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Coherent electron cooling

Cooling intense high-energy hadron beams remains a major challenge for accelerator physics.
Synchrotron radiation is too feeble, while efficiency of two other cooling methods falls
rapidly either at high bunch intensities (i.e. stochastic cooling of protons) or at high energies
(i.e. e-cooling). Possibility of coherent electron cooling using instabilities in electron beam
was discussed by Derbenev since early 1980's . this talk is a first specific scheme with
complete theoretical evaluation of  its performance. The scheme is based present-day
accelerator technology - a high-gain free-electron laser driven by an energy recovery linac.
I will present some numerical examples and results on eRHIC luminosity increases. I also will
discuss a proof-of-principle experiment using R&D ERL at RHIC.

in collaboration with Yaroslav S. Derbenev
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

*First paper: Vladimir N. Litvinenko, Yaroslav S. Derbenev, Free-Electron Lasers and High-Energy Electron Cooling, Proc. of 29th
International FEL Conference, Novosibirsk, Russia, August 2008, http://accelconf.web.cern.ch/AccelConf/f07/HTML/AUTHOR.HTM  p. 268
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Contributions from George Bell, Ilan Ben-Zvi, Michael Blaskiewicz,  David
Bruhwiler, Alexei Fedotov, Dmitry Kayran, Eduard Pozdeyev, Gang Wang

Collaboration on Coherent Electron Cooling includes scientists from BNL, Jlab, BINP (Novosibirsk),
FNAL, Dubna, UCLA, TechX, LBNL… open for others: http://www.bnl.gov/cad/ecooling/cec.asp
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In eRHIC luminosity is
determined by the hadron beam!
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Thus, reducing (cooling) emittance of hadron beam, εh, allows to
proportionally reduce electron beam current (Ne~εh). This in return
reduces strain on photocathode, loss on synchrotron radiation ->
means higher energy!, X-ray back-ground in detectors…. In
combination with reduction of the bunch length, this also allows
reduction of β* and an increase of the luminosity.

Thus, strong cooling makes eRHIC a perfect EIC!

Round beams
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Decrements for hadron beams
with coherent electron cooling
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History
possibility and various options of coherent electron cooling were suggested by

Yaroslav Derbenev about 27 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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Q: What’s new?

A1. Accelerator technology progressed in last 20+ years and 
– energy recovery linacs with high quality e-beam
– high gain amplification in FELs at µm and nm wavelengths

became reality in last decade
A2. A practical scheme with a complete theoretical evaluation had

been developed (vl/yd) in 2007/2008
A3. Checks of most important tolerances on e-beam, hadron beam

and lattice had been performed
A4. The scheme had been presented at major international forums

(FEL’07 and COOL’07), at major accelerator labs (BNL, CERN,
BINP, Jlab…) and passed fist tests of scrutiny
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Coherent electron cooling, ultra-relativistic case (γ>>1)
Start from longitudinal cooling

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

Modulator:region 1
a quarter to a half
of plasma oscillation

Kicker:  region 2,
less then a quarter of
plasma oscillation

Longitudinal dispersion for
hadrons

Electrons

Hadrons

<-       L1        -> <-     L2     ->

E>EoEo

E<Eo

Most versatile option
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Completely Analytical Solution
© Michael Blaskiewicz, Gang Wang - to be published in Phys. Rev. B
In full agreement with the model used for coherent electron
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R=3; Z=0; T=0  –  Asymmetry of electron velocity distribution
 pancake-shaped wake

©Tech-X: Courtesy of
D.Bruhwiler & G. Bell
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©Tech-X

Vx (rms) = Vy (rms) = 2.8E4 m/s, Vz (rms) 9.0E3 m/s

Note: Given the density and box size above, the number of actual electrons in the slice shown is only_8.10E15 e-/m^3)(5.3E-
5 m)(2.1E-6 m)(1.0E-4 m) = 90_n order to get reasonable statistics, each electron was split into N microparticles having the
same charge/mass ratio. In the simulations, N=3500. An individual wake behind a gold ion will be much noisier
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Amplifier of the e-beam
modulation via High Gain
FEL and
Longitudinal dispersion
for hadrons

Modulator:region 1
a quarter to a half
of plasma oscillation

Kicker:  region 2

E>EoEo

E<Eo

Electrons

Hadrons

<-                L1                     ->
<-            L2              ->

Economic option

Coherent electron cooling, ultra-relativistic case (γ>>1)

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 HG FEL is ~ 103.
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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 region 2 is ~ beta-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

!!!!  Protons in RHIC & LHC
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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 
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Coherent e-Cooling for eRHIC
(protons are the main challenge)

Electrons

1
Energy 0.177 GeV
Energy 1.770E+08 eV
γ 346.38
N, part/bunch 3.12E+10
Charge 5.0 nC
Bunch length 0.050 nsec
Bunch lengt, full 0.015 m
Peak current 100.0 A
Emittance, norm, RMS 5 mm mrad
Emittance, RMS 1.443E-08 m rad
σE/E 2.26E-04
σE 4.00E+04 eV
Long emittance 2.000E-06 eV sec

Main Parameters CeC
Modulator Length 15 m
Kicker length 5 m
Peak current, e 100.0 A
Amplification 200.00
Wavelength 500 nm
λw 5 cm
FEL bandwidth 0.1

Cooling time
Emittance, Full bunch 0.086 hrs
Ampl, Full bunch 0.171 hrs
Local 50.23 sec
Length of the system 32.49 m
FEL length 12.49 m
FEL gain length 0.99 m

Hadrons
Z 1
A 1
Energy per nucleon 325 GeV
Energy per nucleon 3.250000E+11 eV
γ 346.38   =
N, part/bunch 2.00E+11
Charge 32.04 nC
Bunch length 0.433 nsec
Bunch lengt, RMS 0.130 m
Peak current 29.50 A
Emmitance, norm 2 mm mrad
Emmitance, m rad 5.77398E-09
σE/E 4.00E-04
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Main advantages of ERL + cooling

• Main point is very simple: if one cools the emittance of a
hadron beam in electron-hadron collider, the intensity of the
electron beam can be reduced proportionally without any loss
in luminosity or increase in the beam-beam parameter for
hadrons

• Hadron beam size is reduced in the IR triplets - hence it opens
possibility of further β* squeeze and increase in luminosity

• Electron beam current goes down -> relaxed gun!, losses for
synchrotron radiation going down, X-ray background in the
detectors goes down….
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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 25 mA (5 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
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Einj =2.5-.3.5 MeV
Etotal = 25 MeV, Imax = 0.5 A
εn ~ 2 mm mrad @ 1.4 nC

Single Loop, SRF Gun
5 cell SRF linac, 703.75 MHz

BNL1X with He vessel
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R&D ERL at BNL
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79,  197Z, A1 109N per bunch

1.35LG3D, m6.75 (7)Amplitude gain =150, Lw , m

0.256Number of plasma oscillations5.03 109ωpe, CM, Hz

0.15%Relative energy spread4Emittance norm,  µm

60Peak current, A21.79Energy e-, MeV

83Bunch length, RMS, psec 4 x 1.4Charge per bunch, nC

2.6 minutesCooling time, beam, min8 106> 6 104Nturns, Ñ, 5% BW

0.05 minutesCooling time, local, minimum3L2 (lab frame) ,m

0.67LGo, m0.555aw

5 λw, cm18 λFEL, µm

3.3 λD, µm611 λD⊥, µm

4L1 (lab frame) ,m5β⊥, m

8β⊥, m*2.5Emittance norm,  µm

0.037%Relative energy spread3.2RMS bunch length, nsec

42.63γ40Energy Au, GeV/n

PoP test using BNL R&D ERL:
Au ions in RHIC with 40 GeV/n, Lcooler = 14 m
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2-3 MeV

2-3 MeV

20 MeV

20 MeV

20 MeV

2-3 MeV

SC RF Gun

SC 5 Cell cavity

Beam dump

IR-2 layout for Coherent Electron Cooling
 proof-of-principle experiment

DX DX
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See presentation by D.Kayran at 3:10 p.m., Tue, May 20
Parallel session: Accelerators
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Conclusions
• Coherent electron cooling is very promising

method for significant increases in luminosity
and energy reach in eRHIC

• It could be the key for reducing electron beam
current from polarized gun and increased reach
in eRHIC c.m. energy

• We plan a proof of principle experiment of
coherent electron cooling with Au ions in RHIC
at ~ 40 GeV/n and existing R&D ERL as part of
EIC R&D


