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3Future High Energy Collider Timeline
View of CERN Council President Ursula Bassler
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Physics of electron positron colliders
Precision measurements 
Search for deviations from SM
Need high luminosity and high 
energy, beam polarization is also 
very useful

√s, GeV Science Drivers

90-200 EW precision physics, Z, WW

250 Single Higgs physics (HZ), 
H𝜈𝜈

365 𝑡 ̅𝑡

500-600
HHZ, H𝑡 ̅𝑡, direct access to H 
self-coupling, top Yukawa 
couplings

1000-3000 HH𝜈𝜈, H self couplings
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Present electron-positron collider options

CERN Japan

China
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Luminosity dependencies

Luminosity formula:

Synchrotron radiation power:

Reducing SR power requires lowering electron and positron currents

To compensate this beta*, emittance or collision frequency must also be 
lowered:

For storage ring colliders the IR chromaticity limits how small beta* can 
be and the beam-beam tune spread limits how small the beam emittance 
can be:

For ERL collider (and Linac collider) the beam-beam parameter can be 
much larger than 1. Better described by disruption parameter.

L = fc
Ne−Ne+

4π βx
*ε x β y

*ε y
=

Ie− Ie+
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*ε x β y
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Interaction Region

SRF lin
ac 1 SRF linac 2

2 GeV positron ring2 GeV electron ring

ERL collider concept                        

Flat beams cooled in 2 GeV rings with “top off”
Bunches are ejected with collision frequency 
Beams accelerated with SRF linacs over 4 100 km 
long passes by-passing the IR
After collision at top energy rf phases are changed 
to deceleration returning most energy to SRF linac
Decelerated beams are reinjected into cooling rings
After 2 damping times (~ 4 ms) the trip repeats

CERN Courier News:
“US proposal teases FCC-ee energy boost”
https://cerncourier.com/a/us-proposal-teases-fcc-ee-energy-boost/

https://cerncourier.com/a/us-proposal-teases-fcc-ee-energy-boost/
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Parameters of ERL-based e+e- collider

Mode of operation Z W HZ 𝒕𝒕̅ HHZ H𝒕𝒕̅
Beam energy, GeV 45.6 80.0 120.0 182.5 250.0 300
Bunch length (rms), mm 0.8 1.0 1.0 2.0 2.0 2.0
Bunch charge, nC 12.5 12.5 25.0 22.5 19.0 19.0
Bunch frequency, kHz 297 270 99 45 18 9
Beam current, mA 3.71 3.37 2.47 1.01 0.35 0.16
Beam emittance 𝜀x/𝜀y (norm.), 𝜇m rad 4/0.008 4/0.008 6/0.008 8/0.008 8/0.008 8/0.008
IP beta function 𝛽x/𝛽y, cm 15/0.08 20/0.10 100/0.1 100/0.2 100/0.2 100/0.2
Disruption parameter, Dx/Dy 0.6/183 0.6/177 0.1/129 0.2/143 0.2/121 0.2/121
Energy loss during collision, GeV 0.05 0.16 0.28 0.30 0.55 0.95
Luminosity, 1034 cm-2 s-1 67.4 86.6 77.8 31.4 13.8 8.6
Damping ring energy, GeV 2 2 2 2 2 2
Damping time, ms 2.0 2.0 2.0 2.0 2.0 2.0
Damping ring current, A 4.858 4.427 3.239 1.325 0.460 0.213
Particle energy loss, GeV 4.0 4.4 6.0 14.8 42.7 92.7
Total radiated power, MW 30 30 30 30 30 30
Total reactive power, MW 338 539 593 369 175 96
Total ERL linacs voltage, GV 10.9 19.6 29.8 46.5 67.4 89.1
Efficiency of energy recovery, % 91.1 94.5 95.0 91.9 82.9 69.1

FCC ee
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Why is the power consumption of an  ERL collider lower?
In an ERL collider beam bunches collide only once (like in a linear collider). 
This allows much larger disruption of the bunches by the beam-beam 
interaction and therefore much more luminosity for a given bunch intensity. 
This is a more efficient use of the beam particles.
This allows to either lower the beam current (and synchrotron radiation 
power) for the same luminosity or increase the luminosity for same current or 
some of both.
A linear collider can make the same efficient use of the beam particles, but 
the beam is dumped after use and all the beam energy is lost. 
In an ERL all the beam energy is recovered during deceleration except for 
the radiated synchrotron light. A high energy ERL collider can be much more 
energy efficient than a linear collider for a large enough circumference, about 
100 km for about 300 GeV beam energy.

FCC-ee

same scale

ILC (Japan)

Interaction Region

SRF lin
ac 1

SRF linac 2

2 GeV positron ring2 GeV electron ring

ERL collider

ILC Layout

D. Schulte 9th International School for Linear Colliders 4
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ERL based e+e- collider at 30 MW SR

FCCe
e

HH (500 GeV)

ttH (600 GeV)
-

High Energy e+e- Colliders

ERL luminosity for 30 MW SR power; luminosity scales linear with SR power
Luminosity can be shared (split) by multiple detectors.
Potential of increasing total luminosity further with smaller beta*; requires 
detailed simulations
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Comparison of Storage Ring, Linac, ERL colliders
Parameter Storage 

ring ERL coll. ILC CLIC

Beam energy, GeV 182.5 182.5 250 190

Bunch length (rms), mm 2.00 2.00 0.30 0.07

Bunch charge, nC 46.2 22.5 3.2 0.8

Bunch frequency, kHz 116.9 45 6.5 17.6

Beam current, mA 5.400 1.010 0.021 0.015

Beam emittance 𝜀x/𝜀y (norm.), 𝜇m rad 518/0.964 8/0.008 10/0.035 1/0.030

IP beta function 𝛽x/𝛽y, cm 100/0.20 100/0.20 10/0.05 80/0.01

Beam aspect ratio at IP 𝜎x/𝜎y 518 707 239 516

Disruption parameter, Dx/Dy N/A 0.20/143.0 0.30/24.3 0.24/12.5

Luminosity, 1034 cm-2 s-1 1.5 31.4 1.8 1.5

Total power loss, MW 100.0 30.0 10.4 5.6

Total power loss for ERL-ERL Lumi., MW 2093.3 30.0 181.4 117.2

Luminosity per lost power, 1034 cm-2 s-1/100 MW 1.5 104.7 17.3 26.8



12Superconducting RF Energy Recovery Linac

Invented by M. Tigner, Nuovo 
Cimento 37 1228 (1965)

followed by Stanford, BINP, 
Jefferson Lab, JAERI, BNL, Cornell, 
LBNL, Daresbury and more ...

t

Ez Accelerating bunch

Decelerating bunch

A POSSIBLE APPARATUS FOR ELECTRON CLASHING-BEAM EXPERIMENTS 1229 

economic consequence of this particular 
arrangement. First, by the introduction 
of superconducting accelerator sections 
one may avoid the high power necessary 
to establish the accelerating field. With 
this technique one might hope to achieve 
an energy gain of about 11 MeV per 
meter  for a rf power investment of 
about 12 wat t  per meter at an operating 
frequency of about 1000 megacycles per 

I< NJ. 2 ~1' n;t + ~  N2~/2~1 g u n ,  

1 I magnet 
I p o w e r  d iwder  I a c c e l e r a t o r  
L ~  ~ _  ~ sect ion 2 

n = a n  in teger  [ # ~  . . . .  

Fig. 2. 

second (~). One is still faced with the 
problem of the power wasted in the 
beam. By the use of an artifice this 
problem may also be solved. Consider 
the arrangement shown in Fig. 2. The 
accelerator sections are now placed co- 
axially with the electron guns placed to 
one side to avoid damage by the incoming 
beam from the opposite accelerator. 
Further  let us assume that  the accel- 
erators have exactly the same energy 
gain and the same beam current, operate 
in the standing wave mode at the same 
frequency and are phase-locked together. 
The distance between conjugate points 
in the opposite accelerator sections must 
be an integral number of wavelengths at 
the operating frequency. 

We see that  under these conditions 
it can be arranged that  electrons leaving 
accelerator 1 arrive at accelerator 2 at 
just the right phase to be decelerated in 

(2) H.  A. SCHWETT]~IAN, P.  B. ~VILSON, 
J. ).[. PIERCE a n d  W .  M. FAIRBANK; T]~e .4~- 
plicafions o] S~perconductivily to Electro*t Linear 
.~cceleralors, in  ~4dvances i~ Cryogenic Engi- 
neering, vol .  10 (1964). 

accelerator 2, thus giving back their 
energy to the field. The same holds for 
electrons in beam 2 entering accelerator 1. 
Another way to describe the situation 
is to say that  the two currents cancel 
in the steady state. In this case the 
energy stored in the beams is supplied 
only once, during the transient period 
while the beams are being turned on. 

t~ne difficulty with such a device is 
that  the two beam currents must be 
made equal very precisely. For example 
at 500MeV, 100mA and constant r.f. 
power, the currents must be kept equal 
to about one part  in ten thousand to 
maintain the energy constant to one per 
cent even when the accelerators are 
heavily overcoupled to the generator. 
While this problem might be solved by 
the use of sophisticated electronic feed- 
back circuitry there appears to be another 
configuration which, if designed prop- 
erly, ought to make the currents track 
well and has the added attraction of 
eliminating one of the accelerator sec- 
tions. A schematic drawing of this 
arrangement is given in Fig. 3. In this 
configuration the beam is turned back 
upon itself and re.enters the accelerator 
where it gives back its energy to the 

in teract/on 
~egions beam pa th  

bending magnet  ~q  ~ 
(~." ~ S.W acce le ra to r  section ~ ~- ~ - - . ~  

out I = ~.~-_ _ I focusing L..J L ~  B PO.WeL Imagnets bendzng 
I auu~ u~ I magnets  

Fig. 3. 

accelerating field provided that  the path 
length through the magnet system has 
been correctly chosen. As shown the 
magnet system would work only for 
monoenergetic particles. In practice the 
magnet system would have to be some- 
what more complex to accommodate the 
energy spread in the beam. 

The interaction rate that  we might 



13CBETA – 150 MeV multi-pass test-ERL 
(NY State funded, BNL-Cornell Collaboration)

peggs@bnl.gov PSG, 170224 24

Single pass with ER

October 2019 
Finish meeting the Key Performance Parameters!

Source

Injector cryomodule
Main linac cryomodule

Beam stop

Splitter A

FFAG  
arc A

Transition AStraight

Splitter B

Transition B

FFAG  
arc B

Diagnostic 
line

	 3	

Many tests of the MLC and splitter line magnets were performed prior to April 18.  
However, this milestone is both the first successful test of the full MLC at the design energy 
gain, and also the first time that beam has been sent through the permanent magnet arc.  

 

 

Figure 2: Images of the electron beam on a viewscreen at the end of the permanent magnet girder 
PMA at a total energy of 42 MeV (top) and 36 MeV (bottom). 

Acknowledgements 

It is thanks to the hard work, dedication and good humor of the entire CBETA 
collaboration team that technical milestone 6 was achieved in such a professional fashion.  
Thanks to everyone.  

Uses existing 6 MeV low-emittance 
and high-current injector and 36 MeV 
CW 1.3 GHz SRF Linac at Cornell
Energy Recovery Linac (ERL) with 
single four-pass recirculation arc with 
x4 momentum range
One-pass ERL demonstrated, three-
pass RLA demonstrated.
Four-pass ERL by December 2019
Active collaboration with JLab, CERN, 
Orsay (LHeC test accel. PERLE), 
Berlin-Pro, Mainz, STFC (UK)
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CBETA – single-pass ERL demonstration

peggs@bnl.gov PSG, 170224 24

Single pass with ER

October 2019 
Finish meeting the Key Performance Parameters!

Source

Injector cryomodule
Main linac cryomodule

Beam stop

Splitter A

FFAG  
arc A

Transition AStraight

Splitter B

Transition B

FFAG  
arc B

Diagnostic 
line

Measured rf power load in 
main linac for single pass 
mode (orange) and 
energy recovering mode 
(blue)
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ER@CEBAF - A HIGH-ENERGY, MULTIPLE-PASS ENERGY RECOVERY
EXPERIMENT AT CEBAF∗

F. Méot, I. Ben-Zvi, Y. Hao, P. Korysko, C. Liu, M. Minty, V. Ptitsyn, G. Robert-Demolaize,
T. Roser, P. Thieberger, N. Tsoupas, BNL, Upton, NY, USA

M. Bevins, A. Bogacz, D. Douglas, C. Dubbe, T. Michalski, F. Pilat, Y. Roblin,
T. Satogata, M. Spata, C. Tennant, M. Tiefenback, JLab, Newport News, VA, USA

Abstract
A high-energy, multiple-pass energy recovery (ER) ex-

periment proposal, using CEBAF, is in preparation by a
JLab-BNL collaboration. The experiment will be proposed
in support of the electron-ion collider project (EIC) R&D
going on at BNL. This new experiment extends the 2003,
1-pass, 1 GeV CEBAF-ER demonstration into a range of
energy and recirculation passes commensurate with BNL’s
anticipated linac-ring EIC parameters. The experiment will
study ER and recirculating beam dynamics in the presence
of synchrotron radiation, provide opportunity to develop
and test multiple-beam diagnostic instrumentation, and can
also probe BBU limitations. This paper gives an overview
of the ER@CEBAF project, its context and preparations.

CONTEXT
Energy recovery linacs (ERL) accelerate electron

bunches of linac quality, possibly polarized, and essentially
preserve these qualities up to users’ energies. ER adds high
power efficiency and beam dumping at low energy. These
are major ingredients in the interest they present in the EIC
application. These properties render that technology ap-
pealing in a number of other applications.

Table 1: eRHIC EIC - in Short
Luminosity [/cm2/s] 1032 − 1034

Center-of-mass energy [GeV] 20 to 140

Species e p 3He A
Energy, max. [GeV, GeV/u] 20 250 167 100
Beam current, max. [mA] 50 400 200
Polarization [%] 80 70 70 -

Electron-Ion Colliders
The EIC is the next high priority large facility in the 2015

DOE NP Long Range Plan [1]. In that context BNL is
developing an ERL-ring scheme based on RHIC collider
(Fig. 1), parameters in Tables 1, 2 [2, 3].

ERL technology in the EIC application brings (i) high
brightness (an electron bunch undergoes a single collision
and is then ER’ed), (ii) high beam power with reduced RF
drive power, (iii) yet beam current and thus SR power loss
in the low side, (iv) low energy, low power beam dump.

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

Figure 1: eRHIC ERL (linac and recirculation loops, red)
along RHIC collider Blue ring.

Figure 2: 12 GeV CEBAF recirculator.

Wall-plug efficiency on the other hand is a sine qua non
condition of viability with beams up to 100 s of MW.

Beyond the EIC
For the very reasons that render it attractive for the EIC,

ERL technology is contemplated in a variety of other ap-
plications, including high current injectors (high power),
radiation sources (high brightness, femtosecond science),
FELs (small 6D emittance), electron cooling and other [4].

Motivation for ER R&D at CEBAF
The development of ERL technology raises issues in a

host of sectors. These include beam optics, beam stabil-
ity and losses, instrumentation, commissioning and oper-
ation experience, application-specific implementation as-
pects. This is the motivation for this R&D project: an-

TUOBA02 Proceedings of IPAC2016, Busan, Korea
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A18 Energy Recovery Linacs (ERLs)

ER@CEBAF proposal: 5-pass ERL test using CEBAF RLA

5-pass ERL test with top energy of 7 GeV
Low beam intensity
First ERL test with synchrotron radiation at 
high energy passes
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Small gap magnets with 5 mm gap; prototyped for eRHIC at 0.43 T: 
ERL collider needs only 0.04 T, e.g. they are very low power consumption magnets

118.02 GeV accelerating 

108.28 GeV decelerating

71.74 GeV accelerating 

61.02 GeV decelerating

14.45 GeV  decelerating 
25.25 GeV  accelerating

158.33 GeV decelerating  

163.12 GeV accelerating 

e- e+

Possible layout of arcs for 4-pass 182.5 GeV ERL
Electrons and positrons alternate the inside and outside passes 

Main portion (5/6) of the ring arcs:By-passing the IR:
e+

182.25 GeV 
colliding e+e-

e-

37.70 GeV  decel.

48.50 GeV  accel.

94.86 GeV  accel.

84.33 GeV  decel.

131.85 GeV  decel.

140.24 GeV  accel.
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Beamstrahlung
Beamstrahlung is synchrotron radiation emitted due to the strong EM 
field of the opposing beam
Beamstrahlung can cause energy loss resulting in large energy spread 
and even particle loss.
Using very flat beams minimizes beamstrahlung by minimizing the EM 
fields
The level of beamstrahlung is expressed by the beamstrahlung 
parameter 𝛶, the EM field in the particle’s rest frame in units of the critical 
field Bc where nonlinear QED effects start.
The ERL collider has 𝛶 = 0.004, which corresponds to a field of about 
50 T and causes an energy spread of about 0.16%.Beam-beam Effect

Bunches are squeezed 
strongly to maximise
luminosity

Electron magnetic fields are 
very strong

Beam particles travel on 
curved trajectories

They emit photons (O(1)) 
(beamstrahlung)

They collide with less than 
nominal energy

D. Schulte CERN summer student lectures, 2013

L0.01L

CLIC at 3TeV

Courtesy of D. Schulte
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Courtesy of Y. Hao

Colliding beam disruption

Disruption parameter:

Electron-proton collisions (Linac-Ring eRHIC) with D=150 leads to a 
doubling of the emittance:

19

Dx ,y =
Ne
γ e

2re
σ x +σ y( )σ x ,y

σ z ;σ x ,y = βx ,yε x ,y
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Strong-strong collisions of flat beams
2D simulation of strong-strong beam-beam interaction
Below is vertical phase space of beam after the collision. Top is for slice 
in the center of the bunch, bottom is for 10 slices covering the whole 
bunch.
Vertical emittance grows by about a factor of 5. This is well within 
acceptance of the deceleration beam line
There is little disruption and emittance growth in the horizontal direction
Full 3D simulations are needed but are very computation intensive

x = 0 x = σx x = 2σx

x = 0 x = σx x = 2σx
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ERL collider recycles (polarized) electrons and positrons
After acceleration, collision, 
and deceleration all electrons 
and positrons are reinjected 
into the cooling rings. Only 
beam losses must be made up 
through top-off injection.
Depolarization during 
acceleration, collision, and 
deceleration is expected to be 
minimal. First estimates shows 
0.5% polarization loss from 
collision.
If this depolarization is less 
than the polarization build-up 
during the 4 ms time in the 
cooling rings, the electron and 
positron beams will eventually 
be polarized.

Interaction Region

SRF lin
ac 1

SRF linac 2

2 GeV positron ring2 GeV electron ring
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Conclusions
The ERL-based high-energy electron-positron collider promises 
significantly higher luminosities at CM energies above 160 GeV while 
consuming only 30% of electric power required for a corresponding SR 
e+e- collider design
The CM energy reach can be extended to 600 GeV for double-Higgs and  
H𝑡 ̅𝑡 production 
The ERL collider might be capable of colliding polarized electron and 
positron beams, which can open a new set of observables for the 
relevant physics. 
These features of the ERL-based collider are unique in this energy range. 
It outperforms the ring-ring design - by colliding beams only once - and 
linear colliders by using energy recovery and recycling of particles
The ERL collider concept is stand alone – it does not need to build on an 
existing injector complex. Although it would fit well into the planned 
100 km FCC tunnel at CERN it could be built anywhere.
Extensive detailed studies are needed to fully validate the concept


