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Motivation

 Electron beam for the LHC needed

 50 GeV and 20 mA  1 GW of beam power!

 Typical nuclear power plant: 1 GW

 Need for sustainable technology

 Energy recovery Linac

P. Agostini et al., The Large Hadron-Electron Collider at the HL-LHC, subm. to J. Phys. G,
arXiv:2007.14491, 2020. https://arxiv.org/abs/2007.14491.
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Outline – Part I

 Principle and history

 Basics and reasons to use an ERL

 ERLs around the world

 ERL Mode @ S-DALINAC (Intro)

 Summary
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Outline – Part II

 ERL Mode @ S-DALINAC (1-turn, 2-turn and diagnostics)

 Applications: Laser Compton backscattering

 Future of ERLs

 Summary
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ERL History



14.11.2022  |  Michaela Arnold  |  TU Darmstadt  |  AG Pietralla |  Energy Recovery Linac 9

ERL History

 Two systems with same energy gain, same beam current, same frequency and
phase

  Difficult to handle and two accelerator sections needed
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ERL History

 Same beam

 Only one accelerator section
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ERL – Some Milestones

 Feb. 1965: Principle published (M. Tigner)

 ~ 2000: First successful „same-cell energy
recovery“ during FEL operation

 Aug. 2017: S-DALINAC ERL operation

 Dec. 2019: CBETA - first multi-turn SRF ERL 
operation world-wide (low current and
transmission/RF-recovery effect)

 Aug. 2021: S-DALINAC ERL – first multi-turn SRF 
ERL with medium current and high 
transmission/RF-recovery effect

F. Schliessmann et al., submitted to Nature Physics
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Electrons

Barletta, Spentzouris, Harms, Lecture notes USPAS

https://uspas.fnal.gov/materials/10MIT/Review_of_Relativity.pdf

 Full lecture: Particles = electrons
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Electrons

Barletta, Spentzouris, Harms, Lecture notes USPAS

https://uspas.fnal.gov/materials/10MIT/Review_of_Relativity.pdf

 Full lecture: Particles = electrons

 Although ultra-relativistic at some MeV, phase
slippage is an issue

 Speed changes along the cavity

 Influence of energy gain

Simulation by Felix Schliessmann, TU Darmstadt
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Accelerator Layout

Linear Accelerator

 High beam quality („fresh beam“)

 Energy: limited due to length

 Current: limited due to RF 
power/coupler for high energies

vE E E

 Comparision only taking into account some differences
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Accelerator Layout

Linear Accelerator

 High beam quality („fresh beam“)

 Energy: limited due to length

 Current: limited due to RF 
power/coupler for high energies

Circular Accelerator

 Beam quality: equilibrium emittance
[proportional to E² for electron synchrotrons for high energies]1

 Energy: limited due to synchrotron radiation

 Current: very high due to injection schemes

vE E E

v

E
∆𝐸 𝑘𝑒𝑉 = 88.5

𝐸4[𝐺𝑒𝑉4]

𝑅[𝑚]

 Comparision only taking into account some differences

Synchrotron radiation: Energy
loss per revolution for electrons

1 F. Hinterberger, Physik der Teilchenbeschleuniger 

und Ionenoptik, Springer Verlag, Chapter 10.3
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 Goal for next generation electron machines:

 Energy ~ 100 GeV

 Current ~ 100 mA
 ~ 10 GW beam power [remember: Typical nuclear power plant: 1 GW]

Accelerator Layout

1 D. Kostin et al., IPAC 2019, p. 12, MOYPLM22
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 Goal for next generation electron machines:

 Energy ~ 100 GeV

 Current ~ 100 mA
 ~ 10 GW beam power [remember: Typical nuclear power plant: 1 GW]

 Energy

 Synchrotron: Emax ~ some GeV

 LINAC: take ~ 30 MV/m 
 > 3.3 km „virtual SRF cavity length“ (XFEL: ~ 830 m „virtual SRF cavity length“)1

 recirculating LINAC with few turns – neglect synchrotron radiation and subsequent 
effects

Accelerator Layout

1 D. Kostin et al., IPAC 2019, p. 12, MOYPLM22
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 Goal for next generation electron machines:

 Energy ~ 100 GeV

 Current ~ 100 mA
 ~ 10 GW beam power [remember: Typical nuclear power plant: 1 GW]

 Energy

 Synchrotron: Emax ~ some GeV

 LINAC: take ~ 30 MV/m 
 > 3.3 km „virtual SRF cavity length“ (XFEL: ~ 830 m „virtual SRF cavity length“)1

 recirculating LINAC with few turns – neglect synchrotron radiation and subsequent 
effects

 Current (LINAC)

 Overcome limitation of RF system/coupler and sustainable operation
 multi-turn ERL

Accelerator Layout

1 D. Kostin et al., IPAC 2019, p. 12, MOYPLM22
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Why should you use an ERL?

 Research in accelerator physics – examples for beam dynamics

 Multi-turn ERL operation with minimized momentum spread, mitigation of phase-
slippage  Non-isochronous (r56≠0) + off-crest acceleration
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On-Crest vs. Off-Crest ERL

φ

- E

Accelerated particle Decelerated particle

On-crest

Typically: R56=0
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Why should you use an ERL?

 Research in accelerator physics – examples for beam dynamics

 Multi-turn ERL operation with minimized momentum spread, mitigation of phase-
slippage  Non-isochronous (r56≠0) + off-crest acceleration

 FFAG ERL  smaller footprint, permanent magnets (thus cost effective)
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FFAG ERL (fixed-field alternating gradient)

 Usage of permanent magnets  no power supplies, no cooling, …

 Cornell-BNL FFAG-ERL Test Accelerator (CBETA)  first ERL based on FFAG lattice

 4 spreaders, 4 combiners, FFAG return loop (simultaneous transportation of energies 
that differ by up to a factor of 4)

“The FFAG-ERL moves the cost 
optimized linac and recirculation 
lattice to a dramatically better 
optimum.”

White Paper: The Cornell-BNL FFAG-ERL Test Accelerator, 2015
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Why should you use an ERL?

 Research in accelerator physics – examples for beam dynamics

 Multi-turn ERL operation with minimized momentum spread, mitigation of phase-
slippage  Non-isochronous (r56≠0) + off-crest acceleration

 FFAG ERL  smaller footprint, permanent magnets (thus cost effective)

 Enhancement of experiments

 Facilitates future high-power electron-colliders (e.g. LHeC)

 Higher intensities with the same RF power (not injector !)

 High brilliance (low transversal emittance and short pulse length)
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Why should you use an ERL?

 Research in accelerator physics – examples for beam dynamics

 Multi-turn ERL operation with minimized momentum spread, mitigation of phase-
slippage  Non-isochronous (r56≠0) + off-crest acceleration

 FFAG ERL  smaller footprint, permanent magnets (thus cost effective)

 Enhancement of experiments

 Facilitates future high-power electron-colliders (e.g. LHeC)

 Higher intensities with the same RF power (not injector !)

 High brilliance (low transversal emittance and short pulse length)

 Additional benefit

 Less power necessary to cool the dumped beam

 Less activation of beam dump
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Outline – Part I

 Principle and history

 Basics and reasons to use an ERL

 ERLs around the world

 ERL Mode @ S-DALINAC (Intro)

 Summary
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 CBETA: first multi-turn SRF ERL

 S-DALINAC: multi-turn SRF ERL with record in efficiency

arXiv:2207.02095 [physics.acc-ph]; accepted for publication in JINST
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Operating ERLs

Example is:
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December 2019:
Semi-successful 4-turn ERL operation

June 2019:
Successful 1-turn ERL operation

A. Bartnik et al., CBETA: First Multipass Superconducting Linear Accelerator with Energy Recovery, PRL 125, 044803 (2020).

CBETA
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ERLs under Construction

Examples are:
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bERLinPro

https://www.helmholtz-
berlin.de/projects/berlinpro/bpro-
overview_en.html

 Demonstrator facility for accelerator R&D

 Flexible parameters  standard mode shown
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MESA

T. Stengler et al., Status of the Superconducting Cryomodules and Cryogenic System for the Mainz Energy-Recovering Superconducting Accelerator MESA, Proceedings of IPAC 2016

 External beam mode: polarized, 150µA 155 MeV

 Energy recovery mode: non-polarized, 1mA to 10mA, 105 MeV

Picture Courtesy: D. Simon (Mainz)
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S-DALINAC
Superconducting DArmstadt LINear ACcelerator

Thrice recirculating operation

Energy gain injector:

Energy gain LINAC:

Beam current:

7.6 MeV

30.4 MeV

20 µA

Design (extracted beam): 130 MeV, 20 µA

Design (NRF): 10 MeV, 60 µA

Particles: electrons

Rep. rate: 2.9973 GHz, cw

Virtual tour

(click here)

https://ikpcloud.ikp.physik.tu-darmstadt.de/index.php/s/HC4bm2QTiBN4fpw
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QCLAM special setups

 180°

 (e,e’γ)

 LHe-target

Experimental Sites

M. Meier, TU Darmstadt
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Parameters SRF and ERL

f = 2.9973 GHz

SRF injector

 1x 6-cell (β=0.86) 
as capture

 2x 20-cell (β=1)

SRF main linac

 8x 20-cell 
(β=1)
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Parameters SRF and ERL

SRF injector

 1x 6-cell (β=0.86) 
as capture

 2x 20-cell (β=1)

 ERL mode possible since upgrade in 
2015/2016

 360° path length adjustment system in 
second recirculation  ERL mode

 265° for first recirculation

 205° for third recirculation

 Bunch length important for every 
setting

SRF main linac

 8x 20-cell 
(β=1)

f = 2.9973 GHz
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ERL beam dump

Path length adjustment system

Separation dipole

S-DALINAC as ERL
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Beam-recovery efficiency

 Limited by design of accelerator: 

Efficiency of an ERL

𝜀𝑏 =
𝐸𝑏,𝑚𝑎𝑥𝐼𝑏,𝑑𝑢𝑚𝑝−𝐸𝑏,𝑑𝑢𝑚𝑝𝐼𝑏,𝑑𝑢𝑚𝑝

𝐸𝑏,𝑚𝑎𝑥𝐼𝑏,𝑚𝑎𝑥

𝜀𝑏,𝑚𝑎𝑥 = 1 −
𝐸𝑏,𝑑𝑢𝑚𝑝

𝐸𝑏,𝑚𝑎𝑥

for perfect
transmission
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Beam-recovery efficiency

 Limited by design of accelerator: 

RF-recovery effect

 Reduction of external RF power as compared to single-end operation

Efficiency of an ERL

𝜀𝑅𝐹 =
𝑃𝑅𝐹,𝑎𝑐𝑐. − 𝑃𝑅𝐹,𝐸𝑅𝐿

𝑃𝑅𝐹,𝑎𝑐𝑐.

𝜀𝑏 =
𝐸𝑏,𝑚𝑎𝑥𝐼𝑏,𝑑𝑢𝑚𝑝−𝐸𝑏,𝑑𝑢𝑚𝑝𝐼𝑏,𝑑𝑢𝑚𝑝

𝐸𝑏,𝑚𝑎𝑥𝐼𝑏,𝑚𝑎𝑥

𝜀𝑏,𝑚𝑎𝑥 = 1 −
𝐸𝑏,𝑑𝑢𝑚𝑝

𝐸𝑏,𝑚𝑎𝑥

for perfect
transmission
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Overview Operation Modes/Commissioning

Injector
Single

pass

December

2016

December

2016

 Modification lattice 2015/2016
 Commissioning of modes followed beam time schedule
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Overview Operation Modes/Commissioning

Injector

1x rec.

Single

pass

1x ERL

December

2016

December

2016

August 

2017

May

2017

 Modification lattice 2015/2016
 Commissioning of modes followed beam time schedule
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Overview Operation Modes/Commissioning

Injector

1x rec.

3x rec.

Single

pass

1x ERL

2x ERL

December

2016

December

2016

August 

2021

August 

2017

November 

2018

May

2017

 Modification lattice 2015/2016
 Commissioning of modes followed beam time schedule
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 Summary
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Principle, history, 
reasons
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Take Home Message
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Principle, history, 
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World-wide

Take Home Message
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S-DALINAC

Principle, history, 
reasons

φ

- E

World-wide

Take Home Message
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S-DALINAC

Principle, history, 
reasons

φ

- E

Part II:

 ERL Mode @ S-DALINAC

 Applications: Laser Compton backscattering

 Future of ERLs

World-wide

Take Home Message
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Thank you for your Attention!
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