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Abstract

Cooling techniques are required for improving the
quality of hadron beams and increasing the luminosity in
hadron- and electron-hadron-colliders. In contrast to light
leptons that have very strong radiation damping via
synchrotron radiation, the hadrons radiate very little (even
in a 7-TeV LHC) and require an additional cooling
mechanism to control the growth or reduce their
emittances. In this paper, we focus on the advances in,
and challenges of Coherent Electron Cooling (CeC) that
promises to be an effective method of cooling of high-
energy hadron beams, and potentially even ultra-
relativistic muon beams.

Specifically, we describe the underlying physics
principles, and the advances in this revolutionary, but yet
untested, technique: viz., CeC. While we described
physics principles in an earlier paper [1], our
comprehensive studies revealed several other important
factors affecting the CeC’s performance [2-5]. In this
paper, we summarize our main findings as well as
presenting current advances and novel CeC schemes. We
also briefly describe the CeC demonstration experiment
under preparation at Brookhaven National Laboratory; its
detailed description is part of these proceedings [6].

INTRODUCTION

In contrast to electron- and positron-beams, hadron
beams in all present-day storage rings and colliders do not
have strong loss mechanism, such as synchrotron
radiation and, therefore, there is no natural mode of
damping to reduce their energy spreads and emittances.
Cooling hadron beams transversely and longitudinally at
the energy of the collision may greatly increase the
luminosity of high-energy hadron colliders and future
electron-hadron colliders, such as the RHIC [7] eRHIC
[8], ELIC [9], and even the LHC/LHeC [10]. The high
luminosity of these colliders is critical for high-energy
physics and in high-energy nuclear physics.

Presently, two techniques are used for efficiently
cooling hadron beams; electron cooling [11], and
stochastic cooling [12]. Unfortunately, the efficiency of
traditional electron cooling rapidly falls with the increase
in the beam’s energy. Detailed studies of this technique
for RHIC demonstrated that its efficiency declines as
hadron energy to the power 2.5. Consequently, the
cooling time for 250 GeV protons in RHIC would exceed
30 hours, a time that is too long, and the strength of this
cooling is too feeble to affect luminosity in RHIC,
eRHIC, or in ELIC. It also will not suffice for reducing
the beam’s emittance and the bunch length of hadron
beams envisioned eRHIC.

The efficiency of traditional stochastic cooling, while
independent of the particles’ energy, rapidly falls with the
particles’ number and their longitudinal density [12].

Hence, while this technique has been very successful with
ion beams, it is ineffective for proton beams with a typical
linear density ~ 10'-10'* protons per nanosecond. The
eRHIC relies upon a very high longitudinal- and
transverse-density of ions, with the growth times of intra-
beam scattering (IBS) ranging from a few seconds to a
few minutes. Present-day stochastic cooling [13] has
cooling time ~ 10-100 hours, and cannot offer the cooling
required to attain high luminosity.

Accordingly, it is impossible to assure the cooling of
protons with energies from about 100 GeV in RHIC (or
eRHIC) with conventional techniques . However, two
potential candidates might be up to the task; viz., optical
stochastic cooling (OSC) [14], and coherent electron
cooling (CeC) [1].

The OSC technique is very interesting but highly
inflexible; it is based on a fixed wavelength laser
amplifying undulator radiation from the hadron beam.
Hence, it is hardly useable, if at all, for hadron colliders
operating at various energies. For example, operating the
RHIC at 50 GeV and 250 GeV with the same OSC system
would necessitate changing the amplifier wavelength by a
factor of 25, i.e., well beyond the capabilities of current
lasers.

In contrast, the CeC technique is based on the fully
adjustable optics-free FEL-amplifying mechanism [1].
Furthermore, it does not necessitate our making any
changes in the system, neither to support a large range of
the operational energies nor for cooling different species.
In addition, the amplifier’s wavelength naturally scales
with the particles’ energy.

Finally, there are CeC schemes that do not require the
FEL as an amplifier, the so-called hybrid and bunching/
micro-bunching schemes [15-19] that we discuss briefly
in next session; however, they await a detailed evaluation
of their performance.

COHERENT ELECTRON COOLING

The CeC scheme is based on the electrostatic
interactions between electrons and hadrons that are
amplified ether in a high-gain FEL or by other means. The
CeC mechanism bears some similarities to stochastic
cooling, but with the enormous bandwidth of the
amplifier. Here, we briefly review the fundamental
principles of physics involved in coherent electron
cooling (CeC). Fig.1 is a schematic of a classical coherent
electron-cooler, comprising a modulator, a FEL-amplifier,
and a kicker. It also illustrates some aspects of the process
of CeC. .

Figs. 2-4 depict three other schematics of the CeC using
approaches other than an FEL amplifier [15-19]. These
schemes are developed conceptually, and detailed studies
still are essential, similar to that of the classical CeC



scheme, to support our evaluations of both their potential ~ physics of classical CeC and its drawbacks. Many of our
and their limitations. Hence, we first fully describe the conclusions are applicable to the other CeC schemes.
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Fig. 1. A general schematic of the classical Coherent Electron Cooler comprising three sections: A modulator, an FEL
plus a dispersion section, and a kicker. For clarity, the size of the FEL wavelength, A, is exaggerated grossly .
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Fig. 2. A hybrid CeC schematic uses a broad-band laser amplifying electron-beam’s radiation from a short wiggler. The
amplified laser power then, in a second wiggler, modulates the electrons energy. The latter is transferred into a density
modulation using the Rs¢ of an achromatic dog-leg.
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Fig. 3. A CeC with an enhanced bunching by a single strong-field buncher. The scheme requires that the electron beam
has special qualities [15-19].
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Fig. 4. A layout of a CeC using a micro-bunching instability as an amplifier [17].

In contrast to the two schemes shown in Figs. 1 and 2, which have a limited bandwidth ~ 10" Hz, the schemes shown in
Figs. 3 and 4 essentially can generate a single wavelet of the bunch density and extend the CeC’ bandwidth to ~ 10'” Hz.

In the CeC, the electron- and hadron-beams have selecting the energy of electrons such that the
the same velocity, v: relativistic factors ¥ of the two beams are identical.
vy, =E, /mec2 -E, /mhc2 =1/A1=v3/ct >>1 (1) The CeC works as follows: In the modulator, each

hadron (with charge, Ze, and atomic number, A)
induces density modulation in electron beam that is
amplified in the high-gain FEL; in the kicker, the

and co-propagate, in a vacuum, along a straight line in
the modulator and the kicker; this is achieved by



hadrons interact with the beam’s self-induced electric
field and experience energy kicks toward their central
energy. The process reduces the hadrons’ energy
spread, i.e., it cools the hadron beam.

In detail, within the modulator, each individual
hadron attracts the surrounding electrons and generates
an imprint of density modulation. In about a quarter of
the plasma period, each hadron becomes surrounded by
a cloud of electrons with a total charge equal to that of
its own, but opposite in sign, i.e., it is shielded. In the
co-moving frame, the longitudinal velocity-spread is
much smaller than that in the transverse direction.
Consequently, the transverse Debye radius greatly
exceeds that in the longitudinal direction, and the
electron cloud assumes a very flat, pancake-like shape.

These individual density-modulations are self-
amplified when electron beam passes through a high-
gain FEL into a wave-packet in the electrons’ density.

This periodic density-modulation generates a
periodic longitudinal electric-field. When the hadron
recombines with the electron beam, it is exposed to this
field. We select the delay between the self-induced
wave-packet and a hadron such that a hadron with
central energy (E,) arrives at the kicker on the top of
the electron-density peak, where electric field is zero.
Hence, it does not experience any change in its energy.

The hadron’s dispersion section imposes a time-of-
flight dependence on the hadrons’ energy . Thus, a
hadron with higher energy than E, reaches the kicker
ahead of the negatively charged (high density) peak,
and is dragged back (decelerated) by its self-induced
electric field. Similarly, a hadron with lower energy
than designed value enters the kicker behind the
negatively charged (high density) peak and is pulled
forward (accelerated) by the self-induced electric field.
The outcome of this process is a reduction in the
hadrons’ energy spread, and the subsequent
longitudinal cooling of the hadron beam.

In following sub-sections, we describe the main
effects in each section of the CeC.

CeC Modulator

The co-moving frame (c.m.) of reference, where
the electron- and hadron-beams are at rest, is the most
natural one for describing the processes in the
modulator. Therein, the motion of the electrons and
hadrons is non-relativistic, and can be described from
first principles. We note that the velocity spreads of the
electrons and hadrons are highly anisotropic with

O, >>0,, where z is direction of beams’

vy
propagation. In the modulator, a positively charged
hadron attracts electrons, creating a cloud of them
around it. If the hadron moves with nearly-constant
non-zero  velocity, Vh = 5CVX + §7Vy +2Z-v, the

electron cloud follows it with some lag, A « v_/w e

The typical dimensions of this disk-shaped electron
cloud (a pancake) are given by the dynamic Debye
radii:

R, x (|Va|+ o, )/wp; o=xy,2,

2 :
where @, =+/47ne”/y,m, is the plasma

frequency of electron beam in the c.m. frame, 7, is the
lab-frame electron density, and, -e and m,, respectively,
are the electron’s charge and mass. We can show
analytically (for an infinite plasma [20]) that a simple
formula represents the total charge induced by the
hadron in the electron plasma:

q =—Ze-(1—cosa)pt), )
where Ze is the charge of the hadron. An exact solution
was analytically derived [20] for the response on the

presence of a hadron in a homogenous infinite electron
beam with anisotropic k-2 velocity distribution:

2 2 2\
= n \ v \%
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This result was used for testing simulations by Tech X
Co. with VORPAL code [21] that currently can
simulate modulators for an finite electron beam with
arbitrary distributions [22].

The induced change can be in the order of that of
the ion,

x=--24
-Ze
for modest hadron-beam energies and a modest peak
current of the electron beam. However, this is not
applicable for the LHC with TeV-scale hadron beams
when the phase-advance of the plasma oscillation is

very small (@ t << 1) and would result in negligibly
y P

small induced-charge:
X x (a)pt)2 /12<<1
One solution to resolving this problem is using a
compensated chicane as a buncher [16] after the
modulator. In a modulator with the length L, the hadron
will induce an energy modulation of the electrons beam

depending on their relative longitudinal position to the
hadron:

A, L |2z Z

<6—E>——2Z—e-—- A — T
E a v, \ld Ja’ryi+2

where a is the radius of electron beam. An exact
analytical solution of the Vlasov equation for this case
is possible in an impulse model [18]. For a Gaussian



energy-distribution RMS spread, O, in electrons the

E°
longitudinal density is given by following expression:
Y-QY’+z Y-Qr’-¢
E +Ei
I
Pz Ryo,)=mc, [YdY- 1-Qr~
0 Y+z

e[ o)
where Q=Z-rL/RZ }/30'3 , I, is the classical

e

electron’s radius, and Ry, is the longitudinal

dispersion of the buncher [18]. A typical distribution of
induced charge is shown in Fig.5. For a wide beam, the
peak of such distribution contains

reL|R56|
Yo

of electrons, which is proportional to the buncher’s
longitudinal dispersion [18,19], while its width is
proportional to its product on the relative energy spread
of electrons. Thus, the maximum induced-charge can
be increased to the limits set by the space charge [23].

N, =~4mZn, 4)

A
n
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Fig. 5. Profile of the induced density modulation in the
modulator-buncher section.

Modulator-buncher based CeC.

Hence, such bunching can be used to increase the
induced charge in classical CeC, or to use this effect
directly in enhanced bunching CeC, shown in Fig. 3.

Fig. 4 shows the CeC scheme wherein this process is
applied periodically to facilitate micro-bunch instability
and to increase the induced bunch’s density beyond that
in eq. (4) while keeping a similar spiked induced-
density profile and the same duration [17]. The
bandwidth of the CeC based on the bunching is
determined by the duration of the density spike,

Af =c/(Ry0,)

and could be in the 10" Hz range [17,18]. While
looking very promising and potentially cost-effective,
these schemes require detailed studies. One potential
complication is the need for a very high Rss value that
might significantly delay the electrons. To assure that
the hadrons interact with the self-induced spike in the
e-beam, the delay of the hadrons should be equal to that
of electrons . Achieving the latter may require a very
strong and large magnetic system to delay the hadron
beam and also to match its longitudinal dispersion to
the value required for optimum cooling (discussed in
the kicker section).

CeC amplifier

We start this discussion again from the classical
CeC scheme with the FEL serving as amplifier of the
microscopic modulation of the e-beam’s density
imprinted by hadrons in the modulator.

An FEL is a resonant instability at the wavelength
of

Ry =2, (14(@2)) 12123 Kk, =270/ 4,

o

where A, is the wiggler’s period and

d,=eA,/mc’ is the its dimensionless vector
potential . If the longitudinal extent of an induced
perturbation is considerably shorter than the FEL
wavelength, it will be amplified similar to the shot
noise (d-functions in z-direction), a case well known in
the theory of SASE FELs [24]. Since we are interested
in a linear regime of FEL amplification, a response on a
d-function-like density perturbation can be described
by a Green function:

on=G,(z-z,), G,(z)=ReG,(2)e"", (5)
That, in turn, is described by its envelope and phase
G,(z)= |G0 (Z)|ez¢(z) '

While analytically exploring the evolution of the
density modulation wave-packet originating from a o-
function-like perturbation to the best possible extent,
[25-27], we took full advantage of the well-tested 3D
FEL code Genesis 1.3 [28] to detail its evolution [3,29].

Fig. 6 below shows a typical simulated Green
function for a FEL operating in the visible range [3,4].

Amplitude Phase/n
25

3]

0.5

3 s - 3 E w0 0
0 50 100 150 200
(z-vi)/

Fig. 6. The amplitude (blue line) and the phase (red line
in units of A,/2) of the FEL-gain envelope (Green
function) after 7.5 amplitude gain-lengths (300
periods). The total slippage in the FEL is 300 A,, A,
=0.7 um. The clip shows the central part of the full gain
function within the range of {={50 X, 60 A, } wavelets.
The 6-like initial perturbation is located at =0 wavelet.

We also explored the evolution of the wave packet as it
propagates along the FEL [3,4,29]. In short, its
evolution can be described as follows : During four
gain-lengths, the peak density remains in its original
state, propagating with the longitudinal velocity of the
electron beam, e.g., slipping behind the light for one



FEL wavelength per wiggler period. Its amplitude falls
slightly because of the de-phasing caused by energy
spread and emittance. At the same time, a wave-packet
of the optical wave, energy, and density modulation
starts forming in front of the perturbation. After about 4
gain-lengths, the amplitude of the density modulation
(bunching factor) in the wave-packet reaches the level
of the initial perturbation; thereafter, growth is nearly
exponentially, as depicted in Fig. 7.
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Fig. 7. Evolution of the e-beam peak of the bunching
factor and the FEL power simulated by the code
Genesis. Gain length for the optical power is 1 m (20
periods) and for the amplitude/modulation, it is 2m (40
periods). [3,4]

We also found [3,4] that group velocity of the wave-
packet was slightly lower than the predicted 1D FEL

theory value of V,,,, =(c+ 2<VZ€ >) /3, and is closer

to
Vi =(c+3{v._ )14

There also is an additional delay of the wave-packet
occurring during the formation period, as detailed in
[3.4].

Since the delay in the formation of the wave-
packet is about 4 gain-lengths, the maximum gain of
the density modulation (i.e., . the maximum value of
the Green-function) is less than a simple exponential
estimate for the amplification in a continuous wave in

an FEL, G, =exp[L,/L,|/3, where L, is the

amplitude e-fold gain length of the FEL.

The gain limitation in FEL, as in other electron-
beam instabilities, results from saturation. It can be
treated in model-independent way for a case wherein
the initial density perturbation comprise a random,
uncorrelated shot-noise. Thus, the results are applicable
to any amplifier of density perturbation in CeC
schemes; details of the derivation appear in [30].

In a case of the CeC, the initial signal is the direct

S ofe-a)ex 3 of-z)

ielectrons Jshadrons

where Z;and Z; correspondingly are the longitudinal

locations of electrons and Debye ellipsoids, at the
entrance of the amplifier. In the linear regime as in
eq.(5), the arnphﬁed density becomes

n,(t,z)= n+2G (z- z)+XEG(z zZ;)

It is well known that e-beam 1nstab111t1es, including
that in FEL, are described by a set of self-consistent
Maxwell and Vlasov equations. In its classical limit,
Maxwell equations are completely linear. The latter is
not true for the Vlasov equation; hence, it is
responsible for the saturation, which occurs when the e-
beam’s density modulation becomes comparable with

the initial beam’s density: |<5n| ~n,.
Using the randomness of the short noise in both
the electron- and hadron- beams, we readily show [30]

that Green function is limited by the following
equation:

A

N,

< (6)
N |1+X*- N
N

e

|gmax =

Ap=2
with g(z) = f G, &)e' kot dC®  being the

amplification of the bunching factor (i.e.., the
parameter typically used in FEL theory and

simulations), where N ,=Al, /ec and
N w=A1,/Zec are number of electrons and

hadrons, correspondingly, per wavelength, and N, is

the Green-function correlation length in units of the
wavelength:

[16@)dz

S E— o'
A’O |G(Z)|max 560

that is inverse proportional to the amplifier’s relative
bandwidth [30]. In practical units eq. (5) becomes

1,[A] 2, [um]

2
Nc_(nx L
1

¢ =

8 =144+

Z

e

where N . can be estimated from the FEL formulae, or,

which is much more accurate, can be calculated from a

"We note that for 3-function |g|max =1 as easily can be

seen from
Aotz

- f 8(z-z)e" dz=e"vz, €E{z,z+ A, };



simulated Green function. For example, the Green
function shown in Fig.6 has N, = 38 corresponding

to FEL amplification bandwidth of 1.13x10" Hz.

Formula (6) was checked with direct simulations
using Genesis 1.3 [29] for wavelength from tens of nm
to tens of microns; it showed an excellent agreement
within 10-20%.

Studies of saturation clearly demonstrated that the
Grenn-function envelope stops growing at saturation
(or even falls), and, after few gain-length passes, its
phase has become randomized, e.g., cooling would stop
working. It proved our assumption that we have to use
only the linear response of the FEL. As a practical limit
for Green-functions, we do not exceed 50% of the limit
in eq. (6).

It is important that eq. (6) applies to the other CeC
schemes shown in Fig. 3-4. The advantage of the

bunching schemes is that N, ~1.

CeC with laser amplifier

As indicated in Fig. 2 and Fig. 8, a broad-band laser
amplifier can be wused to amplify the density
modulation in an electron beam. This initial modulation
is imprinted in the radiation from a short wiggler
(tuned to the laser’s wavelength). Modern laser
amplifiers, especially optical parametric amplifiers
(OPA) operating in or near IR have a large bandwidth
reaching towards few 10" Hz, high gain and low noise

[31,32]. Hence, wigglers with few wiggler periods N |
should be used to keep the large bandwidth of the

systemof N, ~N_, ., +2N, .
R Bunching
Amplification
Electrons Short P

Wiggler MM /
N 11111} w\/\/\/\/\/»ﬁi.fvﬂ va\v -

Spontaneoys UUU c >

radiation nergy

modulation

Fig. 8. Details of the laser amplifier scheme for the CeC.

When it is amplified, it modulates the electron’s
energy in the second wiggler. The latter becomes
translated into a density perturbation. Naturally, the limit
in the gain in density modulation in eq. (6) also directly
applies to this scheme .

While looking simpler and likely less expensive than
an FEL amplifier, the laser-amplifier-based CeC would be
required to accommodate a few-cm delay for a hadron
beam, associated with light delays in the laser amplifier
and the windows required to extract and inject light from
and to the vacuum system. Such a delay system for 100-
Gev- to TeV-scale hadron beams could be very
complicated and very expensive. Hence, the advantages of
this scheme should evaluated for a specific project.

CeC kicker

CeC employs a longitudinal electric field self-
induced by a hadron in form of density modulation in
electron beam to correct the energy of the hadron. Since
the value of the longitudinal electric field does not change
when transferred from co-moving to the laboratory frame,
it is easiest task to calculate the field in a co-moving (cm)
frame, where electron beam is at rest. In the latter case,
the transverse sizes of the beam are that same as in the
laboratory frame, while the longitudinal size is boosted by
the Lorentz factor: in the cm frame, the density is
modulated with period of

A‘ocm = Y()Ao; kocm = ko /)/0’

When the transverse size of the beam is significantly
larger that the modulation period O, >> )/0},0 , the
electric field is practically one-dimensional and can be
easily calculated from its density modulation:

E = —4Xe|§|sin(koz 1y, +9): (7)

A=2nf e [y, is the transverse area of

electron beam expressed through its B-function and
normalized emittance. For a transverse beam whose size
is comparable with the modulation wavelength in cm

frame

p(?) =P, (r)-cos(kz);
we can use analytical field expressed through modified
Bessel functions [33]:

o(7)- —4Jrcos(kz){10(kr)jEKo(kE)-p“(E)d§+K0(kr)Z§Io(k§)~p() (§)d§}

where

with longitudinal field on axis given by
E_ =-4nksin(kz) [ EK, (kE)p, (£)dE .
0

Fig. 9 below shows how the fields on the axis depend of
the product of the the size of the transverse beam and the
modulation wave-number. For practical purposes, we use

k,o,/y, from 1.5 to 5, where a reduction either is

insignificant or not dramatic.
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Fig. 9. Normalized dependence of the electric field on the

e-beam’s axis as function of Kk,0,/y,. When

kOO i / ¥y, >>1, the field value approaches that of the 1D
limit in eq. (7).

For an infinite plasma, the evolution of the density
modulation in the kicker can be studied analytically [34]
(the equations are the same as for the modulator [20], but
the initial conditions differ). However, the VOPRAL code
is perfectly suited for simulating both the dynamics of,
and for calculating the electric fields induced by the
modulation [22].

Our studies shows that density modulation continues
growing after leaving the FEL and propagating in the
modulator. This continues for about a quarter of plasma
oscillation. They also confirmed that eq. (7) is a
reasonable estimate with an accuracy factor ~ 2
(frequently underestimating the field). Naturally, for a real

system, we use the results of simulations, a sample of
which are shown in Fig. 10.
KickEM_48301_edgeE_0.h5
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Fig. 10. Evolution of longitudinal electric field in the
kicker, simulated by VORPAL [21,22]; the first clip at t=0
intentionally is left empty.

Since the longitudinal electric field induced in
electron beam is frame independent, eq. (7) rewrites as:

E.=-E,sin(k,(z-vt)+¢); (7)

and use it for estimating the energy kick experienced by a

hadron. As we discussed in the introduction, the delay and

the longitudinal dispersion, D, of the hadron transport line
is important for the cooling process. First, the delay
should be adjusted such that the hadron arrives to the
kicker at the same time as the arrival of the crest of the
wave-packet envelope (induced by the hadron); this
assures an optimum electric field. A microscopic path-
length adjustment applied to electron beam (less than one
FEL wavelength, called a phase adjustment in optical
klystron) could be used to ensure that the hadron with
center (design) energy, E,, arrives at the crest of the
electron density, where longitudinal electric field is zero.
Thus, hadrons with ideal energy do not experience any
energy change. A hadron with an energy deviation would
experience an electric field and its energy would change
as follows:

daE =-¢/ZE,

dz

Assuming that the size of the electron beam matches that
of the hadron beam and that the length of the kicker is

equal to the hadron’s beta-function [/~ 8, we can

2g sm(k DE_E”); ®)
E

nl

-sin(ko 'DE_E”).

estimate the energy kick as

AE ~ -ZXe’y,
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with )} =k, - DO, ~1 being the natural choice for the

dispersions.

Cooling

Eq. (8) is the source of the longitudinal cooling: Within
(E-E,)
are decelerated, and hadrons with low energy are

accelerated. Consequently, all the beam within this
margin is cooled. Averaging over hadron’s synchrotron

oscillations (E—Eo ) IE, =a: cos(a)xn + ¢Y) yields

da a 2|8uma| ZXT, .
Uéh O‘Oh ﬂgnl_ A

with the damping and anti-damping ranges shown in Fig.
11.
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Fig. 11 Damping (blue) and anti-damping zones (red) for
the synchrotron oscillations of hadrons.

We note that the bunching/micro-bunching version of
CeC would not have any anti-cooling energy-zones . The
charge induced in such scheme (Fig. 5 or [17]) generates a
longitudinal non-oscillating electric field (i.e., it crosses



zero only at z=0) and would dampen all energy
deviations. It is one of important advantages of this
scheme

As we described earlier [1,16], in a classical CeC
scheme, transverse cooling could be assured via coupling
of transverse and longitudinal degrees of freedom. Similar
to the redistribution of the decrements of synchrotron-
radiation damping, we can redistribute the longitudinal
damping of the CeC process to transverse directions:

E+81+ 85 =C8cc
where tl and t2 represent two transverse modes of
betatron motion (for uncoupled motion, it is simply x and
y).

The easiest way to couple to the transverse motion
(for example, x) is to install a chromatic chicane for the
electron beam after the FEL, so to tilt the slices of density
modulation (Fig.8) and to make the electric field also
dependent on x:

AE,; = AE,(k(D,d+ Rxx))

In combination with non-zero transverse dispersion
(n«#0) in the location of the kicker, this scheme couples
the longitudinal- and transverse-cooling

— T’x Re
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Proper coupling between the horizontal- and vertical-
motions, which is controllable with skew-quadrupoles or
by operating close to a coupling resonance, further
redistributes & between the two betatron modes.

For example, in the CeC for 250 GeV protons in
RHIC/eRHIC, using an electron chicane with R526=10'3
and hadron’s horizontal dispersion of 5 cm in the kicker
would split the cooling equally between three degrees of
freedom. The optimal split between the cooling
decrements should be determined by the corresponding
IBS rates and other sources of diffusion; calculating them
is beyond scope of this paper.

The bandwidth of the CeC also can limit the
maximum cooling rate. As was shown in [1], the rate of
CeC cooling rate could not exceed that rate set by the
limit on stochastic cooling :

2
Eeocmax N—W(kDGS) )
where,

N

N (N A
Vano,, X ano.,
is effective number of hadrons interacting in CeC process,
e.g.. the so-called the number of particles in the sample.
The latter limit may become important either for a
very high density of the hadron beam (e.g., in eRHIC, we
plan to have ~ 10'*/nsec particle density in proton beam)
or when a very short cooling times in large accelerators
(e.g., the LHC) are required.
For a given charge of an electron bunch, our study
showed that optimal cooling rates can be obtained by long
electron bunches whose length is comparable to that of

sA,=N_A,

the hadron bunch. Reducing the length of electron bunch
would require so-called painting, reducing average
cooling as the ratio of the bunch lengths of the hadron and
electron bunches.

In turn, this would require a faster instantaneous rate
of cooling, which could exceed the limit set by eq. (9).

Examples of the CeC

In Table I, we summarize most important parameters
and our estimates for three test case for CeC: A proof-of-
principle CeC experiment with a 40-GeV Au ion beam,
250 GeV eRHIC’s and 7 TeV LHC’s proton beams.

Table 1: CeC estimates

Parameter CeC eRHIC LHC
PoP

Species Au P P

Energy, GeV 40 250 7000

Particles per 10° 2x10"  1.7x10"

bunch

€, mm mrad 2 0.2 3

Energy spread 3.710* 10* 10"

RMS bunch 3.5 0.27 1

length, nsec

e-beam energy 21.8 136.2 3812

MeV

Peak current, A 75 50 30

€, mm mrad 5 1 1

RMS bunch 0.05 027 1

length, nsec

Modulator, m 3 10 100, plus :
buncher

Kicker, m 3 10 100

FEL length, m 75 9 100

Ay, cm 4 3 10

Ao, M 13,755 422 91

Aw 0.5 1 10

Emax 650 44 17

g (used) 100 3 8.5

CeC bandwidth, 62 10" 1.110" 2.410"

Hz

Cooling  time, 1 0.12 0.4

hours, estimate

-//- local, sec 4




PROOF-OF-PRINCIPLE EXPERIMENT

Since CeC is novel technique that never has been
tested, we have, since 2011, been pursuing an
experimental demonstration of this technique using linear
acceleration and a RHIC ion- beam at 40 GeV/u. Our goal
is to simulate the CeC performance and thereafter
demonstrate it experimentally by cooling a single bunch
of ions. The project is supported the DoE’s Office of
Nuclear Physics and Brookhaven Science Associates.

We plan to start the commissioning of this system in
2015. Details of this experiment are described elsewhere
in these proceedings [6].
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