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Measure of Collider
Performance is the Luminosity
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Main sources of luminosity limitation

Large or growing emittance
Hour - glass effect

Crossing angle
Beam Intensity & Instabilities

Beam- Beam effects

Why to cool hadron beams?
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Why to coherent electron cooling?

Å Traditional stochastic cooling does not have enough bandwidth to 
cool modern - day proton beams

Å Efficiency of traditional electron cooling falls as a high power of 
hadronõsenergy

Å Synchrotron radiation is too fable ðevent at LHC energy cooling 
time is more than 10 hours

Å Optical stochastic cooling is not suitable for cooling hadrons with 
large range of energies and has a couple of weak points:

Å Hadron do not like to radiate or absorb photons, the process 
which OSC uses twice

Å Tunabity and power of laser amplifiers are limited
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Examples of hadron beams cooling

Machine Species
Energy 
GeV/n

Trad.

Stochastic

Cooling, 
hrs

Synchrotron 
radiation, hrs

Trad.

Electron 
cooling

hrs

Coherent

Electron

Cooling, hrs 

1D/3D

RHIC 
PoP

Au 40 - - ~ 1 0.02/0.06

eRHIC Au 130 ~1 20,961 ~ 1 0.015/0.05

eRHIC p 325 ~100 40,246 > 30 0.1/0.3

LHC p 7,000 ~ 1,000 13/26 0.3/<1

Potential increases in luminosities:

RHIC pp ~ 6 fold, eRHIC ~ 50 fold, LHC ~ 2 fold; LHeC ~ 10 fold  
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IBS in RHIC for
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Beta-cool, A.Fedotov

  x n 0.2 m; s 4.9 cm  

This allows
a) keep the luminosity as it is 
b) reduce polarized beam current down to 50 

mA (10 mA for e-I)
c) increase electron beam energy to 20 GeV

(30 GeV for e-I)
d) increase luminosity by reducing * from 25 

cm down to 5 cm

Dynamics:
Takes 12 mins
to reach 
stationary
point
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IBS
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Gains from coherent e-cooling: 
Coherent Electron Cooling vs. IBS
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eRHIC: ERL or ring for electrons?
CeC is the key ingredient

ðRing-ring:

ðLinac-ring:

RHIC

Electron storage ring

RHIC

Electron linear accelerator

Takes full advantage of CeC
Natural staging strategy
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eRHIC IR2

p / A e

Energy (max), GeV 325/ 130 20

Number of bunches 166 74 nsec

Bunch intensity ( u) , 10 11 2.0 0.24

Bunch charge, nC 32 4

Beam current, mA 420 50

Normalized emittance, 1e - 6 m, 95% for p / rms for e 1.2 25

Polarization, % 70 80

rms bunch length, cm 4.9 0.2

ɓ*, cm 5 5

Luminosity, cm - 2s- 1
1.4 x 1034
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Evolution of beam in LHC at 7 TeV
(assuming nominal LHC bunch intensity 1.15e11 p/bunch and 40% of CeC cooling capability) 
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Stationary solution for ŶCeC = 0.8 hrs 

  x n 0.19 m; s 0.87 cm  

J.LeDuff , "Single and Multiple Touschek effects", 
Proceedings of CERN Accelerator School, 
Rhodes, Greece, 20 September - 1 October, 1993, 
Editor: S.Turner , CERN 95-06, 22 November 1995,
Vol. II, p. 573 
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Layout for ERL based LHC

Å Hadrons 
ð 1.15e11 per bunch

ð Cooled by CeC

Å Electron
ð Accelerated in the ERL - 60 GeV

ð Polarized electron beam current - 8 mA

Å Number of passes ð3

Å AC power consumption ð100 MW

Å Crab-crossing

Å ɓ*=12 cm

Å L = 2.1034 cm-2 sec-1

R=700m
R=700m

10 GeV linac  

10 GeV linac  

0.5 GeV
ERL-injector

Dump
Gun
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Coherent Electron Cooler 

Amplifier of the e- beam modulation
in an FEL with gain G FEL~10 2- 103
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Note that damping decrement

a) Does not depend on the energy of particles ! 
b) Improves as cooling goes on

It makes it realistic to think about cooling  intense proton 
beam in RHIC & LHC at 100s of GeV and 7 TeV energies 

Even though LHC needs one more trick (back up slides)

CeC ~
1

long,h trans,h

CeC
,e

,h

2Go
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A

rp ,e

n ,h

; ~1

Analytical formula for damping decrement
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Effects of the surrounding particles

Each charged particle CUAses generation of an electric field wave -packet 
proportional to its charge and synchronized with its initial position in the bunch 

Evolution of the RMS value resembles stochastic cooling!
Best cooling rate achievable is ~ 1 /N eff , Neff is effective 

number of hadrons in  coherent sample (ȿk=Nc ) 
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Fortunately, the bandwidth of FELs f ~ 10 13- 1015 Hz  is so large that this limitation does not play any practical role in most HE cases 

ȿk ~ 38 ɚfel
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Transverse cooling

Å Transverse cooling can be 
obtained by using coupling with 
longitudinal motion via 
transverse dispersion 

Å Sharing of cooling decrements 
is similar to sum of decrements 
theorem for synchrotron 
radiation damping, i.e. 
decrement of longitudinal 
cooling can be split into 
appropriate portions to cool 
both transversely and 
longitudinally: J s+Jh+Jv=1

Å Vertical (better to say the 
second eigen mode) cooling is 
coming from transverse 
coupling 

Non-achromatic chicane installed at the
exit of the FEL before the kicker section
turns the wave -fronts of the charged planes
in electron beam 
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e-Density modulation CUAsed by a hadron (co-moving frame)

Analytical: for kappa-2 anisotropic electron plasma,

G. Wang and M. Blaskiewicz , Phys Rev E 78, 026413 (2008)
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Numerical: VORPAL @ TechX )

R
v

vz

; T
vhx

vz

; L
vhz

vz

; 
Z

4 neR
2s3

;

A
a

s
; X

xho

a
;Y

yho

a
.

Parameters of the problem

Induces charge:
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Density plots for a quarter 
of plasma oscillation
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Numerical simulations ( VORPAL @ TechX )
Provides for simulation with arbitrary distributions and

finite electron beam size
VORPAL Simulations Relevant to Coherent Electron Cooling, G.I. Bell et al., EPAC'08, (2008) 

q Ze (1 cos pt)

© TechX
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