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CLIC Dämpfungswiggler

4 28.11.2013 Axel Bernhard - Beschleunigerphysik am KIT-Universitätsbereich

KIT

Aktivitäten und Ziele
1. Schritt: Design und Bau eines
SC Wigglers nach Spezifikation
für CLIC-Dämpfungsring
(BINP, FAT Feb. 2014)
Betriebstest und
Strahldynamik-Experimente im
ANKA-Speicherring
parallel: Entwicklung von
Nb3Sn-SCID-Technologie
(CERN)
2. Schritt: Test eines
Nb3Sn-Wigglers im
ANKA-Speicherring

Abbildung : Schnitt durch den
CLIC-Dämpfungswiggler-Prototypen
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for Femtosecond Electron Bunches
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Science keywords
•Accelerator Research
•Enabling Attosecond Science
•Non-Linear Research & Applications

National and international Cooperations
•CERN (EuroCircol, ARIES), PSI Switzerland, BINP Rus-

sia (CLIC), Helmholtz: DESY, FZJ, GSI, HI Jena, HZB,
HZDR (ATHENA), NICT/Japan, NIST/USA, EU Partners

Main funding source
•PoF HGF, BMBF, EU, DFG
•PoF: Matter and Technology (MT)
•Humboldt-foundation et al.

Interfaces to other topics at KIT
•KCETA, HIRST, Division III: IHE/IHM/Microwaves,

IMT/Nanotechnology, IMS/Superconductivity et al.

•Division V: IEKP, IPE/Electronics, Division I: TBD

Big (scientific) question to answer until 2025
•Establish KIT as a leading accelerator and detector technology lab
•Enable compact, energy-efficient and reliable accelerators opera-

ted via the Internet of Things and diagnosed via Big Data analysis
•Holistic, fully-synchronous Beam Monitoring via fast, continuous

six-dimensional phase space Diagnostics and subsequent Control
•Develop a sensor network for ps/fs beams at GHz-rates
•Perform cutting-edge experiments at the test facility FLUTE towards

reliability and reproducibility to enable systematic applications of
ultra-high terahertz (THz) fields and short femtosecond (fs) pulses

•Push the limits to enable Attosecond Science
•Progress towards a Test-Facility for Attosecond Beams & Diagno-

stics (PICCOLO mode of FLUTE)

Research Topics and Goals

ISmaller
Novel Compact Acceleration Concepts: Shrink 1000 times

IFaster
Timing & Control: ps > fs > as for Attosecond Science

I Information
More & Faster: GHz < THz < Synchronous Diagnostics

IEnergy
High Fields (GW, GV/m, Tesla) for Non-Linear Science

IFLUTE (Ferninfrarot Linac- Und Test-Experiment)
Far-infrared and Terahertz Linear Accelerator and Test-Experiment

IApplications-oriented
to Materials Science, Life Sciences and Medicine

Accelerator Physics and Technology

IBPT’s Mission (founded 1 Jan 2016):
Ensuring the operation of the synchrotron radiation source ANKA for KIT
internal users, establishing a technology platform for the development and
testing of new beam and acceleration technologies and pooling research
of new accelerator concepts and the development of new detectors.

Collaboration with Industry
First full-length (1.5 m), high-performance
superconducting undulator SCU15 for
the production of high-brilliance X-rays
in operation at ANKA.

(Photo: KIT/ANKA/Babcock Noell GmbH)

Terahertz (THz) Diagnostics
“Snap-Shot” of ANKA Storage Ring Pa-
rameters with THz ps-pulses at 0.5 GHz
rate, several billion data points in 1 s !

This requires ...

Compact Accelerators
triggers Novel Simulation Methods, Mathematics and Theory

Compact Technology Simulations
Magnets & Vacuum Spectroscopy & Imaging
(Undulators, Wigglers) (Multi-Dimensional)

Femtosecond & THz-, IR-, VIS-, UV-Lasers, Fiber Technology

Materials Science (Electro-Optics), Ultra-Fast THz Detectors, Nanotechnology

Superconducting Detectors from Division III: KIT-IMS.
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Accelerator Science and 
Technology

Introduction
The accelerator team at the ANKA synchrotron radiation facility can report 
significant progress in the storage ring and machine operation in 2013 and 
2014. Several upgrades were implemented and new, exciting technologies 
have been developed and implemented for control, diagnostics, and de-
tection of electrons and photons. Research collaborations between ANKA and 
various KIT-wide institutes with expertise in fields such as high speed detectors 
and high speed electronics, have resulted in advances in picosecond timescale, 
broadband, high throughput, high speed data acquisition. This opens new 
windows for diagnostics of compressed electron packages (so-called bunches) 
within a storage ring such as ANKA.

Academic education is an integral part of life at ANKA: as part of the 
accelerator education and training program at KIT a small fraction of the 
machine development time per year was provided for hands-on tutorials for 
students. Additionally five dissertations and ten master theses were complet-
ed within the field of accelerator physics and technology. PhD students 
provide and provided important contributions to the success of the ongoing 
research projects and were partially supported via funding by the BMBF 
Verbundforschung under contract numbers 05K10VKC/05K13VKA, by the 
Initiative and Networking Fund of the Helmholtz Association under contract 
number VH-NG-320, and the EC-funded Marie Curie Initial Training Network 
LA3NET.

The years 2013 and 2014 were also distinguished by the preparations 
for the new programme-oriented funding period, POF-III, of the Helmholtz 
Association. One major contribution in tune with the development of new 
technologies and experimental methods at KIT is the new linac-based test fa-
cility FLUTE (Ferninfrarot Linac- Und Test-Experiment / far infrared linac- and 
test-experiment). FLUTE will be located near the ANKA storage ring and the 
project is now well advanced. 

The following pages cover the activities of the accelerator team and provide 
a few highlights of research and developments and a look into ongoing and 
future projects.

Overview of the Accelerator Report
The Accelerator Report is structured as follows: it begins with the ANKA 
storage ring operation, upgrades and refurbishment, and new develop-
ments such as the new digital feedback system for bunch-by-bunch (BBB) 
control. The report also describes new possibilities to capture short de-
tector signals in the picosecond range, for example, detection of picosec-
ond timescale terahertz signals, which was possible by a KIT-wide research 
collaboration between several institutes. While the former concentrates on 
providing new technology to measure all radiation signals generated by 
each bunch in the storage ring ANKA, also non-invasive electro-optical 
diagnostics to be able to measure the longitudinal bunch length in a sin-
gle-shot mode was achieved, systematically measured, and analyzed. Fur-
ther developments within the accelerator team consider a new compact 
setup for measuring the electron energy via Compton backscattering of la-
ser photons, fast transversal beam diagnostics with a gated optical camera, 
the investigation and development of various insertion devices (SCU15DEMO, 
CLIC, TGU), and a feasibility study to show potential improvements of ANKA 
towards a low emittance storage ring, while maintaining the source 
points for radiation for the beamlines. Finally a look into the future, the set-
up of a new linear accelerator FLUTE in a neighboring building at the ANKA 
synchrotron radiation facility is described. The accelerator team at KIT is an 
integral part of the ongoing accelerator and research development (ARD) 
in Germany and within the Helmholtz ARD Distributed Test Facility (ARDTF).

ANKA storage ring operation and upgrades in 
2013 and 2014
Introduction 
ANKA is generally operated at an electron kinetic energy of 2.5 GeV with an in-
jected beam current of 200 mA and a lifetime of around 20 hours. In addition, 
beam is provided in dedicated shifts at 1.3 GeV for terahertz (THz) applications. 
In these dedicated shifts the magnet optics is set in such a way that the electron 
packages (so-called bunches) are compressed to short sub-mm sized bunch 
lengths. The storage ring has also become an integral part of the accelerator 
education and training program at KIT, offering a small fraction of the machine 
development time for hands-on tutorials for students. Reported here is an over-
view of the machine operation in 2013 and 2014 and a status update of the 
ANKA five-year large-scale refurbishment and upgrade plan.

Machine operation
In 2013 the storage ring was in operation for a total of 4181 hours. Of this 
time 57% was provided to user operation at 2.5 GeV and 9% for special user 
operation at 1.3 GeV with short bunches. A further 4% of the time has been 
spent with injection and 12% for start-up after shutdowns or weekends. The 
accelerator development and consolidation program utilized 18% of the run-
ning time. The distribution of beam time is illustrated in Fig. 1. Of the 110 days 
scheduled for regular user operation 13 days were lost; 6 of these days were 
due to power cuts to the KIT site. Several more days were lost due to con-
sequently damaged power supplies. The total availability, taking into account 
delivered to scheduled beam time, was 96%.

In 2014 the storage ring was in operation for a total of 4781 hours. Of this 
time 56% was provided to user operation at 2.5 GeV and 9% for special user 
operation at 1.3 GeV with short bunches. A further 7% of the time has been 
spent with injection and 16% for start-up after shutdowns or weekends; with 
this year having the vacuum chamber opened on the longer shutdowns. The 
accelerator development and consolidation program utilized 12% of the run-
ning time. The distribution of beam time is illustrated in Fig. 2. Of the 124 
days scheduled for regular user operation 7 days were considered lost as they 
did not deliver above 1.4 Ah in a 11 hour period; 1 of these days were due 
to power cuts to the KIT site. Another was the failure of the injection kicker.  
The remaining 5 days were lost over a period of 4 months due to an RF relay 
occasionally, but spontaneously switching state for a fraction of a second; long 
enough to trip the RF interlock.  As this mostly happened outside of technical 
support hours it had a large impact on the MF days; the fault was also difficult 
to trace.  The total availability, considering delivered to scheduled beam time, 
was 94%. The total availability, considering total delivered UO to scheduled 
beam time, was 98%.

Insertion devices, Refurbishment and Upgrades
In order to avoid days lost from rare types of events such as major power cuts, 
several procedures have been put in place to aid the quick recovery of the 
machine operation. Most notable of these is the implementation of detailed 
alarm software, which allows a quick identification of devices that have been 
disturbed, even if still operational. Furthermore, as part of the large-scale 
ANKA machine upgrade plan, analogue power supplies are being replaced by 
switched-mode power supplies. These power supplies are more robust against 
line voltage fluctuation, reduce the overall power consumption while being 
more efficient, and have advanced self-health analysis on-device software. The 
following gives a brief status report and examples of the machine upgrades 
completed during the time scale of this report.

Selected examples

Insertion devices
In the summer shut down 2014 the CAT-ACT wiggler had been installed and 
successfully tested with beam. This wiggler is a superconducting device man-
ufactured by BINP-Novosibirsk. The magnets are in a LHe-bath, cooled by in-

www.kit.eduKIT – University of the State Baden-Wuerttemberg and 
National Laboratory of the Helmholtz Association www.kit.edu
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ANKA is the Synchrotron Radiation 
Facility at the Karlsruhe Institute of 
Technology (KIT). As one of the large-
scale facilities within the Helmholtz 
Association of German Research Centres 
ANKA is part of the national and 
European infrastructure offered to both 
academic and commercial scientifi c users 
for the performance of research and 
technological development activities.

Karlsruhe Institute of Technology (KIT) 
is the result of the merger in 2009 of 
the Universität Karlsruhe (TH) with 
Forschungszentrum Karlsruhe (FZK). The 
fusion of the two institiutions represents 
the logical continuation of the close long-
standing cooperation between both 
research and education partners. With 
approx. 9.300 employees and an annual 
budget of around 750 million Euros, KIT 
is one of the world-wide leading centres 
in innovative science and technology.

With its 18 research centres, over 36,000 
employees, and an annual budget of 
approx. 4 billion Euros, the Helmholtz 
Association of German Research Centres is 
Germany‘s largest research organisation. 
The Helmholtz Association contributes 
to the solution of the grand challenges 
of society, science and the economy by 
combining research and technology 
development with perspectives for 
innovative applications and provisions for 
tomorrow‘s world. 

Karlsruhe Institute of Technology (KIT)
ANKA - Synchrotron Radiation Facility
Campus North
Hermann-von-Helmholtz-Platz 1
76344 Eggenstein-Leopoldshafen

Directors: 
Prof. Dr. Tilo Baumbach,
Prof. Dr. Clemens Heske,
Prof. Dr. Anke-Susanne Müller

www.anka.kit.edu
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Accelerator Technology Platform @ KIT
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Electronics Cryogenics Superconductivity & 
HTS developments 

Short-Pulse Linac 
Test Facility 

Storage Ring 
Test Facility 

Fibers
Adv. ICT

Multi-dimensional
Spectroscopy & Imaging
Big Data, Data Science
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Accelerators @ KIT

User applications & accelerator test facilities
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Circumference: 110.4 m 
Energy range: 0.5 - 2.5 GeV 
RF frequency: 500 MHz 
Revolution frequency: 2.715 MHz 
Beam current up to 200 mA 
RMS bunch length: 45 ps (for 2.5 GeV), 
down to a few ps (for 1.3 GeV) 

Length: < 20 m 
Energy: ~ 41 MeV 
RF frequency: 3 GHz 
Pulse repetition rate: 10 Hz 
Electron bunch charge: 0.001 - 3 nC  
RMS bunch length: 1 - 300 fs 
THz E-Field strength: up to 1 GV/m
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Activities

LLRF-System migration complete  
More diagnostics 
Triggered beam manipulation 

New IDs 
CLIC damping ring wiggler (2016 Q1) 
In-vacuum undulator (2016 Q2) 

Diagnostics 
Moved diagnostics due to new ID (2016 Q2) 
New EO-Arm installed (2016 Q2) 
Synchronization of diagnostic devices  
10kHz BPM data readout  

New septum (2016 Q2)

7
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Operation issues - Q1

No injection after winter shutdown 
Found fibers inside ID beam pipe

8
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No injection after winter shutdown 
Found fibers inside ID beam pipe
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Operation Issues - Q2

Storage ring septum failed 
Replaces with spare 
septum 
Redesign of septum in 
progress 

Found broken rf fingers in 
bellow  
Bunch by Bunch feedback  

Amplifier broken 
HDD crashed 

Two out of the three 
cooling plants failed 

One system repaired 
New cooling plant in 
progress

9
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Operation issues Q3

Cavity motors failed due to broken clutch to encoder 
Replaced with other clutch 
New motors and gears planned 

Water interlocks 
PLC failed, replaced with new PLC and  
integrated in control system 
Frequent water interlocks  

Cleaned flow monitors 
Installed flow meters to improve diagnostics  
Analysis running 

Libera unit failed (first one) 
Water leak in Quadrupole coil 
Lifetime and current limitations  
due to bad vacuum (4 sections vented)

10
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Operation issues Q4

Twisted copper plate in ID bellow prevented injection 
Vented section 
Adjusted plate  

Still recovering from bad vacuum
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Lifetime reduction due to octupole resonance

Reduction of life time from 15 to 12 h has been observed while CAT-
ACT wiggler was in operation at high field level (B = 2.2 - 2.5 T)  
ID is installed in short straight section with large vertical beta function 
(13 m) 
Coherent shift of vertical tune is  
compensated locally 
Strong sextupoles at positive  
chromaticity +2,+6 
Dynamic aperture studies show  
losses for off-momentum particles 
Successful test with other working  
point  
Next step: Implement new working  
point
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Synchronized single shot beam diagnostics

Triggered RF phase jump as  
fast beam excitation 
Detailed beam dynamics  
studies on different time 
scales now possible
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EO methods

Fast THz 
detectors 
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Broadband Schottky diode
220−330GHz Schottky diode
Optical APD

Fast THz 
detectors 

P. Schönfeldt

M. Brosi
Streak camera 

Fast gated camera

B. Kehrer et al., IPAC16, MOPMB014 

B. Kehrer



Marcel.Schuh@kit.edu 
Laboratory for applications of  

synchrotron radiation (LAS)
ANKA, Status and upgrade proposals, 23rd ESLS WS 2016, Lund, Sweden2016-11-29

EO based longitudinal diagnostics

Fast spectrometer readout 
2015-09: KALYPSO I (0.9 MHz)  
2016-04: KALYPSO II (2.7 MHz) 

Redesign of the ANKA EO-Arm  
Reduce the impact of wake fields 
Installed in June 
In commissioning 

Two new EO Laser systems assembled 
together with DESY

14

P. Schönfeldt

P. Schönfeldt

L. Rota et al., IBIC16, WEPG46
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Inovesa

A Parallelized Vlasov-Fokker-Planck-Solver for Desktop PCs

15

P. Schönfeldt et al., IPAC16, TUPOR005 
P. Schönfeldt et al, submitted to PR-AB  
http://arxiv.org/abs/1611.05293 

CODE: https://github.com/Inovesa/Inovesa M. Brosi

Simulated phase space
Simulated

Measured
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Influence of filling pattern on THz spectrum
IR1 Diagnostic Port

Readout PC
Data Storage

WR-3.4 
MixAMC

X 40 GHz Signal 
Generator
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Using arbitrary periodic pulse patterns we show the enhancement of specific frequencies in a frequency
comb. The envelope of a regular frequency comb originates from equally spaced, identical pulses and
mimics the single pulse spectrum. We investigated spectra originating from the periodic emission of pulse
trains with gaps and individual pulse heights, which are commonly observed, for example, at high-
repetition-rate free electron lasers, high power lasers, and synchrotrons. The ANKA synchrotron light
source was filled with defined patterns of short electron bunches generating coherent synchrotron radiation
in the terahertz range. We resolved the intensities of the frequency comb around 0.258 THz using the
heterodyne mixing spectroscopy with a resolution of down to 1 Hz and provide a comprehensive theoretical
description. Adjusting the electron’s revolution frequency, a gapless spectrum can be recorded, improving
the resolution by up to 7 and 5 orders of magnitude compared to FTIR and recent heterodyne
measurements, respectively. The results imply avenues to optimize and increase the signal-to-noise ratio
of specific frequencies in the emitted synchrotron radiation spectrum to enable novel ultrahigh resolution
spectroscopy and metrology applications from the terahertz to the x-ray region.

DOI: 10.1103/PhysRevLett.117.174802

Introduction.—Frequency combs are powerful tools for
frequency metrology measurements spanning the range
from radio frequencies (rfs) to more recent laser-based
combs, encompassing nearly all spectral regions of the
electromagnetic spectrum enabling, among other applica-
tions, high-resolution spectroscopy to study the rotational
states of molecular gases and hyperfine structure lines of,
e.g., ions, atoms, molecules, and radicals [1–4].
In general, frequency combs are generated by an almost

infinite train of equally spaced short pulses. Some sources,
however, have burstlike emissions separated by a gap
between bursts of consecutive pulses. This can be the case
for a high power laser that has to regenerate between
emissions [5] or recent mode-locked laser systems that
produce pulse bursts with a controllable number of pulses
[6]. This applies also for accelerator based sources like free
electron lasers [7] and especially synchrotron light sources
with separated trains of electron bunches. In the past, the
spectra of these time structures have been observed at
pulsed bunch trains in linear accelerators [8] as well as
synchrotrons [9] by interferometric methods. A separate
case is machine-setting-independent phenomena like wake
fields due to the shape of a given vacuum chamber, as
studied in detail by Billinghurst et al. [10] [see Eq. (4)].
The observed peaks at specific frequencies have been

found to depend on the filling pattern, the structure of pulse

heights, and gaps. Recently, measurements showing the
potential to exploit the discrete spectral lines of synchrotron
radiation have been demonstrated with high resolution
heterodyne methods [11]. The synchrotron frequency comb
driven by the accelerating radio frequency and a second
comb, both locked to the accelerator master oscillator,
could enable dual-comb spectroscopy [12].
Here, we first provide a mathematical model to calculate

the spectrum emitted by periodic sources in general and then
support our findings with measurements at a synchrotron
radiation facility where we systematically studied the effect
of the filling pattern on the frequency-comb spectrum.
A detailed understanding of how the filling pattern

influences the resulting spectrum is especially important
for setups that can vary the parameters like pulse spacing
and pulse height, synchrotron light sources, or setups that
produce tunable electron trains in linear accelerators
[13,14]. The results shown here can also be used for the
direct analytic calculation of the spectral effects of manip-
ulated pulse trains as used in laser-based experiments, e.g.,
by spectral self-imaging [15] or microwave modulation
[16]. Additionally it has been shown that coupled-bunch
instabilities in an accelerator can be damped by using
special filling patterns [17].
Spectrum of repeating patterns.—The basis of a fre-

quency comb is a signal s0ðtÞ in the time domain that is
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height. In this case the magnitude squared of the DFT has
zeros at multiples of the repetition frequency fP divided by
the number of consecutive pulses h. In the complete
spectrum [see Eq. (6)], the DFT is sampled only at the
discrete harmonics of f0 ¼ fP=h. For a total of 8 slots
(h ¼ 8), where a gap of 3 follows 5 pulses (positions as in
Fig. 1), all harmonics have significant power according to
the height of the DFT. On the other hand, the special case
of h ¼ 5 (without gap) leads to discrete harmonics at
f0 ¼ fP=5, corresponding to the zeros of the DFT.
Consequently, only harmonics of fP would be left. The
case is different if the pulse height is not all the same. The
dotted line in Fig. 2 depicts the jDFTj2 if the height of
the pulses is the one shown in Fig. 1. Here more harmonics
of f0 have significant value while the intensity at the fP
harmonics decreases accordingly (not visible on log scale).
The simplest case without enhancement is a single pulse.

The power is equally distributed to all revolution frequency
harmonics with a low over-all power drawback. The dc bin
and all the fP harmonics are the most intense frequencies,
because the filling pattern signal s0ðtÞ contains only
positive values. These frequencies are maximized by an
even filling pattern: every slot is filled with the same
intensity. Every symmetry break of the time-domain signal
leads to a power redistribution of the f0 harmonics. While
it’s not possible to get enhancement at a single frequency, it
is possible to enhance a pattern of specific frequencies. This
can be done by superimposing a modulation with n periods
onto the filling pattern, which will selectively enhance the
f0 harmonics at a distance n × f0 above and below every
fP harmonic.
Synchrotron radiation sources.—Most light sources are

limited in simultaneous spectral coverage or bandwidth.
However, synchrotron radiation sources, which are based on
the emission of photons from relativistic electrons, are
unique because they can provide powerful broadband light
spanning several orders of the electromagnetic spectrum
from the microwave region, via terahertz (THz), infrared and
visible to the x-ray region, simultaneously. In the electron
storage ring, which forms the core of a synchrotron light
source, the repetition rate fP of the pulses is the frequency of
the accelerating field of the cavities frf determining the
minimal pulse spacing. The period time is given by the
revolution time of the circulating particles. The charge in
the stored electron bunches constitutes the filling pattern. If
the charged electrons are observed by pickup devices, the
single pulse spectrum sp corresponds usually to the detector
response as the signal is much shorter than the resolution of
the detector. If the emitted synchrotron light is observed
directly, the single-pulse spectrum is given by the known
synchrotron radiation spectrum [20].
Taking into account the enhancement of coherent syn-

chrotron radiation (CSR)[21] with the form factor FðfÞ and
the number of electrons Ne in a bunch, the expected power
of the synchrotron radiation is given by

jSðfÞj2 ¼ 1

T0

Ш 1
T0
ðfÞ

zfflfflfflfflfflffl}|fflfflfflfflfflffl{f0frequency comb

×
""""
Xh

k¼1

Vke−i2πfkTrf

""""
2

zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{filling pattern

× ½Ne þ NeðNe − 1ÞFðfÞ&|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
CSR enhancement

× jSpðfÞj2|fflfflfflffl{zfflfflfflffl}
SR spectrum

: ð7Þ

A multibunch fill of a synchrotron light source can
consist of several so-called trains with consecutively filled
bunches that are separated by a gap to damp instabilities
that could otherwise sum up and lead to beam loss.
The observation of this discrete spectrum is a standard

tool for accelerator diagnostics [22–26] where the electric
field induced into a pickup electrode is measured instead of
the emitted synchrotron radiation. Since the bandwidths of
these devices are limited and the focus is on beam
instabilities which trigger additional frequencies, the in-
fluence of the filling pattern is most often neglected.
The discrete nature of synchrotron radiation could in the

past hardly be resolved or exploited by experiments; there-
fore, synchrotron radiation in a storage ring is often treated in
literature as a continuous spectrum (Ref. [27], p. 807).
However, the discrete frequencies and the influence of the

filling pattern have been observed with very long interfer-
ometer arms [9] and recently by using THz heterodyne
mixers that allow the resolution of single frequency peaks in
the synchrotron spectrum [11]. The discrete frequency
structure is due to the repeating emission in a storage ring
and not limited to the THz range, but rather spans the entire
synchrotron radiation spectrum up to the x rays. The comb
purity and linewidth, however, will be disturbed by accel-
erator specific effects that scale with the frequency, such as
coherent phase shifts or the occurrence of synchrotron
frequency sidebands [28]. Low-alpha operation and active
damping of synchrotron motion can minimize these side-
bands. Coherent phase shifts can be reduced by using low
particle energy, low bunch currents, or an even filling pattern.
Controlling these effects maximizes the enhancement.
A yet unexploited advantage of the very broadband and

intense synchrotron radiation in combination with fre-
quency-comb measurements is that the electrons’ revolu-
tion frequency is determined by the driving accelerating
voltage. That leads to a very stable comb as well as the
ability to easily change the comb spacing by adjusting the
electrical master oscillator. At ANKA, changes of the rf
frequency up to '10 kHz do not disturb the beam.
Subsequently, above the 140th rf harmonic (≈70 GHz)

TABLE I. Parameters during measurements.

Electron beam energy E ¼ 1.3 GeV
Pulse (accelerating) frequency fP ¼ frf ¼ 499.729 MHz
Revolution frequency f0 ¼ 2.7159 MHz
Number of slots h ¼ fP=f0 ¼ 184
Local oscillator LO ¼ 258 GHz
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CLIC damping ring wiggler

ANKA has similar properties as the 
damping rings proposed for CLIC 
Design and construction of a SC  
wiggler according CLIC-damping  
ring specifications (CERN, BINP) ✔ 
Test and beam dynamics studies  
at ANKA in progress 
Modeling low alpha lattice with IDs  
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CLIC Dämpfungswiggler

4 28.11.2013 Axel Bernhard - Beschleunigerphysik am KIT-Universitätsbereich

KIT

Aktivitäten und Ziele
1. Schritt: Design und Bau eines
SC Wigglers nach Spezifikation
für CLIC-Dämpfungsring
(BINP, FAT Feb. 2014)
Betriebstest und
Strahldynamik-Experimente im
ANKA-Speicherring
parallel: Entwicklung von
Nb3Sn-SCID-Technologie
(CERN)
2. Schritt: Test eines
Nb3Sn-Wigglers im
ANKA-Speicherring

Abbildung : Schnitt durch den
CLIC-Dämpfungswiggler-Prototypen
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Figure 4: Horizontal and vertical tune shift as a function of
wiggler field.

Linear Beam Dynamics
The first basic experiments on beam dynamics focused

on the wiggler’s influence on the closed orbit and betatron
tunes in order to confirm the field integral compensation
settings, the alignment of the wiggler and the results of the
offline magnetic characterization.

Before the installation in the storage ring the field inte-
grals of the wiggler were measured with a stretched wire
set-up and minimized by adjusting the current distribution in
the wiggler’s matching coils. A quite significant horizontal
field integral was corrected by additional vertical corrector
magnets outside the cryostat. From the closed-orbit mea-
surements a slight readjustment of the field integral compen-
sation settings turned out to be necessary.

The betatron tune shifts in the vertical and horizontal plane
as a function of wiggler field are shown in Fig. 4. The shift
due to the vertical focusing strength of the wiggler agrees
with the model calculations. The origin of the (unexpected)
horizontal tune shift is still a matter of investigation.

FURTHER EXPERIMENTAL PROGRAM
The central question motivating advanced beam dynamics

experiments with the CLIC damping wiggler in the ANKA
storage ring is: how reliably can model predictions be made
for the beam dynamics in the CLIC damping rings which are
dominated (a) by collective effects and (b) by a large number
of high-field insertion devices. The low-αc mode of ANKA
will serve as a test case for studying and benchmarking the
tools for simulating the beam dynamics in presence of strong
collective effects and under the influence of a high-field wig-
gler, but also for developing instrumentation and methods
for determining the associated beam properties and their
temporal behavior. A necessary step in preparation of these
investigations is to develop a well-founded understanding of
the linear and non-linear effects of the wiggler on the ANKA
beam dynamics in standard operation mode. Accurate mod-
elling of the storage ring lattice and the wiggler play a key
role in this respect.

To simulate the beam dynamics inside ANKA we use
elegant [8]. The storage ring model is based on known
physical properties of the lattice [9] with an additional fit to
orbit response matrix measurements using higher order pa-
rameters. Using this physical model facilitates the necessary

6.765
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Summation index N of the Fourier components

hor. chromaticity
vert. chromaticity

Figure 5: Tune and chromaticity simulations using the
ANKA model and Fourier sum representations of the CLIC
wiggler’s FEM model field with the maximum N of the
summation index n.

scaling of magnet strengths and beam energy for modelling
the low-αc optics.

The correct modelling of the wigglers is of particular
importance for the intended studies. We apply the canonical
wiggler model by Wu et al. [10] which is implemented in
elegant and uses a Fourier representation of the wiggler
field in the form

By =
∑

m,n

Cm,n cos(mkxx) cos(nkzz) cosh(ky,mny). (1)

In this way realistic — simulated or measured — field pro-
files can be represented.

The FFT-based procedures to determine the Fourier co-
efficients described in [11] in our case turned out to be nu-
merically unstable and lead to wrong model predictions. We
therefore followed the approach of fitting the Fourier sum
of lowest possible order to the simulated or measured data,
additionally postulating the Maxwell conformity condition
ky = n2k2

z +m2k2
x [11]. In this way the number of fit param-

eters is largely reduced and the stability of the simulations at
the same time increased. Figure 5 shows the vertical and hor-
izontal tune as a function of Fourier components taken into
account in the wiggler model, resulting from tracking simu-
lations using our ANKA model and the according Fourier
fit to the field data for the wiggler. As it turns out for the
FEM-modelled field data, it is sufficient to take into account
Fourier summands up to an order of N = 4.

CONCLUSIONS
A prototype for the superconducting CLIC damping wig-

glers has successfully been installed and commissioned in
the ANKA storage ring. This device is the first full-scale su-
perconducting wiggler featuring an indirect cooling scheme
based on liquid Helium flow. The complete system proved
efficient and reliable under normal operation conditions in
the storage ring as well as under additionally applied heat
load in the order expected in the CLIC damping rings.

Starting from basic experiments on the wiggler’s influ-
ence on the linear beam dynamics in the ANKA storage ring,
experimental and modelling techniques are under develop-
ment which allow to experimentally benchmark the model
assumptions for the CLIC damping rings.

WEPMW002 Proceedings of IPAC2016, Busan, Korea
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EuroCirCol

FCC H2020 Project - The European Circular Energy-Frontier Collider 
Study

18

FCC-hh beam screen prototype 

S. Casalbuoni et al.

EuroCirCol 
test stand 

Front 
end 

Crotch absorber 
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EU accelerator test facilities

ARIES - Accelerator Research and Innovation for European Science 
and Society  
42 beneficiaries from 18 European countries 
Transnational Access to 14 European accelerator test facilities  
KIT will be active in: 

WP2: Training, Communication and Outreach for Accelerator Science in 
Europe: Tasks 2.2 to 2.4: Contributing information/media to the e-learning 
project. Students will serve as representative test groups to benchmark e-
learning components. 
WP6: Accelerator / Beam Control, Design & Coordination Task 6.3: Facilitate 
exchange information and accelerator operation experience. 
WP7: Beam tests and commissioning of ultra-low emittance rings: Task 7.4: 
Facilitate exchange of information on beam dynamics and ultra-low emittance 
source technology. 
WP11: Electron and proton beam testing: ANKA and FLUTE will provide a 
unique test environment as part of a transnational access program.
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Outlook

Continue refurbishment program for ANKA 
Finish construction and continue commissioning of FLUTE 
Active R&D programme 

Diagnostics  
THz  
SC-IDs  

To master all these tasks we have / will open new positions 
RF expert 
Machine operation 
Department head 
…
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Outlook

Continue refurbishment program for ANKA 
Finish construction and continue commissioning of FLUTE 
Active R&D programme 

Diagnostics  
THz  
SC-IDs  

To master all these tasks we have / will open new positions 
RF expert 
Machine operation 
Department head 
…

20

Thank you for your attention and the KIT team for their support!

contact: anne.stoesser@kit.edu}
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SR light monitor 
EO-Nearfield setup 
Streak camera 
Fast-gated camera 
BBB feedback system 
Ultra fast THz detectors 
Lead glass detector 
In-Air X-ray detector 
BPMs 
BLMs 
…
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Diagnostics at ANKA
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ANKA EO Arm Redesign

Change in geometry to reduce wake-fields &  
heat load which limit multi-bunch operation 

Reduce wake-fields & heat load which limit use in  
multi-bunch operation 

Maintain compactness of setup (12 cm flange-flange)
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Old design

Crystal

Commercial 
silver prism 
as mirror
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Laser

New design

Smaller  
crystal

Reflecting surface
Wider inner 
diameter, 
conical shape

Courtesy of 
P. Schönfeldt  
& Steffen Schott

Laser beam 
path

Electron 
beam 

direction
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FLUTE: Accelerator test facility at KIT

FLUTE (Ferninfrarot Linac- Und Test-Experiment)  
Test facility for accelerator physics within ARD 
Experiments with THz radiation 

Serve as a test bench for new  
beam diagnostic methods and tools 
Develop single shot fs diagnostics 
Synchronization on a femtosecond level 
Systematic bunch compression studies 
Generate intense THz radiation 
Compare different coherent THz radiation  
generation schemes in simulation and  
experiment

24

Final electron energy ~ 41 MeV

Electron bunch charge 0.001 - 3 nC

Electron bunch length 1 - 300 fs

Pulse repetition rate 10 Hz

THz E-Field strength up to 1.2 GV/m

M. Nasse et al. , Rev. Sci. Instrum. 84, 022705 (2013)
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KArlsruhe Linear arraY detector for MHz-
rePetition rate SpectrOscopy
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KIT, Institute for Data Processing and Electronics (IPE)

1 Mfps Version: System Architecture
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GOTTHARD chip (PSI) v1.4:
Gain Optimizing microsTrip sysTem witH Analog ReaDout
Charge Integrating readout for XFEL strip-detector - IBM 0.13um
128 inputs, 4 analog outputs operating at 32 MHz
Max. read-out rate: 1 Mfps

InGaAs (Xenics) / Si (PSI):
256 pixels with 50 µm pitch

ADC9252: 8 channels @ 14-bit, 50 MSPS

Fast KIT-DAQ:
Based on PCIe/DMA
See M.Caselle & T. Dritschler
presentations

Detector daughter card
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KALYPSO collaboration
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Readout 
board 

(FPGA) 

GOTTHARD chip (PSI) v1.4: 
Gain Optimizing microsTrip sysTem witH Analog ReaDout 
Charge Integrating readout for XFEL strip-detetctor - IBM 0.13um 
128 inputs, 4 outputs operating at 32 MHz ! Max. read-out rate: 1 Mfps 

Xenics InGaAs linear array: 256 pixels, 50 µm pitch 
PSI – Si linear array: 256 pixels, 50 µm pitch  

ADC9252: 8 channels @ 14-bit  

GPU/CPU DAQ: 
real-time data processing 

Back-end readout Board: 
PCI-Express DMA @ 27 Gbit/s (KIT IP core) 

First prototype: system architecture 
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MCM - Spectrometer 

First meeting – 07 November 2014 – KA.  Michele Caselle  

Photo diode array

GOTTHARD chip

• GOTTHARD front  
end development 

• Si arrays

• Firmware for daughter 
card control 

• µTCA integration

• Hardware & partly software 
implementation of daughter card 

• Fast readout based on PCIe/DMA 
• Real-time GPU data evaluation

Scientific 
collaboration:


