 
itself possesses the phase-retrieval feature and its tracking 
(lock-in) stability. Inversed SVD matrix is improper 
physically, losing such crucial topology-invariant features. 
A new math approach is emerging nowadays to think 
about a new instrumentation and challenging.  
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DIGITAL LONGITUDINAL BUNCH-BY-BUNCH FEEDBACK SYSTEM 
FOR THE HLS II

W.B. Li, Z.R. Zhou, B. G. Sun , F. F. Wu, P. Lu, Y. L. Yang, W. Xu, J.Y. Zou, #

School of Nuclear Science and Technology & National Synchrotron Radiation Laboratory, 
University of Science and Technology of China, Hefei, 230029, China 

Abstract 
In order to suppress the longitudinal coupled bunch 

instabilities, a digital longitudinal bunch-by-bunch 
feedback system will be developed in the upgrade project 
of Hefei Light Source (HLS II). The longitudinal 
feedback system consists of a pickup BPM, a front-
end/back-end signal processor unit to detect the phase 
errors of all electron bunches, an iGp signal processor to 
calculate correction signals of those bunches, two RF 
power amplifiers, and a longitudinal kicker to supply 
proper correction energy kicks to individual bunches. A 
new waveguide overloaded cavity longitudinal feedback 
kicker has been designed with broadband and high shunt 
impedance. In this paper, we describe an overview of the 
new longitudinal feedback system. 

INTRODUCTION 
In the synchrotron light source, a storage ring of 

electron beam with many bunches is necessary to meet 
the demand for the high brightness. The electromagnetic 
field created by these bunches can interact with the 
surrounding metallic structures generating ‘wake fields’, 
which act back on the trailing bunches producing growth 
of the oscillations. If the growth is stronger than the 
damping, the longitudinal coupled bunch instabilities 
occur and the oscillation becomes unstable. In addition, 
the higher order modes (HOM’s) of RF cavities in the 
storage ring can also cause the longitudinal coupled 
bunch instabilities.  

During the operation of Hefei Light Source (HLS), the 
longitudinal coupled bunch instabilities were observed, 
but there were no effective measures to suppress these 
longitudinal instabilities. It was one of the main 
limitations of beam intensity. To overcome this obstacle, 
a brand new digital longitudinal bunch-by-bunch 
feedback system whose main design parameters are 
listed in Table 1 will be installed in the storage ring 
during the upgrade project of Hefei Light Source (HLS 
II), and the beam intensity will increase to more than 300 
mA. This paper describes an overview of the longitudinal 
feedback (LFB) system and mainly introduces the 
development of the longitudinal kicker. 

LONGITUDINAL FEEDBACK SYSTEM 
The digital longitudinal feedback system for the HLS 

II consists of a beam position monitor (BPM), a front-
end/back-end signal processor, an integrated Gigasample 
processor (iGp12-45F), two RF power amplifiers and a 

longitudinal feedback kicker [1]. The functional block 
diagram of the system is shown in Figure 1. 

Table 1: Main design parameters of the LFB system 
Parameters                          Value                   Unit 
beam energy                          800                    MeV    
RF frequency                         204                    MHz 
revolution frequency             4.53                    MHz 
harmonic number                   45    
number of FIR taps                 32 
central frequency of kicker    969                    MHz 
bandwidth of kicker               102                    MHz 
shunt impedance of kicker    2083                     Ω 
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and supply
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Power combiner

Control
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AMP BPF

Variable attenuator

Variable attenuator

A
M

P

Mixer

 
 

Figure 1: Functional block diagram of the longitudinal 
feedback system. 

The signals from the BPM pickups are combined and 
then transferred to a 2-cyle comb filter to produce a 
coherent tone burst at seventh harmonic of the RF 
frequency. The phase error detection is performed by the 
double balanced mixer where the signal from the comb 
generator is compared with one 1428 MHz (=7 fRF) 
signal coming from a harmonic generator. After being 
sent to a low pass filter (LPF) to reduce the noise, the 
detected phase error signals are fed to the digital signal 
processing subsystem (iGp12-45F processor) which 
consists of a high-speed  12-bit analog-to-digital 
converter (ADC), a field programmable gate array 
(FPGA), and a high-speed 12-bit DAC, all driven by the 
RF frequency clock. The detected phase error signals can 
be sampled and digitized by the ADC. The feedback 
correction output signals are calculated by programmable 
32-taps finite impulse response (FIR) filter algorithm at 
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the FPGA. The DAC converts those kicking output 
signals into analog signals which are upconverted to 
1020 MHz carrier for driving the RF power amplifiers 
and LFB kicker. Two broadband, 100 W RF power 
amplifiers AS0102-100 from MILMEGA supply the 
required power for the longitudinal kicker. The design of 
the LFB kicker cavity is described in the next section. 

LONGITUDINAL FEEDBACK KICKER 
As a key component, a single-ridged waveguide 

overloaded cavity with two input ports and two output 
ports for the LFB system kicker has been designed using 
HFSS code. The LFB kicker consists of a pillbox cavity, 
single-ridged overloaded waveguides, and racetrack 
shape beam pipes which can connect smoothly with the 
octagonal vacuum chamber of the storage ring, see in 
Figure 2. This type of longitudinal feedback kicker with 
high shunt impedance and broadband was developed at 
DAΦNE at first and then was adopted by many other 
accelerator laboratories, such as PLS, DUKE, TLS, etc. 

R3=105.4 
d=94 

g=8.9 

R1=114.3 

L=250 

R2=71.6 
r=6 

Units (mm) 

 
Figure 2: 3-D model and side cut-view of the LFB kicker

Central Frequency and Bandwidth 
Since the RF frequency is 204 MHz, the bandwidth of 

the longitudinal kicker must be wider than 102 MHz to 
cure all coupled bunch mode instabilities (CBMI).The 
central frequency fc of the kicker cavity should be chosen 
as (p±1/4)·fRF with an integer p [1, 2]. For the HLS II 
LFB kicker, we choose (p 1/4) ·fRF and p=5, so its 
central frequency is 969 MHz. 

The resonant frequency for the pillbox cavity of the 
longitudinal kicker, operated in the TM010 fundamental 
mode, is mainly determined by the cavity radius R1, 
which is given by: 

1

405.2
2 R
cfc ��
�

                           (1) 

According this formula, R1 should be 118.5 mm to 
achieve the resonant frequency of 969 MHz. 
Additionally, we also must consider the influences of the 
other internal structure parameters (such as waveguide 
gap g, back cavity height R2, cavity gap d, etc) to the 
physical design of the longitudinal kicker. The final 
geometry parameters are shown in Figure 2. The 
simulation of S parameters of the longitudinal kicker is 
shown in Figure 3, the central frequency is 968.8 MHz 
and the bandwidth is 106 MHz. 
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Figure 3:  The S-parameters of the longitudinal kicker.

Shunt Impedance 
The shunt impedance is a main parameter to describe 

the efficiency of the longitudinal kicker. For the input 
power P, assuming no power loss in the cable and 
waveguide, the shunt impedance is given by: 

P
V

R gap
s 2

2

�                               (2) 

where Vgap is the cavity gap voltage.  
For a fixed input power, a high gap voltage can be 

obtained with a high shunt impedance to provide enough 
energy kick to each bunch. The nose cones attaching the 
edges of the beam pipe, which can concentrate the E-
fields along the z axis, are adopted to increase the shunt 
impedance. 

The electromagnetic field doesn’t remain unchanged 
during the particles traverse the kicker. The transit time 
factor was introduced to consider the effect of this field’s 
time variation [3, 4]: 

                                      
�
�sin

�T                                (3) 

                                   
c
fdd �

�
�� ��
2

                         (4) 

.
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where ν is the particle velocity, f (=ω/2π) is the operating 
frequency of the power amplifier, and d is the gap size.  

Considering the transit time factor, Vgap can be 
obtained through calculating the E-field integration along 
the kicker axis by using HFSS field calculator: 

dzezEV
L

L

cfzzi
zgap

z	





�
2/

2/

]/2)([)( ��            (5) 

where L is the length of the kicker.  
Then the shunt impedance can be calculated by the 

formula (2), as shown in Figure 4. The maximum of the 
shunt impedance is 2083.2 Ω which appears at 964 MHz. 
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Figure 4:  The shunt impedance of the longitudinal 
kicker vs. frequency

Higher Order Modes 
The higher order modes (HOM’s) of the longitudinal 

kicker cavity which are under the cutoff frequency of the 
vacuum chamber of the storage ring can also excite 
coupled bunch instabilities. The strong waveguide 
coupling of this kind of longitudinal kicker leads to a 
remarkable damping of all the cavity HOM’s.  

Since the octagonal vacuum chamber of the HLS II 
storage ring is small, it has a higher cutoff frequency 
(about 4.36 GHz). After further analysis of the beam 
spectrum, the frequency range which we need to check 
becomes smaller. The signal of a bunch with Gaussian 
distribution in time domain is: 

)
2

exp(
2

)( 2

2

 ���
tAtf 
�                (6) 

where στ is the bunch length.  
The Fourier transform is another Gaussian distribution: 

)
2

exp(
2

)(
22��

�
� 
�

AF                (7) 

For HLS II, στ is 150 ps. So we have: 

GHzf 061.1
2

1
��

��
�                    (8) 

The normalized beam spectrum is show in Figure 5. 
According to the Figure 5, it is sufficient to consider the 
HOM’s of the longitudinal kicker cavity below the 3 
GHz which are listed in Table 2, where QL is the loaded  
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Figure 5: The normalized beam spectrum.

Q factor. The shunt impedances of these HOM’s are less 
than 4% of that of the fundamental mode, so they are not 
going to be a significant source of beam instability.  

Table 2: The modes of the longitudinal kicker 
mode   f/GHz  BW/MHz    QL          Rs /Ω     Rs/QL /Ω 

0      0.969       106.0      9.14        2039.0     223.10 
1      1.562        46.7       33.5         12.1         0.36       
2      1.705        33.8       50.4          9.3          0.18 
3      2.242        44.1       50.8         67.8         1.33 
4      2.418        33.5       72.2         41.2         0.57 

 

SUNMARY AND FUTURE PLAN 
The iGp12-45F bunch-by-bunch feedback signal 

processor and front-end/back-end processor have been 
put in place and the longitudinal kicker will be 
manufactured recently. The whole digital longitudinal 
bunch-by-bunch feedback system will be installed in the 
storage ring of the HLS II. We expect that the LFB 
system can effectively damp all the longitudinal coupled 
bunch instabilities generated during the operation. 
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FPGA BASED FAST ORBIT FEEDBACK SYSTEM FOR 
THE AUSTRALIAN SYNCHROTRON 

Y-R. E. Tan, T. Cornall, S. A. Griffiths, S. Murphy, E. Vettoor, 
Australian Synchrotron, Clayton, Australia

Abstract 
An initial design for a Fast Global Orbit Feedback 

System based on FPGAs has been proposed for the 
Australian Synchrotron Light Source (ASLS). The design 
uses a central processor (Xilinx Virtex 6) for all the 
computations and fast optical connections to distribute the 
computed data to corrector magnet power supplies. The 
network topology consists of two fibre optic rings. The 
first ring is used by the Libera Electron's to aggregate the 
beam position data at 10 kHz using Instrumentation 
Technologies' Grouping algorithm. The second ring is 
used to transmit the computed data. The cycle frequency 
of the feedback is 10 kHz with a targeted total latency of 
under 400 us. We shall give an overview of the design 
goals and discuss the merits of the current 
implementation. We shall also present the measured 
bandwidth of the stainless steel vacuum chamber and test 
results from initial prototyping work. 

INTRODUCTION 
The ASLS is a 3 GeV light source open to users since 

2007. Although not implemented at the start, the plan was 
to implement the fast global orbit feedback system at a 
later stage when the need arose. The beam stability 
requirement is that the RMS of the beam motion be < 
10% of one sigma of the transverse beamsize, . 

The RMS of the beam motion is different depending on 
the location around the ring and ranges between 0.6 m 
up to 3.5 m. To identify the frequencies that contribute 
to the overall motion, Figure 1 shows the integrated 
spectrum of the beam motion collected during regular 
operations from the storage ring BPM electronics, 
Instrumentation Technologies’ Libera Electron (Libera), 
at a sampling rate of 10 kHz. The largest contributor to 
the beam motion is at the mains frequency at 50 Hz and 
its harmonics with mechanical vibrations contributing to 
the noise below 100 Hz. The recent improvements to the 
beamlines have meant that some are now seeing the 
effects of the 50 Hz beam motion. 

To improve the beam stability a fast global orbit 
feedback system was proposed. Fortunately there are 
many existing solutions to learn from; CLS [1], Elettra 
[2], SLS [3], Soleil [4], SPEAR III [5], TLS [6] and 
NSLS II [7]. One requirement desired for the design was 
to have a single centralised processing station. The 
number of BPMs in the feedback (98 in total) was 
sufficiently small to make this possible. This has the 
potential to reduce hardware costs and simplify the design 
of the system where synchronisation of multiple 
processing stations is not needed.  

 
Figure 1: Integrated spectrum of the beam motion at ID5 
(IVU). The vertical beamsize is based on the model with 
the current emittance coupling value of 1%. 

The proposed layout of feedback system is shown in 
Figure 2 where the outer fibre optic ring is used to 
aggregate the position data from all the BPMs and the 
inner ring is used to distribute the corrections to the 
corrector power supply units (PSUs). A 1000 Base-T GbE 
connection links the outer ring with the inner ring through 
the central processor. 

 
Figure 2: Proposed layout of the feedback system forming 
two fibre optic rings (2 Gbps). The FPGAs send 
corrections to the corrector PSUs via serial lines. The 
PSU, Liberas and FPGAs have network connections to 
the control system. 
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The design of the system is broken into three parts that 
shall be discussed in the following sections: position 
aggregation, feedback processing and the corrector 
magnets. 

POSITION AGGREGATION 
With the Liberas there were two options for the 

aggregation of position measurements at 98 BPMs at a 
rate of 10 kHz. The first is the communication controller 
(CC) developed at DLS [8] and Libera grouping [9]. The 
choice was made to use the Libera grouping because the 
combination of the Gigabit Ethernet and UDP/IP 
protocols opens the possibility of choosing many different 
platforms for feedback processing. I-Tech was 
commissioned to extend the grouping size from 64 to 128 
Liberas. Each Libera sends adds 128 bits to the data 
packet with a 336 bit header giving a total of 12880 bits 
in one UDP packet. By grouping all BPMs into a single 
data packet, much like the CC, the synchronisation and 
aggregation are handled transparently by the Liberas and 
simplifies the design of the central processor. The 
expected contribution to the total latency of the feedback 
system is approximately 67 s for 98 BPMs, including the 
packet encoding and transmission time. This system has 
been commissioned and has been operational for few 
months.  

Two Liberas are currently used to stream the position 
data on a dedicated virtual local area network (VLAN) to 
the prototype feedback processor and to a PC in the 
control room respectively. The PC in the control room 
runs the fast acquisition archiver [10] extended to accept 
the UDP packets. The archiver is used to access the fast 
acquisition data and is used as a beam stability monitor. 

FEEDBACK PROCESSING 
An FPGA solution was chosen to do the feedback 

processing because it was the most suitable as a robust 
real-time platform to perform the calculations. Other real-
time systems such as RTEMS and RTAI [11] were also 
considered. However the FPGA platform was favoured 
because of its processing potential and within the facility 
it was a platform that we wanted more experience in 
developing. 

The position data grouped by the Liberas are sent to a 
prototype feedback processor via Gigiabit Ethernet. The 
processor is an FPGA development board by Hitech 
Global (V6 PCIE) with a Xilinx Virtex-6. Here a state-
machine hardware design in the FPGA parses each packet 
to extract status and position information from each BPM. 
A processor-less design in Verilog HDL (hardware 
description language) approach was taken because it 
offers the advantage of being able to run the calculations 
(and other functions) in parallel hardware without the 
limitations imposed by the inherently sequential operation 
of a microprocessor. 

As each BPM’s unique identifier, i, and X and Y beam 
position information is extracted from the Ethernet 
packet, it is plugged into a running sum type calculation, 

for each unique corrector, n, using the following 
algorithm: 

 
for(n=0;n<N_CORRECTORS;n=n+1) begin 

corrector[n] <= corrector[n] +  
coeff_X[n][i] * libera_x_pos[i] + 
coeff_Y[n][i] * libera_y_pos[i];   

end 
 
where coeff_X and coeff_Y are the coefficients of the 
inverted BPM-Corrector response matrix.  It should be 
noted that the Libera data in the packet doesn’t arrive in a 
nicely ordered sequence according to its unique ID, i.  

The values for coeff_X and coeff_Y are selected out of 
block RAMs on the basis of the i.  These RAM blocks 
have to be arranged, one per corrector, so that they can be 
accessed simultaneously for all of the correctors. This is 
because the for-loop is flattened during logic synthesis 
and the calculations for all the correctors run in parallel. 
This means that when the last set of X and Y positions for 
the last Libera become available, the matrix calculation is 
complete, with very little delay. Care must be taken to 
then check that the Ethernet packet was valid and not to 
send the calculations on if it wasn’t. 

The communications system chosen to distribute the 
calculated corrector values to the FPGA devices 
controlling the corrector magnets is the bi-directional 
Xilinx Aurora 8B10B protocol (the 8B10B corresponds to 
the line coding used) which is a high-speed serial 
connection that can be simply implemented into a FPGA 
design from a supplied HDL module using the Xilinx 
synthesis tools. It is simple to integrate, involving nothing 
much more than writing the values to be sent into a fixed 
length register and setting a transmit bit at the transmit 
end, and at the receive end, waiting for a receive bit to go 
true then reading the data out of a register. The physical 
media chosen is fibre-optic with a line rate of 2.5Gbps. 
The Virtex-6 FPGA we are using has multiple GTXs (fast 
serial transceivers) available to use and the development 
board (also Hitech Global V6 PCIEs) connects two of 
these GTXs to SFP (small format pluggable) adapters that 
can take a fibre-optic hardware module to supply the 
physical interface to the fibre-optic cable pairs used. We 
need two SFPs on each of the corrector magnet 
controllers so we can implement a daisy-chain network. 
Each corrector controller takes the relevant corrector 
values from the data arriving by the first SFP port and 
passing the rest of the corrector values down the line on 
the second SFP port. An addressing scheme will be 
implemented to identify which values correspond to 
which corrector. 

CORRECTOR MAGNET AND PSU 
The corrector magnets in the SR are trim coils on the 

sextupole magnets. These are powered by Danfysik 7000 
90/120 Amp bipolar power supplies with a measured 
response of < 100 Hz. Any modification to the current 
PSU was deemed too much of a risk to operations. So the 
possibility of adding a trim power supply in parallel to the 
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main corrector PSU was also considered. This however 
would still involve modifications to the main supply to 
disable the feedback loops to let the trim supply “take 
over”. This was also considered unacceptable. Therefore 
the decision was made to separate the fast and slow PSUs 
and add secondary corrector coils on the sextupoles for 
the fast correctors. To ensure that this can be done a 
number of tests were carried out. 

Vacuum Chamber Bandwidth 
At the ASLS the vacuum chambers are made from 3 

mm thick stainless steel. The effective attenuation of the 
fields from the stainless steel chamber was calculated 
using the skin depth equation given by 

0rf
 (1) 

were  is the skin depth,  the resistivity, f the frequency, 
r the relative permeability and 0 the permeability of free 

space. At one skin depth the metal’s conductivity is 
reduced to 36.8% and at two skin depths its 13.5%. To 
calculate the transmission of the AC magnetic field 
penetrating the vacuum chamber the following equation is 
used, 

)/exp(LA  (2) 

where A is the fraction of the magnetic field transmitted 
and L the vacuum chamber thickness. For a 3 mm thick 
stainless steel plate. It is anticipated that the field will 
attenuate by 71% at ~2 kHz for an infinite plate model. 

To measure the response of the vacuum chamber a 
Danfisik PSUs was replaced with 100W bipolar Kepco 
power supply with a maximum current of 5 A. The Kepco 
was controlled by an external voltage from a frequency 
generator. The Kepco’s output was configured to supply a 
sinusoidal current with a peak of 230 mA with 
frequencies ranging from 1 Hz to 1600 Hz. The 
perturbation to the beam was measured by analysing 10 
kHz position data from a single BPM in the SR. The 
amplitude of the frequency peak at the drive frequency is 
plotted in Figure 3. The results show that the oscillation 
amplitude, and indirectly the magnetic field, decreases by 
71% at 350 Hz (horizontal) and 1100 Hz (vertical). The 
bandwidth is wide enough given the frequencies of the 
perturbations are < 500 Hz. 

Magnet Inductance 
During the measurement of the response of the vacuum 

chamber the peak voltage on the Kepco was also 
measured. With increasing frequency there was a linear 
increase in the peak voltage due to the inductance of the 
magnet. Using V = LI  and the measured data, the 
inductance was calculated to be 1.7±0.1 mH (horizontal) 
and 0.8±0.1 mH (vertical). This compares reasonably well 
with theoretical calculations of 1.96 mH (horizontal) and 

0.65 mH (vertical). The low inductance value reduces the 
voltage, and power, requirement of the power supply. 

 
Figure 3: Amplitude of the peak at the drive frequency 
when a corrector magnet is driven by a sinusoidal current 
with a peak current of 230 mA. The vertical magnetic 
fields that drive the horizontal motion attenuates faster 
than the horizontal magnetic field due to the rectangular 
geometry of the vacuum chamber. The multiple lines are 
from different data sets. The variation between data sets 
may be due to the instability of the Kepco driving an 
inductive load. 

Magnet Strength Requirement 
The largest perturbation is measured at 50 Hz and the 

required correction is 2.6 rad. For perturbations induced 
by insertion device (ID) motion there are feedforward 
tables for the local ID correctors. However during large 
movements there will be uncorrected perturbations. These 
are expected to be < 1 rad because the largest rate of 
change among all the local ID correctors is 6 rad/s. As 
for slow drifts, over a 2 hour period, the maximum 
change in the correctors (slow orbit feedback currently 
being used) is at most 4 rad (in both decay and top-up 
operation). Therefore the fast corrector will be designed 
to provide a maximum correction of 10 rad. For a 10 
turn secondary corrector coil around the sextupole this 
would require a current of 0.8 A. 

Fast Corrector Trim Coils on Sextupoles 
There was concern that the slow and fast PSU would 

couple given transformer like arrangement on the 
sextupole. A test with a custom built 1A low power 
amplifier indeed showed a significant coupling between 
the slow and fast PSUs. The solution is to ensure that the 
magnetic field created by the slow correctors are 
perpendicular to the fields created by the fast correctors. 
In this setup the coupling between the PSUs was not 
detected. In the SR there are a total of three slow 
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horizontal and four slow vertical correctors. Using 
additional coils there can be 4 fast horizontal and 3 fast 
vertical correctors. 

To decrease the installation time a multi-core cable 
with connectors on either end will be designed such that 
when the two connectors are joined the inner wires of the 
multi-core cable will form a multi-turn coil. 

Fast Corrector PSU 
Given that the requirement for the corrector is only 0.8 

A and low voltage requirement because of the low 
inductances, the power supply would be quite straight 
forward to design. A PSU was built to test the coils and 
the exercise was useful in determining the cost and effort 
required to build all 98 supplies including the interfaces. 
There are also commercial sources such Bilt system [12] 
that is used by Soleil and ESRF for their feedback system 
that is perfectly suited for this purpose.  

CONCLUSION 
Thus the feedback system will consist of: 
 Libera grouping providing synchronised position 

data at a rate of 10 kHz via GbE.  
 Position data is processed in an FPGA (currently 

only a matrix multiply algorithm) ready to be 
distributed to “slave” FPGAs connected to power 
supplies.  

 The power supplies will need to be able to drive a 
minimum of 1 A into a magnet with an inductance of 
~2 mH.  

 The magnet will be secondary corrector coils wound 
around the sextupole magnets with a minimum of 10 
turns. 

One of the defining parameters for the bandwidth of the 
system is the total latency of the system. This is expected 
to be very similar to Soleil’s calculations [4] which is 
estimated to be 360 s. 
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ULTRA-SHORT ELECTRON BUNCH AND X-RAY TEMPORAL 
DIAGNOSTICS WITH AN X-BAND TRANSVERSE DEFLECTING 

CAVITY* 

P. Krejcik†, Y. Ding, J. Frisch, Z. Huang, H. Loos, J. W. Wang, M-H. Wang, 
 SLAC, Menlo Park, CA, USA 

C. Behrens, DESY, Hamburg, Germany  
P. J. Emma, LBNL, Berkeley, CA, USA

Abstract 
The technique of streaking an electron bunch with a RF 

deflecting cavity to measure its bunch length is being 
applied in a new way at the Linac Coherent Light Source 
with the goal of measuring the femtosecond temporal 
profile of the FEL photon beam. A powerful X-band 
deflecting cavity is being installed downstream of the 
FEL undulator and the streaked electron beam will be 
observed at an energy spectrometer screen at the beam 
dump. The single-shot measurements will reveal which 
time slices of the streaked beam have contributed to the 
FEL process by virtue of their greater energy loss and 
energy spread relative to the non-lasing portions of the 
electron bunch. Since the diagnostic is located 
downstream of the undulator it can be operated 
continuously without interrupting the beam to the users. 
The resolution of the new X-band system will be 
compared to the existing S-band RF deflecting diagnostic 
systems at SLAC and consideration is given to the 
required RF phase stability tolerances required for 
acceptable beam jitter on the monitor. Simulation studies 
show that about 1 fs (rms) time resolution is achievable in 
the LCLS over a wide range of FEL wavelengths and 
pulse lengths. 

INTRODUCTION 

X-ray Free Electron Lasers such as the Linac Coherent 
Light Source (LCLS) can produce very short pulses of a 
few femtoseconds (10-15s) duration [1]. This makes them 
a powerful tool for observing ultrafast phenomena, such 
as molecular dynamics. The challenge for the accelerator 
community is to measure this pulse duration at the fs 
level. An even greater challenge is to measure both the 
photon pulse duration and the electron bunch since the 
emission process does not result in a one to one 
correspondence.  

The transverse deflecting cavity (TCAV) is now a well 
established diagnostic instrument at FEL linacs to 
measure the temporal profile and slice properties of the 
electron beam [2]. In this new application the instrument 
is installed downstream of the undulator where it streaks 
the spent electron beam and is observed on a profile 
monitor screen located at the beam dump [3]. This gives a 
unique opportunity to observe the FEL process in the 

time-resolved energy profile of the beam without 
interrupting beam to the users. 

EXISTING TCAV SYSTEM AT SLAC 
Two transverse deflecting cavities are currently in use 

on the LCLS accelerator and operate at the S-band, 2856 
MHz. A short 40 cm section is located in the injector and 
a longer 2.44 m long structure is located in the main linac, 
downstream of the second bunch compressor. Both of 
these structures were actually designed and built in the 
1960’s [4]. The principle of operation is shown in Figure 
1, where a bunch at 0° phase crossing of the rf appears 
streaked on a downstream screen. 

 
Figure 1: Principle of operation of the TCAV. 

The size of the streaked beam y is related to the bunch 
length z by 

2
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where y0 is the unstreaked transverse beam size, d and 
s are the beta functions at the deflector and screen, kRF 
the wave number, V0 the rf amplitude, Es the beam energy 
 the betatron phase advance from deflector to screen 
and  the phase of the rf. 

TCAV Operated with an Energy Spectrometer 
The utility of the TCAV diagnostic is further enhanced 

if the beam is observed on an energy spectrometer screen 
where the energy dispersion is in the plane perpendicular 
to the rf deflection. The screen measurement reveals the 
time-resolved energy and energy spread. The example 
shown in Figure 2 is from the straight-ahead energy 
spectrometer screen where the LCLS injector beam is 
bent in the horizontal plane onto a beam dump. The beam 
is streaked in the vertical plane so that the curvature of the 
on-crest rf acceleration of the beam is observed, as well as 
the “slice” energy spread of the beam. The latter quantity 
is particularly important for determining the performance 
of the FEL. 

 ___________________________________________  
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Figure 2: Time-energy correlation measurement. 

 RESOLUTION OF THE TCAV 
The ratio of beam size on the screen to bunch length from 
Equation (1) is 

e

sdrf

z

y

E

eVk
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sin0    (2) 

which leads to a measurement resolution in terms of the 
ratio of the beam emittance N, y to the strength of the kick 
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   (3) 

The dependence on wavelength RF indicates that we gain 
a factor 4 in resolution by choosing X-band (RF=2.62cm) 
in place of the existing S-band system ((RF=10.5cm). 

The X-band structure can also be operated at higher field 
gradients allowing us to achieve a deflection voltage 
V0=40 MV which is about 2 times higher than on the 
existing S-band system. The combined effect is that the 
new X-band system will have 8 times better resolution. 
With the typical LCLS beam emittances the expected 
resolution over the 4-14 GeV beam energy rage is 
expected to be 1-2 fs. 

XTCAV INSTALLATION AT LCLS 
Two adjacent 1 m long sections of X-band deflecting 

structure have been installed at the end of the undulator 
beamline just before the dumpline dipole bends, as seen 
in Figure 3. They are fed by a single SLAC XL4 klystron 
housed together with a modulator in a support building 
above the undulator tunnel. This is separate from the main 
linac klystron gallery building and requires a new high-
power RF installation and control system. RF waveguide 
mode converters at the klystron and downstairs at the 
splitter to the two structures are used to switch between 
WR90 rectangular waveguide and a low-loss over-moded 
WC293 circular waveguide for the long run between the 
klystron and the structures. The XL4 klystron delivers 50 
MW peak power at 120 Hz and 40 MW is delivered at the 
structure input couplers. 

Some beamline components have been rearranged to 
accommodate the XTCAV and optimize the value of the 
horizontal beta function xd at the deflector. The new 
optics is shown in Figure 4. 

Figure 3: Photo of the XTCAV installed at the downstream end of the undulator beamline. 
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Figure 4: Optics from the deflector to the spectrometer 
screen. 

Operation of the upstream TCAV installations is 
invasive to user operation of the facility but since the 
XTCAV is located downstream of the undulator it can be 
operated continuously with no impact on the FEL. Some 
precautions are taken with the control system to ensure 
that accidental mis-phasing of the RF, which results in 
missteering of the beam, does not unduly trip the Machine 
Protection System. The parameters for the operation of 
the XTCAV are summarized in Table 1. 

Table 1: Parameters for the XTCAV 

Parameter  Value Unit
RF frequency  11.424 GHz
Structure type 2π/3 backward-

wave 
 

Structure orientation Horizontal defl.  
Effective structure length  1 m
Total flange-flange length 118.8 cm
Number of structures 2  
No. of regular cells per structure 113  
Aperture 2a 10 mm
Hor. and vert. structure align-
ment tolerance  

< 100 µm

Longitudinal structure positioning 
tolerance  

10 mm

Roll angle tolerance  < 1 mrad
Operating temperature  68 °F
Thermal stability ±0.1 °F
Nominal transverse kick (on crest) 
@40MW  

48 MeV/c

Maximum Repetition rate 120 Hz 
RF pulse duration ~ 0.1 µs 
RF phase stability (rms) >0.5 Hz  < 0.1 deg-X 
RF relative ampl. stability (rms) 1 % 
Nominal power required at 
structure input 

40 MW 

Max power output from klystron 50 MW 
The profile monitor screen where the streaked beam is 

observed is located immediately in front of the main beam 
dump where the beam has been bent vertically down to 
separate it from the photon beam directed straight ahead 
to the users. The vertical axis of the screen represents the 
energy coordinate in the beam image with an energy 
resolving power given by 

y

yNy

R D
,

,


    (4) 

With a vertical dispersion of Dy=0.65 m this gives a 
resolution of 7 10-6, or 100 keV at 14 GeV. 

The camera at this location will be upgraded to give a 
wider field of view to observe the streaked beam. The 
image acquisition controls will be upgraded to 120 Hz. 

Operational Tolerances 
The phase stability requirements of the RF system are 

defined by the allowable beam position jitter tolerance at 
the spectrometer screen. The 0.1° rms X-band phase 
tolerance listed in Table 1 corresponds to a horizontal 
motion of one sigma of the horizontal beam size. At 
larger amplitudes of phase jitter the user will observe that 
progressively more shots will fall outside of the screen 
viewing angle. The 0.1° phase tolerance puts in turn an 80 
ppm voltage stability requirement on the klystron 
modulator, which is now achievable with new, state-of-
the-art technology. 

 
FEL PHOTON MEASUREMENTS 

A characteristic of the SASE process in FEL radiation 
is that not all parts of the electron bunch radiate 
uniformly. Spikes occur in the temporal domain and grow 
randomly from shot to shot out of the noise spectrum. The 
parts of the electron bunch that do contribute to the lasing 
process suffer a significantly greater energy loss and 
energy spread increase than the neighbouring non-lasing 
portions of the bunch. The XTCAV functions as a time-
resolved energy spectrometer and reveals which parts of 
the bunch have lased and what their longitudinal profile 
is. 

Figure 5: Beam simulation result at the spectrometer 
screen with the FEL on (left) and FEL off (right). 

In the example shown in Figure 5 the electron beam 
image with the FEL suppressed (at right) is compared to 
the beam image with the FEL on (left). Lasing in the FEL 
is easily suppressed by introducing a small steering error 
in the undulator, taking the electron and photon beam out 
of coincidence. The portions of the bunch that do lase 
show up as spikes with an increased energy spread in the 
vertical plane and a lower centroid energy in the time 
slice. 

Reconstruction of the photon temporal profile 
The image is divided horizontally into an arbitrary 
number of time slices and the centroid energy and energy 
spread is calculated for each slice. By subtracting the 
image data taken with the FEL off it is possible to 
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quantify the energy shift and energy spread induced by 
the FEL process itself.  

The horizontal projection of the image with the FEL off 
gives the electron beam current profile before the 
undulator, as shown in Figure 6 at the left. The beam 
current profile used in the simulation is the result of start-
to-end tracking of the beam, as described in reference [3]. 
The simulation reflects the complex longitudinal profile 
of a real beam with higher order terms introduced by 
compression, CSR and wakefield effects. 

 

 
Figure 6: Reconstructed beam current profile (left) and 
photon intensity (right) for soft x-ray operation (top) and 
hard x-rays (bottom) from reference [3]. 

The reconstructed profiles shown on the right in Figure 
6 are the predicted photon intensities based on the energy 
and energy spread inferred from the image. It can be seen 
that peaks in the laser intensity do no fully coincide with 
slices of the beam with the highest peak current, further 
underscoring the need for this diagnostic with its ability to 
reveal both the electron and photon beam profiles. 
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DIAGNOSTICS BEAMLINE OPTIMISATION AND IMAGE PROCESSING
FOR SUB-PS STREAK CAMERA BUNCH LENGTH MEASUREMENT

C.A. Thomas∗ , I. Martin, G. Rehm, Diamond Light Source, Oxfordshire, UK

Abstract

For the low-alpha beam mode at Diamond, standard the-
ory predicts rms bunch lengths as small as 0.6 ps with a
momentum compaction factor set to α = 0.8 ·10−6. In order
to be able to reliably measure such a short bunch, we have
been optimising the optical design of the visible diagnos-
tics beamline, and we have implemented image processing
to take into account the point spread function of the streak
camera. The optical design has reduced a large chirp of
15 ps to less than 2 ps over the 400-550nm bandwidth. It
has also permitted the transport of almost all the available
power, increasing the power by a factor 30, yet maintaining
the possibility to focus the beam down to less than 20μm
into the streak camera for the best static streak camera
point spread function. The implemented de-convolution
technique extends the performance of the streak camera to
bunch length measurements of less than the 1 ps PSF of the
streak camera. In this paper we present these two essential
features required to measure sub-ps bunches with a streak
camera.

INTRODUCTION

For the low-alpha beam mode at Diamond, rms bunch
lengths based on synchrotron frequency measurement are
calculated to be as small as 0.6 ps. In special user low al-
pha beam mode the bunch length is set to be of the order
of 2.5 ps. Measuring such small bunch lengths reliably can
be quite challenging. For such a measurement we use a
streak camera1 (SC), for which the resolution as defined
using the Rayleigh criterion and specified by the manufac-
turer is 2 ps (measured using narrowband pulses with a few
photons per pulse). The corresponding rms resolution is
then 0.75 ps. This should allow the SC to be able to mea-
sure bunch lengths 2 ps or less. However, control of the
bandwidth and the power of the photon pulse is fundamen-
tal: too much power will induce Coulomb explosion of the
electron bunch in the streak tube, and thus measurement of
a longer bunch. Too little power will render the measure-
ment dependant on the jitter of the many pulses needed to
form an image.

In addition to this, one needs to take into account the pos-
sible chirping of the pulse going through various lengths of
glass. To reach the photocathode of the SC, a pulse passes
through at least the 4.3 mm of quartz on the entry of the
SC tube. In our case there is also 6.3 mm of fused sil-
ica from a vacuum-air separation window. But the beam

∗ cyrille.thomas@diamond.ac.uk
1Optronis GmbH

needs to be transported and focussed onto the photocath-
ode, and the use of lenses will cause any broadband pulse
to be chirped, potentially becoming longer than the elec-
tron bunch length that generated it. This is what we called
the dynamic point spread function of the SC [1]. It is mea-
surable with the time resolved spectrum of the pulse which
shows the length and centroid of the pulse as function of
the spectrum. With the original refractive focussing optics
a non-linear chirp of 15 ps over 150 nm bandwidth with a
maximum gradient of 140 fs/nm was measured. This chirp
induces a dynamic point spread function rms width of ap-
proximately 6.5 ps. Re-designing the focussing optics us-
ing mirrors reduced this chirp to less than 2 ps for the same
150 nm bandwidth, with a maximum gradient 30 fs/nm [2].
Control of the power and bandwidth of the pulse is a first
step, but with bunch lengths equal or less than the static
PSF width, a very accurate knowledge of the PSF is abso-
lutely necessary to allow the deconvolution and so recover
the original bunch profile.

In this paper, we present which conditions are necessary
for the measurement of ps bunch lengths. We first present
the optical design of the Diagnostics beamline which al-
lows the focussing of an un-chirped pulse with almost all
the available power from the bending magnet synchrotron
radiation onto the SC photocathode. Then we briefly intro-
duce the Lucy-Richardson image deconvolution technique
applied to the SC images. Finally, before some conclud-
ing remarks we show measurement of ps bunch lengths af-
ter the optimisation and deconvolution technique presented
previously has been applied.

OPTICAL DESIGN

The improvement of the performance of the SC goes in
two steps. The first one is the re-design of the front focus-
ing optics (FO), replacing the achromatic Nikkor lens by an
assembly of mirrors (Fig. 1). The second one is a re-design
of the beam transport from the source to the SC with the
aim to transport the maximum available power. The new
design collimates the beam and reduces its transverse size
at the same time, in order to transport the geometrical beam
through the 30x50 mm aperture of the chicane in the radia-
tion shield wall. A layout of the design is shown in Fig. 3.

Streak Camera Reflective Front Optics

The main objective of replacing the reflective FO of the
SC by a refractive FO is to suppress the chirp induced by
the refraction index of the objective lens in the broad spec-
trum synchrotron radiation pulse. This way all the UV-
visible power spectrum can be used for bunch length mea-
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Figure 1: Drawing of the reflective FO assembly. Mirror
M1 is parabolic concave, M2 is spherical convex, M3 is
spherical concave, M4 is flat. The footprint of the assembly
is smaller than an A4 sheet of paper.

Table 1: PSF Width of the SC with the Refractive and the

Reflective Optics Refractive Optics
σ (pixel) 6.2 6.3
σ at 15 ps/mm (ps) 1.07 1.08
σ at 25 ps/mm (ps) 1.93 1.94
σ at 50 ps/mm (ps) 3.92 3.95

surement without the need of reducing the bandwidth and
thus the power of the incoming pulse. The design of the
FO has been done using ZEMAX software, looking at the
focussing performance of the assembly. The result showed
the possibility to focus the astigmatic synchrotron radia-
tion beam in a 10x20 μm2 spot. The experimental verifi-
cation is shown in Fig. 2, where the synchrotron radiation
is focussed on the SC with both FO. The PSF of the SC as
shown in Table 1 is comparable in both cases.
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Figure 2: SC PSF measured with both refractive (left) and
reflective FO (right).

Beamline Transport Design

The original design of the diagnostics visible beamline
is shown in Fig. 3. For several reasons including simplicity
of alignment, robustness and cost, the design included only
flat mirrors of 50 mm diameter. The calculated geometrical
factor power loss, due to the divergence of the beam, was of
the order of 20 to 30, and the additional loss through the re-
flectivity of the mirrors is 43% - each of the 8 mirrors with
UV-enhanced Al coating providing 90% average reflectiv-

ity over the range 350-650 nm. In spite the power loss, the
SC could be operated with the fastest sweep, recording im-
ages of a single turn, but only with the full power available.

In order to transport all the synchrotron radiation power
reflected by the first mirror (mirror [a] in Fig. 3), we de-
signed a Z-fold mirror assembly, composed of a concave
parabolic and a convex spherical mirror ([I] and [II] in Fig.
3), which collimates the synchrotron radiation beam and re-
duces its transverse size by a factor ≈ 7. Also we changed
mirrors [b] and [c] for larger diameter ones (76 mm). This
should recover the geometrical loss from the original de-
sign, but may bring power loss through the additional two
reflections. For that we decided to change the coating to
dielectric multilayer, which provides an average 99% re-
flectivity over the bandwidth 400-750 nm. The total power
loss by reflection over 10 mirrors is expected to be 90%.
Measurements performed with and without the Z-fold as-
sembly confirmed the prediction: with a filter at 550 nm
the power with the Z-fold assembly is approximatively 30
times larger than without the Z-fold. With this power, the
SC can acquire images of a single bunch in single shot with
reduced bandwidth.

IMAGE DECONVOLUTION

In order to deconvolve the SC images, one needs to mea-
sure or to know perfectly the PSF of the instrument. We can
measure the PSF at the time of the experiment by switch-
ing off the sweep electrodes of the SC as shown in Fig. 2.
Using the implementation of the Lucy-Richardson [3, 4]
algorithm in Matlab, we directly supply the measured PSF
to deconvolve the SC images. Not detailing the algorithm,
its main characteristics are that it is an iterative converg-
ing algorithm, and the noise on the image is assumed to
be Poisson distributed. These two features makes this al-
gorithm appropriate to the deconvolution of SC images. A
demonstration is shown below where we acquired SC im-
ages of the Diamond bunches with a Low Alpha lattice, and
in which we varied the momentum compaction factor from
0.8 to 6.8·10−6, expecting the bunch length to vary from
0.6 ps to 1.9 ps. The RF cavity voltage was kept constant
at 3.4 MV. There were 900 bunches stored with an average
current of 1.6 μA.

BUNCH LENGTH MEASUREMENT

Knowing that the pulses with 400-650 nm bandwidth
have a 2 ps chirp, we restricted it to less than 0.3 ps by
selecting the 550 ± 20 nm bandwidth of the pulse to be
measured with the SC. We measured the PSF by switch-
ing off the sweep electrodes of the SC. The image is sim-
ilar to the one shown in Fig. 2. We set the momentum
compaction factor (α) and indirectly measured it by mea-
suring the synchrotron frequency. For each value of α set,
10 SC image were acquired. The analysis performed on the
SC images was, firstly, a Gaussian fit was performed on 13
slices across each image, then each image was deconvolved

Reflective Optics
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Figure 3: Design of the optical transport beamline. The total path length is ≈ 25 m. The original design includes mirrors
[a] to [i], and the new design the addition of the Z-fold assembly, mirrors [I] and [II].
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Figure 4: SC images: Left, raw image with α ≈ 1.210−6;
Middle, same image but deconvolved; Right, SC PSF.
Horizontal axis represents the slow axis sweep set to 500
μs/mm. On each image a region of interest of 100x100
pixels is selected, equivalent to ≈ 17 ps x 600 μs.

and a Gaussian fit performed on the same slices over each
deconvolved image. An example of the devonvolved image
is shown in Fig. 4. The result of the Gaussian fit for all the
values of α is shown in Fig. 5. An estimate of the bunch
length can be calculated using the quadratic subtraction of
the width given by the raw image Gaussian fit by the width
of the PSF, also fit with a Gaussian. In order to compare
the results, the theoretical near zero current bunch length is
also shown in the figure. One first notes that the raw image
is nearly a factor 2 larger than the theoretical value, and be-
tween 30% and 100% larger than the PSF width. The width
of the deconvolved images is closer to the theoretical near
zero current value, 10% to 20% for most of the measured
points, but gets 90% larger for the smallest values of α. The
bunch length obtained from the quadratic subtraction is of
course smaller than bunch length from the raw image, but
as observed it doesn’t come close to the deconvolved image
bunch lengths.

Several explanations can be brought to explain the dif-
ference to the theoretical predictions. The first one can be
random jitter of all the 900 bunches, due to synchrotron
oscillation of individual bunches. During all the time of
the experiment, relatively strong synchrotron oscillation
were observed, which might support this first hypothe-
sis. Another explanation might come from RF cavity high

frequency noise which can also excite randomly all the
bunches through their energy spread. Another explanation
is of course the deconvolution didn’t converge to the ex-
pected value. However, from the many tests through simu-
lation we performed with this deconvolution algorithm, we
always recovered the bunch length, even with very noisy
images. We also note other theoretical limits are placed
on the minimum bunch length which have not been taken
into account. For instance, RF voltage phase noise through
dispersion can contribute to the longitudinal bunch distri-
bution, the same way as the quantum excitation [5]. Path
length dependance on the betatron motion could also con-
tribute to the bunch length, as described in [6]. These pos-
sible contributions to the minimum bunch length need to be
evaluated numerically, and perhaps also measured.
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Figure 5: Bunch length measured as function of α. The
dashed lines represent the standard deviation over the set
of 10 images with 13 slices per image per measurement
point. The mean value of the bunch length is shown for
the fit of the raw images, the deconvolved images, and also
for the quadratic subtraction using the width of the PSF,
σPS F = 1.5 ps. The solid line is the expected theoretical
near zero current bunch length value.

CONCLUDING REMARKS

We have shown the technique and setup of a streak cam-
era to be able to measure bunch length of ≈ 1 ps. The pulse
to be measured should contain the most available power,
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but also the minimum chirp induced by the material it has
traversed. To achieve this, we had to re-design the SC front
optics, but also the transport beamline. We then could af-
ford to loose some power by filtering the pulse bandwidth
in order to control the residual chirp. The resulting per-
formance is a PSF width of 1 ps. Extremely small bunch
length in the 1 ps range could be measured with the SC
in the optimum condition, and also using a deconvolution
technique.
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FIRST OPERATION OF THE ELECTRO OPTICAL SAMPLING
DIAGNOSTICS OF THE FERMI@ELETTRA FEL

M. Veronese∗, A. Abrami, E. Allaria, M. Bossi, M.B. Danailov, M. Ferianis,
L. Fröhlich, S. Grulja, M. Predonzani, F. Rossi, G. Scalamera, C. Spezzani, M. Tudor, M. Trovò

Sincrotrone Trieste S.C.p.A., Trieste, Italy

Abstract

The FERMI@Elettra seeded FEL has demanding speci-
fications in terms of longitudinal properties of the electron
beam. Several diagnostics are installed along the linac. At
the entrance of the FEL1 undulator chain an electro op-
tical sampling (EOS) station based on the spatial encod-
ing scheme is installed. The EOS provides both time jitter
and longitudinal profile measurements in a non-destructive
way. The layout of this system is described and the first op-
erational measurement results obtained are reported. The
paper includes also the capability of this diagnostics to per-
form the temporal coarse alignment of the seed laser to the
electron beam. Finally a discussion on the future develop-
ments foreseen for this system is given.

INTRODUCTION
FERMI@Elettra is a seeded FEL operating in the spec-

tral range from VUV to soft x-rays. It is based on a
SLAC/BLN/UCLA type RF-gun and a normal conduct-
ing LINAC, currently operated at 1.2 GeV, but designed to
reach 1.5 GeV. The longitudinal compression is provided
by two magnetic chicanes BC1 and BC2 (respectively at
300 MeV and 600 MeV). The FEL has two undulator
chains, namely FEL1 and FEL2. The first, FEL1, is a single
cascade HGHG seed system designed to provide hundreds
of microjoule per pulse in the wavelength range from 100
to 20 nm. The second, FEL2, is a double cascade seeded
system designed to reach 4 nm as the shortest wavelength.
A deep knowledge of the longitudinal parameters such as:
longitudinal charge distribution, time of arrival jitter, slice
energy spread and slice emittance is needed. For this rea-
son FERMI@Elettra has been equipped with several longi-
tudinal diagnostics to provide the necessary information for
the commissioning and operation of the accelerator. They
are: the Cherenkov low energy profile measurement with
a femtosecond streak Camera, the Coherent Bunch Length
Monitors (CBLM), the Bunch Arrival Monitors (BAM), the
RF-deflecting cavities at low energy (LERFD) and at high
energy (HERFDs) and finally the Electro Optical sampling
stations (EOS). In this paper we present the layout and the
first operational results from the EOS installed at the en-
trance of the FEL1 chain of FERMI. The Electro Optical
Sampling provides single shot non-destructive longitudi-
nal profile and time jitter measurements. For this reason
it is installed just before the modulator undulator. In this
position the EOS system provides also the coarse tempo-

∗marco.veronese@elettra.trieste.it

ral alignment of the seed laser to the electron beam. In
general an electro optical sampling diagnostics, makes use
of the very large transient electric coulomb field of ultra-
relativistic electron bunches to map their longitudinal pro-
file. The electric field induces a variation in the crystal
structure of an electro optic crystal. The refractive index
variation is detected by optical polarization analysis. Since
this effect is very fast, it reproduces the longitudinal dis-
tribution of the electron bunch with high fidelity. An ul-
trafast laser with pulse duration on the scale of 100 fs is
an optimal probe. Several single shot schemes have been
introduced and have been shown to be very effective (e.g.
[1, 2]). For the FERMI FEL1 EOS we have chosen the
spatial encoding scheme [3, 4]. This scheme is capable
of providing high resolution measurements with the energy
per pulse delivered by a compact, commercial, fiber laser
oscillator.

For ultra-relativistic electrons the electric coulomb field
has a large transverse component. For a single electron the
electric field distance b from electron bunch in the plane
(x,y) orthogonal the propagation direction (z) is [5]:

Ey=b =
e

4πε0

γb

(b2 + γ2z2)3/2
(1)

For an electron bunch with Ne electrons, the longitudinal
distribution normalized to the maximum current, ρ(z), can
be approximated for the FERMI case to a rectangular dis-
tribution that is conveniently modeled by the difference of
two Heaviside functions: ρ(z) = H(z+FW ·/2)−H(z−
FW · /2). Then the total field along the axis is then:

Ebeam =

∫
ρ(z − z′)E0,b,z′dz′ (2)

From Eq. 1 above , it is clear that the minimum distance
between electron beam and EO crystal is a critical parame-
ter and its proper selection depends on several factors. Very
small distances are desirable, but this would induce wake-
fields on the electron beam. Trajectory fluctuations may
cause the e-beam to hit the EO crystal, possibly damaging
it and producing ionizing radiation dose on the downstream
undulators. Finally, in the EOS area, the seed laser travels
collinearly to the electron beam, focusing from its entrance
point upstream the EOS to reach it minimum width at the
center of the modulator downstream the EOS. The seed
laser has a high energy per pulse (up to tens of microjoules
at a wavelength of 260 nm) that could potentially damage
the crystal in case of an accidental impact. In practice, we
should set the distance b at minimum to 5 mm. For a 500
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pC electron bunch with a bunch length FWHM of around
1 ps, we get tens of MV/m of peak electric field. To eval-
uate the amplitude of the EO effect we consider the case
of a laser pulse probing a crystal with zinc-blende crys-
tal structure like ZnTe or GaP, cut along the normal to the
(110) plane and a detection based on the balanced detector
scheme. The EO signal is proportional to sin(Γ) where Γ
is the phase retardation induced by the electric field of the
electron beam as per Equation 3.

Γ =
πd

λ0
n30Ebeamr41

√
1 + 3 cos2(α) (3)

Where d is the thickness of the crystal, λ0 is the laser wave-
length in vacuum,Ebeam is the electric field due to the elec-
tron beam, r41 is the only independent element of electro-
optic tensor for the chosen crystal structure, and finally α
is the angle between the electric field of the electron bunch
and the [−1, 1, 0] direction. This translates for our laser and
a crystal of 100µm thickness and α = 0 to values for Γ of
respectively: 0.3 for ZnTe and 0.8 for GaP, large enough to
allow for single shot EO measurement.

LAYOUT
Figure 1 shows the layout of the EOS installed in the

FEL1 line of FERMI@Elettra. The present setup is an evo-
lution of the initial design [6]. It is based on a Menlosys-
tems fiber laser, model TC780, installed in the accelera-
tor tunnel, close to the EOS vacuum chamber, to minimize
pointing and time stability issues that may be related to a
long optical transport system. The laser is a frequency dou-
bled 1560 nm femtosecond fiber laser, emitting at 780 nm,
with a repetition rate of 78.895 MHz and an energy per
pulse of 0.8 nJ with a pulse duration of 110 fs FWHM. The
laser is phase locked to a pulsed optical phase reference
distributed in one stabilized fiber link of the timing system
[7]. A dedicated electronics converts optical pulses to RF
and extracts a 1.499 GHz phase reference which is used by
the phase locking electronics. The coarse time alignment is
provided by phase shifting the 1.499 GHz reference with a
vector modulator while keeping the laser locked, thus pro-
ducing an effective delay of the exit time of the pulse from
the laser. The fine temporal alignment is provided by a 200
mm travel delay line. A remotely controlled polarizer and
a zero order λ/2 wave plate allow for adjustment of the in-
put polarization. Before entering the vacuum chamber, the
laser beam passes through a cylindrical lens that focus it in
only one direction onto the EO crystals. The vacuum cham-
ber is equipped with a 3 axis high precision manipulator
currently equipped with: an OTR screen (a 1µm aluminum
foil), used for coarse time alignment, a YAG:Ce crystal, for
beam size measurement, two electro optic crystals and a
calibration target. For the initial commissioning of the sys-
tem the setup has been optimized for signal to noise ratio
rather than for maximum resolution. Thus we installed a
1 mm thick ZnTe crystal and a GaP 0.4mm thick crystal.
Figure 2 shows a detailed view of the in vacuum crystals

Figure 1: EOS FEL1 layout top view. Electron beam trav-
eling in the beam pipe from top to bottom.

holder. The crystal EO response has been tested using a
THz emitter before installing them in EOS diagnostics [8].
The EO crystals have been protected from the seed laser
by using 1.5 mm thick fused silica optical substrate with
a high reflectivity coating at 260nm placed in front of the
EO crystal. The fused silica does not affect the propaga-
tion of the 780 nm fiber laser pulses, while we expect a re-
duction of the effective THz electric field on the EO crys-
tals. THz field reflections are expected only outside the
temporal window of measurement. The laser beam prop-
agation direction presents an angle of 30 degree with the
normal to the surface of the crystal. This angle is needed
to exploit the spatial encoding scheme. The entrance and
exit windows are made of fused silica. At the exit of the
vacuum chamber the laser passes through the polarization
analysis system usually set in cross polarizers configura-
tion. This consists of two zero order waveplates, a λ/4,
followed by a λ/2 and a finally a Wollaston prism. The
majority of the intensity goes to a dump, while the other
branch is directed towards intensified gated CCD camera
(ICCD) model Dicam Pro produced by PCO. The ICCD
is used with a gate time of 10 ns to select only the laser
pulse in the 78.895 MHz train that has been affected by the
electro optical effect induced by the electron beam. Two
imaging lenses l1 and l2 with focal lengths of respectively
200 mm and 400 mm are installed in the air path at the exit
of the vacuum chamber. This lens system produces at the
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Figure 2: EOS FEL1 crystal holder. From bottom to top:
OTR, YAG, ZnTe, GaP, calibration target. Laser and e-
beam in red and yellow lines respectively.

ICCD exit image (ICCD included) a final magnification of
about 0.5.

TEMPORAL ALIGNMENT

The first temporal alignment is that of the ICCD gate to
the laser pulse that modulated at 10Hz. To do this the OTR
emitted from the OTR target is steered by Al mirrors onto
the ICCD and a tuning of the ICCD trigger delay is done
to center the ICCD gate of 10 ns to the OTR signal. Then,
a coarse alignment of the EOS laser is performed to about
few tens of ps to allow for a short final search of the EOS
signal time window alignment with the optical delay line.
It is performed with the system depicted in Figure 3. An
horizontal translation stage (MICOS ZVT80) and a vertical
actuator (Newport NSA12), both motorized and remotely
controlled, allow to detect with two different fast photodi-
odes the EOS laser reflected by the OTR screen and the
OTR signal emitted by the OTR screen. The signals are ac-
quired by a Tektronics 6 GHz high bandwidth oscilloscope.
The signals are overlapped in time at the EOS chamber cen-
ter when a specific temporal distance at the oscilloscope is
met. This distance is defined on the basis of a measure
of geometrical optical paths of the two radiations and of
the measured propagation delay induced by the cables (due
to length and propagation speed of the signal). After the
alignments the remaining uncertainty is about 100 ps. At
this point the EO signal is looked for by moving the optical
delay line. This systems is also used for coarse temporal
alignment diagnostics of the seed laser arrival time to the
electron beam arrival time. In the case of coarse alignment
of the seed laser, the OTR screen is used both to emit OTR
radiation and to reflect the seed laser radiation. Since they
are collinear both are directed on the same fast photodi-
ode (modified by removing the protection window which
would absorb the seed laser radiation at 260 nm). The pho-
todiode has a small active area of 200 x 200 µm and for
this reason it is mounted on a remotely controlled horizon-
tal and vertical translation system. In this case, since only

one photodiode is involved, the temporal alignment can be
measured with an accuracy better than few picoseconds.

Figure 3: EOS FEL1 coarse temporal alignment system
layout.

LONGITUDINAL PROFILE
MEASUREMENT

The ICCD time calibration is performed comparing the
calibrate spot size of the laser on the crystal as seen with
an external camera to the size of the laser on the ICCD.
The time windows of the measurement depends on the an-
gle and on the laser transverse spot size at the EO crystal
(see Figure 4). The laser spot on the crystal has a FWHM
of 3.3 mm corresponding to a time window of 5.6 ps. On
the ICCD the laser spot has a FWHM of 350 pixels. With
the present setup the calibration factor is of 17 fs/pixel.
Measurements have been performed with both ZnTe and

Figure 4: Laser spot on the ZnTe crystal as seen by an ex-
ternal CCD camera.

GaP. In the first case the EO signal is pretty large with
good signal to noise ration and negligible background. In
the second case the background is not negligible, a back-
ground subtraction is needed and the SNR is lower. This ef-
fect is expected because the rotation induced in the case of
GaP is smaller due to a smaller electro-optic coefficient and
smaller thickness. For both crystals, the best SNR is found
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about 3-5 degrees off extinction of the polarizers. The po-
larization extinction ratio is about 2500 mainly limited by
the residual stress of the vacuum windows. The Figure 5
show a EO signal measured with ZnTe 1mm thick crys-
tal for a moderate compression factor (CF). The left graph
shows a series of consecutive shot with average bunch du-
ration of 1.5 ps FWHM. For comparison with high com-
pression the image on the right shows bunch profiles with
average FWHM of 790 fs. These measurement performed
during a phase fluctuations of the plants upstream of the
magnetic compressor show the capability of the system to
detect the time jitter and the compression factor jitter in-
duced by jitter in the RF plants. For higher compression

Figure 5: EOS longitudinal profile measurement se-
quences. With CF=3.5 (left) the average FWHM is 1.5 ps.
At CF=8.5 (right) the average FHWM is 790 fs.

factor the crystals chosen for initial operation (ZnTe 1mm
and GaP 0.4 mm) are limiting the temporal resolution of the
system. We plan the installation of an 0.1 mm GaP crystal
together with new entrance and exit windows to improve
the polarization extinction ratio.

TIME JITTER MEASUREMENT
By using the EOS on FEL1 a time jitter measurement

with good temporal resolution is also possible. As an ex-
ample we report in Figure 6 a sequence of 50 EOS acqui-
sitions at 1 Hz, acquired during a normal operation of the
accelerator with minimal time jitter. The time jitter is mea-
sured as shot to shot displacement of the centroid and it is
typically of the order of 70 fs rms for a compression with a
single bunch compressor to a bunch length FWHM of about
1 ps. This measurement is a direct and single shot mea-
surement of the relative arrival time of the electron bunch
with respect to the pulse of the EOS laser, which is phase
locked to the optical femtosecond pulsed phase reference,
distributed to all the laser systems of FERMI@Elettra. The

relative phase jumps (or drifts) are sampled at the bunch
repetition rate (10Hz for FERMI) and directly expressed in
time units. These measurements, as opposed to the ones
based on single side band phase noise analysis, can be
directly compared to other systems, like the RF deflect-
ing cavities or the Bunch Arrival Monitor (BAM), also in-
stalled on FERMI@Elettra.

Figure 6: EOS signal intensity map over 50 shots. Time
jitter of 70 fs rms. Data acquired using a ZnTe 1 mm thick
crystal.
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STATUS OF THE LCLS EXPERIMENT TIMING SYSTEM* 
J. Frisch, C. Bostedt, R. Coffee, A. Fry, N. Hartmann, J. May, D. Nicholson, S. Schorb, S. Smith,  

SLAC, Menlo Park, CA 94309, USA

Abstract 
X-ray / optical laser pump - probe experiments are used 
for a significant fraction of the scientific work performed 
at LCLS[1]. The experimental laser systems are locked to 
the timing of the electron beam through a combination of 
RF and optical fiber based systems. The remaining ~100 
femtosecond RMS jitter of the X-rays relative to the 
optical laser is measured shot-to-shot by both a RF timing 
detector, and by direct X-ray to optical cross-correlation, 
and the result is used to correct the experiment timing to 
10s of femtoseconds. We present the present status of the 
system and plans for future upgrades.  

SYSTEM OVERVIEW 
The experiment timing system locks the RF reference 

for the experimental laser (typically used as a pump in 
pump / probe measurement) to the average beam time 
from the accelerator. The timing system also measures the 
shot-to-shot electron beam time relative to the RF 
reference and provides this data to the experiment for 
offline jitter correction. In addition, where practical a 
direct X-ray to laser cross correlator is used to measure 
the relative beam times for offline correction. A simplified 
block diagram of the system is shown in Figure 1.  

 
Figure 1: System Overview. 

ACCELERATOR TIMING 
The LCLS operates at a repetition rate of 120Hz, 

typical for room temperature accelerators. Since the RF 
fields completely decay between pulses there is 
significant pulse-to-pulse timing jitter that cannot be 
corrected with feedback; for LCLS this is on the order of 
100fs RMS. Experiments which require better timing 
resolution rely on measuring the beam time on each pulse 
and correcting the data offline.  

RF SYSTEMS FOR TIMING 
RF systems provide a convenient method for providing 

timing synchronization. The timing noise of an RF system 

is given approximately as:  . Where 

is the RF power, BW the system bandwidth  is 
the noise power in a 1 Hz bandwidth,  the RF frequency 
in rad/sec and  the RMS timing jitter. Most RF systems 
can operate near (a few dB) the thermal noise limit 

 with transmission powers of a few 
millwatts. 

For fiber systems the receiver noise is typically 
optical (limited by the noise in the pre-

amplifier)[2]. Since the detector output voltage typically 
scales linearly with optical power, the phase sensitivity 
varies inversely with optical power (rather than inverse 
square root for RF systems).  

Oscillators have phase noise that increases with 
decreasing frequency since they are measured relative to 
an absolute clock. Most high quality commercial 
oscillators are based on quartz resonators, however there 
exist some lower phase noise (but more expensive) 
oscillators based on microwave sapphire resonators.  

A comparison of the phase noise of RF systems is 
given in Figures 2 and 3. Figure 2 shows the phase noise 
density in femtoseconds /Hz , Figure 3 shows the phase 1/2

noise integrated down from 10KHz (a typical feedback 
bandwidth) in femtoseconds. Phase noise for 2 fiber 
system is also shown, representing examples of simple 
and high performance fiber systems. 

 
Figure 2: Phase noise in fs/Hz1/2 for various RF and fiber 
systems. 

*
 ____________________________________________  
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Figure 3: Integrated phase noise in femtoseconds from 
10kHz for various RF systems. 

 
From the indicated curves, it is clear that the theoretical 

noise limits for both RF and fiber systems are suitable for 
femtosecond timing systems. Timing drift of the systems 
is generally the more difficult problem, with typical RF 
cables and fibers changing delay by 30fs/m/ºC.  

FIBER TIMING DISTRIBUTION 
Precision timing systems, including the LCLS system, 

typically use a fiber for long distance timing transmission. 
The fiber length is measured and the signal timing is 
corrected by a feedback. Three different types of systems 
are in use at accelerator laboratories: 

RF reflectometer: The optical signal is modulated at RF 
and detected at the far end of the fiber. A fiber mirror 
returns some of the light to the transmission end where a 
directional coupler samples the reflected signal. The 
phase of the RF modulation of the reflected signal is 
measured and the fiber length adjusted to stabilize the 
round trip length.  This system is simple and robust but 
has only demonstrated 100s of femtosecond long term 
stability[3]. 

Optical interferometer:  The optical signal is modulated 
with RF to transmit timing in the same manner as in the 
RF reflectometer. An optical interferometer measures the 
length of the optical fiber and the RF phase is shifted to 
compensate for the calculated delay time. The use of an 
optical interferometer provides <<1fs resolution on the 
fiber length.  The overall stability of this systems is ~20 
femtoseconds[4]. 

Pulsed laser: A ~picosecond pulsed laser is used to 
carry the timing information on the fiber. The timing of 
the pulses reflected from the fiber end is used to measure 
the round trip delay, and the fiber length is corrected. The 
high bandwidth and high power optical pulses allow 
direct optical phase detection with ~10 femtosecond 
stability[5].  

There is also ongoing R&D on a fiber system based on 
“comb” lasers where the envelope modulation of the laser 
is locked to the optical phase. For this type of system it 

would be possible to use the optical phase rather than the 
envelop modulation to carry timing information, possibly 
allowing sub-femtosecond stability[6]. 

BEAM TIMING MEASUREMENT 
The LCLS uses two S-band RF phase cavities to 

measure the beam time relative to a RF reference with a 
RMS noise of ~10 fs RMS and a drift of ~100fs/day. 
Other accelerator projects have used electro-optical beam 
pickups to measure with <10fs RMS noise[7]. 

The most serious limitation of both cavity and electro-
optical pickups is that they measure the electron beam 
time, not the X-ray time. In normal operation the X-ray 
timing can jitter relative to the electron beam by a 
significant fraction of the bunch length, and when the 
LCLS is operated in ultra-short bunch mode using the 
slotted foil[8], the timing jitter of the X-rays relative to 
the electrons can be several times the X-ray bunch length. 

LASER LOCKING 
The mode-locked oscillators for the LCLS lasers are 

locked to the reference time from the fiber system using 
photodiodes and RF phase detectors with timing jitters of 
50-100fs RMS. There is no direct measurement of the 
timing drift from the oscillator or of additional jitter and 
drift introduced by the laser amplifier and pulse 
compression system.  

Pulsed fiber distribution systems offer the possibility of 
using optical cross correlation to directly measure the 
amplified and compressed pulses from the experiment 
laser.  

X-RAY / OPTICAL CROSS 
CORRELATION 

Pump – Probe experiments are sensitive to the relative 
timing of the optical pulse and the X-ray pulse. 
Techniques are being developed to measure this directly. 
The techniques at use at SLAC are based on the X-ray 
beam changing the real and imaginary parts of the index 
of refraction of a material, and detecting those changes 
with the experiment laser. Two different techniques based 
on this principal are under development: 

Spatial Cross Correlation[9] 
The X-rays and laser cross at an angle in a thin 

(100nm) Si3N4 Film. The crossing angle causes the 
relative arrival times of the beams to vary across the film. 
The reflected optical beam is then imaged onto a camera. 

 
Figure 4: Spatial Cross Correlator. 
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The resulting images for different time delays are shown 
in Figure 5,and a comparison with Nitrogen ionization 
data is shown in Figure 6 [10].  The nitrogen ionization 
data has an 83fs FWHM, consistent with the 50fs width of 
the laser pulse and the expected 50-100fs X-ray pulse 
width. 

 
Figure 5: Spatial cross-correlator images. 

 
Figure 6: Comparison of Nitrogen ionization data with 
spatial cross-correlator. 

 
The change in reflection from the thin film is believed 

to be primarily due to X-ray induced changes in the real 
part of the index of refraction and subsequent changes in 
the interference between the front and back surfaces of 
the film.  

Spectral Cross Correlation[10] 
The amplified and compressed laser is passed through a 

continuum generator to create a very broadband (~550-
650nm) pulse. This pulse is then frequency dispersed and 
transmitted through a thin Si3N4 film. The dispersion 
maps time onto optical wavelength and the resulting step 
in transmission can be read in the spectrum. Figure 7 
shows the spectral step after dividing out a background 
(no X-ray) pulse. The full spectral width with the 
dispersion represents approximately 1 picosecond.  The 
fit is an empirical fit to the edge of the step. The statistics 

based noise of the fit is a few femtoseconds, but there is 
not yet data available for comparison with an independent 
timing measurement.  

 
Figure 7: Spectral cross-correlator, change in transmission 
vs. optical frequency in PHz. Emperical fit. 

 
The changes in index of refraction of the film in 

combination with interference between the front and back 
surfaces create ripples in the spectral transmission. Work 
is underway to compare the data with a physical model of 
the interaction.  

Limitations of cross-correlators 
For both cross-correlator designs the change in optical 

signal may not be linear in the X-ray power, possibly 
resulting in an incorrect measurement of the centroid of 
the X-ray pulse.  This can also generate intensity related 
errors on the timescale of the pulse width, or film 
response timescale. Fortunately for the majority of 
experiments determining the arrival time of the X-rays to 
less than the pulse width is sufficient. 

Both cross-correlators rely on the X-rays interacting 
with a solid film. In some experiments the target is 
opaque to X-rays and the film must be located upstream. 
The X-ray transmission of a 100nm Si3N4 film decreases 
from 90% at 1000eV to 50% at 400eV, limiting its 
usefulness for soft X-ray experiments. 

Both cross-correlators are X-ray pump / optical probe 
systems and cannot work with very low X-ray intensities. 
Unfortunately the shortest pulses in LCLS and other 
XFELS are expected to be produced with low X-ray 
fluxes. The minimum flux required for the cross 
correlators has not yet been determined.  

NEW LCLS TMING SYSTEM 
The LCLS timing system is currently being modified to 

provide improved performance and reliability. The new 
design has two key features: 

� Primary timing is derived from the X-ray / 
optical cross correlator.  
� Modular design to allow upgrades of individual 
components. 
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The overall design is based on using an X-ray / 
optical cross correlator as the most direct way to 
measure relative timing of the X-rays and pump laser. 
When this data is available for offline data correction, 
there is minimal advantage to improving the 
performance of the rest of the timing system below the 
~50-100fs RMS jitter of the accelerator. The 
subsystems are shown in Figure 8. 

 

 

Figure 8: Timing Subsystems. 
Red=RF, Cyan = fiber, Green = laser, Blue = X-ray 

RF Subsystem 
The phase cavity design is essentially unchanged from 

the existing LCLS system[7]. Two 2805MHz cavities are 
used to measure the electron beam time relative to the RF 
reference.  

RF at 476MHz is transmitted from the phase cavity 
system to the experimental hutches. The design has been 
modified relative to the previous LCLS design to 
eliminate the phase locked loop between the phase cavity 
signal and the hutches by integrating its function into the 
cable system.  

The cable system operates by locking a VCO at the 
receive end of the cable to the phase measured at the 
transmit end. At the receive end the average of the phase 
of the forward and reflected signals in the cable is then 
first order independent of cable length. Laboratory tests 
indicate a long term stability of a few picoseconds for this 
system. The hardware block diagram is shown in Figure 9.  

 
Figure 9: RF subsystem. 

Fiber Subsystem 
In the new LCLS design the fiber system is used to 

improve the timing stability of the RF from the cable 
stabilization system over long timescales. Initially the 
LBNL interferometer fiber system will be used, but other 
systems can be substituted as the technology develops. 

A simplified RF based fiber system is being tested at 
SLAC for this application since the use of the cross-
correlator reduces the long term stability requirements on 
the fiber system – and may even allow operation with just 
the RF system. 

 
Figure 10: SLAC simplified fiber system. 

 

 
Figure 11: Simplified fiber system: 1 week test 600fs pk-
pk for 1.8 ºC pk-pk, 500M fiber. 

Laser Locking System 
The laser locking system uses a photodiode to monitor 

the mode-locked oscillator and phase compare against the 
RF reference. Recent results at LBNL with high linearity 
diodes and an improved feedback algorithm have 
demonstrated 25fs RMS noise on the laser system[6]. 

Commercial laser locking systems can also be used if 
they can meet the stability and noise requirements. 

FUTURE DEVELOPMENTS 
We expect the “conventional” timing for the LCLS; the 

beam pickups, fiber system and laser locking to develop 
into a simple, high reliability system to provide jitter and 
stability below the ~100fs uncorrectable timing jitter of 
the accelerator. This should be sufficient to keep the beam 
within the dynamic range of the X-ray / Optical cross 
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correlators which will be used for offline correction of the 
data.  

The existing spatial and spectral cross-correlator 
concepts will be engineered to require minimal 
intervention by the experimenters. Data analysis systems 
are under development to provide near real-time timing 
information to allow experimenters to debug experiments 
during their beam time. 

Ongoing developments in X-ray FELs suggest that 
pulse lengths below 5fs FWHM are readily available 
(though not yet directly measured)[11], and few-
femtosecond optical pulses have been demonstrated at a 
number a laboratories [12]. In combination these could 
allow pump-probe experiments on few-femtosecond 
timescales. The existing X-ray / Optical cross correlators 
are expected to have single femtosecond resolution and 
new techniques will be needed for the ultra-fast regime. 

 
 REFERENCES 

 
[1] J. M. Glownia et al. “Time Resolved Pump-Probe 

Experiments at the LCLS”, Optics Express 2011.  
[2] Electro-optics technology. 

www.eotech.com/store/uploads/fck/file/10GHz_Amp
_Detectors.pdf 

[3] J. Frisch, D. Brown, E. Cisneros, “Performance of the 
prototype NLC RF Phase and Timing Distribution 
System”,SLAC-PUB-8458 (2000). 

[4] R. B. Wilcox, J. M. Byrd, L. R. Doolittle, G. Huang, J. 
W. Staples, “A 20fs Synchronization Sysetm for 
Lasers and Cavities in Accelerators and FELs”, 
Proceedins of SPIE,vol. 7581 (2010). 

[5] J. A. Cox, F. X. Kartner, “A femtosecond-precision 
fiber-optic timing transfer system with long-term 
stable, polarization maintaining output” 978-1-4244-
6051-9/11 IEEE. (2011). 

[6] R. B. Wilcox, Private Communication. 
[7] A. Brachmann et al. “Femtosecond Operation of the 

LCLS for User Experiments”.   TUPE066,  IPAC 
2010.  

[8] P. Emma, Z. Huang “Attosecond X-ray Pulses in the 
LCSL Using the Slotted Foil Method”, SLAC-PUB-
10712, (2004). 

[9] S. Schorb et al. “X-Ray-Optical Cross-Correlator for 
Gas-Phase Experiments at the Linac Coherent Light 
Source Free-Electron Laser” Appl. Phys. Lett. 100 
121107 (2012). 

[10] M. R. Bionta et al. “Spectral Encoding of X-ray / 
Optical Relative Delay”, Optics Express 21855, Oct 
2011. 

[11] Y. Ding et al. Phys. Rev. Lett, 102, 254801 (2009). 
[12] E. Goulielmakis et al, “Single-Cycle Nonlinear 

Optics”, Science 20, vol 320, 5883 June 2008.  

Proceedings of IBIC2012, Tsukuba, Japan TUPA44

Longitudinal Diagnostics and Synchronization 457 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



STREAK CAMERA MEASUREMENTS AT ALBA:
BUNCH LENGTH AND ENERGY MATCHING

U. Iriso and F. Fernández, CELLS, Cerdanyola, Spain

Abstract
This report describes the electron beam longitudinal

studies performed at ALBA Storage Ring using the streak

camera. We first show the usual studies involving precise

bunch length measurements and related beam parameters

like energy spread. Next, the studies to match the injected

beam in energy and phase are reported and compared with

simulations.

INTRODUCTION
Since the beginning of the ALBA Storage Ring com-

missioning in March 2011, a beam diagnostics beamline

(BL34) is operational. It uses the visible part of the syn-

chrotron radiation and is mainly devoted for longitudinal

beam studies using the Streak Camera (SC), an Optro-

nis SC-10 model, with synchroscan frequency working at

250 MHz to distinguish the beam bunches spaced by 2 ns.

The SC converts the incoming photons into electrons,

which are swept to transpose its longitudinal (time) struc-

ture into a transverse footprint. The sweeps are performed

by a fast and a slow unit. We always use the fast sweep

in the “synchroscan mode”, which sweeps continuously a

sinusoidal field of 250 MHz at different amplitudes, allow-

ing sweep speeds of 15, 25 and 50 ps/mm. The slow unit

provides sweep speeds from 660 ps to 5 ms/mm, triggered

usually at 50 Hz and synchronized with both the storage

ring (SR) revolution frequency and the injection repetition

rate (3 Hz). The working principles of SC are thoroughly

explained in Ref. [1].

Table 1: ALBA Storage Ring Main Parameters

Parameter Value

energy, E [GeV] 3.0

hor emittance, εx [nm-rad] 4.6

revolution time, T [ns] 896

harmonic number, h 448

rf freq., frf [MHz] 499.6

dipole field, B [T] 1.42

synchrotron freq., fs[kHz] 6.5

rf voltage (max), V[MV] 3.6

In this report, we first describe the SC characterization

and its sweep speed calibration. Next, the bunch length

measurements of the stored beam are reported including the

energy spread measurements. Finally, we show measure-

ments of the injected beam, including booster bunch length

and longitudinal damping time. Table 1 lists the ALBA

Storage Ring (SR) parameters relevant for these studies.

EXPERIMENTAL SET-UP
The light used at BL34 is extracted from the first bend-

ing after the injection section. At 8.5 m from the source, we

locate an in-vacuum mirror (VMIR) whose purpose is to re-

flect only the visible part of the synchrotron radiation spec-

trum. We do so by moving up the mirror (to about 2 mrad),

and so avoiding the x-ray part of the spectrum circulating

in the orbit plane – see Fig. 1. The light is then directed

perpendicular towards the other side of the shielding wall,

already in atmospheric pressure. At this point (and at 9 m

from the source), we locate a 4m lens in order to focalize

the light into the experimental set-up. Next, 6 conventional

mirrors direct the light through the shielding wall perform-

ing a vertical chicane to prevent radiation outside the SR

tunnel. Finally, the light arrives to the experimental setup

in BL34. The light optical path and optical elements are

shown in Fig. 2, and more details are explained in Ref. [2].

Figure 1: Sketch of the in-vacuum mirror (VMIR) and

holder. The mirror is kept up around 2 mrad to avoid

the x-ray part of the synchrotron radiation. The mirror is

equipped with 3 thermocouples (not shown in the sketch)

to prevent damages induced by possible overheating.

STREAK CAMERA
CHARACTERIZATION

The “synchroscan sweep” is a sinusoidal electric field of

250MHz whose amplitude is varied to allow three different

deflection speeds: 15, 25, and 50 ps/mm. The sweep is syn-

chronized with the machine rf system working at 500 MHz.

In order to crosscheck the linearity of these sweeps, we

compared the bunch phase wrt sweep phase controlled by

the SC. While the non-linearity is negligible for the 15 and

25 ps/mm speeds, this is not the case for the slowest vertical

sweep: 50ps/mm (see Fig. 3). The total range swept with

this speed corresponds to 990ps, which for the 250 MHz
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Figure 2: Optical path from the source point to the SC.

Note the position of the lens ( f =4 m), and the iris, that

limits the incoming light aperture at the SC.

synchroscan frequency corresponds to about ±22o in phase.

In order to guarantee the linearity along the whole ramp, a

multi-linear calibration is applied.

Figure 3: Linearity using the 50ps/mm sweep speed.

We also crosscheck the manufacturer time-to-space con-

version factor, for which we prepared the calibration set-up

shown in Fig. 4. The synchrotron light arrives at an opti-

cal splitter that divides the light into two pulses A and B
going in two perpendicular branches of (initially) the same

length. Each of these pulses finds a full mirror that reflects

the light and sends it back to the splitter, where they are

merged together and sent to the SC. By moving one of the

mirrors a distance Δx from the initial length, we can see the

two pulses in the SC separated by a distance 2 ·Δx. The dis-

tance Δx is controlled with a precise micrometer, and then

crosschecked with the SC result.

Because the SC frequency is 250 MHz, we sweep the

odd bunches using the upward part of the sinewave (at 0o

phase), and the even bunches with the downward (at 180o
).

This is why the SC images show the odd bunches in the

upper half image, and the even bunches in the bottom. The

image of the calibration method is shown in Fig. 5. The

distance between lobes Δx is obtained by inferring the cen-

Figure 4: Calibration set-up.

troids distance for both even and odd bunches. We consider

an experimental error bar of about 1% in the centroids mea-

surement. The result shows that 1 mm at the optical table

corresponds to 3.67 ps ±6%, which is about 10% larger

than the one corresponding to the speed of light (3.33 ps).

This is about a 10% larger than the theoretical value, but

still acceptable if we consider the experimental error bars.

Figure 5: Images of lobes A and B for odd (top) and even

(bottom) bunches. The image correspond to an almost full

SR revolution. The filling pattern is composed by 8 trains

of 112 ns, each train consisting in 45 consecutive bunches

followed by 22 ns of gap.

STORED BEAM MEASUREMENTS
The SC settings need to be well tuned in order to perform

precise bunch length measurements. First, we see enlarge-

ments of about 25% if the focusing lenses are not perfectly

tuned, which we did with the help of the manufacturer [3].

The most significant effect is due to the transverse beam

spot, which produces bunch length enlargements of about

50% (even by closing the SC slit). We control this beam

spot with a CCD camera located next to the SC. The light
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Figure 6: Linear fit to the distance between lobes for dif-

ferent micrometer position. The linear term provides the

calibration in terms of ps/mm.

is directed to both devices using a light splitter. Figure 7

shows the image arriving at the SC as seen by a CCD cam-

era (left), and as seen by the SC itself (right) in focusing

mode (no sweeps). Precise bunch length measurements are

only performed if we collimate the beam spot using the iris

located in front of the SC (see Fig. 2). We suspect the rea-

son for the peculiar shape of this spot stems in the use of

conventional mirrors, whose reflection is produced by the

front surface, but they can also add residual reflections at

the back surface. We are currently investigating this effect.

Figure 7: Transverse beam spot arriving to the SC as seen

by the CCD (left) and SC itself (right). The multiple spots

are suspected to be due to multiple reflections at the 6 con-

ventional mirrors. Precise bunch length measurements are

performed if we collimate the spot using the iris.

Figure 8 shows a typical example of the bunch length

measurements at ALBA. The filling pattern at SR is made

of 8 trains spaced by 11 buckets (22 ns), each train con-

taining 45 consecutive bunches. The image at Fig. 8 (left)

corresponds to an almost full SR turn (896 ns), where we

can see almost completely the 8 trains. As usual in the

streak camera, the odd bunches are at the image top, the

bottom bunches are at the image bottom. The bunch length

is obtained after the vertical projection of the selected ROI.

As seen in Fig. 8 (right), the projection follows a Gaus-

sian distribution, from which we obtain a beam size of

FWHM=52 ps (σz = 22.1ps).

Figure 9 shows the evolution of the bunch length σz by

varying the rf voltage V , which we can see it consistently

follows the relation

σz =

√
2παC Eσ2

E

hV cos φsω
2
rev

, (1)

where αc is the momentum compaction factor (given by the

machine optics), E is the beam energy, h is the harmonic

number, φs is the synchronous phase and ωrev is the angu-

lar SR revolution frequency. Both measured and modelled

values are shown in Fig. 9, where the measurement errorbar

considers the overestimation measured in Fig. 6.

Figure 8: Example of a bunch length measurement.

Figure 9: Measured bunch length wrt rf voltage.

A proper bunch length measurement allow the calcula-

tion of the energy spread σE , following:

σz =
αC

2π fs
· σE , (2)

where fs is the synchrotron frequency, controlled with the

Spectrum Analyzer after varying the rf voltage. The linear

relation obtained is shown in Fig. 10, with a σE=0.83%,

consistent with the expected values.

INJECTED BEAM MEASUREMENTS
In order to perform longitudinal studies at injection, we

first “unclose” the injection bump to dump the beam circu-

lating in the machine and keep the injected beam (which ar-

rives after the 3 Hz repetition rate from the injectors). This

TUPA46 Proceedings of IBIC2012, Tsukuba, Japan

460C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)

Longitudinal Diagnostics and Synchronization



Figure 10: Energy spread measurement.

allows to keep the SR intensity ∼0.2 mA and so to work

with the same SC settings. In these conditions, we check

the longitudinal matching between the Booster and SR by

measuring and correcting the phase and energy offsets, as

well as measure the injected bunch length and damping

time.

Phase and Energy Match
Since the radiation damping eventually damps the in-

jected beam to the natural SR bunch length and energy

spread, the details of the longitudinal dynamics (like en-

ergy and phase match) are usually ignored as long as there

is an adequate capture of the injected beam. However, in

view of the future top-up operation at ALBA, we started a

campaign to properly match the energy and phase from the

Booster to the SR.

From the settings used in normal operation, the simplest

thing is to check the rf phase. This is done by comparing

the phase of the injected beam wrt the stored beam. Fig-

ure 11 shows the images of the beam before (left) and after

(right) the phase matching. After injection (at ∼10μs), the

left hand side pictures shows a phase jump of 139ps, corre-

sponding to a phase offset of 25o. After applying this phase

shift to the RF system, we can see the injected beam phase

is well matched with the stored beam phase, and the oscilla-

tion starting at ∼10μs are due to injection energy mismatch,

which we correct next.

To correct the energy mismatch, we prepare the Booster

to extract at three different energies: the setting used during

normal operation (which we call hereafter “Reference”),

and at ±1% of the nominal energy. We do so by editing

the Booster magnets ramp curves. Because the SC images

the odd and even bunches at different places, we measure

then the oscillations of the odd and even bunches sepa-

rately. This is then the input for a tracking simulation,

which allows to identify the energy offset corresponding

to the phase difference. The results are shown in Table 2.

We conclude then that we were injecting with an energy

offset of -18 MeV (or -0.68% in energy), and so we adjust

the Booster settings to ramp at an energy of +0.68%. Af-

ter several iterations with small adjustments in energy and

Figure 11: Streak images before/after rf phase matching.

Note the time goes from right to left, and injection occurs

at ∼10μs. The SC phase has been matched to superim-

pose the odd and even bunches at the same phase, but when

the injection occurs, the injected odd bunches go upwards,

injected even bunches go downwards, and the remaining

stored beam remains at the same phase.

phase, the image of the injected beam is shown in Fig. 12.

It corresponds to an energy difference of 1.5 MeV and a

phase difference of 10 ps (1.8o). Note the (small) centroid

oscillations wrt Fig. 11. The centroid and bunch length os-

cillations are explained in the next section. The phase space

tracking simulations corresponding to the different energies

tried in this exercise are shown in Fig. 13.

Table 2: Top/bottom oscillation at the SC for three different

Booster ramps, and corresponding energy difference after

the tracking simulations.

BO ramps top/bottom osc. ΔE

Reference -1% 353/262 ps -43 MeV

Reference 127/111 ps -18 MeV

Reference +1% 62/72 ps +10 MeV

Injection Dynamics and SR Damping Time
Once we tune the injection to the right energy, we could

analyze the beam coming from the Booster, which allows

us to study the longitudinal damping time and the injection

dynamics.

In Fig. 12, we see that the (small) centroid oscillation pe-

riod coincides with the synchrotron period, while the bunch

length oscillates at half this period, as it is expected be-

cause the bunch length performs two cycles for each cen-

troid turn. Note the bunch length oscillations has differ-

ent minima and maxima at different cycles, due to the non-

symmetric shape of the phase space trajectory (see Fig. 13).

Following the injection, the initial beam distribution

from the Booster begins to filament until it eventually

damps to the natural distribution of the SR [4, 5]. Since

our theoretical damping time is τ =3 ms, we record the in-
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Figure 12: Injection after matching the energy and phase.

Note the centroid oscillations are in the order of 10ps (mid-

dle plot), and it oscillates at the synchrotron frequency (pe-

riod of ∼150μs), while the bunch length (bottom plot) oscil-

lates at twice the synchrotron frequency (period of ∼75μs).

In this case, the injection occurs at about t = 200μs.

Figure 13: Matching simulations in phase space.

jection transient over 14 ms. From fitting the bunch length

decay during this time we can infer the damping time – see

Fig. 14. In this case, the bunch length oscillation observed

in Fig. 12 cannot be resolved because the bunch length per-

forms one oscillation over half the synchrotron period (note

the different horizontal time scale at both pictures). The fit-

ting result shows τ = 3.2 ms, consistent with the theoretical

expectations [6].

CONCLUSIONS
The SC at ALBA has been operational since 1 year ago.

In this time, we performed several studies to characterize

the SC, with the aim of ensure the linearity and crosscheck

the time to space conversion factor. All this allows us to

perform precise bunch length measurements and related

machine parameters like energy spread. Furthermore, we

use the SC to match in energy and phase the beam coming

Figure 14: Streak image used to infer the longitudinal

damping time (top), and evolution of centroid (middle)

and bunch length (bottom). Injection occurs at about t =
2.9 ms. The bunch length is fitted to an exponential de-

cay, the damping time obtained from the fitting results is

τ =3.2 ms.

from the Booster, which is used to obtain an insight view

of the injection dynamics.
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MIDDLE-INFRARED PRISM SPECTROMETER FOR SINGLE-SHOT
BUNCH LENGTH DIAGNOSTICS AT THE LCLS∗

T. Maxwell† , Y. Ding, A.S. Fisher, J. Frisch, H. Loos
SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
C. Behrens, Deutsches Elektronen-Synchrotron, Hamburg, Germany

Abstract
Modern high-brightness accelerators such as laser

plasma wakefield and free-electron lasers continue the

drive to ever-shorter bunches. At low-charge (< 20 pC),

bunches as short as 10 fs are reported at the Linac Coher-

ent Light Source (LCLS) [1]. Advanced time-resolved di-

agnostics approaching the fs-level have been proposed re-

quiring the support of rf-deflectors [2–4], modern laser sys-

tems, or other complex systems. Though suffering from a

loss of phase information, spectral diagnostics remain ap-

pealing by comparison as compact, low-cost systems suit-

able for deployment in beam dynamics studies and opera-

tions instrumentation. Progress in mid-IR imaging and de-

tection of the corresponding micrometer-range power spec-

trum has led to the continuing development of a single-

shot, 1.2 - 40 micrometer prism spectrometer for ultra-short

bunch length monitoring. In this paper we report further

analysis and experimental progress on the spectrometer in-

stallation at LCLS [5].

INTRODUCTION
In low-charge mode, the LCLS FEL linac produces

13.6 GeV electron bunches with lengths on the order of a

few micrometers and transverse spot size of ∼50 μm [1] for

delivery to the undulator hall to generate x-ray FEL pulses

of comparable duration. Diagnosis of the longitudinal dis-

tribution at the undulator entrance is desired for FEL opti-

mization studies and presents a unique challenge to the res-

olution of existing diagnostics, reaching into the 1-fs scale.

Time-domain measurements of the LCLS beam by use of

an x-band transverse deflecting-mode cavity are already

being pursued [2–4]. Alternative frequency-domain diag-

nostics have advantages of economy, requiring only stand-

alone optics capable of recording the spectrum of coherent

beam radiation (CxR).

Under a change in trajectory or medium, the beam will

radiate. In the 1-D line-charge approximation and neglect-

ing other transverse effects, the radiation emitted will have

a power spectrum that’s given by

I(k) ∝ Ie(k)
[
N + N(N − 1)

∣∣∣ f (k)|2∣∣∣
]

(1)

where Ie(k) is the power spectrum for an individual elec-

tron in the given process, N is the number of electrons,

∗ Work supported in part by US Department of Energy contract number

DE-AC02-76SF00515.
† tmaxwell@slac.stanford.edu

the “form factor” f (k) is the Fourier transform of unit-

normalized longitudinal charge distribution ρ(z), and the

wavenumber is defined as k ≡ 1/λ (the spatial frequency).

The second term in the bracketed sum of Eq. (1) repre-

sents the CxR, having an additional factor N enhancement

over the incoherent radiation over wavelengths correspond-

ing to a large form factor. With a measurement of the beam

spectrum in the region where the coherent spectrum falls

off, one can then in principle deduce the bunch length. As a

rule of thumb for the coherent cut-off wavelength, we con-

sider a bunch with unit-normalized Gaussian distribution of

rms length σz. In this case the corresponding form factor-

squared | f (k)|2 is also a Gaussian of frequency-independent

peak amplitude that falls to 50% at the cut-offs

k50% =

√
ln 2

2πσz
≈ 0.133

σz
⇒ λ50% ≈ 7.55σz (2)

Prior LCLS studies on low-charge operation suggest

bunch length scaling linearly with charge at a constant peak

current [1]. For Q = 10 − 200 pC, we have σz = 0.5 -

50 μm for typical bunch compression. This yields coherent

enhancement down to λ = 3.5 - 40 μm (up to k = 2900-

250 cm−1).

As the distribution of the LCLS beam can vary

from shot-to-shot, traditional scanning THz interferome-

try methods are avoided in favor of a single-shot mid-IR

spectrometer inspired by that demonstrated in [6]. Here we

provide an update on a one-stage, Single-Shot THz Prism

Spectrometer (SSTPS) installation designed to cover this

spectral range [5], favoring compactness and simplicity.

SYSTEM OVERVIEW
Current LCLS relative bunch length monitors utilize the

coherent edge radiation (CER) emitted at the exit of up-

stream bending magnets [7]. For the present application in

the straight section of the LCLS beam transport hall, co-

herent transition radiation (CTR) from the beam imping-

ing on an inserted foil [8] was chosen. Referring to the

overview for the SSTPS system in Fig. 1, light from the

foil (A) will be collected and focused onto the spectrom-

eter slit (F). Light at the slit is collimated through a cus-

tom KRS-5 mid-IR prism to provide dispersion (H) before

being focused onto a linear pyroelectric detector array (J).

All-reflective imaging optics are used to avoid unwanted

chromatic abberations. The system is considered in two

parts: the light collection optics (A-F) and the spectrome-

ter proper (F-J).
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Figure 1: Schematic of SSTPS to be installed at LCLS diagnostic cross OTR33, just prior to the undulator hall. CTR from

a thin foil inserted into the beam (A) is collected and imaged to the spectrometer slit (B-F) and spectrally resolved on the

detector (F-J) using a custom KRS-5 mid-IR prism as the dispersive element (H).

Design of the system is dictated by maintaining high,

flat light transmission over the one to tens of micron wave-

length band. For coupling the light out of the vacuum

pipe, both CVD diamond and KRS-5 viewports are avail-

able with transmission spectra shown in Fig. 2. KRS-5

shows very flat transmission over the full 1-40 μm (250-

8000 cm−1) range, but is brittle and slightly hygroscopic.

CVD diamond will be used for initial tests despite known

phonon absorption lines at 2 and 6 μm.

Also shown in Fig. 2 is the transmission spectrum

through 1 m of ambient air [9]. Several absorption bands

are seen from the presence of water vapor. These can be

improved to the better than 90% level with an 80% reduc-

tion in relative humidity. A dry-air purged enclosure has

therefore been designed with the added benefit of protect-

ing any slightly hygroscopic optics.

Light Collection and Alignment

Collection optics require consideration of the CTR

source. Transition radiation is highly directional, concen-

trated on a cone with half-apex angle 1/γ in the far field [8].

The light must pass the narrow aperture (100 μm) slit.

For these reasons, and to further discriminate against in-

coherent transition radiation by its larger inherent diver-

gence, an odd number of “lenses” is used to provide wide

spatial acceptance and narrow angular acceptance. By ray

trace design, light from the foil within Δx = ±7.2 mm will

clear the slit but only within Δθx = ±0.2◦.
The LCLS is a user-oriented facility with minimal down-

time. Therefore the entire 2’×4’ breadboard has been de-

0 2000 4000 6000 8000
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0.2

0.4

0.6

0.8

1

k [cm−1]

T
ra

ns
m
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si

on

Humid air

KRS−5

Diamond

Silicon

Figure 2: Transmission function of various substances in

spectral range of interest.

signed for rapid installation and removal. The table mount

(Fig. 3) is a quick-release, turn-buckle design so that the

board can be positioned and aligned within the required

tolerance. The initial turning mirror (Fig. 1, B) is used for

fine angular control to position the image on the slit, and

remotely as necessary. The board can be locked to a table

in an offline optics lab for preparation and testing.

To get initial alignment, a reference alignment laser will

be added during installation. A new 6-way cross 7.3 m up-

stream of OTR33 will inject the laser into the beam line,

imaged to match the noted beam position on the exist-

ing OTR33 camera. With reference positioned to within
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Figure 3: Rendering of the new OTR33 diagnostic station.

SSTPS optics and enclosure to be installed on the quick-

release breadboard.

±2 mm of the beam center at both crosses, the angle is re-

stricted to within ±0.03◦ and well within the stated accep-

tance of the system.

The Spectrometer

A prism spectrometer configuration was chosen as a mat-

ter of simplicity and economy, though order-sorted grating

configurations have gains in resolution [5, 6]. Chosen for

its broad mid-IR transmission (Fig. 2) and moderate dis-

persion, KRS-5 was chosen as the prism medium [5] with

index and dispersion curves shown in Fig. 4. Using the

12.8 mm length of the detector array as a restriction to the

maximum spatial dispersion, the prism apex angle is 10◦.
Figure 4 shows nonlinearity over this wide spectral

range. With a constant waist of 10-mm at the prism, the

frequency-to-position map x(k) and effective spectral reso-

lution Δk(k) is computed in Fig. 5. While the strong low-

k dispersion and small diffraction-limited spots at high-k
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Figure 4: Refractive index n(k) (left) and dispersion n′(k)

(right) for KRS-5.
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Figure 5: Frequency dependence of spectral spot positions

x(k) (top) and spectral resolution Δk(k) (bottom) for prism

spectrometer (Fig. 1).

preserve good spectral resolution in these limits, the center

band about k = 2000 cm−1 suffers. The strong frequency

dependence of x(k) also suggests that excellent wavelength

calibration is required.

ABSOLUTE LEVELS
To compare expected light levels as compared to detector

sensitivity and to quantify the extent of information loss in

the system, additional modeling and testing was performed.

These include analysis of transverse imaging contributions,

detector benchmarking and absolute power estimations.

Transverse Contributions
Considerable work has been done on modeling the gen-

eration and diffraction of near-field, long-wavelength CTR

in recent years and is known to cause significant low-

frequency losses. This was modeled for the SSTPS us-

ing [10] following the approach outlined in [7]. Diffrac-

tion of light through the system is accomplished by Gauss-

Laguerre mode decomposition of the fields between aper-

tures [11]. The finite TR source is estimated by the method

of virtual quanta [12] as the Fourier components of the rel-

ativistic single-electron fields diffracting through the OTR

screen.

The full system was optimized with results in Fig. 6. Sig-

nificant low-k losses are observed arising primarily at the

spectrometer slit (Fig. 1, F). The 3-lens imaging was cho-

sen to prefer spatial acceptance and also improves peak sys-

tem transmission shown here. However this choice gives

rise to the strong DC suppression and long rise in response

due to the frequency dependence of the divergence of the

diffracted, near-field TR.

Detector Sensitivity
The 128-element, linear pyroelectric array being used

is provided by Pyreos [13]. Pixels are 60 μm wide and

500 μm tall with a 100 μm pitch. The manufacturer also
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Figure 6: Simulated CTR diffraction losses for the SSTPS

system.

furnishes a compact data acquisition board for the sensor.

The kit generates the timing signals required by the sensor

and digitizes the analog burst with a sampling rate of νsamp

= 10 - 256 Hz. The sensor and kit are shown in Fig. 7.

As previously reported [5], the sensitivity is not pro-

vided. It has since also been noted that the sensor array

contains unpassivated silicon. To prevent disrupting pho-

toelectron emission within the detector circuit, a low-pass

optical filter must block λ < 1.2 μm. A silicon window is

being used along with the acquisition kit. Measured mid-IR

silicon transmission is shown in Fig. 2 [14], and is strongly

attenuating in the visible to near IR.

Illumination tests were repeated using a 2-mW, 3.4-μm

HeNe laser. The beam is first combined with a visible

632 nm HeNe laser by transmission (reflection) of the IR

(visible) beam through a germanium combiner. The beams

are then chopped and reflectively expanded. A silicon pho-

todiode is used to check time of arrival of the laser pulse(s)

and estimate the variable chopped IR pulse width τpulse.

When τpulse � 1/(2νsamp), the optimal array signal coin-

cides with the kit triggered just after termination of the light

pulse.

The beam is focused to a tight spot on the array with

an example image from a 100-Hz, 85-μs (fwhm) chopped

pulse shown in Fig. 8. From such data, and accounting

for 48% transmission of the 2-mW IR laser through the Ge

combiner, the sensitivity of the array (with window) is es-

Figure 7: The 128-element linear pyroelectric array (left)

and data acquisition evaluation kit (right). Images courtesy

of Pyreos [13, 15].
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Figure 8: Line array signal from focused 3.4-μm HeNe syn-

chronously chopped to 85 μs pulse width at 100 Hz.

timated to be 75 V/μJ/pixel. With saturation occurring at

4.5 V, maximum illumination is around 60 nJ/pixel. Aver-

aging over many shots, rms electrical noise is 15 mV/pixel.

This corresponds to a lower limit of 0.2 nJ/pixel.

Simulated Signal
Finally we illustrate expected signals for low-charge op-

eration of the LCLS linac. A simulated bunch distribu-

tion for the typical under- to fully-compressed, double-horn

bunch [1] is used. Assuming still a constant peak current

and that bunch duration scales with charge, simulated ini-

tial distributions and spectra are shown in Fig. 9.

To simulate measured signals, the spectra are subjected

to losses (Fig. 6), mapped to detector position (Fig. 5,

top), convolved with a resolution term (Fig. 5, bottom),

integrated over the region subtended by each pixel, and

summed with psuedo-electrical noise of amplitude 0.5

nJ/pixel. The results are shown in Figs. 10 and 11 for the

200- and 20-pC cases, respectively.

By these estimates, the single-bunch light levels fall

within the range of the sensor. For the 200-pC (10’s of μm)

case, there is a loss of amplitude definition as the edge of

the spectrum falls within the low-resolution range (Fig. 5).
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Figure 9: Simulated bunch profiles (top) and corresponding

emitted power spectra per unit charge (bottom).
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Figure 10: Simulated detector array levels before (top) and

after (bottom) mapping to k axis for Q = 200 pC case.
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Figure 11: Simulated detector array levels before (top) and

after (bottom) mapping to k axis for Q = 20 pC case.

Simulations around 20 pC prove more promising with sig-

nificant structure of the spectrum preserved.

DISCUSSION

Progress continues on a Single-Shot, THz Prism Spec-

trometer for absolute, ultra-short bunch length diagnostics

at the LCLS. Rigorous simulations of the system have been

carried out with the novel detector’s behavior and control

now well understood. Practical installation issues have

been addressed.

Staging of the final optics and electronics is nearly com-

plete. In parallel with the ongoing fabrication of various

necessary mounting components, plans for improved spec-

trometer characterization are underway. These will use the

LCLS Laser Group’s micron-range OPA and monochroma-

tor to provide a wavelength calibration measurement.

The projected instrument response suggests optimal op-

eration is in the 10’s of pC range, with bunches of a few-μm

length. Though spectral methods do not directly deduce ab-

solute bunch length due to loss of phase information, sim-

ulated signals in this range have also proven amenable to

Kramers-Kronig phase retrieval [16] after all expected dis-

tortions, demonstrating promise as an absolute diagnostic

in support of LCLS ultra-short FEL optimization studies

on track for first beam measurements before end of calen-

dar year.
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BEAM INSTRUMENTATION FOR THE COSY ELECTRON COOLER 
E. Bekhtenev, V. Bocharov, M. Bryzgunov, A. Bubley, A. Denisov,  G. Karpov, 
V. Panasyuk, V. Parkhomchuk, V. Reva , BINP SB RAS, Novosibirsk, Russia 

V. Kamerdzhiev, L. Mao, K. Reimers, FZ-Jülich, Germany 
J. Dietrich, TU-Dortmund and HIM Mainz, Germany

Abstract 
The report deals with beam instrumentation of the 

electron cooler for COSY storage ring. The electron 
cooler is an electrostatic accelerator designed for beam 
energy up to 2 MeV and electron current up to 3 A in 
energy recovery mode. The electron beam is immersed in 
longitudinal magnetic field so the electron motion is 
strongly magnetized. The control electrode in the electron 
gun is composed of four electrically isolated sectors. 
Applying AC voltage to one sector allows tracing of 
motion of that particular part of the beam. The electron 
beam shape is registered with the combination of 4-sector 
electron gun and the BPMs. This method allows 
observing both dipole and quadruple (galloping) modes of 
electron beam oscillation. Compass probe for measuring 
and tuning the direction of magnetic field in the cooling 
section is described. A monitor based on a few small 
Faraday cups for measuring the electron beam profiles is 
presented. 

INTRODUCTION 
The 2 MeV electron cooler for COSY was built at 

BINP [1]. The design energy and good performance of the 
subsystems were demonstrated during electron beam 
commissioning in Novosibirsk. Further conditioning with 
electron beam is required to achieve electron currents 
above 200 mA at high energy. It will be done after the 
installation in COSY.  

The electron beam is transported to and from the 
cooling section by two transport lines (see Fig. 1). This is 
due to the requirement of the HV system being installed 
outside the accelerator radiation shielding. 

 
Figure 1: Layout of the 2 MeV electron cooler. 

Lossless beam transport is essential for operation in the 
energy recovery mode. Beam position measurement and 
correction are necessary for beam loss minimization and 
accurate beam alignment in the cooling section. The 
design of the cooler includes numerous beam diagnostic 
systems. 12 beam position monitors (BPMs) provide 
position information in the electron transport lines and in 
the cooling section. The electron gun and its high voltage 
power supplies were designed having beam diagnostics in 
mind. Only electron gun features directly related to beam 
diagnostics are discussed in this paper. A Faraday cup 
array is used to measure the profile of the electron beam 
at low average current. Periodic verification of the 
magnetic field straightness in the cooling section is 
required to ensure best possible cooling. 

ELECTRON GUN 
Beam position measurements require modulation of the 

electron current. This is done by applying AC voltage at 
3 MHz and up to 10 V to the gun control electrode (see 
Fig. 2). Furthermore, the control electrode of the electron 
gun is composed of four electrically isolated sectors [2]. 
Applying AC voltage to one sector at a time allows the 
use of BPMs for tracing the corresponding part of the 
electron beam. Comparing the positions of each sectors 
from BPM to BPM or the sector positions in a single 
BPM at different currents in the corrector coils it is 
possible to analyze the optics in the transport line. 

 
Figure 2: Diagram of the gun modulation electronics. 

The modulation electronics is mainly located inside 
the HV vessel at potential of up to 2 MV. Modulation 
signal is transmitted to high voltage part by means of light 
[3]. Laser diode ADL-66505TL mounted on a viewport 
outside the HV vessel is used as optical transmitter. Its 
optical output power is stabilized at the level of 20 mW. 
Silicon PIN photodiode BPW34 located at 0.3 m distance 
from the laser diode is used as optical receiver. 
Combination of a low noise amplifier (LNA) and a 
comparator allows to have stable modulation voltage at 

TUPB48 Proceedings of IBIC2012, Tsukuba, Japan

468C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)

Miscellaneous and others



the control electrode even if the optical transmitter is 
misaligned by up to 10 deg. Measuring the modulation 
voltage at the LNA output by means of a detector and an 
ADC allows adjustment of transmitter angle for 
maximization of optical power coming to the receiver. 

BEAM POSITION MONITORS 
BPM signal processing electronics includes a 

preamplifier and a signal processor consisting of analog 
and digital boards [3]. The preamplifiers with high input 
impedance are located close to the pickups. Main 
parameters for the BPM system are shown in Table 1. 

Table 1: Main Requirements for the BPM System  
Electron current  0.1-3 A 
Modulation amplitude 
of electron current 0.3-1.5 mA 

Proton current 0.1-2 mA 
Position measurement error  < 100 μm 
Measurement rate  0.1-1 s 

The principle of operation is shown in Fig. 3. The 
preamplifier is connected to the pickup via four 75 Ohm 
1.2 m long cables. The switches used in the preamplifiers 
provide 4 connection combinations between 4 BPM 
electrodes and 4 signal processing channels. This 
approach allows eliminating measurement error caused by 
inequality of the channel transmission coefficients. After 
amplification the BPM signals with frequency FSIGN are 
mixed with reference frequency FSIGN + ΔF.  

 

 
Figure 3: Block diagram of the BPM system. 

The ΔF = 23 kHz signals are sampled by a 14 bit ADC 
after low pass filtering and amplification. The digital 
signals are sent to an FPGA where further processing is 
performed. It includes synchronous detecting and 
accumulation. A 3 MHz calibration signal can be applied 
to the preamplifier inputs via S1 switch. The BPM 
processor occupies one 1U 19” chassis. Each processor 
can serve two BPMs. The system was built and tested. It 
was in operation with electron beam at BINP since 
November 2011.  

Table 2: Measured Accuracy of the BPM System 
Position variation  for different beam 
modulation, IMOD = 0.3-1.5 mA 4 μm 

Resolution, IMOD = 0.3-1.5 mA < 1 μm 
Temperature dependence 2 μm/°C 

To determine the position accuracy a sinusoidal 3 
MHz test signal was used. It was applied via four-way 
splitter to four preamplifier inputs. Signal amplitude was 
changed in the range 0.2-1 mV corresponding to beam 
current modulation range 0.3-1.5 mA.  

 
Figure 4: Beam positions measured by three different 
BPMs: BPM2 (red), BPM4 (green) and BPM10 (blue). 
The gun modulation was applied to one sector at a time. 

The results of experimental evaluation for 
KX=KY=43 mm are presented in Table 2. Figure 4 
illustrates the electron beam shape measured at three 
different locations while driving the gun in the single 
sector mode as described in the previous section [3]. 

PROFILE MONITOR 
A detector consisting of six Faraday cups located in 

the transport line is used to measure electron beam 
profiles.  

 
Figure 5: Design of the Faraday cup detector for profile 
measurements (left, 5 of 6 cups are shown) and its 
location within the beam aperture (right). 

Proceedings of IBIC2012, Tsukuba, Japan TUPB48

Miscellaneous and others 469 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



The electron beam is deflected by a corrector magnet 
onto the detector and does not reach the collector. In order 
to minimize the load on the HV generator the cooler is 
operated in pulsed mode (5 μs pulse at 20 Hz repetition 
rate). The Faraday cup signals are recorded together with 
horizontal and vertical corrector currents while the beam 
is scanned across the detector. 

MAGNETIC FIELD STRAIGHTNESS 
The efficiency of the cooling process strongly depends 

on the quality of longitudinal magnetic field in the 
cooling section. Magnetic field straightness of the order 
of 10-5 is required. That’s why the cooling solenoid is 
composed of numerous short coils. The angle of 
individual coils can be adjusted. In order to measure 
magnetic field straightness a highly sensitive magnetic 
probe was designed and built. The basic idea of this probe 
is similar to the ones used at BINP and Fermilab for the 
same purpose [4]. However, the compass-based probe is 
installed on a guiding rail inside the vacuum chamber of 
the cooling section. This is done to improve the 
availability of the cooler. The light beam generated by a 
laser is reflected by a mirror attached to the compass. The 
reflected laser beam is then detected by a 4-segment 
photodiode. A feedback system using two differential 
signals from photodiode segments, controls currents in 
horizontal and vertical corrector coils. The value of this 
current corresponds to the transverse magnetic field in the 
cooling section. Figure 6 illustrates system operation. The 
important feature of the probe described is operation in 
vacuum. Therefore the gimbal suspension and jewel 
bearings were used instead of an organic polymers thread. 
This engineering solution decreased the accuracy of the 
probe but improved the mechanical strength of the device. 
The permanent magnets were replaced by needles made 
from a soft magnetic material. The field to be measured is 
strong enough so there is no loss of sensitivity. 
Furthermore, the probe should withstand baking at 200 ºC 
without losing its characteristics. Soft magnetic material 
is suitable for this purpose. For mechanical stability of the 
mirror surface it was made from polished molybdenum 
without any additional reflective layer. 

Figure 7 shows the horizontal magnetic field in the 
cooling solenoid before and after coils adjustment. The 
rms ripple of the magnetic force line was decreased from 
6∙10-4 to 2∙10-5. 
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Figure 6: Illustration of the operating principle of the 
system monitoring magnetic field straightness. Magnetic 
sensor (1), corrector coils (2), beam splitter (3), photo-
detector (4). 

 
Figure 7: Horizontal magnetic field in the cooling 
solenoid before (1) and after (2) coil adjustment (left). 
Photograph of the magnetic sensor (right). 

SUMMARY 
The 2 MeV electron cooler was designed, built and 

commissioned with electron beam at BINP. The design 
energy was demonstrated. Obtaining high electron 
currents at nominal energy requires further conditioning 
which will continue after the installation of the cooler in 
the COSY ring. Beam instrumentation is a vital part of the 
cooler. Several electron beam modulation techniques are 
implemented in the gun electronics enabling beam 
position and shape measurements. The novel gun design 
was shown to be very useful from the point of view of 
beam diagnostics. The four-sector technique allows 
observing both dipole and quadruple modes of electron 
beam oscillation. The BPM system was tested with 
electron beam. The position accuracy was determined to 
fulfil the requirements. A laser based system for 
measuring straightness of magnetic field in the cooling 
section without breaking vacuum was successfully used to 
optimize the field quality in the cooling section. A 
detector consisting of 6 Faraday cups was used to 
measure electron beam profiles at low average current. 
Beam instrumentation was extensively used during 
commissioning at BINP. Good performance of the 
subsystems described was shown.  
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ELECTRON CLOUD DENSITY MEASUREMENTS
USING RESONANT TE WAVES AT CESRTA∗

J.P. Sikora† , M.G. Billing, D.O. Duggins, Y. Li, D.L. Rubin,
R.M. Schwartz, K.G. Sonnad, CLASSE, Ithaca, New York, USA

S. De Santis, LBNL, Berkeley, California, USA

Abstract

The Cornell Electron Storage Ring has been reconfig-
ured as a test accelerator (CESRTA) with beam energies
ranging from 2 GeV to 5 GeV of either positrons or elec-
trons. Research at CESRTA includes the study of the
growth, decay and mitigation of electron clouds in the stor-
age ring. Electron Cloud (EC) densities can be measured
by resonantly exciting the beam-pipe with microwaves
where standing waves are established between discontinu-
ities. The EC density that is within the standing waves will
change the beam-pipe’s resonant frequency. When the EC
density is not uniform, it is especially important to know
the standing wave pattern in order to know exactly where
the EC density is being sampled by the microwaves. We
present our current understanding of this technique in the
context of new test sections of beam-pipe installed in Au-
gust 2012. This includes bench measurements of standing
waves in the beam-pipe, simulations of this geometry and
recent EC density measurements with beam.

INTRODUCTION

In August 2012, four sections of test beam-pipe were as-
sembled and installed in the CESRTA storage ring. Each
chamber is instrumented with a Time Resolved Retarding
Field Analyzer (TR-RFA) to evaluate the mitigation prop-
erties of the different geometries and surface coatings. The
TR-RFA detects the flux of cloud electrons into the beam-
pipe wall [1].

There are two different cross sections of round beam-
pipe, one smooth and the other with triangular grooves on
the top and bottom inside surfaces as shown in Fig. 1. With
these two cross sections, one pair has been made with a
surface of bare aluminum. The other pair have a coating of
Titanium Nitride (TiN) on the inner surface. The chambers
are assembled together and when installed, each chamber
will be centered in one of four chicane dipole magnets.

Having established the basic technique for the resonant
TE wave measurement of EC density [2, 3, 4, 5], we in-
vestigated the possibility of using this technique to make
independent EC density measurements on each of the four
test chambers. Each resonance has its own characteristic
standing wave pattern and the TE Wave measurements are
localized to the region of the standing wave. So the choice

∗This work is supported by the US National Science Foundation PHY-
0734867, PHY-1002467 and the US Department of Energy DE-FC02-
08ER41538, DE-SC0006505.
† jps13@cornell.edu

Figure 1: A cross section of grooved beam-pipe is shown
above with a Time Resolved RFA assembly on the upper
surface.

of the resonances used in a measurement determines where
the cloud is sampled along the length of the beam-pipe.

BENCH MEASUREMENTS
A bead pull is a common technique for measuring the

fields in resonant cavities [6]. If a small dielectric bead is
positioned in a cavity, there will be a shift in its resonant
frequency that is proportional to E2 of the standing wave
at the location of the bead.

Previous bench measurements had been made using vari-
ous combinations of grooved and smooth sections of beam-
pipe. These measurements showed that the first two reso-
nances were mostly confined to a grooved section if it is be-
tween smooth sections of beam-pipe [4]. This is due to the
fact that the cutoff frequency of the grooved pipe is lower
than that of the smooth pipe. This result influenced the
decision to alternate grooved and smooth beam-pipe when
assembling the actual vacuum chambers.

Bead Pull of the Assembly
Before it was installed in the storage ring, a bead pull

measurement was made on the four chamber assembly
(Fig. 2). For the measurement, short sections of smooth
beam-pipe were added to the ends of the assembly and
the flanges at the far ends had aluminum plates covering
the openings in order to produce reflections. A 0.3 cm3

nylon bead was positioned inside the beam-pipe using a
thin mono-filament fishing line. At each position along the
length of the beam-pipe, the frequency shift was measured
by recording the peak response on a spectrum analyzer.

The electrodes of three Beam Position Monitor (BPM)
flanges in the assembly were used to couple microwaves in
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Figure 2: A sketch of the L3 chamber assembly is shown
above. For the bead pull measurement, 63 cm extensions
were added at either end with shorting plates on the end
flanges.

and out of the chamber. For simplicity, only single buttons
were used. For example, a vertical measurement would use
a button on the top of the beam-pipe for excitation and a
button on the bottom for receiving. For each BPM and
plane, six to eight resonances were chosen from the spec-
trum for a measurement series.

Some of the bead pull measurement results are shown in
Figs. 3, 4 and 5. Figures 3 and 4 used horizontal excitation
and receiving at the BPMs indicated. As expected from
previous bench measurements with grooved beam-pipe, the
standing waves were localized in the grooved sections near
1.95 GHz. The two frequencies correspond to a one-half
and a two-halves wavelength resonance along the length of
these sections.

A response in the smooth chambers is shown in Fig. 5,
where vertical buttons were used for excitation and receiv-
ing. The standing waves of the two frequencies are not
as well confined, in that there is significant field in both
smooth chambers and to a lesser extent in the TiN grooved
chamber. So extracting separate EC densities for the two
smooth chambers will not be as straightforward as with
the grooved chambers. Measurements would need to be
made at both frequencies shown in Fig. 5, as well as one
frequency from each of the plots of Fig. 3 and 4. These
measurements, when combined with a bit of linear algebra,
should give the separate EC densities for the four cham-
bers.

In order to understand why the smooth sections had
standing waves within them, we made careful measure-
ments of the inner diameters. Both the flanges and the
extrusions have a nominal inner diameter of 89 mm. It
turned out that the smooth beam-pipe aluminum extrusions
had an inner diameter about 0.5 mm larger than the ma-
chined flanges. So the smooth beam-pipe, with a cutoff fre-
quency roughly 10 MHz lower than the flanges surrounding
it, could also contain a local resonance.

DATA WITH BEAM

In an accelerator, the presence of an electron cloud
will shift the frequency of the resonance according to
Eq. 1 [7, 8, 9]. This, along with some simplifying assump-
tions: a train of bunches will produce a periodic EC den-
sity; the duration of the cloud is long compared to the

Figure 3: A bead pull measurement shows that the standing
waves of two resonances near 1.9 GHz are primarily in the
TiN grooved chamber.

Figure 4: The bare aluminum grooved chamber also shows
two resonances.

Figure 5: Resonances in the smooth chambers are mutually
coupled and very close in frequency.

damping time of the resonance and that external magnetic
fields can be ignored – allows a calculation of the EC
density from the phase modulation sidebands that are pro-
duced [2].

∆ω

ω
=

e2

2ε0meω2

∫
V

neE
2
0 dV∫

V

E2
0 dV

. (1)

The TE wave data taking system in L3 was reconfigured
to make use of the information from the bead pull that sug-
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gested 13 resonances of interest. The modulation sidebands
from four of these resonances were used to calculate the EC
densities given in Fig. 6. The frequencies correspond to
the n=1 and n=2 resonances of the bare aluminum and TiN
grooved chambers. As expected, the aluminum grooved
chamber shows a higher EC density than TiN. Also, the
EC densities for both resonances (n = 1, 2) are in good
agreement in the TiN chamber. The agreement between the
resonances is not as good for the bare aluminum grooved
chamber, but they are nevertheless within 10% . Further
analysis is needed to compare the two chambers since the
amount of synchrotron light in the aluminum chamber is
less than in the TiN chamber. This needs to be quantified.

Figure 6: Data taken with a 10 bunch train of 5.3 GeV
positrons with currents up to 6 mA (9.6 × 1010particles)
per bunch.

SIMULATION OF A GROOVED
BEAM-PIPE

In addition to bead pull measurements, there has been a
parallel effort to use simulations of the TE wave resonance.
This will become increasingly important with more com-
plex beam-pipe geometries, including the round grooved
pipe. Figure 7 shows the result of a VORPAL [10] simula-
tion of grooved beam-pipe with smooth beam-pipe adjacent
to it.

To find resonances, the driving frequency is changed and
the magnitude and phase outputs of the simulation are ex-
amined. The resonant frequency will be that in which the
magnitude is at a maximum and phase difference from the
drive phase is close to zero or ±π.

CONCLUSIONS AND FUTURE WORK
The use of bead pull measurements on beam-pipe has

greatly improved our understanding of localized reso-
nances. The independent measurement of EC densities in
chambers less than a meter long seems to be straightfor-
ward when lower cutoff frequencies allow standing waves
to be set up. This method is unique in that it measures the
EC density in the volume of the beam-pipe, rather than the
flux of electrons into the beam-pipe wall. Work on analysis

Figure 7: The simulation of a resonance in grooved cham-
ber between two smooth chambers is shown near the n=1
resonance.

and simulation will continue in parallel in order to improve
our understanding of this technique.
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GATLING GUN TEST STAND INSTRUMENTATON* 

D. Gassner #, I. Ben-Zvi, J. Brutus, C. Liu, M. Minty, A. Pikin, O. Rahman, 
E. Riehn, J. Skaritka, E. Wang 

Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract 
To reach the design eRHIC luminosity, 50mA of 

polarized electron current is needed. This is more than 
what the present state-of-the-art polarized electron 
cathode can deliver. A high average polarized current 
injector based on the Gatling gun [1] principle is being 
designed.  This technique will employ multiple cathodes 
and combine their multiple bunched beams along the 
same axis. A proof-of-principle test bench will be 
constructed that includes the 220 keV Gatling gun, beam 
combiner, diagnostics station, and collector. The 
challenges for the instrumentation systems and the beam 
diagnostics that will measure current, profile, position, 
and halo will be described. 

INTRODUCTION 
A future electron-ion collider called eRHIC [2] is being 

designed at Brookhaven National Laboratory. It will 
utilize a polarized electron source based on an electron 
gun with multiple photocathodes arranged in circular 
configuration similar to a traditional Gatling gun.  It is 
driven by IR lasers with circular polarization [3]. The 
electron bunches from individual cathodes will be 
funneled to a common beam-line axis by a fast combiner 
with a rotating magnetic field [4]. A test setup is being 
designed for testing the primary components of this high 
average polarized current pre-injector. The electron beam 
parameters [5] are listed in Table 1. The performance of 
the innovative electron gun and combiner designs will be 
determined by the resulting electron beam characteristics 

that will be measured by the diagnostic systems. Due to 
the challenges presented by commissioning a variety of 
innovative subsystems at the same facility, a phased 
approach will be employed. The phase one proof of 
principle plans include using 2 of the 20 gallium arsenide 
photocathodes to generate the first beams at low rep-rates 
(~1Hz). The diagnostics plan for this project is presently 
in the preliminary design stage. The present schedule for 
this Laboratory Directed Research and Development 
(LDRD) project is to demonstrate the Gatling gun for use 
as a practical source for an Energy Recovery Linac by 
2015. Existing state-of-the-art guns can produce average 
current of several hundred uA. Groups at JLAB and 
Mainz have achieved average current of several mA but 
with rather poor lifetime [6]. By extrapolating past 
experience with future expectations we hope to achieve 
149-hour cathode lifetime [7].    

Table 1: Gatling Gun Electron Beam Parameters 

Electron Parameters  

Electron Beam Energy 220 keV 

Charge per Bunch 0.1 – 3.5 nC 

Electron Beam Current 2 mA/cathode 

RMS Norm Emittance 17 mm-mrad 

Bunch Repetition Rates 1 Hz – 14 MHz 

Energy Spread (full) 22 keV 

Energy Spread (97%) 8 keV 

FWHM Bunch Length 1.5 ns 

Trans beam size at YAG 15 mm round 

 
Figure 1: Gatling Gun test stand cut-away side view. Some of the transport magnets and BPM are not shown. 

_____________________________ 

*Work supported by the auspices of the US Department of Energy 
#gassner@bnl.gov 
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HIGH VOLTAGE AND ULTRA-HIGH 
VACUUM CHALLENGES  

The gun platform will be operating at 230kV and the 
collector platform at 200kV. Using a depressed collector 
[8] will allow us to decelerate the electron beam to nearly 
the cathode potential and dump it at low energy at the 
collector. This will reduce the gas load in the vacuum 
chamber and reduce the power load on the gun HV power 
supply. The intermediate beam line will be at ground 
potential. Fiber optics will be used to allow diagnostics 
data to be transferred from the HV platforms to the 
receiving electronics at ground potential. The diagnostics 
hardware design will include protection against 
inadvertent discharge arcs. 

Due to the sensitivity of the 20 gun cathodes to 
contamination, the gun chamber will be baked to 950C 
and its target pressure is ~10E-12 Torr. The remaining 
portions of the beam transport have slightly less 
demanding vacuum requirements. The design of the 
downstream components at the test bench is influenced 
by the goal of preserving the cathodes.  All diagnostics 
will be designed for a 400C bake.  We are working with 
several vendors, Atlas Technologies [9] and GNB 
Corporation [10], on preliminary designs to fabricate 
beam line components from titanium.  Titanium materials 
have been shown to provide excellent outgassing rates 
after the baking process. The titanium outgassing rates are 
two orders of magnitude smaller than for standard 
vacuum materials [11].  

ELECTRON BEAM DIAGNOSTICS 

The electron beam diagnostics that will provide the 
project phase one measurements to test the Gatling gun 
and combiner will include current transformers, profile, 
position, and halo monitors as shown in Figure 1.  The 
initial goal is to provide a set of core diagnostics for the 
first beams.  Subsequent test phases planned will include 
a pepper pot for emittance measurements and a 
polarimeter. 

Electron Beam Profile Monitor 
Transverse beam profiles will be measured using a 5cm 

diameter YAG:Ce screen (4.5cm active) from Crytur [12]. 
We are investigating several types of thin conducting 
screen coatings used to bleed off collected charge that 
will not flake off after the 400C bake. The beam power 
will be limited by the machine protection system when 
the screen is inserted during measurements to avoid 
excessive desorption and possible screen damage. The 
screen thickness will be a few hundred microns.   

 

 
Figure 2: Profile monitor cutaway view.  Electron beam 
path is shown in blue, the YAG screen is green. 

 
Images from the YAG screen are transported through a 

mirror labyrinth to a 3-motor lens and GigE CCD camera 
in a local enclosed optics box. An XHV rated 
magnetically coupled actuator from Transfer Engineering 
Inc. [13] (model PMM-Lite) can be used to insert the 
YAG screen into the beam path. 

Many other profile-monitoring techniques such as wire 
scanners, multi-wires, OTR, ODR, diamond screens, laser 
profile monitor, and pin-hole detector were considered 
and discounted due to complexity, reliability, high bake 
temperature compatibility issues, and costs. 

Pepper Pot – Emittance Measurement 
Pepper pot simulations were done [14] using the 

calculated [5] electron beam parameters (17 mm-mrad 
normalized emittance) to determine the dimensions 
needed to make a quality measurement.  The results show 
that the best resolution is achieved by analyzing 5 
beamlets produced by a 1mm thick tungsten pepper pot 
mask that has 1mm slits spaced 1.5mm apart. The 
beamlets should be imaged on a downstream profile 
monitor with a drift space of 0.1-0.3m.   
                      

 
Figure 3: Pepper pot simulation data, not to scale. 
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A multi-position linear actuator can be used to insert a 
mask with two separate sets of slits, horizontal and 
vertical, to allow separate measurements because the 
respective emittances may be different. 

Electron Bunch Charge 
Bunch-by-bunch and bunch train charge will be 

measured by a Bergoz [15] Integrating Current 
Transformer (ICT). Beam charge signals will be 
processed by standard BCM-IHR (Integrate-Hold-Reset) 
electronics feeding a beam synched triggered digitizer. A 
178mm ID ICT will be installed upstream of the centrally 
located profile monitor around a 3.67” ID ceramic break.  
The image current shroud will be designed to be 
removable without breaking vacuum, and a cooling coil 
will be installed to avoid overheating during the 400C 
bake. 

Provisions will be included in the mechanical design of 
the ceramic break and image current shroud to allow an 
FCT sensor (300ps rise time, 1GHz bandwidth) to be 
installed adjacent to the ICT so long bunch train 
measurements can be acquired. A synchronized fast 
digitizer will be used to measure the individual bunch 
charges. This information can be used to track the 
evolution of each photocathode quantum efficiency 
independently.  

Current transformers mounted around the high voltage 
cables are planned to be located at three locations as 
shown in Figure 4; at the grounded side of the gun high 
voltage power supply, near the gun cathodes, and near the 
collector.  These will be used to measure the beam related 
current signals in the wires. We are working on 
overcoming the practical challenges of making these 
measurements that include the mechanical installations 
around the HV wires and resolving the low level signal in 
a high-noise environment. 

 
Figure 4: Gatling gun test stand schematic [12]. Current 
transformers are indicated by red ovals. 

Beam Position Monitor 
A beam position monitor using four 9.3mm diameter 

button pick-ups will be installed to allow nondestructive 
measurements. Times Microwave Systems [16] has 
provided a quote for an upgraded version of a previously 
provided similar button that can be baked to 600C. The 
buttons are delivered welded into a mini-Conflat flange. 

They will be installed on mating flanges that are welded 
to a section of the beam pipe.  

Halo Detector 
Isolated molybdenum jaws with a 30mm ID beam 

passage aperture, separated in a quad configuration 
mounted just upstream of the collector will be used as a 
halo detector.  These jaws will be biased up to the 200kV 
collector potential. Special care will be taken to reduce 
arc discharge damage from the nearby grounded beam 
line shield.  Gated integrator electronics located on the 
HV platform will be used to readout the signal from each 
of the isolated jaws.  
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ABORT DIAGNOSTICS AND ANALYSIS DURING KEKB OPERATION  

H. Ikeda*, J. W. Flanagan, T. Furuya, M. Tobiyama, KEK, Tsukuba, Japan  
M. Tanaka, MELCO SC,Tsukuba, Japan

Abstract 
KEKB has stopped since June 2010 for upgrading the 

luminosity 40 times, i.e. SuperKEKB. During the 
operation of 11 years, a pair of controlled beam abort 
systems worked more than 10000 times to protect the 
hardware components of KEKB accelerator and the 
detector against the high intensity beams of high and low 
energy rings (HER and LER, respectively). Optimization 
of the abort trigger was necessary to balance efficient 
operation with the safety of the hardware. Therefore, we 
analyzed one-by-one all of the aborts, and continually 
adjusted the abort system. The diagnostic system was 
based on a high-sampling-rate data logger that recorded 
beam currents, RF signals and beam loss monitor signals. 
The beam oscillation signals, vacuum pressure and 
detector dose rate were also examined. This paper 
describes the typical abort causes, optimizations of abort 
levels, and abort statistics over approximately eight years 
after having arrived at high current operation. 

INTRODUCTION 
KEKB was an energy asymmetric electron positron 

collider dedicated to B meson physics. An electron ring of 
8 GeV (HER) and a positron ring of 3.5 GeV (LER) were 
installed in a tunnel. The maximum achieved currents of 
the electron and positron rings were 1.35 A and 2.0 A 
respectively so far. When a large beam loss is expected, 
the beam should be quickly dumped in order to avoid the 
damage to the accelerator and the Belle detector 
components due to high current beams. A controlled 
beam abort system was installed for this purpose [1]. The 
system triggered more than 10000 aborts during the 
KEKB operation for eleven years. Optimization of the 
condition to issue the abort trigger was necessary to 
compromise between efficient operation and safety of the 
hardware. Therefore, we analyzed all of the aborts one by 
one, and continually adjusted the abort system. 

SETUP OF ABORT MONITOR 
The diagnostic system was based on a high-sampling-

rate data logger that recorded beam currents, RF signals, 
signals from beam loss monitors and the Belle detector at 
the moment of the beam abort. In addition to the data 
stored in the data loggers, beam oscillation, vacuum 
pressure, the earthquake sensor and the dose rate of the 
Belle detector were also examined to analyze the beam 
abort. 

Loss monitor signals of whole rings were collected at 
four local control rooms (LCRs), and were sent to the data 
loggers distributed in five LCRs where both loss monitor 
signals and RF cavity signals were obtained. 

The signal flow of the data loggers is shown in Fig. 1. 
Logged data were beam current measured by a direct-
current-current transformer (DCCT) [2], a part of loss 
monitor signals from PIN photo-diodes (PD) and ion 
chambers (ICs), signals from the RF cavities, i.e. cavity 
voltages and output of klystrons, the beam phase signal 
showing the deviation of the synchronous phase, the 
injection trigger timing and the Belle PD signal. Most 
PDs were fixed on the movable masks of each ring, and 
determined the ring in which the beam loss occurred. On 
the other hand, ICs were installed in the whole tunnel and 
covered the wide range in space, but could not distinguish 
the ring. These signals were useful to diagnose the cause 
of the beam abort since they had a strong correlation with 
the beam condition. The recorded data were sent to the 
KEKB central control room (CCR) via the KEK internal 
network then monitored by operators. The information 
was ready for inspection within a few minutes after the 
abort. The beam oscillation signals were obtained from 
the beam oscillation recorder (BOR) [3]. The signals were 
also ready within a few minutes after the abort. The BOR 
recorded the bunch-by-bunch beam position over 4000 
turns immediately before the beam abort so as to detect 
vertical and horizontal beam oscillations. 

 

Figure 1: A signal flow of data loggers. 
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TYPICAL ABORT EXAMPLES 

Manual Abort 
A manual abort is a beam abort triggered manually by 

switches by operators. An example of the signals at the 
manual abort in HER is shown in Fig. 2 (a). The DCCT 
signal shows delay of 40 μs and decay in 90 μs in spite of 

the beam being aborted in 10 μs, i.e. one turn. This is a 
normal behaviour of the DCCT signal when the beam is 
aborted in one turn. If the decay time and the decay slope 
differed from this example, the abort was judged 
abnormal and the data logger information was analyzed to 
determine the cause of the beam abort.  

(a)                                                                                             (b) 

 
 

(c) 

 
Figure 2: Examples of logged signals at a moment of (a) a manual beam abort, (b) a beam phase abort caused by RF 
voltage down and (c) a beam loss abort caused by vacuum problem. Signals in (c) are the LER beam current, the beam 
phase, the loss monitor PD and the Belle PD from top to bottom. 

 
Beam Loss Abort 

The beam aborts were categorized as the beam loss 
aborts, when the loss of the beam current was observed 
before RF cavity trips. About a half of the beam aborts 
were the beam loss aborts. In most cases the signal of the 
PD at a movable mask was also detected. The PD signal 
was useful to identify the location of the beam loss when 
the beam loss happened at a movable mask. The PD 
information was analyzed together with the data of BOR 
to identify the cause of the beam loss. The analyzed result 
was used to improve the operation parameters of KEKB.  

Some beam loss aborts were caused by the beam 

oscillation. For example, when the LER beam was 
aborted, the HER beam sometimes remained alone in the 
ring. Then an instability of the HER beam accompanied 
by the horizontal oscillation was occurred, probably 
because the damping effect by the beam collision was lost. 
As a result the HER beam was also aborted. It depended 
on beam condition and parameters of the bunch feedback 
system. Figure 3 (a) and (b) show the statistics of the 
aborts caused by the beam loss. The ratio of the beam loss 
aborts without the oscillations to the whole of beam loss 
aborts increased in the latter period of the KEKB 
operation. When no oscillation was found despite of a 
large beam loss, we often found the tune was shifted.  ____________________________________________  

*hitomi.ikeda@kek.jp 
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(a) (b) 

 
 

(c)                                                                                           (d) 

 
(e) 

 
(f)                                                                                            (g) 

 
 

Figure 3: Cause of beam loss in HER (a) and LER (b), status of beam loss and the abort when HER (c) or LER (d) was 
aborted, signals which requested the abort of HER (e) and aborts triggered by the RF of HER (f) and LER (g). 

 
Sometimes the LER beam loss triggered the HER abort 
and verse versa. We call this event a wrong abort. The 

PIN PDs could identify the ring where the beam loss 
occurred, thus did not generate the wrong abort. RF 
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signals did not generate the wrong abort, too. On the other 
hand the ICs and the Belle PDs could not identify the ring 
where the beam loss occurred because the sensors reacted 
in both HER and LER beam loss. They could generate the 
wrong abort. To improve this situation Belle group 
introduced a logic that checked which ring was being 
injected when the beam loss at Belle happened, then 
judged which ring should be aborted. Another 
improvement came from RF arc sensors which were PIN 
PDs located at RF cavities. Figure 3 (d) shows the status 
of the beam loss when the beam loss abort was requested 
to LER. "HER abort" means the LER beam was lost after 
the HER abort, probably because the LER beam become 
unstable. "HER Loss", "LER Loss" and "Both Ring Loss" 
mean that the beam loss was observed by DCCT at HER, 
LER and both rings, respectively. The wrong abort 
corresponds to "HER Loss" because the LER beam was 
aborted although the beam loss was observed in HER. 
Figure 3 (e) shows which sensors requested the abort of 
HER. The “other” in (e) was issued almost by the RF arc 
sensors. The number of the wrong aborts in LER 
decreased as the “other” abort requests in (e) increased. 
This correlation appeared after the installation of the crab 
cavities. We suppose that the wrong aborts in LER 
decreased because the RF arc sensors near the crab 
cavities could identify the ring where the beam loss 
occurred. Probably the extensive beam loss which caused 
the IC abort was avoided, since the loss was detected first 
by the arc sensors and then the right ring was aborted. 

Figure 2 (c) shows another example of the beam loss 
abort in which no beam oscillation was observed. The 
tunes were stable. The beam phase (BP) started to swing 
before the beam loss happened and also before the loss 
monitor PD signals and the Belle PD signal appeared. 
This type of the abort was found in Feb. 2005. It was 
found that some bellows were troubled. The pressure and 
temperature near the bellows were higher than usual. By 
fixing the vacuum problem, the abort ceased. This type of 
abort happened again in 2006 as shown in Fig. 4. The 
vacuum troubles were also found again in this case. 

The number of the beam loss aborts decreased in 2004 
after the continuous injection started to keep the beam 
current at fixed level. 

RF Abort 
Because of the strong interaction between an 

accelerated beam and RF cavities, the cavities tripped 
easily whenever the beam lost. On the other hand, when 
one of the cavities tripped, the coherent synchrotron 
motion of the beam occurred and gave a strong radiation 
to the Belle detector. Figure 2 (b) shows an example of 
logged signals at the beam phase abort caused by an RF 
trip. The BP signal starts to rise in response to the RF trip. 
On the other hand, when the beam loss happens earlier 
than the RF trip, the BP starts to swing downward 
because the RF can't compensate the loss of the beam 
induced field immediately. In both cases, the induced 
synchrotron oscillation causes a large beam loss which 
could lead damages of hardware components. In order to 

avoid this situation, the BP was used as an abort trigger 
[4]. The trigger level of the BP abort was set to one 
degree in HER and five degrees in LER. We also installed 
a fast cavity voltage monitor in each RF station. Figure 3 
(f) and (g) show the rate of RF aborts. While the HER 
was equipped with both superconducting cavities (SC) 
and normal conducting cavities (NC) [5], the LER was 
equipped with only NCs. The rate of the abort was similar 
in both types of cavities. 

Crab Abort 
Two crab cavities were installed in 2007 to improve 

luminosity [6]. Since the beam current was limited in first 
several months after starting the crab operation in order to 
tune the crab cavities, the breakdown of the crab cavities 
did not affect the beam. However the beam was manually 
aborted to recover the cavity voltage after the breakdown. 
In the early period of the operation the breakdown of the 
LER crab cavity occurred frequently. The breakdown 
caused the beam loss at a few hundred mA of the beam 
current. The luminosity was improved after the operation 
of the crab cavities became stable and the number of the 
aborts caused by the crab cavities decreased. 

 

 

Figure 4: The number of beam loss aborts caused by 
vacuum troubles. 

STATISTICS 
The statistics of the beam abort, which are categorized 

by analyzing the information of the data loggers and other 
monitors, is shown in Fig. 5. It shows the number of 
aborts per day averaged over one month during eight 
years operation of KEKB with high beam current. The 
manual aborts issued by operators are not included. From 
the figure, we see that there are two major origins of the 
beam abort; the RF trouble and the beam loss. Since the 
coupling between the beam and RF cavities are strong, it 
is important to clearly classify the cause of the abort in 
order to improve machine performance. The fractions of 
the RF and beam loss aborts in all number of aborts were 
30% and 60%, respectively, before the crab cavity 
installation. The ratio of the crab cavity abort was higher 
than the other RF cavity aborts, but the sum of all aborts 
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were not changed after the installation of the crab cavities 
since the beam current at the crab operation was lower 
than that before the crab operation. There are many other 
aborts due to earthquakes, troubles of vacuum system and 
magnet power supplies and so on, though the fraction of 
these aborts was small. The number of the aborts did not 
strongly depend on the beam current as shown in Fig. 5 
(c) and was reduced by optimization of the abort 
condition. The number of HER and LER aborts was 
3.7/day and 2.3/day respectively. The total number of the 
aborts was about 6000 and 4000 in HER and LER, 
respectively. 

CONCLUSION 
A controlled beam abort system was installed in 

KEKB to protect the hardware components from the loss 
of high current beams. In order to make clear the real 
reason of each abort, various signals such as the PIN PD 
beam loss monitors and the status signals of the RF 
system were collected by the data logger system and 
analyzed to identify the cause of the beam loss and the 
beam abort. The results showed the real situation of the 
accelerator hardware and gave us a lot of hints not only to 
protect the hardware but also to optimize the operation 
parameters. As a result, we could suppress the 
unnecessary beam aborts and improve the luminosity. 
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(c) 

Figure 5: Statistics of the beam abort for last eight years 
of KEKB operation in HER (a) and LER (b). (c) History 
of the beam current and the luminosity of KEKB. 
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EXTREME LIGHT INFRASTRUCTURE (ELI BEAMLINES) –  
RESEARCH AND TECHNOLOGY  

WITH NEW ULTRA-SHORT PULSE INTENSE LASER DRIVEN SOURCES 
OF ENERGETIC PHOTONS AND CHARGED PARTICLES 

L. Pribyl, L. Juha, G. Korn, T. Levato, D. Margarone, B. Rus, S. Sebban, S. Ter-Avetisyan,   
ELI-Beamlines, Institute of Physics, Prague, Academy of Sciences Czech Republic. 

Abstract 
We are giving an overview on the development of the 

“Extreme Light Infrastructure (ELI) Beamlines facility”, 
which will be a high-energy, repetition-rate laser pillar of 
the ELI project, [1]. It will be an international facility for 
both academic and applied research, slated to provide user 
capability from the beginning of 2016. The main purpose 
of the facility is the generation and applications of laser 
driven high-brightness X-ray sources and accelerated 
particles (electrons, protons and ions).  

The laser system will be delivering pulses with length 
ranging between 10 and 150 fs and will provide high-
energy Petawatt and 10-PW peak powers.  

The short photon wavelength (20 eV-1 MeV) laser 
driven sources are either based on direct interaction of the 
laser beam with a gaseous or solid target or will first 
accelerate electrons which then will interact with laser 
produced wigglers or directly injected into undulators. 
The main planned short pulse laser driven x-ray and 
charged particles sources and their parameters are 
presented together with basic requirements on the relevant 
beam detectors. 

LASER SOURCES 
ELI experimental area is divided into six experimental 

halls E1 to E6 (see Fig. 1), where a wide range of 

secondary x-ray or charged particle sources driven by a 
set of laser sources is located. The developed state-of-the-
art laser sources are divided into four systems L1 to L4, 
each providing a specific range of pulse energies, lengths 
and repetition rates.  

The laser system L1 involves two high-repetition-rate 
kHz beamlines employing the technique of Petawatt Field 
Synthesizer (PFS). Upon compression using chirped 
mirrors, each of the kHz beamlines will provide about 
200 mJ, 20 fs pulses. 

The 10-Hz repetition rate L2 system providing PW-
class pulses (10 and 20 J) will consist of diode-pumped 
multislab lasers pumping a large Ti:sapphire broadband 
amplifier and also an OPCPA chain. 

The L3 system exploits the technology of multislab 
Nd:glass operating at near room temperature and running 
at10 Hz repetition rate. The system will provide about 
30 J in ~20 fs pulses at 10 Hz, corresponding to 
approximately 1.5 PW peak power. Additionally to the 
main 1.5 PW pulses the system will provide inherently 
jitter-free synchronized auxiliary pulses with peak power 
of ~50 TW. 

The designed laser system finally involves a 10-PW 
beamline in the L4 section. The system is designed to 
exploit the technology of mixed Nd:glass capable to 
deliver CPA pulses with bandwidth >13 nm, which are 

Figure 1:  Overview axonometric layout of the basement floor of the ELI-Beamlines laser building showing the 
experimental halls E1 to E6. The halls will be equipped progressively with vacuum chambers, experimental 
instrumentation and beam delivery units, according to the project implementation plan. The overall footprint 
dimensions of the basement floor are about 110  x 65 m2. 
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compressible to 130 fs. The laser chain will consist of 
OPCPA pre-amplifiers in the front end and of final 
Nd:glass slab amplifiers. This solution, designed to 
provide >1.5 kJ pulses, is well suitable for the ELI-
Beamlines mission in generation of accelerated electrons 
where pulses >100 fs are required for acceleration to 
energies >10 GeV. The kJ energy available is also ideal 
for generation of plasmas for laboratory astrophysics, 
another mission of the ELI-Beamlines facility. 

SECONDARY SOURCES 
The secondary sources driven by the laser systems and 

housed in the experimental halls will generate short 
intense pulses of X-ray and charged particles. These 
sources will be developed in parallel with the laser 
systems and their parameters in various phases of the ELI 
project are summarized in Table 1. The detailed overview 
of the experimental capabilities of the secondary sources 
will be soon available in [2]. 

X-ray Sources 
The short wavelength (20 eV-1 MeV) short pulse high 

intensity laser driven sources are either based on direct 
interaction of the laser beam with a gaseous target, liquid 
metal or solid target (High order harmonics generation 
(HHG), K-alpha and related laser-produced plasma 
sources, x-ray lasers and γ-ray flashes) or will first 
accelerate electrons which then will interact with laser 
produced wigglers (Betatron radiation) or permanent 
magnet undulators. In the latter case two beamlines are 
foreseen, the Laser Undulator X-ray source, LUX, which 
will be commissioned in 2016; and the X-ray Free 
Electron Laser Demonstrator, XFELdem, see Fig. 3, 
which is planned for the Phase 3. The direct interaction 
(collision) of laser accelerated electrons with the laser 
again will lead to short pulse gamma-ray beams via 
Compton or Thomson scattering. 

Some of these sources will provide coherent radiation 
(High order harmonics, x-ray lasers, LUX and 
XFELdem). 

In HHG, a focused femtosecond pulse laser beam with 
an intensity in the order of 1014 W/cm2-1015 W/cm2 enters 
a gas jet, and drives the electrons of a gas. The periodic 
recollision of the oscillating E-field driven electrons with 
the atomic core leads to an extremely short burst of short 
wavelength harmonics. 

The K-alpha source employs interaction of a focused 
kHz short pulse laser with a metal (or cluster) target. The 
target should replenish (liquid metal beam system 
considered as nominal solution). The incident laser pulse 
generates fast electrons which induce K-shell vacancies, 
and incoherent plasma radiation is produced in the 
process of filling of the vacancies. Additionally, 
continuum radiation is emitted.  

In the case of Betatron radiation source, the plasma 
channel is generated in a pulsed gas jet using high 
intensity laser pulses. The x-ray radiation is generated by 
betatron oscillations of off-axis electrons, see Fig. 2. 

Figure 2: Generic layout of generation of x-ray radiation 
in plasma betatron. 

The soft x-ray laser scheme will be based on 
amplification of HHG in an additional gas cell, which will 
be subsequently amplified in a laser-produced plasma 
column. The amplifying plasma column will be generated 
by kilojoule-class uncompressed pulses with duration of 
0.5 to 3 ns. 

Electron Acceleration 
The basic electron acceleration setup is intended as a 

tool of investigation for the optimization of a laser-plasma 
accelerator (using gas-jet targets, gas-filled capillary, etc.) 
by using simple laser wakefield acceleration schemes. 
Moreover, novel techniques will also be used to control 
the process of electron injection into the wakefield 
through density ramps, double-off-axis parabola (short 
and long focal length) geometries, etc. The main topic 
will be to investigate plasma processes and laser 
performances able to improve the quality of the produced 
electron beams in order to overcome the present limits. 

An advanced configuration will aim at investigating the 
generation of all-optical inverse Compton scattering near-
monochromatic X/Gamma radiation in a counter 
propagating double-beam. The same configuration will be 
easily adaptable for various experiments which can be 
proposed by the laser-plasma scientific community, e.g. 
“flying mirror” geometry or investigations based on 
“radiation friction” effects. More sophisticated schemes 
will aim at increasing the maximum electron beam energy 
(mainly through a multi-staged plasma-based accelerator). 

Ion Acceleration and ELIMED 
In the first phase of the project the Target Normal 

Sheath Acceleration (TNSA) mechanism will be 
investigated by using micrometer-thick foils with the 
main goal of reducing shot-to-shot fluctuations and 
demonstrating the capability to work in a laser repetition 
rate regime (1 Hz). At the same time we aim to 
experimentally investigate new target geometries capable 
to provide much better laser driven proton/ion beam 
performances (increase the maximum proton energy and 
total number, and decrease the beam divergence) by using 
petawatt-class lasers. For instance, the possibility to apply 
structures of scale-lengths comparable with the laser 
wavelength (or shorter) on the thin foil surface (enhanced 
TNSA) will be investigated. Such laser driven ion beams 
will be mainly used for the ELIMED beamline with the 
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final goal to perform proof-of-principle experiments (in 1-
10 Hz laser regime) which might demonstrate the validity 
of new approaches for potential future applications in the 
field of hadron-therapy. 

 
An important step of ELIMED will be to demonstrate 

that the laser-accelerated proton beams can reach energy 
of about 60 MeV with a proton yield (number of protons 
per laser pulse) at the output of the beam transport line, 
which is sufficient for their application in various fields 
(mainly radiobiology). A special attention will be devoted 
to dosimetry studies aimed to design an alternative 
treatment planning for a future application (only proof-of-
principle) in treatment of eye tumors (60-70MeV, quasi-
monoenergetic proton beams are needed). 

 Starting from the second phase of the project (2017 
and later), when a 10 PW class laser is expected to 
considerably increase the power/intensity on target, 
according to numerical particle-in-cell simulations, the 
predominant ion acceleration regimes should be: (i) 
“Shock Acceleration” (for I>1020 W/cm2) through the so-
called “hole boring” mechanism at the target front surface 
or in its interior; (ii) “Radiation Pressure Acceleration” 
(for I~1021-1023 W/cm2) when the laser electromagnetic 
wave directly accelerates the ions in the target with a very 
high efficiency through the space-charge force due to the 

displacement of all electrons in a thin (nm scale) foil. In 
the latter case few GeV proton beams with quasi-
monoenergetic features are expected. 

 EXPERIMENTAL END-STATIONS 
Experimental end-stations for applications in 

molecular, biomedical and material sciences rely on 
synchronized laser, x-ray and charged particle sources. 
Several experimental end-stations are being developed 
within the ELI project and are mentioned below. It is also 
foreseen to provide a beam time to users bringing their 
own stations for dedicated experiments. The ELI facility 
will be also equipped by dedicated chemical and 
biological laboratories available to users to support the 
above mentioned and other user experiments. 

Ultra-fast pulse radiolysis (PR), Fig. 4, can be in 
principle conducted with sub-picosecond temporal 
resolution at the ELI-Beamlines facility. In the Phase 1, a 
simple PR workstation will be installed at the K-alpha 
source beamline, focusing the source radiation on a liquid 
jet (water) target where it generates transient species and 
states. These transient states will be probed by measuring 
optical absorption of a synchronized white light flash (and 
later on using more sophisticated probes) at a chosen 
(variable) delay. 

 

Table 1: Summary of nvisioned arameters of the econdary ources  

 

 
Figure 3: A conceptual scheme of one of the developed ELI beamlines (secondary sources) – XFEL demonstrator (from 
left to right): a petawatt-class laser beam is focused into discharged capillary, laser wakefield accelerated electrons are 
focused to pass through a set of undulators to induce the self-amplification spontaneous emission (SASE) process. 
Image by courtesy of F. Grüner. 

 

 Phase 1 (2015 – 2016) Phase 2 (2017 – 2019) Phase 3 (2020 - )

Energy range 100 eV - 1 MeV (photons)
0.5-3 GeV (electrons) 
20-30 MeV (protons) 

100 eV - 5 MeV (photons)
2-5 GeV (electrons) 

60-200 MeV (protons) 

100 eV - 5 MeV (photons)
2-50 GeV (electrons) 
0.1-1 GeV (protons) 

Yield per shot 104-106 (photons) 
1-100 pC (electrons) 

109-1010 (protons) 

105-1010 (photons)
1-100 pC (electrons) 
1010-1011 (protons) 

106-1012 (photons)
1-100 pC (electrons) 
1011-1012 (protons) 

E P S S
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Stimulated Raman scattering (SRS or FSRS – 
femtosecond stimulated Raman spectroscopy) will be 
used for probing ultra-fast processes initiated by UV-Vis-
NIR pulses or ionizing radiation. This technique yields 
information not only on the formation and decay of short-
living species and states, but makes possible detailed 
mapping of vibrational energy flows in excited molecules. 
In Phase 1, a proof-of-principle SRS experiment is 
planned. In Phase 2, it will be possible to integrate the 
proven SRS probe into particular pump-probe schemes 
dealing with ultra-fast dynamics of photo- and radiation-
initiated processes in chosen (bio)molecular systems. 

Time resolved diffraction end-station will be using 
long-wavelength pulse as a pump and X-ray pulse as a 
diffractive probe. Investigated will be nanocrystalline 
samples, superlattices, crystals, or flying 
micro/nanoobjects, in which different structural changes 
(e.g. phase transitions, non-thermal melting, excitation of 
coherent phonons, induced strain propagation) can be 
initiated. This technique allows direct probing of the 
structural dynamics with 100s fs time resolution and sub-
Angstrom resolution. 

Coherent diffractive imaging is a technique that allows 
to study structural dynamics of single non-periodic 
nanometer-sized objects (e.g. (bio)macromolecules, 
viruses, and cells) using a coherent X-ray pulse. The pulse 
has to be intense enough for the signal from a single 
object to be observable and it has to be short enough (10s 
fs) so the diffraction image is acquired before the sample 
is damaged. Realization of these experiments strictly 
depends on the availability of coherent X-ray beams at the 
facility. Therefore, the experiment itself (following the 
commissioning of the Diffractive imaging (DI) 
workstation) is planned in the Phase 2/3 of the project 
(from 2017 on). The key components of the DI 
workstation, especially large-area imaging X-ray 
detectors, sample injectors and sample state/position 
diagnostics, should be developed, built and tested in 

Phase 1. In Phase 3, multiple-beam diffractive imaging 
experiments will be carried out in the DI workstation. 

DETECTOR REQUIREMENTS 
All the above outlined laser systems, secondary sources 

and experimental stations will require a wide range of 
detectors sensitive to various particles (photons from 
optical down to gamma range, electrons, protons, ions, 
neutrons), covering intensities from single particle 
counting to the detection of bunches of particles with a 
total charge of up to 1 nC, providing outstanding time 
synchronization (at the level of femto seconds for 
dedicated pump and probe experiments), working at high 
repetition rate (1 kHz in some cases) and resistant against 
strong electromagnetic pulses (EMP) generated by the 
secondary laser driven plasma sources within the vacuum 
chambers. 

The EMP causes the chambers to ring at their natural 
frequencies which can extend from a few MHz to many 
GHz. The EMP within the chambers is estimated to be 
about 2,500kV/m. The chamber will provide shielding but 
allow a significant emission of the EMP through 
diagnostic windows and chamber wiring. The level of 
EMP in the experimental halls is estimated to be about 
250V/m.  

SUMMARY 
We have outlined briefly the laser systems, laser driven 

secondary sources of x-ray and charged particle pulses, 
experimental stations and detector requirements of the 
ELI Beamlines facility, which is to start the first user 
operation in 2016. The facility will also provide dedicated 
experiments for plasma, warm dense matter and high field 
physics, which is beyond the scope of this short overview. 
For more detailed information we refer the kind reader to 
[1] and [2]. 
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Figure 4: Scheme of pulse radiolysis layout in Phase 1 
(2015 – 2016). 
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Abstract 
A new synchrotron radiation facility, Central Japan 

synchrotron radiation research facility (tentative name) 
has been built in Aichi area, Japan. Principal diagnostics 
system for the accelerator complex has been installed and 
data have been obtained on beam profile, beam position, 
current and betatron tunes. Using the diagnostics system, 
the accelerator complex has been successfully 
commissioned. 

INTRODUCTION 
Central Japan synchrotron radiation research facility 

(tentative name) is constructed in collaboration between 
Nagoya University, Aichi prefectural government, Aichi 
Science & Technology Foundation (ASTF), industries and 
other universities in Aichi area.  The main aim of the 
facility is to provide synchrotron radiation for researches 
and industries.  

Basic design of the accelerators including beam 
diagnostics system was done by Nagoya University and 
mechanical design of the accelerator components was 
done by Toshiba Corporation and Nagoya University. 
Construction and installation of the accelerator 
components was done by Toshiba Corporation.  

Construction of the facility started in 2010 and finished 
in Apr. 2012. Commissioning of the accelerator complex 
started in Mar. 2012. At each stage of the commissioning, 
the beam diagnostics system played an essential role. In 
this paper, the beam diagnostics system and the data taken 
with the system during the commissioning is described.  

 

OVERVIEW OF ACCELERTOR 
COMPLEX 

The Central Japan Synchrotron Radiation Research 
Facility’s accelerator complex consists of a 50 MeV linac, 
a 1.2 GeV booster synchrotron and a 1.2 GeV storage ring. 
As shown in Fig. 1, main accelerator components are 
installed in a shielding wall. 

Table 1: Parameters of Accelerator Complex  

A short bunch (< 1 nsec) electron beam generated by a 
thermionic electron gun is accelerated by the linac to 50 
MeV. Injection of the electron beam bunch to the booster 
synchrotron is made on axially using a kicker magnet. 
The booster synchrotron is designed to be compact and 
therefore the mechanical aperture is small. For example, 
the gap height of the bending duct is only 16 mm.  

The accelerated electron beam to 1.2 GeV is extracted 
by a kicker magnet and injected into the storage ring 
using 4 kicker magnets. The storage ring has a special 
feature that hard X-ray SR can be produced from 4 
superconductive bending magnets (super-bend). The 
injector works at 1 Hz. The circumference of the storage 
ring is 72 m and frequency of the acceleration cavity is 
499.654 MHz. The control system of the accelerators is 
based on EPICS. Parameters of the accelerator complex 
are shown in Table 1.  A detailed description of the 
accelerators can be found in  [1]. 

Storage ring 
Electron energy                 1.2 GeV 
Circumference                   72 m 
RF frequency                     499.654 MHz 
Beam current                      > 300 mA 
Natural emittnace              53 nm-rad 
Betatron tune                     (4.72, 3.23) 
Normal bend                      1.4 T, 39 deg. 
Superbned                          5 T, 12 deg.  

Booster synchrotron 
Electron energy                 50 MeV - 1.2 GeV 
Circumference                   48 m 
RF frequency                     499.654 MHz 
Natural emittnace              220 nm-rad 
Repetition rate                   1 Hz 

Injection linac 
Electron energy                 50 MeV 
RF frequency                     2,856 MHz 
Repetition rate                   1 Hz 
Gun Pulse length                0.56, 0.70, 1.05 nsec 
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Figure 1: Schematic drawing of accelerators and monitors. 

 BEAM DIAGONSIC SYSTEM AND 
INITAL RESULTS 

We adopted mature standard devices such as Bergoz 
ICT for the beam diagnostics. Therefore no novel beam 
monitoring system was used except for a single pass beam 
monitoring system and a betatron tune measurement 
system.   

Linac and Beam ransport Line 
The 50 MeV linac system is made of a thermionic gun, 

a pre-buncher, a buncher-accelerator, two regular 
accelerators and a beam transport line with a 30 deg. 
bending magnet. Standard Bergoz FCTs are installed just 
after the gun, between the buncher-accelerator and the 
regular accelerators and after the bending magnet.  A 
Bergoz ICT is installed just after the bending magnet to 
measure correct accelerated beam charge. Screen 
monitors are installed between buncher-accelerator and  

 the regular accelerators, between the two regular 
accelerators and just after a Q-doublet. The screen is 
made of a standard alumina sheet. Beam image on the 
screen is taken by a fast gated CCD camera. Using the 
screen monitor after the Q-doublet, Q-scan experiment 
was carried out. Transverse beam emittance and betatron 
functions are estimated with the Q-scan method and an 
example is shown in Fig. 2.  Using the estimated betatron 
functions, the beam optics of the transport line was 
calculated to match into the booster synchrotron.  

Booster Synchrotron 
In the booster synchrotron, screen monitors are 

installed just after the injection kicker and at the 7th 
straight section. Looking at the monitors, initial beam 
transport parameters were determined.  A turn by turn  

 

Figure 2: Example of data measured by Q-scan method. 
Deduced normalized vertical emittance is 42 mmmrad. 

 BPM system which has been developed at UVSOR [2] 
was used to adjust the injection parameters so that the 
electron beam can circulate for many turns in the booster 
synchrotron. In the turn by turn BPM system, 4 electrode 
signals are basically fed to a digital oscilloscope (LeCroy 
620Zi) and they can be switched over from one BPM to 
another BPM quickly.  The orbit of the stored beam was 
measured with Bergoz MX-BPM modules.  To detect the 
beam orbit during the ramp up, a fast read out system of 
Bergoz analogue output signal has been developed. It 
allows detection of the orbit at 1 msec step during the 
ramp process.    

The betaron tune of the booster synchrotron during 
ramp up was measured using a tune measurement system. 
The block diagram is shown in Fig. 3. RF signal, 
frequency-modulated with noise is generated from an 
arbitrary wave generator (Tektronix AFG3252).  
Normally the frequency is chosen near the expected  

 

Figure 3: Block diagram of tune measurement system.  

T
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betatron frequency. This signal is then multiplied in a 
double balanced mixer with a gate signal generated in a 
digital delay generator (SRS DG645). After being split by 
a 180 deg. hybrid and amplified by 60 W amplifiers, the 
signal is applied to a stripline-type RFKO. The beam 
oscillation is detected with another stripline pickup and 
the frequency is analyzed with a real-time spectrum 
analyzer (Tektronix RSA3303) triggered by the same gate 
signal from the digital delay generator. At the initial stage 
of the booster synchrotron commissioning, we observed 
the betatron tune varying during the ramp up process. 
With the tune measurement system, we tuned the betaron 
tune by changing excitation current to Q magnets step by 
step.  

The circulating beam current in the booster synchrotron 
is measured using a DCCT Bergoz NPCT which can 
operate at 10 KHz.  

Storage ing 
The accelerated beam to 1.2 GeV in the booster 

synchrotron is transported to the storage ring. The beam 
trajectory was tuned looking at 3 screen monitors in the 
transport line.  

As already mentioned, 4 super-bends are installed in 
the storage ring. Therefore the electron beam circulates 
through 4 super-bends and 8 normal (1.4 T) bending 
magnets. In the initial stage of the commissioning, we 
could not circulate the electron beam for many turns 
because of unbalance of magnetic field between the 
super-bends and normal bending magnets.  Using the turn 
by turn BPM system, we tuned the excitation current of 
the super-bends and could store the electron beam. After 
successful storage of the electron beam, we measured the 
beam orbit using Bergoz MX-BPM modules with a 
Cosylab microIOC analogue to digital module. The 
system works but we sometime observed that the 
operation becomes unstable. We are searching for the 
cause now. 

A synchrotron radiation monitor has been installed at a 
normal bending magnet beamline (BL9N). Visible SR is 
reflected by a water cooled mirror by 90 deg. upward. The 
mirror is made of cupper coated by gold. The SR is 
transported outside the shield wall by aluminium mirrors. 
The observed beam profile is shown in Fig. 4. With the 
SR monitor we could observe beam instabilities due to 
ion trapping and some other sources. 

 

PRESENT SITUATION OF 
COMMISSIONING 

Figure 5 shows measured beam lifetime (I�) as a 
function of the integrated beam current of the storage ring 
starting from the successful beam storage on July 2012.   
At the beginning, the lifetime was 0.4 mA*h. After beam 
scrubbing, the stored beam current exceeds 300 mA and 
the lifetime becomes around 800 mA*h (Sep. 26 2012). 
Although there are some problems which should be 
solved, we think we are close to completion of 
commissioning.  
Commissioning of beamlines has already started, ready 

for the first user FY2012. We are now providing SR for 
the beamline commissioning. 

REFERENCES 
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Figure 4: Electron beam profile measured using SR 
monitor. The stored beam current is 7 mA single bunch. 
Deduced horizontal beam size is less than 1 mm. 

Figure 5: Beam lifetime versus integrated beam current 
from the start of the beam storage. 
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Abstract
The Beam Gas Ionization Monitors (BGI) are used to

measure beam emittance on LHC. This paper describes the
detectors and their operation and discusses the issues met
during the commissioning. It also discusses the various cal-
ibration procedures used to correct for non-uniformity of
Multi-Channel plates and to correct the beam size for ef-
fects affecting the electron trajectory after ionization.

INTRODUCTION
The Beam Gas Ionization monitors (BGI), often called

Ionization Profile Monitors (IPM) on LHC are configured
to measure electrons produced in ionization of Neon gas,
injected into LHC vacuum chamber. The pressure of in-
jected gas reaches 10

−8
mbar. The beam passes between

two ceramic electrodes with difference of potentials of
4 kV, over a distance of 85 mm. This potential brings the
electrons to Multi-Channel Plate (MCP, from Photonis),
where the signal is amplified. A phosphor screen is lo-
cated 2 mm behind the MCP. It is deposited on a right-angle
prism, which is the only optical element inside the vac-
uum. In order to minimize the transverse spread of the elec-
trons, external magnetic field of 0.2 T, directed along elec-
tric field lines, is applied. Light produced by the phosphor
screen is directed through a vacuum window to an optical
system and a CID intensified camera (Thermo-Scientific
CID8712D1M-XD4). A schematics of the LHC BGI and a
picture of the outside flange are shown in Fig. 1.

The image is amplified in tunnel electronics, which also
allows to control the gate of the camera and gain of the
internal camera intensifier. A cable of about 150 me-
ter length connects the tunnel electronics with a frame-
grabber, which is a BTV card installed in a VME crate in
the underground gallery. There is no access to the gallery
during machine run.

Server programs are running on the crate CPU, control-
ling the HV and processing the image. The beam profiles
are fitted with gaussian assuming linear contribution from
the background.

MCP USAGE
During the 2011 run the HV on the MCPs was kept on

for most of the time. As a result a local decrease of gain,
mainly in the typical beam position, were visible. This non-
homogenity of the MCP response affects the beam profile
reconstruction.

Therefore, it was decided to exchange the MCPs during
the winter technical stop. Due to technical difficulties the
operation has been performed on beam one BGIs only (two
out of four installed on LHC). The exchange has not been

Figure 1: Up: a schematics of LHC BGI (from [1]). Bot-
tom: a photo of the LHC BGI (flange with optical port) in
the tunnel, with magnet displaced.

done in a clean room, what could affect the durability of
the new equipment. A picture of an MCP in its holder is
shown in Figure 2.

Figure 2: Multi-channel plate in its holder.

The newly installed MCPs had a much higher gain but, at
the same time, were more sensitive to the signals produced
by high-intensity beams. One of them got broken during a
scrubbing run in March 2012, when a large electron cloud

T
LHC B G I M

HE FIRST EXPERIENCE WITH 
EAM AS ONIZATION ONITOR
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signal probably lead to high current through the MCP. The
second one started to show very unstable HV readings af-
ter a crash of HV server which has shut down the voltage
sharply. Therefore the remaining two detectors with old
MCPs are used along the 2012 run.

A calibration mechanism, which allows to compensate
for non-uniformity of the MCP response, has been foreseen
[1]. It is based on Electron Generation Plate (EGP), which
emits a uniform distribution of electrons. Observation of
the image of this emission on the MCP allows to measure
gain distribution over surface.

IMAGE PROCESSING
The camera produces artifacts because of the way it

transforms the signal (CCIR format) and because of detec-
tor elements. It also picks-up electronic noise. The typical
image after digitization is shown in Fig. 3.

Figure 3: 2D beam image after digitization. Transverse
strips are artefacts.

Various filters are tested in order to clean the images.
Simple Fourier filter on unfolded, 1D image, seems to pro-
vide basic removal of some of the artefacts, but the investi-
gation continues.

CAMERA GAIN CONTROL
The width and amplitude of an ideal gaussian are inde-

pendent parameters but in a presence of background and
non-uniform gain of the MCP the control of the ampli-
tude is necessary to obtain correct measurement of σ. In
case of LHC BGI the intensifiers build-in into the cameras
provides the best way to control the signal amplitude with
large precision and without regulating the sensitive HV.
The choice of the optimal amplitude range is a compromise
between a possible gas injection pressure, HV settings and
camera dynamic range.

An example of the BGI measirement evolution during a
ramp of beam energy is shown in Fig. 4.

CALIBRATION WITH ORBITAL BUMP
The scale calibration of the BGI can be performed using

orbital bump method. The orbital bump amplitude is reg-
ulated with large precision using Beam Position Monitors

Figure 4: Beam size behaviour during ramp of Pb beam.
Beam energy is given in ZTeV.

(BPM). A relation between BGI position and BPM position
allows to obtain pixel scaling factor.

The advantage of this method is that it takes into account
all possible scaling effects (optical system magnification,
camera pixel size, etc.). The disadvantage can be the accu-
racy of the orbit determination: BGI is located in space in
which the BPMs are about 60 meters away. This space con-
tains magnetic elements, therefore the beam position inter-
polation has limited accuracy. During Long Shutdown 1
(LS1) additional BPMs will be installed in vicinity of BGI.

In Fig.5 determination of the scaling factor is shown.
The pixel size is found to be 0.095 ± 0.003 mm. The mea-
surement have been performed during Machine Develop-
ment (MD) period in June 2012, using high intensity and
low emittance proton beam at 4 TeV.

BGI position [pixels]
115 120 125 130 135
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m
]

-1

-0.5

0

0.5

1

 / ndf 2χ   1.93 / 3

p0        0.3819± 12.04 
p1        0.003008± -0.09504 
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p1        0.003008± -0.09504 

BGI B2V bump calibration

Figure 5: Calibration of the BGI scale using orbital bump.

INTERCALIBRATION WITH WIRE
SCANNER

Wire Scanners (WS) provide a reference emittance
measurements to other instruments on LHC. Because of
fragility of the carbon fibers from one side and low sen-
sitivity of BGI from the other side the typical proton beam
does not allow to intercalibrate BGI with the WS. A unique
opportunity is presented by lead ion beam. On Septem-
ber 12, 2012 a beam of low intensity (15 bunches, about
10

10 charges in total) has been in the machine. This beam
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have low intensity and a maximum gas injection can be
performed. At the same time the use of the Wire Scanners
was still allowed (no danger to the wire neither to magnet
quench). All together the ion beams allowed to measure
the emittance with WS to compare it with BGI.

The BGI and WS are located in different locations
around the ring. In order to compare profiles obtained by
both instruments a scaling of the profiles with optical β

function must be done. In Fig. 6 a comparison of beam
profiles is presented at injection and at flat top. The β func-
tions used are shown in Table 1.

]m [mm/βposition/
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

a.
u.

0

0.2

0.4

0.6

0.8

1 wire scanner

BGI

450 GeV

]m [mm/βposition/
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

a.
u.

0

0.2

0.4

0.6

0.8

1 wire scanner

BGI

4 TeV

Figure 6: Comparison of beam profiles in wire scanner and
in BGI at injection and at 4 TeV.

At injection the BGI profile corresponds quite well to the
Wire Scanner one. On the other hand at 4 TeV, when beam
becomes quite small, the BGI profile is significantly larger.

Table 1: Optical β

B2V [m] WS BGI

injection 418.95 217.19
flat top 451.04 225.35

CORRECTION IN QUADRATURE
The broadening of the profile at flat top with respect to

the wire scanner one can have many reasons. The following
ones are investigated:

• distortion of electron trajectories due to beam space
charge;

• contribution from electron-emitting elements;
• smearing of electron position due to gyroradius;

• smearing due to dispersion of the electrons produced
in MCP (about 32 μm);

• optical point spread function PSF (22 μm [3]);
• cross-talk between pixels in the camera.

Two of the effects have been already estimated and they
are too small to explain the observed effect. Both of them
have the nature of PSF, and can be corrected in quadrature
in order to obtain real beam width:

σbeam =

√
σ2

BGI
− σ2

PSF
(1)

In the following it is assumed that the other effects can
be corrected in the same way. In Fig. 7 the preliminary
results of cross-calibration between wire scanner and BGI
are presented. The WS emittance during the ramp (cal-
culated using relativistic gamma for protons) are repre-
sented with green dots. Red curve shows beam energy evo-
lution and black line is BGI emittance obtained assumed
σPSF = 0.3 mm. Relatively low quality of the BGI signal
can be observed, as beam intensity was small.

Figure 7: Emittance behaviour during ramp.

CONCLUSIONS
Initial results of the BGI commissioning on LHC beams

are presented. Main aspects concerning the signal process-
ing, scale calibration and correction of the MCP ageing are
discussed. A necessary quadratic correction to the beam
size measured by the BGI is shown. Preliminary results for
ion beam are promissing.
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DEVELOPMENT OF TURN-BY-TURN DIAGNOSTIC SYSTEM USING 
UNDULATOR RADIATION 

M. Masaki #, A. Mochihashi, H. Ohkuma, S. Takano and K. Tamura 
Japan Synchrotron Radiation Research Institute (JASRI/SPring-8), Hyogo, Japan 

Abstract 
  At the diagnostic beamline II (BL05SS) [1] of the 
SPring-8 storage ring, a turn-by-turn beam diagnostic 
system using undulator radiation has been developed to 
observe fast phenomena such as stored beam oscillations 
during the top-up injections, blowups of beam size and 
energy spread coming from the instabilities of a high 
current single bunch and so on. The fast diagnostic 
system observes a spatial profile of undulator radiation on 
a selected harmonic number. Especially, The profile 
widths of the higher harmonics than the 10th-order are 
sensitive to variation of the energy spread. The principle 
and experimental setup of the turn-by-turn diagnostic 
system, and examples of beam observations are reported. 

MAIN INSTRUMENTS OF BL05SS 
BL05SS is a diagnostic beamline with an insertion 

device (ID05) which magnet array is of planar Halbach 
type with the 51 periods of 76 mm long. The maximum 
deflection parameter K is 5.8. Elaborate tuning of the 
magnetic field leads to the fundamental random phase 
error of 1.6 degree (r.m.s.) at the maximum K so that we 
can clearly distinguish individual higher order harmonics 
of the undulator radiation [2]. This is essential for the 
beam diagnostics, especially, energy spread measurement. 
To shape the radiation, a 4-jaw slit is installed in the 
frontend section at a distance of about 25 m from the 
source point. A double crystal monochromator using Si 
(111) is placed in the optics hutch at a distance of about 
70 m from the source. The undulator radiation on a 
harmonic number selected by the monochromator goes 
into the experimental hutch where the turn-by-turn beam 
diagnostic system is installed at a distance of about 90 m 
from the source point (Fig. 1). 

 
 

 
 

 
Figure 1: Turn-by-turn beam diagnostic system and the 
related main instruments of BL05SS 

EXPERIMENTAL SETUP OF THE TURN-
BY-TURN BEAM DIAGNOSTIC SYSTEM 

The turn-by-turn beam diagnostic system is intended to 
observe fast motions of electron beam using spatial 
profiles of the monochromatic undulator radiation. This 
system consists of a fast fluorescence screen, imaging 
optics and a fast CCD camera with an image intensifier 
(Fig. 2). The fast fluorescence screen placed in vacuum is 
YAG (Ce) crystal with 0.1 mm thick and its decay time is 
several tens of nano seconds. An X-ray profile of 
undulator radiation with photon energy of about 10 keV is 
converted into a visible light profile on the YAG (Ce) 
screen. Converted center wavelength is 550 nm and its 
bandwidth is about 100 nm (FWHM). The imaging optics 
transforms the 2D-profile on the YAG (Ce) screen to two 
line profiles projected in the horizontal and vertical 
directions. Visible light is split into two light paths by a 
half mirror and one-dimensional focusing optics using 
cylindrical lenses is implemented in each light path. In 
the path-1, the strong vertical focusing makes a 
horizontal-projected line profile. The horizontal strong 
focusing in the path-2 makes a vertical-projected line 
profile. These two projected line profiles are 
simultaneously imaged on a photoelectric surface of the 
image intensifier  (HAMAMATSU: C9548-02MP47). 
The material of the photoelectric surface is GaAsP. The 
image intensifier embeds dual micro channel plates 
(MCPs) and P47 phosphor screen with short decay time. 
The minimum width and the maximum repetition rate of 
the MCP gate are 10 ns and 210 kHz, respectively. The 
fast CCD camera (Roper Scientific: ProEM 512B) 
captures the intensified images of the two line profiles. 
The pixel number and size are 512(X)*512(Y) and 16 
μm, respectively. This CCD camera has a special function 
referred to as the kinetics readout mode, which is very 
useful for the turn-by-turn measurements of the spatial 
profiles. By illuminating only a small portion of the CCD 
sensor, a series of sub-flames can be captured and 
vertically shifted in microseconds vastly increasing the 
time resolution. The fastest shift rate is 0.45 μs/pixel in 
each sub-frame. The sub-frame is triggered independently 
by an external signal synchronizing with the beam 
revolution signal or its frequency-dividing signal. The 
imaging optics and the camera position are adjusted to 
locate the illuminating area in a lower part of the CCD 
sensor. The smaller vertical size of the sub-frame enables 
profile measurements with higher repetition rate, which 
requires vertically strong focusing of the light on the 
narrow sub-frame.  ____________________________________________  

# masaki@spring8.or.jp  
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Figure 2: Experimental setup of the turn-by-turn beam 
diagnostic system which consists of a fast fluorescence 
screen YAG (Ce) in vacuum, an imaging optics on an 
optical table and a fast CCD camera with an image 
intensifier. Light spot of the path-1 in the imaging optics 
is rotated 90 degrees by a periscope with a half mirror. 

EXAMPLES OF BEAM MEASUREMENTS 
Oscillations of Stored Beam Induced by 
Injection 

An off-axis beam injection to the SPring-8 storage ring 
needs a local horizontal bump in a closed orbit of the 
stored beam. The local orbit bump is excited by four 
pulse bump magnets which magnetic field patterns are 
half-sine with 8μs width. The excited orbit bump is not 
completely closed due to the difference of the field 
patterns and drift of excitation timings among four bump 
magnets. A residual kick by the field errors of the bump 
magnets induces a horizontal beam oscillation. In order 
not to disturb the user's experiments, the oscillation is 
suppressed as much as possible by a counter kick using a 
fast correction magnet [3] and tuning of the excitation 
timings of the four bump magnets. The residual 
oscillations after the tuning have been measured using the 
turn-by-turn beam diagnostic system. Angular oscillation 
measurement of the undulator radiation is shown here as 
one example. We observed the fundamental harmonic of 
7.2 keV at the small deflection parameter K of 0.45  
(magnet pole gap: 80 mm) through the 4-jaw slit with the 
horizontal and vertical wide angular apertures of 123 μrad 
and 45 μrad, respectively. Figure 3 shows a single shot 
image with the kinetics readout mode captured by 
synchronizing with a trigger signal to excite the bump 
magnets for the beam injection. Each sub-frame is 
triggered by a divide-by-five frequency-dividing signal of 
the revolution frequency. The MCP gate of the image 
intensifier is also triggered by the same signal as the sub-

frame trigger of the CCD camera. The spatial profiles in 
the sub-frames are imaged with an exposure time of 200 
ns controlled by the MCP gate width. The profiles shown 
in Fig. 3 are single shot images every 5 turns from the 
turn number -4 to 116, where the bump excitation timing 
(the injection timing) is defined as the turn number zero. 
So, an initial turn number -4 means 4 turns before the 
bump excitation. We can control the initial turn numbers 
to grab the profile by adjusting a delay and a width of the 
injection timing signal, which overrides a veto of trigger 
signals for the MCP gate and the CCD sub-frame. The 
initial turn number automatically changes in cyclic order 
of the five consecutive numbers. Here, the five means the 
frequency-dividing number of the gate signals. A series of 
single shot profiles every 5 turns with the initial turn 
numbers of -7, -6, -5, -4 and -3 were captured and sorted 
by the turn numbers to obtain the turn-by-turn profile 
data. The center positions of each horizontal profile fitted 
by a Gaussian function is converted to horizontal angles 
from the view of the source point, which are shown in 
Fig. 4(a) as a horizontal angular oscillation.  Figure 4(b) 
shows the FFT analysis of the angular oscillation data. A 
single sharp peak corresponds to the fractional horizontal 
betatron tune of 0.15. The phase of the observed 
oscillation and its FFT peak intensity will be a useful tool 
for feedback control to the excitation timing of the 
injection bump and its correction magnets to reduce the 
beam oscillations induced by the injection. 

 
 

Figure 3: An example of a single shot image with the 
kinetics readout mode captured by synchronizing with the 
beam injection timing. An electron bunch residual-kicked 
at the rising edge of the half-sine excitation pattern of the 
bump magnet was gated by the image intensifier. The left 
side numbers are turn numbers where the bump excitation 
timing is labeled as zero turn. The top profile is captured 
before the injection.  
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Figure 4: (a) Horizontal angular oscillation of the 
undulator radiation obtained from the turn-by-turn profile 
measurements synchronizing with the injection timing. 
(b) FFT analysis of the angular oscillation data. A main 
peak indicates the fractional horizontal betatron tune. 

Energy Spread Measurement 
ID05 becomes a multi-pole wiggler with the large K 

value, when the magnet pole gap is narrow. Spectral 
fluxes and their angular divergences of the higher 
harmonic radiations from the multi-pole wiggler are 
sensitive to variation of the energy spread of electron 
beam. This property of the higher harmonics has an 
advantage for the energy spread diagnostic. The 
horizontal width on the YAG (Ce) screen of the photon 
beam profile on the higher harmonic is dominated by 
horizontal electron beam emittance, while the vertical 
width is dominated by the energy spread and intrinsic 
angular divergence of the photon beam itself [2], because 
vertical electron beam emittance has a negligible effect 
owing to the small emittance-coupling ratio. Thus, the 
fast energy spread measurement is possible by observing 
the vertical profile of the photon beam. Furthermore, 
observation of a 2D-profile on the higher harmonic 
enables us to measure the horizontal emittance and energy 
spread simultaneously. 

As an example of the energy spread measurement, its 
bunch current dependence is shown here, during test 
operation with beam energy of 7 GeV. We observed the 
monochromatic 15th harmonic radiation of 11.36 keV at 
the large deflection parameter K of 3.74 (magnet pole 
gap: 30.44 mm). The horizontal slit aperture in the 
frontend was narrow size of 0.2 mm to reduce heat load 
on the double crystal monochromator. This narrow 
aperture has another effect that the horizontal beam 
distribution at the source point is projected on the YAG 
(Ce) screen, based on the principle of a pinhole camera. 
The vertical aperture of the slit was 1.2 mm wide not to 
intercept the 15th harmonic radiation. A relation between 
the energy spread and the vertical width of the 
monochromatic 15th harmonic radiation observed on the 
CCD camera was calibrated experimentally. We 
measured the vertical widths of the radiation from multi-
bunch beam with small bunch current as a function of the 
center energy of electron beam while changing the RF 
frequency. The maximum beam energy shift was 0.18%. 
Figure 5 shows a calibration curve extracted on the basis 
of this beam energy dependence of the measured vertical 
width. The small bunch current allows us to assume that 
the vertical width measured at the original RF frequency 
corresponds to the natural energy spread 0.0957 % in 
theory at the beam energy of 7.0 GeV.  
 

Figure 5: Calibration curve based on the experimental 
beam energy dependence of the vertical width observed 
on the CCD camera of the monochromatic 15th 
harmonic radiation at the beam energy of 7 GeV. Solid 
line is a fitted curve by a third degree polynomial 
function. 

The gated single shot images of a single bunch were 
captured with the kinetics readout mode. The gate width 
was 200 ns, which was controlled by the image 
intensifier. Examples of the single shot images observed 
at the bunch current of 2.9 mA and 13 mA are shown in 
Fig. 6. We can see that the vertical profiles at 13 mA 
broaden, compared with that at 2.9 mA. Each single shot 
image includes 24 sub-frames and one vertical profile per 
sub-frame is registered. Since 100 shots were taken at 
each bunch current, an average width of the 2400 vertical 
profiles was converted into the energy spread using the 
calibration curve shown in Fig. 5. A preliminary result of 
measured energy spread depending on a single bunch 

(b)

μ
(a)
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current is shown in Fig. 7. In this measurement, the 
energy spread increased even at small single bunch 
current of 2 mA.  At the bunch current of 13 mA, that 
reached about double the original value. We plan to cross-
check this result by beam size measurement at a bending 
magnet source point with the horizontal dispersion. 

The SPring-8 storage ring has a plan of the user time 
operation with a single bunch current larger than 10 mA. 
Generally, the energy spread tends to increase with the 
bunch current due to the wake fields and the induced 
microwave instabilities. This means that a spectral flux 
density from an undulator is not proportional to the single 
bunch current and may be saturated. This is an issue that 
has the potential to impact the performance of a light 
source. Therefore, the fast energy spread measurements 
will be important for performance estimations of the light 
from a single bunch beam with large bunch current which 
has short lifetime. 
 

 

Figure 6: Examples of single shot images with the 
kinetics readout mode captured at single bunch current 
of 2.9 mA (a) and 13 mA (b). The gate width controlled 
by the image intensifier is 200 ns. The widths of the 
vertical profiles (right-hand side) at 13 mA broaden in 
comparison with that at 2.9 mA. 
 

 
 

Figure 7: Preliminary result of single bunch current 
dependence of the energy spread measured in the test 
operation at 7 GeV. 
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Peking University. H+ beam with the parameter of 40 
keV, 4.8 mA, 100 Hz and 1 ms is used to test the new 
emittance meter. The wire cup is able to move in vacuum 
just as designed, and the long slits kept their shape and 
having direct water-cooling 

 

 
Figure 6: A photograph of HIBEMU-5. 

As the first result, Fig. 7 shows the measurement result 
and the phase ellipse of measured H+ beam. Emittance is 
measured as 0.17 π mm·mrad. Comparison with previous 
facilities and further tests are still needed to evaluate the 
performance of HIBEMU-5. 

 

 
Figure 7: Mesurement results and the phase ellipse of H+ 
beam by HIBEMU-5. 

CONCLUSION 
The two improvements of MSSW emittance meter 

make HIBEMU-5 more advanced than previous facilities, 
specifically in complete sampling and avoiding data 
overlap. Long term application will start on PKU ion 
source test bench. 
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TRANSVERSE-ACCEPTANCE MEASUREMENT SYSTEM FOR JAEA AVF 
CYCLOTRON  

Hirotsugu Kashiwagi , Nobumasa Miyawaki, Satoshi Kurashima, Susumu Okumura  #

Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency 
1233 Watanuki-machi, Takasaki, Gunma, 370-1292, Japan 

Abstract 
We are developing an acceptance measurement system 

to evaluate the matching of the emittance of an injection 
beam to the acceptance of the AVF cyclotron. The system 
is composed of a phase-space collimator in the low 
energy section and beam intensity monitors which are 
installed just after the phase space collimator and in the 
high energy section. The phase-space collimator, which 
consists of two pairs of movable slits, is used to inject 
beams with very small-emittance into the cyclotron by 
defining position and divergence angle of the beam from 
an ion source. The acceptance is measured as the phase 
space distribution of the ratio of the beam intensity at the 
high energy section to that at the phase space collimator. 
In the preliminary test, only a part of distribution for the 
acceptance was measured because the injection-beam 
emittance from an ion source did not cover the whole 
acceptance. A steering magnet has been added to expand 
measurable area by scanning the injection beam in 
synchronization with the acceptance measurement. The 
result of a test experiment showed the emittance of the 
injection beam was able to be enlarged more than ten 
times. It was confirmed that this technique was valid as 
the method of increasing the injection emittance for 
measuring the whole of the acceptance. 

INTRODUCTION 
The JAEA AVF cyclotron in TIARA (Takasaki Ion 

accelerators for Advanced Radiation Application) 
produces various kinds of ion beams from 10 MeV H+ to 
490 MeV 192Os30+ for research in biotechnology and 
materials sciences. The ion species and/or energy of the 
beam are changed frequently (223 times a year in 2011 
[1]). Since the operating parameters of the cyclotron vary 
according to the kind of beam, the parameters need to be 
optimized for each beam to be accelerated and be 
delivered to the target port with minimum beam loss. 

Regarding the optimization of the beam injection to the 
cyclotron, it is required for the beam emittance to be 
matched to the acceptance of the cyclotron. A part of the 

injected beam outside the acceptance is lost in the 
cyclotron. The condition of the injection in longitudinal 
direction is determined mainly by the voltage and phase 
of a buncher. The optimization procedure has been 
established [2]. As for the condition of the injection in the 
transverse direction, parameters of the magnets in the low 
energy beam transport line are fine-tuned manually by 
monitoring the accelerated beam current. However, it is 
not easy to assess optimum condition because various 
parameters are mutually related and the acceptance is not 
precisely known. 

We are developing a transverse acceptance 
measurement system to evaluate the state of the beam 
injection. The system will help to optimize the injection 
condition in the transverse direction. 

This paper shows the outline of the measurement 
system and a preliminary measurement test. In addition 
the enlargement of the effective emittance of the injection 
beam for expansion of the measurable area that is 
currently under developing is described. 

SYSTEM FOR TRANSEVERSE-
ACCEPTANCE MEASUREMENT 

The system for transverse acceptance measurement is 
shown schematically in Fig. 1. The main components of 
the system are the phase-space collimator in the low 
energy beam transport line and the intensity monitors in 
the high energy section. One of the monitors is selected 
depending on the position where the acceptance is 
measured. To measure the acceptance for accelerating and 
transporting the beam to the deflector entrance in the 
cyclotron, for example, a current monitor inside the 
cyclotron is used, while in the case of acceptance to the 
outside of the cyclotron a Faraday cup in the high energy 
beam transport line is used. 

 Measurement of the acceptance is made by injecting 
every portion in the whole phase-space, which should be 
large enough to cover the acceptance. The acceptance can 
be estimated from the sum of the portions of the beam 
which passes through the system. 

Figure 1: The system for transverse acceptance measurement. 

Beam intensity monitors 

Phase space collimator Ion source Cyclotron 

 _________________________________________ 

#kashiwagi.hirotsugu@jaea.go.jp 
 

,

Proceedings of IBIC2012, Tsukuba, Japan TUPB65

Transverse & Longitudinal Emittance Measurements 499 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



Phase Space Collimator 
The phase space collimator, which limits the incident 

beam to an arbitrary small area in the horizontal or 
vertical phase plane, is used to inject a small portion of 
the beam into the cyclotron. It consists of two pairs of 
position defining slits and angle defining slits. One pair is 
used to limit the beam in the horizontal (x-x’) plane and 
another in the vertical (y-y’) plane. The slit is formed by a 
pair of metal blades. The position and width of each slit 
are variable by stepper motors which control the positions 
of each blade. Figure 2 shows an example of defined 
phase-space area with one pair of slit. The main 
specification of the phase space collimator is shown in the 
table 1. 

 

Figure 2:  Example of the region defined with the slits of 
the phase space collimator (shaded region). 

Table 1: Main specification of the phase space collimator  

Position defining slit 

Position range of the slit center 
(Measurement range of x and y) 

±60 mm 

Slit width 0.1 mm  4 mm 

Divergence defining slit 

Position range of the slit center ±77 mm 

(Measurement range of x’ and y’      ±25 mrad) 

Slit width 0.1 mm  30 
mm 

Minimum resolution of x’ and y’  0.15 mrad  

Beam Intensity Monitor 
Acceptance is evaluated from the beam relative 

transmission efficiency distribution, which is the ratio 
distribution in a phase plane between beam distribution at 
a beam intensity monitor in high energy section and 
injected beam distribution to the cyclotron from the phase 
space collimator. Therefore the absolute beam current 
value is not essential and relative value is adequate. The 
current value is expected to be the order of nano- or pico-
ampares which depends on slit width. To detect the 

current, Faraday cups which measure absolute current 
value, simple metal plates for relative current value 
including emitted current of secondary electron or 
scintillation counters which measure number of particles 
are used.  

Measurement Procedures 
In acceptance measurement, small-emittance beams at 

various positions in a transverse phase-plane are injected 
into the cyclotron by scanning the positions of the slits of 
phase space collimator. As shown in Fig. 3, for example, 
in the case of a measurement in the rectangle area (-p ≤ x 
≤ p , -q ≤ x’ ≤ q), the measurement procedures are as 
follows : 1) the center of the position defining slit and the 
angle slit is moved to –p and –q respectively, 2) beam 
intensity is measured continuously as moving the angle 
defining slit from –q to q  keeping the position defining 
slit at p, 3) the position slit and angle slit is moved to 
position of p + d, q by being shifted d in the positive x 
direction 4) beam intensity is measured continuously as 
moving the angle defining slit from q to -q  keeping the 
position defining slit at p+d, and these procedures are 
repeated until the slit position reaches p. This 
measurement is performed twice to determine the 
distribution of the injected beam (Di(x,x’)) and the 
distribution of the beam which reaches a location of the 
current monitor at high energy section (Dh(x,x’)). The 
Di(x,x’) and Dh(x,x’) are determined using a current 
detecting devise just after the phase space collimator and 
inside or after the cyclotron respectively. The acceptance 
is obtained by the ratio Dh(x,x’)/ Di(x,x’)  

PRELIMINARY MEASUREMENT TEST 
A preliminary measurement test was performed using 

the 16O6+ beam extracted with the energy of 50.2 keV 
from a 14.5 GHz ECR ion source. The beam was 

 

Figure 3: The method of scanning the small emittance 
beam in a phase plane by the phase space collimator. 
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accelerated to 160 MeV and transported to one of the 
irradiation courses for heavy ion beam (HA course). 

 
Figure 4: Measured acceptance and emittance. 

The beam emittance at the phase space collimator was 
measured by a metal plate just after the collimator. For 
the acceptance measurement, a Faraday cup in the HA 
course was used. Therefore the acceptance for 
accelerating and transporting the beam from the phase 
space collimator to the Faraday cup was obtained in the 
experiment. The measured emittance and acceptance in x-
x’ phase planes are shown in Fig. 4. The whole 
acceptance was not measured because the injection-beam 
emittance from the ion source did not cover the whole 
acceptance.  

EXPANSION OF EFFECTIVE 
EMITTANCE 

To measure the whole acceptance, the emittance of the 
injection beam needs to be so large as to cover the 

acceptance. A steering magnet just before the phase space 
collimator has been added to the system to manipulate the 
injection beam in x’ and y’ direction. The expansion of 
the emittance is made by scanning the injection beam 
with the steering magnet in synchronization with the 
acceptance measurement.  

Figure 5 shows the beam emittance from the ion source 
and the result of the effective emittance enlargement. The 
effective emittance of the scanned beam was more than 
ten times larger than the original one despite several 
unsynchronized region that are found as the white 
quadrangles. It was confirmed that this technique was 
valid as the method of increasing the injection emittance 
for measuring the whole acceptance 

SUMMARY 
The system for measuring transverse-acceptance has 

been developed. The acceptance is measured as the phase 
space distribution of the ratio of the beam intensity at the 
high energy section to that at the phase space collimator. 
The steering magnet which scans the injection beam has 
been added to the system to increase the effective 
emittance of the injection beam. The validity of the 
technique for expanding measurable area was confirmed 
using the newly added steering magnet. 
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(80% emittance) 
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Figure 5: Original beam emittance from the ion source (left) and the enlarged effective emittance by the steering
 magnet (right).
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NUMERICAL ANALYSIS ON THE GAIN-REDUCTION 
CHARACTERISTICS OF MULTI-WIRE PROPORTIONAL CHAMBERS 

Ken Katagiri, Takuji Furukawa, and Koji Noda, 
Dept. of Accelerator and Medical Physics, National Institute of Radiological Sciences, Chiba, Japan 

Abstract 
In order to investigate the gain-reduction characteristics 

of the multi-wire proportional chamber (MWPC) for 
different geometric parameters, we performed numerical 
simulations using a numerical code. The numerical code 
was developed using a two-dimensional drift-diffusion 
model to evaluate the gas gain taking into account the 
reduction effect caused by the space charge effect of the 
moving positive ions. We investigated the gain-reduction 
rate for several parameters of the anode-anode distance 
when beam intensity was increased. We found that the 
gain reduction could be improved by decreasing the 
anode-anode distance, owing to the sharing of the initial-
ion pairs among the anode wires. From these results, we 
discuss a desirable distance between the anode wires to 
improve the gain reduction. 

INTRODUCTION 
  Several tens of MWPCs have been installed in the beam 
transport line at HIMAC (Heavy Ion Medical Accelerator 
in Chiba) to diagnose the beam profiles [1]. Also in the 
scanning irradiation system, which was started to be 
operated for the cancer treatment in 2011, the MWPCs 
are used to evaluate the beam position and to construct 2-
D fluence maps [2]. In normal operation for treatments, 
the MWPCs are operated in the current mode and 
irradiated by high-rate incident particles of ∼108 － 109 
particles per second (pps). Under such a beam condition, 
gain reduction of the output signal is observed. The gain 
reduction is due to the distorted electric field, which 
originates from the space charge of the accumulated ions. 
If the gain reduction is large, the measured beam profiles 
may differ from the actual profiles. Therefore, 
modification of the MWPCs to suppress the gain 
reduction is an important issue. 
  In the treatment operation at HIMAC, the irradiation 
period of ∼1 s is much longer than that required by ions 
to travel from the anodes to the cathodes. Therefore, the 
gain reduction process cannot be explained only by the 
remaining ions around the anodes, and it is expected to be 
transient during the beam irradiation. Information on the 
relations between the gas-gain variation and the ion-
density distribution is necessary for modification of the 
MWPC parameters, such as anode radius and distance 
between electrodes. For those reasons, we developed a 2-
D simulation code to evaluate the gas gain taking into 
account the gain-reduction effect [3].  
  Using the numerical code, we performed analyses on the 
dynamics of ions/electrons in a helium-filled MWPC to 
improve the gain reduction. In this paper, we report the 

simulation results of the gas gain for several parameters 
of the anode-anode distance. Also we discuss the transient 
dynamics of the ions, which leads to the variation of the 
output signal.  

SIMULATION METHOD  
  The 2-dimentional drift-diffusion model was employed 
to analyse the dynamics of the ions and electrons. In order 
to simplify the analysis, electrons (e-) and positive ions 
(He+) were only taken into account. The two advection-
diffusion equations and the Poisson equation were 
coupled and solved numerically. The pressure and the 
temperature inside the MWPC were assumed to be 105 Pa 
and 300 K, respectively. Figure 1(a) – (c) show schematic 
diagrams of the MWPC in a discrete space. Three types of 
MWPC with different anode-anode distance were 
considered for comparison. The 6×6 mm region of the 
MWPC were discretized by rectangular grids. The anode-
anode distance d was altered by changing the number of 
the anode wires in 6-mm region: 1 wire for d = 6 mm (Fig. 
1(a)), 2 wires for d = 3 mm (Fig. 1(b)), and 3 wires for d 
= 2 mm (Fig. 1(c)). The periodic boundary condition was 
applied to the boundaries at x = −3 mm and 3 mm. The 
outlet boundary condition was applied to the surface of 
the two cathodes at y = −3 mm and 3 mm, and to the 
surface of the anodes. Incident projectiles were injected 
with constant rate of  I = 5×108 pps from t = 0. The beam 
profile formed by all the projectiles was determined to be 
a Gaussian distribution of 2σ = 3.0 mm, as shown Fig. 
1(d). The beam profile along the z-axis was assumed to be 
homogeneous in the depth direction of 3 mm. The number 
of the ion-pairs was determined by W-value and energy 
deposition of 350-MeV/u projectiles in 1-atm He gas [3]. 

RESULTS AND DISCUSSION 

Conditions for Comparisons of the Gain-
reduction Characteristics  
  Figure 2 shows the calculation results of the gas gain 
without the gain reduction. In order to calculate the no-
reduction regime, the space-charge effect was excluded 
by considering the low rate beams. In order to compare 
the gain-reduction characteristics, the applied voltages of 
three types of MWPC need to be determined to obtain 
same gas gain in the no-reduction regime. For that reason, 
the applied voltages were determined to obtain the gas 
gain of M = 30: V = 847 V for d = 2 mm, V = 751 V for d 
= 3 mm, V = 674 V for d = 6 mm. 
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Gain-reduction Characteristics 
  In order to compare the gain-reduction characteristics for 
three types of MWPC, we calculated the variation of the 
gas gain from t = 0 to t = 25 µs. Figure 3 shows the 
temporal evolutions of the gas gain for three types of 
MWPC. Although each of three curves reached the gas 
gain of M = 30 at t = 0, they drastically decreased during 
25 µs. In order to evaluate the gas gain after the transient 
decay, each of curves was fitted by a function of y = 
const. using t = 20 – 25 µs region, as shown in the Fig. 3. 

The results of reduction rate are 30% for d = 2 mm, 35% 
for d = 3 mm, and 48% for d = 6 mm. From those results, 
we confirmed that the gain reduction could be improved 
by reducing the anode-anode distance.  
  We evaluated the total number of ions in MWPC, which 
were produced by electron-multiplication processes 

(avalanche), to consider the reason of the improvement on 
the gain reduction. Figure 4 shows the temporal 
evolutions of the total number of the ions in MWPC. The 
ion dynamics in the 6-mm-distance MWPC did not reach 
the quasi-stationary state [3] during 25 µs, as we can see 
the transient variation in the curve. On the other hand, the 
gas-gain variation for the 6-mm-distance shown in Fig. 3 
was in the end of the transient process and nearly constant. 
Also, for example at t = 15 µs, we can see the least 
number of ions in the 6-mm-distance MWPC, however its 
gain-reduction rate was most intense for three types of the 
MWPC. This is due to fact that the gain variation was 
strongly affected by the ions around the anodes.  

Figure 2: Gain curves without the space-charge effect. 
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Figure1: Schematic diagram of the MWPC of (a) d = 6 mm, (b) 
d = 3 mm, and (c) d = 6 mm. (d) The initial distribution of ion-
pairs. 
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Figure 3: Temporal evolution of gas gain. 
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  Figure 5 shows the ion density distribution for (a) d = 6 
mm, (b) d = 3 mm, and (c) d = 2 mm. We see that the ions 
drifted from the anodes to the cathodes along the 
electrical flux lines. By comparing the results from three 
types of the MWPC, we confirmed that the ion density 
around the anodes decreased as reducing the anode-anode 
distance. When the fluence distribution of the incident 
beams is same condition for three types of MWPC, the 
anode wires existing in the irradiation region share the 
initial-ion pairs; The avalanche events around each anode, 
which are caused by the initial-ion pairs, can be reduced 

by increasing the number of anode wires. Therefore, we 
could decrease the ion density around each anode. Owing 
to the low-ion density around the anode wires, the field 
distortion of the electric field was weakened. As a result, 
we could improve the gain-reduction rate by increasing 
the number of the anode wires. 

CONCLUSION 
  Using a 2-D simulation code based on the drift-diffusion 
model, we performed analyses on the dynamics of 
ions/electrons in a helium-filled MWPC to improve the 
gain reduction. From the simulation results, we found that 
the gain reduction caused by high-intensity incident 
beams could be relaxed by the sharing of the initial-ion 
pairs among the anode wires. In order to further optimize 
the MWPCs used for beam profile monitor in the HIMAC 
facility, we are going to investigate the dependence of 
other parameters, such as the anode-wire radius and the 
anode-cathode distance, on gain-reduction rate. 
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Figure 4: Temporal evolutions of the number of ions. 
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Figure 5: Ion density distribution at t = 25 µs. 
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THE ATF2 MULTI-OTR SYSTEM: STUDIES AND DESIGN
IMPROVEMENTS∗

J. Alabau-Gonzalvo, C. Blanch Gutierrez, A. Faus-Golfe, J.J. Garcia-Garrigos, J. Resta-Lopez
IFIC (CSIC-UV), Valencia, Spain

J. Cruz, D. McCormick, G. White, M. Woodley, SLAC, Menlo Park, California, USA

Abstract

A multi-Optical Transition Radiation (mOTR) system
made of four stations has been installed in the extraction
line of ATF2 and has been fully operational since Septem-
ber 2011. The system is being used routinely for beam
size and emittance measurements as well as for coupling
correction and energy spread measurements. In this pa-
per we present the current design and a OTR monitor fu-
ture upgrade to avoid the wakefields when a simultaneous
measurement is made. Finally we report the measurements
made in ATF2 during 2011-2012.

INTRODUCTION
ATF2 is an extension of the Damping Ring (DR) of ATF

built at KEK (Japan) [1, 2]. ATF2 is a prototype of a Final
Focus System (FFS) for a Future Linear Collider such as
the International Linear Collider (ILC) or the Compact Lin-
ear Collider (CLIC). The first of the ATF2 goals is to gen-
erate a vertical beam size of 37 nm at the Interaction Point
(IP). The second ATF2 goal it to achieve nanometer-level
beam stabilization at the IP in order to be able to demon-
strate the capabilitiy of this optics design to reliably de-
liver high luminosities at future high-energy linear collid-
ers. A mOTR system was installed in the ATF2 extraction
line (EXT line) during autumn 2010. This system consists
of four OTR monitors [3], and is currently being used for
beam size measurement and emittance reconstruction dur-
ing the ATF2 operation. The mOTR system was installed
near an existing wire scanner system (WS) [4] in order to
compare the performance of both systems. The WS needs
a high number of pulses to make a measurement, resulting
in an overestimation of the size due to the beam position
and intensity jitter. Moreover, it can take several minutes
to complete a single set of beam size measurements. On
the other hand, the OTRs are capable of single-shot mea-
surements of the beam ellipse at the beam repetition rate
(1.56 Hz). This permits reconstructing the emittance with
high statistics and making correlated measurements such as
studying the emittance preservation during the extraction
from the ATF DR. The minimum beam size that the OTR
system can measure is about 2 µm (the 2-lobe distribution
of the OTR light starts to become a dominant factor at this
scale, whereupon a different measurement scheme would
be required). The measurement resolution of this system is
typically a few-percent. Figure 1 shows the layout of the

∗Work supported by: FPA2010-21456-C02-01 and by Department of
Energy Contract DE-AC02-76SF00515

mOTR system in the diagnostics section of the EXT line,
highlighting the WS location for comparison.

Figure 1: Layout of the ATF2 diagnostics section of the
EXT line where the WS and the Multi-OTR system are lo-
cated, the beam going from right to left.

CURRENT DESIGN AND FUTURE
UPGRADES

The 4 OTRs are based on the design of a previous one
labeled as OTR1X [5], placed near one of the WSs in order
to compare them and to demonstrate the ability to mea-
sure the small beam sizes likely to be found after a linear
collider DR. Some of the issues presented in the old de-
sign were improved in the new one: the footprint was low-
ered from 55 cm to less than 30 cm, the target actuator was
placed on the top, thus reducing the interference problems
with the supporting structure, the lens darkening and the
camera damage due to radiation was solved by using a 90
degree mirror and a lead protection shield, the targets were
changed using two made of 2 µm aluminum and two tar-
gets made of 3 to 5 µm kapton with 0.12 µm aluminum
coating.

Figure 2 shows a general overview of the new OTR de-
sign and Figure 3 shows it as it is installed in ATF2 EXT
line. The yellow scotch covers the main body and the side
window to protect from light coming in from outside. Be-
low it, the vertical and horizontal stepper motors are shown.
From the body, in the upper-left direction is the target ac-
tuator and in the upper-right direction the optical elements.
The lead shielding for preventing CCD camera damage can
be seen on the left of the OTR. At the left and right sides
of the body there are a couple of bellows that allows some
horizontal and vertical displacement of the whole OTR sys-
tem.
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Figure 2: 3D view of the new OTR design.

Figure 3: OTR as it is installed in the ATF2 EXT line, the
beam going from right to left.

In addition, a calibration lamp was installed, consisting
in a bellow that permits the movement in and out the beam
pipe of a small lamp which is subjected with a ceramic tube
for isolation and feeded by a feedthrough BNC. Another
upgrade with respect to the original design is a zoom sys-
tem that can set a variable Field of View. This was moti-
vated by the difficulty to find the beam in operation and the
fact that sometimes the spot was slightly bigger than the

screen so that the measured beam size was wrong.

Figure 4: The OTR body is lowered to enable the target to
intercept the beam.

In the ”non-operation mode” the OTR body is placed in
a position such that the incoming and the outgoing beam
pipe are straight (Figure 4 up). Due to design constraints
the whole OTR body has to be lowered for operation. This
brings the chamber closer to the beam (Figure 4 down).
This mode of operation generates wakefields that are sig-
nificant when the 4 OTRs are in measuring position, i.e.
simultaneous measurement. This generates an emittance
growth that has been measured. Figure 5 shows the wake-
field effect on the vertical and horizontal size at the OTR3X
when the OTR2X is lowered from the position where the
bellows are horizontal and aligned with the beam pipe (here
around 5.5 mm) to the measuring position (which is the 0
reference position in the horizontal scale).
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Figure 5: Effect in OTR3X beam size due to wakefields
generated in OTR2X when lowering it.

In order to avoid this effect without having to redesign
the whole OTR body, a modification of the target holder
that brings down the intersection between the optics line
and the target has been proposed. The mechanical layout
of the new holder is compared with the current one in Fig-
ure 6. In this way the whole body has to be lowered only
by 1.52 mm instead of 7 mm, thus reducing wakefield ef-
fects. The target itself has to be modified as well by hav-
ing the mirror surface in the opposite side as in the current
design and a ramp has to be added in order to avoid inter-
ference of the actuator with the OTR body when the target
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is extracted. The microscope lens also has to be changed
depending on the last design of the target holder. These
improvements are planned to be implemented in autumn
2012.

Figure 6: Current target and target holder in the left, new
proposal in the right.
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Figure 7: OTR (OTR#X) beam size measurement com-
pared with the model, in solid line. This set of measure-
ments was made in the ATF2 run period of March 2012.

EMITTANCE RECONSTRUCTION AND
OTHER STUDIES

Emittance measurements are currently performed with
the mOTR system with success. The performance of the
system has been compared with that of the WS. Figure 7
shows a set of measurements of the vertical beam size com-
pared with the optical model while Figure 8 shows a mea-
surement comparison with the WS system.

Apart from the emittance reconstruction the mOTR sys-
tem is being used routinely for cross-plane coupling cor-
rection with success. The usual correction method consists
in scanning in intensity four skew quadrupoles installed up-
stream of the OTRs and then reconstructing the emittance
with the mOTR system. The optimal set of skew intensities
is the one which minimises the vertical emittance and thus

Figure 8: OTR (OTR#X) and WS (MW#X) beam size com-
parison. Model in solid line. This set of measurements was
made in the ATF2 run period of December 2011.

the coupling. An automatic procedure based on a response
matrix algorithm has also been implemented in the ATF2
control system and works well when the coupling is low.

Moreover, the mOTR system has been used to measure
the beam energy spread giving a value consistent with the
nominal one. This measurement was made by changing
the dispersion in the OTR location and measuring the con-
sequent growth of the beam size. The mOTR is also helpful
to other studies such as investigating the source of the emit-
tance growth after the DR beam extraction.

SUMMARY
The mOTR is working well and is being used routinely

in beam emittance reconstruction and in coupling correc-
tion. Improvements are planned in both hardware and soft-
ware including studies in the 4D emittance reconstruction,
single-shot coupling correction and automatic beam find-
ing using the data from the nearer BPMs.
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INJECTED BEAM PROFILE MEASUREMENT DURING TOP-UP
OPERATION

M.J. Boland, Australian Synchrotron, Clayton, Victoria, Australia
T. Mitsuhashi, KEK, Ibaraki, Japan

K.P. Wootton, The University of Melbourne, Victoria, Australia

Abstract
A coronagraph-like apparatus was constructed on the op-

tical diagnostic beamline on the storage ring to observe the

injected beam during top-up operations. An image was cre-

ated on an intensified CCD (ICCD) that can be gated on a

single bunch or on a bunch train for a stronger signal. The

bright central stored beam was obscured so the compara-

tively faint injected beam could be observed. The injected

beam comes in at a large enough offset so that it was clearly

visible above any diffraction or beam halo signals. The

beam profile measured was in good agreement with the ob-

servations made of the injected beam only using a telescope

apparatus. The measurements were made during user beam

in top-up operation mode and can be used to optimise the

injection process.

CORONAGRAPH APPARATUS
The beam current injected into the Australian Syn-

chrotron storage ring is ≈1 mA per shot in multi-bunch

mode and ≈0.05 mA per shot in single-bunch mode. This

is a relatively small current compared with the 200 mA of

stored beam. In order to measure the beam profile of the

injected beam in the presence of the stored beam and re-

quires an apparatus with a dynamic range of more than

four orders of magnitude. However, the stored beam can

be masked so that an ICCD camera on the optical diagnos-

tic beamline is sensitive enough to capture a single bunch

injection. A coronagraph apparatus used to measure beam

halos [1] was adapted to masked the stored beam and used

to observe the injected beam during user mode top-up op-

eration. The mask needed to be wide enough to obscure

the stored beam size plus the residual oscillations caused

by the injection kickers but narrow enough to observe the

injected beam. During the first few turns the beam at the

optical diagnostic beamline (ODB) source point reaches a

horizontal amplitude of between -5 and 2 mm (see Fig. 4

and Ref. [2]) so a vertical mask was used which allows the

injected beam to observed on either side of the mask.

EXPERIMENTAL SETUP
The ODB at the Australian Synchrotron [3, 4] was used

to image the visible light from the injected electron beam.

To accommodate this imaging apparatus, the lens in the op-

tical chicane [3] was removed. Instead, the principal focus-

ing optic was positioned on the optical table, as highlighted

in Figure 1 below. A real image of the electron beam pho-

ton source was formed close to the ICCD camera [5]. The

Figure 1: Optical table configuration for the ICCD corona-

graph measurement.

mask was then cut to stop the stored beam (shown in Fig. 2)

but allow the injected beam to be observed on either side of

the mask. Fig. 3 shows the first five turns with only the

stored beam and no injected beam. The mask was made

large enough to obscure this beam motion due to the kicker

imbalance.

Figure 2: One turn of stored beam with a 5 mA single

bunch in the ring.

Figures 2, 3 and 4 show that in principle if the stored

beam including the kicker imbalanced induced motion, is

masked out, the injected beam can be observed during top-

up injection on turns 1 and 3.

RESULTS

The best image captured can be seen in Fig. 5 where

turns 1 and 3 of the injected beam can be seen to the left

and right of the masked stored beam. Turn 2 is also masked

since the horizontal phase advance places the injected beam

almost on top of the stored beam, as can be seen in the im-

age with only the injected beam in Fig. 4. Turn 1 is quite

washed out in Fig. 5 since the ICCD gain had to be reduced
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Figure 3: Superposition of 5 turns of stored beam during

the injection kick with a 5 mA single bunch and no injected

beam.

1 2 3

Figure 4: First 3 turns of single bunch injection with no

stored beam.

to remove some of the noise from the stored beam. If the

ICCD acquisition was synchronistion to the injected beam

bunch offset, the gate could have been tighter and the gain

increased to improve the dynamic range of the measure-

ment.

Figure 5: Injected beam turns 1 and 3 observed on either

side of the coronagraph mask which blanks the stored beam

(compare with Fig. 4 with no stored beam).

Looking at the 1D horizontal projection with back-

ground dark field subtraction, the injected beam can also

be seen above the stored beam noise. Fig. 6 shows the hor-

izontal projection of ten images before the injection event,

the injection event at point 0, followed 10 more imaged af-

ter injection. The images are taken at 1 Hz and each image

contains a superposition of three turns. In this representa-

tion the first and third turns of the injected beam can be seen

more clearly above the background generated by the stored

beam in the acquisitions before and after the injection.
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Figure 6: Waterfall plot showing the horizontal projection

of each acquisition, with three turns captured per acquisi-

tion. The injection event is at acquisition point 0.

ANALYSIS

Firstly these measurements were taken during user

beamtime, so the storage ring and injection settings could

not be altered; this was as purely parasitic measurement to

demonstrate the proof of principle. As a result the ICCD

trigger conditions were not optimal to capture the injected

beam. The gate had to be opened up for several turns since

the absolute timing of the 75 pulse injected bunch train rel-

ative to the 300 stored bunches was not known. In princi-

ple this can be achieved but the software was not config-

ured to do so. An improved setup would take the injected

bunch timing offset and adjust the ICCD gate timing ac-

cordingly. This would allow the gate to be narrowed down

to the length of the injected bunch train (75 bunches) which

will also reduce the background diffraction caused by the

stored beam. In this way the background can be reduced by

a factor of 4, since only 75 of the 300 stored bunches will

be captured in the reduce ICCD gating time.

CONCLUSIONS

A proof of principle measurement was performed with

a coronagraph type apparatus to observe the injected beam

in the storage ring during user beamtime top-up operations.

The injected beam was observed despite being three orders

of magnitude weaker than the stored beam. Several short-

comings of the experimental setup were identified and will

be improved in future measurements. It is planned to use

the data to observe and optimise the injection process for

top-up operations.
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Figure 7: Image taken during the tuning of the coron-

agraph, great care must be taken to eliminate unwanted

diffraction effects.
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DEVELOPMENT OF A BEAM PROFILE MONITOR USING NITROGEN-
MOLECULAR JET FOR INTENSE BEAMS * 

Y. Hashimoto#, Y. Hori, T. Morimoto, S. Muto, T. Toyama,  K. Yoshimura, KEK/J-PARC, Japan 
T. Fujisawa, T. Murakami, K. Noda, NIRS, Japan 

D. Ohsawa, Kyoto University, Japan

Abstract 
A non-destructive beam profile monitor using a sheeted 

jet beam of nitrogen molecule as a target has been 
developed for intense proton beams. The pressure of the 
sheeted target was 5e-4 Pa at the beam collision point. For 
beam core region, light emitted from nitrogen excite-
deexcite process by proton beam collision is measured by 
a high sensitive camera with a radiation resistant image 
intensifier. For beam tail region, ionized electrons are 
used for detecting. Design study of such a hybrid type 
detector is discussed mainly in this paper. 

INTRODUCTION 
By using molecular jet as a thin planer target for beam 

profile measurement, the collision point with the proton 
beam is able to determine clearly. In addition two-
dimensional beam profile can be obtained. Mainly two 
physical processes of ionization and excitation (and 
deexcitation) in the collision can be considered for beam 
profile detection. 

Detecting method of using electron or ion produced by 
ionization due to proton beam collision is ordinal [2].  In 
this method detecting efficiency is higher and 
measurement can be done in short time as within a bunch 
length of 100ns. If confinement for electron or ion 
collection is possible, this method has advantage than 
light detection. On this method an electron or an ion is 
entered into multiplication device like a micro channel 
plate (MCP). Because yield of electron or ion is 
extremely high in case of high intensity proton beam, the 
gain of multiplication easily becomes lower due to hitting 
damage, so the gain should be calibrated as accurate as 
possible. This is additional problem to the electron or ion 
detection. 

In measuring beam profile of high intensity beam, 
beam tail’s signal is important as well as beam core’s.  
Because beam tail has an effect on limiting on 
performances of the accelerator such as beam loss and 
some beam instability.  

In former design [1], only beam core’s signal detection 
with deexcitation light of nitrogen molecule was 
considered for fast detection as within a bunch separation 
time. If precise beam tail measurement is able at the same 
detecting point, it has advantageous characteristics for 
accelerator operation and beam physics.  

Considering above points of view, we are now studying 
design on hybrid method of electron and photon detection 
for simultaneous profile measuring of beam core and tail 
using molecular-jet beam. 

HYBRID TYPE DETECTION 
Our monitor employs a sheeted nitrogen molecular 

target. In collision on the target with proton beam,   
reaction of ionization and excitation occurs on the 
nitrogen molecules.  These phenomena produce the 
ionized pair of electron and nitrogen-molecule ion, and 
photon respectively. It is an effective method that using 
the deexcitation light in the part of beam core having rich 
proton density, and on the other, using ionized nitrogen 
molecule in the part of beam tail having poor proton 
density.  At the former part, accurate collection of ionized 
electron or ion is rather difficult because of strong 
induced electro-magnetic field by dense  proton beam, so 
the light detection has an advantage as free from such a 
violate field. On the contrary, at the latter part, a light 
detection becomes difficult because of poor photon yield. 
In this part beam field’s effect also be reduced by distance 
from beam center, so a method using the produced 
electron or ion is advantageous than the light detection. 
Besides collecting efficiency at a detector is almost full in 
case of using electron, it is about 10% in case of using 
photon in which solid angle of a first optical element 
limits the detection yield. 

Number of produced pair of electron and ion on 
ionization is larger than produced photon number on 
deexcitation at the same energy of incident proton beam. 
Production energies of electron with ion and photon of 
visible light region are 35 eV and 3.6 keV respectively [3]. 

Concerning these detection methods, we have already 
demonstrated. The light detection method was verified 
with low energy ion beams [1], and ion detection type 
monitor has been already realized in the medical ion 
synchrotron of the HIMAC [2]. 

DETECTION EQUIPMENT DESIGN  
Horizontal and vertical cross-sectional views of 

colliding region of the jet beam with the proton beam are 
presented in Fig. 2 and Fig. 3 respectively.  The jet beam 
of nitrogen molecule is formed as a sheeted target at the 
collision point.   

Nitrogen Molecular Jet Beam 
Expected dimensions of the target are as follows: 

thickness of 1-3 mm, width of 50-100, and length of 100-
200 mm (in duration time of 140-280 s).  The jet runs 
with a terminated velocity by jet process of about 730 m/s 
after skimmer. The target thickness is determined by 
width of final slit located exit of the jet generator. Due to 
the thickness yields an error on measured beam size, it is 

 ___________________________________________  
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desired be as thin as possible, but produced light becomes 
lower.  

Bench tests are running for developing denser 
molecular target (Fig. 1), and present obtained 
specification shows in Table1. Molecular density on the 
target which is about located 500 mm away from nozzle 
is reached 5e-4 Pa in pressure at room temperature. Five 
or ten times larger density to the current is expected.  

 
Table 1: Obtained Specification of the Jet Generator 

Parameter Value 

Pressure of Molecular Beam 5e-4 Pa @ 4th chamber 

Pulse Duration 100-1000 s 

Source Pressure 0.8 MPa 

Nozzle Size 2.4 mm dia. 

1st/2nd Skimmer Size 3.5H x 3.5V/40H x 6V mm2

Target Cross Sectional Size 53W x (1-5)t mm 

 

 

Figure 1: Molecular jet generator for developing dense 
target. Four chambers line up: from leftside, first nozzle 
and skimmer chamber, rectangular chamber which is 
joined second chamber including second skimmer and 
third chamber including collimating slit, and this chamber 
has thickness of 220 mm, and final fourth detector 
chamber. 

 

Beam Core Detection 
The jet target has a cross angle of 45 degree to the 

circulating proton beam (Fig. 2). In the collision, 
ionization and excitation-deexcitation will occur. Beam 
core is measured with using deexcitation light of nitrogen 
molecule [3]. Its wavelengths of 390-410 nm are 
employed because of its shorter decay time of about 60 ns 
[3]. 

 

Figure 2: Horizontal cross-sectional schematic view of 
collision point. 

 
Normal direction of the target is to be the axis of an 

optical measurement system. For high speed measurement 
such as one bunch detection, due to poor light yield, the 
first element of the system to be positioned as close as 
possible to the target, and its aperture is to be as larger as 
possible. One suitable choice is an Offner relay system 
having large aperture of 300 mm [4]. Without 
deformation and any aberration, its covered area for 
imaging could be amounts to 90 x 160 mm2. This optics 
should be install in a vacuum separated with accelerator’s, 
because of avoiding light produced by collision of 
atmospheric nitrogen with loss particle or so. Behind the 
optics, a radiation-hard image intensifier (I.I.) [1] having 
two micro channel plates receive the light and multiple its 
photoelectron. An estimation of produced photon number 
is about 5e5-5e6 /bunch with conditions as follows: bunch 
population of 1.6e13 proton, beam energy of 3 GeV, 
target thickness of 1mm, and nitrogen molecule density in 
the target of 5e11-5e12/cm3. 

After the I.I., a camera having high sensitivity and high 
dynamic range of 4 orders or higher is suitable, like 
HARP electron tube device (57 dB in signal to noise 
ratio)[1]. Because that an overlap area between beam core 
and tail is to be recognized as precisely as possible. If 
necessary, by using image bundle fiber made of quartz, 
the camera should be located far from hot radiation area 
(over several-tens kGy). 

 
Beam Tail Detection 

By using high electric fields which are generated in 
normal direction to the beam median plane (Fig. 3), the 
ionized particles run toward the electrode which has 
opposite polarity to the particle itself. In this situation, the 
ionized nitrogen molecule is more affected than electron 
by the beam-induced field, because the transport velocity 
of molecules is very slow due to the larger mass. So 
electrons are employed for the beam tail detection. In case 
that the electrode gap is 150 mm, it is enough to set +/- 30 
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kV at the upper and lower electrodes respectively. In 
electron collection scheme the guiding magnetic field is 
also added for confinement. By the field, cyclotron 
motion will occur during electron transportation, such that 
a radius of the motion is about 1mm at the kinetic energy 
of about eV with field strength of 0.01 T. 

Figure 3: Vertical cross-sectional schematic view of 
collision point. 

Key point is distinction between beam core and tail 
region. In beam tail detection region some electrodes and 
micro-channel plates will be needed to employ. On their 
geometry and fields design for ionized particle collection, 
simulation of proton beam field and tracking of generated 
ionized particle are needed. A simulation for electron 
transportation calculation was done with CST studio suite 
[5] using time domain solver. 

 

Figure 4: Transient analysis on electron collection. 

In the simulation, specifications of Gaussian proton 
beam bunch were as follows: longitudinal  was 20ns, 
intensity was 2e13 protons, and radius is 9 mm.  
Simultaneously during proton running time of about 200 
ns, electrons were produced in the beam median plane 
(Fig. 4). Reached position of electron at 75 mm distance 
of upper positive electrode (this point was supposed to 
our detector) was calculated. Energy distribution of 
electron was Maxwellian and the energy was truncated at 
1eV. 

Figure 5: Electric field strength at bunch peak. 

Figure 5 shows electric field induced by bunch at the 
time of peak current.  Maximum strength value of electric 
field is 1.6e5 V/m at 9 mm apart from beam center in the 
median plane. At outside of beam, the strength is 
inversely proportional to the distance.   

Figure 6: Horizontal position deviation of electron.  

Figure 6 shows horizontal position deviation of 
collected electron at the upper positive electrode. The X 
axis means distance from beam centre on the beam 
median plane.  These electrons were produced from beam 
fringing of X= 10 towards outside of the beam with a step 
of 2.5 mm. Plotted value is deviation of generated X 
position from reached X position at the upper electrode. 
This calculation was intended to estimate electron 
collection accuracy at beam fringing and beam tail part 
under condition as follows: electric collection field of 30 
kV/ 75 mm, and guiding magnetic field strength of 0.05 T.  
This result shows the deviation of electron collection 
position is only within 0.3 mm at a region of beam 
fringing. Note that plotted data after time of 250 ns of 
+0.23 mm means some effect by wake field, it should be 
refined for actual model.  

In this way beam profile of so called tail part of the 
proton beam is detected with electron. Actually foursome 
micro channel plates (MCP) attached to the positive 
electrode are employed as shown in Fig. 3. For entire 
scheme on beam profile measurement, Fig. 7 shows 
detection ranges with segmentation concerning for 
detection method and detection sensitivity. Like this 
segmentation, dynamic range of detection is up to 5 
orders or higher.  
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Figure 7: Dynamic range for universal Gaussian beam 
assumed bunch intensity of 2e13 proton or higher, colored 
by detector segment.  

 
In electron collection any other electrons which are 

produced at outside of the target like residual gas collision 
should be kept out. For this purpose, the electron 
reachable area on the electrode’s surface will be made of 
thin wire mesh, and MCPs are positioned behind of it. In 
such MCPs having two stages, secondary electrons 
produced in the channel are able to be multiplied until 1e6 
in maximum. After the exit of MCP, electrons are 
accelerated with electric field of 4~6 kV, then they are 
made to bombard to the phosphor screen having light 
decay time of shorter than about 300 ns. Such a time is 

within the time of bunch separation of 600 ns at 1.7 MHz 
of rf frequency. Generated light is made to be 
concentrated with tapered lenses made of quartz and is 
transported to photomultiplier tube via light fibre. These 
materials are radiation hard to avoid browning and colour 
centre. But inside of quartz fibre and other optical 
element, any Cherenkov light is likely of producing by 
some charged particles around the accelerator. The 
wavelength of such a Cherenkov is mainly from ultra-
violet range to visible light range.  Avoiding the effect of 
Cherenkov light, emission wavelength of the screen is 
suitable to a longer wavelength than ultra-violet’s. In 
addition, if the screen has an afterglow characteristic, it is 
able to measure the light at the absent time of beam bunch. 

SUMMARY 
Concerning to light detection method in beam core’s 

region was discussed. Electron collection field as 
simulated result suggests adequately for electron 
detection accurately. From latter result, also a method 
using electron detection for beam core measurement is 
seemed to be worth considering.    
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 DIAMOND MIRRORS FOR THE SUPERKEKB SYNCHROTRON 
RADIATION MONITOR 

J.W. Flanagan, M. Arinaga, H. Fukuma, H. Ikeda, KEK, Tsukuba, Japan 
 

Abstract  
The SuperKEKB accelerator, a 40x luminosity upgrade 

to the KEKB accelerator, will be a high-current, low-
emittance double ring collider[1].  The beryllium primary 
extraction mirrors used for the synchrotron radiation 
monitors at KEKB suffered from heat distortion due to 
incident synchrotron radiation, leading to systematic 
changes in magnification with beam current and 
necessitating continuous monitoring and compensation of 
such distortions in order to correctly measure the beam 
sizes[2].  The heat loads on the extraction mirrors will be 
higher at SuperKEKB, with heat-induced magnification 
changes up to 40% expected if the same mirrors were 
used as at KEKB.  We are working on a design based on 
mirrors made of quasi-monocrystalline diamond, which 
has much higher heat conductance and a lower thermal 
expansion coefficient than beryllium.  With such mirrors 
it is targeted to reduce the beam current-dependent 
magnification effects to the level of a few percent at 
SuperKEKB.  The design of the mirror and its heat 
sink/holder will be presented, along with numerical 
simulations of the expected heat-induced mirror surface 
deformations will be presented. 

INTRODUCTION 
The synchrotron radiation monitors at SuperKEKB will 

use source bends in the same locations as at KEKB, 
which are the 5 mrad “weak bends” heading into the Fuji 
(LER) and Oho (HER) straight sections.  The source bend 
parameters are shown in Table 1.  The source bend for the 
LER will be replaced with one with a longer core and 
larger bending radius (a re-used LER regular arc bend 
magnet) in order to reduce the SR power intensity.  
Despite the reduced bending radius, the increase in beam 
energy and beam current means that the incident angular 
power density will be higher (72 W/mrad) than that of the 
KEKB LER (48 W/mrad).  The source bend will remain 
the same at the HER, and the effect of the increased 
current of the beam is almost cancelled out by the reduced 
beam energy, so that the angular power density is only a 
little bit higher than at KEKB. 

It is planned to move the chambers a bit further 
downstream from the source bends than they were at 
KEKB, which will help reduce the SR power intensity 
hitting the primary extraction mirrors.  However, the heat 
deformation of the KEKB mirrors was already a very 
significant problem, requiring complicated measures to 
measure and compensate for the distortion in real time in 
order to correct the beam-current dependence on the 

measured beam size.  For this reason, we are pursuing the 
design of mirrors made of diamond, which has a higher 
heat conductivity and lower thermal expansion coefficient 
than beryllium.  The design of the mirror will be 
described in the next section. 

Table 1: SR Source bend parameters 

Parameter 
KEKB SuperKEKB 

LER HER LER HER 

Energy (GeV) 3.5 8 4 7 

Current (A) 2 1.4 3.6 2.6 

Bending radius 
(m) 

85.7 580 177.4 580 

SR Power 
(W/mrad) 

48 136 72 149 

 

DESIGN 
The design of the mirror is based on CVD diamond, 

made by Cornes Technology (formerly Seki Technotron) 
and EDP Corporation.  For best thermal conductivity, the 
idea mirror material would be a pure monoctystalline 
diamond, rather than a polycrystalline one.  The 
monocrystalline diamond also gives good surface 
smoothness after polishing, with an Ra from 2-10 nm 
expected.  For optical reflectivity, a metallic surface is 
needed. 

 

Figure 1: 10 mm x 20 mm x 0.65 mm prototype diamond 
mirror, consisting of two 10 mm x 10 mm monocrystals, 
with 3 m Au reflective coating. 
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The size of mirror we currently expect to need is ~10-
20 mm wide x 30 mm tall;  the prototypes manufactured 
for us so far consist of 10 mm x 10 mm monocrystalline 
sections fused together, with a reflective surface made of 
3 um of gold.  A 10 mm x 20 mm x 0.65 mm prototype is 
shown in Fig. 1. 

 

Figure 2:  Copper mirror mount. 

 

 

Figure 3:  Copper mirror mount, with prototype mirror 
mounted in it. 

The design of the holder presented some issues.  
ANSYS simulations (see below) showed that for any 
holder design which touches the mirror on all edges or 
along the back side, the deformation of the holder would 
be large enough to cause unacceptable deformations in 
the surface of the diamond mirror, much larger than the 
deformations caused by the heat distribution pattern in the 
diamond mirror itself.  The solution that was finally 
settled on was a split cylinder of soft copper, which grips 
the mirror near one edge only.  The soft copper permits a 
good heat-sinking contact with the portion of the mirror 
surface gripped within the split (about 6 mm), without 

placing any extraneous strain on the surface of the mirror 
due to heat deformation of the copper.  Each half of the 
copper cylinder is cooled with symmetrically-located 
water pipes brazed in place.  A prototype of the 
holder/heat sink made by Cornes Technology is shown in 
Fig. 2, and a prototype mirror mounted in the holder is 
shown in Fig. 3. 
 

SIMULATIONS 
ANSYS simulations were carried out to investigate the 

effect of a line heat source (such as from an SR fan) on 
the surface of a diamond mirror.  The mirror was 
simulated as a 20 mm x 20 mm x 1 mm monocrystalline 
diamond with a 3 m gold coating.  The diamond is 
treated as having a heat transfer coefficient of 2000 
W/k/m, and a thermal expansion coefficient of 2.6 
m/m/K.  The mirror is mounted in a copper heat 
sink/holder of the same design as the prototype, and with 
the water in the cooling channels being treated as a 
constant-temperature heat sink.   

 

Figure 4:  ANSYS simulation of temperature distribution 
of diamond mirror in copper holder, heated in a 2-mm 
horizontal ribbon on the mirror’s face. 

 

Figure 5:  Shape deformation of simulated mirror and 
holder under heating.  (Colors represent deformation in z-
direction, perpendicular to mirror surface.) 

The temperature distribution for 400 W applied over a 
2-mm high ribbon across the 20-mm width of the 
diamond mirror is shown in Fig. 4.  The resulting shape 
distortion is shown in Fig. 5, with the z-direction 
(perpendicular to mirror surface) distortions highlighted 
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in color.  A cross-section of the surface of the mirror is 
shown in Fig. 6.  As can be seen, the surface of the mirror 
essentially “folds” back at the point of heating, with the 
part of the face above the heat ribbon (to the right in Fig. 
6) is tilted away from the part below the ribbon (to the left 
in Fig. 6). 

 

Figure 6:  Surface deformation of 1-mm thick 
monocrystalline diamond mirror due to 400 W applied 
over 20 mm width of mirror. 

 

Figure 7:  Surface deformation for Be mirror of type used 
at KEKB for 200 W applied over 35 mm width of mirror.  

For comparison, the same surface distortion is shown 
for a Be mirror of the type used at KEKB (a 35 mm wide 
by 35 mm deep block of beryllium, mounted to a water-
cooled copper heat sink on the back).  While simulated 
power intensity is much lower for the beryllium block, it 
can be seen that the resulting surface deformation is much 
higher. 

The mirror surface deformation has been found to scale 
roughly linearly with applied heat (see below).  Scaling 
the results above to the power intensity expected at 
SuperKEKB, and accounting for the effect of mirror 
deformations on the effective slit separation for an 
interferometer, the deformation in the beryllium mirror is 
projected to cause a change of 43% in the measured beam 
size at full current in the HER.  The diamond mirror, in 
comparison, would only change the apparent beam size 
by about 3%, which would represent a great improvement. 

PROTOTYPE SIMULATIONS 
The first prototype received is a 10 mm x 20 mm x 0.65 

mm quasi-monocrystal, comprising two 10 mm x 10 mm 
sections fused together, which was polished on both sides 
but only coated with gold on the front side.  The backside 
of the prototype mirror was uncoated.  In planned 
measurements, an infrared line heater will be applied to 
the back side in order to leave the front side free from 
obstruction, so that the surface flatness can be measured.  
Simulations were made of the 10 mm x 20 mm x 0.65 mm 
diamond mirror prototype, for different amounts of 
absorbed heat.  The heat source was treated as occurring 
in a 2 mm high by 10 mm wide (full width of prototype 
mirror) region, with 100 W, 200 W and 400 W being 
simulated.  The resulting cross-sections of the surface 
across the heat source are shown in Fig. 8. 

 

Figure 8:  ANSYS simulation of the surface deformation 
of 10 mm x 20 mm x 0.65-mm monocrystalline diamond 
mirror at different absorbed heat loads. 

 

Figure 9:  Differences in surface slope on either side of 
the heating line from ANSYS simulations in Fig. 8.  The 
best fit slope difference is 4x10-5 m/mm/W. 

Figure 9 shows the differences in left-hand versus right-
hand slope for different incident heat levels.  The best-fit 
slope difference across the heat source line is 4x10-5 
m/mm/W, which is about half of the level seen in the 
simulation for the 20 mm x 20 mm x 1 mm mirror.  
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Preliminary measurements were attempted on the 
prototype mirror using a Shack-Hartmann wavefront 
sensor (Thorlabs WFS-K2), a He-Ne laser, and using an 
infrared line heater (Fintech LHW-30) to provide a heat 
source for the mirror.  Unfortunately, the precision of the 
measurement setup at present is not sufficient to measure 
changes in mirror surface of the order required to verify 
the simulation.  Modifications will be made to improve 
the precision of the measurement setup, including a 
wider-field wavefront measurement system and a more 
powerful heat source, and be reported in a future paper. 

SUMMARY AND FUTURE DIRECTIONS 
We have designed a diamond extraction mirror and 

holder that, according to simulations, should suffer much 
less heat-induced surface deformation than the beryllium 
mirrors used at KEKB.  The eventual size of mirror we 
need will be 10-20 mm wide by 30 mm tall by 1 mm thick.  

Initial prototypes have been made of monocrystalline 
fused tiles, which are undergoing testing to verify their 
performance.  If necessary it is expected that tiled quasi-
monocrystalline mirrors can be used at SuperKEKB, and 
eventually it is hoped that a single monocrystalline 
structure will become feasible.  Current prototypes are 
coated with gold, but it is planned to try a nickel coating 
in the future. 
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INTRA UNDULATOR SCREEN DIAGNOSTICS
FOR THE FERMI@Elettra FEL

M. Veronese∗, A. Abrami, E. Allaria, M. Bossi, A. Bucconi M. De Marco, L. Frölich, M. Ferianis,
L. Giannessi, S. Grulja, R. Sauro, C. Spezzani, M. Tudor Sincrotrone Trieste, Trieste, Italy

T. Borden, Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI, USA
F. Cianciosi, ESRF, Grenoble, France

Abstract

The FERMI@Elettra seeded FEL poses demanding re-
quirements in terms of intra undulator diagnostics due to
the short wavelength of its FEL radiation and to the co-
existence of the electron and photon FEL beams. An ad-
vanced multi-beam screen system has equipped both FEL1
and FEL2. The system has been designed for transverse
size and profile measurement on both the electron beam
and the FEL radiation. Challenging design constrains are
present: COTR suppression, seed laser suppression, FEL
wavelength range and minimization of the ionizing radi-
ation delivered to the undulators. This paper describes
the novel design and the obtained performance with the
FERMI intra undulator screen system (IU-FEL).

INTRODUCTION
FERMI@Elettra is a seeded FEL operating in the spec-

tral range from VUV to soft x-rays [1]. It is based on
a SLAC/BLN/UCLA type RF-gun, a normal conducting
LINAC, currently operated at 1.2 GeV (up to 1.5 GeV).
Longitudinal compression is provided by two magnetic chi-
canes BC1 and BC2 (respectively at 300 MeV and 600
MeV). The FEL has two undulator chains, namely FEL1
and FEL2. The first, FEL1, is a single cascade HGHG
seed system designed to provide hundreds of microjoule
per pulse in the range from 100 to 20 nm. The second,
FEL2, is a double cascade seeded system designed to reach
4nm at the shortest wavelength. On both chains, in between
the undulators several devices are installed: phase shifter,
cavity BPM, a quadrupole and the intra undulator screen
(IU-FEL). The IU-FEL screen is a multipurpose screen de-
signed to provide transverse beam size measurements of
the electron beam, the seed laser beam and the FEL beam.
At present, seven stations are installed on the first FEL1
line and eight on the FEL2 line. The initial design of the
system was performed in collaboration with Argonne Na-
tional Laboratory. The setup presented in this paper has
been deeply upgraded based on specific operational experi-
ence. Similar intra undulator diagnostics have been devel-
oped and tested at sFLASH at DESY [2].

GENERAL LAYOUT
The FEL1 and FEL2 chains are depicted in Figure 1.

The FEL1 chain starts with the modulator where interac-
∗marco.veronese@elettra.trieste.it

tion with the seed laser occurs. The modulator is followed
by the dispersive section that converts the energy modula-
tion in current modulation (bunching). The first IU-FEL
station is installed downstream the dispersive section be-
fore the first radiator. This station is used, in conjunction
with a standard multi-screen upstream the modulator, to
perform a transverse alignment of the seed laser with the
electron beam in order to guarantee the spatial overlap of
the two beams in the modulator. This means that the IU-
FEL screen should have the capability to image the electron
beam and the seed laser at the same time. The other six
IU-FEL stations are installed at each break in between the
radiators. They provide imaging of both the electron beam
and of the FEL electron beam with high resolution. The
seed laser beam has a waist in the modulator, from there
on the beam size increases due to its natural divergence.
Moreover the vacuum chamber of the undulators has a ver-
tical aperture of only 7 mm. This means that already after
the second radiator the seed laser transverse profile is dom-
inated by the reflection and diffraction from the vacuum
chamber. In FEL2 the first cascade consisting of the modu-

Figure 1: FERMI FEL1 and FEL layout. The IU-FEL sta-
tion are marked as red dots.

lator, the first dispersive section and the first two radiators,
basically replicates the FEL1 chain. Downstream, the de-
lay line is installed. It is a magnetic chicane that is used to
delay the electron bunch with respect to the FEL radiation
from the first stage. Zero delay would mean seeding with
the FEL radiation emitted by the first stage on the same
portion of the electron beam used for the first which has
corrupted electron beam properties (emittance and energy
spread). The delay line allows to seed on a fresh portion of
the electron beam with unperturbed properties (fresh bunch
technique). Downstream the delay line, a second modulator
is installed and then a the second dispersive section. From
there the radiators of the second stage will amplify the
bunching by the second dispersive section after the seeding
process which now has also a shorter wavelength. The final
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radiation wavelength of FEL2 is basically the wavelength
of the seed laser (260 nm) divided by the harmonics num-
ber of the first stage and by the harmonic number of the
second stage. In the final configuration, with an electron
beam energy of 1.5 GeV this will allow the FEL2 chain
to lase at wavelengths as short as 4 nm. IU-FEL stations
are installed upstream and downstream the first modulator,
downstream the delay line, the second dispersive section
and at each second break between the second stage radia-
tors, with a final station downstream of the last radiator.

DESIGN REQUIREMENTS AND
CONSTRAINTS

The main electron beam parameters in all the stations are
at present: energy of 1.25 GeV, charge of 500 pC, a pro-
jected emittance of about 2 mm mrad, a transverse electron
beam size below 100 microns rms. The seed laser wave-
length is 260nm with Ti:Sa (from 235nm to 265nm with
the optical parametric amplifier). Seed energy per pulse
is of several tens of microjoule. The FEL1 output energy
downstream the last radiator has recently be measured as
300 microjoule at 52nm and has exceeded 20 microjoule at
20 nm. The energy per pulse emitted from the first radiator
is a factor of 100 smaller than the one emitted at the last
radiator.

For FEL1 several design constraints had to be consid-
ered designing the IU-FEL system. The requirements were
multiple and often conflicting. The first requirement was to
provide high resolution transverse imaging of the electron
beam. The second task was to provide a transverse imaging
of the FEL radiation. The third was to provide few stations
with the capability of imaging at the same time the seed
laser and the electron beam. The fourth goal was to pro-
vide pinholes in the IU-FEL screen which could be used
to align by optical means all the emission from multiple
undulators on the same line, to make easier the definition
of the reference trajectory. The constraints in the design
were multiple. First, a limited space was available since the
whole intra-radiator section should be as short as possible,
and a very limited space was available on the sides. This
forced us to keep the vacuum chamber as short as possible
and to develop the optics part below it. The second con-
strain, a machine protection issue [3], is to limit the radia-
tion dose deposited in the undulators to few kGy over their
lifetime to avoid demagnetization. This imposes the use
of screen as thin as possible with small impact angles with
the electron beam so that the effective thickness is kept as
small as possible. Moreover materials with as low density
and atomic number (Z) as possible were adopted. Finally
coherent optical transition radiation (COTR) has been an
issue too. Metallic screens could not be used for OTR di-
agnostics because the COTR would dominate and corrupt
the information on the transverse distribution as seen also
in LCLS [4] and SACLA [5]. Also using a scintillator like
yttrium aluminum garnet doped with cerium (YAG:Ce),
COTR is present although much weaker than for a metal-

lic scheme, so that suppression or mitigation strategies had
to be adopted. Finally the same detection system had to
measure both the electrons and the FEL radiation. YAG:Ce
scintillators are used for both e-beam and FEL radiation
but they have a different yield of visible photons, leading
to an expected ratio of about 200. This constraint imposed
to use full aperture of the iris of the lens objectives for the
FEL, while using one inch neutral density filters with opti-
cal densities ranging from 1 up to 3.

VACUUM LAYOUT
The vacuum part consists of a small optical stainless

steel tablet, on which all relevant component are mounted
as shown in Figure 2. The assembly is moved transversely
to the direction of propagation of the electron beam by an
external stepper motor actuator. In Figure 2, three com-
ponents are distinguishable. The first component top right
is the setup used for e-beam diagnostics, the blue bottom
component is a pinhole, the top left component is used
for FEL diagnostics. Both the electron beam and the FEL
beam generate fluorescence on a YAG:Ce. This visible ra-
diation is imaged by an external detection system. The

Figure 2: Vacuum optical tablet with the electron beam
mount, the FEL mount and the pinhole.

electron beam setup is based on a new scheme that we
developed. The standard YAG:Ce scintillators mounted at
45deg with respect to the electron beam and making a di-
rect imaging of the scintillator surface have several lim-
itations. The new scheme, shown in Figure 3 adopts a
YAG:Ce 100 µm thick at quasi normal incidence. The scin-
tillator surface is not imaged directly but by means of an in
vacuum mirror which is displaced from the electron beam
an set at an angle so that the optical axis is at normal in-
cidence with respect to the surface of the YAG:Ce scintil-
lator. This scheme has several advantages: the first is that
the effective thickness is of only 105 µm reducing both the
dose and the effect on the resolution due to the standard
45 degree layout. Moreover, there is no depth of field is-
sue allowing for best performance of the optical also with
fully open iris. Finally, since the nearest edge of the mirror
is set at a distance above 10/γ no COTR radiation emit-
ted by the YAG:Ce is collected. The FEL setup is depicted
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Figure 3: Electron beam setup scheme.

in Figure 4. The first mirror decouples the FEL radiation
from the e-beam. The second mirror deflects the FEL ra-
diation towards the YAG:Ce scintillator. The scintillator is
imaged by means of an in vacuum mirror. Here the angles

Figure 4: FEL beam setup scheme.

and the materials technology play a crucial role. The angle
should be kept as large as possible to minimize the effec-
tive thickness of the material, but at the same time as small
as possible allow for high reflectivity in the largest possible
spectral range down to 10nm. The material used for the first
mirror should have both low density and low Z to minimize
its dose yield. To quantify the possible choices compatible
with the available technological capabilities we have stud-
ied the dose deposited on the undulator by means of the
code Fluka [6] for different materials (Cu, Be, Si SiO2),
thickness and angle. Figure 5 show an example calculation
for Si of different thickness. The difference in the dose at
the undulator is use huge (about a factor of 100) going from
0.1 mm thick copper at 2.5 degree of grazing angle, to 0.35
mm silicon at 10 degree. The reflectivity of the mirrors was
also studied as a function of material (Cu, Be, Si, Au, and
diamond) and angle (from 2.5 degree to 20 degree) using
the CXRO code [7]. In Figure 6 we show the reflectivity of
gold in the range from 10 to 40 nm for gold at 2.5 degree
and at 10 degree. In both cases the reflectivity is pretty flat
in the whole range and the relative difference is of 30%. In
general, small angles would be preferable from the reflec-
tivity point of view, while larger ones would be preferable
from the machine protection point of view. The best com-
promise was found using silicon as a substrate, with a gold
coating with a thickness 50 nm over a 5 nm bonding layer
of chromium. The angle of incidence chosen is 10 deg to
minimize the effective thickness but at the same time allow
for good reflectivity down to a wavelength of 10 nm. There
is an ongoing activity to test the performance of ultra-thin
mirrors. Silicon 50µm mirrors have been installed with
plans to test diamond ultra-thin mirrors. The second mirror

Figure 5: Simulation of dose generated by Si 300 µm thick
(upper plot) and by Si 50µm thick (lower plot).

Figure 6: Simulation of dose generated by Si 300µmthick
(upper plot) and by Si 50µm thick (lower plot).

is made of the same material and coating. The YAG:Ce has
been coated with 90nm of aluminum to suppress the seed
laser radiation co-propagating with the FEL and the COTR
emitted by the first mirror.

OPTICAL LAYOUT
The detection part design is also based on some con-

straints: ideally a magnification (M) of about 1 is desired.
The active area of the YAG:Ce is of 6mm. Together with
M ≈ 1 this defines the size of the CCD. The closest for-
mat commercially available is the 1/3 format. The design
resolution of the system is 12 µm rms, this requirement to-
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gether with the magnification leads to a pixel size of below
10 µm. The distance from the first lens to the targets is of
about 210 mm. All this constrains have been met by using
a Basler Scout 1300-32gm CCD combined with a Sigma
MACRO 150 APO OS HSM lens used with fixed focus
and full aperture iris installed with an extender tube of 1
inch to reach correct magnification. Since there is a focal
distance difference of about 10 mm between the YAG:Ce
of the electron beam setup and the YAG:Ce of the pho-
ton setup, the CCD and lens assembly has been installed
on a motorized translation stage that is used to adjust the
lens while keeping the magnification unchanged. As can
be seen in Figure 7 the detection part is below the vacuum
chamber and is composed of a rotating filter wheel, a 45
degree mirror, the lens attached to the CCD and mounted
on the translation stage. The filters are of neutral density
absorptive type, the diameter is of 1 inch. Each station is
equipped with three filters with optical densities: 3, 2, and
1.3. Together with a clear aperture slot they provide the
necessary dynamic range to the system to cope with the in-
tensity difference of the image in the e-beam and FEL case.

Figure 7: Layout of the optical in air detection part.

SEED VS EBEAM TRANSVERSE
ALIGNMENT

The IU-FEL stations installed downstream the first dis-
persive magnets of FEL1 and FEL2 are used in conjunction
with another multi-screen upstream of the modulator find
the transverse overlap of the electron beam and the seed
laser. This means that both beams should be imaged at the
same time on a YAG:Ce. The typical situation before and
after alignment is shown in Figure 8. The image on the left
shows the two beams on the YAG:Ce not overlapped. The
e-beam is the bright upper right spot while the seed laser is
the dimmer lower left spot. The image on the right shows

Figure 8: Transverse alignment of the seed laser to the elec-
tron beam. The left image shows unaligned beams. The
seed laser spot being the dimmer spot on the left while the
e-beam is the brighter spot on the upper right. The right
image shows seed laser and the e-beam transversely over-
lapped.

the two beams overlapped. The seed laser intensity is atten-
uated to the level of 1 microjoule to avoid possible damage
to the YAG:Ce crystal.

ELECTRON BEAM MEASUREMENTS

The main goal of the electron beam side of the system is
to check whether the electron beam optics provides the de-
sired FODO to keep the transverse dimension of the elec-
tron beam small all along the undulator chain to guaran-
tee optimal overlap of the FEL radiation with the electron
beam. For this reason a good resolution is needed. Fig-
ure 9 shows the image of the smallest horizontal size of the
FERMI electron beam in the last IU-FEL station of FEL1
acquired during a resolution test of the diagnostics with
specific manual tuning of the quadrupole. The Gaussian
fitting of the measure spot size profile has a sigma of 15
µm. It should be noted this is well below the standard op-
erational setting of the FEL. This result is in line with the
modulation transfer function test on the detection system
measured in the optical laboratory to be about 120 lp/mm.
The COTR mitigation strategy worked as expected since

Figure 9: Image of electron beam on YAG:Ce with beam
optics optimized to minimum horizontal electron spot size.
The horizontal profile has a Gaussian rms width of 15 µm.

none of the usual COTR effects (image pattern distortion
like donut shape or other and intensity fluctuations) were
recorded.
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FEL BEAM MEASUREMENTS

FEL radiation transverse pattern measurement can be
made shot by shot downstream of the last three radiators,
while for the first three a multi shot average is needed since
the FEL power is pretty low in the first part of the FEL
chain. As an example of the system capabilities we report
in the figures 10 and 11 the FEL radiation patters measured
downstream of the last undulator with FEL1 tuned at 43
nm. The first image shows the pattern with the last undu-

Figure 10: FEL radiation at 43nm as measured downstream
the last undulator of FEL1 with the last radiator open.

lator open, the second one with the last undulator closed.
Not only the central cone of radiation is more intense in
the latter case as expected, but also the fringe structure is
changed. We attribute the fringes to interference from the
different undulators.

Figure 11: FEL radiation at 43nm as measured downstream
the last undulator of FEL1 with the last radiator set on res-
onance.

PINHOLES
The optimal alignment between FEL and electron beam

is not a trivial task, and beam based alignment (BBA) is
needed but not always sufficient. To define a straight tra-
jectory, as done in other labs (see [5]), we decided to in-
stall also pinholes in the IU-FEL vacuum system as shown
in Figure 2. Since the seed laser divergence and diffrac-
tion makes it very quickly unusable as an alignment laser
as the distance from the waist increases, we will use pin-
holes. The idea is to use each pinhole in the Nth station as
a diffraction source and image the patter on the downstream
YAG:Ce screen in station (N+1). To ease the work we de-
cided to use only the central lobe of the Airy diffraction
patter of a pinhole. Given the pinhole-screen distance, the
260 nm seed laser wavelength the resulting pinhole diam-
eter is 1.5 mm. The operational experience so far with the
pinhole has shown their capability of highlighting inconsis-
tencies in the alignment performed with the laser tracker.
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MEASUREMENT OF THE FREQUENCY SPECTRUM 
 ON THE BEAM PROFILE CONTROLLED BY RF KICKER 

Y. Yamamoto, Ritsumeikan University SR Center, Kusatsu, Shiga, Japan 

Abstract 
The frequency spectrum on the beam profile was 

measured at the compact superconducting storage ring of 
Ritsumeikan University. The radiation detector was used 
an avalanche photodiode module with a high frequency 
response of 1 GHz for the visible ray. Signals from the 
detector were transferred to a spectrum analyzer. The 
beam profile was magnified strongly by a conventional 
profile monitor system. We scanned the beam profile in 
vertical direction by shifting the detector. The distribution 
of peak intensity as a function of the position on beam 
profile was obtained. 

INTRODUCTION  
The world smallest electron storage ring AURORA 

with a super conducting magnet was developed by 
Sumitomo Heavy Industries [1].  Ritsumeikan University 
installed this storage ring in 1996. Since then, the SR 
center was utilized for synchrotron radiation researches 
[2]. There are 14 beamlines (XAFS, PES, Imaging and 
LIGA) and 2 beam-monitor-lines operated in the center. 
The number of registered users in last year was 405 in 
total, in which number of outside users was 149.  

AURORA is the weak focusing type with the simplest 
lattice composed of a single bending magnet, which 
produces an exactly axial symmetric magnetic field with 
little error magnetic field. The vertical beam size was 
measured to use the SR-interferometer by Mitsuhashi et al 
in 1997 [3-4]. The result of the size to be 10.5 m showed 
ability of the SR-interferometer. At the user operation, we 
controlled the vertical beam size to keep 130 m by 
RFKO to extend beam lifetime [5-6]. We tried to measure 
the frequency spectrum on the beam profile to monitor 
any instability by RFKO. 

 Table 1 lists the parameters of the injector and the ring. 
Figure 1 shows the storage ring and beamlines in the 
experimental hall. 

EXPERIMENTAL SETUP  
Measurement system which was composed by the 

radiation detector (APDM: avalanche photodiode module, 
C5658 HAMAMATSU), spectrum analyzer (U3200 
ADVANTEST) and PC was constructed behind the beam 
extraction port BL-9 and BL-16 at the atmosphere [7]. A 
thick beryllium flat mirror was set to reflect the primary 
ray by 90° to extract the visible component in the vacuum 
chamber. This visible ray through the optical glass 
window to divide the vacuum and atmosphere was 
reflected again by an aluminium mirror, and introduced 
into the measurement system.  

Table 1: Parameters of the Injector and Storage Ring 

Injector parameters  
Energy 150 MeV 
Repetition 3 Hz 
Peak current 1 mA 
Pulse width 2 s 

 
Storage ring parameters  
Energy 575 MeV 
Stored current 300 mA 
Circumference 3.14 m 
Radius of curvature 0.5 m 
Field strength 3.8 T 
RF frequency 190.86 MHz 
Number of cavities 1 
Harmonic number 2 
Critical energy of radiation 844 eV 
Vertical beam size() 0.0105 mm 
Vertical beam size: user operation 
() 

0.13 mm 

Horizontal beam size() 1.1 mm 
Beam lifetime 300 min 

 

 
Figure 1: Photograph showing the storage ring and 
beamlines in the experimental hall. 

The stored beam profile was magnified strongly by the 
conventional profile monitor using objective lens and 
magnifying lens. The radiation detector was scanned with 
using the micrometer on the beam profile in vertical 
direction. For the operating condition of the kicker for 
RFKO, the center of frequency was 57.6 MHz in 
agreement with vertical betatron frequency (fy), deviation 
of frequency modulation 200 kHz, sweep frequency 1, 3 
or 10 kHz. Stored beam current was about 200 mA at 
every measurement. 

 ___________________________________________  

y-yama@st.ritsumei.ac.jp 
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Figure 2: Frequency spectrum measured by APDM at 
BL-9. The center is 150 MHz, and the span 300 MHz. 
The unit of vertical axis is dBm. 

RESULTS AND DISCUSSION 
Figure 2 shows an example of the observed frequency 

spectrum. frf is the RF frequency of 190.9 MHz. Peak 
frequencies showed by bold-red arrows are given by fy 
and frf ± fy, and these intensities are almost same values 
at the each scanning position. Similarly, peak frequencies 
of blue arrows are 75.7 MHz and frf ±75.7 MHz. The 
frequency of 75.7 MHz doesn’t agree with the horizontal 
betatron frequency ( fx = 76.1 MHz) but agree with the 
frequency given by frf –2fy. 

Figure 3 (A), (B) and (C) show measured peak 
intensities as a function of the vertical scanning position 
on the magnified beam profile for the sweep frequency of 
1, 3 and 10 kHz, respectively. Distributions of plotted 
points for 190.9 MHz are consistent with the beam profile, 
and these intensities are in proportion to the stored beam 
current. On the distributions for 57.6 MHz, there are 
double peaks on both sides of the center of beam profile, 
and these intensities decrease dependent on the sweep 
frequency. This result suggests that the bunching beam 
size repeat increase because of the resonant oscillation 
using RFKO and decrease owing to the radiation dumping. 
This suggestion is consistent with that the dumping time 
constant of vertical betatron oscillation is 0.63 ms, and the 
tune spread is about 30 kHz and smaller than the deviation 
frequency of the modulation of RF kicker. We confirmed 
that the intensity of 57.6 MHz increased with every half of 
sweep time by using the real time spectrum analyzer 
(RSA230: SONY TEKTRONIX). 

On the distributions for 75.7 MHz, there are single 
peaks at the center of beam profile. That tendency is 
obviously different by comparison with one for 57.6 MHz. 
The origin of 75.7 MHz isn’t the vertical betatron 
oscillation, RF frequency or those sum peak effect. We 
guess that electrons kicked by RFKO oscillate in 
horizontal with the frequency of 75.5 MHz. The horizontal 
tune is 0.797 at the normal operation, and is 0.792 at the 
third order resonance given by x+2y=2. 
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Figure 3: Observed peak intensity as a function of 
scanning position. (A), (B) and (C) show results for 1 kHz, 
3 kHz and 10 kHz of the sweep frequency of the 
modulation, respectively. Diamonds show the results for 
190.9 MHz of peak frequency, squares for 57.6 MHz and 
circles for 75.7 MHz, respectively.  
 
Hence, x is horizontal tune, y vertical tune: y = fy /frev, 
and frev revolution frequency: 95.4 MHz. We think the 
horizontal oscillations are induced by RFKO using 
vertical betatron frequency duo to the effect of third order 
resonance. Figure 4 shows the generation of resonant 
oscillation and dumping of frequency of 75.7 MHz 
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Figure 4: Time dependent change of peak intensity for 
75.7 MHz measured by APDM (R263VF MATSUSADA) 
at BL-16. Sweep time is 1.0 ms. 
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FLYING WIRE BEAM PROFILE MONITORS AT THE J-PARC MR 

S. Igarashi#, D. Arakawa, Y. Hashimoto, M. Tejima, T. Toyama, KEK, Ibaraki, Japan 
K. Hanamura, MELCO SC, Ibaraki, Japan

Abstract 
Transverse beam profiles have been measured using 

flying wire monitors at the main ring of the Japan Proton 
Accelerator Research Complex. We use carbon fibers of 7 
µm in diameter and the scan speed of 10 m/s. The wire is 
attached with an aluminum flame of 140 mm of the 
rotation radius and rotated with a DC servomotor. A 
potentiometer is attached to the wire flame and the angle 
readout is used for the feedback of the servomotor and the 
wire position measurement. The secondary particles from 
the beam-wire scattering are measured with a scintillation 
counter. Beam profiles are reconstructed by making the 
scatter plot of the scintillator signal and wire position. We 
have successfully measured both horizontal and vertical 
beam profiles of up to 1.2×1013 protons per bunch. The 
monitors have been proven to be useful for the beam 
commissioning. 

INTRODUCTION 
The main ring (MR) of the Japan Proton Accelerator 

Research Complex (J-PARC) is a high intensity proton 
accelerator and delivers the protons for the nuclear and 
elementary particle physics, such as the neutrino 
oscillation experiment (T2K). The injection energy is 3 
GeV and the extraction energy is 30 GeV. For the user run 
we have achieved the beam power of 200 kW with 8 
bunches of 1.3×1013 protons per bunch (ppb). Two 
bunches of protons are injected in MR from the rapid 
cycling synchrotron (RCS) through the beam transport 
line (3-50BT). Two bunches are injected four times in one 
cycle to fill 8 out of 9 rf buckets in 120 ms. The 
acceleration starts after the fourth injection.  

The beam loss minimization and localization at the 
collimator are necessary to minimize residual radiation 
activities in MR and required for the maintenance of the 
accelerator components. The typical beam loss is 1% 
during the injection period and 0.7% at the beginning of 
the acceleration. It is important to understand the beam 
loss mechanism for further beam power increase. 

The transverse beam profile is one of important beam 
parameters to measure for understanding of the beam loss 
mechanism. We have installed ion profile monitors (IPM) 
[1] and flying wire in MR. IPM uses phenomena that the 
proton beam ionizes the residual gas. Multi-ribbon profile 
monitors [2] have been installed at five places in 3-50BT 
and one in MR. They are being used to measure the 
injection beam profiles. 

FLYING WIRE MONITOR 
A flying wire monitor uses a carbon fiber of 7 µm in 

diameter as a target. It is to be scanned across the beam 

with the maximum speed of 10 m/s. The wire is attached 
with an aluminum flame of 140 mm of the rotation radius 
and rotated with a DC servomotor. A potentiometer is 
attached to the wire flame and the angle readout is used 
for the feedback of the servomotor and the wire position 
measurement. The secondary particles from the beam-
wire scattering are detected with a scintillator (Fig.1). The 
beam profile is then reconstructed from the scintillator 
response and the wire position measurement. If the wire 
scanning disturbs the beam, the profile measurement is 
not precise. The minimum target material and fast wire 
scanning are necessary. Flying wire monitors have been 
used in several proton accelerators. It was also developed 
in KEK-PS [3] and modified for J-PARC MR [4]. 

The wire flame is rotated from -150°, which is the 
standby position, to +150°	 and comes back to the standby 
position. The movement is done in 0.2 s. The wire 
scanning takes about 5 ms for a typical size of the beam. 
The scintillator signals and the potentiometer output 
signals for the wire position are digitized with a digitizer 
RTD720A with a 20 ns sampling for a 20 ms time range. 
The 1 M sample data are averaged over 10 k sample to 
make arrays of 100. The data of the potentiometer signal 
is calculated to make wire position data. Scattered plots 
are made for the scintillator data as a function of the wire 
position to make beam profiles.   

 

Figure 1: The flying wire monitor. 

Both horizontal and vertical flying wire monitors were 
installed in the straight section of the beam injection and 
collimation systems in 2008 (Fig.2). Because they were 
originally at the downstream of the collimator, the beam 
background affected the profile measurement. They were 
moved to the upstream of the beam injection and 
collimation systems in 2010 to avoid the beam 
background. The background was then suppressed and the 
profile measurement of the high intensity beam became 

 ____________________________________________  
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possible. The betatron amplitude function βx is 15.4 m at 
the position of the horizontal flying wire and βy is 18.5 m 
at the position of the vertical flying wire. The dispersion 
functions ηx and ηy are zero for both monitors.  

After the earthquake in 2011, a driver circuit for the DC 
servomotor turned out to be damaged. The circuit was 
replaced for repair. Otherwise the operation of the 
monitor has been stable. Wire breakage has never 
occurred in four years since the first installation. 
 

 
 

Figure 2: Installation of the horizontal flying wire 
monitor. 

BEAM BACKGROUND 
Beam profiles were measured during the injection 

period of 120 ms for the intensity of 0.95×1013 ppb. Two 
bunches were injected at the injection timing, k1. The 
measurements were performed with the trigger timing of 
k1, k1+20 ms and k1+120 ms. The data were acquired in 
the different shots but in the same condition. Figure 3 
shows the beam profiles at the injection timing k1 in 
black circles. It is well fitted with the Gaussian function 
as shown in the solid line.  Profiles at 20 ms after the 
injection and at 120 ms after the injection are shown in 
red circles and blue circles respectively. The beam 
background was observed at the level of about 2 % with 
respect to the peak of the profile. If the profile is in the 
Gaussian function, the profile signal of 2.8 σ should be at 
the background level. A part of 99.5 % is then observable 
and the rest of 0.5 % is not observable by the background. 
If the beam profile is not in the Gaussian function but has 
more tail distribution, the ratio of the unobservable part 
increases. 

For the high intensity beam operation we would like to 
maintain small beam losses, typically about 1 % or less. 
The beam halo of much less than 1 % level should then 
be measured in order to understand the beam loss 
mechanism. More detail studies of the beam halo and loss 
mechanism would be possible if we could improve the 
signal to noise ratio. Ideas to improve the signal to noise 
ratio such as a use of scintillator telescope, an 

optimization of wire thickness and wire movement should 
be explored. 

 
Figure 3: Horizontal beam profiles of the two-bunch 
beam for the intensity of 0.95×1013 ppb. The beam 
profile at the injection timing k1 is shown in black circles 
and the fitted Gaussian function is shown in the solid line.  
Profiles at 20 ms after the injection and at 120 ms after 
the injection are shown in red circles and blue circles 
respectively. 

PROFILE CHANGE DURING THE 
INJECTION PERIOD 

Both horizontal and vertical profiles have been 
acquired for 1.19×1013 ppb. Trigger timing was set to k1, 
k1+20 ms and k1+120 ms to observe the profiles during 
the injection period.  

Figure 4 shows the horizontal profiles during the 
injection period. The profile at the k1 timing was 
observed to be in a Gaussian shape. The 2σ emittance 
was 20.1π mmmrad. A small change of the profile has 
been observed at the k1+20 ms timing from the Gaussian 
shape. The profile change was clear at the k1+120 ms 
timing. The profile was in a parabola shape. The 100% 
emittance was 36π mmmrad. 

The vertical profiles in the same condition have been 
observed to have the same change as shown in figure 5. 
They were in a Gaussian shape at the k1 timing and in a 
parabola shape at the k1+120 ms. The 2σ emittance was 
24.7π mmmrad and at the k1 timing. The 100% emittance 
was 26π mmmrad at the k1+120 ms.  

To understand the mechanism of the profile change, we 
have performed multi-particle tracking simulations with 
the space charge effect. The study revealed that the space 
charge tune shift and the linear and 3rd order coupling 
resonances are the causes of the profile change [5]. 
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Figure 4: Horizontal beam profiles at the trigger of k1 (a), 
k1+20 ms (b), k1+120ms (c). 

  
Figure 5: Vertical beam profiles at the trigger of k1 (a), 
k1+20 ms (b), k1+120ms (c). 

BEAM PROFILES IMMEDIATELY AFTER 
THE INJECTION 

The profile data have been acquired with changing the 
trigger by 1 ms step with respect to k1 (the injection 
timing of the first bunch), because we would like to 
observe the profiles immediately after the injection. 
Figure 6 shows the horizontal beam profiles for the beam 
intensity of 0.6×1013 ppb. In order to reconstruct the 
beam profile immediately after the injection, we should 
take the profile data with smaller trigger steps such as 0.2 
ms and rearrange the data as a function of the timing with 
respect to the injection timing. The analysis has not been 
done for this sequence of profiles. We have, however, 
observed a change at the top of the profile in 10 ms after 
the injection. The profile peak was observed to be sharper 
immediately after the injection. 

 

 
Figure 6: Horizontal beam profiles at the injection for the 
beam intensity of 0.6×1013 ppb. 

SUMMARY 
Flying wire monitors have been used for the horizontal 

and vertical beam profiles in the J-PARC MR. The 
operation has been stable and the profile data have been 
acquired up to the beam intensity of 1.2×1013 ppb. Wire 
breakage has never occurred in four years since the 
installation. We have successfully reconstructed beam 
profiles such as the profile immediately after the injection 
and during the injection period. The monitors have been 
proven to be useful for the beam commissioning. 
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USE OF GAFCHROMIC FILMS TO MEASURE THE TRANSVERSE 
INTENSITY DISTRIBUTION OF A LARGE-AREA ION BEAM 

Y. Yuri, T. Ishizaka, T. Yuyama, I. Ishibori, S. Okumura, and A. Kitamura (Ogawa), 
Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency, Japan 

T. Yamaki and S. Sawada, Quantum Beam Science Directorate, Japan Atomic Energy Agency, Japan 

Abstract 
A technique of forming a large-area uniform ion beam 

by multipole magnets is developed at the TIARA 
cyclotron facility of Japan Atomic Energy Agency. The 
quality of the uniform ion beam is described by the cross-
sectional area and uniformity. A technique has, therefore, 
been developed to measure the two-dimensional 
transverse intensity distribution of the ion beam using 
Gafchromic radiochromic films, which are widely used 
for dose distribution evaluation in radiation therapy. The 
coloring response of Gafchromic films irradiated with ion 
beams is investigated as a change in the optical density of 
the film. It has been found that the optical density 
increases linearly with the ion-beam fluence and that, thus, 
the relative transverse intensity distribution of ion beams 
can be measured using the film at practical fluence ranges 
for materials and biological research. Furthermore, it is 
confirmed, by evaluating the microscopic pore area-
density distribution in a track-etched polymer film, that 
the uniform intensity distribution of the multipole-focused 
beam is realized microscopically, too. 

INTRODUCTION 
A research and development (R&D) study is in progress 

on formation and irradiation of a large-area uniform beam 
using multipole magnets at the ion accelerator facility, 
TIARA, of Japan Atomic Energy Agency (JAEA) [1]. It is 
necessary to evaluate the quality of the uniform beam 
both precisely and handily. As a possible technique, we 
have, thus, employed Gafchromic radiochromic films 
(Ashland Inc.) [2] for the evaluation of the cross-sectional 
area and uniformity of the large-area uniform ion beams. 
The film, whose color turns blue due to radiation 
exposure, was originally produced for dose evaluation in 
X-ray or gamma-ray radiotherapy, but can be also applied 
to the intensity distribution measurement for different 
kinds of beams. The use of the film is suitable for the 
present purpose since the film has various characteristics 
such as high spatial resolution, large area, relatively low-
dose range, and easy handling.  

Therefore, ion-beam irradiation experiments for the 
film calibration were performed at the TIARA 
azimuthally-varying-field (AVF) cyclotron [3] to 
investigate the coloring response. For precise and handy 
evaluation, general-purpose scanners were employed to 
analyze a change in the optical density of irradiated films, 
instead of using a dedicated two-dimensional 
spectrophotometer.  

Furthermore, the beam intensity distribution determined 
by the Gafchromic film was compared with the 

microscopic area-density distribution of track-etched 
pores in a polyethylene terephthalate (PET) film [4].  

CALIBRATION OF GAFCHROMIC 
FILMS 

Procedure 
Two types of Gafchromic films have been chosen for 

the present study [2]: One is HD-810, whose active layer 
(6.5 μm thick) is behind a 0.75-μm-thick surface layer 
and coated on a 97-μm-thick polyester substrate. The 
other is EBT2, whose active layer (30 μm thick) is put 
between 80-μm and 175-μm polyester layers. According 
to the manufacturer [2], the available photon dose ranges 
of the films are 10~400 Gy and 0.01~10 Gy, respectively. 

The following procedure was taken for film calibration: 
First of all, the films were irradiated uniformly with 10-
MeV 1H and 520-MeV 40Ar beams from the AVF 
cyclotron in TIARA. The beam current was measured by 
a Faraday cup near the target. The irradiation time was 
controlled by an electrostatic beam deflector from 10-3 to 
101 s, depending on the fluence, intensity of the beam and 
the film type. Then, the irradiated film was read by 
general-purpose scanners to digitize into a TIFF image 
with 16-bit RGB color intensity values. Two different 
kinds of flat-bed scanners were employed for film 
reading: Canon LiDE50 (reflection type) and Epson ES-
10000G (reflection/transmission type). The irradiated 
films were scanned in more than one day after irradiation 
to prevent the color variation right after irradiation. 
Finally, the optical density dX was determined for each X 
of RGB color values by the equation: 

( )16
10log 2 1Xd X= − . 

Results 
Figure 1 shows the fluence response of HD-810 films 

irradiated with 10-MeV H beams and scanned by LiDE50. 
The optical densities of all three color intensities increase 
linearly with the particle fluence at a low fluence and then 
are saturated at a high fluence. The optical density 
obtained from the red color component is the largest in 
the linear-response region. On the other hand, the blue 
component is the least sensitive. This reflects the fact that 
the absorption of the irradiated film is the highest in the 
wavelength between 650 and 700 nm [2]. Thus, the 
fluence of 10-MeV H beams can be measured from 1 × 
109 to 2 × 1011 cm-2 with a moderate S/N ratio by 
choosing an appropriate color component of HD-810. 
When the films were scanned by ES-10000G with a 
transmission mode, the optical densities were slightly 
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smaller than in Fig. 1 although a similar linear response of 
the optical density was observed in almost the same 
fluence region.  

As shown in Fig. 2, the fluence response of EBT2 to 
the H irradiation behaves very differently from Fig. 1. The 
optical density from the blue color is always high and less 
sensitive to beam irradiation due to the yellow 
fundamental color of the film. Only the optical density 
from the green component is approximately proportional 
to the fluence at a low fluence. As expected, the available 
fluence range (from 108 to 3 × 109 cm-2) of EBT2 is about 
two orders of magnitude lower as compared to HD-810.  

Similarly, it has been found that, for 520-MeV Ar, the 
response of HD810 is linear in the fluence on the orders 
of 107 ~ 109 cm-2.  

In this calibration experiment, film’s external 
conditions were not strictly controlled, such as the fluence 
rate, elapsed time from irradiation to film reading, and 

environmental temperature and humidity. Therefore, the 
response curve obtained here does not always guarantee 
the absolute calibration of the films. However, we have 
confirmed, by repeated experiments, that there always 
exists the linear regime of the fluence response as long as 
the optical density is below unity, as shown in Fig. 1. 
Employing this feature of the Gafchromic-film response, 
the relative transverse intensity distribution of the beam 
can be measured handily without caring about various 
external conditions. 

MEASUREMENT OF THE TRANSVERSE 
INTENSITY DITRIBUTION 

We apply the above measurement technique to the 
evaluation of the uniform beam formation using multipole 
magnets at the TIARA cyclotron [1].  

An ion beam extracted from the cyclotron, which often 
has an asymmetric intensity distribution, is firstly 
smoothed to a sufficiently Gaussian-like transverse 
distribution by multiple Coulomb scattering of a thin foil. 
Then, the tail of the Gaussian-like beam is folded into the 
inside by octupole magnets so that the transverse 
distribution is made uniform on the target. In a series of 
these processes of the uniform beam formation, various 
relative distributions have been measured using 
Gafchromic films. As an example, the relative intensity 
distribution of the uniform beam measured is shown in 
Fig. 3. The rms uniformity of the distribution is 5% in the 
central region of 9 cm × 9 cm. 

COMPARISON WITH THE TRACK-
ETCHED PORE DISTRIBUTION 

Another different method of the distribution 
measurement has been performed in order to verify the 
reliability of the above technique [4]. We here employ a 
track-etching technique, which involves irradiation of a 
polymer film with heavy-ion beams and chemical etching 
of resultant tracks in the film. Microscopic pores, each of 
which corresponds to an incident ion to the film, can be 

 
Figure 1: Optical density of Gafchromic film HD-810 
as a function of the 10-MeV H beam fluence. LiDE50 
was used for film scanning. The background value (i. e., 
the optical density of a non-irradiated film) of about 0.
04 has been subtracted from each optical density. 

 
Figure 2: Optical density of Gafchromic film EBT2 as a 
function of the 10-MeV H beam fluence. LiDE50 was used 
for film scanning. The background levels of 0.15 and 
0.20 have been subtracted from the optical densities of red 
and green components, respectively. For the b lue  
component, the background level has not been subtracted 
since the optical densities at finite fluences are smaller than 
that of a non-irradiated film. 

Figure 3: Relative transverse intensity distribution of 
an octupole-focused uniform beam measured with a 
Gafchromic film. The HD-810 film was irradiated with 
10-MeV H beam of a few nA for 90 s. The left and 
right panels show the two-dimensional (2D) distribution

 and
 

the vertical distribution along the beam central
 axis,

 
respectively. 
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formed on the film. The pore distribution should 
correspond to the transverse beam intensity distribution. 

Procedure 
Both HD-810 and PET films were irradiated with the 

octupole-focused 520-MeV Ar beam under the same 
condition: The cross-sectional size and fluence of the 
beam were adjusted to 5-cm square and 1 × 108 cm-2, 
respectively. For the HD-810 film, the beam uniformity 
was determined from the relative intensity distribution 
through the optical density. On the other hand, the PET 
film was etched with an alkaline solution to form track 
pores on the film. 64 square-grid points with a 
microscopic area (~200 μm2 each) on the film were 
observed using a scanning electron microscope. Then, the 
relative standard deviation (RSD) of the pore area-density 
distribution was evaluated as a measure of the beam 
uniformity. 

Results 
The beam intensity distribution is compared between 

the two films in Fig. 4. Figure 4(a) is the 2D relative 
intensity distribution given by the HD-810 optical density. 
Figure 4(b) shows the 2D relative intensity distribution 
obtained from the microscopic track-pore density of the 
PET film, which is composed of 64 data points. The two 
distributions do not coincide exactly, but a similar 
tendency can be seen as shown in Fig. 4(c) where the 1D 
distributions extracted from Figs. 4(a) and 4(b) are plotted. 
We have actually confirmed that the RSD (12%) of the 64 
data points in Fig. 4(b) is equal to the uniformity of the 
distribution in Fig. 4(a). 

In the case where the uniform distribution was 
deformed purposely using a steering magnet [1], the beam 
uniformity determined from the optical density 
distribution was deteriorated to 22%, which, again, agreed 
with the RSD of the track-pore density distribution. Thus, 
the present evaluation of the microscopic distribution 
using 64 data points is adequate in a statistical sense.  

We can conclude that the technique of measuring the 
beam intensity distribution through the optical density of 

Gafchromic films reflects an actual beam intensity 
distribution and that the uniform intensity distribution 
formed by multipole magnets is realized microscopically. 

SUMMARY 
We explored the adaptability of Gafchromic 

radiochromic films HD-810 and EBT2 for measuring the 
transverse beam intensity distribution of energetic ion 
beams. For this purpose, the beam irradiation experiment 
was performed at the TIARA AVF cyclotron. The fluence 
response of the films’ optical density was investigated 
using flat-bed scanners. It has been found that the optical 
density increases linearly with the ion-beam fluence at a 
low fluence. The available fluence ranges of the films are 
overlapped with those often required for materials and 
biological research using ion beams. 

The Gafchromic-film technique of measuring the 
relative transverse intensity distribution is useful in the 
beam evaluation although it is difficult to determine the 
absolute fluence distribution. Using the technique, we 
have actually confirmed that an ion beam with a large-
area uniform transverse distribution is formed by 
multipole magnets, and evaluated the cross-sectional area 
and uniformity. The relative intensity density distribution 
determined by the Gafchromic film was verified with the 
help of the track-etching technique. It has been 
demonstrated that the uniform intensity distribution 
formed by multipole magnets is realized also in a 
microscopic viewpoint. 
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DESIGN OF THE BEAM PROFILE MONITORS  
FOR THE SXFEL FACILITY 

L.Y.Yu, J.Chen, W.M.Zhou, K.R.Ye, Y.B.Leng  
SINAP, Jiading, Shanghai 201800, P.R.China

Abstract 
The Shanghai X-ray Free Electron Laser Facility will 

begin construction at next year. The linac electron beam 
energy is 0.84 GeV. Over 50 beam profile monitors with 
OTR and YaG screen will be installed along the linac and 
undulators. The profile monitor system design is a 
challenging task, since the system has to measure 
transverse electron beam sizes from millimeter down to 
40μm scale with a 20μm resolution and 50μm repeat 
positioning accuracy. This paper describes the design of 
the mechanical detector, the integrated step-servo motor 
controlling system, the beam imaging system, as well as 
the software system. 

INTRODUCTION 
SXFEL proposal was approved in February 2011 by 

China government, the construction is expected to start at 
the SSRF campus in early 2012. This test facility, based 
on an 840MeV electron linac, aims at generating 8.8nm 
FEL radiation with two-stage cascaded HGHG scheme[1]. 
Figure 1 shows the layout of the SXFEL linac. 

 

Figure 1: Layout of the SXFEL accelerator & undulator. 

   SXFEL injector have 3 beam diagnostic stations,   
require 6 beam profile monitors designed by Tsinghua 
University, linac part requires about 31 beam profile 
monitors or so, undulator part require 21 beam profile 
monitors.   

Table 1 list the physical specification of the beam 
profile monitors[2]. 

We are going to use Yag/OTR screens and wire canners 
as the beam profile monitors originally. Considering the 
cost, reliability and we have not any experiences on  wire 
scanners, so we decide to improve the design of Yag/OTR 
profile monitor to satisfy the specification. In addition the 
system has to be robust, remote controlled and easy to 
maintain, we adopt a new type integrated step servo 

motor to redesign the mechanical detector and select a 
high resolution CCD, the whole profile system is more 
compact. 

 

Table 1: Specification of the beam profile monitors 

Parameter Linac Undulator 

Quantity 31 21 

Monitor length 210mm 150mm 

Repeat positioning 
accuracy 

50 μm 

Resolution 20 μm 

Charge range 0.02~1nC 

RMS beam length 0.015~4 ps 

Measuring range  15*15/5*5 mm2 

    

MECHANICAL DETECTOR 
The beam profile monitor will be a main diagnostic 

tool during the commissioning of SXFEL experiments. It 
has three position screens for test. One is the calibration 
screen, The beam profile monitor is not only used to 
measure the electron beam transverse shape and size, but 
also to synchronize the seeding laser and electron beam 
on spatial domain and temporal domain respectively. So 
all beam profile monitor is designed as shown as Figure2 
with four stages pneumatics screen monitor. One screen 
which material is YAG:Ce crystal plate is used at the 
initial commissioning and at low beam charge situation, 
another screen which material is made from 100nm 
aluminium deposited on a polished silicon wafer[3], 
generating optical transition radiation(OTR) when 
Electron hits on it, is used to measure beam energy spread 
and beam emittance respectively, because the OTR 
represents a linear radiation source while YAG screen has 
the saturation problem. The last screen is calibration 
screen where holes array radius is 1mm and spacing is 
5mm. It is used for calibrate the optical relay and CCD 
image acquisition system. The light of beam can be 
extracted from both viewport, at the undulator location, 
the energy of seeding laser is very huge to damage the 
CCD camera, so the beam image can be obtained from 
backside viewport. The camera is located below beam 
pipe 1.1 meter through planar - mirror optical relay to 
reduce the radiation damage. The viewport flange can be 
replaced conveniently with crystal viewport flange 
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Figure 2: Design of the mechanical detector. 

where the ultraviolet light is need to extract from the 
screen[3]. 

To ensure the angle between screen and beam line is 
45degrees, we add a new design named tune on the 
mechanical detector, it can be fine rotated  the axis of the 
screen. Combined with the optical setup, we can calibrate 
the 45degree accurately. Figure 3 is the finished prototype 
mechanical detector. 

 

 
Figure 3: Prototype mechanical detector. 

MOVER CONTROLLING SYSTEM 
We select a new type motor for the design of beam 

profile monitor SXFEL, The type is SSM24Q-3RG 
produced by China. Figure 4 shows the overview of the 
integrated step servo motor. 

 

 
Figure4: Integrated step-servo motor. 

High stiffness due to the nature of the stepper motor 
combined with the highly responsive servo control, space 
vector current control with 5000 line high resolution 
encoder, gives smooth and quiet operation,  especially at 
low speeds. The SSM24Q motor integrates the motor, 
driver, controller, encoder and IO, so the mover 
controlling system is very concise, the motor can start to 
work just providing DC24V&DC48V and RS485 bus, 
DC24V is used to supply the IO, DC48V is used to 
supply the motor, serial commands directly to the driver 
to communicate with the motor by RS485 serial bus. The 
output torque is 2.4N.m, it can easily pull out the screen 
quickly off the beam line without the help of deceleration 
mechanism. To avoid screen stopping the beam line, the 
mover works smoothly and stably with very low noise. 
Figure 5 shows the block diagram of SSM24Q[5]. 

 

Figure 5: Block diagram of SSM24Q. 

We can use the In connector of the motor as the  screen 
state display  function , use the Out connector of the 
motor as the illuminate function for the optical part. Use 
the encoder of the motor to position the screens without 
extra using grating ruler which is used at the beam profile 
monitor of SDUV-FEL. All the function realization 
implement with serial commands. 

This motor has a high positioning accuracy, encoder 
resolution is 20000 counts/rev, the positioning error is 
only±0.018°, so the beam profile monitor can satisfy the 
physical requirement: repeat positioning accuracy<50 μm. 
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OPTICAL SET-UP 

The optical system used to image the YaG/OTR light to 
the CCD camera is almost the same with the design of 
SDUV-FEL, except the CCD type, it consists of a mirror 
deflecting the OTR light downwards, one focus lens, and 
a CCD camera, providing nominal magnification is 1. The 
components are mounted on two rails on a stainless steel 
plate. The plate will be fixed to the support structure of 
the machine. The optical system is protected against the 
stray light, and the CCD camera is shielded with lead to 
reduce radiation damage. The camera is a digital CCD 
camera (Basler scA1000-30) with Ethernet interface. The 
sensor size of the camera is 1034 x 779 pixels with a pixel 
dimension of 4.65 µm x 4.65 µm. 

The initial adjustment of the optical set-up will be done 
on an optical table. The optical axis is defined with a help 
of a He-Ne laser. The correct position of the lens is 
searched by manually measuring the contrast on a 
calibration target. When the correct position of the lens   
and the camera is ok, their position is fixed. On the beam 
line, the distance of the whole system from the screen is 
adjusted with the help of the marks on the calibration 
screen. The same marks are used to calibrate the 
magnification.  

The GigE Vision camera is adopted based on following 
two main advantages: First, digital signals can be 
transmitted much more stably than analog signals over 
long distance. Second, The GigE CCD camera gain 
parameter can be adjusted remotely according to the beam 
intensity during commissioning[4]. Basler scA1000-30 
CCD cameras were chosen as the major devices in image 
acquisition subsystem. With a 1:1 lens, the spatial 
resolution could be 10 microns. The range of gray scale 
could be 0 to 65535 because the camera has a 16 bits 
ADC. External trigger mode is important for the system, 
because the action of capturing the beam images must 
synchronize with the timing signal of the entire system.  

SOFTWARE 
The beam profile monitors control system is simple and 

flexible using two filed buses: The industrial Ethernet bus 
for communication between control room and cameras; 
The 485 serial bus for communication between control 
room and the integrated step-servo motor.   

Use the MOXA serial servers can easily convert the 
RS485 signals to Ethernet signals. The beam profile 
monitors control system software is based on EPICS, 
every beam profile monitor control system can be 
designed as a standard software IOC. 

STATUS AND OUTLOOK 
The prototype mechanical detector of the beam profile 

is ready and the mover control software is ok, the screen 
moving control is very smooth and stable. The prototype 
of the optical set-up will be installed in lab on November 
this year, and the first table test will be done soon. The 
test of the digital camera system continues and the 

decision of the final solution for the connection scheme 
will be made within a few months. We will do some 
simulation and test of the screen materials, to select more 
suitable one. The whole YaG/OTR beam profile monitor 
system is expected to be finished 5 month later. 
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STORAGE RING TUNE MEASUREMENTS USING HIGH-SPEED
METAL-SEMICONDUCTOR-METAL PHOTODETECTOR

S. Dawson, D.J. Peake, R.P. Rassool, The University of Melbourne, Melbourne, Australia
R.J. Steinhagen, CERN, Geneva, Switzerland

M.J. Boland, Australian Synchrotron, Clayton, Australia

Abstract
In any storage ring, the measurement and control of be-

tatron tunes is an integral part of optimising the stability

and lifetime of the stored particle beam. This contribu-

tion presents a novel relative beam position measurement

system relying on a direct synchrotron-light detection us-

ing fibre-coupled, high-speed Metal-Semiconductor-Metal

(MSM) Photodetectors (PD) in a custom-made balanced

RF biasing circuit.

The system will be described along with its first results

measuring the tunes for the storage ring at the Australian

Synchrotron. The results are compared to the existing

electro-magnetic BPM-based tune measurements taken.

INTRODUCTION
The Australian Synchrotron storage ring is a 3.0 GeV

electron ring with a circumference of 216 m, situated in

Melbourne, Australia [1]. Its nominal characteristics are

summarised in Table 1.

Table 1: Nominal Characteristics of the Australian Syn-

chrotron Storage Ring

Characteristic Value Unit

Energy 3.0 GeV

Circumference 216 m

Revolution Frequency 1.388 MHz

Betatron Tunes (13.291,5.220) (Qx, Qy)
(403.9, 305.4) kHz

Chromaticity (3.5, 13) (ξx, ξy)

Tune diagnostics systems, typically integrated into the

beam position monitoring (BPM) or transverse feedback

subsystems, are essential for any synchrotron and are used

to control the actual tune working point to prevent the on-

set of instabilities that can occur if the fractional tune ap-

proaches low-order resonances of the accelerator lattice.

The majority of tune measurement systems require ex-

citation of the otherwise stable beam, and measure the re-

sulting beam motion over time. The digitised position data

is typically transformed into the frequency domain, where

any beam movement corresponding to the tune will show

up as a spectral peak. For most systems, a small amount

of excitation is required to separate the tune signal from

the measurement noise, therefore tune measurements often

cannot be performed during user time.

This contribution describes a high-bandwidth, low-noise

BPM utilising visible synchrotron radiation that has been

successfully tested at the Australian Synchrotron light

source. The aim of this system is to utilise the high band-

width of the system to allow for tune measurements of sta-

ble beam.

EXPERIMENTAL SETUP
The synchrotron-light based beam position monitor sys-

tem (SL-BPM) described in this paper is built on the orig-

inal Fill Pattern Monitor (FPM), which is based on a sin-

gle high-speed Metal-Semiconductor-Metal Photodetector

(MSM-PD) to measure the electron beam density in real

time [2].

Both systems use the synchrotron light that is emitted

by the electron passing through one of the main bending

magnets, separated from the X-rays using a vertical mir-

ror above the beam axis, focused through a lens, and then

guided into an optical hutch where it is split to be used by

either system. The visible part of the synchrotron radia-

tion was chosen since the system can be implemented us-

ing standard optical components such as mirrors and lenses

that also allow for rapid changes in the experimental set-up,

and to anticipate a possible future use of the system in the

Large Hadron Collider (LHC) that produces synchrotron

light with the peak power being in the visible range.

For the nominal SL-BPM system, the light is focussed

onto a set of length-matched optical fibres that are grouped

to a diamond-type structure as illustrated in Figure 1, and

each being individually fibre-coupled to its own MSM-PD.

Figure 1: Fibre diamond geometry in relation to the pro-

jected synchrotron-light beam spot size.

The SL-BPM uses the same MSM-PDs as the earlier

FPM [2, 3], that are robust, very low-noise, cost-effective

and with a typical rise-time of 30 ps being ideally suited for

high bandwidth measurements. Besides the given model,
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MSM-PDs are widely used in the telecommunication in-

dustry and MSM-PDs with bandwidths up to 375 GHz have

been demonstrated [4].

Rather than placing the detector directly in the

synchrotron-light focal plane, the light is coupled through

fibres for two reasons:

1. The active area of the chosen PD is small (200μm)

compared to the size of the given TO-5 case and can-

not be closely packed within the synchrotron light

without large dead spaces which the use of fibres

lessens, as illustrated in Figure 1. Also, once the light

is coupled into the optical fibres, the relative locations

of the PDs is unimportant as long as the fibres are

matched in length. A further increase in coupling effi-

ciency was achieved by removing the PDs’ protective

TO-5 cap and providing a custom fibre-to-MSM-PD

coupling.

2. Since the MSM-PD’s electrical signal should ideally

be processed as close to the PD as possible to preserve

the bandwidths, signal levels and minimise electro-

magnetic interferences, longer fibres allow to further

separate the fibre-head from the electrical acquisition

system that can then be installed in a convenient place

elsewhere (e.g. in a low-noise, low-radiation Faraday

cage).

The initial tests were performed using large core PMMA

plastic optical fibres (diameter about 700μm). In order

to increase the coupling efficiency between the optical fi-

bre and PDs, these were substituted with multi-mode fibres

with a smaller core diameter of about 50 um. The usage of

multi-mode fibres is considered to be acceptable with re-

spect to the targeted bandwidth (few GHz) and fibre lengths

of less than a metre. Gradient-indexed fibres are being in-

vestigated as an option, particularly if longer distances be-

tween the focal plane of the synchrotron light and MSM-

PD circuitry are required.

Since the beam spot is much larger than the active area

of the MSM-PD, small movements of the synchrotron-light

source causes small variations of the incident photon flux.

Using only a single PD (e.g. ’single pixel’), the measure-

ment is indiscriminate of the plane of beam movement, de-

pends on the actual beam spot size and specific beam to

fibre alignment. A more robust position estimate is given

by the pair-wise difference-over-sum ratio of the incident

intensity signal of neighbouring fibres as indicated in Fig-

ure 1. A specialised balanced biasing tee circuit has been

constructed for the PDs to compute the incoherent sum or

difference in the analogue domain before being further pro-

cessed or directly digitised. The schematic and 3D model

of the balanced bias tee is shown in Figure 2.

The balanced bias tee can operate in two modes;

• With one MSM-PD biased to +10 V and one biased

to −10 V, the resulting signal output will correspond

to the difference in the light intensity incident on the

PDs.

(a) 3D Model (b) Schematic

Figure 2: Balanced bias tee configuration. I1 and I2 corre-

spond with the incident photon flux on photodetector 1 and

2, respectively.

• With both MSM-PD biased to +10 V the output signal

will correspond to the incoherent sum of the signals on

each PD, allowing for intensity measurements.

The biased PDs can be considered as current-sources,

which can be easily combined and – in comparison to RF

hybrids – allow much higher bandwidths and better linear-

ity. Also, it allows to compensate the common-mode bleed-

through due to off-centre beams or other intensity imbal-

ances in the detector chain by simply varying the DC-bias

voltage of either PD.

TUNE MEASUREMENT

Using this set-up, the tunes for the storage ring at the

Australian Synchrotron have been measured and compared

to the existing tune measurement system. At the Australian

Synchrotron, the data for tune measurements is typically

acquired using turn-by-turn data from the storage ring but-

ton BPMs while the beam is excited by a combination of

four injection kicker magnets [5].

A comparison between the traditional button BPM-based

system and SL-BPM system is shown in Figure 3. While

for most measurements the output has been directly digi-

tised using a fast sampling oscilloscope, the signal for

this specific measurement has been post-processed and

down-mixed using a simplified version of a Base-Band

Tune (BBQ) RF schottky diode detector (as described in

Ref. [6]). This significantly reduced the requirements in

terms of bandwidth and resolution, as the resulting signal

wasbeing processed un-amplified and with a low-resolution

(≈10 bit) oscilloscope.

Clear tune peaks at (Qx, Qy) = (0.273, 0.227) can

be seen. The high vertical chromaticity visibly enhances

the synchrotron side-bands around the tunes, which is ap-

parent in both sets of data. The datasets show a similar

signal-to-noise ratio for both the existing turn-by-turn ring-

BPM based system and the tested SL-BPM. This indicates

that the sensitivity of the down-mixed SL-BPM is at least

equivalent to standard method. Since the MSM-PD’s dark-

current is an order of magnitude smaller than the measured

signal levels, it is believed that the measured noise floor is

likely due to the digitisation noise of the acquisition sys-

tem.
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(a) Turn-by-turn position data, taken simultaneously with the stan-

dard BPMs and the SL-BPM system.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

5

10

15

20

25

30

35

40

45

50

Frequency (f
rev

)

M
ag

ni
tu

de
 (

ar
b.

 u
ni

ts
)

Turn−by−Turn Vertical
FPM2

(b) The position data transformed into the frequency domain. High

chromaticity induces a splitting of the vertical tune lines.

Figure 3: A comparison between the optical tune mea-

surement system and the existing turn-by-turn BPM sys-

tem. Clear agreement between the different methods is

evident. The fractional tunes for this measurement are

(Qx, Qy) = (0.273, 0.227)

Figure 4 is an overlay of two sets of data taken with the

prototype SL-BPM system, utilising the balanced bias tee

configuration. In this experiment, the storage ring tunes

were altered from (Qx, Qy) = (0.29,0.22) to (Qx, Qy) =

(0.32, 0.26). Both sets of tunes lines have a high signal-to-

noise ratio and were observed to move to the correct loca-

tion after the tune alteration.

CONCLUSIONS AND FUTURE WORK

Preliminary results from the prototype optical beam po-

sition measurement device described above are promising.

The system has demonstrated the ability to track the tempo-

ral evolution of the tune and is in good agreement with the

existing BPM diagnostics. Future improvements will in-

clude a more refined post-processing and higher-resolution

digitisation of the available analogue signals to fully exploit
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Figure 4: Two tune measurements utilising the SL-BPM

BPM system. Between the two measurements the storage

ring tunes shifted from (Qx, Qy) = (0.29,0.22) to (0.32,

0.26)

the achievable signal-to-noise ratio of the MSM-PD.

A future goal of this project is to leverage the high band-

width position data to diagnose higher-order head-tail in-

stabilities at the LHC. Head-tail instabilities occur when

the motion of leading edge of a bunch is coupled to the

tail and can lead to an increase in beam size or total beam

loss. By coupling the MSM-PDs to a suitably high band-

width data acquisition chain, the position of multiple slices

of a single bunch can be obtained and monitored over many

turns.

It is also anticipated that the system will find application

in next-generation electron accelerators such as CLIC and

will be tested at CTF3 in the near future.
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OVERVIEW OF ESS BEAM DIAGNOSTICS 
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European Spallation Source ESS AB, Lund, Sweden

Abstract 
The European Spallation Source (ESS) will use a 

2.5GeV superconducting proton linac with a 5MW 
average beam power to produce the world’s most 
powerful neutron source. The project, sited in the south of 
Sweden, is approaching the end of the pre-construction 
phase, and is expected to enter the construction phase in 
2013. This paper gives an overview of the ESS 
accelerator and the planned beam diagnostics systems, as 
well as the associated challenges. 

THE ESS ACCELERATOR 
The European Spallation Source (ESS) is a 5MW linac-

based neutron source, which will be built in Lund, 
Sweden. It has a pulse repetition rate of 14Hz, a nominal 
beam current of 50mA and a pulse length of 
2.86ms.Acceleration is provided by a warm RFQ and 
DTL operating at 352MHz, followed by superconducting 
spoke cavities (also at 352MHz), and two types of 
elliptical cavities operating at 704MHz. The overall 
length of the linac is about 400m, followed by and 
additional 160m of upgrade space and transfer line. 

 
Figure 1: ESS linac layout overview. 

 
The project is currently in a pre-construction phase. A 

conceptual design report[1] was recently released, and a 
Technical Design Report (TDR) along with an updated 
cost estimate is planned for the beginning of 2013. An 
overview of the current project status has been presented 
in recent conference proceedings [2]. 

PLANNED DIAGNOSTICS SUITE 
The ESS LINAC optics is under configuration control 

since since 2010, with biannual updates. The discussion 
below is based on the October 2012 lattice release. This 
lattice is also the one that used in the Technical Design 
Report. 

Warm Linac 
The LEBT (see Fig. 2) consists of two solenoids for 

focussing (each equipped with a steering magnet) plus a 
chopper to trim the beginning and end of the ion source 
pulse. In the LEBT, the source emittance will be 
measured using a slit and one of two sets of SEM grids. 
The SEM grids also allow measurement of the beam 
profile and position directly. The beam current will be 
measured at the entry and exit using beam current 
transformers. An insertable Faraday cup also allow for 
beam current measurement and double as a temporary 

beam stop. An inclined viewport to determine ion species 
fraction by observing Doppler shifted luminescence light 
is also foreseen. 

 
Figure 2: LEBT diagnostics layout. 

 
The MEBT[3] will have 10 quadrupoles, three buncher 

cavities and a fast chopper (see Fig. 3). Here, the 
transverse emittance from the RFQ will be measured with 
a slit and grid system, employing a slit design similar to 
LINAC4. In addition, a set of 4 wire scanners will be used 
to measure the beam profile. Two of these are co-located 
with viewports for non-invasive profile measurement 
based on luminescense, and two are co-located with 
transverse halo measurement stations. Six BPMs will be 
used for TOF and position measurement, and two BCT 
will be inserted at the beginning and at the end of the line 
for intensity and transmission measurement. A movable 
Faraday cup allow for beam current measurement and 
double as a tune-up beam dump. Longitudinal beam 
profile measurement will be performed with a Beam 
Shape Monitor (BSM).  

 
Figure 3: MEBT diagnostics layout. 

The Drift Tube Linac (DTL) consists of four tanks (see 
Fig. 4). It employs a permanent magnet FODO lattice 
leaving empty drift tubes for diagnostics. The first tank 
will have two BPMs, and the following tanks one BPM 
each. The SNS-like inter-tank regions will each house a 
wire scanner, a Faraday cup, and viewports for non-
invasive profile monitoring. In addition, each tank will 
have a BCT incorporated in the end wall. 

 
Figure 4: DTL diagnostics layout. 
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Cold Linac and Upgrade Space 
The cold linac consists of three main sections, using 

spoke cavities, medium beta elliptical cavities and high 
beta elliptical cavities, respectively. The entire cold linac 
uses a doublet lattice with one cryomodule per cell in the 
spoke and medium beta section, and two cryomodules per 
cell in the high beta section. There is dedicated space for 
beam diagnostics between the warm magnets in the 
doublets. Here, it is foreseen to have one dual plane 
position pick-up attached to each magnet and three loss 
monitors placed before, between and after the 
quadrupoles. An additional BLM will be placed between 
adjacent cryomodules in the high beta section. The layout 
of the spoke section is shown in Fig. 5. 

 
Figure 5: Spoke cavity section diagnostics layout. The 
other sections are similar.  

The cell length changes significantly between three 
main sections, causing a change in the focussing. To 
ensure proper matching, it is foreseen to equip the 
beginning of each major section with four transverse 
profile monitors and four longitudinal profile. Tungsten 
wire scanners are the reference transverse profile devices. 
They will be co-located with a system using a non-
invasive technique, that can be used for full intensity. A 
beam current monitor at the beginning of each section is 
also foreseen. 

The cold linac is followed by a 100m section of HEBT 
which doubles as upgrade space[4]. It has the same 
doublet optics as the high beta elliptical, but without 
cryomodules. Consequently, instrumentation here is 
similar to the high beta section.    

Beam on Target and Dump  
Towards the end of the HEBT there is a switching 

magnet that can send the beam either to the target (A2T 
line) of the tune-up dump. The target spur has an 
achromatic vertical bend to go from the linac tunnel level 
below grade to the target, which is above the ground 
level. Before the beam hits the target, it is expanded and 
its distribution flattenend using octupoles. To verify the 
beam distribution and position in these magnets, each is 
equipped with a wire scanner and a viewport for non-
invasive profile. Most quadrupoles are equipped with a 
BPM and a BLM  for position and loss measurement (see 
Fig. 6).  There is also a BCT to measure transmission and 
monitor total beam on target. 

 
Figure 6: Target transfer line diagnostics layout. 

It is critical that the beam delivered to the target has the 
right distribution. A local beam density that is too high 
may lead to target damage. Therefore, a target beam 
distribution monitoring system is needed. The same is 
true for the proton beam window, which separates the 
accelerator vacuum from the target helium atmosphere. 
Due to the importance of protecting the target, redundant 
methods are being pursued. A similar system will also be 
used to monitor the beam size on the tune-up beam dump. 

“DAY ONE” DIAGNOSTICS 
Some diagnostics system will mainly become important 

when ramping up to production power. However, certain 
systems need to function from “day one”, for initial 
commissioning.  These include BLMs, BCMs, and BPMs. 
Some invasive “day one ” devices, such as Faraday Cups, 
can only be used with low power beam due to thermal 
load. 

 
Figure 7: Simulated loss distribution from beam loss on  
the aperture in the first doublet quadrupole in the high 
beta section. 

Beam Loss  
The beam loss monitoring (BLM) is arguably the most 

important diagnostic system of the ESS linac. It has the 
dual purpose of keeping the machine safe from beam-
induced damage and avoiding excessive machine 
activation by providing critical input to the machine 
protection system. Thus, the system must be designed for 
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include the BPMs and BSMs. In an EPICS environment, the collection of process variables defines the
system’s interface to the network. Timing events will trigger the update of EPICS process variables
containing beam data. Each system will present its measurement results in several different sets of process
variables, with each set representing a particular time frame and triggered by particular timing events.
Measurement results for some typical time frames include: an average over one pulse, an average over
a number of pulses, a sample within a pulse, an array of samples over a pulse, and finally, a series of
measurements surrounding the time of a trigger event (with the option of including pre trigger data). This
last measurement type will provide the post-mortem data as required by the MPS. It will also support
comprehensive data acquisition for machine studies and for diagnosis of subtle issues that do not lead to an
MPS trip. In addition to these measurement process variables, all systems will expose additional process
variables to allow configuration, status monitoring, and debugging. All insertable devices (category 1) will
provide status to MPS such that only diagnostics beam is allowed when they are inserted near the beam
core. BLM, BCM, and beam-on-target systems will provide MPS inputs so that beam can be inhibited
upon significant beam loss, too much beam (for example, in the case of chopper failure), or undesirable
beam properties at the windows, dump, and target. An option to interface the BPMs and halo monitors
to MPS will also be provided.

4.8.2 Beam loss

The beam loss monitoring (BLM) is arguably the most important diagnostic system of the ESS linac.
It has the dual purpose of keeping the machine safe from beam-induced damage and avoiding excessive
machine activation by providing critical input to the machine protection system. Thus, the system must
be designed not to have any blind spots. In addition, as the BLM system will be a major tool for beam
tune-up, it should also be designed in a way that enables it to pin-point the loss location as precisely as
possible.

With this in mind, in the cold linac it is foreseen to have three ionization chambers (ICs) per warm
section, located before, between, and after the quads. The ICs will be placed as close as possible to the
beam pipe. Simulations show that this distribution of detectors should allow to distinguish losses in either
of the quads from losses upstream4.151[?]. The quads are the locations where the beam size is largest, and
therefore the most likely loss locations. In the warm linac, there will be one IC per DTL tank (located in
the inter-tank region) as well as several neutron detectors (ND) and scintillator based fast loss monitors.

2 Simulation model and results 10

Total energy deposition (GeV/g/ppp) - XZ view
for 1012 protons/sec loss rate and 1.5 mrad impact angle

Loss in the middle of first quadrupole
magnet, in xz plane, with 1 GeV

energy.

Loss in the middle of first quadrupole
magnet, in xz plane, with 1 GeV

energy.

Loss in the middle of second
quadrupole magnet, in yz plane, with

2 GeV energy.

Loss in the middle of second
quadrupole magnet, in yz plane, with

2 GeV energy.

Figure 4.151: Loss in the middle of first quadrupole magnet, in xz plane, with 1 GeV energy.
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complete coverage of possible loss scenarios. In addition, 
as the BLM system will be a major tool for beam tune-up, 
it should also be designed in a way that enables it to pin-
point the loss location as precisely as possible. The 
optimal location of detectors is being determined by 
simulations (see Fig. 7). 

Ionization chambers (ICs) will be the main beam loss 
detector. SNS or CERN LHC type detectors may be used, 
and are currently being evaluated. Fast PMT-based 
detectors and neutron detectors will also be used in some 
locations. 

The required sensitivity for the ICs is set by the desire 
to limit machine activation. The chosen criteria is that the 
BLM system should be able to detect a continuous loss 
leading to beam pipe activation of 1% of the hands-on 
maintenance limit (or about 0.01W/m). The response 
time, on the other hand, is determined by the ability to 
detect large fast losses. Simulations show that if the entire 
beam is lost in a single spot, it can melt steel in a matter 
of a few us in the warm linac (a few 10s of us in the cold 
linac). Thus, the requirement for the BLMs system is to 
detect such a losses within 2us for the warm linac (10us 
for the cold linac). SNS or LHC style ICs may be used, 
possibly with some modification. 

At low energies, ionization chambers are not very 
effective to detect beam loss due to the self shielding 
from the RFQ and DTL tanks. Here differential current 
measurement will be used as a complementary beam loss 
detection mechanism. 

 

 
Figure 8: Detail showing button BPM located in the 
shadow of the quadrupole coil, requiring no extra 
longitudinal space. 

Beam Position  
The BPM system will measure the beam position, the 

beam phase with respect to the RF reference, as well as an 
approximate beam current.  
Button electrodes will be used, except in the DTL drift 

tubes where special shorted striplines are foreseen. As far 
as possible, BPM sensors will be physically attached to 

each quadrupole, since the goal of beam steering normally 
is to center the beam in the quadrupoles. Again, the DTL 
is the primary exception, since the permanent magnet 
quadrupoles take most of the available space in a drift 
tube, forcing the BPM to reside in its own drift tube. In 
the A2T line, beam should be centered in the octupoles, so 
BPMs will be located on or near these strong, non-linear 
magnets.  In the cold linac, BPMs can be installed in the 
shadow of the quadrupole coils, requiring no extra 
longitudinal space (see Fig. 8). 

The BPM electronics will consist of a fast analog front-
end, where the BPM signals will be received by sensitive 
analog electronics, level adjusted and conditioned. 
Following this, a digital section will digitize the signals 
and processed them in an FPGA. Processing will be 
narrow band, and the processing frequency will be 
different from the local cavity frequency (704MHz up to 
the spoke section, and 352MHz from the elliptical cavity 
sections onwards). Narrow band processing requires some 
additional correction at the low energy end of the linac, 
since the sensitivity for a given frequency is not only 
given by the geometry of the pick-up, but also is a 
function of the relativistic beta. The BPM electronics 
should have a large enough dynamic range and a good 
signal-to-noise ratio so that they give useful results even 
for beam currents down to 5 mA and pulse lengths down 
to 5 us respectively.  A particular challenge is that during 
tune up of the cold linac, beam may need to be 
transported very long distances to reach a beam dump, 
and in the process the beam debunches, leading to a 
significant drop in the harmonic content of the signal. 

Emittance  
Two emittance measurements will be permanently 

installed in the warm linac and will be based on a slit and 
grid system. 

In the LEBT, preliminary estimations of the thermal 
load show that TZM, tungsten and graphite are well 
suited for the slit material. Between the two solenoids, the 
beam size is relatively large and the slit can handle the 
full beam pulse. 

Two SEM grids will be used to reconstruct the angular 
distribution of the beam. Carbon wires are the primary 
choice for the monitor due to the good thermal properties 
of this material, the grid pitch will has to determined in 
function of the beam parameters. The complete 
mechanical design is on going, and thermo mechanical 
analysis will provide the operating envelope of the 
system. 

The MBT slit and grid system required a more 
complicated design. At 3 MeV, the thermal load is an 
issue and the slit cannot operate during the production 
mode. Based on LINAC4 design [5], graphite is the best 
solution for slit material. To lower the thermal load, the 
energy deposition is spread on a larger surface by tilting 
the slit with respect to the beam axis. Figure 9 shows the 
maximum temperature on the slit for 3 angles (45°, 30° 
and 15°) in function of the beam pulse length. 
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Figure 9: Maximum temperature on a graphite slit for 
different slit angle in function of the beam pulse length. 

The mechanical limits of graphite are around 1600 K, 
the estimation of the temperature shows that the slit 
cannot handle a 100 µs beam pulse. In order to preserve 
the slit integrity, the pulse length has to be reduced to 50 
µs, in this case, an angle of 30° is enough to keep the 
thermal load below the limits of the graphite. 

The other concern about the MEBT emittance meter is 
the resolution of the profile monitor. Due to the short drift 
space, the pitch of the SEM grid shall be 100 µm for the 
vertical plane and 300 µm for the horizontal plane in 
order to reconstruct the beamlet profile with enough 
accuracy. These pitches cannot be achieved, other 
solution are considered like wire scanner or layer od 
capton and metal foil. 

Faraday Cups  
During the commissioning and the tuning phase of the 

ESS linac, insertable Faraday cups will measure current 
while isolating the downstream accelerator components 
from beam. Due to thermal load, the Faraday cups can 
only be inserted into the beam line during dedicated beam 
modes. Except in the LEBT Faraday cup, the beam must 
be in the diagnostics pulse mode. 

 
Figure 10: LEBT graphite Faraday collector shape. 

The LEBT Faraday cup will be installed in between the 
two solenoids, where the beam sizes are relatively large. 
Despite the low energy of the beam, the power deposition 
per unit volume is high due to the short penetration depth. 
In order to increase power handling, graphite with a 
special shape will be used (see Fig. 10). With these design 
features, the LEBT Faraday cup will be the only one 
capable of handling pulses much longer than diagnostic 
pulse. Preliminary simulations show that the FC might be 

used in production mode with external cooling.  At low 
energy, the secondary emission yield is large, and a bias 
voltage is foreseen to suppress the secondary emission. 

The challenge of the MEBT  FC is to keep the thermal 
load below the mechanical limits of the FC, due to the 
small beam sizes and the large stopping power of 3 MeV 
protons. This system will also feature a wide bandwidth 
channel, capable of monitoring MEBT chopper 
performance.  

The design of the DTL Faraday cups is based on the 
SNS design and includes an energy degrader in front of a 
graphite collector. The energy degrader absorbs the low 
energy particles that have fallen out of the accelerating 
bucket. The thickness and the material of depends on the 
expected beam energy. The degrader also absorbs part of 
the beam that is at nominal energy, and the scattering will 
increase the beam sizes at the collector and reduce the 
thermal load. The peak energy density is reduced by 10% 
in case of graphite energy degrader and up to 30% with 
copper.  

Monte Carlo simulations show also that a non-
negligible amount of particles are created in the energy 
degrader. The amount of nuclear interaction increases 
with the beam energy and the particles produced can 
perturb the measurement. In the worst case, 3 % of the 
beam charge is lost in the energy degrader, so that a 
correction must be applied to the data in order to meet the 
accuracy requirements.  

Wire Scanners 
Wire scanners will be used only with a special short 

diagnostics pulse. In the warm linac section, the 
calculations show that a carbon wire will survive if the 
beam pulse is reduced to 100 us and 1 Hz repetition rate, 
although thermionic emission can be an issue. 

Recent studies performed at GANIL show that carbon 
wires are incompatible with superconductive cavities, so 
tungsten wires are foreseen for wire scanners in the cold 
linac. Due to the lower stopping power at high energy, 
these wires will survive if they are used with a short 
diagnostic pulse. 

At low energies, the secondary emission current on the 
wires will be used to determine the profile. Above 200 
MeV, the profile will be reconstructed by sampling the 
shower created by the wire with a segmented scintillator; 
the type and the geometry of the detector are still under 
studies.  However, initial studies show that good linearity 
can be obtained even in the short space available by 
summing multiple detectors to avoid geometric effects 
(see Fig. 11). 

4.8. BEAM INSTRUMENTATION 133

during dedicated beam modes. Except in the LEBT Faraday cup, the beam must be in the diagnostics
mode.

The LEBT Faraday cup shall be installed in between the two solenoids, where the beam sizes are
relatively large. Despite the low energy of the beam, the power deposition per unit volume is high. The
penetration depth of a 75 keV proton in graphite is around 700 nm with the maximum of the energy
deposition close to the surface. In order to increase power handling, graphite of the shape shown in see
Figure 4.155 will be used. With these design features, the LEBT Faraday cup is the only one capable of
handling pulses much longer than diagnostic pulse. Preliminary simulations show that the FC might be
used in production mode with external cooling.

Figure 4.155: Graphite collector

At low energy, the secondary emission yield is large, and at 75 keV, 2 electrons are emitted for each
proton crossing a boundary between vacuum and and a graphite foil. A bias voltage is foreseen to suppress
the secondary emission.

For tuning and study of the RFQ and MEBT, a Faraday cup is foreseen in order to isolate this activity
from the DTL and the rest of the linac.The challenge of this FC is to keep the thermal load below
the mechanical limits of the FC, due to the small beam sizes and the large stopping power of 3 MeV
protons. This system will also feature a wide bandwidth channel, capable of monitoring MEBT chopper
performance.

Figure 4.156: SNS Faraday cup

A Faraday cup will be installed after each DTL tank. The design of this faraday cup is based on the
SNS design (see Fig.4.156) and includes an energy degrader in front of a graphite collector. The thickness
and the material of the energy degrader depends on the expected beam energy as presented in Table 4.46.
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Figure 11: Simulated energy depositon in four 
scintillators placed around the beam pipe approximately 
40cm downstream of a wire scanner, as a function of wire 
position. 

MEASUREMENT CHALLENGES 

Target Imaging 
To monitor the power density on the target and proton 

beam window, an imaging system similar to the one 
developed at SNS is foreseen [6]. The baseline solution 
employs luminescent coatings on beam-intercepting 
surfaces. A dedicated instrumentation module within the 
target monolith (see Fig. 12) will contain optics to view 
the target face and the downstream side of the proton 
beam window.  

 
Figure 12: Target monolith schematic showing the  
location of the target wheel, proton beam window and the 
diagnostics plug with optical and signal paths. 

 
The proton beam window presents a particular 

development challenge, since a thermal spray coating of 
the type used at SNS would add significantly to the 
window’s mass. The proton beam window is also where 
the beam density will be the highest (see Fig. 13). Due to 
the importance of monitoring beam properties in this 
region, additional solutions are also being explored, 
including gas fluorescence, wire grids, and optical 
transition radiation.   

 
 

 
Figure 13: Beam distribution on the proton beam window. 
(Figure courtesy of Aarhus University) 

Longitudinal Bunch Shape 
Bunches in the ESS LINAC are very short (see Fig 8), 

and therefore options to measure the bunch length are 
limited. The low velocity and relatively wide aperture 
mean that any device based on the wall current or field at 
the aperture have an intrinsic resolution much larger than 
the bunch length. Such a detector is based on measuring 
secondary electrons from a wire placed in the tail of the 
beam distribution. Since the process of electron emission 
does not have a significant delay, very good time 
resolution can in principle be achieved. Variants of such a 
monitor without a physical wire have been developed at 
GSI and ANL, and these are interesting options for ESS.  
A particle beam profile scanner (see next section) could 
also be modified in order to measure the bunch length. 
The BSMs could also in principle be used as wire 
scanners, but the baseline design separates these functions 
to allow optimization of each device for their respective 
applications.  

 
Figure 14: Longitudinal beam distribution at the end of 
the linac (Figure courtesy of R. Miyamoto, ESS). 

142 CHAPTER 4. ACCELERATOR

Figure 4.163: Energy deposition on the 4 scintillators in function of the wire position (E=1GeV)

Figure 4.164: Maximum expected current on the wire in function of the beam energy in SEM mode for
carbon wire (black line), tungsten wire (red line) and in shower mode (blue dots).

Figure 4.165: Diagram of the wire scanner fork, the beam is represented in red.

96 CHAPTER 4. ACCELERATOR

Figure 4.132: Particle density plots on the PBW and the target. Notice also the horizontal and vertical

beam profiles on a linear scale.

target will nominally be exposed to a peak current density of 52 µA/cm2, whereas the PBW will be hit

by a maximum current density of 84 µA/cm2, in both cases scaled to an average beam current of 2 mA.

As a reference, a peak current density of 250 µA/cm2 would result from a Gaussian beam without any

flattening. The fixed collimator will in the present scenario intercept 8.3 kW of beam power.

Losses and apertures.

Tails in the beam may lead to losses unless the apertures are sufficiently large. On the other hand, magnet

apertures drive the cost and have to be optimized. In Fig. 4.133 the transverse power loss isocontours in

both planes together with the apertures in the magnets and vacuum chambers are shown. We observe the

absence of beam losses, which with the present statistics correspond to power levels of less than 10 W.

Notice in particular the very large aperture needed in front of the fixed collimator. Furthermore we

observe the reduced apertures in the octupoles as compared to the quadrupoles in general. Finally, the

last quadrupole triplet will have even larger apertures due to the expansion of the beam on the target.

Beam lines for tuning beam dumps.

During initial setting-up of the ESS accelerator, and also during startup after shutdowns, a straight

beamline following the S1 line will transport the beam to a commissioning beam dump. This dump is

designed for 50 kW, and a quadrupole doublet will expand the beam to 12.5 mm RMS on the dump. In

particular during the initial commissioning of the linac with many phase scans of the cavities, this beam

will impinge on the target with varying energies and energy spreads.

A diagnostic line will transport the beam to a second tuning beam dump. The beamline is designed

with a large ratio between dispersion and betafunction, and hence the energy spread of the beam can be

measured directly using profile monitors. Such measurements are otherwise not available. The line will

also include a quadrupole expansion of the beam to the planned 50 kW beam dump. A beam plug (gamma

blocker) will be inserted in front of the dumps during maintenance personnel access to the linac tunnel.

4.6.2 Collimation

Comprehensive simulations of the beam transport from the linac to the target have been performed, but

clearly some contingency has to be added in the present technical design of the components. In particular
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Non-invasive Beam Profile 
Since wire scanners can only be used for special low 

power beams, non-invasive methods for measuring beam 
profiles are being investigated in parallel. Some methods 
in investigation are residual gas ionization (IPM) [7], 
luminescence (LPM) [8] and an electron scanning method 
[9]. These methods could allow measurements of the 
beam profile during neutron production. However, they 
are often not considered as exact as wire scanners and 
may have limited resolution at low beam powers, so 
invasive devices will be retained for cross calibration 
even where the non-invasive devices are installed.  

Tests to establish the luminescence yield for vacuum 
conditions similar to the ESS linac have been initiated in 
collaboration with SNS. A sketch of how such a monitor 
could be integrated in the space available between doublet 
quadrupoles is shown in Fig. 15. 

The emitted light due to the interaction between the 
beam and the residual gas can also be used to measure the 
relative fraction of ions species coming out of the ion 
source. With a digital camera installed in the focal plane 
of a monochromator with a few tens of degree angle with 
respect to the beam propagation axis, the Doppler shift 
observation of the Hα hydrogen Balmer series allows 
isolating the fluorescence of each ions species of the 
beam. The ratio of the different ions is proportional to the 
light intensity [10]. 

 
Figure 15: Sketch showing possible integration of a 
shower mode wire scanner (scintillator shown in green) 
with a dual plane luminescence monitor and pumpout port 
between doublet magnets in the High Beta upgrade 
section.  

 

Halo 
In order to keep the losses at a small level, the beam 

transverse halo will be measured at several locations 
along the ESS linac and cleaned with several collimators. 
In the warm linac, the halo measurement can be 
performed with wire scanners equipped with high gain 
and high dynamic range electronics. Similarly, the charge 
deposition in the MEBT collimators can be also 
measured. In the cold linac, this method cannot be 
employed and different options are under investigation, 
such as the use of a wire scanner equipped with a 
Cherenkov fiber, or the use of diamond detectors. 

The radiation hardness of the material is an issue and 
the life time of the detector remains to be estimated. The 
drawback of these two methods is that they cannot 
measure the profile of the beam core. In the UHB line, a 
wire scanner equipped with a particle detector telescope 
will be used in counting mode to measure beam core and 
halo with the same device. 

Within the target monolith, thermocouples surrounding 
the physical aperture will be used to measure position of 
the beam envelope. 

SUMMARY 
This paper has outlined diagnostics suite for the ESS 
accelerator, and some particular challenges related to it. 
An overview of the various types of instruments in 
different parts of the LINAC is given in Table 1. 
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Table 1: Summary of Planned Instrumentation Systems 

Section BL
M BCM BPM 

Slit 
(H+V) 

Grids 
(H+V
) 

FC WS 
Non-
Invasive 
Profile  

Optical  
imaging Halo BSM 

LEBT  2  1 2 1      

MEBT  4 6 1 1 1 4 2  2 1 

DTL 12 6 8   4 4 4  1 1 

Spoke 42  28    5 5  3 3 

Low Beta 
Elliptical 48 2 32    4 4  4 4 

High Beta 
Elliptical 60 1 30    4 4  4 4 

HEBT (to 
switch) 22 2 14    4 4  2 2 

Target 
Line 20 2 16  2  3 3 2 4  

Dump 
Line 10 2 8  1  1 1 1 1  

Total 214 21 142 2 5 6 29 28 3 21 15 
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REVIEW OF RELIABILITY CONCEPTS APPLIED TO BEAM LOSS

Bernd Dehning, CERN, Geneva, Switzerland

Abstract
Beam loss measurement systems are often used for the

protection of equipment against the damage caused by im-

pacting particles creating secondary showers and their en-

ergy dissipation in the matter. Depending on the accept-

able consequences and the frequency of particle impact

events on equipment reliability requirements are scaled ac-

cordingly. Increasing reliability often leads to more com-

plex systems. The downside of complexity is a reduction

of availability, therefore an optimum has to be found for

these conflicting requirements. A detailed review of se-

lected concepts and solutions from real-life examples will

be given to show approaches used in various parts of the

system from the sensors, signal processing, and software

implementations up to the requirements for operation and

documentation.

SAFETY SYSTEM DESIGN APPROACH
All considerations start with the recognition that the

probable frequency and probable magnitude of a non con-

formal behaviour could lead to a damage of the system in-

tegrity. The combined likelihood of frequency and magni-

tude determines the risk for a certain system (see Fig. 1,

first column). A reduction of the risk could be reached

with a safety system providing protection, but larger com-

plexity reduces the availability of the protected system (see

Fig. 1, first row). To come to a quantitative demand for a

safety level the probable frequency of events and probable

magnitude of its consequence are used by the SIL (Safety

Integrity Level) approach [1] or by the As Low As Reason-

ably Practicable (ALARP) approach. For both approaches

Figure 1: Schematic of the LHC protection system design

approach (items in green are discussed in this paper).

a failure probability per time is estimated by the calcula-

tion of the risk of a damage and the resulting down time

Figure 2: Exponential failure probability.

of the equipment [2]. In the case of a failure in the safety

system itself, it should fall in a failsafe state with the con-

sequence of reducing the operation efficiency. The main

design criteria for the safety system are listed in the safety

column: failsafe, redundancy, survey, functional check. In

the protection column the methods for the protection of

an accelerator are listed: stop of next injection applicable

for a one path particle guiding system (linac, transfer line)

and extraction of the beam for a multi path system (stor-

age ring). The accelerator safety system is consisting of a

beam loss measurement system, an interlock system and a

beam dump system. If superconducting magnets are used,

some beam loss protection could also be provided by the

quench protection system. The availability column lists the

means used in the design of the safety system to decrease

the number of transitions of the system into the failsafe

state. The effect of the number components added to a sys-

tem to increase the probability of a safe operation results in

a reduction of the availability of the system. This negative

consequence of the safety increasing elements are partially

compensated by the choice of reliable components, by re-

dundancy, voting and the monitoring of drifts of the safety

system parameters.

FAILURE PROBABILITY AND FAILURE
RATE REDUCTION

To illustrate the available means to increase the safety

of systems basic functional dependencies are discussed. A

often valid assumption is given by the exponential time de-

pendence of the failure probability F (t) (see Fig. 2). With

increasing time the probability of the occurrence of a fail-

ure in a system approaches 1. The failure rate λ is assumed

MONITORING SYSTEMS

WEIB02 Proceedings of IBIC2012, Tsukuba, Japan

550C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)

Beam Loss Detection



Figure 3: Failure rates of different systems as function of

time (arbitrary units).

to be time independent (see Fig. 3, magenta curve). In a

next step two systems with the same functionality are as-

sumed working in parallel to allow a redundant operation.

The failure rate λ decreases drastically for short times, but

approaches finally the failure rate from a single system (see

Fig. 3, blue line). It should be noted that the failure rate

curve changed from the time independent to a time depen-

dent behaviour. A further reduction of the failure rate could

be reached by a survey of the system. With a survey of a

system some failure modes could be detected in advance

and a repair can be planned (see Fig. 3, red-green line).

This procedure results in a shift of the failure rate curve to

lower values not approaching any more for infinite times

the single system rate. Another strong reduction could be

reached if the system could be regarded as new after a cer-

tain time period. The failure rate curve shows the time de-

pendence of the surveyed system in the period t0 = 0 to

t = t1 repeated after every time period (see Fig. 3, red

lines). The conclusion that a system could be regarded as

new after a certain time is justified if the system is subjected

to a test. Functional tests will verify that the system has the

defined functionality on request. In the case of an internal

failure of a system the very basic requirement is a failsafe

behaviour. Internal failure will will not contribute to the

un-safety of the system but contribute to the non availabil-

ity.

PROTECTION SYSTEM OVERVIEW
As an example for a protection system the CERN LHC

beam loss monitoring (BLM) system will be used. The

system will be discussed from a viewpoint focusing on the

protection, reliability and availability aspects.

The main purpose of the BLM system is the conver-

sion of particle shower informations in electrical signals

and comparing them with limits. In case that limits are

exceeded the extraction of the LHC beam from the ring

is initiated to stop the irradiation of equipment. In the

case of LHC the protection function is often linked to the

quench prevention of the superconducting magnets since

the threshold levels for beam extraction are lower (orders of

magnitude) as for the damage protection of equipment [3].

The very first element of the protection system is the

sensor detecting the irradiation of equipment. The con-

version of the particle shower magnitude is done by ion-

isation chambers [4] or secondary emission detectors [5]

(see Fig. 4, left block). The front-end acquisition electron-

ics converts the analogue detector signal in a digital and

transmits the signal to the back-end and control unit. The

Figure 4: Schematic of system emphasising the informa-

tion flow from the sensor up to the beam permit signal

transmission. The red framed (Back-End Acquisition &

Control) unit is the local decision making centre.

back-end and control unit is the decision making centre of

the whole system. The measured signals arrive here and

are compared with the limits. In addition the beam permit

signals are generated (see Fig. 4, red block) taking the in-

formation of the system settings (see Fig. 4, right blocks)

into account. The measurement data and all setting infor-

mations are distributed to the display and the logging data

bases (see Fig. 4, bottom blocks) from this unit too. The

control functionality is linked to the survey and test func-

tionality discussed below.

In the LHC case ionisation chambers [4] and secondary

emission detectors [5] are used. Their signals is digitised

with a current to frequency converter [6, 7] (see Fig. 5,

front-end acquisition in tunnel). Up to the end of the ana-

logue signal chain the signal is not redundant, because no

technical solution has been found splitting the detector sig-

nal and at the same time allowing a large dynamic of the

signal (9 orders of magnitude). To cope with this require-

ment for the analogue front-end a low failure rate circuit

concept has been chosen. To avoid the consequences of

single event effects and to increase the availability of a

channel the signal is triplet in the front-end logic. Two

voting blocks are used to generate the signal transmitted

over a redundant optical link. A redundant optical link has

been chosen to increase the availability of the link, which

is limited by the MTBF of the transmission LASER. The

signals are decoded and cyclic redundancy checks (CRC)

are calculated for both signal chains (see Fig. 5, back-end

acquisition at the surface). At the front-end CRCs are also
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Figure 5: Schematic of the CERN LHC beam loss measurement and protection system.

calculated and transmitted to be able to compare the CRCs

of each line and also the CRCs for both lines. This proce-

dure ensures a high reliability and also maximises the avail-

ability of the data link [8, 9]. The effect of the implementa-

Table 1: Procedure and Techniques with the Potential to In-

crease the Reliability and Availability of Acquisition Systems

Comment position of monitor Safety gain Availably gain

Failsafe active state = beam permit yes no
Voting yes yes
Redundancy yes yes
CRC Cyclic redundancy check yes no

tion of redundancy and tripling in the data transmission and

treatment and the verification of loss free data transmission

(CRC) are listed in table 1. The most important technique

to increase the reliability of a system is given by an fail-

safe design. In the case of an internal failure of a system

it should make the transition to a state which ensures the

protection of the system. This could be done by assigning

the active state to: system is allowed to operate. In case of

an internal failure e.g. no power is supplied the state will

switch to a passive state and the system is protected.

FAULT TREE ANALYSIS
The fault tree treatment of the system has been chosen to

calculate from the component level up to the system level

the damage risk, the false alarm and the warning probabil-

ity [10]. Taking into account the component failure, the

repair and the inspection rate. The false alarm slice of the

fault tree (see Fig. 6) shows the signal chain for different

false alarm generators (memory, beam energy from control

unit (combiner) and energy transceiver) of back-end elec-

tronics [11]. The different inputs are linked together with

a boolean ”OR” so that every single input generates in the

same way a false alarm and therefore a down time of the

system and the LHC. The results of the fault tree analysis

have been essential for the design of the hardware and the

software, especially for the estimates of failure rates of the

optical links and the propagated consequences of it up to

the system damage and false rate probabilities. An optimi-

sation process has been done to balance the probabilities

of damage rate and false alarms. The failure rate calcula-

Figure 6: Image section of the false alarm generation fault

tree of the LHC BLM system. The part describing the

Back-End acquisition is shown.

tions lead also to the definition of functional tests and their

frequency. Failure modes are also defined for the limit val-

ues, detector names, channel assignments and many more

information needed by the system. Therefore the setting

management and the meta data verification tests are also

treated in the fault tree analysis.

FUNCTIONALITY CHECKS
As an example for a check the signal distribution inside

the VME crate for the beam energy and the beam permit

line test is discussed [12, 13] (see Fig. 7). The initiation of

the test is done by a client to allow an optimal scheduling

for it. The control unit (combiner card) holds a down time

counter requiring every 24 hours the execution of func-
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Figure 7: Beam permit line functionality check.

tional tests. If the tests are not done in time it inhibits

the beam permit immediately if no beam is circulating or

when the beam present flag becomes false. For the tests

the whole system is changing the status to ”test mode” and

e.g. the control units send to each acquisition card (thresh-

old card) in sequence the request to inhibit the beam permit

line (see Fig. 7). The results of the tests are analysed by

the controller and in case a false status is detected a manual

intervention is needed to repair the system before the test

could be passed without a false status detected. The dis-

tribution of the beam energy levels between the controller

and the acquisition card is tested by changing the energy

levels in the test mode which should result in an action of

the acquisition card sending back the appropriate threshold

settings for comparison with the settings sent.

In a second example the test of the whole acquisition

chain is presented [14, 15]. An electrical signal is intro-

duced in the sensor by the capacitive coupling of the sen-

sor electrodes and by a harmonic modulation of the applied

high voltage supply (see Fig. 8). This test includes the com-

plete signal chain except the ionisation process in the ion-

isation chambers or the secondary electron emission in the

SEM detectors. The particle shower conversion to an elec-

trical signal process in the detector is tested every few years

with a radiative source placed on the outside of the detec-

tor. The long time span for this test is possible, because the

failure mode of a complete gas exchange with air (ionisa-

tion chamber) or loss of the vacuum (secondary emission

detector) of the detectors will still result in an appropriate

signal not losing the protection functionality. Also this test

is initiated and the results are analysed by the back-end unit

(survey and control) (see Fig. 8) allowing in the case of a

negative result to inhibit directly the beam permit line.

SETTING MANAGEMENT
The system setting management includes the settings for

the beam permit thresholds and also settings used for the

operation of the system [16, 17]. These operational settings

include hard and firmware informations to verify that the

configuration stored in the data base images the installed

system (see table 2). The table illustrates the variety of

the meta data needed for the interpretation of the measured

values or to check the configuration of the system. E.g. the

match between measured value, channel Official Names,

Table 2: Parameters Deployed on each Back-End Unit

(threshold comparator module)

Parameters Data 32bit Description

Threshold Values 8192 16 channels x 12 Sums x 32 Energies

Channel Connected 1 generating or not a beam permit

ChannelMask 1 ”MASKABLE”/”UNMASKABLE”

Serial A 1 Cards Serial Number (channels 1-8)

Serial B 1 Cards Serial Number (channels 9-16)

Serial 2 Threshold Comparators

Firmware Version 1 Threshold Comparators Firmware

Expert Names 128

Official Names 128

DCUM 16 position of monitor

Family Names 128 Threshold Family Name

Monitor Coefficients 16 Monitor Threshold Coefficients

Last LSA update 2 Timestamp: MASTER table

Last Flash update 2 Timestamp: non volatile memory

Flash Checksum 1 CRC value for/from table integrity.

channel Expert Names, DCUM (position of monitor) and

monitor coefficient needs to be given and tested. To re-

duce the complexity of the meta data information chain (see

Fig. 4, right blocks) a single path is defined for the meta

data flow joint with the measurement data in the back-end

unit. The back-end unit distributes the measurement values

together with the meta data to ensure its consistency and to

have only one location where the data integrity need to be

tested. This concept is essential to reduce the number of

possible failure modes for meta data corruption.

Having expressed the importance of a failure mode opti-

mised meta data flow the check of the data is done by the

comparison of the data stored in a reference setting data

base (Oracle) and the memories of the back-end electronics

FPGAs (see Fig. 9). Also for this test a down time counter

located in the back-end unit (survey and control) request all

24 hours a comparison of the data stored at both locations.

If the test is not initiated or the result of it is negative the

beam permit is inhibited. Since the comparison is done in a

different software environment the additional functionality

required in the back-end unit is marginal, but it is required

to test the comparison code from time to time.

Descriptive Metadata
Meta data need to be generated and the option for re-

quired changes needs to be provided. To reduce the fail-

ure modes of human beings the graphical user interfaces

(GUI) accessing the setting data base (see Fig. 4, right

block) needs to be optimised by allowing for all data ma-

nipulation steps comparisons with previous data, for num-

ber changes check on the magnitude of the changes and

several confirmation steps. The last confirmation steps re-

quest the electronic signature of two independent persons.

The generation of sets of meta data required initially and

for larger changes during the operation periods is for the

LHC system done by a GUI for the data base access. The

meta data generation like limits for the beam abort thresh-

olds are parametrised and the calculation is done by code

loaded into the data base (Oracle) (see Fig. 4, most right

block). The calculation done in the data base environment
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Figure 8: Check of the whole acquisition chain.

Figure 9: Comparisons of descriptive meta data base refer-

ence settings with settings in the back-end acquisition and

control unit. In the flow diagram indicated is the decision

logic.

where data base software changes and updates are done in

a coherent manner should ensure the long time maintain-

ability [18].

Documentation
In a complex system foreseen for an operation over

decades the documentation is essential to describe the sys-

tem for the transfer of knowledge. For a safety system

the function of the documentation extends in the direction

of avoiding failure modes and failures. The documenta-

tion of the design starting with the specification up to the

documentation for the operation and changes to the sys-

tem needs to be distributed to the clients that they could

be commented and finally agreed by each of them. At the

LHC standardized forms, electronic procedures and signa-

tures are in use to organise the process, e.g. an engineering

change request (ECR) is requesting the description of the

motivation for a change, the description of the proposed

change and an estimate of the impact of the change onto

the functionality of the concerned system and onto other

systems.

SNAPSHOTS OF LOSS MEASUREMENTS
TRIGGERED BY EVENTS

The loss measurement recording rate has been set up

with different speeds 40 μs, 80 μs, 80 ms and 1.3 s in-

tegration times. The two first periods are event triggered to

cope with the amount of data and the later are read out with

12 Hz and 1 Hz. The event triggered measurements are

used to analyse losses occurring at particular times during

the operation or depending on measurements and the analy-

sis data acquisition freezing events are sent out. The 12 Hz

measurements are used for the collimator positioning feed-

back system and the 1 Hz measurements are used for he

continuous observation of the accelerator status. High res-

Figure 10: Example of a particle loss triggered event

recording. The trigger has been generated at 1.74 s. The

measurements recorded before the trigger event revealed

loss precursors. The losses are caused by collisions be-

tween the beam and dust particles.
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olution data have not only been used for the detailed study

of beam losses caused by dust events (see Fig. 10), but also

for the check of nonconformities of the acquisition system.

The test of the system under extreme condition, high loss

levels with a large leading signal transition reveals an in-

sight in the system performance. The advantage of having

different measurement signal published is given by the op-

tion of executing consistency checks. In the case of the

LHC even several clients checked the consistency of mea-

surement data.

ACQUISITION DATA BASE
The measurement and meta data storage and the fast re-

trieval of it is also essential for the check of the system. Be-

Figure 11: Noise level determination of all beam loss mon-

itor channels. The LHC loss monitor channels are grouped

by the observed loss creating elements cold and warm mag-

nets and collimators. Top: Beam loss monitor noise signal

taken during a duration with no beam circulating versus

beam abort thresholds. The blue line indicates the thresh-

old value and the read line the maximum noise goal set

to avoid any noise false beam aborts. Bottom: Beam loss

monitor spectrum normalised to the beam abort threshold.

sides the example discussed in the previous section requir-

ing an extended data storage an extreme case is the check

of the noise amplitudes of the system (see Fig. 11). For

an protection system with limits leading automatically to

a beam abort and to down time of the accelerator avoid-

ing false aborts caused by rare events (noise) is a strong

requirement. It is extreme, because rare signals need to be

retrieved reading the stored measurement data from acqui-

sition periods lasting weeks. The measurements with the

shortest integration periods 40 μs show the largest signal

fluctuation, because the signal averaging is not leading to a

reduction of it. To reduce the amount of data to be stored

an on-line measurement data reduction algorithm has been

implemented in the back-end unit. Only maximum values

of the short integration times are stored for the 1 Hz read

out. This procedure reduces the data to be stored already by

over 4 orders of magnitude. In addition a retrieval time op-

timised data base structure has been implemented for this

purpose.

PREVENTIVE ACTION
The discussion in the section: ”FAILURE PROBABIL-

ITY AND FAILURE RATE REDUCTION” was empha-

sizing the reduction in failure rate by the survey of the sys-

tem to recognise possible failure modes in advance. In the

LHC system the survey task is realised by daily retrieval of

relevant data base informations and an automatic compari-

son with limits for initiating actions. Reports are produced

daily and weekly containing a different level of abstraction.

An example of this procedure is given by the survey of the

Figure 12: Optical link failures and printed circuit board

temperatures versus daytime.

optical links. The links are redundant (see Fig. 5) and the

calculations of different cyclic redundant checks (CRCs)

open the options of the recording of differences between

the CRC values and correlating it with board temperature

variations (see Fig. 12). The limits for actions are set em-

pirically to minimize the down time and the maintenance

efforts needed.

SUMMARY
A systematic design approach will start with the deter-

mination of the system failure rate. The failure rate mag-

nitude could be based on well established standards first

developed for the design of military equipment, by the air

plane industry, for space missions and for nuclear power

stations. The effect of increasing complexity by adding

protection functionalities and therefore reducing the avail-

ability is best studied by reliability software packages [19].

The basic means of a reduction in failure rate are given by
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a system layout with parallel, redundant information treat-

ment in combination with a regular survey of the system

status and functional test. A survey will open the option of

preventive actions to reduce the failure rate. For a protec-

tion system a failsafe design is essential that in the case of

a failure the protection is ensured.

Functionality checks staged for all levels of the signal

treatment are implemented for the LHC BLM system. The

checks of the information exchange inside the VME crate

and the analogue and digital signal chain have been dis-

cussed. Examples have been given to emphasise the im-

portance of the meta data information flow. The combi-

nation of measurement and meta data as early as possible

in the signal chain is important for the reduction of fail-

ure modes and simplified test options. To reach low level

failure rates rigorous tests have to be implemented to en-

sure the meta data conformity. The meta data generation

and change options using a graphical interfaces need also

to be analysed in terms of failure modes taking into ac-

count the maintainability in the future. For the LHC case

the most stringent requirement for avoiding human being

errors is the request of two signatures for validating meta

data changes. Although listed last the documentation tasks

should be started first including the planning for the relia-

bility means and have to be continued as long as the system

is alive.
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Abstract 
The International Fusion Materials Irradiation Facility 

(IFMIF) aims at providing a very intense neutron source 
(1017 neutron/s) to test the structure materials for the 
future fusion reactors beyond ITER (International 
Thermonuclear Experimental Reactor). Such a source will 
be driven using 2 deuteron accelerators of 125 mA cw 
each up to 40 MeV impinging into a lithium liquid 
curtain, thus producing very high neutron flux with a 
similar spectrum as those expected in fusion reactors. A 
validation phase was decided for this 10 MW facility 
consisting in the construction of part of the accelerator 
facility, the so-called LIPAc (Linear IFMIF Prototype 
Accelerator).  

LIPAc, which is in construction phase, will accelerate a 
125 mA cw beam deuteron up to the first of the four 
superconductive modules foreseen for IFMIF. The 9 MeV 
beam will be driven through the HEBT to the beam 
dump. This facility is currently under construction at 
Rokkasho (Japan). 

In this contribution, we describe the beam diagnostics 
foreseen for this 1.125 MW prototype accelerator 
emphasizing the challenges encountered and present 
solutions how to overcome them. 

IFMIF-EVEDA 
The International Fusion Materials Irradiation Facility 

(IFMIF) [1], a project involving Japan and Europe in the 
framework of the "Broader Approach", aims at producing 
an intense flux of neutrons, in order to characterize 
materials envisaged for future fusion reactors. That 
should be done with 2 deuteron beam accelerators 
(125 mA - 40 MeV) impinging a liquid lithium target, 
producing a huge neutron flux (1017 neutrons/s) [2]. 
Downstream to this huge neutron source, cells will be 
implemented to test the responses of material samples 
submitted to mechanical and thermal stresses in these 
very harsh conditions.  

Such a powerful 10 MW facility, sketched in Fig. 1, 
poses unprecedented challenges. Therefore, it was 
decided to perform a validation phase, EVEDA 
(Engineering Validation and Engineering Design 
Activities) consisting of designing and manufacturing a 
prototype accelerator, a 1/3-scaled Li loop target and part 
of test cells.  

The LIPAc accelerator prototype (Linear IFMIF 
Prototype Accelerator) [3] is in designing and 
manufacturing phases; it will be installed at Rokkasho 
(Japan). LIPAc will accelerate 125 mA of deuterons up to 
9 MeV. It is a 1-scaled IFMIF accelerator up to the first 

accelerating cryomodule. The huge space charge effect is 
a major challenge at this very high power beam 
(1.125 MW), which is particularly tricky for the beam 
transportation at low energy. 

Figure 1: IFMIF facility (top) and LIPAc (bottom) [4]. 

In this paper, we will introduce a few challenges that 
LIPAc has to cope with as well as their impact on 
diagnostics. Then, a quick diagnostic overview will be 
given before to focus on the most challenging one.  

IFMIF & LIPAc CHALLENGES 
D+ particles will be accelerated firstly by the source 

extraction system up to 100 keV [5] and then injected into 
the RFQ. At the RFQ exit [6], the 125 mA cw beam is 
bunched at 175 MHz with deuteron energy of 5 MeV. The 
first accelerating cryomodule (Superconductive Radio 
Frequency Linac or SRF Linac) with its half wave 
resonators (HWR) will give a last kick to reach the final 
LIPAc energy of 9 MeV [7]. Up to here, both LIPAc and 
IFMIF accelerators are identical. For IFMIF, three 
additional accelerating cryomodules will be added to 
reach 40 MeV.  

Figure 2 [4] summarize the average beam power versus 
the beam energy for various linear facilities showing that 
IFMIF is the most powerful accelerator at given beam 
energy. 

 
Figure 2: Average beam power for various linear facilities 
versus beam energy. 
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This high beam power results in a very high space 
Charge. Beam dynamics use the generalized perveance K, 
which is the relevant parameter depicting the SC forces.  

� �
��

�������
���

, 

with ���being the vacuum permittivity, I the beam 
intensity, γ the relativistic factor and ��, q, v being the 
particle rest mass, charge and speed, respectively.  

The generalized perveance is presented on Fig. 3 [4] 
versus the beam energy for the same facilities. 

 
Figure 3: Generalized perveance for various linear 
facilities versus beam energy. 

As expected, this figure shows that SC is the strongest 
for IFMIF & LIPAc beams. In term of accelerating 
structures, a direct consequence is the worldwide longest 
RFQ ever constructed. Indeed, as the SC effect decreases
with beam energy, particles have to be accelerated highly 
enough in the RFQ to be injected and accelerated 
efficiently in the SRF Linac. To illustrate the SC effect, 
Fig. 3 exhibits a same perveance for IFMIF at 5 MeV 
(RFQ output energy) as for LINAC4 around 2.7 MeV 
(RFQ output energy is 3 MeV). 

Main consequences of the high power and SC of IFMIF 
/ LIPAc beams are listed below: 
• Very compact beam line to prevent the beam from 

exploding under SC forces implying lack of space 
for diagnostics, particularly on LEBT and MEBT. 

• For injector and RFQ, beam losses are still 
significant  (few % of the beam) implying issues to 
get the 125 mA nominal beam intensity 

• For MEBT, SRF Linac and HEBT, losses induce 
harmful material activation and must be kept well 
below 1 W/m which is a very tiny fraction of the 
total beam power 

• Low beam energy have also negative effects like: 
- Low β (β<0.1) leading to bunch overlapping 

(far from plane wave hypothesis) or beam de-
bunching  

- Very high and dense deposit of energy into 
interceptive monitors (material vaporization) 

- Only neutral secondary particles exit from 
the beam pipe for which monitor sensitivity 
is quite poor (beam losses…) 

All these issues had to be taken into account while 
designing LIPAc diagnostics. 

Radiation Background 
High radiation background levels are another LIPAc 

challenge. Indeed the Beam Dump (BD) [8] is designed 

to cope with a 1.125 MW beam power. A large amount of 
particles, gammas (γ) but mainly neutrons, are 
backscattered in the beam direction. The dipole that 
deviates the beam by 20° downstream the diagnostic plate 
prevents these neutrons from irradiating the entire beam 
line. Anyway, even though major LIPAc components 
(upstream the dipole) are protected from these particles, 
they induce a very large background into the accelerator 
vault, particularly in the vicinity of the BD. A shielding 
strategy based on polyethylene plates (CH2) is in 
validation phase. As sketched in Fig. 4, 2 CH2 walls 
located against the concrete wall of the BD, topped with a 
CH2 roof as a tunnel, act to confine radiation. A V-shape 
CH2 block is also installed to absorb remaining 
backscattered particles.  Only the effect due to neutrons 
coming from the BD is shown here, which is the very 
most dominant.  

 
Figure 4: Neutron background in the downstream part of 
LIPAc. Polyethylene wall and V shape wall are shown. 

Table 1: Half-year Neutron Fluences at Various Locations 

Point # 5 25 145 115 85 

n/cm2/s 7×108 5×108 4×107 6×106 4×106 

Fluence 1×1016 8×1015 6×1014 9×1013 7×1013 

Neutron fluences calculated in the horizontal beam 
plane for 6 months cw beam are given in Table 1 for 
various locations referred in Fig. 4.  

It was observed in electronic laboratory at CEA Saclay 
[9] that failures on some electronics may appear for 
neutron fluences greater than 1011 n/cm2 at neutron 
energies around 1 MeV. Fluences in the LIPAc vault are 
largely higher than this value, even far from the beam 
dump, therefore peculiar caution for material choice need 
to be done and electronics will be put outside of the vault. 
Fortunately, LIPAc operation will be mostly done in 
pulsed beam concerning commissioning. 

LIPAc DIAGNOSTIC OVERVIEW 
LIPAc is shown in Fig. 5 with all its diagnostics, which 

can be divided in 2 parts: 

Diagnostics for the Injector 
The ECR source (2.45 GHz) produces and accelerates 

D+ up to 100 keV, which are then transported through the 
LEBT and finally injected into the RFQ. The LEBT is 
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made of two solenoids and a cross-line where viewports 
allow diagnostics insertion as well as a fast chopper. 
• Low Emittance: it is measured with an Allison 

scanner that is supposed to work in cw mode. Thus it 
is designed for sustaining a 15 kW beam power. 

• Species fractions are measured using a Doppler 
technique i.e. a spectrometer is set in a shielding area 
remotely plugged to the pipe chamber via a 
fiberscope [10]. 

• 4 grids analyzer to measure the space charge. 
• A Faraday Cup for beam current measurement. 

 
Figure 5: LIPAc diagnostics overview.

• An ACCT (Alternating Current) is set around the 
cone located upstream to the RFQ. It will provide the 
RFQ transmission in pulsed mode by comparison 
with the MEBT ACCT. 

• CID cameras (Charge Injection Device) for beam 
induced profile measurement. CID is a radiation hard 
device wrt normal cameras. 

• Thermocouples on electrodes are also foreseen. 
For the injector [11] commissioning, a specific 
diagnostic plate is foreseen that will be used only 
during this phase. 

Diagnostics Downstream the RFQ 
The Diagnostic Plate (DP) is a movable device which 

integrates all the diagnostics set required for the beam 
characterization and tuning during the different 
commissioning phases and the accelerator nominal 
operation (see Fig. 5). The DP will be installed firstly 
downstream the MEBT for the RFQ commissioning and 
will be moved later on to its final location, i.e. 
downstream to the SRF Linac, in the HEBT.  

The diagnostics that will be installed after the RFQ 
(which includes MEBT, SRF linac and HEBT) are 
summarized below: 
• Current Transformer: due to lack of space, an ACCT 

will be set in the MEBT downstream to the RFQ for 
its transmission measurement. It will share its frame 
with a Fast CT (large Band Width) resolving single 
bunches to insure that the beam is passing through in 

cw mode. One DCCT will be set in the D-Plate for 
cw current measurement. 

• BPM: various types, button and stripline, at room 
and cryogenic temperature. Energy measurement is 
done in the D-Plate with the three stripline-type 
BPMs.  

• Profilers:  
- Interceptive: SEM grids for emittance 

measurement and energy spread at very low 
duty cycle [12], 

- Non-interceptive:  two types are foreseen, 
both based on residual gas beam interaction, 
one on fluorescence and one on ionization. 

• Bunch length: 
- Interceptive: Fast Faraday Cup, 
- Non-interceptive: based on residual gas 

ionization; the ionized products, electrons or 
ions, are extracted and sorted in energy 
filtered in a magnetic field before their 
detection on a MCP. Therefore, electron time 
of flight versus RF phase gives access to 
bunch time shape.  

• Slits are used for emittance and dipole dispersion 
measurements (energy spread). 

• Beam losses: 
- LHC-type Ion Chambers will be used as 

BLoM, 
- Diamond detectors will be implemented into 

the cryomodule to perform measurements of 
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small beam losses in order to fine-tune the 
machine.  

DESCRIPTION OF MOST 
CHALLENGING DIAGNOSTICS 

In this section, some diagnostics will be presented in 
more detail. They are selected for their challenging sides 
but not all of them will be described in detail.  

Allison Scanner 
An Allison scanner was developed at CEA Saclay to 

measure the emittance of the source in cw mode. Thus, 
the objective is to sustain a power deposit of 15 kW. The 
emittance monitor was designed after thermal studies 
using COMSOL [13]. The entrance slits of 100 µm 
aperture and 17 cm length are made of a thick copper 
radiator longitudinally drilled with 20 channels to flow 
water at high pressure for cooling. Thick layers of 
tungsten (5 mm) are brazed on copper to avoid copper 
fusion. The entire system, including thermal shielding, 
electric deviation electrodes, Faraday cup… occupies a 
16×14×17 cm3 volume. Finally, the Allison scanner is 
mounted on a translator allowing its insertion or removal 
from the beam.  It is in commissioning progress on the 
LIPAc LEBT installed at Saclay for commissioning, too. 
To avoid injector activation before transportation to 
Japan, the emittance has been measured only with proton 
beams up to now. Such an experimental emittance 
measurement is presented in Fig. 6 (right) for a cw proton 
beam of 81 mA and 50 keV (4 kW).  
 

 
 

Figure 6: Half part of the slit with the copper plate 
(brown), the tungsten tiles (blue) and the water inlet on 
left figure. Experimental emittance measurement in (x,x’) 
plane done with a 4 kW proton LIPAc beam (right). 

From this plot, the extracted experimental emittance 
(proton) is εrms=0.29 π.mm.mrad close to the deuteron 
RFQ acceptance value 0.30 π.mm.mrad. Emittance for 
deuteron should be better.  

Non-interceptive Profiler 
Non-interceptive profile monitors are critical devices 

for our project, particularly for IFMIF. Indeed, the 
interaction of both beams with the lithium target needs to 
be well monitored to avoid problems like Li boiling. The 
target proximity implies lots of backscattered particles 
(neutrons, γ), thus generating a very harsh radioactive 
background, an ionized Li based vacuum as well as 
secondary reactions on the profiler structure itself. The 
beam intercept size is 5x20 cm2 requiring severe beam 

position and shape stabilities. Such difficulties have 
motivated the construction of two types of profilers for 
LIPAc, both based on residual gas beam interactions: 
fluorescence and ionization. 

Ionization Profile Monitor (IPM) 
The IPM [14] should be able to measure the transverse 

profile of the beam for deuteron energy ranging from 5 to 
9 MeV, in cw beam or pulsed mode, with a resolution of 
around 1 mm at 125 mA. Two IPMs are required: 

• On the D-Plate, where 6σ beam diameter is around 
5 cm and pressure ~10-7 mbar, 

• Upstream the Beam Dump (BD), where 6σ beam 
diameter is around 8 cm and pressure ~10-5 mbar. 

A first prototype with a 6×6 cm2 aperture and 4 cm 
depth was designed. An electric field is applied between 
2 parallel plates: HV (~5 kV) on one while 32 conductive 
strips (4×3 cm2) are printed on the grounded electrode. 
On each side of the active area 6 thin pads (degraders) are 
set at specific voltages to reduce fringe fields. The 
voltages are applied over a resistor chain (typically 
50 MΩ). The resistor values were thoroughly chosen by 
optimizing the electric field homogeneity. A complete 
electric field study was done using electromagnetic 
software packages to solve Poisson’s equation, like 
Lorentz [15]. During a first test campaign performed at 
GSI, on the X2 line of the UNILAC, following results 
were observed: 

• Electric field uniformity: checked by comparing the 
IPM position, moved precisely with a stepper motor, 
to the reconstructed central profile position. Very 
good linearity was achieved as shown on Fig. 7 
(left).  

• Profile position resolution: profiles are measured 
every 2 µs, then the rms of the profile centers is 
calculated by integrating over time. In Fig. 7 (right), 
σ (rms)~100 µm is reached (I=120µA – Xe21+ beam) 
for integration time larger than 0.2 ms. 

  
Figure 7: IPM linearity (left) and resolution (right).

• Profile comparison IPM / GSI-FPM: using a FPM 
developed at GSI, comparisons for various residual 
were done.  

 
Figure 8: IPM / GSI FPM profile comparisons. 
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Figure 8 shows very nice agreement between IPM 
(blue) and FPM (red) profiles; N2 residual gas 
pressure was 10-6 mbar (left) and 10-5 mbar (right). 

• Signal extrapolation data: such an IPM should be 
able measuring LIPAc beam profile down to 4.2 mA 
in residual gas pressure > 10-7 mbar when GSI 
parameters are scaled to LIPAc ones.  

A first projection of the upstream BD IPM (Fig. 9-left) 
was then designed and tested. At least the 3 following 
issues are identified: 

• Axial lack of space combined with the large IPM 
aperture (15×15 cm2) affects the electric field 
uniformity. Extra degraders are then implemented 
for optimization, 

• High radiation level (~7 kSv/h neutron and 12 Sv/h 
for γ in the beam axis): radiation hard materials are 
used like stainless steel, ceramics, copper, indium 
joints, epoxy. 

• Large space charge effect: even with a 20 kV 
applied between field electrodes, space charge 
effects still remain. An algorithm was developed 
[16] to correct measured data. It was tested 
successfully on the CEA Saclay high intensity 
proton source (SILHI [17]). The 90 keV beam 
conditions were kept constant while the IPM 
extraction voltages were varied leading to different 
profiles (blue profiles on Fig. 9-right, larger profiles 
corresponding to lower HVs). The corrected profiles 
(red) for each of them match very well, giving 
confidence in the algorithm method. 

  
Figure 9: Beam Dump IPM drawing (left) and space 
charge algorithm correction (right). 

Fluorescence Profile Monitor (FPM) 
The high beam current of LIPAc should be favorable 

fluorescence. Experimental tests with a 9 MeV deuteron 
beam were done to demonstrate the feasibility of FPMs 
for LIPAc using two different prototypes. One is based on 
a linear multi-anode PMT array, whereas the other is 
based on a custom intensified CID (Charge Injection 
Device) camera designed at CIEMAT Madrid [18]. 

 
Figure 10: CID, PMT and wire scanner beam profile 
crosschecks [18]. 

Both prototypes were tested in two different campaigns 
with a 9 MeV deuteron beam delivered by the cyclotron 
of the Centro Nacional de Aceleradores at Sevilla (Spain), 
at currents up to a few tens of µA. During the first 
campaign, cross-checks between FPMs and a wire 
scanner, systematic beam current and vacuum pressure 
scans as well as tests using different working gas (N2, Xe, 
Ar and Ne) were performed. As shown on Fig. 10, 
profiles obtained with CID (left), PMT (center) and a 
wire scanner (right) were in good agreement for a 15 µA 
deuteron current in 7.10-4 mbar residual gas: Gaussian fit 
gives respectively the σ (mm) values 10.3±0.1, 10.5±0.5 
and 10.40±0.10 respectively. 

 
Figure 11: Beam position resolutions achieved during 
first campaign (a). A beam profile evolution (b), a beam 
steering experiment (c) and an analysis of the beam 
position resolution (d) achieved (50 μm) for a steered 
beam recorded during the second campaign are shown. 

A second campaign served as optimization: (a) inner 
beam pipe walls at FPM location was blackened to avoid 
reflections (b) the gas injection layout was optimized 
which includes, placing the gas dosing valve close to the 
beam line, using stainless steel pipes and connectors and 
placing the gas inlet in the opposite location of the 
pressure gauge. After this, measurements were improved 
by a factor of 10, thus pressures in the range of 10-5-10-6 
mbar were enough even for beam currents in the micro-
Ampere range (Fig. 11b) [19].  

Figure 11(a) shows the analysis of the beam position 
resolution during first experiments where 20 μm was 
achieved. A contour plot of the beam profiles recorded 
for 5μA, 8·10-6 mbar, 50 ms acquisition time is shown in 
Fig. 11(b) and it is used as reference for extrapolations 
here. Beam steering experiments were performed (Fig. 
11(c)) to demonstrate the beam tracking capabilities of 
FPMs and to analyze the beam position resolution 
achievable during a steered beam (Fig. 11(d)). A 50 μm 
resolution was achieved under such conditions. The 
experimental data is used for extrapolation to LIPAc 
conditions at the D-Plate location (10-7mbar), showing the 
ability to measure beam profiles for pulses down to 14 μs 
for the PMT prototype (see Fig. 11b). 

to measure transverse profile using beam induced 
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Profiler will be installed also close to the beam dump 
where the pressure grows up to 10-5 mbar, but radiation 
background is huge (> few tens Sv/h for neutrons). 
Therefore, due to its rather hard radiation behavior, the 
PMT solution will be retained instead of the CID. A 
different approach will be followed for profilers close to 
IFMIF targets comprising in decoupling the lens and 
detector with a 2D array of radiation hard fibers. The 
effect of high space charge on the beam profile 
measurement is currently being evaluated with promising 
results; in case of need, filters can be used.  

Beam Loss Monitor (BLoM) 
The BLoM system aims at protecting LIPAc against 

irremediable losses providing a fast interlock signal to the 
MPS in less than 10 µs. It also has to monitor the beam 
losses routinely.  

Due to low beam energy, deuterons will be stopped 
inside the beam pipe generating secondary particles like 
neutrons and γ which can escape with an energy ranging 
from few keV up to 10 MeV. 

Since reliability is a major concern, LHC-type ICs [20] 
were chosen. The nuclear reactions 56Fe(D,n)X and 
56Fe(D,γ)X [21] were simulated to estimate IC current 
induced for 1W/m. Currents vary from 30 pA to 2 pA 
with beam axis distances going from 12 to 100 cm 
respectively. IC calibration campaigns with 3 and 
14.7 MeV neutrons and 1.25 MeV γ were performed and 
the IC signal was found to be in good agreement with 
LHC calibration simulations. It should be stressed that the 
beam dump backscattering contribution can be huge 
compared to the 1W/m beam losses. 

Figure 12 shows that integrating the signal over 200 ms 
is enough to separate 1 pA IC current; this measurement 
was done at Saclay on the 60Co irradiator CoCase. For 
monitoring purposes, signals can be integrated over up to 
one second. Read-outs like transimpedances amplifiers, 
picoam-meter, and logarithmic amplifier have shown a 
good IC current linearity between 4 to 12 pA. 

 
Figure 12: IC integration signal versus integration time 
for IC current. 

The most important goal of BLoM system is the LIPAc 
security. MPS should be alerted in 10µs, requiring 20 µs 
more to stop the injector in emergency process. Assuming 
that one IC triggers the MPS when the current reaches 
1nA, even if it is set at 1m from the beam axis (worst 
case), losses correspond to 500 W/m but only 15 mJ is 
deposited in 30 µs. Such a power deposition, even up to 
1 J is not harmful for the accelerator. 

Thus, Front-End Electronics will be designed to 
monitor losses by integrating over one second while 
discriminators, with various thresholds, will be 
implemented to trigger the MPS.   

Micro Loss Monitor (µLoM) 
This is a new type of monitors that results from a 

request of the Beam Dynamics team. Due to the very high 
space charge of the beam, dynamics group proposed to 
tune the beam by minimizing the beam halo instead of 
optimizing the beam core as it is usually done. This 
implies to detect very low beam losses (<10-6).  

Such monitors will be installed inside the cryomodule 
of the SRF Linac (8 ensembles made of 1 cavity, 
1 solenoid and 1 BPM), close enough to the beam in 
order to have quite a good loss localization. Their 
requirements are: 

• Good sensitivity to neutrons, but low for X-rays and 
γ. Indeed, the Linac superconductive cavities can 
emit numerous photons spreading from X-rays to γ 
range. These photons can induce fake signals 
mimicking beam losses, 

• Good reliability: once closed the cryomodule will 
not be reopen, 

• Ability to work at 4.5 K, 
• Get a reasonable counting rate in one minute, 
• Radiation hardness. 

Single-crystalline CVD diamonds (Chemical Vapor 
Deposit) seem to be a good compromise [22]. It is 
planned to fix three diamonds on each solenoid, meaning 
a total of 24 diamonds. Reasonable longitudinal and 
azimuthal loss locations may be achieved with three 
diamonds and will improve the reliability by increased 
redundancy. 

Figure 13: CVD diamond data for various neutron 
energies (experiment=dashed; theoretical=full line). 
Neutron and γ counting rates were estimated with 
diamonds of 4×4×0.5 mm3 (only 3×3 mm2 active surface) 
and for 1 W/m losses in cw beam mode. For a threshold 
of 100 keV, 4.3 kHz events are expected, while the rate is 
only 2.7 kHz for a 200 keV threshold. Background 
contributions were estimated and were found to be 
reasonably low. Anyway, note that for 10-3 duty cycle, 
expected rates are 258 (162) counts/mn for 100 (200) keV 
thresholds. 

Experimental neutron data were recorded at room 
temperature for 0.6, 0.75, 1.2 and 2.1 MeV neutron 
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energies. In Fig. 13, a good agreement with theoretical 
expectation (MCNPX 2.5 calculations using ENDF/B-V.0 
library for 12C and LLNL library for 13C) is shown, 
relying on the previously estimated rates. 

Slits 
Slits are beam intercepting devices, thus very 

challenging design is required for low energy and high 
current beams. Three slits will be installed in LIPAc: two 
in the DP will be used for emittance measurements at 5 
and 9 MeV. One of these DP slits together with an 
additional one implemented upstream the LIPAc dipole 
will be used for beam energy spread measurements, The 
first slit will be particularly tricky since it will have to 
handle roughly the entire beam pulse power. A proposed 
design for slit is shown on Fig. 14-left. It is based on the 
LINAC4 model but graphite has to be replaced, since, as 
already mentioned, it is forbidden for LIPAc. The concept 
relies on the use of blades of high fusion temperature 
material (refractory) to intercept the very high beam 
power density. The penetrating depth for deuterons in 
tungsten is 45µm at 5 MeV and 100µm at 9 MeV; hence 
the Bragg peak is very close to the blade surface. The 
blade should be in good thermal contact to a radiator to 
efficiently evacuate heat through water-cooling channels 
for instance. Sharper angles allow for spreading the 
deposited energy over a larger surface. At 9 MeV, the 
nominal beam shape leads to a huge surface power 
density of 1.5 GW/m2.  

 
Figure 14: Design for a high power slit with a 100 µm 
aperture (left). Temperature distribution for a TZM blade 
at nominal beam conditions for a 100µs pulse length 
(right). 

A thermo-mechanical study of the slit has been 
performed assuming a low duty cycle beam of 10-4 
(100µs/s), which is divided in three stages:  

• 1D (thickness) model for the study of main 
conduction effects and evaluation of thickness, 
materials and incidence angle.  

• 2D transverse (plane strain) model for evaluation of 
conduction due to beam footprint gradients and 
studying the effects in the plate faces.  

• 3D model for evaluation of thermal deformation on 
contact pressure, full conduction process, out of 
plane deformations, plastic behavior and support 
requirements.  

Tungsten and TZM, a ductile molybdenum alloy, were 
investigated with 3 mm thickness and preliminary results 
show a preference for TZM at 15° incident angle.   
Results are very similar for those at 10° but larger angles 
are easier to manufacture. The deformation is limited to 

10 µm, so it should not be a problem to maintain the 
thermal contact with the copper body. 

A slit prototype was manufactured at CIEMAT Madrid 
to validate the very difficult thermal study.  

Beam Profile Monitors (BPM) 
The Beam Position and Phase Monitors for LIPAc [23] 

will become one of the key devices for the beam 
commissioning and operation of the accelerator. They 
will provide to the CCS (Central Control System) with 
the variation of the beam centroid in the transverse plane 
(position) and the longitudinal plane (phase). The BPMs 
will be distributed along the accelerator, in locations 
required by the beam dynamics team to provide a good 
feedback for steering and transporting the beam from the 
RFQ to the Beam Dump. 

Several problems have to be overcome along the 
accelerator like: 

• low β effect, which broadens the electromagnetic 
field accompanying the beam, which decreases the 
expected signal, 

• beam de-bunching, particularly relevant in the last 
part of LIPAc, 

• lack of space. For instance, BPMs must be 
embedded into quadruples at MEBT location, 

• thermal conditions: special care has to be taken for 
BPMs inserted in the SRF Linac cryomodule, 

• high radiation levels may concern the BPM design 
particularly for those close to the BD. The 
electronics has to be placed outside the vault, which 
represents up to 70 m distance between the sensor 
and the acquisition. 

 
Figure 15: Two MEBT BPMs welded on the beam pipe 
and installed inside quadruples (left). Simulation of a 
button response for the last BPM (close to BD - right). 

For these reasons, several types of BPMs with different 
concepts and sizes are in design progress, while only 17 
are requested. Hereunder is a summary of them: 

• Four BPMs for the MEBT [24] will be installed 
inside 4 of the 5 quadruples, in the middle of the 
vacuum section, to provide transversal beam 
position. Mechanical complexity to insert them in 
small space puts high constraints on the design (Fig. 
15-left). Striplines are selected to minimize the 
thermal load in the electrical vacuum feedthroughs. 
A first prototype is under manufacturing. 

• Eight cryogenic BPMs with buttons will be 
implemented in the cryostat of the SRF Linac 
(4.5 K). Buttons manufactured for the LHC BPM’s 
have been selected. Coaxial cable design is also very 
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delicate due to stringent electrical and thermal 
specifications. Read-out will be done on the second 
harmonic to avoid RF signal from HWR cavities. 

• Three striplines will be set in the D-Plate to measure 
the beam energy using the time of flight technique. 
Shorted striplines are chosen for the mechanical 
robustness. With the present distance of around 
1.2 m between BPM’s, the energy beam resolution 
may vary from 0.03% to 0.25% for phase resolution 
of 0.1°, 2° respectively. Such a stripline BPM is in 
manufacturing progress in CIEMAT Madrid 
workshop. 

• BPM for the HEBT will be made with cylindrical 
electrodes of diameters 40, 130 and 150 mm. For the 
BPM close to the BD, de-bunching is quite 
important, but simulations have shown that signal is 
high enough at the fundamental frequency of 
observation (Fig. 15-right). In that case the electrode 
length is about 80 mm. 

The BPM’s are characterized in a special wire test bench 
[25] before installation in the machine. 
Regarding the acquisition electronics, CIEMAT is 
developing a prototype based on IQ demodulation of the 
first or second harmonic of the BPM’s signal. The 
prototype will include an automatic calibration procedure 
to minimize phase and amplitude errors in the long cables 
between the LIPAC and the vault. 

Bunch Length Monitor 
This monitor is a non interceptive device based on a 

former GSI development [26]. A homogeneous electric 
field is placed between two plates set inside the beam 
pipe (see Fig. 16). Electrons produced by ionization of the 
residual gas by the beam are collected towards one of this 
plate where a slit system is used to collimate this 
secondary electron beam. This later encounters then a 
bending electric field to select electrons with a specific 
energy (electro-static analyser).  This guaranties that 
electrons have similar traveling time wherever they were 
emitted.  

 
Figure 16: BLM principle developed by INFN. 

Finally electrons are driven to a Multi Channel Plate 
(MCP) where their time of flight versus the RF phase is 

measured. This later step was implemented by INFN 
Legnaro group while a time-to-spatial transformation was 
performed with a RF-deflector in the GSI prototype [27]. 

Therefore the multiplied electrons are collected through 
50 Ω anode of the MCP. The time coincidence between 
this signal and the master oscillator gives the time bunch 
length (Start-Stop technique). 

A RGBLM (Residual Gas Bunch Length Monitor) 
prototype was carried out and tested at the INFN Legnaro 
National labs (LNL) accelerators using several beams 
(unfortunately not protons or deuterons) for various 
energies, current and timing conditions. The aperture of 
the BLM was 50×50 mm2 and 70 mm as longitudinal size 
while the gap between analysing plates was 10 mm with a 
mean bending radius of 30 mm. Resolution capabilities 
were measured and improved during test campaigns to 
achieve 300 ps FWHM for a 136Xe28+ beam at 546 MeV 
from the RFQ+LINAC accelerators at 40 MHz RF (see 
Fig. 17).  

 
Figure 17:  136Xe28+ at 546 MeV. Resolution is about 300 
ps FWHM.  

A new prototype with an aperture of 100×100 mm2 is 
under progress to fulfill the BSC required by beam 
dynamics group.  

CONCLUSION 
LIPAc is a very ambitious project with challenges 

never faced before in particle accelerators, namely the 
combination of high power, high intensity, strong space 
charge and high radiation background. All those have 
great impact on the accelerator design.  

This article gives an overview of the beam diagnostics, 
which have been foreseen to operate gradually from low 
beam intensity and duty cycle towards cw beam.  

After a LIPAc diagnostic overview, some particularly 
challenging diagnostics are depicted in more details 
focusing on tests or strategies taken to overcome them. 
The diagnostics design phase is almost completed, whilst 
electronics and control command still requires further 
development. For diagnostics downstream to the RFQ, 
the next important step is the RFQ commissioning, which 
is schedule for summer 2015.  

frame
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INTENSITY IMBALANCE OPTICAL INTERFEROMETER BEAM SIZE
MONITOR∗

M.J. Boland, Australian Synchrotron, Clayton, Victoria, Australia
T. Mitsuhashi, T. Naito, KEK, Ibaraki, Japan

K.P. Wootton, The University of Melbourne, Victoria, Australia

Abstract
The technique of measuring the beam size in a parti-

cle accelerator with an optical interferometer with the Mit-

suhashi apparatus is well established and one of the only

direct measurement techniques available. However, one

of the limitations of the technique is the dynamic range

and noise level of CCD cameras when measuring ultra low

emittance beams and hence visibilities close to unity. A

new design has been successfully tested to overcome these

limitations by introducing a known intensity imbalance in

one of the light paths of the interferometer. This modifica-

tion reduces the visibility in a controlled way and lifts the

measured interference pattern out of the noise level of the

CCD, thus increasing the dynamic range of the apparatus.

Results are presented from tests at the ATF2 at KEK and

on the optical diagnostic beamline at the Australian Syn-

chrotron storage ring.

OPTICAL INTERFEROMETRY

The Mitsuhashi apparatus [1] for measuring the first or-

der spatial coherence of a beam of charged particles that

emit synchrotron radiation is well established and used on

many accelerators. The technique samples two parts of the

diverging visible light beam using a double slit type con-

figuration.

Using a focussing mirror the beams from each slit are

brought together to form an interference pattern that is

recorded with a CCD camera. A mirror is currently used

to focus the beams since mirrors can be constructed with

a larger aperture and with better roughness and dig-scratch

performance than a lens of the same aperture. A parabolic

mirror can be made with relatively few aberrations drawing

on the experience of astronomical mirrors for telescopes.

In essence to start to construct an interferometer the first

step is to build a telescope to image the beam. Once a good

optical path has been established the interferometer compo-

nents can be added step by step to construct the Mitsuhashi

apparatus for measuring the first order spatial coherence. A

narrow bandpass filter is added to simplify the analysis, for

example ω = 500 nm, Δω = 10 nm. A polariser is used to

select the σ-mode of the synchrotron radiation so as to dis-

tinguish it from the π-mode which produces a interference

pattern with a phase shift that washes out the interferogram.

If more intensity is needed for low beam currents it is pos-

sible to use a wider bandpass filer of 80 nm to increase the

light, however the analysis of the data will have to take this

into account.

∗Work supported by a JSPS Travel Fellowship.

A typical example of an interference pattern produced

with the Mitsuhashi apparatus is shown in Fig. 1:

Figure 1: A typical interference pattern created by the Mit-

suhashi apparatus for measuring beam sizes.

LIMITATIONS OF A CONVENTIONAL
INTERFEROMETER

In modern accelerators where the vertical emittance is

being pushed lower and lower, towards sub-picometre ra-

dian level, the beam size becomes very small and is highly

spatially coherent. This means that the visibility of the

interference pattern is very close to unity and the troughs

dip down into the noise floor of the CCD that is recording

the pattern. As a consequence the Mitsuhashi apparatus is

practically limited by the signal to noise ratio of the CCD

camera. At ATF2 optical beamline in the injection area the

beam size was measured by the interferometer to be 5 μm

with an error of less than 1 μm [2], which was mostly due to

the CCD noise. The CCD by Hamamatsu [3] is one of the

best performing on the market, with a low noise level and a

very linear response across the range required for the inter-

ferometer, so a modification of the technique was required

to improve the performance at very high spatial coherence.

INTENSITY IMBALANCE TECHNIQUE

The intensity distribution of the interference pattern cre-

ated by light of wavelength λ passing through a double slit

of hieght a, slit separation D and a distance R from the

source with a certain polarisation is given by [2]

I(y) = I0sinc

(
2πa

λR
y

)2[
1 + |V| cos

(
2πD

λR
y + φ

)]
,
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Imbalance Ratio I1/I2

V
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y

Figure 2: Visibility plotted again the imbalance ratio ρ =
I2/I1 in the interferometer.

where the visibility V is related to the complex degree of

coherence by a factor involving the intensity of each beam

I1 and I2 given by

V =
2
√
I1I2

I1 + I2
|γ|.

In most cases one can assume V = |γ| since for I1 ≈ I2
this assumption is valid. For a symmetrical visible radia-

tion fan with the interferometer sampling the beam at the

top and bottom of the optical axis, it can be assumed that

the intensity is the same at each slit opening. Figure 2

shows that for an imbalance of up to 10% the visibility only

changes by less than 1%.

This leads to two situations; one where the intensity is

imbalanced due to the beam or beamline conditions; the

where an imbalance is introduced in a controlled way, i.e.

the intensity imbalance interferometer. An optical flat with

the top half fully transmissive and the bottom half with an

attenuation coating can be introduced to create the imbal-

ance and reduce the visibility for a given beam size. The

true beam size can then be determined as follows by cor-

recting the measured visibility to the complex degree of

coherence using the imbalance ratio ρ = I2/I1

|γ| = V (1 + ρ)

2
√
ρ

,

and then computing the beam size from the Fourier pair of

the visibility distribution using (again following [2])

σy =
πD

λR

√
1

2
ln

(
1

|γ|
)
.

Using this method with a value of ρ = 0.2 gives a visi-

bility reduction of 0.745 and achieves the aim of lifting the

fringes in the interference pattern above the noise. The fol-

lowing section demonstrates the intensity imbalance tech-

nique using beam size measurements from ATF2 at KEK.

ATF2 MEASUREMENTS
Light is extracted just after the injection point of the

ATF2 damping ring using a mirror that captures the light

symmetrically above and below the optical axis. The beam

is then reflected out of the tunnel and onto an optical hutch

on the roof of the damping ring and directed into the inter-

ferometer on the optical table as shown in Fig. 3.

Firstly the beam size was measured using the standard

interferometer and the slit size varied to check the distribu-

tion of the visibility function. Using the 20 mm slit separa-

tion the visibility was quite high around 0.95, so the imbal-

ance method could be put to good use. Figure 4 shows

the interferogram for the balanced interferometer, while

Fig. 5 shows the interferogram from the intensity imbal-

anced measurement.

pixel

in
te
n
si
ty

[a
.u
.]

data
fit

|γ| = 0.953

Figure 4: Interferogram from the balanced interferometer

with a slit separation of 20 mm.
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n
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V = 0.693
|γ| = 0.930

Figure 5: Interferogram from the balanced interferometer

with a slit separation of 20 mm also showing the visibility

corrected to derive the complex degree of coherence.

The fit to the interferogram produces some inconsistent

beam sizes as seen in Table 1, indicating a problem with

the signal to noise or a shot to shot beam size variation.

The measurements were repeated using the intensity im-

balance setup and as expected the visibility was reduced

(compare Fig. 4 and Fig. 5). When the complex degree
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Figure 3: The currently used configuration of the Mitsuhashi aparatus interferometer as used at the ATF2 at KEK (March

2012).

Table 1: Summary of ATF2 Balanced Interferometer Mea-

surements

slit separation (mm) |γ| σy ( μm)

20 0.953 9

30 0.868 10

40 0.854 8

of coherence was computed using the known intensity im-

balance, similar beam sizes were extracted from the data,

however there were some inconsistencies across the range

of slit separations measured.

Table 2: Summary of ATF2 Imbalanced Interferometer

Measurements

slit separation (mm) V |γ| σy ( μm)

20 0.693 0.930 11

30 0.640 0.858 10

40 0.592 0.794 10

The inconsistencies may be due to fitting errors or shot to

shot variations in the beam but it is worth noting the inten-

sity imbalance measurements are more consistent. When

plotted against the slit separation 6 the complex degree

of coherence for the imbalance measurement is consistent

with the 10 μm beam size profile, while the balanced mea-

surement has a larger spread, perhaps due to the problems

of measuring high visibilities.

In an attempt to reduce the shot to shot variations intro-

duced by the damping ring injection cycle, measurements

were performed using a similar setup at the Australian Syn-

chrotron storage ring.

C
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D
eg

re
e
o
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C
o
h
er
en

ce
|γ
|

Slit Separation (mm)

imbalance data
balance data
σy = 10 μm profile

Figure 6: The complex degree of coherence for various slit

separations for the imbalance interferometer.

ASLS MEASUREMENTS
The optical diagnostic beamline on the AS storage ring

has a stable beam, unfortunately the pick-off mirror con-

figuration is not optimal for interferometry. At ATF2 the

visible light pick-off mirror captures the light symmetri-

cally above and below the optical axis. However, Fig. 7

shows how the narrow opening angle of the ASLS optical

diagnostic beamline and the pick-off mirror that only sam-

ples the top half of the beam introduces an imbalance in the

intensity of the two beams in the interferometer. The im-

balance ratio is ≈ 0.6 which means it needs to be corrected

for in the analysis of the interferogram in order to achieve

an accurate measurement; we cannot use the assumption

that I1 = I2. This was done by measuring individually the
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σ

θ

σ
π

Figure 7: The ASLS optical diagnostic beamline visible

radiation fan. The blue circles indicade the angular position

the interferometer slits sample the beam.

top and bottom beam intensity by blanking them off in turn

and capturing an image. This measured intensity data is

then used to unfold the complex degree of coherence from

the interference pattern.

Another disadvantage of the AS storage ring is that the

nominal beam size at the optical diagnostic beamline is

not very small to begin with; a nominal beam height of

σy = 58 μm for a 1% emittance coupling ratio. An attempt

was made to reduce the coupling by turning off the skew

quadrupoles (which are set during user beam to increase

the coupling in order to increase the beam lifetime).

Measurements were taken using a slightly different con-

figuration than at ATF2 and the AS setup is shown in Fig 8.

Figure 8: The refractive optics setup of the intensity imbal-

ance interferometer on the optical diagnostic beamline at

the Australian Synchrotron.

Two beam configurations were created; one at nominal

1% emittance coupling for a large beam size; and one with

the skew quadrupoles off. For each beam configuration

the beam size was measured with the interferometer and

with the intensity imbalanced interferometer. The results

are summarised in Table 3. The intensity of the two beams

were measured for each interferogram that was taken since

we cannot use the I1 = I2 assumption. The interference

pattern was fit to obtain V , then |γ| was computed and fi-

nally the beam size determined.

The measurements are in reasonable agreement but due

to the small opening angle of the beamline the slit separa-

tion is limited to up to 10 mm. At 10 mm separation the

visibility changes very little with beam size so the anal-

Table 3: Summary of ASLS Balance and Imbalanced Inter-

ferometer Measurements

beam mode V |γ| σy ( μm)

Balance skew zero 0.795 0.804 58

Imbalance skew zero 0.546 0.790 61

Balance skew user 0.707 0.734 69

Imbalance skew user 0.484 0.704 74

ysis is very sensitive to fitting errors. This highlighted a

problem with the ASLS data that the CCD has an internal

threshold for removing background which results in an un-

physical absolute zero background. As a result a DC shift

is introduced to the data that will give the wrong value for

the visibility. This can be see in Fig. 9 and Fig. 10 where

the minima of the sinc envelope has a series of data points

at exactly zero.

pixel

in
te
n
si
ty

[a
.u
.]

data
fit

V = 0.795
|γ| = 0.804

Figure 9: Interferogram with the skew quadrupoles off.

pixel

in
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n
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[a
.u
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data
fit

V = 0.546
|γ| = 0.790

Figure 10: Interferogram taken with the intensity imbal-

ance interferometer with the skew quadrupoles turned off.

This problem was not observed at ATF2 at KEK where

the CCD used gave the raw counts in the pixels including

the dark counts due to noise.
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VIRTUAL BEAM MEASUREMENT
The vertical beam size at the ASLS optical diagnostic

beamline is more than an order or magnitude larger than

for future damping ring and light source storage ring de-

signs. Very small beam sizes producing visibilities close to

unity are required to properly test the intensity imbalance

interferometer, so a 24 time demagnified virtual source was

created at the ASLS optical diagnostic beamline by placing

a concave lens directly in front of the slits. The nominal

beam size at the optical diagnostic beamline source point

is 58 μm (for a calibrated lattice and 1% coupling), so the

virtual source was ≈ 2.4 μm. The beam size was measured

with the intensity imbalance interferometer to be 2.6 μm,

demonstrating the true advantage of the technique.

CONCLUSION
The intensity imbalance interferometer achieved the aim

of reducing the visibility in a controlled way and still mea-

suring the correct beam size. This technique improves

the sensitivity of the Mitsuhashi apparatus and can mea-

sure very small beam sizes with less than 1 μm accuracy.

Two experimental setups were tested with the imbalance

method, however neither had the ideal conditions of a very

small beam size and stable beam to demonstrate the full

potential of the apparatus. It remains one of the best di-

rect measurements of beam sizes in accelerators and fur-

ther work will attempt to improve the optical beamline at

the Australian Synchrotron to take advantage of the inter-

ferometer.
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Abstract

The Free-electron LASer in Hamburg (FLASH) is cur-
rently equipped with four Bunch Arrival time Monitors
(BAMs) which achieve a measurement accuracy below
10 fs for bunch charges higher than 500 pC. In order to
achieve single spike FEL pulses at FLASH, electron bunch
charges down to 20 pC are required. To achieve a measure-
ment accuracy of 10 fs also at such a small bunch charge a
new BAM containing new pickups with a bandwidth of up
to 40 GHz has been designed and manufactured. The sig-
nal of the pickups will be evaluated using a time-stabilized
reference laser pulse which is modulated with an Electro-
Optical intensity Modulator (EOM). The theoretical mea-
surement accuracy depends on several parameters and their
fluctuations. The impact of these fluctuations on the mea-
surement accuracy will be discussed.

INTRODUCTION

The Free-electron LASer in Hamburg (FLASH) is a
source of short photon pulses tunable within a wave-
length range from 4.12 to 45 nm [1]. It is equipped with
four Bunch Arrival time Monitors (BAMs), which provide
a measurement accuracy below 10 fs for bunch charges
above 0.5 nC [2]. In order to reach FEL pulses with a dura-
tion of a single mode only low bunch charges are required.
For FLASH a bunch charge down to 20 pC is necessary [3].
Thus a BAM is required which allows the determination of
the arrival time with a precision of 10 fs for bunch charges
down to 20 pC. Therefore, a new pickup with a bandwidth
of 40 GHz has been developed [4, 5, 6] and installed at
FLASH. Besides the new pickup, a new electro-optical
front-end is required for such a new BAM. The new front-
end will use an electro-optical modulator (EOM) with a
bandwidth of 40 GHz which corresponds to the bandwidth
of the new pickup. Also a new readout electronic based
on μTCA 4 [7] will be used. In order to preserve the large
operating range of the bunch charges up to 3 nC a special
wiring scheme is needed.

∗The work is supported by Federal Ministry of Education and Re-
search of Germany (BMBF) within FSP 301 under the contract numbers
05K10GU2 and 05K10RDA.

† alexander.kuhl@desy.de

PRINCIPLE OF MEASUREMENT

The arrival times of the electron bunches are detected
with a pickup and compared with the timing of a laser
pulse which is synchronized to a reference master oscil-
lator. The new 40 GHz pickup contains four cone-shaped
pick-up electrodes [4]. The electro-magnetic field of an
electron bunch passing the BAM induces a short bipolar
RF signal in each of the four pick-up electrodes. The RF
signals of opposite pickup electrodes are combined to in-
crease the amplitude and to reduce the influence on the
orbit position of the electron bunches of the measured ar-
rival time. One of these RF signals is directed to a 40 GHz
EOM. This branch will be used as a fine channel with a
high accuracy for the low bunch charge operation mode,
but for high charges the amplitude of the pickup signal rises
above the usable range of the EOM. The other branch is
carried to a 10 GHz EOM (see Fig. 1). This branch will be
used as coarse channel in low bunch charge mode and as
standard channel for the high charge operation at FLASH.
The laser pulse from the synchronisation system is approx-
imately 100 times shorter than the RF signal pulse and the
ratio of the laser amplitude of the output signal of the EOM
(Iout) and the input signal (Iin) is given by the following
equation [8]:

Msignal =
Iout

Iin

= cos2
(
2δ0 +

2πUbias

Uπ,bias
+

2πURF(t)

Uπ,RF

)

=
1

2
+

1

2
cos

(
δ0 +

πUbias

Uπ,bias
+

πURF(t)

Uπ,RF

)
(1)

The parameters δ0, Uπ,bias, and Uπ,RF are device specific
constants of the EOM. The intrinsic operation point is pre-
sented by δ0. Uπ,bias and Uπ,RF are the voltages to change
the modulation M between 0 and 1 at the bias port respec-
tively at the RF port. By setting the modulation to M = 0.5
with a DC bias voltage Ubias an optimized determination of
the timing difference between the RF and the laser pulse at
the EOM are feasible. With a correct timing of the elec-
tron bunch, the zero-crossing of the RF signal reaches the
EOM at the same time as the reference laser pulse and the
output of the EOM will be M = 0.5. When the electron
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bunch reaches the EOM with a timing offset the pickup sig-
nal shows a non-zero voltage at the RF input and therefore
the amplitude of the laser pulse is modulated (see Fig. 2).
The amplitude of the laser pulse is detected with a photodi-
ode and digitized by a fast ADC. The performance of this
system depends on the slope at the zero-crossing of the RF
signal which directly depends on the electron bunch charge.
Furthermore, a small jitter in the other components such as
the reference laser pulse is necessary for a measurement
accuracy in the order of 10 fs.

Figure 1: Schematic design of the BAM system.

ANALYSIS MODEL

For a detailed analysis of the measurement accuracy of
the new BAM the knowledge of the shape of the RF sig-
nal at the entrance of the EOM is required. The perfor-
mance of the pickup has been simulated using CST PAR-
TICLE STUDIO R© [4, 6]. The simulation results of the
new pickup were calculated directly behind the vacuum
feedthroughs of the pickup electrodes. Additionally the RF
cabling between the feedthroughs and the EOM changes
the shape of the RF signal. The S-parameters have been
measured for a 37 cm long RF cable. These results have
been extrapolated to a 2.87 m long RF cable as it has been
installed at the new BAM at FLASH. Furthermore, the RF
combiner was considered with +2 dB (+3 dB by combina-
tion and -1 dB insertion loss). By using these extrapolated
S-parameters the RF signal was calculated at the end of the
cable. The resulting RF signal slope is 286 mV/ps and the
amplitude at the entrance of the EOM is 1.463 V at a bunch
charge of 20 pC. The RF signal and its slope and amplitude

Figure 2: Principle of the arrival time measurement. The
laser pulses are modulated by the EOM which is driven by
the RF signal from the pickup. Arrival time changes of the
electron bunch cause different modulation voltage at the
laser pulse arrival time. [9]
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Figure 3: Comparison between the calculated RF signal
with an electron bunch charge of 20 pC (blue) and the an-
alytical function (red). The interesting area is around the
first zero-crossing.

scales linearly with the bunch charge. For simplification
it is advisable to use a deterministic function (see Fig. 3).
Therefore, for further investigations the following analyti-
cal function, which corresponds to a derivative of the nor-
mally function, has been used to describe the RF signal

URF(t) = tSe−
1
e (

tS
A )2 (2)

with the slope at the zero-crossing S and the amplitude of
the pickup signal A. The ringing of the RF signal is not
of interest for this analysis. To avoid errors of the bunch
arrival time measurement due to long-term drifts of δ0 or
Uπ,bias, a baseline modulation will be detected during op-
eration. This is possible because the repetition rate of the
laser pulses (216.67 MHz which is one sixth of the 1.3 GHz
reference source) is much higher than the repetition rate
of the electron bunches (max. 1 MHz). Therefore a laser
pulse before the one which is modulated by the RF signal of
the pickup serves as a non-RF-modulated reference. These
non-RF-modulated reference laser pulses will be detected
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Figure 4: Count of the difference between tbunch and tsim,meas for different settings. The bunch charge is set to 20 pC in the
top row and to 200 pC in the bottom row. The timing jitter of the bunch is set to 25 fs in the left column and to 100 fs in
the right column.

as baseline modulation Mbaseline. Compared with formula
Eq. (1) we obtained:

Mbaseline =
1

2
+

1

2
cos

(
δ0 +

πUbias

Uπ,bias

)
≈

set to

1

2
(3)

The real amplitude modulation can be calculated by:

M = Msignal −Mbaseline (4)

Furthermore a conversion from the real amplitude modula-
tion of the laser pulse to the timing shift of the RF pulse and
accordingly of the electron bunch is required. A lineariza-
tion around the operating point of the RF signal leads to the
calibration constant [8]

K =
S

2Uπ,signal
(5)

and therefore the simulated arrival time measurement is

tsim,meas =
arcsin(2M)

2K
≈

Taylor

M

K
+
2M3

3K
+
6M5

5K
+... (6)

Monte Carlo Simulation

The performance of the bunch arrival time measurement
depends on the stability of the laser pulse. Furthermore
the noise of the bunch charge, the noise of bias voltage of
the EOM, and the amplitude noise of the RF signal also
influence the bunch arrival time measurements. The dis-
crepancies of these values have been considered as nor-
mally distributed with an rms width given in Table 1. The

arrival time jitter of the electron bunch and therefore the
measurement jitter has to be determined. The analysis was
performed for different bunch charges. For one certain
bunch charge the values of the real amplitude modulation
M (Eq. 4) will be calculated. In the next step the simulated
arrival time measurement tsim,meas will be determined. This
process will be repeated 105 times. For each of these cal-
culations a different random set of the jitter parameters in

ment value tsim,meas differs from the set value of the arrival
time tbunch. Note, tbunch is the arrival time which is also ef-
fected by jitter (see Table 1) . The differences between tbunch

and tsim,meas of each iteration were calculated (see Fig. 4).
From all of these 105 samples the RMS of these differences
were determined. This will be done for a set of different
bunch charges.

Table 1 are generated .The simulated arrival time measure-
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Figure 5: Calculated measurement accuracy of the BAM
system at the 40 GHz EOM for different bunch charges
with a timing jitter of 25 fs.

Table 1: List of Assumed Normally Distributed Jitter
Values for the Monte Carlo Simulation

Parameter assumed RMS values

bunch charge 1 %
bias voltage of the EOM 0.5 mV
RF voltage at the EOM 0.5 mV
laser amplitude1 0.35 %
laser timing 2.5 fs
ADC channel 20

bunch arrival time2 25 fs and 100 fs
1 Only for the calculation of the Msignal.
2 Stored and compared to the simulated measurements for each

iteration.

Figure 4 exemplary shows the results for two different
charges. For a bunch charge of 20 pC the calculation of
the performance of the new BAM achieved a measurement
accuracy of about 11 fs (RMS). The measurement jitter
improves slightly if the arrival time jitter of the electron
bunches decreases. A reduction of the arrival time jitter
down to 25 fs is possible by using the intra bunch train feed-
back at FLASH [10]. The measurement jitter for different
bunch charges is shown in Fig. 5 and 6. The results are cal-
culated applying different orders of Equation (6). Increas-
ing the bunch charge starting from 5 pC the measurement
jitter will be reduced down to 4 fs. For a bunch arrival time
jitter of 100 fs the measurement jitter is starting to degrade
above 250 pC. This is because of the unambiguousness of
the modulation in the EOM is lost when URF > 1

2Uπ,RF

arcording to Eq. (3). As result the Tsim,meas can not be cal-
culated correctly with Eq. (6). This failure will also occur
in the real BAM system. Figure 7 shows the relative in-
cidence of URF which is greater than 1

2Uπ,RF. For bunch
charges above approximately 200 pC the 10 GHz EOM has
to be used as the fine channel for the arrival time measure-
ment.
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Figure 6: Calculated measurement accuracy of the BAM
system at the 40 GHz EOM for different bunch charges
with a timing jitter of 100 fs.
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Figure 7: The working range of the EOM for detecting the
correct timing is limited by 1

2Uπ,RF. The graph shows the
relative count with URF higher than 1

2Uπ,RF for different
bunch charges by using a timing jitter of 100 fs. For bunch
charges higher than 200 pC the 10 GHz EOM has to be used
as the fine channel for measurement of the timing shift.

CONCLUSON AND OUTLOOK

A new 40 GHz BAM was designed and simulated [4].
The performance of the BAM system was calculated with
simplified mathematical models including various jitter
sources. The calculation reaches a measurement accu-
racy of approximately 11 fs for a bunch charge of 20 pC
and better than 10 fs for bunch charges higher than 25 pC.
Compared with the currently running 10 GHz BAM sys-
tem which achieves a measurement accuracy below 10 fs
for bunch charges above 500 pC, the new system will be
a significant improvement. It also has been observed that
the jitter of the laser amplitude has the strongest influence
on the measurement accuracy for low bunch charges. An
improvement of this jitter to 0.2 % would result in a mea-
surement accuracy below 10 fs for 15 pC bunch charge.
The new BAM pickup has been installed at FLASH. The
next steps are the manufacturing and installation of the new
electro-optical BAM front end.
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RECENT PROGRESS IN SR INTERFEROMETER 

T. Mitsuhashi#, KEK, Tsukuba, Japan

Abstract 
Beam size measurement in accelerator is very 

important to evaluate beam emittance.  SR interferometer 
has been used as one of powerful tools for measurement 
of small beam size through special coherence of visible 
SR. Recent progresses in this technique improve 
measurable range for smaller beam size less than 10µm. 
An application of reflective optics to eliminate chromatic 
aberration in focus system in SR interferometer makes it 
possible to measure the beam size down to 3µm range. In 
recent few years an imbalance input technique is 
developed to introducing magnification into the 
interferometer.  

INTRODUCTION 
The synchrotron radiation (SR) monitor based on 

visible optics is one of the most fundamental diagnostic 
tools in the high energy accelerators.  The monitor gives a 
static and dynamic observation for visible beam profile, 
beam size, longitudinal profile, etc.  These greatly 
improve the efficiency of commissioning and operation of 
the accelerator.  In this monitor, the visible SR is 
extracted by a mirror from the SR source such as bending 
magnet in accelerator, then the SR guided into the optical 
diagnostics systems.  During these years, the development 
of the SR interferometer has been the most significant 
topic.  The idea of the SR interferometer for measurement 
of beam profile and size struck me while I was 
performing experiments to investigate the coherence of 
synchrotron radiation in 1997 [1]. Nowadays, the SR 
interferometer is recognized as a powerful tool for easily 
measuring small beam sizes [2]. Recent progresses in 
improve measurable range for smaller beam size. An 
application of reflective optics to eliminate chromatic 
aberration in focus system makes it possible to measure 
the beam size down to 3µm range [3].  In recent few years, 
an imbalance input technique is developed to introducing 
magnification into the interferometer [4]. A simple 
introduction for interferometry, and results are introduced 
in the first half, and in the second half, recent progresses 
on SR interferometer are introduced in this paper.  

BEAM PROFILE AND SIZE 
MEASUREMENT WITH 

INTERFEROMETRY 
The measurements of beam profile and size are most 

important issues in optical monitor.  The most 
conventional method to observe the beam profile is 
making an optical image of the beam.  The resolution of 
this method is generally limited by diffraction phenomena.  
In the usual configuration of the imaging system, the 
RMS size of diffraction (1 of the point spread function) 

is not smaller than 50 m.  Since, research and 
development in electron storage rings (especially in 
reducing the beam emittance) has been very remarkable 
in last few ten years, the above-mentioned profile monitor 
via imaging system becomes ineffective in precise 
quantitative measurements of the beam profile and size 
due to the diffraction resolution limit. 

In visible optics, the interferometry is one of the 
standard methods for measuring the profile or size of very 
small objects such as angular dimension of the star.  The 
principle to measure the profile of an object by means of 
spatial coherency was first proposed by H. Fizeau in 1898 
[5], and is now known as the Van Cittert-Zernike theorem 
[6] with their work in 1932 (Van Cittert) and 1933 
(Zernike).  It is well known that A. A. Michelson 
measured the angular dimension (extent) of a star with 
this concept [11] with his stellar interferometer in 1935.  
The SR interferometry for the measurement of the spatial 
coherence of visible region of the SR beam was first 
performed by author in 1997 [1].  And in the same time, 
the author demonstrated that this method is applicable to 
measure the beam profile and size.  Since the SR beam 
from a small electron beam has better spatial coherence, 
this method is suitable for measuring a small beam size.  
The characteristics of this method are: 1) one can measure 
beam sizes as small as 10 m range with 1-m resolution 
in a non-destructive manner using visible light (typically 
500 nm); 2) the measurement time is a 1-2 seconds for 
size measurement; 3) due to self-consistency in 
interferometry, this method is classified in an absolute 
measurement.  For the point 3), the absolute measurement 
means all the free parameters in interferometry such as 
wavelength are measured by interferometry and a ruler.  
In this meaning, interferometry is classified into one of 
most fundamental measurement method.  Otherwise, 
other methods, such as imaging always use information 
from interferometry, such as wavelength. 

THEORETICAL BACKGROUND OF THE 
INTERFEROMETRY  

According to the work of H. Fizeau in 1868 [5], the 
visibility (contrast) of the interference fringe taken by an 
interferometer, is higher for a small light source and 
lower for a large light source.  As the smallest limit of 
light source, a point source gives an interferogram with 
visibility 1. We now interpret the point source as the 
single mode of a photon which gives an interferogram of 
visibility 1.  We can represent the general light source by 
an ensemble of point sources.  Let us assume each point 
source has no 1st order temporal coherence. The 
interferogram given by such an ensemble of point 
sources are superimposed and the interference fringe is 
smeared. Then, the visibility of the obtained 

 ________________________________________________  
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interferogram in large object will have reduced the 
visibility, as shown in Figure 1.  
 
 

 
 

 
(a) 

                                                 
 
 
 

(b) 
Figure 1: A simple representation of the visibility of an 
interferogram and light source size.  (a) A point source 
yieldss an interferogram with a visibility of 1; (b) an 
ensemble of point source yields a reduced visibility.  

 
In the reverse manner, we can measure the size of the 

light source by measuring the visibility of the 
interferogram.  This concept is known as the van Cittert-
Zernike theorem 

According to van Cittert-Zernike theorem, under the 
assuming each point source has no 1st order temporal 
coherence, the profile of an object is given by the Fourier 
transform of the complex degree of 1st order spatial 
coherence at longer wavelengths, as in the visible light [6].  
Let f (y) denote the beam profile as a function of position 
y, R denote the distance between the source beam and the 
double slit, and  denote the 1st order complex degree of 
spatial coherence as a function of spatial frequency .  
Then is given by the Fourier transform of f(y) as 
follows: 

       
R

dyyi2yf

 D2

     , )exp()()(   (1). 
We can obtain the beam profile and the beam size via 
Fourier inverse transform of complex degree of 1st order 
spatial coherence measurement with the interferometer.   

SR INTERFEROMETER 
To measure the spatial coherence of SR beams, a 

wavefront-division type of two-beam interferometer using 
polarized quasi-monochromatic rays was designed as 
shown in Fig. 2 [1][2].  
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Outline of the SR interferometer. The 
wavefront-division type of two-beam interferometer. 
 

In the vertical plane, the elliptical polarity of the 
synchrotron radiation is opposite to that in the median 
plane of the electron beam orbit. Therefore, there exists a 
 phase difference between the phases of the interference 
fringes corresponding to the - polarized and -polarized 
components [1].  By this reason, we must eliminate 
interferogram produced -polarized component. For this 
purpose, we used a Glan-Tayler polarizer (extinction ratio 
is 10-6, and please note extinction ratio in dichroic film 
polarizer is very often not sufficient for interferometry).  
With this interferometer, the intensity of the 
interferogram is given by, 
 
 

     
(2) 

 
where y denotes position in the interferogram, a denotes 
the half-height of a slit, denotes the rocking curve of 
the band-pass filter, and f denotes the distance between 
secondary principal point of the lens and the 
interferogram. is the real part of the complex degree of 
spatial coherence (visibility of the interferogram).  S(D) is 
the sine component and C(D) the cosine component of the 
Fourier transformation of the distribution function of the 
SR source. (D) in this equation represents an 
instrumental function of the interferometer; this term has 
a cosine-like dependence, and it comes mainly from two 
sources: 1) a cosine term in the Fresnel-Kirchhoff 
diffraction formula [7]; 2) reduction of the effective slit 
height as the double slit separation D increases.  This term 
 is normally neglected in diffraction theory under the 
paraxial approximation, but neglect this term is not 
sufficiently precise in the interferometer. A typical 
interferogram observed with the SR interferometer at the 
Photon Factory (PF), KEK [1] is shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: A typical interferogram observed with the SR 
interferometer. 

BEAM PROFILE MEASUREMENT 
We can obtain the beam profile by Fourier transform of 

the complex degree of 1st order spatial coherence.  Figure 
4 shows the absolute value of the complex degree of 1st 
order spatial coherence (||, visibility) as measured while 
changing the double slit separation from 5 mm to 15 mm 
at the PF [1]. 
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Figure 4: Result of || at the Photon Factory. 

 
Imaginary part (phase term) of 1st order complex degree 

of spatial coherence is shown in Fig. 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Result of phase term of  at the Photon Factory 
Vertical axis is phase in radian. 
 

The result of beam profile through the Fourier transform 
of 1st order special coherence is shown in Fig. 6.  To see 
Fig. 6, the obtained vertical beam profile has a strange 
shoulder in left side of peak.  To investigate this shoulder, 
we compare this profile with profile from the optical 
image.  Figure 7 shows a result of optical image of the 
beam and vertical beam profile taken from this image.   
The vertical profile taken from optical image also has a 
strange shoulder, and it is caused by deformation of the 
first mirror in SR monitor beamline.   
  
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6: Reconstructed vertical beam profile by Fourier 
inverse transform of complex degree of 1st order spatial 
coherence. 

 
 
 

 
(a)                                (b) 

 
 
 

 
 
 
Figure 7: Vertical beam profile taken from optical beam 
image.  (a): optical image of the beam, (b): vertical beam 
profile from optical image. 
 
The strange shoulder in left side of peak is also appear in 
the optical image and this asymmetric distribution is 
caused by thermal deformation of extraction mirror.  
Since this asymmetric component is come from Fourier 
sine transform (imaginary part), if we don’t include 
Fourier sine transform, the asymmetric component will 
automatically eliminate from the profile.  The result of 
Fourier cosine transfer (real part only) is shown in Fig. 8. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Reconstructed vertical beam profile by Fourier 
cosine transform. 

 
To see Fig. 8, asymmetric part is completely eliminated 

from reconstructed beam profile.  This technique is one of 
nice advantage of interferometry to escape from 
asymmetric aberrations, otherwise we should perform 
complicated deconvolution processing in imaging. 

SMALL BEAM SIZE MEASUREMENT BY 
MEANS OF GAUSSIAN 

APPROXIMATION OF BEAM PROFILE 
We often approximate the beam profile with a Gaussian 

shape.  Under this approximation, 1st order spatial 
coherence is given by a it’s Fourier transform, a Gaussian 
function.  We can evaluate RMS beam size beam from the 
RMS width of the spatial coherence curve as follows: 
 
                                                                          (3) 
 
where R denotes the distance between the beam and the 
double slit[2].  Results of beam size measurement at PF is 
shown in Fig. 9 [8].  The incoherent field depth due to 
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light sources in bunch is sometimes not negligible, and 
certain correction is necessary.  Detail for this correction, 
please see reference [2]. 
 
 
 
 
 
 
 
 
 
 

(a) Vertical                               (b) horizontal 
Figure 9: Results of vertical and horizontal beam size 
measurement at Photon Factory, KEK. 
  

Under the Gaussian profile approximation, more simply, 
we can obtain the RMS beam size from one measurement 
of visibility at certain fixed separation of the double slits.  
In this scheme, The RMS beam size beam is given by,  
 
                                                                          (4) 
 
 
where  denotes the visibility, which is measured at a 
double slit separation of D [2].  This method is more 
suitable for daily monitoring of beam size.  An example 
of beam size trend graph taken at Photon Factory is 
shown in Fig. 10. 
 
 
 
 
 
 

 
 
 
          
 

Figure 10: An example of Vertical beam size trend graph 
at Photon Factory, KEK. 
 
To see Fig. 10, the observed beam size is changing within 
60-64m  1m. 

THEORETICAL RESOLUTION OF THE 
INTERFEROMETER   

Let us discuss for theoretical resolution of 
interferometry from the view point of uncertainty 
principal in here.  Since uncertainty principle in photon 
statistics is given by using n photons are exited in single 
state (system has n photons, and observe one time), if we 
discuss uncertainty principal in n times observation of one 
photon (system has only one photon in single state at the 
moment, and observe n times), we need to introduce 
statistical property of photon assembly for the incoherent 

ensemble of single states of photons [9].  If we assume 
the most restrictive class of random processes of photon 
statistics to be the class of ergodic random process (one 
time observation for ensemble average over the n photons 
is equal to temporal average over the n times observation 
of one photon), the theoretical resolutions due to 
uncertainty principle are as follows.   

Imaging 
First of all, we shall discuss theoretical resolution due 

to uncertainty principal in imaging system, because it is 
more familiar for readers. The image is a convolution 
between the geometrical image and the diffraction pattern 
PSF as shown in Fig. 11.  
 
 
 
 
 
Figure 11: Image is a convolution between the 
geometrical image and the diffraction pattern PSF. 
 

It is well known that the resolution due to diffraction is 
limited by the uncertainty principle; 
                                                            
                                                                   (5) 
 
where  and x are the uncertainties in the angle and 
position of the photons in the ensemble, and in here  
and x are corresponding to divergence of SR beam and 
width of the PSF.  According to this principal, we need a 
large uncertainty large entrance pupil for imaging 
system) to obtain good spatial resolution.  In the case of 
synchrotron radiation, since the opening angle of the light 
is strongly limited by relativistic effects, the resolution is 
fully limited by opening of light due to this uncertainty 
principle. Off course, instrumental errors such as 
wavefront error (more generally, aberrations in imaging 
system) such as a deformation of the mirror are 
sometimes more significant. 

Interferometry 
Actually, 1st order interferometry is measuring the 

coherence of the field of light.  Interferometry is a method 
for determining the axis of photon propagation by means 
of triangulation using the photon phase coherence of the 
electric field.  According to quantum optics theory, we 
have following uncertainty principle between phase and 
number of photons [10]: 

 
                                                                        (6) 
 
where  and n are the uncertainties of the photon phase 
and the photon number.  According to this principal, a 
large phase uncertainty accompanies a small number of 
photons or a small phase uncertainty accompanies a large 
number of photons. The large number of photons serves 
as like as the “wave of light”.  When the system has small 
number of photons, phase of the expectation of electric 
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field is uncertain, and serves like as the particles.  Due to 
uncertainty in the phase, interferogram will smear as 
following manner; . 
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                                                                                      (7) 
 
where  denotes probability distribution of phase.  
Actually, we can have sufficient photons for an 
interferogram, and theoretical limit due to the phase 
uncertainty is negligible small. The instrumental error of 
the phase due to the deformation of the mirror, 
aberrations in focusing components etc. in actual 
interferometer is much important.  In Actual optical 
component such as lens normally has a peak to valley 
wavefront error is better than , and if the surface will 
be smooth, this error corresponds to p-v (0.126rad) 
over 2mm x 2mm area (this is approximately 
corresponding to opening area of double slit).  If the 
phase error distribution is Gaussian distribution, this 
systematic error in the phase can introduce a reducing of 
the visibility by 0.9994.  This visibility corresponds to the 
object size of 0.26m with setup of interferometer In the 
ATF 

RECENT PROGRESS IN SMALL BEAM 
SIZE MEASUREMENT  

Recent progresses in small size measurement are 
introduced in here.   

Chromatic Aberration of Lens in Interferometer 
In the practical interferometer, we have one bigger 

problem, the chromatic aberration of lens glass.  The 
Chromatic aberration is caused by dispersion of the glass, 
and it will introduce phase propagation difference in 
different wavelength of input light.  In actual use of 
interferometer, certain monochrometer, such as band-pass 
filter is applied to obtain quasi-monochromatic input lays.   
According to certain band width of monochrometer, the 
phase propagation in the glass for different wavelength 
will not same.  Especially in the case of the measurement 
of the beam size by natural emittance in the weak 
intensity at the small beam current, we often increase the 
bandwidth of band-pass filter to obtain sufficient intensity 
for detector such as CCD camera.  Under using a common 
doublet lens, more than /5 phase error can come from a 
bandwidth of nm at wavelength of 400nm.  A 
simulated interferograms with the Phase error of /5 due 
to dispersion effect is indicated in Fig. 12 [3].  To see Fig. 
12, the visibility of interferogram is reduced from 0.8 to 
0.6.    

To escape from this decrease of visibility in the 
interferogram, we should use the reflective objective 
mirror instead of the glass objective lens in the 
interferometer.  An on-axis system, the Harsherian is also 
shown in Fig 13.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Simulation result of the interferogram with 
dispersion effect of glass (blue line), and without 
dispersion effect (red line). 
 
 
 
 

 
 
 
 
 
 
Figure 13: An off axis Herschelian arrangement applied 
for double slit interferometer. 
 

A very small astigmatism will introduce by a small 
tilting angle (less than 1 degree) of focusing mirror, but 
this astigmatism is negligible small (result of a 
simulation of wavefront error is smaller than 10-3due 
to the small openings of double slit. According to these 
reason, we chose the off-axis Herschelian arrangement.  A 
measurement result of interferogram at KEK ATF 
Dumping ring with an interferometer with the off-axis 
Herschelian optics is shown in Fig. 14 [3].      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Measurement result of interferogram at KEK 
ATF Dumping ring with an interferometer having an off-
axis Herschelian optics.  Red line is measurement result, 
and blue line is result of best fitting. 
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In this measurement, conditions of double slit 
separation is 60mm at 7.4m from the source point, the 
wavelength is  400nm and bandwidth is 80nm (rocking 
curvature of band-pass filter is included in fitting), 
respectively.  Obtained beam size from this interferogram 
was 4.73m±0.55m.  The beam current is 1.5mA for this 
measurement.  At the same time, a beam size 
measurement with a conventional refractive 
interferometer using a achromatic lens with same 
conditions was performed.  The result of measured 
vertical beam size was 7.2±0.8 m.   

As an example of application of off-axis Herschelian 
SR interferometer, a result of X-Y coupling tuning with 
the skew Q at ATF is shown in Fig. 15 [3]. An clear 
dependence of vertical beam size with the skew Q change 
is seen in Fig. 15. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Result of X-Y coupling tuning by using the 
off-axis Herschelian SR interferometer with the skew Q at 
ATF. 
 
The same experiment was performed with normal 
refractive interferometer.  A result is shown in Fig. 16 [3].    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Results of X-Y coupling tuning by using the 
conventional refractive SR interferometer with the skew 
Q at ATF. 
 

From Fig. 16, we can see some difference between SQ3 
and SQ2, SQ1, but we cannot see difference between SQ1 
and SQ2.  The current dependence of the beam size is not 
clear in Fig. 16. 

Upper mentioned example of off-axis Herschelian SR 
interferometer is rather special example for very small 
beamsize measurement of 5m in the small beam current 
range such as 1-2mA.  But the reflective system is 
basically dispersion free, and it is suitable for shorter 
wavelength.  This has an advantage for small beam size 
measurement.  The demerit to use off-axis Herschelian 
SR interferometer is collimation of the interferometer 
should be more difficult than collimation in the on axis 
refractive interferometer. Please note the error in 
collimation can easily introduce more aberrations.   

Further Discussion for Measurement Limit 
In previous subsection, we discussed how to escape 

from dispersion effect in objective lens of SR 
interferometer at short wavelength range.  But even using 
the reflective interferometer, it is very difficult to use 
wavelength rage shorter than 400nm.  Measurement for 
small beam size is limited by a systematic and a statistical 
error of detector system such as CCD in the very good 
visibility.  Actually, certain increase of result of the beam 
size is observed in  range very close to 1.  An 
experimental result of measurement of the beam size 
5.8m by changing double slit separation at ATF is shown 
in Fig. 17 [4].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Increase of the beam size in small separation 
range of double slit.  D=40mm corresponds to =0.924. 
 

To see Fig. 17, a systematic increase of obtained beam 
size is observed in the double slit separation range smaller 
than 40mm in which the visibility of the interferogram 
exceeded 0.924, due to non-linearity near the baseline of 
CCD camera.  Statistical error is also increased in smaller 
D range.  

Let us discus about error transfer from intensity 
measurement of interferogram to visibility.  Actually, 
visibility  is evaluated from the intensity data of 
interferogram using some non-linear least square 
retrogression analysis, such as the Lebenbarg-Markart 
algorism [11].  Since we evaluate error  in visibility 
from mean square residual in this process, analytical 
representation of error transfer is not easy.  In here, let us 
discuss simple error transfer from error I to in here   
The visibility is given by, 
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                                                           (8). 
 
Using error transfer relationship, 
 
                                                                              (9) 
 
then,  is given by, 
 
 
                                                                       (10). 
 
in here we simply put the errors in intensity at maximum 
pint and minimum point are same error denoted by I 
(this putting seems little bit over estimation, since I 
should inverse proportional to square root of I).   
Rewritten the equation (10) by using 

  
 
                                                                         (11) 
 
 
This error transfer relation for I/Imax=1% is shown in 
Fig. 18.













Figure 18: Error transfer relation as a function of . 
 
This result indicates we can obtain smaller error when the 
 becomes smaller.  

In the next, we discuss error transfer from to error in 
beam size .  The error  in visibility measurement 
will transfer onto the beam size error is given by;  
 
                                                                           (12) 
 
 
Error in , F and D is not included in equation (12).  A  
dependence of error transfer from  to under 
assuming is shown in Fig. 19.  The same 
parameter of ATF condition is applied in this calculation.  
To see Fig.19, we will have significant error enhancement 
in  range larger than 0.9.  As a conclusion, for the 
measurement of very small beam size, we should measure 
the beam size at the smaller .  It means, we should use 
shorter wavelength as short as possible and double slit 

separation as large as possible.  But in actually, useable 
wavelength is limited by dispersion of optical component 
glass (aberrations and absorption), and shorter limit 
should be 400nm as mentioned in before. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Error transfer from  to under assuming 
as a function of   
 
To see Fig. 19, we will have significant error 
enhancement in  range larger than 0.9.  As a conclusion, 
for the measurement of very small beam size, we should 
measure the beam size at the smaller .  It means, we 
should use shorter wavelength as short as possible and 
double slit separation as large as possible.  But in actually, 
useable wavelength is limited by dispersion of optical 
component glass (aberrations and absorption), and shorter 
limit should be 400nm as mentioned in before. The 
available double slit separation is limited by opening 
angle of SR.  Using ATF conditions, slit separation is 
60mm.  In this condition, the  is corresponding to 
the beam size 3.6m.  This Value should be the smaller 
limit of measurement range in the SR interferometer.  A 
1% intensity error I=1%  will transfer to beam size error 
0.5m.  

Please note, we almost always have more error sources 
such as air turbulence, floor vibration, etc in actual 
measurement.  So, very careful measurement to escape 
from such errors is very important for the measurement of 
very small beam size, too.   

Imbalance Input Interferometer 
From upper discussion for measurement limit, actual 

limit in the SR interferometer is still very larger than 
theoretical limit from uncertainty principal.  So, we can 
introduce a concept of "magnification" as in imaging 
system for the convenience of observation for 
interferogram to escape from systematic error such as 
non-linearity near the baseline of CCD camera.   

In the imaging system, we often get into the same 
problem. When we use only the objective lens, the 
magnification is often too small, and image size is not 
sufficient large for the spatial resolution of image detector, 
such as the CCD camera.  In this case, the resolution is 
actually limited by detector's resolution, not limited by the 
theoretical resolution from uncertainty principal 
(diffraction by objective lens).  For the purpose of escape 
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from such a problem, we apply magnification lens to 
magnify the image size to obtain convenient image size 
for detector.  We can apply the appropriate magnification 
under the condition of do not exceed the Rayleigh's 
criterion of resolution.  As same manner, we can introduce 
a concept of magnification into the interferometry, when 
the resolution is not limited by theoretical manner.     

To consider magnification of the objective size in the 
interferometry, let us return to the beam size as a function 
of , 
 
                                                                           (13) 
 
Replacing the  by using intensities I1 and I2, the beam 
size is given by, 
 
 
                                                                           (14) 
                                                                            
in here V denotes visibility of interferogram.  Introducing 
an intensity imbalance factor M by, 
 
                                                                           (15) 
 
                                                  
then, the beam size is represented by, 
 
                                                                           (16). 
 
Let's define the transverse magnification  by, 
 
 
                                                                       (17). 
 
The transverse magnification at V=0.9 as a function of 
imbalance factor is shown in Fig.20. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20: Transverse magnification as a function of 
imbalance factor. 
 

As a conclusion, we can introduce a magnification into 
the SR interferometer by using an imbalanced input 
configuration.  For example, intensity imbalance factor 
0.2 will give the magnification of about 4.  The intensity 
imbalance factor by changing the intensity in one slit of 
double slit is shown in Fig. 21.  From this figure, the 
intensity imbalance factor 0.5 is corresponding to 

intensity ratio of 1:0.072 and 0.2 is corresponding to 
1:0.011. 
 
 
 
 
 
 
 
 
 
 
Figure 21: The intensity imbalance factor as a function of 
changing the intensity in one slit of double slit.  
 
Roughly speaking, we can obtain intensity imbalance 
factor 0.2 by using neutral density filter ND2 in front of 
one slit.  This will give a magnification about 4.     

As well as the appropriate magnification in the imaging 
system, appropriate magnification must be applied to the 
interferometry.  From view point of uncertainty principle, 
imbalance input introduce a decrease of intensity at one 
slit of double slit, and it oppositely increases the phase 
fluctuation. In the practical condition, the SR 
interferometer has, an intensity at double slit of order of 
108 photons/sec in 10nm bandwidth at 400nm (in the 
setup in ATF).  When we will apply 100 times decrease in 
intensity in one slit, the fluctuation of light phase will be 
order of 10-6 rad.  It is still negligible small compare with 
that from wavefront error in the optical components 
(about 0.126rad) as described in before.  The statistical 
error in the beam size is enhanced by intensity imbalance 
factor M.  This error enhancement due to I/Imax=1% at 
M=0.2 (corresponding magnification is 4) is estimated by 
using Eq. (11) and Eq.(12).  A result is shown in Fig. 22.  
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Error enhancement due to I/Imax=1% at 
M=0.2.  Blue line indicates with error enhancement in 
imbalanced input.  Red line indicates error transfer 
relation in balanced input. 
 

To see Fig. 22, error enhancement due to imbalance 
input is still range of 0.1-0.3m in the case of at M=0.2 
(corresponding magnification is about 4). Error in beam 
size due to wavefront error is estimated to 0.24m.  As a 
conclusion, magnification by the use of imbalance input, 
we can escape from a difficulty of the measurement of the 
very good visibility, due to non-linearity near the baseline 
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of CCD camera and we can make it possible to measure 
submicron range beam size with visible SR.    

The magnification given by eq. 17 can also represented 
as ratio between two separations D1 and D2, as follows, 
 

(18) 
 

In here, one visibility measures at D1, and other visibility 
measures at D2 with imbalance ratio M.  The eq.17 
represents magnification in beam size, and the eq.18 
represents magnification in spatial frequency (double slit 
separation), respectively.  The same value of visibility 
will observe in different D with imbalance input as shown 
in Fig. 23. 
 
 
 
 
 
 
 
 
 
 
Figure 23: The same value of visibility will observe in 
different D with imbalance input.  Red line denotes 
visibility without imbalance input, blue line denotes 
visibility with imbalance input M=0.843. 
 
We can measure the same beamsize with smaller double 
slit separation by imbalance input. 

In the last, please note imbalance input method is only 
the method to magnify existing information to escape 
from noises.  Using it in appropriate range is important. 

Experiment of Imbalance Input Interferometer 
An experimental set up of SR interferometer using an 

imbalanced input configuration is shown in Fig. 24 [3].   
A special ND filter which lower half of glass flat is 
covered with an Aluminium coating to reduce the 
intensity is used for obtain imbalanced input for double 
slit.  This filter is set in front of the double slit of 
interferometer.    
  
 
 
 
 
 
 
 
Figure 24: Setup of imbalance input interferometer.  A 
special ND filter which lower half of glass flat is covered 
with an Aluminium coating is set in front of double slit. 
 

Other setup is just same setup as in the reflective 
interferometer.  A measurement result of imbalance input 
interferometer for same 5.8m beam size measurement is 
shown in Fig. 25 [3].  The filter which has imbalanced 

ratio 0.842 was used for this experiment. In the Fig. 25, 
imbalance input interferometer result is indicated blue dot.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: A measurement result of imbalance input 
interferometer for same 5.8m beam size measurement 
(indicated by blue dot). 
 
From this figure, the imbalance input interferometer result 
is clearly escape from systematic increase in the obtained 
beam size as in the result from the balance input 
interferometer at D=30mm. Further experiment on 
imbalanced input SR interferometer, reader can find paper 
written by M.J. Boland and the author in somewhere in 
this proceedings. 
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OPERATION OF A SINGLE PASS, BUNCH-BY-BUNCH X-RAY BEAM 
SIZE MONITOR FOR THE CESR TEST ACCELERATOR RESEARCH 

PROGRAM* 

N.T. Rider,  M. G. Billing,  M.P. Ehrlichman, D.P. Peterson,  D. Rubin, J.P. Shanks,  K. G. Sonnad, 
CLASSE,  Cornell University, Ithaca, NY 14853, U.S.A. 

M. A .Palmer, Fermilab, Batavia, IL 60510, U.S.A. 
J.W. Flanagan, KEK, Ibaraki 305-0801, Japan 

Abstract 
The CESR Test Accelerator (CESRTA) program targets 

the study of beam physics issues relevant to linear collider 
damping rings and other low emittance storage rings.  
This endeavour requires new instrumentation to study the 
beam dynamics along trains of ultra low emittance 
bunches.  A key element of the program has been the 
design, commissioning and operation of an x-ray beam 
size monitor capable, on a turn by turn basis, of collecting 
single pass measurements of each individual bunch in a 
train over many thousands of turns. This new instrument 
utilizes custom, high bandwidth amplifiers and 
digitization hardware and firmware to collect signals from 
a linear InGaAs diode array.  The instrument has been 
optimized to allow measurements with 3x109 to 1x1011 
particles per bunch.  This paper reports on the operational 
capabilities of this instrument, improvements for its 
performance, and the methods utilized in data analysis.  
Examples of key measurements which illustrate the 
instrument’s performance are presented.  This device 
demonstrates measurement capabilities applicable to 
future high energy physics accelerators and light sources. 

INTRODUCTION 
The X-ray Beam Size Monitor (xBSM) provides 

experimenters in the CESRTA program with the ability to 
measure the vertical beam size of individual particle 
bunches on a turn-by-turn, single pass basis.  At present 
two xBSM instruments have been installed in 
experimental areas of the Cornell High Energy 
Synchrotron Source (CHESS).  One is used for positrons 
and the other is used for electrons.  Each setup has its own 
x-ray source, which is a dipole magnet within the Cornell 
Electron Storage Ring (CESR). The critical energy is 0.6 
keV during 2 GeV CESRTA operations.  A set of in-
vacuum optics focuses the photon flux onto the detector.  
The geometry of the beam line provides an optical 
magnification of 2.34 for the positron line and 2.52 for 
the electron line.  A continuous vacuum vessel, containing 
optics elements and filters which are inserted into the x-
ray beam, extends from the x-ray source to the detector.  
Images are collected via a custom data acquisition system. 
Figure 1 shows the functional layout of the positron line.  
The electron line is a near mirror image. 

 
Figure 1:  Layout of the xBSM positron line  

VACUUM 
A multi-stage differential pumping scheme has been 

implemented to allow “windowless” transmission path 
from the x-ray source to the detector.  The scheme 
features a series of apertures, turbo pumps and gate valves 
along the x-ray beam line.  This setup allows us to have 
electronics (printed circuit board, cables, etc) which are 
not vacuum compatible within the detector box without 
contaminating CESR.  This is critical for the proper 
operation of the instrument.  The vacuum system pressure 
is automatically controlled and monitored via 
programmable logic controllers.   

DETECTOR 
The detector is a vertical linear array of 32 InGaAs diodes 
with a 50 µm pitch and horizontal width of 400 µm. The 
InGaAs layer is 3.5 µm thick, and absorbs 73% of 
photons at 2.5 keV. The time response of the detector is 
sub-nanosecond.  

OPTICS 
The xBSM utilizes four different optical elements.  For 

all beam energies, a vertically limiting slit (referred to as 
a pinhole) is available.  For beam energies less than 2.5 
GeV, a low energy Fresnel zone plate and a coded 
aperture are available.  At 4 GeV and greater, a high 
power coded aperture can be inserted into the x-ray beam.  
The low energy optics are contained on one “chip” which 
is made from a 2.5 µm silicon substrate with a 0.7 µm 
layer of gold forming the optical features.  The high 
energy coded aperture is made from a 625 µm silicon 
substrate with a 10 µm layer of gold.  The coded aperture 
features of the high energy optics are the same but one 
half the scale of the low energy optics.  Figure 2 shows 
the coded aperture features. 

 

 ____________________________________________  

*Work supported by NSF grant PHY-0734867, PHY-1002467 and 
DOE grant DE-FC02-08ER41538, DE-SC0006505 
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BEAM POSITION MONITORS FOR CIRCULAR ACCELERATORS 

Shigenori Hiramatsu 
KEK, 1-1 Oho, Tsukuba, Ibaraki, 305-0801, Japan

Abstract 
Beam position monitor (BPM) systems are one of the 

most important system for tuning up accelerators to 
accelerate charged particle beams in a good condition. 
BPMs measure the betatron orbit or the closed orbit of the 
circulating beam in the accelerator, and beam optics 
parameters (s), betatron phase advance (s), etc. can be 
evaluated from the BPM data. For tuning up accelerators, 
it is required that BPMs can measure beam orbits 
accurately. To realize BPM system with good accuracy, 
we have to concern many issues related to the BPM 
system. 

BEAM INDUCED CHARGE 
DISTRIBUTION ON BEAM CHAMBERS 
Electrostatic type BPM pickups detect the beam 

induced charge imbalance among pickup electrodes. To 
investigate induced charge on pickup electrodes, it is 
helpful to investigate the beam induced charge 
distribution on the beam chamber surface. For the case of 
the beam chamber with circular cross section, the pencil 
beam located at 

( , ) ( cos , sin )x y r r   
induces the surface charge density distribution on the 
chamber surface expressed as 

2 2

2 2
( , )

2 2 cos( )

R r
R

R R r rR

 
  


  

  
 

 
1

1 2 cos
2

n

n

r
n

R R

  






        
   

 ,      (1) 

where  is the line charge density of the beam, R is the 
radius of the chamber, and  is the azimuth. 
 

 
Figure 1: Cross section of BPM pickup model. 

 
When two pickup electrodes with angular width 0 are 

placed at 0 and 180 as shown in Fig. 1, the induced 
charge on the electrodes qR and qL are given by the 
integration of Eq. (1) in the region of (-0/2, 0/2) and   

(-0/2, +0/2) for . The response of the difference    
qR-qL normalized by the sum qR+qL for the beam position 
x is shown in Fig. 2. The difference-over- sum ratio (/) 
of the induced charge on two electrodes is proportional to 
the beam position displacement in x-direction from the 
chamber center [1] in the vicinity of the camber center 
(r<<R), 

R L

R L

q q
x

q q





,                             (2) 

where the sensitivity factor  is given by 

0

0

2sin( / 2)

/ 2R





 .                           (3) 

Figure 2 shows dependence of / on the beam position x 
for y=0. It is noted that the dependence of log(qR/qL) is 
more linear than that of /. 
 

 
Figure 2: Response of / of the induced charge on the 
electrodes for the beam position x with the assumption of 
y=0. 

 

Finite Boundary Element Methods 
For the arbitrary shape of the chamber cross section, 

the beam induced charge can be calculated using the finite 
boundary element method [2]. The two dimensional 
potential (r) in the beam chamber is given by 

      
0surface

1 1
( ) ln ( ) ln

( )
s ds

s
  

  
        
r

r r r r
.  (4) 

In the right hand side, the 1st term and 2nd term are the 
potential caused by the induced charge density (s) on the 
chamber surface and the beam charge , respectively. 
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Supposing (r)=0 at the chamber surface, Eq. (4) 
becomes the integral equation for (s) 

0surface

1 1
ln ( ) ln

( )
s ds

s
 

  
        

 r r r r
.      (5) 

This equation can be solved numerically by dividing the 
chamber surface in many fine elements as show in Fig. 3. 

 
Figure 3: Meshes of the finite boundary element method. 

 

Triangle Cut Rectangular Pickup 
As an example of the calculation by finite boundary 

element method, the beam induced charge distribution on 
the rectangular chamber (Fig. 4) is shown in Fig. 5. 
Integrating the induced charge on the electrodes, we 
obtain the induced charge on the pair of triangle cut 
rectangular electrodes shown in Fig. 6. The / ratio of 
the induced charge on two electrodes is shown in Fig. 7. 
As shown in the figure, the / depends on only one 
direction of the beam position displacement (in this 
example, it depends only on x). This type of the pickup 
electrode is widely used in various accelerators because 
of its linear response for the beam position displacement. 

 
Figure 4: Rectangular beam chamber. 

 

 
Figure 5: Beam induced charge density distribution on the 
inner surface of the rectangular beam chamber. 

 

 
 

Figure 6: Triangle cut rectangular electrode. 
 

 
Figure 7: / as a function of x. 

 

Parallel Plate Pickup Electrodes 
In practice the potential of the pickup electrode is not 

zero. The electric field in the BPM is affected by the 
electrode potential (signal voltage) and the induced 
charge on the electrode changes from the case of =0. We 
consider the BPM pickup as shown in Fig. 8 where the 
external capacitor C and the resistor R are connected 
between the electrode and the beam chamber. Usually the 
condition of CR>>b (beam-bunch-length in time) is 
satisfied to reproduce the bunch shape in the observed 
signal. 

 
Figure 8: Loaded electrode by C and R. 

 
Under this condition the induced charge distribution (s) 
and the electrode potential Vk are given by 
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0chamber
+electrodes

0

electrode-k

1 1
ln ( ) ln

( )

0 (  is on the chamber surface)

2 (  is on the electrode - k surface)

( )

k

k

s ds
s

V

V
s ds

C

 





  
        


   

 


  







r r r r

r
r

. 

The numerical solution of (s) and Vk are obtained by 
solving above equations using the finite boundary element 
method as similar to the previous example. 
 

 
 

Figure 9: Two examples of BPM structure. 
 

 
Figure 10: / responses of BPMs shown in Fig. 9. 
Dashed line indicates x with  given by Eq. (3). 

 
In the case of Fig. 9(a) where the front surfaces of 

electrodes coincide to the beam chamber surface, the 
calculated sensitivity  of / of the induced charge on 
the electrodes is equal to the / of Fig. 2. However, if 
we have a gap between the electrode surface and the 
chamber surface as shown in Fig. 9(b),  becomes to be 

smaller than that of the case (a) because the electric field 
outside of the electrode concentrates to the electrode edge 
so that the effective angle width of the electrode becomes 
wider than that given by Eq. (3). The difference of  
between the case (a) and the case (b) is about 10% as 
shown in Fig. 10 for dimensions shown in Fig. 9. This 
situation means that the sensitivity of the BPM pickup 
depends on the surroundings of the pickup electrodes 
even though the same electrode structure is employed and 
we need to calibrate the response of / at the calibration 
stand using the stretched wire method etc. 

Diagonal Cut Cylinder 
Besides the triangle cut rectangular electrode, the 

diagonal cut cylinder electrode as shown in Fig. 11 is also 
used widely because of its linear response for the beam 
position displacement. The beam induced charge on each 
electrode is given by the integration of Eq. (1) on the 
electrode: 

2

0

( , ) tan (1 cos ) ( , ; , )q x y a a x y d


        

1
2

L x

a
     

 
.                                      (6) 

Therefore we have completely linear response of the / 
ratio for the beam position x: 

q q x

q q a
 

 





. 

This type of BPM pickup is used in the J-Parc proton 
synchrotron [3] because of the excellent linear response to 
detect the center position of the large size beam accurately. 

 
Figure 11: Diagonal cut cylinder. 

 

Coupling between Electrodes 
Since a BPM pickup consists of a pair of pickup 

electrodes, the output of a pickup electrode is affected by 
the capacitive coupling with another electrode depicted as 
in Fig. 12. 

 
Figure 12: Capacitive coupling between pickup electrodes. 
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The coupling capacitances between electrodes were 
measured for the prototype BPM of the J-Parc MR with 
diagonal cut electrodes as shown in Fig. 13 and the 
coupling effect was evaluated [3]. The measured electrode 
capacitances of a horizontal pair CL and CR are about 200 
pF, and the coupling capacitance CRL is 7.5pF. The 
estimated sensitivity factor  from the measured 
capacitances reproduces well the measured  shown in 
Fig. 14. The degradation of  by the coupling capacitance 
is not negligible small for >5 MHz. At the BPM system of 
the J-Parc MR, the coupling effect can be neglected 
because the frequency component around 2 MHz of the 
pickup signal is detected. 

 
Figure 13: BPM pickup with diagonal cut electrodes at J-
Parc. 

 
Figure 14: Measured sensitivity factor  as a function of 
frequemcy. 

 

Four Button Electrodes BPMt 
The BPM pickup for the electron accelerators with 

short bunch length consists of small electrostatic pick up 
electrodes called as button electrodes as shown in Fig. 15 
[4]. 

 
 

Figure 15: BPM pickups of KEKB. 
 
 

The distribution of the beam induced charge can be 
calculated by finite boundary element method. Figure 16 
shows an example of the mesh of the boundary for the 
calculation. 

 
Figure 16: Mesh of the boundary element method. 

 
The calculated charge distribution is shown in Fig. 17 for 
the beam located at the chamber center. The red points 
show the surface charge density on the button electrode 
surface and blue points show the charge distribution on 
the chamber surface. 

 
 

Figure 17: The beam induced charge distribution in BPM 
pickup shown in Fig. 15. 

 
The beam position (x, y) is determined from the / 

ratio defined as 

,
A D B C A B C D

X Y
A B C D A B C D

     
 

     
, 

where A, B, C and D are the outputs of the buttons shown 
in Fig. 15. We call the correspondence between (X, Y) and 
(x, y) as mapping: 

( , )

( , )
x

y

x F X Y

y F X Y

 
 

. 

The mapping functions Fx(X,Y) and Fy(X,Y) are 
determined from the measurement at calibration stand or 
the calculation based on the finite boundary element 
method. The measured X and Y at the calibration stand are 
shown in Fig. 18 where each point represents (X, Y) for 
calibration antenna position or the beam position (x, y) 
which is changed step-by-step. 
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Figure 18: Mapping of the BPM. 
 

SIGNAL PROCESSING 

Pickup Response 
The equivalent circuit of the electrostatic pickup 

electrode is shown in Fig. 19 and the signal response is 
expressed by 

( )
( )

1

j CR Q
V

j CR C

 





, 

where Q is the beam induced charge on the electrode. 
This response is equivalent to the response of a high-pass 
filter with the low frequency cut-off of 1/CR. To 
reproduce the bunch shape in the observed signal V, the 
condition of CR>>b (bunch length in time) is required. 
The signal voltage is proportional to 1/C so that the 
estimation of C is required to estimate the signal 
magnitude.  
 

 
 

Figure 19: Equivalent circuit of a pickup. 
 

In the observation of the beam bunch signal from the 
electrostatic pickup, we meet the problems due to the 
deformation of the signal wave-form by the signal 
transmission line resonance. As an example we consider 
the signal observation through a piece of coaxial cable as 
shown in Fig. 20. In usual case RL is much larger than the 
characteristic impedance Z0 of the cable because the 
condition of RLC>>b is required. Without the series 
resistor R between the electrode and the transmission 
cable, the wave-form of the signal voltage V is deformed 
by the reflection in the cable as shown in Fig. 21(a) and 
the frequency response has many resonant peaks as 
shown in Fig. 21(b). 
 

 
 

Figure 20: Observation of pickup signal. 
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Figure 21: (a) observed signal wave-form, (b) frequency 
response. The dashed line shows the beam bunch shape. 

 
The series resistor R shown in Fig. 20 is effective to 

damp these resonances as shown in Fig. 22 where R=100 
 is assumed. These resonances are caused by the 
resonance of the capacitance C and the reactance 
component of the mismatched cable so that it is required 
to adjust R to minimize the resonance. 
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Figure 22: Resonance damping by the series resistor R. 
 

Front End Electronics 
Figure 23 is the diagram of the front end electronics of 

PEP-II BPMs [5]. The pickup electrode signal is filtered 
by band pass filter (BPF) to eliminate unnecessary 
frequency components except for the bunch spectrum. 
The filtered signals are demodulated by the I/Q 
demodulator to detect the amplitude of the beam spectrum. 
Demodulated signals are then filtered by the low pass 
filter (LPF) with 20 MHz bandwidth to determine the 
observation bandwidth. The “sin” and “cos” components 
from the I/Q demodulator are digitized by A/D converters 
to calculate the signal amplitudes and / of 4 button 
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signals. In the wideband mode, for example 20MHz 
bandwidth, the turn-by-turn beam position can be 
measured. 

 
Figure 23: Block diagram of front end circuit of PEP-II 
BPMs. 

 

KEKB BPM Signal Processing 
To avoid technical difficulties related to the high 

precision I/Q demodulators, the KEKB BPM system of 
eliminated the analog demodulator circuit as shown in 
Fig.24 [4]. The signal from the pickup electrode is 
converted to the 99 kHz IF signal (intermediate frequency 
signal) by a super-heterodyne circuit. The IF signal is 
directly digitized and then processed in a DSP chip to 
detect the spectrum amplitude of the beam signal and 
calculate the / ratio of button signals. Four button 
signals from a BPM pickup are switched one-by-one and 
processed by one front end circuit, therefore, the system is 
specialized to the narrowband measurement of the closed 
orbit. 

 

 
Figure 24: Front end circuit of KEKB BPMs. 

 

J-Parc BPM Signal Processing 
The front end electronics of the J-Parc BPM system is 

shown in Fig. 25 [6]. Because of the low rf frequency for 
beam acceleration (1.67-2.72 MHz), the signals from 4 
pickup electrodes are filtered by LPF with cut-off 
frequency of 10 MHz and then digitized directly in 
parallel to calculate the / of the 4 electrode signals. The 
system is designed to measure the beam position in closed 
orbit measurement mode and also the single-pass 

measurement mode. For the operation in single-pass 
mode, the ADCs with 80 MHz conversion frequency are 
employed. 

 

 
Figure 25: Front end circuit of the J-Parc BPM. 

 

Log-ratio BPM 
As mentioned in the previous section, the response of 

the log-ratio log(A/B) against the beam position 
displacement is more linear than that of the / of 2 
signals from the pickup electrode A and B of the parallel 
electrode BPM (see Fig. 2). The log-ratio processing is 
realized by using two logarithmic amplifiers as shown in 
Fig. 26 [7] where the output is given by  

1log 2 tanh
A A B

V K K
B A B

 
 


. 

Although the rf log-amplifier has wide dynamic range, 
there is small gain ripple against the input signal level. In 
the example shown in Fig. 27, the periodic error of the 
order of 1 % in the output due to the gain ripple is 
observed.  

 

 
Figure 26: Log-ratio BPM circuit. 

 

 
 

Figure 27: Error and normalized output of the log-ratio 
BPM. 

 
For the 4-button BPM, the log-ratios of 4 signals A, B, 

C and D are defined by 
log( / ) log( / ), log( / ) log( / )X A C B D Y A C B D    . 
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Figures 28 and 29 show an example of  log-ratio BPM 
applied to the KEKB BPM and the measured mapping of 
X and Y.Comparing the mapping of / shown in Fig. 18, 
we can see that the log-ratio is more linear than the /. 

 
 
Figure 28: Log-ratio BPM applied to the 4 button BPM. 

 

 
Figure 29: Mapping of log-ratio X and Y. 

 

AM/PM Conversion Processing 
In the amplitude-modulation-to-phase-modulation 

(AM/PM) method, the two rf signals from two pickup 
electrodes are converted to two equal amplitude signals 
whose phase difference is related to the amplitude ratio of 
two incoming signals. Figure 30 shows a diagram of the 
basic conversion process. The phases of equal amplitude 
re-combined signals at S1 and S2 indicated in the figure 
are given by 

1
1 2 tan ( / )A B     , 

where A and B are the amplitudes of incoming signals, 
and the resultant analog output of the phase detector 
becomes to be 

1
0 1 2 0( / 2) 2 tan ( )out

A B
V V V

A B
    

   


. 

It is well known that the AM/PM processing method is 
employed at Fermilab Booster, Main Ring and Tevatron 
[8] because of the obtainable large dynamic range and 
high real-time bandwidth. 

 

 
 
Figure 30: Block diagram of the basic AM/PM processing. 

 

BEAM-BASED CHARACTERIZATION OF 
BPMS 

The BPM system has many error sources: fabrication 
error of the pickups, contact errors of connectors, errors 
of cable impedance, setting errors of pickups, errors of 
signal processors, etc. The improvement of the overall 
performance of the BPM system can be accomplished by 
the beam-based calibration. 

Beam Based Alignment 
Beam based alignment (BBA) is the offset correction of 

BPM pickup based on the beam measurement. Each BPM 
pickup is installed in the accelerator to adjust the pickup 
center to the magnetic center of the adjacent quadrupole 
magnet. The BPM offset is calibrated by finding the 
position of the closed orbit at that BPM which is 
insensitive to a change of the field strength of the adjacent 
quadrupole magnet [9]. The orbit change by the field 
gradient change k of the quadrupole magnet is 
proportional to the closed orbit displacement x from the 
magnetic center of the quadrupole magnet. Measuring the 
orbit change for various x, the beam position insensitive 
to k can be found by fitting the data. The change of the 
closed orbit by k can be measured by any BPM in the 
ring. Fig. 31 shows an example of the offset position of a 
certain BPM observed by all BPMs in the ring at KEKB-
HER. 

 
Figure 31: The beam position which is insensitive to a k 
of the adjacent quadrupole magnet. The beam position 
change is monitored by every BPM in the ring. 

 
Figures 32(a)-(d) show the offset distributions for the 

HER and LER BPMs of the KEKB. Offsets of all BPMs 
in the KEKB ring were corrected by the measured offset 
data installed in the database. The effects of the BPM 
offset correction can be seen in the beam orbit. Figures 33 
(a) and (b) show the COD with and without the offset 
correction for the LER. The orbit is smoother, especially 
in the arc sections, after the offset correction is included. 
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Figure 32: BPM offsets. Blue bars and red bars show 
horizontal offsets and vertical offsets, respectively. 

 
Figure 33: COD change by beam based alignment. 

Beam Based Gain Calibration of 4 Button 
Pickups 

The output signal of the i-th pickup electrode for the 
beam position (x, y) against the BPM pickup center is 
expressed as 

( , )i i iV qg F x y  

where gi is the relative gain factor, Fi(x,y) is the response 
function normalized to Fi(0,0)=1, and q is the 
proportional factor to the beam current. We consider m 
times measurements with different beam positions (xj, yj). 
For the 4-button BPM pickup (i=1,, 4) as illustrated in 
Fig. 34, we can determine 3m+3 unknowns of g2/g1, , 
g4/g1, q1,, qm, (x1,y1),, (xm,ym) for m4 by the least 
squares method applied to 

4
2

,
1 1

{ ( , )}
m

i j j i i j j
i j

J V q g F x y
 

  , 

where Vi,j is the measured signal voltage of i-the button 
electrode at j-th measurement. The response function of 
each button pickup electrode of 4 button BPM pickup can 
be expressed as [10] 

1 1 1

2 2
2 2

3 2 2 3
3 3

4 2 2 4 3 3
4 4

2 1 3 1

4 1
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, 

The expansion coefficients ak and bk are determined by 
fitting the measured mapping at the calibration stand or 
the calculated mapping by the finite boundary element 
method. Figure 36 shows the example of the relative gain 
of the pickup electrode g2/g1, g3/g1 and g4/g1 of all BPM 
pickups in the ring obtained by beam based gain 
calibration at KEKB HER [11]. The residual errors of the 
least squares with ak and bk obtained from the calculated 
mapping data are smaller than those with ak and bk 
obtained from the mapping measurement at the 
calibration stand. Figure 35 shows the offset distribution 
of the LER and HER BPMs. Comparing Fig. 35 with Fig. 
32, it can be seen that the offset distributions are 
improved by the beam based gain calibrations. 

 
Figure 34: The 4-button BPM pickup. 

 
Figure 35: Relative gains of button electrodes obtained by 
beam based calibration. 
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Figure 36: Offset distributions after the beam based gain 
calibration. 

Beam Based Gain Calibration at J-Parc MR 
The BPM pickups of the J-Parc MR consist of the 

electrostatic pickup electrodes of diagonal cut cylinder 
type as illustrated in Fig. 13 where the horizontal and 
vertical beam positions are independently detected by two 
pairs of pickup electrodes. For these linear response 
pickups, above mentioned least squares (LS) method 
minimizing the sum of the square of the difference 
between each electrode output and the model function is 
not applicable.  

The outputs of diagonal cut electrodes for the beam 
position (x, y) are given by 

(1 / ), (1 / )

(1 / ), (1 / )
L R R

U U D D

V x a V g x a

V g y a V g y a

 
 

    
    

,    (7) 

where  is the proper normalization factor proportional to 
the beam current, gR, gU and gD are the relative gain to the 
electrode L and gL is normalized to 1, and a is the radius 
of diagonal cut electrode. From Eq. (7) we obtain the 
equation of 

1 1 1
L R U D

R U D

V V V V
g g g

   . 

When beam positions are measured m times, we can 
expect the relation of 

Ax b ,                                 (8) 
where  

,1 ,1 ,1

, , ,
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x b  

and Vi,j denotes the measured output at j-th measurement 
of the electrode i (i=R, L, U or D). The approximated 
solution of least squares (LS) of the linear system Ax b  
is given by 

1( )T T
LS

x A A A b , 

when the components of matrix A have no errors. On the 
other hand, when A has errors, the best approximated 
solution is given by total least squares (TLS) method [12]. 
The solution of TLS is given by 

2 1
1( )T T

TLS n


 x A A I A b  

where n is the rank of A and 1n   is the smallest singular 

value of the matrix [A b]. The simulation with the TLS 
method for Eq. (8) indicates good reproducibility of gain 
errors.  Examples of relative gains of electrodes of two 
BPMs (BPM001 and BPM002) at the J-Parc MR obtained 
by LS and TLS methods are listed in Table 1 and 
corrected beam positions using corrected pickup gains by 
TLS method are shown in Fig. 37 for two BPMs [11]. 

 
Table 1: Corrected relative gains of pickup electrodes by 
TLS and LS methods. 

 
 

 
 
Figure 37: Measured beam position at two BPMs. Red 
points are the measured positions without gain correction. 
Black points are the corrected positions with TLS method. 
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Resolution Measurement with 3-BPM 
Correlation Method 

The beam positions at neighboring three BPMs as 
shown in Fig. 38 are linearly related by 

3 1 2x Ax Bx C   ,                            (9) 

if there is no nonlinear element between BPMs. The 
coefficients A, B and C are determined by fitting Eq. (9) 
as shown in Fig. 39 with the least squares method 
minimizing 

2
3, 1, 2,{ ( )}j j j

j

J x Ax Bx C    , 

where xi,j is the measured value of xi at the j-th 
measurement. Assuming same resolution of three BPMs, 
the BPM resolution  is given by 

2
3, 1, 2,

2 2

{ ( )}1

1 1

N
j j jj

x Ax Bx C

N A B


  


  


. 

Figure 40 shows an example of the measured vertical 
BPM resolution at the J-Parc MR [13]. 

 
Figure 38: Beam positions at neighboring three BPMs. 

 

 
Figure 39: Distribution of beam positions (x1, x2, x3) 
measured by 3 BPMs. Green lines represent the plane 
fitted to the measured points with least squares. 
 

 
Figure 40: Measured BPM resolutions at J-Parc MR. 
 
Figure 41 shows BPM resolutions of the KEKB HER 

(electron storage ring) measured by 3 BPM correlation 
method [4]. The average resolution is 1.9 m which is 
better than that of the J-Parc proton synchrotron. 

 

 
Figure 41: Measured BPM resolutions at KEKB LER. 
 

COUPLING IMPEDANCE OF BPM 
PICKUPS 

Emittance Blow-up by BPM Pickup Impedance 
at KEK PS 

We have a possibility of beam instability caused by 
coupling impedances of BPM pickups because large 
number of BPM pickup will be installed in the 
accelerator. At the KEK proton synchrotron (PS) the beam 
blow-up caused by the resonant impedances of the BPM 
pickups was one of the causes of the beam loss at the 
phase transition [14]. Before 1996 the KEK PS employed 
wall current-pickup type BPMs and the resonances 
associated by the cavity structure between the current 
pickup electrode of the BPM and the BPM chamber were 
confirmed by the impedance measurement at the coaxial 
line test bench as shown in Fig. 42(a) and the MAFIA 
calculation. In 1997 the wall current-pickup type BPMs 
were replaced by electrostatic type BPMs illustrated in 
Fig. 43 and no resonance up to 1.8 GHz was confirmed 
for the replaced BPMs as shown in Fig. 42(b). By 
replacing BPM pickups the longitudinal emittance blow-
up was improved as shown in Fig. 44. 

 
(a)                                        (b) 

Figure 42: Transmission parameter s21 measured by 
stretched-wire current method. (a) Wall current pickup 
type BPM. (b) Electrostatic type BPM. 

 
Figure 43: Electrostatic type BPM pickup with parallel 4 
electrodes. 

 
Figure 44: Improvement of longitudinal emittance blow-
up by the replacement of BPMs. 
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Coupling Impedance of PEP-II BPMs 
The detail analysis of the BPM coupling impedance 

based on the 3D electromagnetic field calculation by the 
MAFIA code was performed for the PEP-II BPMs shown 
in Fig. 45 [15]. The calculated spectrum of the 
longitudinal impedance of a 4 button BPM pickup of 
PEP-II is shown in Fig. 46 [14]. A sharp peak of 25  is 
seen at around 6.8GHz. The total impedance of all BPMs 
in a ring due to this resonant mode is 6.5 k. Although 
the acceptable impedance will be 3.4 k to avoid multi-
bunch instabilities at the design beam current of 3A if 
only the radiation damping is taken into account for the 
damping mechanism, this impedance was accepted by 
expecting other damping mechanisms such as beam 
feedback. As for the broadband impedance calculated 
impedance of |Z///n|=0.008  is much smaller than the 
maximum acceptable ring impedance of 0.5  to avoid 
single-bunch instabilities. 

 
Figure 45: Layout of the 4 buttons of a PEP-II BPM. 
 

 
Figure 46: Longitudinal impedance spectrum of a PEP-II 
BPM. 

 

Coupling Impedance of KEKB BPMs 
The coupling impedance calculations of BPMs similar 

to the PEP-II BPMs were also performed for the KEKB 
BPMs shown in Fig. 15 [16]. The calculation shows that 
the longitudinal impedance spectrum has sharp peak at 
around 7.6 GHz.  The calculation results by MAFIA code 
are listed in Table 3. The total shunt impedances of all 
BPMs are 3.6 k for the LER and 7.7 k for the HER. 
Although the asymmetric structure of the button electrode 
was employed for the HER BPMs, no meaningful 

suppression of the impedance was observed. The 
acceptable beam current to avoid the longitudinal multi-
bunch instabilities is strongly dependent on the bunch fill 
pattern in the ring. In the every 4 bucket bunch filling 
operation of each ring, the acceptable beam currents are 
expected to be 1.6A for the LER and 2.6A for the HER. 
To decrease the coupling impedance the small button 
electrode with half diameter of the KEKB BPM button is 
planned for the next SuperKEKB. 

 
Table 2: Longitudinal Impedance of KEKB BPMs 

 
 

DISPLACEMENT PROBLEM OF BPM 
PICKUPS 

Even though BPM pickups are fixed to the adjacent 
quadrupole magnets rigidly to keep the relative position 
of BPM to the adjacent magnet, unpredictable 
displacement of the BPM pickup happens sometimes at 
high current electron or positron rings such as KEKB. At 
KEKB the displacements of BPM pickups depending on 
the beam current were observed as shown in Fig. 47 [17]. 
The BPM pickups were displaced by the large thermal 
deformations of the beam chambers exceeding the 
tolerances of the bellows connecting beam chambers and 
BPM pickups caused by the irradiation of the strong 
synchrotron radiation. The closed orbit was corrected at 
every 10-20 sec based on the COD measurement with 
BPMs. Therefore the change of betatron tune was caused 
by the change of the beam position at the sextupole 
magnets as shown in Fig. 48. To overcome the 
displacement problem of BPMs , the displacements of 
BPM pickups were measured by displacement sensors to 
correct the BPM offsets in real time.  

 
Figure 47: Displacements of BPM pickups at KEKB. 
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Figure 48: Vertical tune change by the displacements of 
BPM pickups. 

 

CONCLUDING REMARKS 
We have many issues to be considered for design and 

construction of the BPM system as mentioned in the text. 
It is one of the difficult problems to guarantee the precise 
measurement of beam positions for different operations of 
accelerators. For example the operation condition of 
accelerators at the commissioning stage or the machine 
study  is  very  different  from  the  routine  operation.  To 

guarantee the accuracy of the beam position measurement 
at various operation conditions, it is important to fully 
understand the beam diagnostic devices and also the 
accelerator facility. 
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ELECTRON-LENS TEST STAND INSTRUMENTATION PROGRESS* 
T. A. Miller†, J. Aronson, D. M. Gassner , X. Gu, A. Pikin, P. Thieberger,  

C-AD, BNL, Upton, NY, 11973, U.S.A. 
 
Abstract 

In preparation for installation of Electron Lenses [1] 
into RHIC, planned for late 2012, a working test stand (or 
“test bench”) is in use testing the performance of the gun, 
collector, modulator, instrumentation and controls.  While 
testing & operating the instrumentation, both progress and 
pitfalls were encountered.  Results are presented from 
issues including ground loop signals generated by the 
DCCTs, static magnetic field interference, competing 
YAG screen illumination techniques, YAG crystal 
damage during beam operation, performance of the four 
quadrant beam scraper electrodes, and challenges in 
measuring beam current in conductors.  Working 
knowledge and insight into each of these systems has 
been gained through difficulties leading to success.  These 
insights are presented with supporting data and images. 

INTRODUCTION 
The major components of this test bench [2] include an 

electron gun (tested from 500ns to DC, 1.0A, 5keV) and 
an electron collector, normal & superconducting 
solenoids, a 5kV collector power supply (CPS) between 
gun & collector, and a 10kV fast modulator controlling 
the gun’s anode.  The system is equipped with pulse & 
DC current transformers at the gun and collector power 
supply, a beam profile monitor composed of both YAG 
crystal screen & camera and a pin hole Faraday cup 
intercepting the scanned electron beam, a four quadrant 
halo monitoring electrode array mounted just upstream of 
the collector, and an ion collecting Faraday cup electrode 
within the collector just downstream of the electron 
reflector [3]. As a complete overview of the diagnostics 
used was presented last year [4], details and experiences 
learned during recent system tests are presented in their 
respective sections below. 

CURRENT MEASUREMENT 
Beam current measurement is made with both DCCTs 

and pulse CTs placed on the conductors near the gun and 
collector connections, as shown in Fig. 1.  The DCCT is a 
Bergoz IPCT-C-02 providing a resolution of 10uA over a 
range of 1-2000mA through a 2.7” aperture.  It is 
sensitive from DC down to 100us pulses.  The pulse CT is 
a Pearson model 6585 with 1V/A ratio, 50Ω output, 1.5ns 
rise time and a 0.3%/µs droop.  This arrangement 
provides measurement of 1 – 5µs pulses without a 
noticeable droop and pulses longer than 100µs out to DC.  
However, ringing of the current pulse edges in the 
conductors obscures pulse shapes over the first 15µs. 

Ground Current Problems in Pulsed Mode 
As the 5kV CPS has its collector side grounded, a 

current transformer was installed in the ground connection 
in an attempt to measure ground return currents from 
beam loss to the grounded vacuum structure.  Aside from 
the ringing on the pulses (discussed in the next section), a 
large distortion of the pulse was measured in the gun CT 
that was exactly compensated by an opposite distortion in 
the ground CT.  Note that in the waveforms shown in Fig. 
1, the summation (gold) of the gun (red) and ground 
(blue) current pulses exactly equaled that measured at the 
collector (yellow). 

 

 
Figure 1:  Current measurement system layout.  Ground 
return currents found during pulsed beam operation 
impede attempts to measure beam loss currents. 

 
The onset of the beam pulse current is believed to be 

supplied by stray capacitance of the floating instrument 
racks containing the gun power electronics on the cathode 
HV deck.  This capacitance is shown in Fig. 1 as Cstray.  
An attempt to compensate for this undesired return path to 
the CPS via ground was made by installing a 5µF HV 
storage capacitor just before the gun CT, as shown in Fig. 
1 as Ccomp.  This completely eliminated the ground 
coupled beam pulse current, except for the ringing, and 
brought agreement between the gun and collector CTs. 

Ringing in Pulsed Beam Current Measurements 
Initially, the fast edges (~50ns) of the beam pulse 

caused ringing in the currents measured by the gun, 
collector as well as ground CTs.  Attempts were made to 
mitigate this ringing by adding RC filters (0.1µF, 50Ω) to 
either side of the 50Ω RG213 HV coaxial cable bringing 
power from the CPS to the cathode deck.  However, these 
attempts have proved unfruitful. 

Further attempts were made, such as providing a 
capacitive bypass around the ceramic break, shown in Fig. 

 ____________________________________________  
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†tmiller@bnl.gov 
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1 at the interface between the green and black portions 
(ground and collector) of the accelerator.  The effect was 
evident but only as a decrease in characteristic frequency 
of the ringing. The amplitude was unchanged.  

New Gun CT 
To improve measurement of the beam current pulse, a 

new pulse CT, labeled “Gun2” in Fig. 1, (also a Pearson 
6585) was installed very close to the gun, and encircling 
both the cathode heater and HV common conductors, as 
the current is split between both conductors.  The result, 
shown in Fig. 2 (cyan), evidences greatly reduced ringing 
in the measured pulse compared to the gun (red) & 
collectors (yellow) CTs. 

 

 
Figure 2: Waveform from the new CT placed near the gun 
(blue – increased amplitude) installed just below the 
conductor feedthroughs; compared to those (red & 
yellow) placed ~1m away along the conductors.  

 
The amplitude of the new CT (blue) is exaggerated 

compared to the original gun (yellow) and collector (red) 
traces by a factor of five.  However, a much higher 
frequency component is observed and distorts pulses less 
than 1µs long.  As a point of reference, the operating 
pulse length of the working Electron Lens [1] in pulse 
mode is to be ~0.5µs.  Testing is planned with filtering.  

Ground Loops 
The current measurement system is equipped with a 

calibration current source, ILX Lightwave LDP-3811, 
capable of up to 0.5Adc at 10µA resolution and 0.1 – 
1000µs in pulsed mode.  With RG58 signal transport out 
to the CT enclosures and a 50Ω resistor in the loop 
through the CTs, a sharp calibration pulse can be 
propagated out to the CTs.  This system is used for both 
offline calibration as well as system health checks during 
operation with beam. 

At one point, the current measurement system was 
being tested while the electron gun was shut down.  A 
noise of about 50mV with a repetitive nature was 
observed from the pulse CTs.  This corresponds to a 
primary current of 50mA (1A/V).  Our goal is to be 
sensitive to 1mA of beam current.  At that time, most of 
the critical power supplies were shut down.  Further 

investigation showed that the fundamental frequency of 
the noise was ~7kHz. This noise was also found on the 
calibration loop even with the calibration source 
disconnected.  The source of the noise was identified 
when the noise disappeared with the removal of power to 
the DCCTs.  The power supply is a linear supply and no 
such noise was found in the dc power. 

The DCCT measures a DC current by its saturation of 
an AC-excited magnetic core. As the excitation oscillator 
runs at ~7kHz, the DCCT became suspect. However, it 
correctly measured calibration pulses within its response 
range.  Adding to the confusion, this noise problem 
disappeared during the next run of the accelerator. 

Due to the danger of high voltage floating platforms on 
which racks of electronics ride, safety-grounding relays 
are employed to ground these platforms when the 
machine is shut down. Ground loops often pick up noise 
that can be introduced into connected circuits.  This 
system has several of these grounding relays.  One such 
relay, labeled “RR” in Figure 1, is used to ground the HV 
cathode deck where the gun electronics are installed.  It 
was later found that while this relay grounds the cathode 
deck, a large ground loop is formed from the CPS over its 
HV RG213 cable, through the CTs, to ground via the RR 
relay and back to the CPS via earth ground.  This allowed 
the noise within the IPCT to be induced into this ground 
loop and measured by all the pulse CTs in the loop.  This 
is why the problem disappeared when the machine was 
operated, as the safety ground relay (RR) was open.  

Static Magnetic Field Interference 
As the electron gun and entire beam transport are 

submersed in a solenoidal magnetic field, there are stray 
static magnetic fields that the instrumentation must deal 
with.  The cross section of the solenoids can be seen in 
Figure 1 as blue rectangles around the beam pipe.  A dc 
output offset of 156mV was observed in the DCCT 
installed in the gun circuit.  This corresponds to 31.2mA 
(200mA/V), which exceeds the range of the zero offset 
correction on the DCCT. The static magnetic fields were 
therefore studied.   

The stray magnetic field inside the CT enclosure was 
measured to be 14 Gauss, while simulations predict fields 
as high as 36 Gauss near the CTs in the final Electron 
Lens machine.  A magnetic shield was made from a sheet 
of 0.030” thick Mu Metal and was made to wrap around 
the DCCT.  The field inside the shield was measured to be 
~1 Gauss.  This reduced the dc output offset to 33mV.  A 
design is being developed for a two-layer shield of iron 
and Mu Metal for the final Electron Lens installation. 

YAG PROFILE MONITOR 
One of the two beam profile monitors on this machine 

is comprised of a scintillating screen made of a Cerium 
doped single crystal YAG, 0.1mm thick mounted on a 
retractable holder just at the entrance of the collector.  A 
GigE camera, AVT Manta G145B, fitted with a manual 
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Figure 3: Layout of YAG profile monitor optics with UV laser, dichroic beam splitter, Sigma 70-300mm f/4-4/5.6 
macro zoom lens, longpass filter, and GigE 1.5MPixel digital camera. 
 
zoom lens, viewing the YAG screen through the hole in 
the electron reflector [4] and through a 4-inch viewport at 
the downstream extremity of the collector.  The system is 
equipped with illumination light sources for inspection, 
discussed in detail below. 

Lens Type Comparison 
The original system design incorporated a specially 

assembled zoom lens [5] using Navitar lens components, 
as shown in Fig. 4.  The advantage of this lens was its 
insensitivity to light outside of its field of view.  It’s 
disadvantage was a considerably small aperture; thus 
having a poor light gathering ability.  Its forward aperture 
is only 25mm with a body length just over 300mm long 
and component cost totaling $1500. 

 

 
Figure 4: Two lenses compared.  Top: Sigma f/4-f/5.6 
lens with large aperture & compact body, Bottom: 
Navitar lens components with small aperture but good 
stray light rejection. 

 
To avoid the YAG crystal’s emission being degraded 

by elevated temperatures due to absorbed beam energy, an 
effort was made to find a lens with a larger aperture.  A 
70-300mm zoom lens by Sigma Corp., manufactured for 
the consumer SLR camera market and readily available 
for $200, was tested.  The lens was mounted to the AVT 
Manta G-145B GigE camera, by Allied Vision 
Technologies; which has a Sony IXC285 2/3” type sensor 
(1.5 MPixels).  Its forward aperture is about 50mm with a 

body length of 120 – 208mm depending on zoom.  
Although its minimum object distance (MOD) is 1.5m in 
macro mode, the distance between the lens and camera 
was increased in order to decrease the MOD; thus 
providing space for more optical components, as 
explained in the section on illumination techniques. 

Tests with both lenses produced good resolution; where 
a resolution test of the Sigma lens setup measured 34µm 
(50µm being the goal.)  The light gathering ability of this 
larger aperture lens was by far the benefit.  Images of 
200mA beam pulses taken with the Navitar lens required 
more than 3µS beam pulses with a gain of 33dB.  The 
high gain produced very grainy images due to noise.  
Comparatively, the Sigma lens setup provided comparable 
beam images at 1µs and only 3dB of gain with a much 
less noise.  The disadvantage of the Sigma lens is that it 
suffers severely from internal reflections within the lens.  
It is very sensitive to light from outside its field of view.  
Hence, illumination techniques previously possible with 
the Navitar lens, namely the flooding of light by an LED 
ring [5], is no longer possible.  Moreover, with the 
increased diameter of the lens, less space is available for 
projecting light through the viewport alongside the lens.  
Figure 3 suggests that the viewport be mounted off center 
to accommodate this. 

Illumination Techniques 
White light illumination is provided by a collimated 

LED source [5]. Illumination at wavelengths that produce 
YAG fluorescence has been added.  This provides a 
method to periodically test the health of the YAG crystal 
in situ.  The optics layout in Fig. 3 shows the placement 
of a 500nm dichroic longpass beam splitter (1.1mm 
thick), Edmund Optics NT47-421, placed in the space 
between the camera and lens.  This is used to project an 
enlarged 405nm laser spot onto the YAG crystal via the 
camera lens for focus determination and an in situ health 
check of the crystal.  An image of the enlarged laser spot 
on the YAG crystal is shown in the upper left corner of 
Fig. 5.  The 4mm laser oval laser beam is expanded by the 
camera lens to a 11mm spot on the YAG 1.3m away.  

The dichroic beam splitter reflects the 405nm light into 
the optical path toward the YAG crystal and allows the 
broad spectrum YAG emitted light, ~500-700nm [7], to 
pass through to the camera while blocking any reflected 
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405nm light.  A second layer of protection from UV light 
was added by placing a longpass dielectric filter, Thorlabs 
FEL0500, with 500nm cutoff, just in front of the camera. 

 

  

 
Figure 5: YAG fluorescent illumination.  Left: 405nm 
laser spot on YAG crystal via camera lens, pictured 
above laser module, heatsink, and beam splitter; and 
Right: YAG crystal (shown in red scale for contrast) 
flooded with 455nm light, pictured above the projection 
LED. 

 
Initially, a 435nm longpass colored glass filter, 

Thorlabs FGL435S, was used to keep the UV light from 
reaching the camera.  However, this filter fluoresced 
under the UV laser light and produced unwanted light 
from the surface of the filter.  This led to the use of optics 
with dielectric coating where light with λ shorter than a 
cutoff is reflected instead of being absorbed. 

The first dichroic beam splitter used, as shown in lower 
left corner of Fig. 5, was a thicker (3mm) model from 
Thorlabs.  This thicker glass between the lens and camera 
first required a refocusing of the lens due to the longer 
effective path length, but finally degraded the resolution 
to a degree that appeared grossly out of focus.  The much 
thinner 1.1mm optic from Edmund Optics was installed; 
yielding a resolution measurement of 34µm. 

The laser used is a 5mW GaN diode laser, commonly 
found in Blue Ray players and now in laser pointers.   It 
was purchased from Beam of Light Technologies [6].  
This laser module is supplied with integrated current 
driver electronics, as shown in the lower left corner of 
Fig. 5 along with its heatsink mount. 

YAG Beam Profile Measurements 
Custom analysis software, developed in house, allows 

an image to be taken from the camera and stored in a 
project file.  Tools are included to identify & mark the 
20mm YAG screen border (for size calibration), to find 
the center of gravity of the beam spot, to overlay X, Y & 
θ axes (where θ is an arbitrarily selectable angle), and 

finally to generate three profile plots along each of the 
three axes.  These are shown in Figure 6 along with the 
beam image they were taken from.   

The beam profile images were initially taken using 
beam currents around 200mA and pulse widths of 12µs 
with a camera gain of 0dB.  Once a problem with the gain 
control was fixed, the pulse widths were reduced to 3µs 
and a gain of 30dB was used (at the expense of higher 
noise).  When the larger aperture Sigma lens was used the 
pulse widths were further reduced to 0.5µs with a gain of 
3dB (with less noise), as in the case of the image in Fig. 6, 
but with a beam current of 725mA. 

 
 

 

Y-axis 

 
X-axis 

 

45° –axis 

 
Figure 6: Profile of 10 mm beam spot on YAG with X, Y, 
and θ = 45º axes superimposed and the three beam profile 
graphs along each axis. 

YAG Crystal Damage Incident 
While propagating a 400 ~ 500mA beam of with a 

pulse width of 80µs and a rate of 1Hz, the YAG screen 
plunger was mistakenly inserted for about 3 pulses.  The 
beam, measuring ~1cm on the YAG crystal, damaged the 
crystal to a point where it’s single crystal structure was 
compromised.  The normally transparent crystal sheet 
became opaque white.  Photos in Fig. 7 show the 
damaged 30 x 0.1mm YAG crystal removed from its 
holder (1), a microscope photo of the damaged area (2), 
the damaged crystal exposed to 455nm light (3), and an 
image of a beam hitting high on the crystal showing the 
boundary between areas where the fluorescence capability 
was destroyed (4). Figure 7.3 shows an undamaged 5mm 
ring where the crystal was protected by the aluminum 
holder and still fluoresces as expected; where most of the 
damaged portion no longer fluoresces and reflects some 
of the incident blue light.  The microscope images in Fig. 
7.4 were taken of the heavily damaged area and are shown 
at a magnification of 15X with an inlay at 60X.   

A study was done to estimate the penetration thickness 
for a 5keV electron beam incident on a YAG crystal 
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covered with a 100 nm thick aluminum layer.  It was 
calculated that the entire energy of the beam is deposited 
in a surface layer only about 0.2 microns thick; leading to 
potential thermal shock damage due to sheer stresses that 
develop due to differential expansion of adjacent layers at 
different resulting temperatures. Ranges are rough 
estimates based on the so-called corrected Gruen formula.  
The temperature in this sublayer is predicted to have risen 
to 200°C during a 1µs pulse.  This translates into a severe 
temperature gradient of 1010 oC/m. 

 
1. 

 

2. 

 
3.  

 

4. 

 
Figure 7: Damaged YAG  1. damaged Al coated YAG; 2. 
microscope image of damaged area; 3. fluorescence of 
damaged crystal under 455nm light. 4. top less-damaged 
area still partially sensitive to beam (20mm YAG screen 
boundary shown as solid line). 

Plans for a Destructive YAG Test 
In an attempt to find the non-destructive thermal limit 

affecting YAG fluorescence, the beam pulse length will 
be incremented while analyzing the YAG image profiles 
until the peak begins to flatten due to the thermal limiting 
of fluorescence. Then attempting to find a thermal limit 
causing permanent loss of fluorescence, profiles of YAG 
images will be analyzed while alternately taking images 
with the safe beam pulse length and an increasingly long 
beam pulse until the response of the crystal at the safe 
pulse length begins to be permanently altered. 

FOUR QUADRANT HALO MONITOR 
This instrumentation system includes a four quadrant 

scraper plate, or halo monitor.  The four plates are circular 
quadrants with a 33.5mm diameter central aperture.  
Although conceived for the aid of steering & alignment as 
well as downstream beam loss detection, they have 
proved invaluable in determining machine parameters by 
clearly showing conditions of longitudinal beam 
oscillations between the gun and collector.  Figure 8 
shows the signals from the four plates during one such 
instance.  

 

 
Figure 8: Signals from four quadrant halo monitor 
electrodes –  signature of longitudinal beam oscillation

CONCLUSION 
With an installation of two electron lenses in RHIC 

planned by the end of 2012, the availability of the test 
bench approaches its end.  What remains are a destructive 
test of a YAG crystal, the completion and testing of a 
pinhole scanning beam profile monitor (subject left for a 
future publication) and testing of a prototype BPM [8].   
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TWISTING WIRE SCANNER

V. Gharibyan∗, A. Delfs, I. Krouptchenkov, D. Noelle, H. Tiessen, M. Werner, K. Wittenburg
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

Abstract

A new type of ’two-in-one’ wire scanner is proposed.
Recent advances in linear motors’ technology make it pos-
sible to combine translational and rotational movements.
This will allow to scan the beam in two perpendicular di-
rections using a single driving motor and a special fork at-
tached to it. Vertical or horizontal mounting will help to
escape problems associated with the 45 deg scanners. Test
results of the translational part with linear motors will be
presented.

INTRODUCTION

Wire scanners serve as an essential part of accelerator di-
agnostic systems and are used mostly for beam transverse
profile measurements (for a review see [1]). Depending
on scanning wire trajectory the profilers could be classi-
fied as rotational [2] or linear [3]. When its necessary to
measure vertical and horizontal beam profiles at the same
longitudinal position one has to use two independent scan-
ners. Alternatively two profiles could be sampled by using
a single driver mounted at 45deg with two wires stretched
horizontally and vertically over a fork attached to this lin-
ear driver. However, wire vibration in the scanning direc-
tion is a known problem for the 45deg scanners [4, 5].
Different types of driver motors have been employed in

Figure 1: Linear-rotary motor from LinMot company.

order to move and control scanning wires which are nor-
mally mounted on cards or forks connected to the motors.
Stepper or servo rotating motors are among the most popu-
lar drivers and linear motors are at developing stage. Here
we explore commercially available translational-rotational
motor units to propose a wire scanner solution which will
perform beam scans in mutually perpendicular directions

∗ vahagn.gharibyan@desy.de

using a single linear-rotary motor and a simple wire hosting
construction attached to it. The construction is a key-like
wire holder which makes twisting (helical) motion during
a 2-D scan. Next will follow a more detailed description of
the translational part with linear motors. In conclusion we
will estimate technical feasibility of the proposed twisting
scanner.

LINEAR-ROTARY MOTORS

A linear-rotary motor produced by company LinMot [6]
is shown in Fig. 1. The motor consists of a linear and a
rotary part merged together. Translational and rotational
motions are decoupled and organized independently. How-
ever, linear and rotary motion synchronization is foreseen
by motor controller logic. The motors are provided in
different configurations with variable sizes and strengths
reaching up to 1 kN linear force and 7.5 Nm rotat-
ing torque. Motor controllers use advanced and flexible

Table 1: LinMot PR01-52x60-R/37x120F-HP-100 Linear-
rotary Motor Parameters

Parameter Value

Linear Motion

Extended Stroke ES mm (in) 100 (3.94)
Standard Stroke SS mm (in) 100 (3.94)
Peak Force E12x0 - UC N (lbf) 255 (57.3)
Cont. Force N (lbf) 51 (11.5)
Cont. Force Fan cooling N (lbf) 92 (20.7)
Force Constant N/A (lbf/A) 17 (3.8)
Max. Current @ 72VDC A 15
Max. Velocity m/s (in/s) 3.9 (154)
Position Repeatability mm (in) ±0.05 (±0.0020)
Linearity % ±0.10

Rotary Motion

Peak Torque Nm (lbfin) 2 (17.7)
Constant Torque (Halt) Nm (lbfin) 0.5 (4.4)
Max. Number of revolutions Rpm 1500
Torque Constant Nm/Arms (lbfin/Arms) 0.46 (4.07)
Max. Current @ 72VDC Arms 6.2
Repeatability deg ±0.05

software/firmware which should help to perform slow or
fast scans with minimal programming efforts. An oper-
ational voltage of 72VDC and maximal current of 15A
complies to general Electro-Magnetic Interference (EMI)
requirements in accelerator environments. Described fea-
tures make the linear-rotary motor as an attractive tool
for driving the proposed twisting wire scanner. A closer
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look to specifications of a linear-rotary motor LinMot
PR01-52x60-R/37x120F-HP-100 is presented in Table 1 as
an example. Listed values for the Repeatability are quoted
for built-in, internal position and angle sensors. One can
improve these parameters considerably by using external,
finer sensors which is foreseen by controller software. In
following we demonstrate that for linear motors.

KEY-BIT SCANNER

In order to apply 2-D helical motion of a linear-rotary
motor for scanning a beam, one needs to invent a suit-
able construction with stretched wires and a holding frame
which stays out of (does not cross the) beam during the
scan. For that we propose a key-bit like assembly which
fulfills above requirements. The construction is schemat-
ically presented in Fig. 2. As it’s indicated by arrows,

Figure 2: A key-bit holder scheme with horizontal and ver-
tical scanning wires. A small ellipse on the right depicts a
beam running normal to the page.

for this arrangement translational motion will first scan the
beam in horizontal direction and next, when the beam will
be inside the key-bit, a proper rotation will perform vertical
scan. It is necessary to limit the rotation angle in order to
escape crossing of the wire holder with the beam. For that
there is sufficient space between the holder frame and the
beam, remaining after the rotational scan is over. Denoting
vertical key-bit and wire size by L and lw respectively, the
beam to holder distance could be expressed as

L

(
arccos

x

L
− arccos

x

lw

)

where x is distance between the beam and rotational axis.
Applying this formula for fast (> 1 m/sec) rotational
scans with some realistic accelerator parameters we obtain
sufficient space to accelerate the wire while for decelera-
tion the space is limited and one needs to use mechanical
dumps to stop the scanner.

3-D KEY-BIT HOLDER FOR 2-D FAST
SCANS

An improved, slightly more complicated design, for the
fast scans could be achieved by tilting the second quadrant

Figure 3: Scanning scheme of a three dimensional key-
bit wire holder. Vertical green line depicts the beam to be
scanned.

of the key-bit wire holder out of the construction’s plane
by some angle. A 90 deg tilted key-bit holder is sketched
in Fig. 3. Scanning sequence is exactly the same as for the
flat key-bit scanner with an advantage of more room after
the second scan is over. This should give sufficient time
to decelerate and stop the frame by the motor alone, with-
out mechanical dumpers. In addition the tilted key-bit’s
moment of inertia is considerably smaller than in flat case.
This will allow easier and improved handling of rotations
with more ergonomic acceleration and deceleration of the
key-bit structure.

LINEAR MOTOR PERFORMANCE AS A
SCANNER DRIVER

We are developing wire scanners with linear motor
drivers for European XFEL accelerator. Here we present
some of the results obtained during recent laboratory exper-
iment with test scanners. Planned test setup is displayed in
Fig. 4 while experimental realization is presented by Fig. 5.
For horizontal and vertical scans two identical and indepen-
dent profilers are mounted to a special vacuum chamber
dedicated to beam transverse diagnostics.

Position feedback for the linear servo-motor is provided
by an external Heidenhain optical system which is accu-
rate to 1µm. With the setup we have tested triggered fast
scans and mechanical as well linear motors performance
during/after tens of thousand scanning strokes. Important
specifications of the XFEL wire scanners are shown in Ta-
ble 2. Tests have marked most of the listed specifications as
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Figure 4: Designed horizontal and vertical wire scanners
mounted on vacuum chamber.

Figure 5: XFEL wire scanners’ test setup

achieved. During the test mechanical design and construc-
tion precision has been justified while linear motors have
demonstrated reliable performance. To verify motor’s dy-
namic behavior we have recorded essential parameters dur-
ing nominal strokes. An example is shown on Fig. 6 where
together with position and velocity also the motor’s cur-
rent and velocity deviation are displayed for a fast (1m/s)
scanning stroke. An important issue for the XFEL wire
profilers and fast scans in general is mechanical jitter mag-
nitude for triggered scans. We have investigated this by
recording time intervals between the trigger and fine posi-

Table 2: European XFEL Wire Scanner Specifications

Parameter Value

Stroke 53mm
Measurement duration 5 sec / 4 scanners
Scanning modes Fast (1m/s), Slow
Motor to beam sync < 1µsec (RMS)
Position accuracy in a cycle 2 µm (RMS)
Width accuracy per cycle 2 % (RMS)
Wire positioning error 1 µm
Number of wires per fork 3 + 2 ( 3x90o, ±60o)
Wire material Tungsten
Fork gap 15mm
Wire-wire distance 5mm ( 90o )

Figure 6: Linear motor parameters recorded during a
stroke: position(mm, red), velocity(m/s, blue), current (A,
green), demand and actual velocity difference (m/s, brown)

tion system reference mark traversing time. Measurement
results for many forward and backward strokes are sum-
marized in Fig. 7. Distributions show time jitter below

1µsec which, in our case of 1m/sec velocity, is equiva-
lent to a sub-micrometer mechanical jitter. This could also
be quoted as a repeatability of the tested linear motor with

fine position feedback and triggering systems.

DISCUSSION

In the last section we have demonstrated an outstanding
performance of contemporary linear motors as wire scan-
ner drivers. We have proposed to use linear-rotary motor
with attached key-bit wire card as 2-D twisting wire scan-
ner. Estimated planes of possible oscillations of the key-
bit wires differ from critical planes in 45 deg forks which
should cure associated vibrational problems reported at
LCLS and other centers. This will become possible mainly
due to different alignment of the scanning wires relative to
driver unit. In addition the vibrations are normally dumped
along the motion direction.
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Figure 7: Motor triggering mechanical jitter distribution for
the forward (upper plot) and backward (lower plot) strokes.
Superimposed are shown fitting gaussian functions with
displayed RMS (one sigma) values.

An apparent difficulty for twisting wire scanner devel-
opment is the linear-rotary motion transfer into the vacuum
chamber where the key-bit card should operate. For that
one should combine linear bellows with either wobble [7]
or torsional [8] bellows.

ACKNOWLEDGMENT

We are thankful to S. Vilcins-Czvitkovits, J. Kruse,
A. Ziegler and M. Drewitsch for participation in prepara-
tion and running of the XFEL wire scanners’ first proto-
typing test.

REFERENCES

[1] K. Wittenburg, “Overview of recent halo diagnosis and non-
destructive beam profile monitoring,” Conf. Proc. 39th ICFA
Advanced Beam Dynamics Workshop on High Intensity High
Brightness Hadron Beams 2006 (HB2006)

[2] C. Fischer, G. Burtin, R. Colchester, B. Halvarsson, R. Jung
and J. M. Vouillot, “Studies Of Fast Wire Scanners For Lep,”
Conf. Proc. C 880607, 1081 (1988).

[3] H. Loos, R. Akre, A. Brachmann, R. Coffee, F. -J. Decker,
Y. Ding, D. Dowell and S. Edstrom et al., “Operational
Performance of LCLS Beam Instrumentation,” SLAC-PUB-
14121.

[4] J. Frisch, R. Akre, F. J. Decker, Y. Ding, D. Dowell, P. Emma,
S. Gilevich and G. Hays et al., SLAC-REPRINT-2012-018.

[5] N. Iida, T. Suwada, Y. Funakoshi, T. Kawamoto and
M. Kikuchi, “A method for measuring vibrations in wire
scanner beam profile monitors,” Conf. Proc. C 9803233, 546
(1998).

[6] http://www.LinMot.com

[7] J. Bosser, J. Camas, L. Evans, G. Ferioli, R. Hopkins, J. Mann
and O. Olsen, “Transverse Emittance Measurement With A
Rapid Wire Scanner At The Cern Sps,” Nucl. Instrum. Meth.
A 235, 475 (1985).

[8] Producer: Tru-Flex LLC, http://www.tru-flex.com/ Anima-
tion: http://www.youtube.com/watch?v=C3WTtMCU3lE

THCB02 Proceedings of IBIC2012, Tsukuba, Japan

610C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)

Transverse Profiles, Screens & Wires Monitors



ACCELERATOR PROJECTS AT KEK

K. Oide [KEK, Ibaraki, Japan]

Abstract
This is a short talk to introduce accelerator projects at

KEK including the Super B-Factory (SuperKEKB), Photon
Factory (PD/PF-AR) and the high-intensity proton machine
J-PARC. Some R&D efforts for future such as the Interna-
tional Linear Collider (ILC/STF/ATF) and the Energy Re-
covery Linac will be also overviewed. It may briefly men-
tion on critical issues related to beam instrumentation for
each project.

CONTRIBUTION NOT
RECEIVED
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BIGGER, BRIGHTER AND MORE POWERFUL

H. Schmickler [CERN, Geneva, Switzerland]

Abstract
The community of high energy physics has several pro-

posals for more powerful accelerator projects. This pre-
sentation reviews all current projects with center of mass
energies above 10 GeV in the field of hadron accelerators,
lepton colliders and lepton-hadron colliders. Special em-
phasis is given on the new needs for beam instrumentation.

CONTRIBUTION NOT
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FEMTOSECOND RESOLUTION BUNCH PROFILE DIAGNOSTICS

B. Schmidt [DESY, Hamburg, Germany]

Abstract
The generation of ultrashort x-ray pulses in the fem-

tosecond (fs) regime in FELs requires electron bunches with
lengths significantly below 1 ps with a strong tendency to
aim for the 1 fs scale. This greatly challenges the present
beam diagnostic methods. In this paper, we will present an
overview of the existing and proposed techniques of bunch
profile diagnostics including transverse deflecting cavities,
electro optic methods, frequency domain techniques as well
as more complex approaches like "optical replica synthesiz-
ers" (ORS).

CONTRIBUTION NOT
RECEIVED

Proceedings of IBIC2012, Tsukuba, Japan TUIB02

613 C
op

yr
ig

ht
c ○

20
13

by
JA

C
oW

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
-B

Y-
3.

0)



THEORETICAL AND EXPERIMENTAL INVESTIGATION ON
RESOLUTION OF OPTICAL TRANSITION RADIATION TRANSVERSE

BEAM PROFILE MONITOR

A.S. Aryshev, N. Terunuma, J. Urakawa [KEK, Ibaraki, Japan]
B. Bolzon, E. Bravin, T. Lefevre (T. LefÃ¨vre) [CERN, Geneva, Switzerland]

S.T. Boogert, V. Karataev [Royal Holloway, University of London, Surrey, United Kingdom]
L.J. Nevay [Oxford University, Physics Department, Oxford, Oxon, United Kingdom]

Abstract
Optical Transition Radiation (OTR) appearing when a

charged particle crosses an interface between two media
with different dielectric constants has widely been used as
a tool for transverse profile measurements of charged parti-
cle beams in numerous facilities worldwide. The basic tun-
ing methods and operation of conventional OTR monitors
are well established for transverse beam sizes not smaller
than 3-5 um. Since the Point Spread Function (PSF) dimen-
sion defines the resolution of the conventional monitors, for
small electron beam dimensions the PSF form significantly
depends on a presence of OTR tails diffraction and aber-
rations in the optical system. In our experiment we have
managed to squeeze the electron beam such that we can
practically measure PSF distribution in one direction. The
revealed PSF structure is such that the visibility depends on
the transverse beam size on micron scale. We developed an
empirical calibration technique and successfully overcame
the resolution limit of the common OTR monitor reaching
sub-micron level. Here we represent the recent develop-
ments and upgrades in both setup and data analysis of a
sub-micrometer electron beam profile monitor.
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LEARNING FROM BEAMS - BEAM INSTRUMENTATION, SIGNAL
PROCESSING, AND (MIS) APPLICATIONS OF LINEAR TIME

INVARIANT SYSTEM FORMALISMS

J.D. Fox [SLAC, Menlo Park, California, USA]

Abstract
Almost all particle accelerators measure and control

beam properties. This talk looks at the signals from bunched
beams using time domain and frequency domain formalisms.
The signatures of bunch charge and bunch structure, motion
in the longitudinal and transverse planes are reviewed and
illustrated with examples from various types of beam pick-
ups and monitors. Common control room diagnostics, in-
struments and measurement techniques are highlighted via
techniques in use at selected accelerators and light sources.
This tutorial is intended to help engineers and accelerator
physicists interpret signals in the control room, and specify
and understand the fundamental and technological limits of
beam measurements. Examples are presented for position
monitor techniques, pickups and the signal processing re-
quired for tune measurements, multi-bunch and intra-bunch
instability control systems. The significance of technical
implementation choices, and important lessons in under-
standing the impact of non-linear effects ( such as in ampli-
fiers) are presented.
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BIW 2012 HIGHLIGHTS & HISTORY

K. Jordan [JLAB, Newport News, Virginia, USA]

Abstract
The final Beam Instrumentation Workshop, hosted by

Jefferson Lab, was held in Newport News Virginia, April 15
- 19, 2012. The series of 15 meetings, spanning 23 years be-
gan at Brookhaven National Lab, adopted the Faraday Cup
Award to recognize excellence in particle beam diagnostics
instruments, and culminated in a transition to a 3 year cycle
with DIPAC & a new Asian meeting; the IBIC. This pre-
sentation gives highlights of the spring meeting and a bit of
nostalgia of the past events.
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