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Introduction 
• cERL and PERLE in the ERL landscape 

Status and prospect of cERL (KEK/iCASA) 

Status and prospect of PERLE (IN2P3/IJCLab, LPSC) 

Activities in 2025 
• FR → JP:  Participation in cERL operation (November—December) 
• JP → FR:  seminar & discussions on photocathode production and characterization 

Expected activities in 2026 
• FR → JP:  Participation in cERL operation (November) 
• JP → FR:  Participation in ERL’26 and PhASE26;  validation of photocathode preparation recipe transfer; surface analysis at XPS (IJCLab) 

Conclusion

Outline 
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ERL concept and why it matters
Toward more sustainable accelerators

Injector Beam dumpSuperconducting Linac

ERL Loop

acceleration

deceleration

High beam quality

Combine the advantages 
of linear and circular 
accelerators

Energy Recovery Linac

Applications
• Colliders
• FEL
• Nuclear physics

3

High current



04/01/2023 Alex Fomin Filling Pattern for PERLE PERLE réunion de rentrée, OrsayAlex Fomin TYL/FJPPN and FKPPN, Hamamatsu, JapanR&D toward next generation Energy Recovery Linacs18 May 2026 2

cERL and PERLE in the ERL landscape

Total 
circumference 

~ 9 km

LHeC🟣

The same 
bunch 

parameters

Injection rate:  40 MHz 

Bunch charge:  500 pC

Target current:  20 mA

RF cavities:  802 MHz 

IP2

IP1

• Demonstrate multi-turn and high current operation 

• Validation of technical choices:  DC electron gun,  802 MHz SRF,  non-invasive diagnostics 

• Host experiments:  Fabry–Perot inverse Compton source, DESTIN (inelastic eA scattering)

~ 30 m

Design of EUV-FEL Light Source

Injector SC Linac

Beam Dump1st Arc

2nd Arc

Electron Gun

Merger

©Rey.Hori/KEK

Main components :
(1) Injector (Gun + Injector superconducting(SC) linac)
(2) Main SC linac
(3) Two arc sections
(4) Undulator system (FEL)
(5) Optical beamline

EUV-FEL light source based on ERL (energy recovery linac)

Parameter Design value
Beam Energy 800 MeV
Bunch Charge 60 pC
Bunch Repetition 162.5 MHz
Average Current 10 mA
RF Frequency 1.3 GHz
EUV Wavelength 13.5 nm
EUV Power > 10 kW

N. Nakamura et al., Proc. ERL2015, pp.4-9(2015)
H. Kawata et al, J. Micro/Nanopattern Mater. Metrol. 212(2), 021210(2022). 

Dump line
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150—200 m

20 m

Chapter 2

ERL—Facilities and Current Status

This section addresses the ERLs that have closed, those that are active, and those that are fully
funded and under construction. In order to limit the history, only those ERLs that still hold a record
for at least one parameter have been retained. Figure 2.1 shows where all the facilities lie on a plot
of energy versus circulating current.
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Figure 2.1. The landscape of past, present, and proposed ERLs. The dashed lines are contours of constant
beam power.

To date, CW facilities have been limited to ! 2MW (the Jefferson Lab FEL) for a single-pass
ERL. BINP has pursued a different strategy with a pulsed, normal-conducting acceleration system.
They have achieved 5MW of peak pulse power in a four-pass ERL, the highest power achieved
anywhere. Normal-conducting ERLs may have a place in the future landscape, but probably not for

– 1 –

🟣

🟣  Proposed 
🔵  In progress 
🟢  Ongoing 
🟠  Ongoing (warm) 
🟤  Completed

🟣
🟣 🟣

🟣

🔵

🔵

🔵

🟠

🟢

🟢

🟢
🟤

🟤

🟤

(2010) (2020)

(2021)

above 1GW

🔵

PERLE

LHeC

🟣

EUV-FEL

🟠

🟤(2006)

cERL

EUV-FEL🟣

continuous-wave (cw) beams. Compared with storage
rings, ERLs can produce short bunches and are not limited
to an equilibrium emittance governed by synchrotron
radiation quantum excitation. In addition, they can support
higher beam currents compared with single-pass linacs.
Furthermore, the technology is sustainable and can sig-
nificantly reduce the operating power by reusing the beam
power in superconducting cavities.
ERL applications vary widely [2]. For example, using

ERL for collider accelerators in high-energy [3] and nuclear
particle experiments [4,5] has been proposed. Furthermore,
extremely high-intensity free-electron laser (FEL) light
sources, which are not possible with existing light sources,
have been proposed [6,7]. In addition, ERL-based compact
x-ray sources using laser Compton scattering [8] and THz
light source applications have been proposed [9]. The key
technologies for these applications mentioned above
include a high-brightness electron gun with low emittance
and high current, a superconducting accelerating cavity
for energy recovery, and a beam-handling technology for
energy recovery with extremely small beam loss.
Various test facilities have been constructed worldwide

to improve energy-recovery technologies for high-
brightness, high-current beams. In the 2000s, the Japan
Atomic Energy Agency [10] in Japan and the Jefferson
Laboratory (JLab) [11] in the United States conducted
energy recovery using superconducting cavities in infrared
FEL experiments as the superconducting technology
matured. For example, JLab achieved a maximum energy
recovery of 9 mA at 150 MeV. During its operation, the
beam instability of the higher-order mode beam breakup
(HOM-BBU) appeared at a few milliamperes. The effect
of the beam emittance on HOM-BBU instability was
observed. Although stable beam operation has been a
challenge for higher-current cw beam operations with
superconducting cavities, ERL operation has been success-
fully performed using energy recovery with normal-
conducting cavities in a recuperator [12], in which a current
of 30 mA was recovered. However, the wall loss of the
cavity due to normal conduction was very large, and the
acceleration gradient was very low. Notably, a multiturn
ERL is a more cost-effective operation style owing to the
reduced superconducting cavity section requirements and
lower construction and operating costs. Some facilities
successfully operate with a low-current beam for multiturn
ERL operations [5,13]. High-brightness electron guns have
been developed at CBETA, the ERL test machine at Cornell
University, achieving an emittance of less than 1 mm mrad
with a 390 kV dc electron gun at a high beam current of
65 mA [14]. Consequently, the energy recovery of high-
current beams is an issue that needs to be addressed.
In particular, the stable energy-recovery operation of a high
current without beam loss, even at high gradients, in a
superconducting cavity, is of utmost importance for devel-
oping ERLs worldwide. For example, radiation due to

beam loss during the energy-recovery operation causes
damage and/or heat load to the components of the beam-
line. Furthermore, uncontrolled beam loss is a significant
problem in the design of radiation shields, which are used
for protection during beam operations. Based on these
limitations, a compact ERL (cERL) was constructed to
ensure stable, high-current ERL beam operation.
In this study, we propose a method for high-current

beam tuning at approximately 1 mA under energy-recovery
conditions. We prepared a collimator and a local fast beam
loss monitor to reduce the beam loss. The results demon-
strated 100.0% energy recovery with extremely small beam
loss, addressing existing gaps regarding the energy recov-
ery of high-current beams.
The remainder of this paper is organized as follows:

Sec. II provides a brief description of the cERL. The beam-
tuning methods for reducing the beam loss of a cw high-
current beam under energy recovery are also introduced,
explaining the important components of the cERL in
Sec. II. Section III presents the measurement results of
the beam parameters and energy-recovery efficiency under
approximately 1 mA stable beam operation. Section IV
discusses the correlation between the radiation dose outside
the radiation shield during energy recovery and the energy-
recovery efficiency, as well as the beam parameters under
energy-recovery conditions. Section V concludes the study.

II. MATERIALS AND METHODS

This section presents a brief overview of the cERL,
reviewing the critical components for high-current beam
operation under energy-recovery conditions. In addition, it
presents a method for high-current beam tuning at approx-
imately 1 mA under energy-recovery conditions.

A. Experimental setup of cERL

1. Overview of compact ERL

The cERL was constructed at the High Energy
Accelerator Research Organization (KEK) in 2009 to study
the feasibility of a future 3 GeV ERL light source [15].

FIG. 1. Schematic view of the cERL [15].

HIROSHI SAKAI et al. PHYS. REV. ACCEL. BEAMS 28, 091603 (2025)

091603-2

cERL🟢

PERLE🔵

10 kW FEL

• Demonstrate high-current, low-emittance CW ERL operation 
• Validate energy recovery and beam commissioning methods 

• Serve as a testbed for future high-power applications  e.g. the KEK EUV-FEL direction

courtesy of Andrew Hutton

~40 m

10 ↔ 800 MeV

Target current:  10 mA

H. Sakai et al., Phys. 
Rev. Accel. and Beams 
28, 091603 (2025)



Status of Compact ERL (cERL) in KEK 
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Injector  LINAC

Main LINAC

Circumference ~ 90m

Merger

Beam Dump

1.3 GHz 9-cell 
SC cavity x 2  
(8 MV/m)

2-cell SC cavity x 3
(7MV/m)

Photocathode DC gun

Compact ERL (cERL) 
→ industrial applications

CW laser

500kV DC Gun (highest DC voltage in the world)

Beam Energy 17.6 MeV
Injector Energy 3.0 – 5.0 MeV
E-Gun Energy 500 keV
Beam repetition 1.3 GHz
Average current 1 mA CW (max)
Bunch charge 60 pC/bunch (max)
Operation mode CW or Burst

M. Akemoto et al., Nucl. Instrum. Method A 877 p.197-219 (2018).

Operating parameters

3

H. Sakai et al., Phys. Rev. Accel. and Beams 28, 091603 (2025)



ERL-based EUV-FEL roadmap at KEKFuture prospect of ERL activities in KEK/iCASA

Injector Linac

Beam Dump

1st Arc

2nd Arc

Gun

Merger

10MeV, 10mA

Acceleration/Deceleration 
800MeV⟷ 10MeV

10MeV, 10mA

10kW FEL

Bunch compressed 
( <100fs) 

Decompressed 
( ~a few ps)

Parameters Design
Beam energy 800 MeV
Beam current 10 mA

10-kW class EUV sources are required for 
Next Generation Lithography (>> 250 W by 
Laser Produced Plasma) 
→ ERL-FEL is the most promising option

– High EUV power ( > 10 kW ) with CW 
short pulses (SASE-EUV-FEL)

– Low electric power consumption (99% 
recycle) thanks to energy recovery

Towards Extreme-Ultraviolet (EUV)-FEL light source based on ERL 
More than 10 mA Energy recovery and high brightness gun will be established in cERL beam operation with ERL-SASE-FEL.

cERL as a prototype of 
EUV-FEL

H, Kawata, et al, Journal of Micro/Nanopatterning, Materials, and Metrology 21(02) (2022)

8

1 mA → 10 mA

JST K Program 
awarded 2025 for 
prototyping phase

4
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PERLE in a nutshell:  target machine and staged build

Main target parameters:
Injection energy 7 MeV

Electron beam energy 250 MeV

Normalised Emittance 6 mm mrad

Average beam current 20 mA

Bunch charge 500 pC

Bunch length 3 mm

Bunch spacing 25 ns

RF frequency 801.58 MHz

Duty factor CW

IP2

IP1

Phase 2: PERLE Single Turn

Phase 3: PERLE 250 MeV

Phase 1: Injector Line

TDR and Prototyping Phase

Supported by National 
Program France 2030 / ANR

Supported by EU Program iSAS + 
IN2P3
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PERLE status:

03.2024 — Start of building phase 

04.2026 — HV conditioning up to 350 kV (ongoing)

This work received government funding managed by the Agence Nationale de la Recheche (ANR) in the France 2030 framework - reference ANR-24-RRII-0001
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PERLE status:

03.2024 — Start of building phase 

04.2026 — HV conditioning up to 350 kV (ongoing) 

04.2026 — CsK₂Sb synthesized, QE = 6.5% 

11.05.2026 — First electrons !!!

This work received government funding managed by the Agence Nationale de la Recheche (ANR) in the France 2030 framework - reference ANR-24-RRII-0001
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Activities in 2025 (JP → FR)

• Visit of Lei Guo to IJCLab for discussions with the accelerator group and laboratory management.


• Tour of the PERLE bunker (Igloo) and the Vidé et Surface platform, including presentation of XPS, 
SEM, and XRD surface analysis techniques.


• Technical exchanges on photocathode development and preparation of future collaboration 
on photocathode production and characterization.


• Seminar: “An Introduction to CsK₂Sb Photocathodes: Growth Physics and 
Performance Optimization”, covering growth mechanisms, performance 
optimization, and graphene-based substrate reuse concepts.


• Exploration of photocathode preparation know-how transfer, including validation 
of Japanese preparation recipes at IJCLab and potential XPS characterization  
of photocathodes produced in Hiroshima.
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Activities in 2025 (FR → JP)

• One-month visit of Alex Fomin and PhD student Connor Monaghan to KEK 
 for participation in cERL beam commissioning.


• Experimental study of injector beam halo formation under space-charge 
dominated conditions relevant for PERLE.


• Transverse beam profile measurements performed at several locations 
in the injector and merger sections.


• Application of high dynamic range imaging techniques to characterize 
beam halo formation and its sensitivity to machine tuning parameters.


• Beam-based magnetic field mapping of a quadrupole magnet with embedded correctors at cERL.


• Comparison of measured magnetic field with simulations for the corresponding PERLE magnet.


• Follow-up studies at IJCLab, first simulations for the PERLE lattice using the new magnet design.

Field nonlinearity (OPERA 3D model)
No correction
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• Participation of two PhD students and two researchers  
from IJCLab in cERL beam commissioning and operation.


• Gain practical experience in beam tuning, diagnostics,  
beam alignment, and optics commissioning for PERLE.


• Possible dedicated cERL beam time for PERLE-related 
studies (under discussion):


• longitudinal beam dynamics,


• beam halo formation and mitigation using collimation 
systems.


• Co-funding support for extended stays in Japan.

Proposal in 2025 (FR → JP)

15

• Olesiy Fomin (IJCLab) participates cERL
operation in November to gain practical 
experiences to feedback into PERLE 
design

• Some dedicatd beam time for specific 
tests for PERLE (under discussion)

• Beam halo study, comparing IJCLab’s
calculation (mystery in cERL)

• Cofuding supports long stay in Japan

Proposal for 2026 (FR → JP)
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• Visit of Lei Guo to IJCLab to collaborate on CsKSb photocathode production for PERLE.


• Exploration and validation of photocathode preparation recipe transfer from Japan to 
IJCLab.


• Use of IJCLab advanced surface analysis facilities (XPS) to characterise photocathodes 
produced in Japan.


• Seminar by Miho Shimada on multi-turn cERL operation and discussions on beam 
dynamics for multi-turn ERLs.


• Continued collaboration on ERL beam dynamics, lattice design, and diagnostics studies.


• Japanese contributions to international ERL activities in September of 2026:  
ERL’26 workshop, photocathode workshop PhASE26, PERLE beam dynamics review.

Proposal for 2026 (FR → JP)

Proposal in 2025 (JP → FR)

16

• Seminar by Miho Shimada (KEK) about multi-turn cERL
and discussion about beam dynamics specific to the 
multi-turn operation

Photocathode 
Preparation Facility

Multi-turn cERL

3-turn PERLE

Photocathode JP→FR

• Lei Guo (Hiroshima University) visit IJCLab to 
participate CsKSb photocathode production at PERLE
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Energy Recovery Linac is one of the possible options for future accelerator 
• Efficiency → improved sustainability 
• Still a lot of R&D subjects are lying in front of us 

KEK/iCASA, IN2P3/IJCLab and LPSC are planning to develop next generation ERL 

Very strong technical synergy 
• KEK has developed and operated cERL as well as future projects (higher energy) 
• IJCLab is building PERLE 

Activities in 2025 
• FR → JP:  Participation in cERL operation (November—December) 
• JP → FR:  seminar & discussions on photocathode production and characterization 

Expected activities in 2026 
• FR → JP:  Participation in cERL operation (November) 
• JP → FR:  Participation in ERL’26 and PhASE26;  

                  validation of photocathode preparation recipe transfer; 
                  surface analysis at XPS (IJCLab)

Conclusions 


