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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 

R&D topics 
Serve as a test bench for new beam diagnostic methods and tools 
Systematic bunch compression and THz generation studies 
Develop single shot fs diagnostics 
Synchronization on a femtosecond level
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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 www.ibpt.kit.edu/flute 
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FLUTE status
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Poster T. Schmelzer

Commissioning progress:  
New circulator in operation  
➜ commissioned gun up to 13 MW 
First energy spectrometer measurements  
➜ electron beam up to 5.8 MeV 
New laser transport stabilization system 
in operation 

Work in progress 
Optimizing optics on table next to gun 
Systematic beam characterization 
Start of first user experiment: SRR

Beam profile improvement

New transverse laser stabilization, pointing stability
M.J. Nasse et al., DOI: 10.18429/JACoW-IPAC2019-MOPTS018 
T. Schmelzer et al., DOI: 10.18429/JACoW-IPAC2019-WEPGW010
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THz streaking using a split ring resonator

Split ring resonator and YAG screen mounted in chamber 
First electrons on screen

4

YAG screen

Lights off

Lights on

THz
pulse

UV
pulse

fs laser LiNbO3

3´n

n
20 µm

20 µm

YAG screen
Split ring resonator

Electrons

J. Fabiańska et. al., Sci. Rep. 4, 5645 (2014)          M. Yan et. al., IPAC’16, TUPG56 (2016)

Electrons
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Transfer line FLUTE - cSTART
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J. Schäfer Master thesis:  
Lattice design of a transfer line for ultra-short bunches from FLUTE to cSTART 

Guidance without 
particle loss 
Arc with „negative 
dispersion optics“  
Bunch length 
compressed to 18 fs
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Karlsruhe Research Accelerator (KARA)

User applications & accelerator test facility

6

www.ibpt.kit.edu/kara

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)

http://www.ibpt.kit.edu/kara
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KARA refurbishment

Replaced the Storage ring corrector power supplies 
New controllers for the Quadrupole and Sextupole power supplies 
New hutch for the VLD Port and lab space 
Installation of new Master Oszillator and fiber based reference clock 
distribution system in progress 
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Ausführung:
Lehnertwand 82:

umsetzbare Trennwand, Wandraster 1250 mm, Wandstärke 82 mm, Wandoberfläche aus
melaminharzbeschichteten Spanplatten (V20/E1), mit Akustikfüllung aus 40 mm starker Steinwolle
Halbwandverkleidung, Wandraster 1250 mm, Wandstärke 82 mm, Wandoberfläche aus
melaminharzbeschichteten Spanplatten (V20/E1), mit Akustikfüllung aus 40 mm starker Steinwolle
Wandbeplankung der vorgenannten Trennwände mit melaminharzbeschichteten Spanplatten (V20/E1),
B1-Material (schwer entflammbar)
Der Bodenanschluss der Trennwände erfolgt mit einer PVC-Fußleiste
Befestigung der Wandschalen mit verzinkten Hutprofilen und aufgesteckten PVC-Abdeckleisten

Verstärkung aus sichtbaren, lackierten Stahlrohren zur Wandausteifungen senkrecht in den Wänden
Sondereckausbildung ALU (variable Ecke)
schräger Wandanschluss

Verglasung:

Alu-Fensterelement als Brüstungselement Doppelverglasung aus 2x5 mm ESG, klar, wandbündig
Spiegelbreite der Fensterrahmen 36 mm

Abhangdecke:

Mineralfaserdecke weiß, Plattenstruktur nach Lehnert-Muster, Raster 625x625 mm,
einschl. Tragekonstruktion, Sichtseite weiß
Schallschluckauflage aus 40 mm starker Steinwolle

Kabinenabdeckung :

Zwischendecke aus Trapezblech, Belastung 100 kg/m²
Kabinenabdeckung aus 19 mm starken rohen Verlegeplatten, B1-Material (schwer entflammbar)

ALU-Rahmentür:

2-flg. ALU-Rahmentür mit horizontaler Sprosse, Füllung mit von unten beginnend: Spanplatte, 13 mm
in Farbe der Wandoberfläche / 6 mm ESG, klar, Sprossenhöhe 1000 mm mit eingebauter Bodendichtung
Die ALU-Rahmentüren sind mit gekröpften Edelstahldrückergarnituren mit Ovalrosetten nach Lehnert-Standard
ausgestattet (Rundrosetten nicht möglich!!!)
Türausstattung:
Obentürschliesser, ECO TS 61 B, Gleitschiene, silberfarbig inkl. Öffnungsbegrenzer und Rastfeststeller
Ruhestrom-Türöffner EFF EFF Modell 138.13 Profix2 mit Rückmeldekontakt und Diode (zum Anschluss an
bauseitiges Kartenlesegerät o.ä.), 12 oder 24 V für Anwendungsfall Türöffner bei 2-flg. Türen
(ohne mechanische Verriegelung)
BKS-Edelstahl-Knopf/Knopf Garnitur mit Ovalrosetten für ALU-Rahmentüren

Farben :

Wandbeplankung, gem. Oberflächenmuster, Farbe Leitopal weiß 9010L
Sichtbare ALU-Teile in RAL 9016 FS, RAL 7016 FS oder Lehnert Silber FS (ähnlich RAL 9006)
ALU-Profile sind gepulvert in Oberfläche Feinstruktur
Sichtbare PVC-Profile in RAL 9016, Glanzgrad 30%

Erläuterung :

OK = Oberkante
UK = Unterkante

x = Verstärkungsstütze zur Aussteifung in der Wand
Lichtes Zargendurchgangsmass der 2 flg. Türen; B= 2369 mm, H= 2500 mm

Geprüft und Genehmigt:

Datum:......... Unterschrift: .........

(Grundriss, Wandansichten, ISO-Ansicht)
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Ausführung:
Lehnertwand 82:

umsetzbare Trennwand, Wandraster 1250 mm, Wandstärke 82 mm, Wandoberfläche aus
melaminharzbeschichteten Spanplatten (V20/E1), mit Akustikfüllung aus 40 mm starker Steinwolle
Halbwandverkleidung, Wandraster 1250 mm, Wandstärke 82 mm, Wandoberfläche aus
melaminharzbeschichteten Spanplatten (V20/E1), mit Akustikfüllung aus 40 mm starker Steinwolle
Wandbeplankung der vorgenannten Trennwände mit melaminharzbeschichteten Spanplatten (V20/E1),
B1-Material (schwer entflammbar)
Der Bodenanschluss der Trennwände erfolgt mit einer PVC-Fußleiste
Befestigung der Wandschalen mit verzinkten Hutprofilen und aufgesteckten PVC-Abdeckleisten

Verstärkung aus sichtbaren, lackierten Stahlrohren zur Wandausteifungen senkrecht in den Wänden
Sondereckausbildung ALU (variable Ecke)
schräger Wandanschluss

Verglasung:

Alu-Fensterelement als Brüstungselement Doppelverglasung aus 2x5 mm ESG, klar, wandbündig
Spiegelbreite der Fensterrahmen 36 mm

Abhangdecke:

Mineralfaserdecke weiß, Plattenstruktur nach Lehnert-Muster, Raster 625x625 mm,
einschl. Tragekonstruktion, Sichtseite weiß
Schallschluckauflage aus 40 mm starker Steinwolle

Kabinenabdeckung :

Zwischendecke aus Trapezblech, Belastung 100 kg/m²
Kabinenabdeckung aus 19 mm starken rohen Verlegeplatten, B1-Material (schwer entflammbar)

ALU-Rahmentür:

2-flg. ALU-Rahmentür mit horizontaler Sprosse, Füllung mit von unten beginnend: Spanplatte, 13 mm
in Farbe der Wandoberfläche / 6 mm ESG, klar, Sprossenhöhe 1000 mm mit eingebauter Bodendichtung
Die ALU-Rahmentüren sind mit gekröpften Edelstahldrückergarnituren mit Ovalrosetten nach Lehnert-Standard
ausgestattet (Rundrosetten nicht möglich!!!)
Türausstattung:
Obentürschliesser, ECO TS 61 B, Gleitschiene, silberfarbig inkl. Öffnungsbegrenzer und Rastfeststeller
Ruhestrom-Türöffner EFF EFF Modell 138.13 Profix2 mit Rückmeldekontakt und Diode (zum Anschluss an
bauseitiges Kartenlesegerät o.ä.), 12 oder 24 V für Anwendungsfall Türöffner bei 2-flg. Türen
(ohne mechanische Verriegelung)
BKS-Edelstahl-Knopf/Knopf Garnitur mit Ovalrosetten für ALU-Rahmentüren

Farben :

Wandbeplankung, gem. Oberflächenmuster, Farbe Leitopal weiß 9010L
Sichtbare ALU-Teile in RAL 9016 FS, RAL 7016 FS oder Lehnert Silber FS (ähnlich RAL 9006)
ALU-Profile sind gepulvert in Oberfläche Feinstruktur
Sichtbare PVC-Profile in RAL 9016, Glanzgrad 30%

Erläuterung :

OK = Oberkante
UK = Unterkante

x = Verstärkungsstütze zur Aussteifung in der Wand
Lichtes Zargendurchgangsmass der 2 flg. Türen; B= 2369 mm, H= 2500 mm

Geprüft und Genehmigt:

Datum:......... Unterschrift: .........

(Grundriss, Wandansichten, ISO-Ansicht)
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KARA distributed sensor network
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05K16VKA

M. Brosi et al., DOI: 10.18429/JACoW-IPAC2019-WEPTS015 
B. Kehrer et al., DOI: 10.1103/PhysRevAccelBeams.21.102803 
S. Funkner et al., DOI: 10.1103/PhysRevAccelBeams.22.022801

Analyze Longitudinal 
Phase Space

Energy Spread

Horizontal bunch profile in
dispersive section

KALYPSO

Bunch Profile

Electro-optical spectral decoding

KALYPSO

Emitted CSR

THz Detector

KAPTURETalk M. Brosi

05K16VKA 
05K19PEC
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KALYPSO V2.5 detector board

Line array sensor up to 2048 
channels (near-UV, VIS, near-IR) 
Up to 8 parallel low-noise front-end 
Gotthard-HR (KIT, PSI) 
Fast ADCs, 10/12 and 14 bit 

External clocks and trigger 
synchronizations (option.)

9

Poster M. Patil

Fast ADCs

Fast ADCs

Jitter cleaner 
clock 

distribution

Line array sensor: 1024 channels Up to 8 parallel front-end readout ASICs

Towards single-pulse spectral analysis of MHz-repetition rate with wide line array

L. Rota, M. Caselle et al., DOI: 10.1016/j.nima.2018.10.093  
M. Patil et al., DOI: 10.22323/1.343.0045

ADC Conversion 
Rate

1024  
channels

512  
channels

100 MSPS (10 bit) up to 3.1 Mfps up to 6.25 Mfps

80 MSPS (12 bit) up to 2.5 Mfps up to 5 Mfps

65 MSPS (14 bit) up to 2 Mfps up to 3 Mfps
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Synchronous measurements

KALYPSO for horizontal bunch size  
KAPTURE with schottky diode for CSR 
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B. Kehrer et al. 
DOI: 10.5445/IR/1000098584   DOI: 10.18429/JACoW-IPAC2019-WEPGW016

Poster B. Kehrer



Marcel.Schuh@kit.edu 
Institute for Beam Physics  

and Technology (IBPT)
KIT Status report, ARD-ST3 WS’19, Darmstadt, Germany2019-10-16

Micro-Bunching Control  
with Reinforcement Learning 

11

Goal: Longitudinal feedback to control micro-bunching dynamics  
➜ optimize emitted CSR (high average, low variance) 

Proof of principle: Control in simulation  
(VFP solver Inovesa, developed in-house at KIT)   
–  ongoing work 

Implementation: 
Connection of THz  
diagnostics (KAPTURE)  
with KARA RF system 
Machine learning on FPGA  
to match time constraints of  
kHz repetition rate

T. Boltz et al., DOI: 10.18429/JACoW-IPAC2019-MOPGW017 
W. Wang et al., ICALEPCS’19, TUCPL06, to be published  
Inovesa (https://github.com/Inovesa/Inovesa), P. Schönfeldt et al., DOI: 10.1103/PhysRevAccelBeams.20.030704
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RF phase modulation

Increase the bunch length to increase the beam life time 
Excite the beam using phase modulation in the LLRF system 

Systematic studies 
Analyze the bunch lengthening  
using  a Streak camera  
Scan the excitation frequency 
Phase modulation amplitude
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S. Maier and A. Mochihashi 
DOI: 10.18429/JACoW-IPAC2019-WEPTS016
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Low and negative 𝞪c optics at 500 MeV
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g Motivation g
Understanding of collective effects and instabilities critical to a successful operation of a synchrotron light source
Most efforts focus on a positive value of the momentum compaction factor ↵c

Negative ↵c regime important for a thorough understanding of collective effects
KARA used as accelerator test facility ) possibility to study these effects at a negative value of ↵c

↵c =
�L/L
�p/p

=
1

L

I
D(s)

⇢(s)
ds

g Lattice and Optics g

KARA
4 fold symmetry
2 double bend achromats per cell
5 quadrupole magnets per DBA (Q1-5)
Straight sections are filled with insertion devices, RF stations
and injection magnets

Parameter Value

Energy 0.5-2.5 GeV
Circumference 110.4 m
RF frequency 500 MHz
Revolution frequency 2.715 MHz
�z, RMS (standard operation, 2.5 GeV) 45 ps
�z, RMS (short bunch mode, 1.3 GeV) few ps

Operation Modes
Two operation modes already established
Standard operation at 2.5 GeV and ↵c ⇡ 9⇥ 10�3

Short bunch mode at 1.3 GeV and ↵c ⇡ 1⇥ 10�4

New mode: negative ↵c at 0.5 GeV
Lower ↵c requires stretched dispersion, including negative
parts

Calculated lattice used for user operation at ↵c = 9⇥ 10�3 and
0.5 GeV. The bottom depicts the magnets, quadrupoles in red,

sextupoles in green and bends in blue.

Calculated lattice for ↵c = 1⇥ 10�4 at 0.5 GeV.
In large parts the dispersion is negative.

Calculated lattice for a negative value of ↵c = �8⇥ 10�3.
In large parts the dispersion is negative.

g Status of Operation g

Injection into different optics with negative values of ↵c has been established at 500 MeV
Maximum beam and bunch current is limited, highest achieved current is 17 mA
distributed over 30 bunches and 1 mA for single-bunch operation
Multiple factors affecting the current limit were identified

High orbit deviations seem to be beneficial
Reduced absolute value of ↵c seem to result in higher beam currents
Reduced sextupole strengths and therefore reduced chromaticities seemed beneficial

High orbit deviations lead to acentrical crossing of quadrupoles and sextupoles

Orbit deviations during injection into an optics with ↵c ⇡ �8⇥ 10�3

g Working Point & Chromaticity g

Tunes ⌫ and Chromaticity ⇠ for optics with different values of ↵c has been measured
At ↵c ⇡ �1.2⇥ 10�2: ⌫h ⇡ 0.76 ⌫v ⇡ 0.79 ⇠h ⇡ �1.89 ⇠v ⇡ �7.14

At ↵c ⇡ �8⇥ 10�3: ⌫h ⇡ 0.76 ⌫v ⇡ 0.78 ⇠h ⇡ �2.24 ⇠v ⇡ �4.93

At ↵c ⇡ �4⇥ 10�3: ⌫h ⇡ 0.76 ⌫v ⇡ 0.80 ⇠h ⇡ �3.27 ⇠v ⇡ �4.22

At ↵c ⇡ �1.6⇥ 10�3: ⌫h ⇡ 0.76 ⌫v ⇡ 0.82 ⇠h ⇡ �3.75 ⇠v ⇡ �1.51

Changing chromaticities is relatively easy, injection and storing possible
Shifted chromaticities: Vertical from ⇡ �7.1 to ⇡ 1.49 and horizontal from ⇡ �4 to ⇡ 0.8

Horizontal chromaticity had almost no effect, even a change of sign
Positive vertical chromaticity resulted in a sub mA injection limit
Moving to positive vertical chromaticity with stored beam did not(!) cause beam loss

Working point was moved 1 ! 2 ! 3

1 : Starting point, quite good injection rate and current limit
2 : Almost same behaviour as at 1

3 : Low current limit and lower injection rate than at 1

Between 1 and 2 the behaviour is almost the same as at 1

Between 2 and 3 part of the beam was lost
and injection rate got worse closer to 3

From 3 to 1 injection rate and current limit increased again

g Collective Effects g

Head-Tail Instability
Dependent on ⇠v and ↵c [1]

⌧�1
± = ⌥Nr0W0c⇠vẑ

2⇡�C⌘
,

W0: Wake field ẑ: Ampl. of sync. osci.
⌘: slip factor ⌘ = ↵c � 1/�

⇠v/⌘ ) for ↵c < 0 and ⇠v < 0 a bigger |⇠v|
decreases growth rate

TMCI
Multiple threshold approximations exist
Version adapted from [2]:

NTMC
b,thr / |⌘|

|ZBB
y |

✓
1 +

⇠v!0
⌘!r

◆

ZBB
y : broadband impedance !0: revolution frequency

!r: resonant freq. of impedance

⇠v/⌘ ) for ↵c < 0 and ⇠v < 0 a bigger |⇠v|
increases threshold

) ⇠v could influence maximum bunch current

Micro-Bunching Instability
Using equation from [3] the predicted threshold for ↵c = +1.8⇥ 10�3 is Ithr = 0.038mA

THz emission has been measured above and below this threshold
Measurements suggest a significantly higher threshold
More systematic tests planned, above and below threshold
Applicability of Inovesa [4] under investigation

g Open Questions g

Are textbook equations still valid for negative ↵c, any experience?
What is limiting the total beam current in multi-bunch operation?
What is limiting the bunch current in single-bunch operation and
why is it higher than in multi-bunch operation?
How can we identify which effect causes low beam current limits/high loss rate?
Which diagnostics is necessary to identify these effects?
Why does positive vertical chromaticity result in low injection limit,
but beam can still be stored?
Does operation with negative ↵c influence the micro-bunching instability?

You have answers? Email me:

Summary and Outlook
Optics with negative values of ↵c have been successfully established at KARA
Maximum beam and bunch current is limited
Multiple factors with influence on this limit were identified (orbit deviations, |↵c|, chromaticity)
Head-Tail and Micro-Bunching instabilities will be investigated more closely
Applicability of simulations using Inovesa is under investigation

[1] A. W. Chao Physics of Collective Beam Instabilities in High Energy Accelerators, Wiley,
1993, ISBN: 978-0-471-55184-3

[2] W. Herr, CAS - CERN Accelerator School: Advanced Accelerator Physics Course, 2014

[3] K. L. F. Bane, Y. Cai, and G. Stupakov, Threshold studies of the microwave instability in

electron storage rings, PhysRevSTAB, 2010, DOI: 10.1103/ PhysRevSTAB.13.104402
[4] P. Schönfeldt et al., Inovesa/Inovesa: Gamma Three DOI: 10.5281/zenodo.2653504
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Between 2 and 3 part of the beam was lost
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parts
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1 : Starting point, quite good injection rate and current limit
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Between 2 and 3 part of the beam was lost
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g Collective Effects g

Head-Tail Instability
Dependent on ⇠v and ↵c [1]

⌧�1
± = ⌥Nr0W0c⇠vẑ
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Micro-Bunching Instability
Using equation from [3] the predicted threshold for ↵c = +1.8⇥ 10�3 is Ithr = 0.038mA

THz emission has been measured above and below this threshold
Measurements suggest a significantly higher threshold
More systematic tests planned, above and below threshold
Applicability of Inovesa [4] under investigation

g Open Questions g

Are textbook equations still valid for negative ↵c, any experience?
What is limiting the total beam current in multi-bunch operation?
What is limiting the bunch current in single-bunch operation and
why is it higher than in multi-bunch operation?
How can we identify which effect causes low beam current limits/high loss rate?
Which diagnostics is necessary to identify these effects?
Why does positive vertical chromaticity result in low injection limit,
but beam can still be stored?
Does operation with negative ↵c influence the micro-bunching instability?

You have answers? Email me:

Summary and Outlook
Optics with negative values of ↵c have been successfully established at KARA
Maximum beam and bunch current is limited
Multiple factors with influence on this limit were identified (orbit deviations, |↵c|, chromaticity)
Head-Tail and Micro-Bunching instabilities will be investigated more closely
Applicability of simulations using Inovesa is under investigation
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[4] P. Schönfeldt et al., Inovesa/Inovesa: Gamma Three DOI: 10.5281/zenodo.2653504

𝞪c = 9 ×10-3

𝞪c = 1 ×10-4 𝞪c = -8 ×10-3

P. Schreiber et al. 
DOI: 10.18429/JACoW-IPAC2019-MOPTS017
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BESTEX
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L. A. González et al, 
DOI: 10.1103/PhysRevAccelBeams.22.083201

Three FCC-hh Beam Screen prototypes including the baseline design 
have been tested so far at BESTEX 
Upgrade: Implement liquid Nitrogen cooling to test under cryogenic 
conditions in the future
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SCID: superconducting undulator with  
switchable period length

reach full tunability with 17 mm  
high brilliance in the soft X-ray regime with the 1st harmonic of 34 mm: 

to measure M-absorption edges of metals like V, Cr, Mn and Fe 
going as low as few tens of eV (low emittance light source with 3 GeV) 
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Idea: switchable period length → increase of photon energy range 
Concept: changing the current in one circuit 
Fabrication of a SCID with 17 mm and 34 mm period at IBPT 

S. Casalbuoni, N. Glamann, A.W. Grau, T. Holubek,  D. Saez de Jauregui   
DOI: 10.18429/JACoW-IPAC2019-TUPGW017

05K12CK1
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SCID: superconducting undulator with  
switchable period length
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@17 mm period length 500A @34 mm period length 370A

Field measurement results
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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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Backup slides
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SR light monitor 
In-Air X-ray detector 
EO-Nearfield setup 
Streak camera 
Fast-gated camera / KALYPSO 
BBB feedback system 
Ultra fast THz detectors 
Lead glass detector 
BPMs 
BLMs 
…
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Diagnostics at KARA
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FLUTE 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 
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Charge, position, size:  
Integrating current transformer  

Faraday cup 

7-8 cavity BPMs  
(XFEL, SwissFEL) 

5-8 movable screens (PSI)

THz-Diagnostic: 
Fast THz-detectors  (e.g. HEB, Schottky Diodes) 

Interferometer: Martin-Puplett, Michelson 

Electro-optical methods (far-field)

Energy:  
2 spectrometers  
(7 & 42 MeV) 

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

Split ring resonatorLaser-Diagnostic: 
Virtual cathode 

Cathode imaging  

Auto-Correlator / Grennouille

E-Gun

Solenoid
THz generation

Split ring
resonatorLow energy 

spectrometer

 Gun laser

BPM Screen monitor ICT EO-monitor Quadrupole Dipole Photon beam path
Electron beam path

LINAC

Steerer(H/V)

SR port

Scraper 

Faraday cup
/dump

Valve Pump


