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This relationship can be expressed
quantitatively. To examine matter at
the scale of an atom (about 10−8 cen-
timeter), the energies required are in
the range of a thousand electron
volts. (An electron volt is the energy
unit customarily used by particle
physicists; it is the energy a parti-
cle acquires when it is accelerated

across a potential difference of one
volt.) At the scale of the nucleus, en-
ergies in the million electron volt—
or MeV—range are needed. To ex-
amine the fine structure of the basic
constituents of matter requires en-
ergies generally exceeding a billion
electron volts, or 1 GeV.

But there is another reason for us-
ing high energy. Most of the objects
of interest to the elementary parti-
cle physicist today do not exist as free
particles in Nature; they have to be
created artificially in the laboratory.
The famous E = mc2 relationship gov-
erns the collision energy E required
to produce a particle of mass m.
Many of the most interesting parti-
cles are so heavy that collision
energies of many GeV are needed to
create them. In fact, the key to under-
standing the origins of many para-
meters, including the masses of the
known particles, required to make
today’s theories consistent is believed
to reside in the attainment of colli-
sion energies in the trillion electron
volt, or TeV, range.

Our progress in attaining ever
higher collision energy has indeed
been impressive. The graph on the
left, originally produced by M. Stan-
ley Livingston in 1954, shows how
the laboratory energy of the parti-
cle beams produced by accelerators
has increased. This plot has been up-
dated by adding modern develop-
ments. One of the first things to no-
tice is that the energy of man-made
accelerators has been growing ex-
ponentially in time. Starting from
the 1930s, the energy has increased—
roughly speaking—by about a fac-
tor of 10 every six to eight years. A
second conclusion is that this spec-
tacular achievement has resulted
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Accelerators are the biggest scientific instruments 
human mankind has built 

• Large size (~ 30 km footprint)

• High cost (~ billion Euro)

• Needs lots of electricity 

• Technology pushed to its limits 

• ~ 20-30 years to make one

• Global co-ordination

The Livingston chart shows, in a very striking way, how the succession of new ideas and 
new technologies has relentlessly pushed up accelerator beam energies over five decades 
at the rate of over one and a half orders of magnitude per decade. 

The future holds many challenges for the accelerator engineers.


All this effort justified by the chance to discover new particles, forces, properties of matter !!! 

Accelerators evolution: the Livingston chart

http://slac.stanford.edu/pubs/beamline/27/1/27-1-panofsky.pdf
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Energy Recovery Linacs  (ERL) 

Accelerating two beams, colliding them, and then dumping them 
is extremely inefficient.

Source Injector Accelerating Cavities Experiment Dump
100%	

particles
> 99.9999%	
particles

Storage rings work fine for protons and ions (LHC fill can last for 30+ hours), 
but not for electrons (fast beam degradation due to collisions).

Source Accelerating Cavities

Experiment

DumpInjector
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Energy Recovery Linacs  (ERL) 

Development of Energy Recovery Linacs
A Contribution to the European Strategy of Particle Physics

Performance of a 55 year old idea with the technology of today and tomorrow: 
M Tigner A Possible Apparatus for Electron Clashing-Beam Experiments, N.Cim 10(1965)1228 

Recirculation lattice to recycle kinetic beam energy of a decelerating beam for acceleration
of a newly injected low energy beam. Avoid synchrotron loss initiated emittance growth as
in storage rings. Minimize power consumption (by an order of magnitude) and dump  at Einj: 
a high luminosity (1000 ELI, 1000 HERA), ‘powerful’ green accelerator concept for 21st century 

Introduction to a Symposium, June 4, 2021

Max Klein

on behalf of the ERL panel

M Klein ERL 4.6.2021

Maury Tigner, A Possible Apparatus for Electron Clashing-Beam 
Experiments, N.Cim 10(1965)1228

Recirculation lattice to recycle kinetic beam energy of a 
decelerating beam for acceleration of a newly injected low 
energy beam. Avoid synchrotron loss initiated emittance 
growth as in storage rings. Minimize power consumption 
(by an order of magnitude) and dump at Einj

Accelerating two beams, colliding them, and then dumping them 
is extremely inefficient. 

In 1965 Maury Tigner proposed idea of an energy-recovery linac 

• to enhance the current in a collider for high-energy physics


• recover the energy of the beams in the same cavities in which they 
were accelerated, then the machine efficiency could be greatly 
increased


• the design of the final dump also becomes much simpler  

No ERL machine for 30 years!  Why?
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Energy Recovery Linacs  (ERL) 

“There will be no future large-scale science project without an energy management component, 
an incentive for energy efficiency and energy recovery among the major objectives”


Frédérick Bordry, Director for Accelerators and Technology at CERN (2019)

Development of Energy Recovery Linacs
A Contribution to the European Strategy of Particle Physics

Performance of a 55 year old idea with the technology of today and tomorrow: 
M Tigner A Possible Apparatus for Electron Clashing-Beam Experiments, N.Cim 10(1965)1228 

Recirculation lattice to recycle kinetic beam energy of a decelerating beam for acceleration
of a newly injected low energy beam. Avoid synchrotron loss initiated emittance growth as
in storage rings. Minimize power consumption (by an order of magnitude) and dump  at Einj: 
a high luminosity (1000 ELI, 1000 HERA), ‘powerful’ green accelerator concept for 21st century 

Introduction to a Symposium, June 4, 2021

Max Klein

on behalf of the ERL panel

M Klein ERL 4.6.2021

Maury Tigner, A Possible Apparatus for Electron Clashing-Beam 
Experiments, N.Cim 10(1965)1228

Recirculation lattice to recycle kinetic beam energy of a 
decelerating beam for acceleration of a newly injected low 
energy beam. Avoid synchrotron loss initiated emittance 
growth as in storage rings. Minimize power consumption 
(by an order of magnitude) and dump at Einj

Accelerating two beams, colliding them, and then dumping them 
is extremely inefficient. 

In 1965 Maury Tigner proposed idea of an energy-recovery linac 

• to enhance the current in a collider for high-energy physics


• recover the energy of the beams in the same cavities in which they 
were accelerated, then the machine efficiency could be greatly 
increased


• the design of the final dump also becomes much simpler  

No ERL machine for 30 years!  Why?The implementation of an efficient solution relied on the development of 
reliable superconducting radio frequency (SRF) accelerating cavities. 
These were developed over the next decade.
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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 –
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Proven accelerator technology, pushing for higher energy and beam current 

reaching in view of collider applications above 1GW.

Energy Recovery Linacs  (ERL)

Total 
circumference 

~ 9 km

PERLE has the same bunch parameters as LHeC	
Injection rate:  40 MHz   (every 25 ns) 

Target current:  20 mA

Bunch charge:  500 pC  ( 3×109 e- )

RF cavities:  801 MHz 
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PERLE Timeline

Could the TF later become the 
LHeC ERL injector ERL?

very preliminary – just an idea by Rama and me yesterday.

Could the TF later become the 
LHeC ERL injector ERL?

very preliminary – just an idea by Rama and me yesterday.

Operated by JSA for the U.S. Department of Energy

Thomas Jefferson National Accelerator Facility
Alex Bogacz PERLE Collaboration Meeting, CERN, June 22-23, 2023 5

06.2012 — First Idea	
Erk Jensen: Workshop on the LHeC (CERN) 

08.2012 — First Lattice Design 	
Alex Bogacz: after discussion with Erk Jensen 

06.2015 — Name PERLE	
Erk Jensen: LHeC Workshop (CERN)
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PERLE Timeline

06.2012 — First Idea	
Erk Jensen: Workshop on the LHeC (CERN) 

08.2012 — First Lattice Design 	
Alex Bogacz: after discussion with Erk Jensen 

06.2015 — Name PERLE	
Erk Jensen: LHeC Workshop (CERN) 

10.2016 — Meeting on PERLE at Orsay	
Max Klein: Workshop on the LHeC (Switzerland) 

05.2017 — Conceptual Design Report	

This year — Technical Design Report

Implantation in IGLOO being finalised
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PERLE Timeline



Lattice design
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Lattice Design

Merger   7 MeVInjector Main beam dump   7 MeV

   Return turn                      89 MeV

   Common section       ± 82 MeV

π/2
Phase shift Experiments
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Lattice Design. Mirror diagnostic line

Merger   7 MeVInjector Main      

                           

Mirror diagnostic line   7 MeV

    ti         

by switching the polarity of the first dipole	
7 MeV beam is sent to the Mirror diag. line
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Lattice Design

Merger   7 MeVInjector Main beam dump   7 MeV

Lowest energy turn    no / 89 MeV

Highest energy turn   89 / 253 MeV

Middle energy turn    no / 171 MeV

Mirror ti     

   Common section       ± 82 MeV

π/2
Phase shift

Switching the operation modes	
by changing the field in BCom:	

B = 0.16 T  →  “Single turn” (89 MeV) 

B = 0.45 T  →  “250 MeV”

Experiments
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PERLE Timeline (macroscopic view)

Phase 4: PERLE 500 MeV

Phase 1: Injection line

2022 2023 2024 2025 2026 2027 2029 20312030

TDR and prototyping

Phase 3: PERLE 250 MeV

24/09/2024 3

2028

PERLE Status and Plans - ERL 24 Workshop

Phase 2: PERLE 1 tour

By CNRS National Program RI2

CM funded by EU Program iSAS
+ Matching funds (IN2P3)

Extra funding needed for 6 arcs 
configuration 

PERLE Timeline
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PERLE Lattice  250 MeV version 

Cryo-Module

Top	
view

Side	
view

Side	
view

IP1 (FP)

Merger (7 MeV)

Injector

 Common Section  (7–253 MeV) Top/Mid/Bot Turn

IP2 (DESTIN)

Dump (7 MeV)Mirror Line (7 MeV)

Top (89 / 253 MeV)

Mid (no / 171 MeV)

Bot (no / 89 MeV)

Spreader Arc1Arc2 Recombiner

Top/Mid/Bot Turn

Straight Line Arc1Arc2
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Lattice design.  250 MeV  &  500 MeV versions

IP3
IP2± 82 MeV

29.4 m

Injection @ 7 MeV

Dump @ 7 MeV

253 MeV	

171 MeV	

89 MeV

250 MeV

Dump @ 7 MeV

28.6 m

IP2

500 MeV	

336 MeV	

171 MeVIP1

418 MeV	

253 MeV	

89 MeV
± 82 MeV

± 82 MeV

z
y

x

Injection @ 7 MeV500 MeV

IP1

Fabry Perot (IP1) on the same side as Linac 
(determined by X-ray extraction line)

All main elements should be reused in 500 MeV version of PERLE

Beam Dump on the same side as the Injector
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PERLE Optics:  from Merger to Dump  ( “Single turn” version )
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~ 335 m
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Beam Dynamics
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Injector/merger design and initial space-charge studies 

7.4. MERGER OPTIMISATION 115

schemes. Firstly the dogleg and 4 dipole dogleg exhibit larger chirps in the

core of the bunch. This is because they are longer than the other two schemes

so there is more time for the space charge induced chirp to build up. Secondly

the 3 dipole scheme shows debunching in the core. This is due to magnetic

debunching and is expected as the 3 dipole scheme has an order of magnitude

larger R56 than the other schemes. The debunching is mostly localised to the

core where the space charge induced chirp is mostly located.

Figure 7.12: The longitudinal phase spaces of the bunch at the entrance flange
of the main linac. The densities are normalised separately for all four schemes
not with a common normalisation value.

Conclusion and merger scheme selection

From looking at the performance of the four merger schemes it can be seen

that two of them meet the required specification for PERLE. The two viable

schemes are the U-bend and the three dipole scheme. When deciding which

scheme is preferred for PERLE both the final transverse emittances and the

R56s of the mergers need to be considered. Looking first at the transverse

emittances the U-bend has emittance growth in both planes to 4.3 mm mrad

in horizontal plane and 4.4 mm mrad in the vertical plane. In contrast the three

dipole scheme has an emittance reduction due to emittance compensation in

the vertical plane down to 3.2 mm mrad but significant emittance growth in

the horizontal plane to 5.9 mm mrad. The emittance growth in the horizontal

plane for the three dipole scheme is to a value close to the upper bound of the

emittance specification of ¡6 mm·mrad. While the largest transverse emittance

for the U-bend 4.4 mm ·mrad comfortably within the specification. The other

factor that needs to be considered when deciding which scheme is preferred is

the R56 of the merger and its longitudinal dynamics. In the case of PERLE it

is not considered desirable to be able to use the merger as a bunch compressor

100 CHAPTER 7. MERGER

Figure 7.3: The layout of the four merger schemes. Dipoles are depicted in
blue and quadrupoles in red.

and bunch length as independent as possible may aid longitudinal matching

through the merger. This would however be a disadvantage in the case of an

ERL design where compression in the merger is desired. The scheme does also

require a strong central quadrupole to cancel the dispersion.

The other two dipole scheme is the S-bend. This scheme is slightly more

complicated than the U-bend with two extra quadrupoles in the dispersive

region. However the central quadrupole is located at the point where the

dispersion crosses the axis and zero. So it can be used to control the Twiss

parameters without a↵ecting the dispersion. Which allows for more flexibility

in the matching. This scheme does mean that the booster linac will be o↵set

to the main linac but will not be angled. Depending on the amount of distance

required between the main ERL loop and the booster linac this might mean

that this schemes either needs to be quite long or the dipole bending angles

might need to be large. Which is not ideal and may lead to lower beam quality.

On the lower row of the figure the first scheme is the three dipole scheme.

100 CHAPTER 7. MERGER

Figure 7.3: The layout of the four merger schemes. Dipoles are depicted in
blue and quadrupoles in red.

and bunch length as independent as possible may aid longitudinal matching

through the merger. This would however be a disadvantage in the case of an

ERL design where compression in the merger is desired. The scheme does also

require a strong central quadrupole to cancel the dispersion.

The other two dipole scheme is the S-bend. This scheme is slightly more

complicated than the U-bend with two extra quadrupoles in the dispersive

region. However the central quadrupole is located at the point where the

dispersion crosses the axis and zero. So it can be used to control the Twiss

parameters without a↵ecting the dispersion. Which allows for more flexibility

in the matching. This scheme does mean that the booster linac will be o↵set

to the main linac but will not be angled. Depending on the amount of distance

required between the main ERL loop and the booster linac this might mean

that this schemes either needs to be quite long or the dipole bending angles

might need to be large. Which is not ideal and may lead to lower beam quality.

On the lower row of the figure the first scheme is the three dipole scheme.

Four merger schemes

εx/ mm·mrad

εy/ mm·mrad 

Mismatch factor 

R56/ m
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Initially preferred scheme 

A conceptual design of the PERLE injector 
was made within a collaboration between 
AsTeC-Daresbury, UoL and IJCLab. 

CBETA choice 
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Beam loss and halo simulation studies for PERLE (L. Vanheche)

Thesis submitted with the goal of achieving a masters degree
in Physics

BEAM LOSS AND HALOSIMULATION STUDIES FORPERLE

Lode Vanhecke
2023-2024

Promotor: Prof. Dr. Jorgen D'Hondt
Co-promotor: Dr. Hayg Guler (CNRS/IN2P3 - IJCLab)
Sciences and bioengineering sciences

5.3.2 Additional Injector Parameters
This section briefly discusses the simulated beam loss while varying other injector param-
eters with space charge. Additional plots can be consulted in Ref. [114].

B1

For the first solenoid field strength, more drastic increases in beam parameters than B2

were observed; leading to up to 70% of the beam lost in the merger. The lack of particles
eventually caused the Bmad/Tao space charge simulations to crash. Consequently, beam
loss was recorded only for a portion of the range. The pattern of beam loss is similar to
that of B2, but it occurs more frequently and at more locations within the lattice. The
primary loss locations are the spreaders, recombiners, and straight sections, consistent
with the results for B2 (Fig. 5.51).

Figure 5.51: Mean lost beam power from Bmad tracking as a function of the field strength
of the first solenoid, with space charge/CSR enabled, in the 250 MeV PERLE lattice.

E1

The field strength of the DC electron gun (E1) is the most sensitive parameter with respect
to beam loss in the injector and ERL. At values around 50% of E1, up to 8000 macro
particles were lost, causing simulation crashes. Therefore, only part of the range showed
recorded losses.

When the field strength falls below 70%, beam loss occurs throughout the lattice, often
exceeding or approaching the allowed limit. This is due to the decreased beam energy,
which alters the bending and focusing angles of the particles, leading to increased losses.
The beam loss pattern shows similar characteristics but with additional loss locations,
particularly in the same types of sections (Fig. 5.52).

107

• Effect of field errors and laser offset in the injector on the losses in ERL


• Simulation ASTRA + BMAD 

• 5% field errors ➞ significant losses 

• major losses found in the merger — layout should be optimised
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Sensitivity to cavity power supply instabilities (J. Michaud)

Sensitivity to phase variations : worst case scenario 
(4 cavities detuned)

16/09/2024 PERLE collaboration meeting 9

Acceptance is ±2,5 degrees for all cavities
(worst case scenario)

Sensitivity to Voltage (energy) variations : worst case scenario 
(4 cavities detuned)

16/09/2024 PERLE collaboration meeting 8

Acceptance is ±0,5% (≈ 120 𝑘𝑉) for all cavities
(worst case scenario)

Cavity voltage variations	

• BMAD simulation 

• Acceptance is ±0,5% (≈ 120 𝑘𝑉) 

(worst case scenario: 4 cavities detuned)

LLRF phase variations	

• Acceptance is ±2,5 degrees for all cavities 

(worst case scenario: 4 cavities detuned)
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Optics Misalignments Studies (R. Abukeshek)Lattice misalignment and corrections (250MeV machine)

24/09/2024 PERLE Status and Plans - ERL 24 Workshop 7

First results of misalignment corrections studies: 

 Recalculating the optics of Turn 1 with all (45) quadrupoles misaligned: Misalignment affects the dispersion in both 
planes. No effect on Beta function.

 Gradually adding kicker-Monitor pair and observe the next places to mount the BPMs. In each step, the value of the 
previous HKn are fixed from the previous optimization and introduced directly to the lattice

Simulation of 100 beam orbits along the 1st pass 
of PERLE (blue) and corrections (orange) 

More details in Rasha Abukeshek Poster

 positions of all kickers & monitors for the 1st turn are
found: 7 kickers and 10 BPMs are needed.
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RF curvature vs CSR  (work by K. André and J. Michaud )
RF curvature VS CSR 

22/06/2023 PERLE collaboration meeting 15

Need to specify an optimum bunch length for simulations and injector

RF curvature dominated CSR dominated

1,4mm optimal value from K. Andre simulations

Lost : 13%Lost : 1% Lost : 0% Lost : 0%

3 mm
bunch length

2 mm
bunch length

1 mm
bunch length

0,5 mm
bunch length



Alex Fomin French-Ukrainian Workshop 2025Powerful Energy Recovery LINAC for Experiments (PERLE) at IJCLab11/06/2025 25

Phases in the cavities can be used	
to linearise the longitudinal distributionInitial longitudinal distribution at the exit of the booster

Manipulation of longitudinal phase space ( J. Michaud )
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Manipulation of longitudinal phase space ( J. Michaud )

Bunch compression	

with R56 = -0.4 m

Bunch longitudinal distribution	

at IP-FP

Higher order compression	

with R566 = 7
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Example of energy spread minimisation ( J. Michaud )



Thank you !


