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Abbildung 6.12: Die Messung des Strahlprofils während der Injektion auf einer kürzeren
Zeitskala zeigt, dass die auftretenden Instabilitäten die Anregung und
das anschließende Dämpfen einer Oszillation mit zeitlich variierender Fre-
quenz bedeuten.

Abbildung 6.13: Das Auftreten der in den Abbildungen 6.11 und 6.12 gezeigten Instabilitä-
ten kann wegen der starken Selbstanregung zu Verlusten von Elektronen
führen und bewirkt so eine geringere Injektionsrate. In dieser Messung
kann beobachtet werden, wie ein Großteil der Elektronen durch die An-
regung verloren geht.
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The Karlsruhe Institute of Technology 

A legal unit

Merging of two 
missions

Three tasks

State University

Research Higher Education Innovation

National Research Center
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What KIT stands for – Engineering Tradition

Karl Benz: inventor of the 
modern automobile

Ferdinand Braun:  
inventor of cathode ray 
tube à television

Heinrich Hertz: confirmation of 
electromagnetic waves

1984 first email in Germany

Fritz Haber: 
fixation of 
atmospheric N2 
à synthetic 
ammonia
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KIT – Helmholtz Center and State University

KIT Campus North
KIT Campus South

KIT Campus Alpine
Helmholtz Institute Ulm
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The KIT-Centers combine cross-sectoral research 
and innovation topics

Currently seven KIT-Centers

Platforms for cross-sectoral 
research and innovation 
activities

Pooling of teaching activities, 
for example, in graduate 
schools

Showcase for the key topics for 
research at KIT

Interdisciplinary working-
environment

Creating synergies

Communication platforms

Mobility
Systems

Humans and 
Technology

Information
Systems

Technologies 

Elementary 
Particle and 
Astroparticle 

Physics

Materials
Structures
Functions

Energy Climate and 
Environment
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Accelerator & detector development at KIT

6

Marc Weber
Detectors

Ivan Peric
ASICs and 
detectors

Andreas Kopmann
Fast DAQ systems

Jürgen Becker
Detectors

Anke-S. Müller
Accelerators

Christian Koos
Silicon photonics,
Tb/s communications

Michael Siegel
Superconducting 
terahertz sensors

Erik Bründermann
THz Technology

Sara Casalbuoni
Superconducting IDs
Diagnostics

Axel Bernhard 
Superconducting IDs

Mathias Noe
Superconducting 
Technology

John Jelonnek
Pulsed power and 
microwave technology
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Some facilities and labs at KIT

KATRIN Neutrino experiment ANKA 2.5 GeV Light Source

FLUTE fs linac Production of thin NbN-films 
with reactive magnetron 
sputtern (IMS)

Karlsruhe Nano Micro Facility

Hybrid assemby lab (IPE) 

Irradiation facility (IEKP)
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HV-CMOS Sensors

• Fast
• Radiation - hard
• Integrated read-out electronics
• Collaborations with University of Geneva, University of Liverpool, 

University of California Santa Cruz, Universität Heidelberg, Institut de 
fisica d'altes energies Barcelona

CCPD – Prototypes in AMS H18Thin monolithic detectors



ANKA Synchrotron Light Source at KITA.-S. Müller - Short Bunches and Fast DiagnosticsA&T Seminar, 4.8.20159

40 µm SAC ball after reflow

• Micro contacts on silicon for flip-chip interconnects
• Au stud bumping: d=30 µm, UBM-less
• SAC Solder balls (PPS: Precoat by Powder Sheet): d=10-80 µm
• Copper pillars: d=15 µm

SAC powder after transfer

Cu pillar

Sn cap

CMS Readout chip

15 µm Cu-pillars
on ROC-Chip

Cross section of Cu-pillar 
bonded sensor and chip

30 µm Au-Stud Bump on 
sensor dummy

Bumping technologies 

30 µm Au-Stud Bump
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Vacuum reflow process with
formic acid option

Multi-chip die bonder 
• +/-10 µm 
• ~1000 dies/h

Assembled bare module

• Dominant process for detector bare modules
• Interconnects shrinking from 30 µm to 10 µm
• High placement accuracy: +/-1 µm
• Complex solder processes
• Quality control: production + functional tests Flip chip die bonder 

• accuracy:  +/-1 µm, 
• speed: ~ 60 dies/h

Micro-X-ray radiography
-> void free interconnects

Quality control

X-ray 
test 

X-ray Bare Module Test

Flip chip technologies 
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Silicon detector production center

• Successful production of 25% of the 
CMS pixel detector 

• Production facility of the STS for the 
CBM experiment at FAIR/GSI

• Production of the CMS silicon 
tracker for HL-LHC
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• Device design and simulation 
• Monolithically integrated WDM systems
• FPGA algorithms for complex modulation formats 
• CMOS compatible
• 160 Gbit/s in the near future
• Up to 5 Tbit/s projected

Tb/s optical data transmission 

Latest photonic chips with modulators, 
Echelle gratings, and 4 channel WDM 
systems

Fiber-chip-coupling experiments
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KNMF at KIT

Research Infrastructure: Karlsruhe Nano Micro Facility

Deep etched silicon gratings

Silicon nanopillars with 
high aspect ratio

Freestanding 
cantilevers in silicon

Cantilever structures in 
chromium

Metamaterials
Artificial Materials
Photonic Bandgap PBG Materials 
Engineered Crystals
Multilayer Dielectrics

Manipulation of electromagnetic 
waves with materials

KNMF Example

E.A. Peralta et al. Nature 503, 91-94 (2013)
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KIT Electron Vacuum Tube 
(Gyrotron) Development

CVD Diamond Brewster-angle 
window technology

(KIT-IAM, Element Six / Diamond 
Materials)

 Electron-optics systems for 
collectors operating at MW levels

(IPP/KIT patent: TVSS)

KIT tools and concepts for highly 
overmoded structures

thermo-mechanical designs
Of highly loaded structures

KIT tools and concepts for RF 
beam transformation and 

quasi-optical systems
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ECRH for Stellarator W7-X
KIT Project PMW
10x 140 GHz 1 MW CW Gyrotron +SC magnets 
    + HV modulators + transmission lines + launchers

5 MW Multi-Beam waveguide

Single Beam 
Modules +Beam 
Combining Optics

gyrotron installation
at IPP Greifswald

IGVP, Stuttgart

In-vessel 
components
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Advanced Electron Gun Design Concepts and 
Tools (Thermionic Emission)

Pagonakis	  et	  al.,	  "An	  Addi2onal	  Criterion	  for	  Gyrotron	  Gun	  Design”,	  Oral	  Presenta2on,	  37th	  ICOPS,	  USA,	  2010
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Development & beam tests of superconducting 
insertion devices 

• experienced teams

• successful collaborations with CERN 
and BINP (CLIC-DW) and with industry 
(Babcock Noell SCU15)

SCU20 Mockup

SCU15 at KIT before installation 

Damping wiggler test in Novosibirsk
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Quench detection

• Turn-key quench detection system with custom FPGA-
based electronic detector design (EU patent pending)

• Combines reliable specific analogue signal processing 
(differential detector input) with computer-based 
detector parametrization, quench event data logging 
and operation diagnostics

• The KIT quench detection system is a modular and 
scalable device with complete soft-ware package 
“QVision” to operate up to 65536 detectors

• In operation or commissioning at W7-X, KATRIN, HZB, 
ANKA, GSI, TOSKA
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Superconducting ID characterisation 

• CASPER I: short (30 cm) coils in LHe
• CASPER II: up to 2 m coils in conduction cooling

CASPER II

CASPER I
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Conventional magnet fabrication & characterisation
• Magnetic characterisation of various

magnets
• Techniques: Hall-Probe and Stretched-

wire
• In-house 

winding of
conventional 
and super-
conducting coils

Magnet test bench
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Diagnostics of cold surfaces

• COLDDIAG set-up to analyse beam heat load on cryogenic surfaces; 
Experiments at DIAMOND

• EuroCirCol: test of FCC vacuum chamber prototype

COLDDIAG at DIAMOND
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HTS developments

• HTS tape stacked undulator

Measured magnetic field
profile of a HTS stacked undulator

T. Holubek et al., IEEE Trans. 
on Appl. Supercond. 
4602204, 23-3 (2013)
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Beam transport from the laser wakefield accelerator 
JETI to a SC transverse gradient undulator
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gas cell
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D1

Q4 Q5 Q6

D2

electron
spectrometer

Screen 1 Screen 2 Screen 3

Figure 1: Sketch of the setup with six quadrupoles and two dipoles. The beam profile was measured with scintillating
screen 1 to 3, the energy distribution with the electron spectrometer.
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Figure 2: (a) Beam profile of the unfocused beam measured
on screen 1 with the projection P on both axes. (b) Spectra
of the electrons for three different configurations of Q1 to
Q3 focusing a certain energy range to the spectrometer.

150 MeV was covered with two 12-bit CCD cameras with
partly overlapping field view. The entrance of the spectrom-
eter magnet is at 3.3 m distance from the source and has an
aperture of 20 mm in x and 10 mm in y.

Alignment of the Quadrupoles

For the beam based alignment of Q1 and Q2 the electron
beam was focused by the quadrupole to be aligned in each
transverse plane, so a line focus was observed on screen 1.
The quadrupole position was corrected until the line focus
matched the position of the beam axis. This procedure was
repeated for the other polarity of the quadrupole.

For aligning Q3 to Q6 it was necessary to focus the beam
on either screen 2 or 3 with the first doublet to get a mea-
surable signal. Again the quadrupole was shifted in x- and
y-direction until the line focus matched the beam axis.

RESULTS OF THE MEASUREMENTS

The parameters of the unfocused electron bunches emit-
ted by the LWFA were determined at the position of the
first screen (see Fig. 1). The average of 202 single bunches
is taken, where 21 images are neglected due to low bunch
charge or a diffuse beam profile. The averaged beam profile
is shown in Fig. 2a. The divergence of the averaged profile
in x is 10.6 mrad (FWHM) and in y 9.6 mrad (FWHM). Con-
sidering single bunches the divergence is significantly lower
with 4.9 mrad in x and 6.9 mrad in y. The reason for this
difference is the pointing of the single bunches which varies
with 4.2 mrad in x and 2.4 mrad (rms) in y. In contrast the av-

eraged beam profiles changed little during the measurement
so only they were considered for the evaluation.

For measuring the energy distribution of the electron
bunches the triplet of Q1 to Q3 was used to focus certain
energies to the screen of the spectrometer. The averaged
distributions of 60 images for three different magnet con-
figurations are shown in Fig. 2b. According to the spectra
measured for the three different cases, the bunches had a
broad energy distribution with a maximum in the range of
25 MeV to 45 MeV or even below.

Focusing of the Electrons

In Fig. 3 the averaged beam profiles for three different
magnet configurations are shown: Fig. 3a shows the beam
profile near a focus for an energy of 60 MeV on the second
screen. In Fig. 3b the beam is deflected by the two oppositely
poled dipoles with a deflection angle of 24.5 mrad and the
optics focus a central energy of 40 MeV on the third screen.
In Fig. 3c the beam profile for the optics, which match the re-
quired conditions at the entrance of the undulator for 40 MeV,
is shown. For each beam profile the projection P on both
axes and a cut C through the maximum is shown. The posi-
tion and strength of the magnets and the beta functions are
indicated in the plots above the beam profile. For the calcu-
lation of the beta functions initial values of βx,y = 0.005 m
and αx,y = 0 are assumed.

None of the beam profiles shows a perfect focus as ex-
pected at least in Fig. 3a and Fig. 3b. In contrast, all of the
profiles show noticeable lines in horizontal or vertical direc-
tion. The maximum itself has a slight diamond shape. All
of this might be caused by the relatively large divergence
of the source, which was underestimated in the design of
the transport system, the energy spread of the bunches or a
misalignment of the magnets. To analyze the profiles, track-
ing simulations with a variation of the source parameters
and the energy spread of the bunches were performed with
elegant.

The influence of the source parameters on the setup of
Fig. 3a is shown in Fig. 4 a-c. The profile in a shows a beam
with the source divergence of 1 mrad (rms), the value initially
assumed when designing the transport line. However, the
divergence of the unfocused beam during the measurements
was σy′ = 3.4 mrad in the horizontal and σx′ = 3.8 mrad in
the vertical plane. Profile b is simulated with the measured
source divergence. An increase of the beam size along both
axes is observed. As the unfocused beam profile is not

 without electron transport line

after 2900 mmafter 700 mm

with electron transport line

C. Widmann et al., IPAC2015 MOPWA045  

Courtesy M. Kaluza (HI Jena), C. Widmann (KIT), et al.
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Nicole.Hiller@kit.edu - Status of Single-Shot EOSD Measurements at ANKA - WEOBB02
5th International Particle Accelerator Conference IPAC’14, June 15-20, Dresden, Germany
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Generation of coherent 
synchrotron radiation (CSR) 

Circumference: 110.4 m

Revolution frequency: 2.715 MHz

Energy: 0.5 - 2.5 GeV (0.8 - 1.6 GeV 
during low-αc-mode)

RMS bunch length: 
45 ps (for 2.5 GeV), 
10 ps down to 1-2 ps (for 1.3 GeV)

Filling pattern: 
single- or multi-bunch
(min. bunch spacing 2 ns)

Averaged 
bunch profiles 

measured 
with a streak 

camera

Introduction: Low-αc-Operation at ANKA
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The ANKA synchrotron radiation facility
Normal operation:
Energy 2.5 GeV

Current 200 mA
 Bunch length    σ ≈ 45 ps

Low Alpha mode:
Energy 0.8 - 1.6 GeV 
Current ≈ 70mA

Bunch length     
σ ≈ 10 ps down to 1-2 ps
Coherent THz radiation

Photon science facility and technology platform

➜ new operation/usage strategy in preparation: open for R&D!
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The ANKA synchrotron radiation facility

Circumference: 110.4 m
Energy range: 0.5 - 2.5 GeV
RF frequency: 500 MHz
Revolution time: 368 ns

25

120 ns

368 ns

EO methods

Fast THz 
detectors 

LNB / Microwave 
detectors 

Fast THz 
detectors 

Streak camera
Fast gated camera

Synchrotron light monitor 

Compton back 
scattering

Nicole.Hiller@kit.edu - Energy Measurements at ANKA 

2nd DEELs Workshop - 15-16 June, 2015, ALBA, Spain 

1212

KIT – University of the State of Baden-Wuerttemberg and 
National Research Center of the Helmholtz Association 

Compton Back-Scattering (CBS) 
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Advantages Challenges 
Compact and integrated setup  Lower interaction time 

Lower Emax  Easier measurement  More sensitive to alignment errors 
Versatile instrument  Match between laser and electrons 

Setup at ANKA 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 Gamma ray detection system 
• High purity Ge (HPGe) spectrometer (ORTEC GEM-M5970)  

• Crystal section shielded by lead blocks 

• Pre-aligned by laser tracker 
 

 CO2 laser and optical system 
• CO2 laser (λ ~10.2 μm @ 10R22): Emax within the sensitivity range of our HPGe 

• CW, ~20W, frequency specially stabilized (σEL/EL~10-6): PID loop + FPI (DLR) 

• Laser coupled through an ion pump 

• Cylindrical lens: laser focused to ~600 μm (4σ)  vertically 
 
 
 
 
 
 
 
 
 Compared to conventional head-on collision (φ  =  π): 

Determination of Collision Angle  
 Reference line (RL): mechanical centers of two quadrupoles 
 
 
 
 
 
 
 
 Laser direction: 
• Camera position measured with laser tracker: 91.648°  

• Beam centroid monitored by the camera 

 

 

 

 

• Laser beam is 91.630 ° ± 0.010° relative to the RL 
 Electron beam orientation 
• BPM reading: -0.010° relative to the RL 

• Uncertainty estimation < 0.1 mrad/0.006° 
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 Compton edge curve fit by a six-parameter erfc-like function 
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• CO2 laser (λ ~10.2 μm @ 10R22): Emax within the sensitivity range of our HPGe 

• CW, ~20W, frequency specially stabilized (σEL/EL~10-6): PID loop + FPI (DLR) 

• Laser coupled through an ion pump 

• Cylindrical lens: laser focused to ~600 μm (4σ)  vertically 
 
 
 
 
 
 
 
 
 Compared to conventional head-on collision (φ  =  π): 

Determination of Collision Angle  
 Reference line (RL): mechanical centers of two quadrupoles 
 
 
 
 
 
 
 
 Laser direction: 
• Camera position measured with laser tracker: 91.648°  

• Beam centroid monitored by the camera 

 

 

 

 

• Laser beam is 91.630 ° ± 0.010° relative to the RL 
 Electron beam orientation 
• BPM reading: -0.010° relative to the RL 

• Uncertainty estimation < 0.1 mrad/0.006° 
 Collision angle  φ  = 91.620° ± 0.012°, σφ/tan(φ/2) = 2.0 × 10-4 

 

 

Determination of Emax by edge fitting 
 
 
 
 
 
 
 
 (a) laser off; (b) laser on. S/N~3 

 

 Compton edge curve fit by a six-parameter erfc-like function 
  

 Emax = 1580.44 keV ± 0.28 keV, σEmax/Emax = 1.8 × 10-4 (χ2/ndf~524/555) 

  pos1 pos2 

X center of 10000 samples (µm) 13901 14285 

ΔX  (4σ)  (µm) 557.62 634.64 

Distance between pos. 1 and 2 (m) 1.2010 

Preliminary results 
 1.3 GeV: Ee ± σEe= 1287.0 MeV ± 0.2 MeV (above) 

 

 0.5 GeV: Ee ± σEe= 495.65 MeV ± 0.06 MeV (bottom left) 
 

 1.6 GeV: Ee ± σEe= 1582.1 MeV ± 0.2 MeV (bottom right) 
 
 

2.5 GeV

Compton Backscattering - Results

2.5 GeV:  2476.4 ± 0.3 MeV
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Short bunches: physics & phenomenology

CSR spectrum
high radiation power
strong e.m. fields
self-interactions

(µ-bunching) instabilities
occur above a threshold current
threshold depends on, e.g., RF voltage, 
vacuum chamber geometry, 
bending radius, but also on the filling pattern
really short bunches only for low bunch currents

Key issues for short bunch diagnostics 
high resolution (ps) - high rate (500 MHz) - long term observation (secs - hrs)
2 categories:
indirect: detection of coherent and incoherent radiation (microwave - vis)
direct:   detection of bunch Coulomb fields
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µ-bunching instability
Dynamic sub-structures lead to bursts in the THz signal -> signature 

27

V. Judin et al., IPAC2010, 
WEPEA021

THz signal measured with an 
ultra-fast detector system

FFT of THz signal as a 
function of bunch current

V. Judin et al., IPAC 
2014, MOPRO063

characteristics

27k 350/350kV fs=10.3kHz

Figure spectrogram - vertical (dotted) line fs=10.3kHz

Introduction Bursting Interaction between bunches Conclusion

M. Brosi (miriam.brosi@kit.edu), M. Caselle, V. Judin, A.-S. Müller, N. Smale, J. Steinmann –
Bursting of coherent synchrotron radiation November 20th, 2013 9/13
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THz signal dynamics - development of
detectors, readout & (online) analysis

28

Laboratory for Application of Synchrotron
Radiation - THz-Group

Analysis of Multi-Bunch Micro-Bunching Instabilities

M. Brosi (miriam.brosi@kit.edu), M. Caselle, E. Hertle, V. Judin, A.-S. Müller, N. Smale, J. Steinmann

KIT – University of the State of Baden-Wuerttemberg and
National Research Center of the Helmholtz Association www.kit.edu

g Motivation g

Challenge:
low-alpha operation mode
short bunch length (ps scale)
! CSR emission up to several THz
higher bunch current
! outbursts of CSR emission
! microbunching instability

Goals of Investigations:
bursting characteristics
longitudinal particle dynamics
multi bunch effects due to wake fields
bursting usability for experiments

Solution:
multi bunch acquisition system
fixed reference bucket for all measurements
online analysis on FPGA/GPU
control system GUI

g Detector g

Zero biased Schottky Diodes
Manufacturer:
ACST
Sensitivity range:
50GHz - 2THz
Typical NEP:
6 pW/Hz power 1/2@100GHz
100 pW/Hz power 1/2@1THz
4 GHz video BW:
Pulse FWHM: 130 ps

picture: www.acst.de

g DAQ g

KAPTURE:
KArlsruhe Pulse Taking and Ultrafast Readout Electronics
Scientific collaboration between several institutes at KIT:
IMS (Institut für Mikro- und Nanoelektronische Systeme)
IPE (Institut für Prozessdatenverarbeitung und Elektronik)
IPS (Institut for Photon Science and Synchrotron Radiation)/ANKA/LAS

courtesy M. Caselle

simultaneous monitoring of all 184 buckets
continuous turn-by-turn read-out of each
bucket (500 MHz) -> 24 Gb/s
four 12 bit ADC channels
adjustable delay for each channel in 3ps
steps
local sampling rate up to 300 GS/s
alternative: read out multiple detectors si-
multaneously
online analysis on FPGA/GPU
new possibilities in diagnostics

)

g Results g

Method principle and monitoring features
intensity changes over current bursting threshold transition

Instantaneous acquisition of full bursting spectrogram

Spectrograms depend on accelerator settings

Instantaneous threshold determination

Summary & Outlook
KAPTURE system successfully commissioned at ANKA
simultaneous monitoring of all buckets possible
instantaneous spectrogram acquisition in multi-bunch mode

high potential for multi-bunch measurements
access to multi-bunch interactions and wake field influences
four channels can be used for detector tests and comparison

Michele Caselle High frequency technologies for high-data rate DAQ systems 

High-speed readout system based on “GPUDirect “ technology 

!  Real-time elaboration for synchrotron science " by Graphics Processing Unit (GPU) 

!  “GPUDirect” data streaming " from FPGA to GDDR5 Memory (GPU cards)  

#  New high flexibility back-end readout card for scientific 

applications 

#  Firmware based on KIT-DMA architecture - PCIe GEN 3 

x 16 lanes for both system memory and GPUDirect, 

operating > 100 Gb/s (streaming) 

#  High-flex card " under production 

Driver 

GPU/CPU 
algorithms 

Driver 

GPU/CPU 
algorithms 

Data 
evaluation 

Data source 

From Detectors 

GPUs/CPUs infrastructure 

GPU Card GPU/CPU 
algorithms 

Real time  
analysis  

PCIe GEN 2/3  
X8 or x16 lanes 

Up to 
0.25 GB/s 

Optical /electrical 

Data 
Storage 

FP
GA 

Memory 

FP
GA 

Input 
stage 

Memory 
FPGA 

C
onnectio

n 

DDR - Memory 

PCIe 

Back-end readout card On-line 
display 

Real-time feedback to FPGA 

Open GL 

Fakultät für Elektrotechnik und Informationstechnik 

Institut für Mikro- und Nanoelektronische Systeme 

3 16.07.2015 

Integrated array with four detectors 

Integrated planar array 
Frequencies: 140 GHz, 350 GHz, 650 GHz, 1.02 THz 
Narrowband double-slit antennas 

Measurement results  
Continuous-wave sources (IMS THz Testbench) 
Pulsed radiation (ANKA Synchrotron) 

03-07-2014 Institut für Mikro- und Nanoelektronische Systeme 

A real-time YBCO detection system … 

Picosecond response time & 
Electrical field sensitivity 

2 

P. Thoma et al., Appl. 
Phys. Lett. 101, 
142601 (2012)

A. Schmid et al., 3rd 
ARD ST3 Workshop 
(2015)

M. Caselle, et al., Journal of 
Instrumentation, 9(01):C01024 
(2014)

M. Brosi, et al., IPAC 2015, 
MOPHA042
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THz signal dynamics - development of
detectors, readout & (online) analysis
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P. Schreiber, Bachelor thesis

5 Vergleich verschiedener Buckets und Messreihen
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(a) Messreihe A

(b) Messreihe B

Abbildung 5.1: Für zwei Messreihen mit Synchrotronfrequenzen fs = 9,6 kHz (oben) und
fs = 8,9 kHZ (unten) wurde der Strom der Fingerspitzen der einzelnen Bun-
che bestimmt. Aufgetragen ist der Strom der Fingerspitzen über der Nummer
des Buckets. Jeweils unter den Plots ist das Füllmuster zum Zeitpunkt 0 also
zu Beginn der Messreihe dargestellt.
In Messreihe A ist deutlich eine Stufe im Strom der Fingerspitzen zwischen
dem ersten Zug und den nächsten beiden Zügen zu sehen. In Messreihe B
hingegeben ist ein Abfall des Stromes im Verlauf des ersten und zweiten Zu-
ges zu sehen. Diese Messreihe war auch eine der Messreihen mit Schatten,
daher wurde auf die Daten dieser Messreihe der erweiterte Algorithmus zur
Schwellenfindung (Kapitel 4.1.2) angewandt.
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M. Caselle, M. Balzer, S. Chilingaryan, M. Hofherr, V. Judin, A. Kopmann, N.J. Smale, P. Thoma, 
S. Wuensch, A.-S. Müller, M. Siegel and M. Weber, An ultra-fast data acquisition system for 
coherent synchrotron radiation with terahertz detectors, IOPscience, Journal of Instrumentation 9, C01024 (2014).
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Direct detection of bunch fields

30

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 measure
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.

17
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EO set-up in the ANKA vacuum chamber

31

Laser 
beam 
path

Electron beam 
direction

Electrons flying into plane 
of view

32
 m

m

Retractable arm with ‘slider’ as
shielding for user operation

EO monitor designed at
PSI & DESY adapted for
use with ANKA 
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EO sampling: bunch & wake field

EOS measurement of the E-field induced birefringence inside GaP 
crystal from passing bunch

32
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EOS with two consecutive bunches

blue: single bunch; red: 2-bunch fill (second bunch with lower current)
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Electro-Optical Spectral Decoding
Single shot method: allows to record transient changes in longitudinal 
bunch profile

34

E

t

Near field: crystal close to 
electron beam 

Far field: CSR at beam line

laser(long 
chirped pulse)

electron bunch

t
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EO-crystal
(GaP)

Crossed 
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Pol.

λ/2
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λ/4: compensate intrinsic birefringence of crystal
λ/2: control transmission through crossed polariser

N. Hiller

N. Hiller
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EO spectral decoding: bunch shape

Single shot EOSD measurements indicate dynamic sub-structures
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EO spectral decoding: bunch shape

Single shot EOSD measurements indicate dynamic sub-structures

36

N. Hiller
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Fig. 2: (Color online) (a), (b) Absolute value of the Fourier
transform of the experimental temporal THz signals vs. the
current. Details (c), (d), (e), (f) at I = 0.22, 0.23, 0.27 and
0.29mA (blue, green, velvet, orange line, respectively). (a), (c),
(d) Frequency between 0 and 5 kHz and (b), (d), (f) between
5 and 45 kHz. Signals shifted vertically for figure clarity.

number (n+1), the coordinates of the particle i are
calculated according to the following formulas [11]:

zi(n+1) = zi(n)−αCδi(n), (1)

δi(n+1) = δi(n)+
VRF
E0
cos

(
2πfRF
c
zi+1−φs

)
− U0
E0

−δi(n)du1+du2× ξ+
Vwf [zi(n)]

E0
. (2)

The electron position z changes vs. its relative energy
δ at a rate proportional to α and to the ring circum-
ference C. The energy loss due to synchrotron radiation
includes a constant component (U0 =

2e2

3×4πε0 γ
4 2π
R with ε0

the vacuum permittivity, R the bending magnet radius,
γ =E/m0c2, m0 the electron mass and c the speed of
light), a damping term (du1 =

2
3r0γ

3 [2I2+ I4], with r0
the electron radius and I2 and I4 the radiation inte-
grals [11]), and a random part, due to quantum properties
of the photon emission (with ξ a random Gaussian distri-

bution, du2 =
√
2Cqγ2

1
2+I4/I2

1
Rdu1, Cq =

55
32
√
3
!c
mc2 and !

the Planck constant). To compensate the energy losses
induced by the synchrotron radiation, the electrons are
accelerated in the Radio-Frequency (RF) cavities, with a
frequency fRF and a voltage VRF . The synchronous phase
φs corresponds to the constant loss part equal to the RF
cavities gain: φs = acos(U0/VRF ). Finally, the interaction
of the electrons with their own electromagnetic field is
taken into account with the term Vwf :

Vwf (z) = −
2πR

4πε0
eNe

(∫ ∞

0

2

(3R2)
1
3

dρ(z− z′)
dz

1

(z′)1/3
dz′

− 1

2h2

∫ +∞

−∞
ρ(z− z′)G2

[
1

2h

(
R

h

)1/2
z′

]

dz′
)

.

(3)
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Fig. 3: (a), (b) Typical longitudinal phase-space f(z, δ) at (a)
I = 0.5mA and (b) I = 1mA. White lines: iso-contour of the
electron-bunch distribution associated to a value of 30macro-
particles (grid: 150× 150). (c), (d) Associated profile from inte-
gration (black line) over all the energies (i.e. ρ(z)) and (grey
line) over a small energy range (−1.27 10−3 < δ<−1.33 10−3,
cf. white dashed line in (a), (b). Amplitude ×40). Parame-
ters: I = 0.5mA,Np = 10

6, α= 4.4× 10−5, VRF = 3MV, fRF =
352.2MHz, E0 = 2.75GeV, σE = 10

−3E0, R= 5.36m, I2 =
1.17, I4 = 5.53× 10−4, h= 1.25 cm, C = 354m, Nbin = 2000,
∆z = 0.1mm.

For simplicity, only the CSR wakefield is considered,
when an electron bunch is circulating along a circular
trajectory of radius R [24] between two infinite parallel
plates separated by a height 2h [23], modeling the vacuum

chamber (ρ(z) =
∫ +∞
−∞ f(z, δ)dδ, with f(z, δ) the electron

bunch distribution and G2(z) from [23], eq. (5.22b)). The
first term on the right-hand side of eq. (3) accounts for
the free-space term and the second term accounts for
the shielded effect induced by the parallel plates. The
contributions to the wakefield by resistive walls, broad-
band and narrow-band impedances (from storage ring
components like vacuum walls, tapers, Beam Positions
Monitor, etc.) are neglected. For numerical calculation,
the longitudinal positions z are distributed along a grid
composed of Nbin cases, centred on z = 0 and separated
by a step ∆z.
The numerical integration of eqs. (1), (2) and (3) at

α= α0/10 for a sufficiently high current enables to observe
some sub-structures in the bunch distribution, as shown in
figs. 3(a), (b). Instead of being Gaussian in the two direc-
tions of the phase-space, the electron bunch distribution
f(z, δ) presents some sub-structures in the lower-energy
area, which evolve in time with a rotating movement
(counterclockwise) due to the synchrotron rotation. Those
sub-structures translate into a micro-bunching in the
associated bunch profile ρ(z) (figs. 3(c), (d)), leading to
a coherent emission in the THz frequency range.
Figure 4 shows in (b) the evolution of the emitted coher-

ent power PCSR(t) at I = 0.5mA over 3000 storage ring
turns, with PCSR(t) given by PCSR(t) =

∫ νf
ν0
|ρ̃(ν, t)|2dν,

40006-p3

C. Evain et al., 
EPL, 98 (2012) 40006
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EO - Upgrades at ANKA

Studies to reduce the effects of 
wake-fields in the vacuum chamber

Ultra-fast linear detector array 
with MHz rep. rate 
Readout rate of commercial InGaAs 
spectrometers is limited to ~100 kHz 
Aim: 2.7 MHz (XFEL 5 MHz) 
Applications: turn-by-turn long. & transv. profiles
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Figure 2: Signal of the installed EO setup, normalized to the first peak (Coulomb-peak at t = 0). For Simulation A and
B the bunch length is set to 3.4 mm respectively 4.5 mm, which are both possible values for the (non-constant) bunch
length. Furthermore the position of the line where the laser passes the crystal di�ers by about 2 mm. Note that Simulation

B matches the measured curve better for small times but has the tendency to overestimate the amplitude of the wake fields
at later times, while it is the other way around for Simulation A.

A CAD drawing is shown in Figure 1. For ANKA an
impedance protection has been added, that allows to protect
the setup and makes sure that it does not influence the beam
when it is not in use.

The wake loss factors of this setup for di�erent bunch
lengths are shown in Figure 5, where they are compared
to the ones of the optimized setup. For the measurements
presented in this paper, a heat load of P = 2.15 W per bunch
is calculated (�z ⇡ 3.5 mm, Qb ⇡ 860 pC).

To simulate the EO signal in CST Particle Studio a line
of field probes recording Ey is placed along the line where
the laser passes the crystal. To have a realistic model of the
modulation, one has to take into account the speed of the
laser light while integrating over the laser path. Defining the
point in time when the laser hits the reflecting surface of the
crystal as t = 0 one yields an EO signal M with

M /
Z T

�T
Ey (z(t), t) dt =

Z T

�T
Ey

✓
c0
n

⇥ |t |, t
◆

dt, (3)

where T is the time, the laser needs to pass through the
crystal in one direction, and n is the refractive index of GaP.
The result of this method can be seen in Figure 2. The first
peak corresponds to the Coulomb field of the electron bunch,
the ringing is due to wakefields.

The di�erences between simulation and measurements
might be explained in several ways. First of all, there are and
always will be di�erences between the CAD model and the
real setup. For example the (small) angle between incoming
and outgoing direction of the laser has been neglected. Also
the absolute position where the laser passes the crystal is
not known very precisely. As the e�ects of those di�erences
accumulate, they play a bigger role for later times. Secondly,
the bunch is constant in the simulation, in the measurement
however, as a sampling method is used to span the wide
range, bunch charge is decreasing with every sampling point.
And while the decreasing signal strength has been corrected
in the measurement data, this cannot be done for the decreas-
ing bunch length.

THE OPTIMIZED SETUP
As the currently used arm mount is part of the beam pipe,

it should not be altered. Especially the impedance protection
has to be kept. Besides this constraint the optimized EO arm
is designed from scratch, iteratively searching the optimal
values for a limited number of components. The components
were added step by step, being optimized on the basis of the
previous optimum.

Figure 3: Cut through the beam pipe and the optimized EO
setup. The electron beam and the laser travel similar to
the one in Figure 1. The mirror is now integrated into the
arm, while the opening has been enlarged to allow the wake
energy to leave the measurement area.

The final optimized setup is shown in Figure 3. The mirror
has been integrated into the arm, and there is a direct line of
sight from large areas of the crystal to the exit of the setup
at the top side. Furthermore the diameter of the hole has
been increased from 10 mm to 24 mm. All these measures
are taken so that the wakefield can propagate out of the
measurement region as fast as possible.

Furthermore the crystal width, height and thickness are
changed from �x ⇥ �y ⇥ �z = 10 ⇥ 10 ⇥ 5 mm3 to �x ⇥

P. Schönfeldt et al., IPAC2015 MOPHA038

First tests with Prototype:
16 Consecutive Recordings at 900 kfps

L. Rota, N. Hiller et al.
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Setup - Version 1: 900 kfps (2015, now)

8Lorenzo Rota - lorenzo.rota@kit.edu
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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Setup - Version 2: 5 Mfps (2015/2016)

16Lorenzo Rota - lorenzo.rota@kit.edu
KIT, Institute for Data Processing and Electronics (IPE)

5 Mfps Version: System Architecture

ADCs

GOTTHARD 1
GOTTHARD 2

GOTTHARD 3
GOTTHARD 4

GOTTHARD 5
GOTTHARD 6

GOTTHARD 7
GOTTHARD 8
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Detector daughter card
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Ultra-Fast Line Array Collaboration

KIT, Institut für Prozessdatenverarbeitung und Elektronik 7 

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 

ADC 
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E 

F
E
E 

FM
C

 V
IT

A 
57

 

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:
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In-House 
glueing & 
wire-bonding at KIT
29th May 2015

First bonded the Si sensor, 
InGaAs will follow now

Si sensor

Board + FPGA

Wire bonding station 
at KIT-IEKP

2x
 G

OTTHARD

In-House Hybrid 
Assembly
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First tests with the Prototype & Laser

10th June 2015
FPGA Readout board

Sensor + 
2 GOTTHARDs

PCB board

Grating spectrometer
Pixels

S
ig

na
l i

n 
V

Laser spectrum not optimized yet.
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Three consecutive laser spectra

Last week: laser spectrum with InGaAs sensor for 3 consecutive laser 
shots, recorded at 900 kfps. 

43

shot 1 shot 2 shot 3

EO spectral decoding with 900 kfps now possible!
L. Rota, N. Hiller et al.
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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

44

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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FLUTE Layout & Hardware

Civil engineering finished

Gun laser operational
Transport system in 
planning
Laser sync in preparation

RF system in assembly
Klystron and waveguide 
delivered
New linac module
LLRF system shipped 
from DESY

Magnets in progress
Solenoid on test bench
Dipole design studies

45

~13 m

~21 m

~15 m

FLUTE hall

Laser clean 
room

THz measurement 
room

Control 
room

Air 
lock



ANKA Synchrotron Light Source at KITA.-S. Müller - Short Bunches and Fast DiagnosticsA&T Seminar, 4.8.2015

Diagnostics

Large dynamic range:
Charge: 1 pC - 3 nC
Energy: 7 - 42 MeV
Bunch length: 2-3 ps (after 
gun), few fs (after chicane)
Transverse bunch size: 
20 µm - 4 mm 

46

E-Gun

Solenoid
Quad

triplettQuad Quad

Gun Laser Low energy 
spectrometer LINAC

Bunch Compressor THz Generation High energy 
spectrometer

N. Hiller, B. Smit

Charge, position, size: 
Integrating current transformer 
Faraday cup
7-8 cavity BPMs 
(XFEL, SwissFEL)
6 movable screens (PSI)

THz-Diagnostic:
Fast THz-detectors  (e.g. HEB, Schottky Diodes)
Martin-Puplett interferometer
Michelson interferometer
Electro-optical methods (far-field)

Energy: 
2 spectrometers 
(7 & 42 MeV)

Bunch length:
2 electro-optical 
monitors 
(PSI / DESY)

Laser-Diagnostic:
Virtual cathode
Cathode imaging 
Auto-Correlator / 
Grennouille
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Summary

A large variety of technologies, methods and competences are 
available for accelerator R&D at KIT

Accelerator technologies under development include, e.g.
superconducting insertion devices 
ultra-fast radiation detectors from the X-ray to the THz regime 
high data-throughput data acquisition systems for beam 
diagnostics with MHz repetition rates

Accelerator test facilities
2.5 GeV electron storage ring (ANKA)
50 MeV fs linear electron accelerator (FLUTE)

Open for new ideas/cooperations
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