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PETRA IV: Germany’s future
flagship light source

Circumference 2304 m

Energy 6 GeV

Emittance Hor.: 20 pm, vert.: 2 pm

Diffraction limit 10 keV
Coupling  0.2

Energy spread 0.9x10-3 

Mom. compaction 3.33x10-5 

Nat. bunch length 2.3 mm

Tunes 135.18, 86.27

Energy loss / turn
(ID closed)

4.30 MeV

Chromaticity 5, 5 

RF voltage (MC) 8 MV

Harmonic number 3840 (500 MHz)

Max. total current 200 mA 
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PETRA IV: Germany’s future
flagship light source
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PETRA IV light source: Schedule

Courtesy S. Klumpp,
PETRA IV project support office 

Estimated budget: 1.3 BEuro
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More exotic filling patterns
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From 0.125 mA to 2.5 mA per bunch
Bunch spacing 192 ns down to 2 ns
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Goal: Ensure sufficient stability margin 
for all modes of operation

● Need an accurate model of 
EM wakefields 
– From 1 kHz (long-range multi-turn 

wakes, CB instabilities)
– To 0.1 THz (short-range wakes, 

microbunching)
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Goal: Ensure sufficient stability margin 
for all modes of operation

● Main sources of wakefields
– Resistive wall
– Higher order modes
– Beam-ion interaction

● Stabilizing mechanisms
– Chromaticity (dQ/dp) 
– Active multibunch feedback
– Synchrotron radiation damping

● Want at least a 100% safety margin at the design stage
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Non-evaporative Getter (NEG) Coating
● Provides distributed pumping 

as well as desorption barrier
– More uniform pressure profile
– Smaller # vacuum pumps needed
– Simpler machine design

● 1-μm-thick TiZrV and Zr films
are being investigated

● Might have a significant effect 
on the machine impedance
– Planning to coat all 2.3 km

of vacuum chambers

Longitudinal impedance / 1 m
(Simulation in IW2D code)
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Investigation of NEG coatings
● EM transmission measurement

– 75-110 GHz range
– 50-cm-long samples
– Round 20 mm diam. Cu pipes
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● RF contact is ensured by a special 
spring

         Model in CST Microwave Studio

Vacuum flanges
● Additional high frequency modes 

are trapped in the gap if the RF 
contact is not perfect
–  100 μm gap causes problems

RF spring



16

Machine protection collimators
● Horizontal and vertical collimators are 

installed to
– Protect the insertion devices
– Localize the beam (Touschek) losses

● High efficiency = high β-function +  small 
gaps = large impedance

● Mostly geometric contribution from the 
change in the aperture
– Need to optimize the tapered transition

● Design studies ongoing
– Analytical estimates to guide the process
– Numerical of simplified geometries to 

verify

taper

Model in CST Microwave Studio

G. Stupakov, PRST AB 10, 094401 (2007)
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Beam position monitor shielding
● Synchrotron radiation from bending 

magnets lands on the monitors
– Irradiation of the buttons and 

thermal load
– Especially problematic at fast 

corrector locations where SS and 
CU chambers meet

● Design studies ongoing
– Analytical estimates to guide the 

process
– Numerical of simplified geometries 

to verify

taper

buttons
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Impedance
● Building the impedance model:

– Including hardware as it is being 
designed

– Geometric impedance simulated
up to 100 GHz

● Resistive wall contribution 
dominates
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Beam dynamics tools
● NHT Vlasov solver

– Semi-analytical
– Fast (laptop)
– Fixed long. distribution
– SB + CB problem
– Idealized linear model
– SR damping extra
–

–

–

– Discretized longitudinal distribution

RF well Imp Damp CB
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Beam dynamics tools
● NHT Vlasov solver

– Semi-analytical
– Fast (laptop)
– Fixed long. distribution
– SB + CB problem
– Idealized linear model
– SR damping extra
–

–

–

– Discretized longitudinal distribution

● ELEGANT tracking code
– Multi-particle (105 particles)
– Slow (computing cluster)
– Longitudinal + Transverse wakes
– Single bunch only
– Errors and aperture
– SR & QE included

RF well Imp Damp CB



21

Example instability at high intensity
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Example instability at high intensity
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Example instability at high intensity



24

RF straight section: Layout optimized to 
reduce the b-functions, # aperture transitions

Courtesy I. Agapov 
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RF straight section: Layout optimized to 
reduce the b-functions, # aperture transitions

HOMs

Example: Q = 1000 HOM at 1 GHzNot only the dipole (l = 0)
head-tail mode excited

Chromaticity 0

Most unstable CB mode  

Growth rate Impedance Chromaticity
Norm. 

beam cur.
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Example: HOM at 1 GHz
● 24 cavities, b = 20 m, vertical plane, 1920 bunches, Qb = 1 nC
● Feedback and chromaticity might be insufficient to stabilize

Rs = 1 MW/m, no other source of impedance With FB and chroma, full impedance model

S. Antipov, DESY-TEMF Meeting, TU Darmstadt, 20 Oct. 2022 

SR damping

Must make sure the modes are well damped
NHT Vlasov solver
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Brightness mode: Vertical plane
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Transverse feedback is essential for the feasibility of the 200 mA Brightness mode

Max growth rate – 1/(160 turns)
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Timing mode: Vertical plane

SR damping

x = 0 growth rate – 1/(270 turns)

S. Antipov, DESY-TEMF Meeting, TU Darmstadt, 20 Oct. 2022 
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Injection dynamics
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Injected beam decoheres in several 
revolutions
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Injected beam decoheres in several 
revolutions
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Losses mostly happen in the
stored beam
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Losses mostly happen in the
stored beam
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Emittance might blow up to nm scale 
for high charge modes
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Impedance and stability summary
● Baseline scenarios are stable when using both feedback and chromaticity

– Gain of ~1/100 turns seems to be sufficient with significant safety margin
– Beam can be stabilized at 0 chromaticity – beneficial for machine studies 

● To guarantee transverse stability HOMs shall be damped below 55 kW/m
– Otherwise, need to be carefully examined separately

● Ongoing work:
– Refining the impedance model as the hardware is being designed
– Iterating specifications on feedback controls
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Community-wide interest in concepts to 
produce short bunches in rings

Future Light Sources Workshop, Luzern 2023: fls2023.vrws.de
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Bunch compression with
self-induced wakefields

https://uspas.fnal.gov/materials/19Knoxville/lec%206.pdf

● Can compress the beam!
– First noted by A. Gerasimov,

FERMILAB-FN-62XX (1994)
– Because compressing with RF is inefficient

USPAS’19 ● Can be a single-mode structure, 
dielectric or corrugated
– Need σ ~ λ



38

Bunch compression with
self-induced wakefields

● Example: 400 GHz structure for 
KARA low-α 1.3 GeV ring at KIT
– Very short: only 30 cm
– The gap adjusts the strength,

not the frequency

● Closing the gap – adiabatic bunch 
compression
– +20% peak current
– x10 beam spectrum at 0.1 THz

ECHO
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Thank you for your attention
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Bunch lengthening due to 3rd harmonic RF 
and impedance

● Tracking in ELEGANT
– 105 macroparticles

Bunch charge (nC)

rm
s l

en
gt

h 
(p

s)

S. Antipov, DESY-TEMF Meeting, TU Darmstadt, 20 Oct. 2022 
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Impedance
● Building the impedance model:

– Including hardware as it is being 
designed

– Geometric impedance simulated
up to 100 GHz

● Resistive wall contribution 
dominates
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Simple analytical estimate: Air-bag 
model

● At chromaticity 0:

– Lowest betatron sidebands: (23.4, 35.1 kHz)
– Growth times for full machine (M = 1920):

(140, 80) revolutions
– Note: this is an upper bound

Γ=
M Nb r0c
2γT 0

2ωb

ℜZ (ω ' )

Most unstable CB mode  

Growth rate Impedance Chromaticity
Norm. 

beam cur.

S. Antipov, DESY-TEMF Meeting, TU Darmstadt, 20 Oct. 2022 
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Couple-bunch growth times for different operation modes: 
no feedback, no synchrotron damping

Filling scheme Q’ = 0 Q’ = 5
Brightness
4 ns, 200 mA

250 (160) turns 3 530 (2080) 
turns

Brightness
2 ns, 200 mA

250 (160) turns 3 130 (2050) 
turns

Timing
80 b., 80 mA

770 (270) turns 17 150  (9370) 
turns

Timing
40 b., 80 mA

640 (110) turns 8 720 (5310) 
turns

Timing
80 b. 200 mA

160 (100) turns 5 510 (2360) 
turns

SR damping
~3 000 turns

Growth rates in horizontal (vertical) planes

S. Antipov, DESY-TEMF Meeting, TU Darmstadt, 20 Oct. 2022 
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Conservative limits:
All HOMs have the same frequencies
● Longitudinal stability ● Transverse stability

CDR HOMs

S. Antipov, DESY-TEMF Meeting, TU Darmstadt, 20 Oct. 2022 
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NHT Vlasov solver
● Physics:

– Impedance: Single-bunch + couple-bunch modes
– Chromaticity
– Transverse feedback system (assumed ideal)

● Discretizing the longitudinal distribution on a set of air-bags

RF well Imp Damp CB

S. Antipov, DESY-TEMF Meeting, TU Darmstadt, 20 Oct. 2022 
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