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Measure of Collider 
Performance is the Luminosity 

€ 

˙ N events =σA→B ⋅ L

L  =
fcoll ⋅ N1 ⋅ N2

4πβ*ε
⋅ g(β*,h,θ,σ z )

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? 
•  Traditional stochastic cooling does not have enough bandwidth to 

cool modern-day proton beams 

•  Efficiency of traditional electron cooling falls as a high power of 
hadron’s energy 

•  Synchrotron radiation is too fable – event at LHC energy cooling 
time is more than 10 hours 

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

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

•  Tunabiity 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 polarized pp ~ 6 fold, eRHIC ~ 5-10 fold, LHC ~ 2 fold 

V.N. Litvinenko, Jlab/CASA April 29, 2010 



One possible layout in RHIC IP 
of CeC driven by a single linac  

Gun 1 Gun 2 

Beam dump 1 Beam dump 2 
ERL dual-way electron linac 

2 Standard MeRHIC modules 

Ep, GeV γ	

 Ee, MeV 
100 106.58 54.46 
250 266.45 136.15 
325 346.38 177.00 

Modulator for Blue Modulator for Yellow 
FEL for Blue 

FEL for Yellow 

Kicker for Blue Kicker for Yellow 

V.N. Litvinenko, C-AD Accelerator Physics Seminar , July 31, 2009  

Selecting 
goals 
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      εxn0 = 2µm; σ s0 =13 cm; σδ 0 = 4 ⋅10−4   
τ IBS⊥ =4.6  hrs; τ IBS // =1.6  hrs

IBS in RHIC for 
eRHIC, 250 GeV, Np=2.1011 
Beta-cool, ©A.Fedotov 
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  εx n = 0.2µm; σ 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 β* from 25 

cm down to 5 cm  

Dynamics: 
Takes 12 mins 
to reach  
stationary 
point 

€ 

X =
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Gains from coherent e-cooling:  
Coherent Electron Cooling vs. IBS 
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List of potential p-p luminosity increases 
from CeC 

Average IP 
Luminosity 

Average Vertex  
Luminosity 

Leveling luminosity at Lpeak 2 2 

Long stores with L=const 2 2 

Short bunches 1.4 
6 for ±10 cm 
2 for ±30 cm  

Total 5.6 
24 for ±10 cm 
8 for ±30 cm  
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eRHIC IR1 

p /A e 

Energy (max), GeV 325/130 20 

Number of bunches 166 74 nsec 

Bunch intensity (u) , 1011 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 

β*, cm 25 25 

Luminosity, cm-2s-1 2.8x 1033  

Luminosity for 30 GeV e-beam operation will be at 20% level 

eRHIC IR2 

p /A e 

325/130 20 

166 74 nsec 

2.0 0.24 

32 4 

420 50 

1.2 25 

70 80 

4.9 0.2 

5 5 

1.4 x 1034   

Luminosity in eRHIC 
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2007 Choosing the focus:  
ERL or ring for electrons 
CeC is the key ingredient 

•  Two main design options for eRHIC: 

–  Ring-ring: 

–  Linac-ring: 

RHIC 
Electron storage ring 

RHIC 
Electron linear accelerator 

Natural staging strategy 

✔	
  
L x 10 
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ξe ~ 0.1

V.N. Litvinenko, talk  Duke University, Durham NC, April 27, 2010 
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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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                 εxn0 = 3.75µm; σ s0 = 7.55cm           
               τ IBS⊥ = 80  hrs; τ IBS // =61 hrs         
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Stationary solution for τCeC = 0.8 hrs  
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  εx n = 0.19µm; σ s = 0.87  cm  
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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 

•  Hadrons  
–  1.15e11 per bunch 
–  Cooled by CeC 

•  Electron 
–  Accelerated in the ERL - 60 GeV 
–  Polarized electron beam current -  8 mA 

•  Number of passes – 3 
•  AC power consumption – 100 MW 
•  Crab-crossing 
•  β*=12 cm 
•  L = 2.1034 cm-2 sec-1 

R=700m 
R=700m 

10 GeV linac   

10 GeV linac   

0.5 GeV 
ERL-injector 

Dump 
Gun 

V.N. Litvinenko, ABP Forum, CERN, April 9, 2010 



History  
possibility of coherent electron cooling was discussed qualitatively by  

Yaroslav Derbenev about 30 years ago 
•  Y.S. Derbenev, Proceedings of the 7th National 

Accelerator Conference, V. 1, p. 269, (Dubna, Oct. 
1980) 

•  Coherent electron cooling, Ya. S. Derbenev, Randall 
Laboratory of Physics, University of Michigan, MI, 
USA, UM HE 91-28, August 7, 1991 

•  Ya.S.Derbenev, Electron-stochastic cooling, DESY , 
Hamburg, Germany, 1995 ………. 
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What’s new in today’s presentation? 

   It is a new CeC is the scheme and the first with complete 
analytical and quantitative evaluation 

  The spirit of amplifying the interaction remains the same as in 
80’s.  but the underlying physics of interaction is different and 
also specific   

  Now we can analytically estimate and numerically calculate CeC 
cooling decrements for a wide variety of cases  

  FEL theory relevant for CeC is expanded significantly 
  Practical scheme for very high gain FEL amplifiers with noise 

suppression was developed 
  Recently we suggested spin cooling  
  There are two practical schemes to test CeC at RHIC 
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Start from longitudinal cooling , ultra-relativistic case (γ>>1)  

Amplifier of the e-beam modulation 
in an FEL with gain GFEL~102-103 

€ 

 RD //,lab =
cσγ

γ 2ω p

<< λFEL

€ 

RD⊥ =
cγσθe

ω p

vh 
2 RD// 

λFEL 

2 
R D

⊥
 

€ 

q = −Ze ⋅ (1− cosϕ1)
ϕ1 =ω pl1 /cγ
qpeak = −2Ze

λFEL 

€ 

LGo =
λw

4πρ 3

€ 

LG = LGo(1+ Λ)
GFEL = eLFEL /LG

€ 

Δϕ =
LFEL
3LG

€ 

cΔt = −D ⋅ γ − γ o
γ o

; Dfree =
L
γ 2 ;  Dchicane = lchicane ⋅ θ

2.......

€ 

kFEL = 2π /λFEL; kcm = kFEL /2γ o

  

€ 

Δϕ = 4πen ⇒ϕ = −ϕ0 ⋅ cos kcmz( )
 
E = −

 
∇ ϕ = −ˆ z Eo ⋅ X sin kcmz( )€ 

namp =Go ⋅ nk cos kcmz( )

€ 

A⊥ =

2πβ⊥εn /γ o

€ 

qλFEL ≈ ρ(z)
0

λFEL

∫ cos kFELz( )dz

ρk = kq(ϕ1); nk =
ρk

2πβε⊥

Ez 

€ 

ΔEh = −e ⋅Eo ⋅ l2 ⋅ sin kFELD
E − Eo

Eo

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ⋅

sinϕ2

ϕ2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ⋅ sinϕ1

2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

⋅ Z ⋅ X;  Eo = 2Goeγ o /βε⊥n

€ 

ω pt

€ 

−q /Ze

λFEL 

E0 

E < E0 

E > E0 

Modulator Kicker 
Dispersion section  
( for hadrons) 

Electrons 

Hadrons 

l2 
l1 High gain FEL (for electrons) 

Eh 
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E > Eh 

Dispersion At a half of plasma oscillation 

Debay radii 
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e-Density modulation caused 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) 
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Parameters of the problem 

Induces charge: 

z/RD// z/RD// 

r/RD// 
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Density plots for a quarter  
of plasma oscillation 

Ion rests in c.m. 
(0,0) is the location of the ion  

Ion moves in c.m. with 

(0,0) is the location of the ion  
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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)  
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© TechX 
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Central Section of CeC 

Electron density modulation is amplified in the FEL and made into a train with duration 
of Nc ~ Lgain/λw alternating hills (high density) and valleys (low density) with period of 
FEL wavelength λ. Maximum gain for the electron density of High Gain FEL is ~ 103. 
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3D FEL response 
calculated Genesis 1.3, confirmed by RON   

Main FEL parameters for eRHIC with 250 GeV protons

Energy, MeV 136.2 γ 266.45
Peak current, A 100 λo, nm 700
Bunchlength, psec 50 λw, cm 5
Emittance, norm 5 mm mrad aw 0.994
Energy spread 0.03% Wiggler Helical

The amplitude ( ) and 
the phase ( , in the 
units of π) of the FEL gain 
envelope after 7.5 gain-
lengths (300 period). Total 
slippage in the FEL is 300λ, 
λ=0.5 µm. A clip shows the 
central part of the full gain 
function for the range of ζ=
{50λ, 60λ}.  
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G ζ( ) =GoRe K ζ( ) ⋅ eikζ( );ζ = z − vt; k = 2π
λ
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2
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V.N. Litvinenko, Jlab/CASA April 29, 2010 



Genesis: 3D FEL 

Evolution of the maximum bunching in the e-beam  
and the FEL power simulated by Genesis.  
The location of the maxima, both for the optical power 
 and the bunching progresses with a lower speed compared  
with prediction by 1D theory, 
 i.e. electrons carry ~75% for the “information” 

Evolution of the maxima locations in the e-beam  
bunching and the FEL power simulated by Genesis. 
Gain length for the optical power is 1 m (20 periods)  
and for the amplitude/modulation is 2m (40 periods) 

€ 

vg ≅
c+ 3 vz
4

= c 1− 3
8
1+ aw

2

γ o
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

©Y.Hao, V.Litvinenko 

V.N. Litvinenko, Jlab/CASA April 29, 2010 



The Kicker 
A hadron with central energy (Eo) phased with the hill where longitudinal electric field is zero, a hadron with higher 
energy (E > Eo) arrives earlier and is decelerated, while hadron with lower energy (E < Eo) arrives later and is 
accelerated by the collective field of electrons  
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λFEL 

E0 

E < E0 

E > E0 

Periodical longitudinal electric field 

Analytical estimation 
Simulations: only started 

Step 1: use 3D FEL code out output + tracking 
First simulation indicate that equations on the left 
significantly underestimate the kick, i.e. the 
density modulation continues to grow after beam 
leaves the FEL   

©I.Ben Zvi 

Output from 
Genesis propagated 
for 25 m 

0m 5m 10m 

25m 15m 20m 

Step 2:  
use VORPAL with input from Genesis, in preparation  
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Analytical formula for damping decrement 
•  1/2 of plasma oscillation in the modulator creates a pancake of electrons with the charge -2Ze  
•  electron clamp is well within Δz~λFEL /2π 
•  gain in SASE FEL is G ~ 102-103 
•  electron beam is wider than               - it  is 1D field 
•  Length of the kicker is ~ β-function 
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• Electron bunches are usually much shorter and cooling time for the entire bunch is proportional to the bunch-lengths  ratios 
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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) 
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Analytical formula for damping decrement 
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Transverse cooling 
•  Transverse cooling can be 

obtained by using coupling with 
longitudinal motion via 
transverse dispersion  

•  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: Js+Jh+Jv=1 

•  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  

R26≠0 

€ 

δ ct( ) = −R26 ⋅ x

€ 

ΔE = −eZ 2 ⋅ Eo ⋅ l2 ⋅ sin k DE −Eo

Eo

+ R16 ʹ′ x − R26x + R36 ʹ′ y + R46y
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
;  

€ 

Δx = −Dx ⋅ eZ
2 ⋅ Eo ⋅ L2 ⋅ kR26x + ....

€ 

ζ⊥ = J⊥ζCeC ;  ζ // = (1− 2J⊥ )ζCeC ;
dεx
dt

= −
εx
τCeC⊥

;dσε
2

dt
= −

σε
2

τCeC //

    τCeC⊥ =
1

2J⊥ζCeC
; τCeC⊥ =

1
2(1− 2J⊥ )ζCeC

;      
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€ 

X =
εx
εxo
; S =

σ s

σ so

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

=
σE

σ sE

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

;

dX
dt

=
1

τ IBS⊥

1
X 3 / 2S1/ 2

−
ξ⊥
τCeC

1
S
;

dS
dt

=
1

τ IBS //

1
X 3 / 2S1/ 2

−
1− 2ξ⊥
τCeC

1
X
;

Example: CeC vs. IBS at RHIC 

€ 

εxn0 = 2µm; σ s0 =13 cm; σδ 0 = 4 ⋅10−4   
τ IBS⊥ =4.6  hrs; τ IBS // =1.6  hrs;

€ 

σε
2

τ IBS //

=
Nrc

2c
25πγ 3εx

3 / 2σ s

f χm( )
βyv

;    εx
τ IBS⊥

=
Nrc

2c
25πγ 3εx

3 / 2σ s

H
βy

1/ 2 f χm( ) ;κ =1

f χm( ) =
dχ
χχm

∞

∫ ln χ
χm

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ e−χ ; χm =

rcm
2c 4

bmaxσE
2 ;bmax ≅ n

−1/ 3; rc =
e2

mc 2 ;   (e− > Ze;m− > Am)

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

IBS in RHIC for 250 GeV, Np=2.1011 were scaled from the data below  
Reference value was provided by A.Fedotov using Beta-cool code © Dubna 

€ 

X =
τCeC

τ IBS //τ IBS⊥

1
ξ⊥ 1− 2ξ⊥( )

;   S =
τCeC
τ IBS //

⋅
τ IBS⊥
τ IBS //

⋅
ξ⊥

1− 2ξ⊥( )3

Stationary solution: 

€ 

  εx n = 0.2µm; σ s = 4.9  cm  

This may allow  
a)  RHIC pp - keep the luminosity at beam-beam limit all the time 
b)  RHIC pp – reduce bunch length to few cm (from present 1 m)  

1.  to reduce hourglass effect 
2.  To concentrate event in short vertexes of the detectors  

c)  eRHIC - reduce polarized beam current down to 50 mA while keeping 
the same luminosity 

d)  eRHIC - increase electron beam energy to 20 GeV 
e)  Both - increase luminosity by reducing β* to 5-10 cm from present 0.5m  
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Effects of the surrounding particles 

Each charged particle causes 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/Neff, Neff is effective 

number of hadrons in  coherent sample (Λk=Ncλ)  

€ 

ξCeC (max) =
Δ
2σγ

=
2
Neff

kDσε( )∝ 1
Neff

€ 

Etotal (ζ ) = Eo ⋅ Im X ⋅ K ζ -ζ i( )eik ζ -ζ i( ) − K ζ -ζ j( )eik ζ -ζ j( )

j ,electrons
∑

i,hadrons
∑

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

€ 

X = q/ e ≅ Z(1− cosϕ1) ~ Z

€ 

Λk = K z -ζ( )
2
dζ∫∫

€ 

Neff ≅ Nh
Λk

4πσ z,h

+
Ne

X 2
Λk

4πσ z,e

€ 

δ 2 ʹ′ = −2ξ δ 2 + D

€ 

ξ = −g δi Im K Δζ i( )eikΔζ i( ) / δ 2 ; D = g2Neff /2;   

g =Go
Z 2

A
rp
ε⊥n

2 f ϕ2( )(1− cosϕ1)
l2
β
⋅

⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
,

€ 

Eo = 2Go ⋅ γ o ⋅
e

βε⊥n

Fortunately, the bandwidth of FELs Δf ~ 1013-1015 Hz  is so large that this limitation does not play any practical role in most HE cases  

Λk ~ 38 λfel 
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γz/a 

Velocity map & buncher (γ>1000)  

γz/a 

z 

ε 

z 

ε 

Vz ñ 

Buncher 

€ 

δE
E
(z,r) = −Zre

γz
γ 2z2 + r2( )3 / 2

⋅ cΔt

€ 

δE
E

≅ −2Z re
a2
⋅
Lpol

γ
⋅
z
z
−

z
a2 /γ 2 + z2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 
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Exact calculations: solving Vlasov equation 

€ 

δγ
γ o

=
δγ i
γ o

− A γ ozi
ri

2 +γ o
2zi

2( )3 / 2 ;  z = zi +D δγ i
γ o

− A γ ozi
ri

2 +γ o
2zi

2( )3 / 2

⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
;

  

€ 

fo(r ,
 
p ⊥ ,z ,γ ) =

θ (r − a)
a2 / 2

⋅
θ (z − lz )

lz

⋅
1
2πσγ

e
−
(γ −γ o )

2

2σ γ
2

⋅ g(
 
p ⊥ )

€ 

lzρ(z) =Φ s( ) =
1

κ 2 2π
dy exp −

1
2
s− u 1− G

y + u2( )3 / 2

⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

2⎧ 

⎨ 
⎪ 

⎩ 
⎪ 

⎫ 

⎬ 
⎪ 

⎭ 
⎪ 
− exp −

s− u( )2

2

⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ −L / 2

L / 2

∫
0

κ 2

∫ du;

G = Z
reLmod D

γ oσ p1
D( )

3 ; κ =
a

γ oσ p1
D

; L =
lz

σ p1
D

  u =
x1

σ p1
D

; s =
z

σ p1
D

; y =
r2

γ oσ p1
D( )

2

y 

u 

λfel 

For 7 TeV p in LHC CeC case: simple “gut-
feeling” estimate gave 22.9 boost in the 
induced charge by a buncher, while exact 
calculations gave 21.7. 
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Beyond the basics toward the complete theory and simulation package 
Analytical, Numerical and Computer Tools to: 

1. find reaction (distortion of the distribution function of electrons)  
   on a presence of moving hadron inside an electron beam 

2a. Find how an arbitrary δf is amplified in high-gain FEL 

2b. Design cost effective lattice for hadrons + coupling 
3.  Find how the amplified reaction of the e-beam acts on the    
     hadron (including coupling to transverse motion) 

  

€ 

∂fe

∂t
+
∂fe

∂
 v 
⋅
e
 
E 
m

+
∂fe

∂
 r 
⋅
 v = 0;   r h (t) ≅  r o +

 v ht;

 
∇ ⋅
 
E ( ) = 4πene

Z
ne

δ
 r −  r h (t)( ) − fed

 v 3∫
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ .

€ 

f ⇒ fo + δf

  

€ 

fexit (
 r ⊥, p ,t) = fo  exit (

 r ⊥, p ) + K  r ⊥, p , r ⊥1,
 p 1,t − t1( ) ⋅ δf ( r 1,

 p 1,t1) ⋅ d
 r ⊥1∫ d p 1dt1
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   Modulator  
       Dimensionless equations of motion 

  

€ 

∂fe

∂t
+
∂fe

∂
 v 
⋅

e
 
E 
m

+
∂fe

∂
 r 
⋅
 v = 0;   r h (t) ≅  r o +

 v ht;

 
∇ ⋅
 
E ( ) = 4πene

Z
ne

δ
 r −  r h (t)( ) − fed

 v 3∫
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ .

€ 

R =
σv⊥

σvz

; T =
vhx

σvz

; L =
vhz

σvz

; ξ =
Z

4πneR
2s3 ;

A =
a
s

; X =
xho

a
;Y=

yho

a
.

  

€ 

t = τ /ωp;  
 
v =  ν σvz

;  
 
r =  ρ σvz

/ωp; ωp
2 =

4πe2ne

m

Parameters of the problem 

  

€ 

∂fe

∂τ
+
∂fe

∂
 
ν 
⋅
 
g +∂fe

∂
 
ρ 
⋅
 
ν = 0;

 
g = e

 
E 

mωp
2s
;

 
∇ n ⋅
 
g ( ) =

Z
s3ne

δ
 
ρ −
 
ρ i(t)( ) − fed

 
ν 3∫ ;

 
∇ n ≡ ∂  ρ .

€ 

s = rDz
= σvz /ωp

+Ze 
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Modulator Kicker 
Dispersion section  
( for hadrons) 

Electrons 

Hadrons 

l2 
l1 High gain FEL (for electrons) 

Eh 
E < Eh 

E > Eh 

Eh 

E < Eh 

E > Eh 
λ 

CeC: FEL response 

  

€ 

finput (
 r ⊥, p ,t) = fo  input (

 r ⊥, p ) + δf ( r ⊥, p ,t)

fexit (
 r ⊥, p ,t) = fo  exit (

 r ⊥, p ) + K  r ⊥, p , r ⊥1,
 p 1,t − t1( ) ⋅ δf ( r 1,

 p 1,t1) ⋅ d
 r ⊥1∫ d p 1dt1

1D FEL response 

€ 

ρexit (t;z) = ρo + G τ;z( ) ⋅ δρ(t − τ;0) ⋅ d∫ τ

€ 

ω0 =
2πc
λo
;
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Response - 1D FEL after 10 gain lengths 

Green-function 
envelope (Abs, Re and Im) 

Maximum located at 3.744 slippage units, 
(i.e. just a bit further that expected 3 and 1/3) 

The Green function (with oscillations) had 
effective RMS length of 1.48 slippage units. 

€ 

vg =
c+ 2 vz
3

= c 1− 1+ aw
2

3γ o
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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New theoretical developments beyond 1D  

©V.Litvinenko, G.Wang,  S.Webb – will be presented in details at FEL’2010 
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FEL’s Green Function  
1D  - analytical approach 
3D - 3D FEL codes RON and Genesis 1.3 

FEL parameters for Genesis 1.3 and RON simulations 
FEL gain length: 1 m (power), 2m (amplitude) 

Main FEL parameters for eRHIC with 250 GeV protons

Energy, MeV 136.2 γ 266.45
Peak current, A 100 λo, nm 700
Bunchlength, psec 50 λw, cm 5
Emittance, norm 5 mm mrad aw 0.994
Energy spread 0.03% Wiggler Helical

€ 

G τ;z( ) = Re ˜ G z τ( )eiωoτ( )
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Genesis: 3D FEL 

Evolution of the normalized bunching envelope 

The Green function (with oscillations) after 10 gain-lengths 
 had also smaller effective RMS length [1] of 0.96 slippage units  
(i.e. about 38 optical wavelengths, or 27 microns 

©Y.Hao, V.Litvinenko, S.Reiche 
Evolution of the bunching and optical power envelopes 
(vertical scale is logarithmic) 
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Shot-Noise Suppressor 
(in time) 

Laser amplifier 

Wiggler 1 Wiggler 2 
Buncher 

to HG FEL 

€ 

hω
o = eiϕ n

n=1

N

∑ ;  hω
o 2

= N

Such system will reduce the 
amplitude of shot-noise by the 
factor N 1/2 , and the power of 
short-noise (spontaneous 
radiation, SASE) by a factor of N. 

V.N. Litvinenko, FLS 2010, SLAC, March 4, 2010 

€ 

ϕ = kl ⋅ cτ
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Bunch compression and 
extension to shorter wavelength 

•  Bunch compression needed for X-ray FELs is also useful for removing 
the noise at X-ray wavelength using optical (V/IR) noise canceller 

•  There are many possible schemes – here is the simplest one 

€ 

ϕx = kX cτ( );  hX = eikX cτ n( )3

n=1

N

∑ = e
ikX

r56

R56
cτ n( )1

n=1

N

∑ → 0   ∀kl = kX
r56

R56

Noise killer  
at  

€ 

λl = 2π /kl
Exchanger 

€ 

Me =
1 R56

−1/R56 0
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Compressor 

€ 

Mc =
0 r56

−1/r56 1
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

FEL amplifier 

€ 

Mt =

r56
R56

0

−
1
R56

−
1
r56

R56
r56

⎛ 

⎝ 

⎜ 
⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ ⎟ 

Thus it is possible using visible/IR noise 
killer to suppress noise in X-ray FEL  
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Polarizing Hadron Beams  
with Coherent Electron Cooling 

New LDRD proposal at BNL: VL & V.Ptitsyn 
Modulator Kicker Delay for hadrons 

Electrons 

Hadrons 

l2 
High gain FEL (for electrons) 

λ 

HW1 
left helicity 

HW2 
right helicity 

Modulation of the electron 
beam density around a hadron is 
caused by value of spin 
component along the 
longitudinal axis, z. Hardons 
with spin projection onto z-axis 
will attract electrons while 
traveling through helical wiggler 
with left helicity and repel 
them in the helical wiggler with 
right helicity. 

The high gain 
FEL amplify 
the imprinted 
modulation.  

Hadrons with z-component 
of spin will have an energy 
kick proportional to the 
value and the sigh if the 
projection. Placing the 
kicker in spin dispersion will 
result in reduction of z-
component of the spin and 
in the increase of the 
vertical one.  

  

€ 

d
 
n /dγ

This process will polarize the hadron beam  



Polarizing Hadron Beams  
with Coherent Electron Cooling 

•  It is very provocative proposal and requires very high gain FELs for 
attaining reasonable spin-cooling times – no time to go into many 
details 

•  For LHC this technique could an unique opportunity to operate with 
polarized hadrons 

•  in RHIC, bringing polarization of proton beams close to 100% would 
provide for a nearly eight-fold boost of the observables and could 
be of critical for solving long-standing proton spin crisis 

•  The methods can be used for polarizing other hadrons, such as 
deuterons – polarization of which is considered to be impossible in 
RHIC, He3 and other ions 

•  The technique can open a unique possibility of getting polarized 
antiprotons 
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Layout for Coherent Electron Cooling 
 proof-of-principle experiment in RHIC IR 

Join BNL-Jlab option 
Collaboration is opened for all interested labs/people 

DX DX 19.6 m Modulator, 4 m Wiggler 7m Kicker, 3 m 

Parameter 
Species in RHIC Au ions, 40 GeV/u 
Electron energy 21.8 MeV 
Charge per bunch 1 nC 
Train 5 bunches 
Rep-rate 78.3 kHz 
e-beam current 0.39 mA 
e-beam power 8.5 kW 

40 
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Conclusions 
•  Coherent electron cooling has potential of cooling high intensity 

TeV scale proton and ion beams with reasonable (under an hour) 
cooling time 

•  Electron accelerator of choice for such cooler is energy recovery 
linac (ERL) 

•  ERL seems to be capable of providing required beam quality for 
such coolers 

•  Majority of the technical limitation and requirements on the beam 
and magnets stability are well within limit of current technology, 
even though satisfying all of them in nontrivial fit  

•  We plan a proof of principle experiment of coherent electron 
cooling with Au ions in RHIC at ~ 40 GeV/n 
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