
2 FILL 4399, FS=8.36 KHZ, ITHR ≈ 0.2875 MA

Figure 5: Substructures in spectrogram at low frequencies

Figure 6: Substructures in spectrogram around 40 kHz
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LNB / microwave detector studies
LNB detector system (11 - 13 GHz)

4
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Figure 15: Angular dependence of the signal, obtained by rotating the detector. On the left hand side the measurements show the awaited dependence for detection of polarised 
radiation with a polarity sensitive detector. On the right hand side there is no signifi cant dependence on the orientation of the detector.
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Diagnostics using a microwave detector
The LNB (Low Noise Block) is a mixer down converter operating at 11 GHz, 
which is commonly known to detect satellite television. A big benefi t of using 
an LNB is that it is produced for a mass market. Thus it is a very cheap and 
compact, but never the less a highly sensitive and fast detector. So far it has 
been employed for online measuring relative changes in bunch length. Recent 
measurements have brought light into the time domain structure of the signal. 
It is composed of a polarised part associated with coherent edge radiation and 
a non-polarised part, which is taken to be wake-fi elds.

Figure 14: A typical LNB signal envelope, which consists of a polarised part (blue) and 
non-polarised part (red). Both togehter account for one revolution at ANKA.

Accelerator Physics at ANKA THz beamline at ANKA
A new dedicated beamline for THz radiation is planned. Since the 
wavelength of THz radiation is in the range of mm, the RF-wave nature of 
the radiation has to be taken into account when planning such a beamline. 
Due to the coupling between CSR and the bunch length and shape, 
the exact measurements in THz regime can be used to characterize the 

Figure 16: Simulated intensity Profi le of the edge radiation at 1 THz at the end of the 
vacuum chamber.

longitudinal dynamics of the electron bunch. A large aperture is needed to 
avoid attenuation and diffraction effects because of the long wavelength 
nature of the THz radiation. The new beamline has to fi t into the existing 
infrastructure and thus the available room is strongly confi ned. The favored 
optic for the beamline is a combination of two Gaussian telescopes which 
provide a wavelength independent focus point. The basic design of the 

beamline has been done 
and has to be transferred 
into a CDR. 

Figure 17: Place of the new THz beamline.

One of the most important parameters of accelerators is their electron beam 
energy. So far, the method of resonant depolarization is used to accurately 
determine the energy at ~2.5 GeV of the ANKA storage ring. However, 
forlower energies this method becomes cumbersome. One good alternative 
is by detection of Compton backscattered photons. When laser photons 

scattered with relativistic electrons, highly collimated gamma rays can be 
generated in the propagating direction of the electrons, which is normally 
called Compton backscattering. With collision angle fi xed and energy of the 
laser photons already known, energy of the electrons can be determined by 
the maximum energy of the gamma rays detected. Until now, feasibility to 
perform the measurement either on the booster with an optical cavity or on the 
storage ring has been studied and simulated, with electron beam parameters 
given by AT and Compton backscattered photons by CAIN2.35.         
The simulation results for a promising location on the storage ring can be 
seen as below. 

Figure 18: Energy spectrum of transverse collision by 2 
W CO2 CW laser on 1.3 GeV electrons in the storage 
ring for 10 minutes.

Possibilities of the electron beam 
energy measurement by Compton 
backscattering at ANKA
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which is commonly known to detect satellite television. A big benefi t of using 
an LNB is that it is produced for a mass market. Thus it is a very cheap and 
compact, but never the less a highly sensitive and fast detector. So far it has 
been employed for online measuring relative changes in bunch length. Recent 
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It is composed of a polarised part associated with coherent edge radiation and 
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A new dedicated beamline for THz radiation is planned. Since the 
wavelength of THz radiation is in the range of mm, the RF-wave nature of 
the radiation has to be taken into account when planning such a beamline. 
Due to the coupling between CSR and the bunch length and shape, 
the exact measurements in THz regime can be used to characterize the 
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longitudinal dynamics of the electron bunch. A large aperture is needed to 
avoid attenuation and diffraction effects because of the long wavelength 
nature of the THz radiation. The new beamline has to fi t into the existing 
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optic for the beamline is a combination of two Gaussian telescopes which 
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One of the most important parameters of accelerators is their electron beam 
energy. So far, the method of resonant depolarization is used to accurately 
determine the energy at ~2.5 GeV of the ANKA storage ring. However, 
forlower energies this method becomes cumbersome. One good alternative 
is by detection of Compton backscattered photons. When laser photons 

scattered with relativistic electrons, highly collimated gamma rays can be 
generated in the propagating direction of the electrons, which is normally 
called Compton backscattering. With collision angle fi xed and energy of the 
laser photons already known, energy of the electrons can be determined by 
the maximum energy of the gamma rays detected. Until now, feasibility to 
perform the measurement either on the booster with an optical cavity or on the 
storage ring has been studied and simulated, with electron beam parameters 
given by AT and Compton backscattered photons by CAIN2.35.         
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Bursting CSR - single bunch observations
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Bursting CSR - single bunch observations
Dynamics of sub-structures lead to bursts of CSR
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Bursting CSR - single bunch observations
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Bursting CSR - multi-bunch observations
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Bunch length from streak camera for different αc
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Figure 7.1: Comparison of various bunch lengthening and bursting threshold measurements for

different momentum compaction factors (proportional to the synchrotron frequency

fs) at a fixed RF voltage of 0.6MV (equally distributed over 4 cavities). The bunch

length measurements were done with the SC and bursting threshold measurements

with THz-detectors (HEB data courtesy of V. Judin). The fits to the SC data are

empirical to guide the eye and allow for the extracting of σz,0. Published in [70].
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Figure 7.2: Zero current bunch length σz,0 retrieved from the fits in Fig. 7.1 for a total RF voltage

of 0.6MV versus synchrotron frequency fs measured with a spectrum analyzer. The

behavior is described reasonably well with a linear fit according to σz,0 = (0.6209 ±
0.006) ps/kHz·fs.
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52 5. Bestimmung von Burstingschwellen

5.2.2 Schwankungen der Bunchlänge
Die schnelle und automatische Auswertung mit SCIRAS hat es möglich gemacht,

Schwankungen der gemessenen Bunchlänge, die in der Größenordnung einer Picosekun-
de liegen, aufzulösen. Diese wurden bisher als statistischer Fehler auf die (als konstant
angenommene) Bunchlänge angesehen. Eine Betrachtung der Verteilung der gemessenen
Bunchlängen für jeden Strom (siehe Abbildung 5.10) belegt jedoch, dass die Annahme
einer konstanten Bunchlänge nicht unter allen Umständen gerechtfertigt ist.

Abbildung 5.10: Verteilung der Messergebnisse für die Bunchlänge.
Für jedes Stromintervall wurden 100 Messwerte für die Bunchlänge ermittelt. Die Farbe der Flä-
chen, aus denen dieses Diagramm aufgebaut ist, gibt die Häufigkeit an, mit welcher diese (durch
die Pixel der Streak-Kamera diskrete) Bunchlänge ermittelt wurde. Die eingezeichneten Linien und
Bezeichner entsprechen den Burstingschwellen nach Kapitel 5.1.
Für kleine Ströme zeigt sich eine schmale und symmetrische Verteilung, wie sie aufgrund rein statis-
tischer Schwankungen und der Unsicherheit auf den Messwert zu erwarten sind. Bis in den Bereich
zwischen 0.75mA und 1mA besteht eindeutig jeweils ein am häufigsten ermittelter Messwert für
die Bunchlänge, doch bereits hier flacht die Verteilung stark ab. Oberhalb von 1mA nimmt die
Verteilung zunächst eine Form ohne klares Maximum an, ab 1.8mA ist dann wieder ein klares
Maximum zu erkennen.
Da das Verhältnis von Signal zu Rauschen mit dem Strom linear besser wird, die Bunchlänge je-
doch weniger stark steigt, können diese Schwankungen nicht durch Über- oder Unterkompensation
statistischer Schwankungen während der Auswertung erklärt werden.

Der Benchmark (vergleiche Kapitel 4.4.1) belegt, dass statistisch und durch die Aus-
wertung begründeten Schwankungen vor allem bei wenig Signal – also bei niedrigem Strom
– zum Tragen kommen. Zwar würde bei größerer Bunchlänge bei hypothetisch gleichem
Strom die Standardabweichung in absoluten Zahlen steigen, relativ zur Bunchlänge würde
sich jedoch nichts ändern. Dieses Ergebnis legt bereits nah, dass sich die Schwankun-
gen der Messwerte zumindest teilweise eine reale Fluktuation der Bunchlänge abbilden.
Spätestens die klar erkennbaren temporären Rückgänge und Anstiege der Schwankungen
belegen aber eindeutig, dass die sich mit dem Strom monoton verändernde Signalqualität
die Schwankung der Standardabweichung nicht erklären kann: Die symmetrische Form der
Verteilung bei kleinen Strömen zeigt, dass Probleme bei der Korrektur der Schwerpunkt-
position selbst beim kleinsten gezeigten Strom kein großes Problem ist. Und da das Signal
linear mit dem Strom – und somit weniger stark als die Bunchlänge – steigt, muss eine
Änderung des Strahlverhaltens als Grund zum Beispiel für die deutliche Abflachung der
Verteilung oberhalb von 1mA angenommen werden.

bu
nc

h 
le

ng
th

 / 
ps

bunch current / mAP. Schönfeldt

asymmetry

Fluctuation of individual bunch length measurements



ANKA Synchrotron Light Source at KITM. Schwarz et al. - Short bunches at ANKACLIC, 6 February 2014

Bunch length and CSR instability

13

Fluctuation of individual bunch length measurements54 5. Bestimmung von Burstingschwellen

Abbildung 5.12: Bunchlänge und Schwankungen der Bunchlänge bei Fill 4616 (13 kHz, 450 kV)

mit eingezeichneten Burstingschwellen nach Kapitel 5.1. Die Unicherheit auf die Bunchlängen-

schwankungen sind aus Gründen der Übersichtlichkeit nicht eingezeichnet, die Reproduzierbarkeit

der Werte (siehe Abbildung 5.11) spricht jedoch für eine strahldynamische Erklärung.

Abbildung 5.13: Bunchlänge und Schwankungen der Bunchlänge bei Fill 4706 (8.9 kHz, 450 kV)

mit eingezeichneten Burstingschwellen nach Kapitel 5.1. Gegenüber Abbildung 5.12 ist hier ein

leichtes Auswaschen der Minima der Schwankungen erkennbar. Die Zahl der beobachtet Maxima

hat sich von zwei auf drei erhöht. Im Abschnitt von .057mA bis .128mA wurden keine Messungen

durchgeführt, weil der der Scraper zum Einsatz kam.
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Fluctuation of individual bunch length measurements

5.2. Methoden mittels Messung der Bunchlänge 53

Die gezeigten Schwankungen können sich direkt im Bursting äußern: Wenn man einen

gaußförmigen Bunch annimmt, bedeutet der konkrete Fall einer Schwankung zwischen

lmin = 22ps und lmax = 27ps gemäß Gleichung 2.14 im für das HEB messbaren Frequenz-

bereich von .1 kHz bis 4 kHz eine Änderung der Strahlungsleistung um mehrere Größen-

ordnungen.

Aus Gründen der Übersichtlichkeit soll die Verteilung bei der weiteren Betrachtung

nun wieder allein durch die Standardabweichung vom Mittelwert charakterisiert werden.

Dass diese Daten gut reproduzierbar sind, macht Abbildung 5.11 deutlich.

Abbildung 5.11: Reproduzierbarkeit der Schwankungen der Bunchlänge gezeigt anhand von drei

Fills an drei verschiedenen Tagen, gemessen mit einem Abstand von insgesamt etwa zwei Monaten.

Bei Betrachtung dieser Bunchlängenschwankung für verschiedene Maschineneinstel-

lungen (siehe Abbildungen 5.12, 5.13, 5.14 und 5.15) fallen einige Systematiken ins Auge:

Beginnend bei kleinen Strömen nimmt die Standardabweichung der gemessenen Länge

nimmt für alle Messreihen mit steigendem Strom zunächst leicht, aber nicht immer signi-

fikant ab. Wie der Benchmark mit per Monte-Calro-Verfahren erzeugten Streak-Kamera-

Bildern zeigt, kann dies durch die Anzahl der Signalpunkte erklärt werden, und ist somit

nicht auf einen ruhiger oder unruhiger werdenden Strahl zu zurück zu führen. Interessant

wird es folglich ab dem ersten Anstieg der Schwankungen
2
. Der Strom, an dem dieser

zu beobachten ist, wird für stärker komprimierte Strahlen geringer. Gleichzeitig ebenfalls

geringer wird die Amplitude der Schwankungen im beobachteten Strombereich.

Da die Fluktuationen oberhalb des durch statistische Schwankungen allein erklärbaren

Werts nur in dem Strombereich auftreten, in dem auch resonantes Bursting stattfindet,

liefert die Messung einen Beleg für das Bursting. Der Beginn der Schwankungen ist jedoch

nicht als Schwelle definierbar. Hierfür gibt es einen Grund, der sich aus zwei Seiten an-

gehen lässt: Erstens ist aufgrund der
”
Untergrundschwankungen“ schwer festzustellen, ab

wann die Bunchlänge tatsächlich variiert. Zweitens tritt das resonante Bursting bereits bei

kleineren Strömen auf als der erste Anstieg vermuten ließe.

2
Momentan wird eine Bunchlänge pro Bild (hier: 500µs) ermittelt. Schwankungen mit Frequenzen

f > 2 kHz können also noch nicht detektiert werden. Ein in Appendix C.2 vorgeschlagener Algorithmus

zur verbesserten Entfernung des Rauschens verspricht hier Verbesserungen.
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THz Port at ANKA

(src.: ANKA-Archiv)

IR1 - Diagnostic port

source: entrance edge of a bending magnet

flux > 1013photons/s/0.1%bw

5 / 33 Vitali Judin Hot Electron Bolometer at ANKA

Measurements in two basic set-ups
detection of synchrotron radiation THz pulse 
in the beam line (“far-field”)

(direct) detection of bunch electric field 
(“near-field”)

Electro-optic (EO) methods measures
wake field (EO sampling)

bunch shape (EO spectral decoding, single shot!)

Project: 
Measurement of the
longitudinal bunch shape
with electro-optical
techniques in an electron
accelerator
This project aims at the realization and use
of a high resolution electron bunch length
and shape detection system. It is based on
electro-optical techniques and measures
the transient electric field of the electron
bunch. Special care must be taken for the
system to be suitable for the specific
operation conditions at the new linear
accelerator currently being designed at KIT.
The goal of this project is to design new
diagnostics for short bunches and to 
further the understanding of beam
dynamics effects.

Researcher: 
Andrii Borysenko
Andrii studied physics in
the Taras Shevchenko
National University of Kyiv,
Department of Nuclear

Physics and Engineering.

In 2010 he obtained his bachelor’s degree
and was a participant in a summer student
program at the Institute for Nuclear Physics
of the Research Center Jülich. There he
worked on developing a track-finder
software for processing the data from the
PANDA detector (component of the 
FAIR facility).

After that Andrii enrolled in the master’s
program in Nuclear and High Energy
Physics in the Taras Shevchenko National
University of Kyiv. During this time he had a
two-month internship at the Max Planck
Institute for Nuclear Physics. There he
gained experience with the investigation 
of beam-target interactions at the storage
ring. He graduated in 2012 with
specialization in “Nuclear physics,
high-energy, and particle physics”.

Project: 
Precision determination of
electron beam energy with
Compton backscattered
laser photons at ANKA
One of the most important parameters of a
storage ring is the electron beam energy
and has to be known very accurately. So far
at ANKA, the method of resonant
depolarization is used to determine the
energy at around 2.5 GeV precisely.

At lower beam energies, however, this
method becomes cumbersome and
alternatives have to be found. One such
method is the detection of Compton
backscattered photons. A setup for such an
energy determination will be developed on
the booster of ANKA at an energy level of
500MeV as a method study.

Researcher: 
Cheng Chang
Cheng studied physics at
Peking University (China)
and continued as a master
student in the Institute of

Heavy Ion Physics in the field of accelerator
physics. He attained a bachelor of science
in physics and a master of engineering in
nuclear technology and applications, both
from the physics department of Peking
University in China.

During his master degree Cheng gained
experience in designing a Compton
backscattering (CBS) X-ray source based
on Superconducting technology and an
energy recovery linac. This work involved
both analytical calculation and simulation,
mainly concerning electron beam-laser
interaction including a laser pulse storage
cavity. He also has a broad work experience
related to superconducting accelerator
physics and engineering issues such as
Cs2Te photocathode fabrication,
superconducting cavity tuning, and 
Radio Frequency (RF) studies and
applications, etc.
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K A R L S R U H E R  I N S T I T U T  F U R  
T E C H N O L O G Y  ( K I T )

KIT was founded on October
1st, 2009 by a merger of
Forschungszentrum
Karlsruhe and Universität
Karlsruhe. KIT bundles the
missions of both precursory
institutions:
A university of the state of
Baden-Wuerttemberg with teaching
and research tasks and a large-scale
research institution of the Helmholtz
Association conducting
program-oriented provident research
on behalf of the Federal Republic of
Germany. With ~8,000 employees,
more than 18,000 students and an
annual budget of ~700 M , one of
the largest research and teaching
institutions worldwide was
established with the potential to
assume a top position worldwide in
selected fields of research.

The Institute for Synchrotron radiation
at the KIT is responsible for the
operation and expansions of the
storage-ring based light source
ANKA. Research and development in
Accelerator Physics currently under
way at ANKA includes the
optimization of coherent THz
radiation production in the storage
ring with the use of low momentum
compaction optics. A broad research
program on the characterization of
coherent THZ radiation as well as on
the properties of the low alpha mode
has been established including both
single particle dynamics issues as
well as collective effects. These
activities are also part of a longer
term effort towards the realization of a
state-of-the-art LINAC based coherent
THZ source currently under design:
the TBONE (THz Beam Optics for
New Experiments) facility.

Installation of the EO monitor into the UHV system of the ANKA storage ring in October 2012. 

Electro-optical crystal (GaP) mounted on movable arm.
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EO sampling: bunch & wake field

EOS measurement of the E-field induced birefringence inside GaP 
crystal from passing bunch
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EO single shot profiles
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Figure 7.11: Showing 5 sets of 11 consecutive single-shot EOSD bunch profiles for different cur-

rents recorded during the heavily compressed Fill 4656. The curves have been

displaced vertically for better visibility. The beam parameters are the following:

450 kV / cavity; 25.3k steps, fs = 10.4 kHz.
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Summary

Detector systems working in different frequency ranges are used for 
CSR studies around ANKA

ultimate goal: true simultaneous DAQ of all those systems

Some results / effects under investigation: 
LNB, multi-bunch studies & EO methods show evidence for long-range effects

bunch length during bursting mode changes

single shot bunch profiles of CSR instability

polarization of microwave signal

CSR gives fingerprint of machine parameters
next steps: systematic parameter scans, detailed simulations
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EO single shot profiles
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Figure 7.9: Bunch profiles for for different machine parameters. The curves have been displaced

vertically for better visibility. a) Streak camera profiles for single images (Courtesy of

P. Schönfeldt). b) Single-shot EOSD profiles recorded around the same time. Beam

parameters for a) and b): Fully compressed beam (Fill 4623; 450 kV / cavity; 27k

steps, fs = 7.7 kHz) with 1.13mA (418 pC) bunch current, average bunch length

8.79 ± 0.63 ps. c) Single-shot EOSD profiles for a slightly compressed beam (Fill

4627; 180 kV / cavity; 23k steps, fs = 8.3 kHz) with 1.14mA (422 pC) bunch current,

average bunch length 13.56 ± 1.26 ps. d) Single-shot EOSD profiles for a heavily

compressed beam (Fill 4656; 450 kV / cavity; 25.3k steps, fs = 10.4 kHz) with a high

beam current of 1.75mA (648 pC), average bunch length 7.97 ± 0.81 ps. e) Computed

form factors for the EOSD profiles (Courtesy of M. Schwarz).
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EO set-up in the ANKA vacuum chamber
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Comparison to simulation
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Figure 5: FFT (normalized to 1) of the measured signal
from Fig. 4 and the simulated vertical electric field.
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Figure 6: FFT of the measured and the simulated electric
field for two different values of �r normalized to 1. The fre-
quency shift to lower frequencies is obvious but for �r = 10
some peaks for higher frequencies (above 15 GHz) appear.

ties can be investigated by varying the value of �r (see Fig.
6)and the thickness. We found that for an increase of the
value of �r the dominant frequency is shifted towards lower
values (for �r = 10 we got 11.5 GHz).

A variation of the thickness of the crystal showed that
the frequency is decreasing with increasing thickness but
this leads to a stronger deformation of the spectrum and the
time signal. Only by changing the properties of the crys-
tal in a reasonable range it is not possible to shift the fre-
quency down to 10.5 GHz and achieve a reasonably good
agreement in the time domain as well. By rescaling the
time axis of the simulation we can shift the peak in the FFT
spectrum to 10.5 GHz. Figure 7 shows the comparison of
such a ’rescaled’ simulation with the measurements.

It is obvious that the spectra agree well in the time as
well as in the frequency domain. In the time domain the
amplitude of the measurement is almost the same for mea-
surement and simulation over the whole time range and
also the modulation frequencies agree well.

Further studies are required to find the origin of the fre-
quency shift between simulation and measurement by ad-
ditional parameter scans and modifying the simplifications.
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Figure 7: Measured and simulated electric field in the crys-
tal in the time domain (upper plot) and the corresponding
FFT spectra normalized to 1. The simulation curves are
rescaled in x-direction to achieve a good agreement.

SUMMARY & OUTLOOK

The setup for electro-optical measurements recently in-
stalled at the ANKA storage ring gives the unique possi-
bility to directly measure the wake fields induced by the
bunches. This allows a comparison with the output of nu-
merical calculations for the wake potentials and electric
fields. By using numerical calculations we could also ex-
plain the drop of signal intensity when moving the crystal
closer to the beam during multi bunch operation by esti-
mating the heat load the crystal is exposed to. Concerning
the calculation of the electric field there is a systematical
disagreement between the measurement and the simulation
model. Once this is overcome it is possible to check the
simulated with the measured electric fields and this will al-
low to use the simulation model for studies of impedance
related effects in storage rings.
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NUMERICAL WAKEFIELD CALCULATIONS FOR ELECTRO-OPTICAL

MEASUREMENTS
∗
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M. J. Nasse, M. Schuh, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

Abstract
The technique of electro-optical measurements allows

precise and single-shot measurements of the bunch length
and shape. The installation of such a near-field setup
changes the impedance of the storage ring and the corre-
sponding effects have to be studied carefully. One possibil-
ity is to use numerical codes for simulating the wake fields
induced by the setup. Such simulations have been done us-
ing the wake field solver implemented in the CST Studio
Suite [1]. In this paper we present the simulation results
together with first measurements.

INTRODUCTION

A setup for electro-optical bunch length and shape mea-
surements has been installed recently at the ANKA storage
ring [2]. The measurement principle is based on the effect
of a crystal becoming birefringent when it is exposed to an
electric field. This birefringence turns the linear polariza-
tion of a laser pulse that is sent through the crystal into an
elliptical one. At ANKA a 5 mm thick Gallium Phosphide
(GaP) crystal and a near-infrared laser (central wavelength
1030 nm) are used. This setup does not only allow to mea-
sure the bunch length but also gives the possibility to detect
the transversally polarized component of the wake fields
that are induced by the bunch traveling through the beam
pipe.
Using numerical codes it is possible to calculate these wake
fields in the time domain. We are using CST Particle Studio
[1], a versatile software that does not allow only to calcu-
late the wake potentials but also the electric field for differ-
ent points in 3D structures.
In a first step we simulated the longitudinal wake potentials
W|| and the corresponding wake loss factor kl (assuming a
Gaussian charge distribution with the RMS bunch length
σ).

kl =
1√
2πσ

� ∞

−∞
W|| · e

�
− s2

2σ2

�
ds (1)

This allows to estimate the power that is lost from the
beam when passing the setup.
In a second step we calculated the electric field inside the
crystal and compared these results with those from the
measurements.
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SIMULATION MODEL

As CST is a 3D code it is possible to import the
simulation model directly from CAD-files. In the next step
we simplified the model. The setup consists of chamber
where the electro-optical crystal mounted on an arm can
be moved in and out. This upper part has a coaxial like
structure with a length of around 20 cm.
To simplify the model and shorten the calculation time we
cut the structure just above the chamber and replaced the
coaxial structure with a port with the boundary conditions
set to ’open’. This is possible as we only calculate the
wake potentials and electric field for time ranges where
we do not expect any signal coming back from the coaxial
structure after being reflected. A cut through the simula-
tion model is shown in Fig. 1.

Figure 1: Cross section of the simulation model consisting
of the chamber and the holder with the crystal (blue) and
the prism (gray) for sending the laser into the crystal and
back out again. The electron beam is going from right to
left and thus it passes first the crystal and then the prism.

Gallium phosphide shows a dispersive behavior and thus
we have a frequency dependency of the dielectric constant
�r [4]. CST is capable to handle this behavior but it showed
that for the frequency range we are using (up to 60 GHz)
�r can be set as constant. The other components are made
of copper (the chamber) and stainless steel (holder).

For the simulations shown here we are using a homoge-
neous mesh (i.e. the same size of mesh cells in all dimen-
sions independent of the material properties).
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