
Short introduction to Energy Recovery Linac (ERL).

• Introduction. The Idea. Rings vs Linac vs ERL
• How an ERL works (by me, an non expert)
• Future projects with ERL
• The project PERLE@Orsay
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Material from
Walid Kaabi, Erk Jensen, Oliver Bruning, Max Klein, David Verney…

Many thanks ! 
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• Introduction. The Idea. Rings vs Linac vs ERL
• How an ERL works (by me, an non expert)

Few pages to introduce the subject !
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Introduction. The Idea. Rings vs Linac vs ERL    - I

X-Rays

ID

STORAGE

RING IP

• beam parameters defined by equilibrium 

• many user stations

• limited flexibility – multi-pass

• high average beam power (A, multi GeV)

• typically long bunches (20 ps – 200 ps)

• beam parameters defined by the source

• low number of user stations

• high flexibility – single pass

• limited average beam power (<< mA)

• possible short bunches (sub psec)

08/09/2021 ERL - Green Accelerator for Future Experiments



08/09/2021 ERL - Green Accelerator for Future Experiments 4

consideration on Power consomption



SRF Challenge

Q0 versus accelerating voltage:

➔ Q0 directly linked to required cryogenics power!!

➔ impressive progress over the last 10 years!!! 

Just to tell you that you need superconductive cavities !

08/09/2021 ERL - Green Accelerator for Future Experiments 5
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But even with SFR…Power consomption is a big issue   

More. Consider a circular collider. 

Performance limitation of circular colliders 

Synchrotron Radiation in arcs

𝑃𝑎𝑟𝑐 =
𝑁𝑏
𝑛𝑏

𝑒2 𝛾4

6 𝜖0 𝜌

Exemple of ep collider LHeC CDR; arXiv:1206.2913

➔ Reduced performance reach for higher beam energies 

@ fixed power footprint ➔ limits total beam current!

Power Scales with E4 and r-1 

LHeC: Goal now is 1034 could NOT
pay for power and not realise high lumi*Luminosity is an Essential parameter N(events)= s x L

*
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Source

ID
X-RaysLINEAR ACCELERATOR

IP

X-Rays

ID
STORAGE

RING IP

IP

X-Rays

ENERGY RECOVERY LINAC

Source

Main Linac

ID

High average beam power (multi GeV @ some 100 mA) for single pass 

experiments, excellent beam parameters, high flexibility, multi user facility

08/09/2021

Introduction. The Idea. Rings vs Linac vs ERL    - II
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▪ ERL concept was proposed first in 1965 by Maury Tigner
M. Tigner: “A Possible Apparatus for Electron Clashing-Beam Experiments”, Il Nuovo Cimento Series 10, Vol. 
37, issue 3, pp 1228-1231,1 Giugno 1965

08/09/2021 ERL - Green Accelerator for Future Experiments

Introduction. The Idea. Rings vs Linac vs ERL    - III
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Energy recovery in RF fields:

ERL - Green Accelerator for Future Experiments

lRf

▪ Energy supply → acceleration

EInjEOut = EInj

E = Einj +DE
(b ~ 1)

L = n · l + l / 2

E = Einj +DE

▪ Deceleration = “loss free” energy storage (in the beam) → Energy recovery

08/09/2021

ERL how it works - I
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The energy recovery in this process takes place in the
accelerrating structure. The energy taken from the electron
beam in the decelerating phase is stored in the accelerating
structure and can be used to accelerate electron bunch

SINGLE TOUR MULTI TOUR
More complex, but allows to go up in energy ! 
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The fields in a cavity in an ERL is shown in the Figure.

The loading of the cavity goes exponentially toward the maximum value. 

When the beam is accelerated in the cavity, the fields are decreased toward a new equilibrium. 

Finally the accelerated beam returns to further load the cavity and the field inscrease toward an higher equilibrium.

If we increase Q-value we acheive much smaller losses for a given stored energy. The decay and change over time will
also be slower and less senitive. On the other hand, the « memory of the cavity will be much longer

Filling empty cavity An accelerated beam loads the cavity

Decelerated beam fill the cavity
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• Future projects with ERL
• The project PERLE@Orsay

A lot of slides, more seminar oriented !



ERL Symposium June 4, 2021 Technology Limited
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n

d
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g Lim
ited

NEW FRONTIER IS THE POWER AND MULTI TOURS !

Many projects in the world : demonstrators, small machines, future projects…
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ERLs around the world:

10mA

1.3GHz

5-125 MeVMESA

- At the moment only single loop operation

- Severe limitations in beam current due to injector

Normal Conducting 180 MHz + DC Gun

30 mA, 11 MeV, 70-100 ps

BINP,  Novosibirsk
- 3-4 turn ERL

- Normal conducting RF

08/09/2021 ERL - Green Accelerator for Future Experiments 14
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WHY THIS FOISONNEMENT of ERL ?

ERL allows to conceive new machine and opened a very wide field of possible applications !

• Physique electron-proton :  LHeC et FCC-ep,  and also  eA !

• Low energy electrophysics

• e-Nuclei physics 

• Industrial applications

• New ideas of ERL-linear collider

• New idea of ERL-based e+e- factory



LHeC and FCC-eh

50 x 7000 GeV2: 1.2 TeV ep collider

Operation: 2035+, Cost: O(1) BCHF

CDR: 1206.2913 J.Phys.G (550 citations)

Upgrade to 1034 cm-2s-1, for Higgs, BSM

CERN-ACC-Note-2018-0084 (ESSP)

arXiv:2007.14491, J.Phys.G to appear

60 x 50000 GeV2: 3.5 TeV ep collider

Operation: 2050+, Cost (of ep) O(1-2) BCHF

Concurrent Operation with FCC-hh

FCC CDR: 
Eur.Phys.J.ST 228 (2019) 6, 474 Physics
Eur.Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

Future CERN Colliders: 1810.13022 Bordry+
08/09/2021 ERL - Green Accelerator for Future Experiments 16



Energy recovery linac(s)

20mA Ie

Concurrent ep + pp 
operation with LHC

Integrated luminosity
in e-p up to O(1) ab-1

U(ep) = 1/n U(LHC)

Likely n=3 (CDR) → n=4
gains 20-30% cost. E< 60

H, BSM, top, low x.. 
require E > 50 GeV

Frequency set to 802 MHz,
commensurate with LHC
and 401/802 at CERN+FCC.
also beam-beam stability3-turn energy recovery racetrack configuration. Modular for LHeC/FCC-eh 

LHeC Configuration (for two electron beam energies) [CERN, BNL, Jlab for CDR]

08/09/2021 ERL - Green Accelerator for Future Experiments 17



title

HERA

LHeC

EIC

FCC-eh

MK EPS 7/19. adapted from M Benedikt (3/19)

ep/A
Parameters: 

FCC-pp
40 TeV

Hundred
Years of
HEP
Colliders

08/09/2021 ERL - Green Accelerator for Future Experiments 18



Published in 2020

arXiv:2007:14491 (400 pages, 300 authors)

5 page summary: ECFA Newsletter Nr 5., August 20

156 Institutions involvedhttps://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-Summer2020.pdf08/09/2021 ERL - Green Accelerator for Future Experiments 19

https://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-Summer2020.pdf


Concluding Remarks This is indeed affordable - O(1) billion CHF for another TeV collider 

It sustains the HL-LHC and exploits this massive O(5) BCHF  investment

Physics: Unique: Microscope of substructure (not resolved!), empowers
LHC searches and Higgs measurements challenging e+e-, Discovery
in electroweak and strong i.a. sector, Revolution of HI physics

Technology: Accelerator: highest energy ERL application - green.
Detector: exciting place for new technology (CMOS, timing,
thin calo.. etc) in classic DIS, low radiation environment, no pileup.
Exciting place also for known technology to reappear and work.

Merging LHeC with A3 resolves conceptual conflict on IP2 and
promises to lead to new chapter of HI and accelerator physics (tentative)

Next steps: PERLE facility at Orsay, considerations for a detector
proposal to LHCC, embedded and subject to CERN’s future,
which is also related to that of the CEPC. 

The LHeC group believes that diversity (at the energy frontier too) is
key to help particle physics theory to restore its predictive power.. 

08/09/2021 ERL - Green Accelerator for Future Experiments 20



Physics with Energy Frontier DIS

Raison(s) d’etre of ep/eA
at the energy frontier

Cleanest High Resolution 
Microscope: QCD Discovery

Empowering the LHC/FCC 
Search Programme

Transformation of LHC/FCChh into
high precision Higgs facility

Discovery (top, H, heavy ν’s..) 
Beyond the Standard Model

A Unique 
Nuclear Physics Facility

Deep Inelastic Scattering

08/09/2021 ERL - Green Accelerator for Future Experiments 21



x

-710
-6

10
-5

10 -410
-3

10 -210 -110

R
at

io
 t

o
 C

T
14

-2

-1

0

1

2

3

4

5

6

7

2 = 1.9 GeV2gluon distribution at Q

PDF (68% C.L.)

CT14

NNPDF3.0

MMHT2014

HERAPDF2.0_EIG

LHeC 50fb-1 e-, P=-0.8

FCC-eh (p:20TeV)

Parton Distributions

x

-710
-6

10
-5

10 -410
-3

10 -210 -110

R
at

io
 t

o
 C

T
14

-2

-1

0

1

2

3

4

5

6

7

2 = 1.9 GeV2gluon distribution at Q

PDF (68% C.L.)

CT14

NNPDF3.0

MMHT2014

HERAPDF2.0_EIG

LHeC 50fb-1 e-, P=-0.8

FCC-eh (p:20TeV)

Complete unfolding of parton contents in 
unprecedented kinematic range: u,d,s,c,b,t, xg
Strong coupling to permille accuracy (incl + jets):

Crucial for LHC:
- high precision eweak, Higgs measurements
- Extension of high mass search range
- Non-linear low x parton evolution; saturation? 

For LHC to have an impact on
the search and precision physics
program at HL-LHC it is crucial
that PDF and QCD information
is available early.

 PDF study with 50 vs 1000 fb-1

Remove essential party of 
QCD uncertainties of gg→ H

cf C. Gwenlan, talk at DIS19 and
M Cooper Sarkar yesterday at EPS

 LHeCFCC-eh

 HERA
 EIC

DIS: clean theory, light cone, redundant e/h FS reconstruction, ..

Note that 50fb-1 is 100 times H1‘s total luminosity: Low x needs 1fb-1. 08/09/2021 ERL - Green Accelerator for Future Experiments 22



Higgs in ep and pp [LHC and FCC]

LH(e)C

08/09/2021 ERL - Green Accelerator for Future Experiments 23
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Electroweak+Top Physics

BSM + Searches

Anomalous
Wtb couplings

Higgsinos

Heavy Neutrinos

Precision
Electroweak
Physics

MK at EPS 2019
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title

Beate Heinemann  08/09/2021 ERL - Green Accelerator for Future Experiments 25



Nuclear PDFs at LHeC/FCCeh

N Armesto, FCC Physics Week 1/2018

1509.00792

present 
status →
on xg
Pb/p

LHeC: Full error, Δχ2 =1.  EPPS Δχ2 =52

gluon

valence
sea

Unique nuclear/HI physics programme
Extension of fixed target range by 10 3-4

QCD of QGP, de-confinement, saturation..
nPDFs independent of p PDFs

cf talk by
A Stasto today

High 
luminosity
~ 10 33 

enables
high statistics
in short
eA runs
cf J Jowett et al

08/09/2021 ERL - Green Accelerator for Future Experiments 26



Technology Limited

Fu
n

d
in

g Lim
ited

NEW FRONTIER IS THE POWER AND MULTI TOURS !

Many projects in the world : demonstrators, small machines, future projects…

08/09/2021 ERL - Green Accelerator for Future Experiments 27



PERLE Configuration

28

DC  in arc 6 = lRF/2

7 MeV

DE = 82,2 MeV

DE = 82,2 MeV

7 MeV 

1 : 3 : 5

2 : 4 : 6

Three passes ‘up’ to reach the maximum energy

Electron beam at maximum energy could be used for: 
▪ Elastic electron-proton scattering with polarised beam (Particle physics) 
▪ Exploration of proton densities in exotic nuclei by electron scattering (Nuclear physics)
▪ Gamma ray production between 0.2 and 5 MeV (wide applications in Photo-nuclear physics), 

08/09/2021 ERL - Green Accelerator for Future Experiments

To prouve that we can go at high energy we need a demonstrator : PERLE
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PERLE parameters

PERLE: A proposed multiple pass ERL based on SRF technology, to serve as testbed for

validating and testing a broad range of accelerator phenomena & technical choices for future

projects.

Particularly, design challenges and beam parameters are chosen to enable PERLE as the hub for

technology development (especially on SRF) for the Large Hadron Electron Collider (LHeC)

Target Parameter Unit Value

Injection energy MeV 7

Electron beam energy MeV 500

Normalised Emittance γεx,y mm mrad 6

Average beam current mA 20

Bunch charge pC 500

Bunch length mm 3

Bunch spacing ns 25

RF frequency MHz 801.58

Duty factor CW

ERL - Green Accelerator for Future Experiments
08/09/2021
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Collaboration is formed but still opened to new comers !
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Already some nice acheivement on machine design, injection lines, SFR cavity…

PERLE SRF System

Photocathodes choice:

➢ Sb-based photocathodes (unpolarized electrons) operated at 350 kV

➢ GaAs photocathodes (polarized electrons) operated at 220 kV

Photocathode gun

Focusing 
solenoids

Light box
Buncher SRF booster

PERLE Injection Line

Lattice design optimisation of 
switchyards and circulating arcs
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Transportation of the ALICE gun to Orsay

+ some important new material coming to Orsay….
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+ and identification of the zone where we want to install the machine…
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Could you do already physics with PERLE… 
Namely a low energy ERL .. ?
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XXIst century’s challenge for nuclear physics:
the discovery frontier 

(synthesis of new nuclei)
the precision frontier 

(network of observables)

Small overlap

• interaction with the hyperfine field : laser spectroscopy, nuclear orientation→ I(),, Qs, <r2
c>

• ion manipulation with em fields: mass measurements

• -spectroscopy : lifetimes, B(El), B(Ml) 

e momentum transfer q ≈ 1/l

nuclear physics:
internal structure of the nucleus

Ee= 500 MeV → ≈0.5 fm scale

hadron physics:
structure of the nucleon

• e- scattering

contrary to hadron probe, the only unknown in the reaction is the nuclear part

The electromagnetic probes for low-energy nuclear physics

e.g. ISOL (DESIR/SPIRAL2, 
ALTO …) low-energy physics

e.g. AGATA physics

DESTIN initiative – DEep STructure Investigation of (exotic) Nuclei

Some nuclear physics opportunities 
with PERLE@Orsay and the perspectives it would openDIS at lower energy !
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What we need to measure :

Simple imaging Full tomography

Combined with RIB : would open a completely new 
horizon, explore the interior of exotic nuclei !

…and walk in the footsteps of R. 
Hofstadter

(1953 : e scattering off gold, 
Stanford)

Nobel price 1961

The main challenge : luminosity RIB = Radioactive Nuclei Beam

We know/have studied the stable Nuclei, 
BUT not the Radioactive ones !
How they look like : charge radius, shape… ?
New properties are emerging (halo, pairing..) 

DIS at lower energy !



The main challenge : luminosity
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• all interesting phenomena occur at 𝐪 ≳ 𝟐fm-1 ; the higher the q transferred the
lower the cross section; consider previous achievements in this domain

 compromise 𝑬𝒆 ≃ 𝟓𝟎𝟎MeV

• Luminosity : 

 the aimed luminosity should be 1029 cm-2s-1 

but much can be already done at 𝓛 ≃ 𝟏𝟎𝟐𝟖 (with unstable nuclei EVERYTHING is new !)
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The main challenge : luminosity
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Two different strategies to address e-RIB scattering

→ double-ring collider : e.g. ELISE project at FAIR, DERICA project at JINR

→ Self-confining fixed target : e.g. SCRIT at RIKEN

Pre-study extracted from “Electron scattering on radioactive ions at GANIL2” (2020)
Authors: A. Chancé, P. Delahaye, F. Flavigny, V. Lapoux, A. Matta, V. Somà

One of the conclusions : re<200 µm leads to considerable loss of trapping efficiency (ion heating)

Luminosity for a number of trapped
ions corresponding to the maximum
capacity of the trap (i.e. fully
compensating the space charge of
the electron beam).
number of trapped ions:
5∙108 for 1+

5∙107 for 10+

(trap length 120 mm)

electron beam radius

Perle@Orsay approach. Very chanllenging
The beam will confine RIB in longitudinal
plane e- with positive ions), and traps have to
confined RIB in transversal plane
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• to seize the opportunity of the construction of an ERL prototype at PERLE @Orsay to build an RI-e-
scattering experimental setup (inspired by SCRIT) 

• a necessary demonstration step : e scattering off fixed very short lived target for the first time 
→ Prepare all necessary R&D towards a fully optimized setup (→ 𝓛 ≃ 𝟏𝟎𝟐𝟗 ) at GANIL (behind DESIR ?)
→ Explore a low-luminosity (𝓛 ≃ 𝟏𝟎𝟐𝟕 ) elastics scattering program with fission fragments RIB at Orsay

A long road ahead before reaching 
the full tomography of an exotic nucleus !

DESTIN [DEep STructure Investigation of (exotic) Nuclei]
would be a first step in that direction

IP on arc #6

Goals:
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Evaluation is going on with 250 and 500 
MeV beam

Also photonics !
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At the end I want just to showing you , two new ideas !
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PERLE parameters and prouve of principle which PERLE will do  
are also crucial to push forward these ideas !!



ERL Evolution:First Idea:

M. Tigner 1965

1960 1970 1980 1990 2000 2010 2020 2030 2040

First Demonstration

SLAC SCA / FEL 1987

JLab First MW beam power operation

FEL Demo [1999] & Upgrade [2000]

Multi-turn Operation

BINP FEL 2004 [NC]

HEP / NP ERL application

LHeC/FCC-eh; FCC-ee; ILC;  

Multi-turn SRF, multi-MW

PERLE@Orsay 2025 

ALICE

JEARI ERL

Multi-MW Operation

bERLin-Pro 2020

Multi-turn SRF

C-Beta 2019-2020

PERLE can validate the next 10-fold step in beam power 

and provide the remaining demonstrations 

[multi-turn ERL efficiency at high beam power]

➔

HEP is ready for implementing a truly green accelerator concept! 

Animation from last workshop / conference …08/09/2021 ERL - Green Accelerator for Future Experiments 44
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I hope I shown you how beautiful and fruitful is the ERL concept !

and of course 

I hope I convinced you that is just the right time to work on ERL !

Looking forward to discuss with you and meeting you
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BACKUP
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The Q Factor.
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ERL: Accelerator Energy Frontier

50 GeV to limit cost [1/4 or 1/5 of U(LHC)]
Three pass ERL, two ~800m long linacs
Ie=20mA for 1034 luminosity, f=801.58 MHz 
(Erk at Daresbury 16, Frank M at Orsay 18)
Operation concurrent to LHC (+dedicated)

(when) will that happen.? We don’t know
I met Abhay Deshpande in Snowmass 2001,

when he presented the EIC, not for the 1st time 

HL-LHC dominates all of PP,
Its programme will extend to 2040 

60 GeV ERL design applied to FCC-he

ECFA: Interest of young scientists 2002.02837
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7FCC-ee

E/linac = MZ,..HH/(2 * Nturn)

4-6 turns

400 pages update of 2012 CDR - to appear

EIC: Polarised eh Collider at BNL
IBS: emittance growth: needs ERL 100mA (!)
CW e beam cooling  of p/A beam (for CBETA) 
cf e.g. F Willeke APS talk, April 2018 

Coherent Electron Cooling 
V.N. Litvinenko, Y.S. Derbenev, PRL 102, 114801, 2009 08/09/2021 ERL - Green Accelerator for Future Experiments 54



The LHeC Detector Design

arXiv:1206.2913+2007.14491

No pile up, low radiation wrt pp; high precision through overconstrained kinematics: e-h;  modular for rapid installation
Tracker radius 40 → 60cm, B 3.5T; LxD =13 x 9m2 [CMS 21 x 15m2 , ATLAS 45 x 25 m2]..

LHeC Detector Design 7/2020
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Kinematics: fwd: in p beam direction, bwd: e direction

bwd

fwd

fwd

bwd

Electrons in bwd direction have low energy (E’e < Ee beam)
in fwd direction high energy up to Ep, Rutherford backscattering

Q2=1 GeV2 is 179o, or eta =4.74 = ln tan theta/2, ~ Ee
2 !

Hadrons in bwd direction have low energy Eh < Ee beam
in fwd direction hadrons carry energy up to Ep beam

→ Asymmetric energy coverage of LHeC detector. Fwd region: resembles hh conditions08/09/2021 ERL - Green Accelerator for Future Experiments 56



LHeC Calorimeters

Complete coverage to +- 5 in (pseudo)rapidity

Central Region: 2012: LAr, 2020 Sci/Fe option.

Forward Region: dense, high energy jets of few TeV

H → bb and other reactions demand resolution of HFS

Backward Region: in DIS only deposits of E < Ee

Barrel Calorimeters
Forward/Backward Calorimeters

arXiv:2007.14491
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The LHeC Detector Design Inner Tracker

Rapidity to ~5

rO = 60 cm

impact resolution
5-10 µm 

40.7 m2 Si
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