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Karlsruhe Research Accelerator (KARA)
KIT synchrotron lightsource & accelerator test facility

until 2015 known as „ANKA“

Key parameters
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)

Single or multi-bunch operation
TbT and BbB diagnostics

www.ibpt.kit.edu/kara

Image: U. Herberger

1 Hz injection scheme at 0.5 GeV

accumulation for 30-45 minutes
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KARA – relevance in the context of FCC

~ 50 days of machine physics per year
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KARA – relevance in the context of FCC

BESTEX, 10.1103/PhysRevAccelBeams.22.083201 

Synchrotron radiation spectrum similar to FCC-hh

~ 50 days of machine physics per year
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Energy measurements with
highest possible precision
required for FCC-ee
à Resonant Spin Depolarisation
Setup available at KARA

3

KARA – relevance in the context of FCC

BESTEX, 10.1103/PhysRevAccelBeams.22.083201 

Synchrotron radiation spectrum similar to FCC-hh

~ 50 days of machine physics per year

Task 2.5: Polarisation and energy calibration

FCCIS
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Asymmetry in the spin-flip probability due to 
emission of synchrotron radiation leads
to spin polarisation over time:

KARA, 2.5 GeV: ~ 9 minutes

4

Electron beam polarisation

15/11/2023 FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
4

Polarization
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More likely

(by factor ~25)

Less likely

• Statistically every 1010th emitted synchrotron photon flips the spin

• Probability depends on the initial spin orientation

• Leads to a natural polarization build-up over time 

• Orientation is anti-parallel to the guiding magnetic field

• In a flat synchrotron only vertical bending → vertical spin orientation

• Known as Solokov-Ternov-Effekt

• Maximum theoretical polarization of 92.4 %

• Decreases typically with orbit and optics errors

• Polarization time at KARA: ~ 10 min at 2.5 GeV 
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Asymmetry in the spin-flip probability due to 
emission of synchrotron radiation leads
to spin polarisation over time:

KARA, 2.5 GeV: ~ 9 minutes

4

Electron beam polarisation

T. Bückle, 
diploma thesis

15/11/2023
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Asymmetry in the spin-flip probability due to 
emission of synchrotron radiation leads
to spin polarisation over time:

KARA, 2.5 GeV: ~ 9 minutes

Spin vector precedes in presence of electric 
and magnetic fields.
Spin tune: number of precessions per turn

4

Electron beam polarisation

T. Bückle, 
diploma thesis
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Resonante Depolarisation

Spins präzedieren im vertikalen Ablenkfeld mit der Frequenz fs:

ν =
fs

frev
=

(ge − 2)/2

m0c2
E0

➜ “Spin tune” ν hängt von Energie ab!

Horizontales Magnetfeld bx, moduliert mit fB, wird eingesetzt

➜ Resonante Depolarisation bei fs = fB ⇒ E0

➜ Präzision: ∆E/E ≈ 10−5

Resonante Spin-/Polarisationsvektorrotation für ν = n+ 1/2, n ∈ N
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If a horizontal excitation with 
spin-tune resonance is applied, 
the polarization is resonantly 
destroyed. 
à resonant spin depolarisation

07.06.20235

Resonant spin depolarization

resonant polarization vector rotation for 

Institute for Beam Physics and Technology (IBPT)Accelerator Physics WS 23/24 — Beam diagnostics

Spins precede in the vertical magnetic  
bending field with the frequency : 

 

 Spin tune  depends on beam energy! 

Apply a horizontal magnetic field ,  
which is modulated with frequency  

Resonant depolarisation at      
 

Precision:  

fs

ν = fs
frev

= (ge − 2)/2
m0c2 E0

→ ν

Bx
fB

fs = fB
⇒ ν ⇒ E0

ΔE/E ≈ 10−5

19

Resonant spin depolarization

Resonante Depolarisation
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Resonant spin/polarization vector 
rotation for ν = n + 1/2, n ∈ ℕ

<latexit sha1_base64="ER/DT7d5HAjc8OlAWdhomFp2EB8="></latexit>

fdep = (k ± [⌫]) · frev
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RSD measurement technique at KARA

wait
~20 minutes

stripline
kicker

Touschek
polarimeter

slowly scan excitation frequency
~ 6 – 10 minutes

polarisation resonant depolarisation

excite beam

3. Messaufbau

Abbildung 3.4 zeigt den Bleiglaszähler einmal allein und einmal eingebaut in seiner Halterung
am Speicherring.

(a) (b)

Abbildung 3.4.: Zwei Bilder des Bleiglaszählers mit Photomultiplier: a) allein mit einem Line-
al zum Größenvergleich. Der Zylinder am linken Ende ist der Photomultiplier
mit dem Signalkabel. b) eingebaut in seiner Halterung am Speicherring.

3.2.2. Diskriminator

Das Signal des Photomultipliers wird in der Diskriminatoreinheit (CAEN N842) in ein NIM-
Signal umgewandelt. Der NIM-Standard hat ebenfalls einen negativen Pegel, eine logische 1
wird hier durch eine Spannung von ca. �800 mV dargestellt.

Am Diskriminator lassen sich der Schwellwert für das Eingangssignal und die Pulsdauer des
Ausgangssignals festlegen. Der mögliche Einstellbereich der Schwelle geht dabei von 0 bis
255. Ein Skalenteil entspricht hierbei �10 mV, d.h. die Schwelle 2 entspricht einer Schwell-
spannung von �20 mV. Zur Festlegung eines geeigneten Schwellwerts wurde die Zählrate,
angegeben in der Einheit Ereignisse pro Minute, für verschiedene Einstellungen bestimmt.
Die Zählrate kann je nach Betriebsparametern des Speicherrings deutlich abweichen, für die
Festlegung des Messbereichs ist aber der Absolutwert nicht relevant, so dass für die Auswer-
tung in Abbildung 3.5 die y-Achse als willkürliche Einheit zu verstehen ist. Die Ergebnisse
dieser Messung sind in Tabelle 3.1 aufgeführt. Der Fehler auf die Zählraten ergibt sich als

28

Touschek sensitive region

<latexit sha1_base64="ER/DT7d5HAjc8OlAWdhomFp2EB8="></latexit>
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15/11/2023



Bastian Haerer –I.FAST low emittance rings workshop 2024 Institute for Beam Physics and Technology (IBPT)7

Measurement analysis

3. Messaufbau
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photo 
multiplier

lead-glass 
block

Change in Touschek lifetime because Møller scattering is 
dependent on polarization 
à Change in loss rate visible at depolarization frequency

5.2. Resultate
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Abbildung 5.1.: Beispieldarstellung der Messdaten: Frequenzintervall 1.68 � 1.72 MHz,
Sweepdauer 1800 s, in der Mitte ist deutlich ein Sprung in der Zählrate zu er-
kennen; Neben der Zählrate wurde noch der Strahlstrom eingezeichnet, deut-
lich sichtbar der parallele Abfall

Messung bedingt.

Aus den Messdaten wird durch einen Fit mit einer abgewandelten Froissart-Stora-Funktion
[31, 32]

r(t) = a� b · t +
�r

1 + exp

⇣
� t�td

�d

⌘ (5.2)

die Zeit der Depolarisation bestimmt. Hier ist r(t) die zeitabhängige Zählrate. Die Parameter
a und b beschreiben den linearen Abfall der Zählrate durch den sinkenden Strahlstrom. �r

gibt die Größte der Änderung der Zählrate durch den Sprung an, td ist der Zeitpunkt der
Depolarisation und �d ihre Breite, also die Zeit, die zur Depolarisation benötigt wird. Wird
der lineare Zusammenhang des Stromverlaufs nicht betrachtet, sondern nur der Term mit der
Exponentialfunktion im Nenner, ist zu sehen, dass diese Funktion einen Anstieg mit oben
genannten Parametern zeigt, wie in Abbildung 5.2 deutlich wird. Die Funktion hat Ähnlichkeit

49
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Impact of scan velocity
Impact of scan direction
Impact of beam intensity
Energy drifts
Polarization level
Beam optics and orbit

8

Goals of the measurements at KARA

15/11/2023

First beam time 30/10 & 31/10/2023
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2.5 GeV beam energy
~ 30 bunches, one train
30 to 60 mA beam 
current

Low closed orbit

07.06.20239

Beam set up

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
10

Set-Up
• 2.5 GeV beam energy

• About 30 circulating bunches 

• 30 to 60 mA beam current

• Very low closed-orbit measured

• First fast optics measurements 

for transverse beam parameters 

performed
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Polarization time

20 minutes 10 minutes
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Scan quality depends on polarization time à 20 minutes between measurements
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Data analysis

Fit function: 

Moving average over three values of the loss rate to reduce numerical uncertainties

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
14

Fit of RDP Scans
• To avoid numerical uncertainties loss rate averaged over 3 energy steps

• Very low fitting error of a few keV achieved

• Beam energy measured to about 2.481 GeV (-19 MeV with respect to 2.5 GeV)

Institute for Beam Physics and Technology (IBPT)Bastian Härer - Title

F(E) = y0 + h
2 erf((E − E0)a) + bE + cE2

2

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
14

Fit of RDP Scans
• To avoid numerical uncertainties loss rate averaged over 3 energy steps

• Very low fitting error of a few keV achieved

• Beam energy measured to about 2.481 GeV (-19 MeV with respect to 2.5 GeV)
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Scan velocity

Scanning range: 1705 – 1725 MHz 
Corresponds to: 2.4795 – 2.4830 GeV
Scan duration: 100 – 600 s 

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
15

Scan Velocity
• Scanning range from 1705 – 1725 kHz

• Corresponds to 2.4795 to 2.4830

• Scan duration 100 to 600 s

Blue: 1705 – 1725 kHz

Courtesy: J. Keintzel
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Scan velocity and scan direction

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
16

Scan Velocity and Direction
• Scanning range from 1705 – 1725 kHz

• Corresponds to 2.4795 to 2.4830

• Scan duration 100 to 600 s

• Reverse scanned frequency range

Blue: 1705 – 1725 kHz

Red: 1725 – 1705 kHz

Courtesy: J. Keintzel

Scanning range: 1705 – 1725 MHz 
Corresponds to: 2.4795 – 2.4830 GeV
Scan duration: 100 – 600 s 
Reversed scanning direction
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Observations
19.0 – 19.4 MeV lower beam energy
Larger difference for fast scans
From measurement or energy drift over time?

07.06.202314

Scan velocity and scan direction

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
16

Scan Velocity and Direction
• Scanning range from 1705 – 1725 kHz

• Corresponds to 2.4795 to 2.4830

• Scan duration 100 to 600 s

• Reverse scanned frequency range

Blue: 1705 – 1725 kHz

Red: 1725 – 1705 kHz

Courtesy: J. Keintzel
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Automated remote measurement campaign
Various RDP scans during 16 h at night
No clear dependence on scan duration or direction

07.06.202315

Scan velocity and scan direction II

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
19

Scan Velocity and Direction II
• Scanning range from 1705 – 1725 kHz

• Corresponds to 2.4795 to 2.4830

• Scan duration 100 to 600 s

• Reverse scanned frequency range

Blue: 1705 – 1725 kHz

Red: 1725 – 1705 kHz

• Remote automated measurement campaign

• Various scans over long night of 16 h

• No clear dependence on scan duration or direction

Courtesy: J. Keintzel
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Second overnight measurement campaign of 34 RDP scans
0.8 MeV lower beam energy measured after 16 h
Trend visible for both scanning directions with different velocities
Sources to be investigated: orbit drifts, temperature drifts etc.

07.06.202316

Energy drift over 16 h

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
19

Energy Drift Over 16h
• Second measurement campaign performed over night with 34 RDP scans

• 0.8 MeV lower beam energy measured after 16 h compared to start of measurement

• Trend consistent for RDP scans in both scanning directions with various scanning velocities

• Possible sources to be investigated: orbit drifts, temperature drifts, machine drifts, etc.

Blue: 1705 – 1725 kHz

Red: 1725 – 1705 kHz

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
19

Energy Drift Over 16h
• Second measurement campaign performed over night with 34 RDP scans

• 0.8 MeV lower beam energy measured after 16 h compared to start of measurement

• Trend consistent for RDP scans in both scanning directions with various scanning velocities

• Possible sources to be investigated: orbit drifts, temperature drifts, machine drifts, etc.

Blue: 1705 – 1725 kHz

Red: 1725 – 1705 kHz

Courtesy: J. Keintzel
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Drifts in both planes (mainly vertically) but almost stable after 10 h
Cannot (fully) explain energy drifts, since energy drift has linear trend
07.06.202317

Orbit drifts during 16 h (one fill)

FCC PHYSICS WORKSHOP

01 FEB 2024

JACQUELINE KEINTZEL

POLARIZATION STUDIES AT KARA
20

Orbit Drifts
• Orbit measured over whole fill of almost 16 h –> orbit drifts in both planes observed, especially vertically

• Orbit almost stable after ~ 10 h but energy drift follows linear trend –> cannot (fully) explain energy drift
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Challenges encounterd at 2.3 GeV
No resonance measured so far.

Could be critical since non-integer part .220 
is close to our betatron non-integer tunes.
At 2.5 GeV: low emittance optics 
(dispersion leak in all sections)
Lower energies: achromatic optics (higher 
emittance and less Touschek)

To be continued …

18

Status of measurements at lower energies
Energy

(GeV)

Spin 
tune

Pol. 
time
(s) (min)

Depol. 
freq.
(MHz)

2.5 5.673 567 9.4 1.74
2.4 5.446 675 11.2 1.21
2.3 5.220 835 13.9 3.31
2.2 4.993 1042 17.4 2.70
2.1 4.766 1316 21.9 2.08
2.0 4.539 1679 28.0 1.46
1.9 4.312 2170 36.2 3.56
1.8 4.085 2843 47.4 2.95
1.7 3.858 3784 63.1 3.56
1.6 3.631 5124 85.4 1.71
1.5 3.404 7075 117.9 1.10

15/11/2023
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First RSD measurements in context of FCCIS performed at KARA
Nominal beam energy 2.5 GeV
Measured beam energy ~19.3 MeV lower for all scans

RSD scans focusing on scanning direction and scanning speed
Energy drift observed during long-term measurements
Energy drift is independent of scanning speed and direction

Measurements at lower energies need more attention

New BLMs as counters for scattered electrons in commissioning

19

Summary

15/11/2023
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Outlook

PðtÞ ¼ PST
τd

τd þ τST

!
1 − exp

"
−

t
τST

"
τd þ τST

τd

##$
; ð9Þ

where PST and τST are the Sokolov-Ternov values for the
equilibrium polarization level and the time constant,
respectively, and τd is the depolarization time constant.
The equilibrium polarization level PST is related with the

integral of the magnetic fields B along the curvilinear
trajectory of the beam s [5]:

PST ¼ 8

5
ffiffiffi
3

p
H
B3dsH
jBj3ds

ð10Þ

which for an isomagnetic planar ring equals to the
maximum value of 92%. When wiggler insertion devices,
of which there exist two electrically powered devices in
DLS, are introduced, the polarization level is reduced.
In Fig. 1, the polarization built up with both wigglers

turned off and on is displayed from a recording of the beam
lifetime plotted versus time. A fit according to Eq. (9)
calculates the maximum polarization level and the polari-
zation time. An offset was introduced to include the
polarization that had already been present at the beginning
of the data acquisition. The beam lifetime can be derived by
fitting a slope on the measurement of the beam current
using a parametric current transformer. Alternatively, a
beam lifetime proportional value can be calculated from the
measurement of beam losses and the beam current using
Eq. (4). The second approach, as is shown in Fig. 1, results
in less noisy data.
Because of the excellent alignment given by orbit correc-

tion schemes and resulting in the small vertical emittance in
DLS, the reduction of equilibrium polarization is very small,
allowing the beam to acquire a polarization level of 88%with

a polarization time of 27 min. When the wigglers are turned
on, the maximum beam polarization is reduced according
to Eq. (10). From experimental data, we found that the
maximum polarization for this case was 65%.

B. Simulation study of polarization

Imperfections or intrinsic resonances can arise due to
magnet field and alignment errors or betatron oscillations,
respectively, and can limit the maximum level of polari-
zation. A high initial level of polarization of the beam is
critical for the implementation of the energy measurements
with RSD. To ensure that the beam polarizes in the case of
DLS, the beam polarization level was calculated using the
numerical simulation code SLIM [13]. A thin lens approxi-
mation of the diamond latticewas used as an input. A random
distribution of vertical orbit distortions was introduced to
the model in order to simulate the field imperfections. The
strength of a quadrupole doublet was adjusted to keep
the betatron tunes in agreement with the model after the
introduction of the closed orbit distortions (CODs) from the
field errors. The horizontal CODs result from the coupling
with the vertical CODs. In Fig. 2, the right-hand resonances
show that when the spin tune ν and the horizontal betatron
tune νx meet the condition νþ νx ¼ 35 the polarization
degree can be reduced. When the spin tune is close to the
intrinsic resonance νþ νy ¼ 20, where νy is the vertical
betatron tune, the beam can be depolarized strongly, as is
illustrated by the left-side resonances in Fig. 2. The betatron,
synchrotron, and spin tunes of the diamond ring are listed in
Table I. Different simulated field imperfections give different
results of the position and the width of the resonances.
To quantify the simulated field imperfection, the rms value of
the closed orbit distortion that is introduced is calculated.
Since the spin depolarization resonances do not diverge
strongly and are far from the operational spin tune (6.84 for
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FIG. 1. Beam polarization as a function of time measured for
wigglers off and on. A fit according to Eq. (9) calculates the
maximum polarization level and the polarization time.
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FIG. 2. The beam polarization level calculated by SLIM for
various sets of closed orbit distortions which were generated
randomly by the orbit disturbances. The rms values of the
horizontal and vertical orbit distortions are shown in the legend.
The red vertical line shows the experimental operational spin tune.
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Outlook
 Absolute polarization measurements

• Polarization level measured based on Touschek 

lifetime, e.g. at Diamond light source

 Spin matching with vertical orbit bumps

• Harmonic spin bumps to reduce spin diffusion 

and improve polarization

• Simulations performed for FCC → Talk: Y. Wu
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