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Lorentz equation

  does no work on the particle 


Only  can increase the particle energy

⃗FB ⊥ ⃗v → ⃗FB

⃗FE

Increase the particle energy 

 (follow a given trajectory, focusing)

Change the particle direction

The two main tasks of an accelerator

Deflecting a relativistic particle    

bending power    ↔   

( v ≈ c )
⃗FB = 1 T ⃗FE = 108 V/m

Lorentz equation:         ⃗F = q ⃗E + q ⃗v × ⃗B = ⃗FE + ⃗FB

Is it feasible?
YES!  planar channeling in a crystal, is used at the LHC


   ↔    

not 100% efficient  →  but perfect for multi-turn halo cleaning

⃗FE ∼ 10 V/Å = 1011 V/m ⃗FB = 1000 T Lasers?  might be too hot 🥵 


 ⃗FE ∼ 1012 V/m
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Some Milestones for Accelerators 

20th century first 25 years: fundamental discoveries made with "beams" 
from radioactive source trigger the demand for higher energies

1928-32 Cockcroft&Walton develop a 700kV electrostatic accelerator     
based on a voltage multiplier

  1928 First Linac by Rolf Widerøe based on resonant acceleration
1929 Ernest O. Lawrence invents the cyclotron
1944 MacMillan, Oliphant & Veksler develop the synchrotron
1946 Luis Alvarez built a proton linac with Alvarez structures (2 mode)
1950 Christofilos patents the concept of strong focusing
1951 Luis Alvarez conceives the tandem
1956 Donald W. Kerst stresses in a paper the concept of a collider
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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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Around 1950, Stanley Livingston made a quite remarkable observation:

Plotting the energy of an accelerator as a function of its year of construction, 
on a semi-log scale, the energy gain has a linear dependence.

Accelerators evolution: the Livingston chart

20th century first 25 years: fundamental discoveries made with "beams" 
from radioactive source trigger the demand for higher energies

1928-32 Cockcroft&Walton develop a 700kV electrostatic accelerator     
based on a voltage multiplier

  1928 First Linac by Rolf Widerøe based on resonant acceleration
1929 Ernest O. Lawrence invents the cyclotron
1944 MacMillan, Oliphant & Veksler develop the synchrotron
1946 Luis Alvarez built a proton linac with Alvarez structures (2 mode)
1950 Christofilos patents the concept of strong focusing
1951 Luis Alvarez conceives the tandem
1956 Donald W. Kerst stresses in a paper the concept of a collider

http://slac.stanford.edu/pubs/beamline/27/1/27-1-panofsky.pdf
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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
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Accelerators evolution: the Livingston chart

38 SPRING 1997

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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In another respect, however, the Livingston plot is misleading. It suggests that energy 
is the primary, if not the only, parameter that defines the discovery potential of an 
accelerator or collider. 

BEAM LINE 41

is worthless unless (as discussed
above) higher interaction rates can
be generated, too. To succeed, the
density of the two beams must be
high enough—approaching that of
atoms in ordinary matter—and their
interaction cross sections must be
sufficient to generate an adequate
data rate. In colliding-beam machines
the critical figure is the luminosity
L, which is the interaction rate per
second per unit cross section. The
bottom graph on this page illustrates
the luminosity of some of these ma-
chines. In contrast to the constituent
collision energy, which has contin-
ued the tradition of exponential
growth begun in the Livingston plot,
the luminosity has grown much
more slowly. There are good reasons
for this trend that I will discuss
shortly.

Naturally there are differences
that must be evaluated when choos-
ing which particles to use in accel-
erators and colliders. In addition to
the energy advantage mentioned for
electrons, there are other factors. As
protons experience the strong inter-
action, their use is desirable, at least
in respect to hadron-hadron inter-
actions. Moreover, the cross sections
involved in hadron interactions are
generally much larger than those en-
countered in electron machines,
which therefore require higher lu-
minosity to be equally productive. 

Proton accelerators are generally
much more efficient than electron
machines when used to produce sec-
ondary beams of neutrons, pions,
kaons, muons, and neutrinos. But
electrons produce secondary beams
that are sharply concentrated in the
forward direction, and these beams
are less contaminated by neutrons.
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Luminosity is the key

http://slac.stanford.edu/pubs/beamline/27/1/27-1-panofsky.pdf
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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  

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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What is superconductivity ?

• has been observed for the first time in 1911 by Kamerlingh Onnes while measuring the resistance 
of a mercury sample in liquid helium. 

• observed in several materials: 

• appears below a critical temperature 

• all magnetic fields are totally expeled from its volume “Meissner effect” (1933) 

• is destroyed by a too strong magnetic field 
(or by a too strong current), i.e. when B > Bc  

• ( of type II ) is not destroyed abruptly at B > Bc 
they experience an intermediate « mixed state »  

In recent years, R&D on Type 2 superconductors in SRF cavities

A superconductor (SC) material has the property to transport a DC electric current without any loss. 

Its resistivity is exactly zero!!!

The 1911 measurement of 
a Hg sample by K. Onnes	

Type I SC Ti Al Hg Sn Pb 

Bc[mT] à 0 K 10 10,5 41,2 30,9 80,3 

 

Nb (type II) Bc1 Bc2 

Bc[mT] à 0 K ~170 ~240 
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From the superconductivity discovering in 1911 to the use in accelerator cavities and magnets, a long time of R&D has been needed. 

• 1977 : first superconducting LINAC at Stanford : 1.3GHz, 50MeV, 27m


• 1986 – 1992 : machine commissioning using superconducting cavities around 5MV/m  (like CEBAF, LEP, HERA)


• Today, almost all machines are using superconducting cavities : SOLEIL, LHC, SNS, J-PARC ... 


The use of superconductivity in proton machines has made the very highest energies possible.  

We have access now to high intensity and high duty cycle machines.  

Superconductivity in accelerator 

In short:

NC linac: lower capital cost, but high operational cost

SC linac: slightly higher capital cost, but low operational cost


early 80's superconducting magnets for cyclotrons and synchrotrons considerably boost the performance (energy for size)

the last years the development of superconducting accelerating cavities provides very high power conversion efficiency
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Proven accelerator technology, pushing for higher energy and beam current reaching in view of collider applications above 1GW.	

PERLE demonstrator facility for the LHeC at Orsay with 3-turn, 20mA, 802 MHz SRF cavities

Energy Recovery Linac 

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 –

The future of hadron colliders, such as FCC-hh or HE-LHC, 
relies on a considerable extrapolation of superconducting, 
high-field dipole magnet technology.


The new ERL proposals are close to becoming the base of 
future energy frontier electron-hadron and e+e− colliders
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Beam parameters for the LHeC experiment 

High power electron beam based on three-turn ERL racetrack utilising 100 MW electrical power consumption as a result of the high energy 

recovery efficiency. ERL circumference equivalent to one-third of the LHC. The ERL could be realised in staged phases.
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PERLE Project	
 

The 14th Trans-European School of High Energy Physics      
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PELRE:  first multi-turn ERL, based on SRF technology, designed to operate at 10MW (20 mA, 500 MeV) power regime 

A hub to explore a broad range of accelerator phenomena and to validate technical choices improving accelerators efficiency 
in an unexplored operational power regime on the pathway of the ERL technology development 
for future energy and intensity frontier machines. 

PELRE:  Powerful Energy Recovery Linac for Experiments

Target Parameter Unit Value

Injection energy MeV 7

Electron beam energy MeV 500

Normalised Emittance 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 PERLE demonstrator facility for the LHeC at Orsay	

with 3-turn, 20mA, 802 MHz SRF cavities
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PELRE:  Powerful Energy Recovery Linac for Experiments

Two cryo-modules with 4 five-Cell cavities, each provides a total gradient of 82 MeV 
3 accelerating & 3 decelerating beams at different energies travelling in the CM

Two Interaction Points 
500 MeV × 20 mA = 10 MW

Three staked isochronous 
recirculation Arcs for beams 

at different energies

HV tank

DC gun 
350-500 kV

Dump 
at 7 MeV

Injection at 7 MeV

Two switchyard: 
vertical separation/recombination 

of beams at different energies 

89  MeV 
253 MeV 
418 MeV

171 MeV 
366 MeV 
500 MeV

± 82 MeV

Target Parameter Unit Value

Normalised Emittance mm mrad 6

Bunch charge pC 500

Bunch length mm 3

Bunch spacing ns 25

Duty factor CW
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PELRE Timeline:   Phasing Strategy 
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Two sites are currently considered and will be studied in details 
for possibly host PERLE at IJCLAB (Orsay, France) 

• the Super ACO Hall  
• the IGLOO.

PERLE feature a total footprint of: 
30 meters long, 15 meters wide and 3.4 meters high. 

PERLE Footprint:  Site studies  
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Consecutive injections ( v inj = 40 MHz ),  RF cavity ( v RF = 801.58 MHz ) →  spacing between injections  20 × λRF 


v RF / v inj ≈ 20,   λRF = 37.4 cm

Filling pattern  for 250 MeV version

Distance between the arcs → path length of the bunch between consecutive 
passes → form the filling pattern (placement of accelerated bunches between 
the injected bunches)


To reduce the risk of beam break-ups → uniform filling pattern 
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Forming the Filling Pattern.  Injection and Pass 1

Injection	
7 MeV bunches are injected at Linac 1 section


at the rate of  v inj ≈ 40 MHz  (every  t inj = 25 ns) 

target current is  I = 20 mA

→ charge of one bunch  Q ≈ 500 pC  ( 3×109 e- )


RF Cavity ( v RF = 801.58 MHz )


→  spacing between injections  L inj = 20 λRF  
v RF / v inj = 20,   λRF ≈ 34.7 cm     


Pass 1      Linac 1  →  Arc 1  →  Linac 2  →  Arc 2 

                  7→ 89 MeV                     89→171MeV


Pass 1 length (Arc1 + Arc2 + 2 Linac)  L Pass 1 = 167 λ RF


→ the 9th injected bunch is followed by the accelerated 
bunch shifted by  7 λ RF


Pass 2      Linac 1  →  Arc 3  →  Linac 2  →  Arc 4 

                171→253 MeV                253→336 MeV

Pass 1+2
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Forming the Filling Pattern.  Passes 1 & 2

Passes 1–2

Injection	
7 MeV bunches are injected at Linac 1 section


at the rate of  v inj ≈ 40 MHz  (every  t inj = 25 ns) 

target current is  I = 20 mA

→ charge of one bunch  Q ≈ 500 pC  ( 3×109 e- )


RF Cavity ( v RF = 801.58 MHz )


→  spacing between injections  L inj = 20 λRF  
v RF / v inj = 20,   λRF ≈ 34.7 cm     


Pass 1      Linac 1  →  Arc 1  →  Linac 2  →  Arc 2 

                  7→ 89 MeV                     89→171MeV


Pass 1 length (Arc1 + Arc2 + 2 Linac)  L Pass 1 = 167 λ RF


→ the 9th injected bunch is followed by the accelerated 
bunch shifted by  7 λ RF


Pass 2      Linac 1  →  Arc 3  →  Linac 2  →  Arc 4 

                171→253 MeV                253→336 MeV
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Forming the Filling Pattern.  Passes 1—3

Injection ( v inj ≈ 40 MHz )  I = 20 mA   (Q ≈ 500 pC,  t inj = 25 ns)	

RF Cavity ( v RF = 801.58 MHz )   L inj = 20 λRF   (λRF ≈ 34.7 cm)     


Pass Lengths      Linac 1 + Arc j + Linac 2 + Arc k 

Filling Pattern

Passes 1–3

Pass Arcs L Arcs, λRF L Pass, λRF n inj Δ, λRF Δt, µs
1 1+2 56 + 57 167 8 7 0.209

2 3+4 56 + 56 166 16 13 0.416

3

171←7500←336  336←171  Pass 1 Pass 2171←7 

020 8 × 20 + 716 × 20 + 13

 7  6  7  

Energy, MeV

total shift, λRF

bunch spacing, λRF
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Forming the Filling Pattern.  Passes 1—4

Injection ( v inj ≈ 40 MHz )  I = 20 mA   (Q ≈ 500 pC,  t inj = 25 ns)	

RF Cavity ( v RF = 801.58 MHz )   L inj = 20 λRF   (λRF ≈ 34.7 cm)     


Pass Lengths      Linac 1 + Arc j + Linac 2 + Arc k 

Filling Pattern

Passes 1–4

Pass Arcs L Arcs, λRF L Pass, λRF n inj Δ, λRF Δt, µs
1 1+2 56 + 57 167 8 7 0.209

2 3+4 56 + 56 166 16 13 0.416

3 5+6 56 + 60.5 170.5 25 3.5 0.629

4

171←7500←336  336←171  Pass 1 Pass 2
 Pass 3

 Pass 
3

171←7 

020 8 × 20 + 7

25 × 20 + 3.5

16 × 20 + 13

3.53.5 6  7  

336←500
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Forming the Filling Pattern.  Passes 1—5

Injection ( v inj ≈ 40 MHz )  I = 20 mA   (Q ≈ 500 pC,  t inj = 25 ns)	

RF Cavity ( v RF = 801.58 MHz )   L inj = 20 λRF   (λRF ≈ 34.7 cm)     


Pass Lengths      Linac 1 + Arc j + Linac 2 + Arc k 

Filling Pattern

Passes 1–5

Pass Arcs L Arcs, λRF L Pass, λRF n inj Δ, λRF Δt, µs
1 1+2 56 + 57 167 8 7 0.209

2 3+4 56 + 56 166 16 13 0.416

3 5+6 56 + 60.5 170.5 25 3.5 0.629

4 5+4 56 + 56 166 33 9.5 0.837

5

171←7500←336  336←171 

336←500

 Pass 1 Pass 2

 Pass 4

 Pass 3

 Pass 
3

171←7 

020 8 × 20 + 7

25 × 20 + 3.5

16 × 20 + 13

33 × 20 + 9.5

3.53.52.53.5

 171←336

 7  
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Forming the Filling Pattern.  Continues cycle

Injection ( v inj ≈ 40 MHz )  I = 20 mA   (Q ≈ 500 pC,  t inj = 25 ns)	

RF Cavity ( v RF = 801.58 MHz )   L inj = 20 λRF   (λRF ≈ 34.7 cm)     


Pass Lengths      Linac 1 + Arc j + Linac 2 + Arc k 

Filling Pattern

Passes 1–6

Pass Arcs L Arcs, λRF L Pass, λRF n inj Δ, λRF Δt, µs
1 1+2 56 + 57 167 8 7 0.209

2 3+4 56 + 56 166 16 13 0.416

3 5+6 56 + 60.5 170.5 25 3.5 0.629

4 5+4 56 + 56 166 33 9.5 0.837

5 3+2 56 + 57 167 41 16.5 1.046

6 1 56 — — — -

171←7500←336  336←171 

336←500 171←3367←171

 Pass 1 Pass 2

 Pass 5  Pass 4

 Pass 3

 Pass 
3

171←7 

020 8 × 20 + 7

25 × 20 + 3.5

16 × 20 + 13

33 × 20 + 9.541 × 20 + 16.5

3.53.52.53.53.53.5
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Motivation for one cryo-module phase (250 MeV versions)

Pros:	
→ reduction of immediate expenses & first results time  ( second cryo-module, 18 dipoles and 21 quads can be purchased later ) 

→ demonstration of ERL with 6 paths at high current   ( same as in 500 MeV version, but with half of the power )

→ more space for experimental areas 

Cons:	
→ additional expenses / manpower / shutdown time   ( rebuilding / recommissioning for the full power machine )

→ about 30 meters of extra beam pipes   ( all other main elements are chosen to be compatible with both versions )

→ a slightly larger footprint  ( 28.6 m →  29.9 m )

250 MeV version features three Straight Sections replacing Recombiner, Common Section 2, and Spreader
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Lattice design.  500 MeV  vs  250 MeV versions

250 MeV version features three Straight Sections  
replacing Recombiner, Common Section 2, and SpreaderAll elements are compatible with both versions !
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Filling pattern   500 vs 250 MeV versions

500 MeV	
Full length of one turn:    (160 + Δ) 𝜆RF  

chosen shift:                   Δ = 7, 6, 10.5, 6, 7 

→ 2.7 m at IPs  ( 28.6 m total ) 

studies by A. Bogacz, P. Williams, R.Apsimon, 

and K. Andre

250 MeV	

Full length of one turn:        (180 - Δ) 𝜆RF  

optimal shift:                      Δ = 7, 7, 2.5, 7, 7 

→ bunches of lowest energies are separated 

(more important than for 500 MeV version) 

→ more detailed studies will follow) 

→ 29.9 m of total length

89←7 171←89  253←171 

171←253  7←89 89←171

 Pass 1 Pass 2

 Pass -1  Pass -2

 Pass 3

 Pass -2

89←7 
-20 0360-14 180-7

540-16.5 920-10.5 740-3.5

7→171336→500 171→336 

500→336  336→171 171→7

 Pass 1  Pass 2

 Pass -1 Pass -2

 Pass 3

 Pass 3

7→171 
0 20160+7 320+13

520+3.5 680+9.5 740+16.5

 (177.5—170.5) λRF / 2 = 3.5 λRF ≈ 1.3 m   ( λRF = 37.4 cm )
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± 82 MeV

253 MeV	

171 MeV	

89 MeV

Injection 

7 MeV Dum
p 

7 M
eV

89 MeV 
171 MeV 
253 MeVCryo Module

Chicane magnets Chicane magnets

PERLE Optics:  Common section  ( 250 MeV version )

Common section

Turns

The optics for one “Turn” (excl. common section) is symmetric 

→  beam parameters are the same at the exit and next entrance of common section
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PERLE Optics:  Common section  ( 250 MeV version )
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PERLE Optics:  from Injection to Dump  ( 250 MeV version )

~ 335 m

Turn1 Turn2 Turn2 Turn1
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500 MeV  ( Arc1,    89 MeV ) 250 MeV   ( Arc1+Arc2,    89 MeV ) 500 MeV  ( Arc2,  171 MeV )

~ 2 mm

M56 = 0

+10%

less quads & dipoles

PERLE Optics:  Turns  ( 500 & 250 MeV versions )
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500 MeV  ( Arc3,  253 MeV ) 250 MeV   ( Arc3+Arc4,  171 MeV ) 500 MeV  ( Arc4,  336 MeV )

> 34 T/m ( 4 quads )

PERLE Optics:  Turns  ( 500 & 250 MeV versions )
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500 MeV  ( Arc5,  418 MeV ) 250 MeV   ( Arc5+Arc6,  253 MeV ) 500 MeV  ( Arc6,  500 MeV )

> 34 T/m ( 3 quads )

> 34 T/m ( 9 quads )
< 22 T/m9 ( 14 for 500 MeV )

for 500 MeV: 
   + 21 quad 
      16 quad ( > 34 T/m )

IPs

PERLE Optics:  Turns  ( 500 & 250 MeV versions )
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Quadrupole Magnet  (work by Rasha Abukeshek)
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Multi-bunch tracking   (work by Kevin André )

A hook shape forms and bunch elongation is visible as the initial bunch length increases. A longitudinal matching can mitigate the bunch elongation. 

Longitudinal phase space curvature from the RF field 
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Multi-bunch tracking   (work by Kevin André )

CSR with beam current increase 

CSR with initial relative energy spread variation, Ie=20 mA 
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CBETA 	
( some insights for commissioning )

The 14th Trans-European School of High Energy Physics      
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CBETA  (Cornell-Brookhaven Energy-Recovery-Linac Test Accelerator) 

Multi-pass ERL, with single return loop  

• 7 beams of 4 energies in 1 pipe: 42, 78, 114, 150 MeV


• Uses the wide energy acceptance of Fixed Field Alternating-gradient (FFA) permanent magnets


• Successful demonstration of  first four-pass superconducting ERL and single FFA beam line 
to transport 7 different accelerated and decelerated beams

Here are some images taken during a dispersion response measurement, 
i.e. all images are related by relatively small R2 quad changes…

7 beams  
inn 1 pipe

“Green accelerator”

• Problems in Splitter Line R2 
Links: 
CBETA PROJECT REPORT 
Experience with CBETA (A.Bartnik)

https://wiki.classe.cornell.edu/pub/CBETA/WebHome/CBETA_final_report_revB-V3f.pdf
https://indico.ijclab.in2p3.fr/event/7907/contributions/24623/attachments/18126/23958/Experience%20with%20CBETA.pptx
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https://indico.ijclab.in2p3.fr/event/7907/contributions/24623/attachments/18126/23958/Experience%20with%20CBETA.pptx

CBETA    Peacock (from Adam Bartnik presentation)
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CBETA    Sideways Bunny  

https://indico.ijclab.in2p3.fr/event/7907/contributions/24623/attachments/18126/23958/Experience%20with%20CBETA.pptx

(from Adam Bartnik presentation)
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CBETA    UFO  

https://indico.ijclab.in2p3.fr/event/7907/contributions/24623/attachments/18126/23958/Experience%20with%20CBETA.pptx

(from Adam Bartnik presentation)
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CBETA    Dali Clock  

https://indico.ijclab.in2p3.fr/event/7907/contributions/24623/attachments/18126/23958/Experience%20with%20CBETA.pptx

(from Adam Bartnik presentation)
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Future 	

250 MeV design of PERLE
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The ReLiC–  Recycling Linear e+e- Collider 

 
Vladimir N Litvinenko 1,2, Nikhil Bachhawat1, Maria Chamizo-Llatas3, Yichao Jing2,1, François 

Méot 2,1,Irina Petrushina1, Thomas Roser2 
1 Department of Physics and Astronomy, Stony Brook University 
2 Collider-Accelerator Department, Brookhaven National Laboratory 
3 Physics Department, Brookhaven National Laboratory 

 

Status of Design: Concept 

Introduction. In this white paper we describe a concept of e+e- linear collider recycling both the 
used particles and the used beam energy – the ReLiC (Fig.1). The concept is based on segmenting 
superconducting (SRF) linear accelerators into sections divided by separators, where used 
(decelerating) beams are separated from colliding with accelerating beams by a combination of 
DC electric and magnetic fields. This design provides for undisturbed straight trajectories of the 
accelerating beams and on-axis beam propagating both accelerated and decelerated beams in the 
linac’s SRF structures.  

 

 
 

Fig. 1. Schematic of the linear energy recovery e+e- collider with center of mass energy from 90 
GeV to 3 TeV. We assume that bunches are compressed 10-fold longitudinally before the 
acceleration and de-compressed 10-fold before injection in the damping ring. 

In contrast with circular e+e- colliders [1-3], ReLiC would collide beams only once with disruption 
parameter typical for linear colliders [4] to boost the luminosity. ReLiC design practically evades 
synchrotron radiation losses, which limit average beam currents in circular e+e- colliders. These 
novel features would allow to operate e+e- collider at c.m. energy from 100 GeV to 3 TeV range, 
and at luminosity level from 1036 cm-2 sec-1 to 1037 cm-2 sec-1. 

In contrast with traditional e+e- linear colliders [4], where collided beams are dumped at full 
energy, the ReLiC would recycle both the particles and their energy. These features allow to 
increase average beams currents and to reach higher luminosity. In addition, in ReLiC we limit the 
critical energy of beamstrahlung photons to maximum of 250 MeV. While this is needed for re-
capturing all collided particles into 2.5 GeV damping rings, it also provides for nearly mono-
energetic collisions of highly polarized electron and positron beams. 

Fig.2 (a) compares the energy reach and estimated luminosity of ReLiC with other currently 
proposed e+e- colliders. As can be seen from Fig. 2(b), such collider can cover all process of interest 
in Higgs sector, including double Higgs and  production and allowing access at tree level to 
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https://arxiv.org/ftp/arxiv/papers/2203/2203.06476.pdf

the Higgs self-coupling and top Yukawa coupling. In addition, the 3 TeV c.m. energy reach and 
the ReLiC’s high luminosity opening door for investigating physics beyond standard model.  

 

   
(a)            (b) 

Fig. 2. (a) Luminosities for various options for high-energy e+e- collider. We added the ReLiC 
luminosity curve to a plot taken from reference [1]. (b) Cross-sections of various processes in 
Higgs sector [3]. 
We used results of our simulations done for the proposed circular ERL-based e+e- collider (CERC) 
[1] to select beam parameters for ReLiC. We evaluated degradation of the beam emittances caused 
by the beam disruption and transverse offsets in the detectors. We also examined the growth of the 
energy spread caused by beamstrahlung. In all cases, beam quality remained sufficient for 
decelerating and injecting into the 2.5 GeV damping rings, located at both sides of the ReLiC. 
Anticipated particle losses resulting from the burn-off in collisions and scattering on residual gas 
would be very low and could be easily compensated by a top-off injection from polarized 2.5 GeV 
injectors. 

Used bunches will be kept in damping ring for a time sufficient for restoring their emittance and 
energy spread to the nominal values before being sent for the next acceleration and collision.  

RF power, required to compensate for synchrotron radiation in the damping rings, would be one 
major component of the overall ReLiC power consumption. In this paper we assumed keeping 
beams for two e-fold energy damping times in the rings. Logarithmic dependence of the required 
damping time – and the corresponding power consumption of the damping rings - on the beam’s 
deterioration during collisions provides for robustness of our estimation for ReLiC luminosity and 
estimated power consumption.  

I. ReLiC concept 
As can be seen in Fig.1, electrons and positrons are stored and cooled in damping rings located at 
both ends of the collider. Bunches of electrons and positrons circulate in damping rings for about 
two damping times to achieve natural emittances and energy spreads. Short trains of bunches – 
typically from one  to three bunches - are periodically ejected from damping rings and accelerated 
to the collision energy in SRF linacs. We limit number of bunches per train to reduce energy slew 
in the bunch train caused by the beam loading to less than 10-3 of the beam’s energy.  

FCC ee

CERC-30

CLIC

ReLiC

CERC-100

The ReLiC– Recycling Linear e+e- Collider

Electrons and positrons are stored and cooled in damping rings 
located at both ends of the collider.

Bunches of electrons and positrons circulate in damping rings for 
about two damping times to achieve natural emittances and 
energy spreads.

Short trains of bunches – typically from one to three bunches - 
are periodically ejected from damping rings and accelerated to 
the collision energy in SRF linacs.

ReLiC design practically evades synchrotron radiation losses, 
which limit average beam currents in circular e+e- colliders 

EDR = 2,5 GeV
Ecm = 3 TeV

 ( Design concept by Vladimir N Litvinenko, et al. )
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https://arxiv.org/ftp/arxiv/papers/2203/2203.06476.pdfIt is worth mentioning that 10% energy acceptance was demonstrated at Duke storage ring. 
Furthermore, recent results from joined R&D by Cornel University and BNL illustrated that energy 
acceptance of advanced ring lattice  can be significantly larger than 10% [5]. Using such lattice 
may allow to either reduce required power of synchrotron radiation or, otherwise, to increase 
ReLiC luminosity. 

There is an additional advantage of limiting energy of beamstrahlung photons because it provides 
for nearly monoenergetic e+e- collisions. This feature is significant advantage of ReLiC operating 
at TeV c.m. energies, when compared with other designs of linear colliders. 

Main ReLiC parameters for two c.m. energies are summarized in Table 1.  

 

Table 1. Key ReLiC parameters for two choices of c.m. energy. 

 
 

Parameters for intermediate energies fall between numbers falling between numbers indicated in 
the table. The critical energy of beamstrahlung photons grow as a high power the beam energy. To 
contain this growth, it we are increasing both the bunch length and β-functions in the IP to reduce 
transverse fields generated by colliding beams. This increases result is reduction of the attainable 
luminosity at higher energies, 

Because of the limited efforts devoted to study ReLiC, this set of parameters is not necessarily 
optimized and further increases of ReLiC luminosity are likely possible. 

  

C.M. energy GeV 240 3,000
Length of accelerator km 20 288

Section length m 250 250
Bunches per train 10 21

Particles per bunch 10 10 2.0 1.0
Collision frequency MHz 12.0 25.2

Beam currents in linacs mA 38 40
εx, norm  mm mrad 4.0 4.0
εy, norm  μm mrad 1.0 1.0

βx m 5 100
βy, matched mm 0.34 9.7

σz mm 1 17
Disruption parameter, Dx 0.01 0.002
Disruption parameter, Dy 43 15
Luminosity per detector 1034 cm-2sec-1 172 47

Total luminosity 1034 cm-2sec-1 343 94
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Status of Design: Concept 

Introduction. In this white paper we describe a concept of e+e- linear collider recycling both the 
used particles and the used beam energy – the ReLiC (Fig.1). The concept is based on segmenting 
superconducting (SRF) linear accelerators into sections divided by separators, where used 
(decelerating) beams are separated from colliding with accelerating beams by a combination of 
DC electric and magnetic fields. This design provides for undisturbed straight trajectories of the 
accelerating beams and on-axis beam propagating both accelerated and decelerated beams in the 
linac’s SRF structures.  

 

 
 

Fig. 1. Schematic of the linear energy recovery e+e- collider with center of mass energy from 90 
GeV to 3 TeV. We assume that bunches are compressed 10-fold longitudinally before the 
acceleration and de-compressed 10-fold before injection in the damping ring. 

In contrast with circular e+e- colliders [1-3], ReLiC would collide beams only once with disruption 
parameter typical for linear colliders [4] to boost the luminosity. ReLiC design practically evades 
synchrotron radiation losses, which limit average beam currents in circular e+e- colliders. These 
novel features would allow to operate e+e- collider at c.m. energy from 100 GeV to 3 TeV range, 
and at luminosity level from 1036 cm-2 sec-1 to 1037 cm-2 sec-1. 

In contrast with traditional e+e- linear colliders [4], where collided beams are dumped at full 
energy, the ReLiC would recycle both the particles and their energy. These features allow to 
increase average beams currents and to reach higher luminosity. In addition, in ReLiC we limit the 
critical energy of beamstrahlung photons to maximum of 250 MeV. While this is needed for re-
capturing all collided particles into 2.5 GeV damping rings, it also provides for nearly mono-
energetic collisions of highly polarized electron and positron beams. 

Fig.2 (a) compares the energy reach and estimated luminosity of ReLiC with other currently 
proposed e+e- colliders. As can be seen from Fig. 2(b), such collider can cover all process of interest 
in Higgs sector, including double Higgs and  production and allowing access at tree level to 
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 ( Design concept by Vladimir N Litvinenko, et al. )
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Table 2: Electrical power budgets for the proposed Higgs and Electroweak factory colliders, and, for comparison the EIC,
based on invited contributions to the special session at eeFACT’22 [4]. NI: Not Included; NE: Not Estimated; –: Not
Existing. ‡ILC parameters correspond to the luminosity upgrade. The total ILC power includes 4 MW margin, the one for
HELEN 3.3 MW (here as part of the general services). ∗For HELEN, the “detector” number refers to the power required for
the beam delivery system, machine detector interface, interaction region, and beam dumps, the “injector magnets” number
to damping ring with wigglers. †For RELIC, the 2.5 GeV damping rings and transfer lines would use permanent magnets.

Proposal CEPC FCC-ee CERC C3 HELEN CLIC ILC‡ RELIC EIC
Beam energy [GeV] 120 180 120 182.5 120 182.5 125 125 190 125 120 182.5 10 or 18
Average beam current [mA] 16.7 5.5 26.7 5 2.47 0.9 0.016 0.021 0.015 0.04 38 39 0.23–2.5
Total SR power [MW] 60 100 100 100 30 30 0 3.6 2.87 7.1 0 0 9
Collider cryo [MW] 12.74 20.5 17 50 18.8 28.8 60 14.43 – 18.7 28 43 12
Collider RF [MW] 103.8 173.0 146 146 57.8 61.8 20 24.80 26.2 42.8 57.8 61.8 13
Collider magnets [MW] 52.58 119.1 39 89 13.9 32 20 10.40 19.5 9.5 2 3 25
Cooling & ventil. [MW] 39.13 60.3 36 40 NE NE 15 10.50 18.5 15.7 NE NE 5
General services [MW] 19.84 19.8 36 36 NE NE 20 6.00 5.3 8.6 NE NE 4
Injector cryo [MW] 0.64 0.6 1 1 NE NE 6 1.96 0 2.8 NE NE 0
Injector RF [MW] 1.44 1.4 2 2 NE NE 5 0∗ 14.5 17.1 192 196 5
Injector magnets [MW] 7.45 16.8 2 4 NE NE 4 13.07∗ 6.2 10.1 0† 0† 5
Pre-injector [MW] 17.685 17.7 10 10 NE NE – 13.37 – – NE NE 10
Detector [MW] 4 4.0 8 8 NE NE NE 15.97∗ 2 5.7 NE NE NI
Data center [MW] NI NI 4 4 NE NE NE NI NI 2.7 NE NE NI
Total power [MW] 259.3 433.3 301 390 89 122 150 110.5 107 138 315 341 79

Lum./IP [1034 cm−2s−1] 5.0 0.8 7.7 1.3 78 28 1.3 1.35 2.3 2.7 200 200 1
Number of IPs 2 2 4 (2) 4 (2) 1 1 1 1 1 1 2 2 1 (2)
Tot. integr. lum./yr [1/fb/yr] 1300 217.1 4000 670 10000 3600 210 390.7 276 430 79600 79000 145

(2300) (340)
Eff. physics time / yr [107 s] 1.3 1.3 1.24 1.24 1.3 1.3 1.6 2.89 1.2 1.6 2 2 1.45
Energy cons./yr [TWh] 0.9 1.6 1.51 1.95 0.34 0.47 0.67 0.89 0.6 0.82 2 2.2 0.32

PERFORMANCE CONSIDERATIONS
C3 [5]
The design of and performance projections for C3 look

solid – The performance of the proposed modules, including
realistic average gradient and cryogenic power required, is
still to be demonstrated.

CERC [6]
CERC assumes cavity 𝑄 values of 1011, which are a little

higher than the present state of the art. Emittance preserva-
tion over 100s of kilometer at values smaller than for CLIC
needs to be shown in simulations including alignment errors,
wake fields, and optical corrections. The burnoff of parti-
cles at the high target luminosity due to radiative Bhabha
scattering and beamstrahlung may be much higher than the
assumed loss rate, which also means that a more powerful
positron source might be required. The possible impact on
overall power consumption is to be examined.

RELIC [6]
RELIC also assumes cavity 𝑄 values of 1011, and a “real-

estate” gradient of 12.5 MV/m in the linac sections (exclud-
ing spreaders and combiners). Such a gradient either has
already been demonstrated or is close to demonstrated val-
ues. The evolution, manipulation and optimisation of the
energy spread in the linac and of the bunch length in the arcs
and in the interaction region probably require more studies.
The electric power estimates should undergo a proper engi-
neering evaluation.A complete accelerator and interaction-
region design, validated by particle tracking, is also required
to confirm the assumed particles losses. As for CERC, the

luminosity related burnoff due to radiative Bhabha scattering
and beamstrahlung will need to be compensated by newly
injected positrons and electrons.

FCC-ee [7]
Achieved klystron efficiency is typically lower than tar-

geted. An R&D plan has been established. A faster R&D
program is executed for the twin project CEPC in China.
To preserve and reuse energy, FCC is studying a waste heat
management system. Two other possible energy-saving mea-
sures for FCC-ee were pointed out during the discussion [14]:
(1) Energy recovery from the fast ramping booster should be
considered. (2) Magnet design & magnet powering should
be optimized to minimize the cable losses.

CEPC [8]
The CEPC design is similar to FCC-ee. CEPC is sup-

ported by an impressive R&D effort including massive hard-
ware prototyping, comprising SRF cavities, cryomodules,
high-efficiency klystrons, collider magnets, booster dipoles,
and combinations of electrostatic separators with weak mag-
nets for beam separation and combination, with an ambitious
timeline. Earliest start of tunnel construction is in 2026.

CLIC [9]
The CLIC project aims for a 10 micron alignment over

200 m distance. The CLIC studies include using renewable
energy sources, at about 10% of the project cost. CLIC
operation would reduce CERN energy consumption by a
factor 2 from the current level.
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Conclusions

ERL (Energy Recovery Linac)	

is a proven accelerator technology, pushing for higher energy and higher beam current,	

reaching in view of collider applications above 1GW.	

Features:	

minimising the power consumption by recycling the kinetic energy of a used beam for accelerating a newly injected beam 
avoiding the emittance growth of storage rings 
dumping at injection energy	

PERLE at IJCLab (Orsay)	

demonstrator facility for the LHeC 
3 accelerating + 3 decelerating passes 
20mA, 40 MHz injection (same as LHeC) 
802 MHz SRF cavities 
with IRs top energy 500 MeV ( 10 MW power )
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Thank you 


