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The Low Energy Relativistic Heavy Ion Collider (RHIC) Electron Cooler (LEReC) is the world’s first
electron cooler using rf-accelerated electron bunches. Recently, the cooling of gold ion beams in RHIC by
1.6 and 2.0 MeV electrons was successfully achieved. Along with the velocity spread and alignment of the
electron beam, the space-charge force between ions and electrons also plays an important role in the
cooling process. In order to investigate the cooling dynamics with bunched electron beams and to provide
guidance for the LEReC operation, a simulation code was developed, which includes nonmagnetized
cooling, intrabeam scattering, and the space-charge effect. In this paper, we present and discuss the
simulation results, showing how various effects influence the cooling process as well as provide

experimental benchmarking of the simulations.
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I. INTRODUCTION

In the past few decades, the electron cooling method [1]
has been widely applied in several low-energy proton and
ion storage rings [2-3]. It is a powerful method to shrink the
size and momentum spread of the stored beams for beam
accumulation and high-precision experiments [4—7]. Up to
now, all electron coolers built around the world were based
on dc electron beams, which are accelerated by electrostatic
fields. The highest-energy electron cooling system with
4.3 MeV electrons has been successfully constructed and
operated at Fermi National Accelerator Laboratory [8].
Because of the limitation of the high voltage and the beam
power, it is challenging to build a higher-energy dc electron
cooler. However, high-energy electron coolers are needed
for future facilities, such as the Electron Ion Collider
[9-10], which requires at least tens of MeV electron beams
for cooling. rf-accelerated bunched electron cooling is one
of the most promising approaches for high-energy electron
cooling.

The Low Energy Relativistic Heavy Ion Collider
Electron Cooler (LEReC) at Brookhaven National
Laboratory is the world’s first electron cooler using rf-
accelerated electron bunches [11]. The ultimate goal for
LEReC is to increase the luminosities for two (3.85 and
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4.59 GeV/u) of the five beam energies of the beam energy
scan phase-II (BES-II) physics program in RHIC [12].
Recently, the cooling of gold beams in RHIC by 1.6 and
2.0 MeV electrons was successfully achieved [13-14].
LEReC not only demonstrated rf-accelerated electron cool-
ing, but also provided experience and experimental data for
future research on high-energy electron coolers.

There are several challenges that had to be overcome to
demonstrate cooling with the LEReC approach. First, since
there is no magnetic field in the cooling regions, the cooling
performance is very sensitive to both the transverse and the
longitudinal electron beam velocity spreads. In addition to
the space-charge (SC) effect of the electron beam itself,
the velocity spread of the electron beam is also affected
by the ion beam, which makes it complicated to control the
electron beam quality. Second, when passing through the
cooling section (CS), the ion beam sees the SC kick from
the electron bunches. Because of the synchrobetatron
resonance driven by the SC force of the electrons [15],
the intensity and the length of electron bunches need to be
carefully chosen, especially for the beam at low energy.
Finally, very good alignment between the ion and electron
beams is required, because a small position offset or a small
angle between the two beams has a significant influence on
the cooling rate. The velocity of the electron beam should
also be well matched with the ion beam [16].

In order to investigate the cooling dynamics in detail in
LEReC, a simulation code named TRACKIT was developed,
in which several effects relevant to the cooling approach
with a bunched electron beam are included [17]. In
particular, the SC effect is introduced for the first time
in a cooling simulation. In this paper, we present and
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FIG. 1. Layout of the LEReC accelerator.

discuss the simulation results, showing the influence of
various effects on the cooling process. The experimental
benchmarking of the simulation code is also provided.

The paper is organized as follows. In Sec. II, the LEReC
accelerator is introduced. In Sec. 111, the physical models in
the simulation code are introduced, and the benchmarking
results are presented. In Sec. IV, the measured and
simulated cooling processes are presented, and the effects
that can influence the cooling rate are discussed. Finally,
a summary is given in Sec. V.

II. LEReC ACCELERATOR

The layout of LEReC is shown in Fig. 1. The electron
beam is generated from the photocathode, which is
installed in the dc gun with the design voltage of
400 kV [18]. A photogun with a fiber laser produces
electron bunches at a repetition rate of 704 MHz in
macrobunch trains at the repetition rate of ~9 MHz, which
is the same as the repetition rate of the ion bunches in
RHIC. Then, the electron beam is accelerated to the desired
energy by the 704 MHz superconducting radio frequency
(SRF) cavity [19]. In order to prevent the degradation of
the beam energy spread and emittance due to the SC effect,
an energy chirp is introduced in the 704 MHz SRF cavity
to stretch the bunches. After acceleration, a series of
subsequent warm cavities are applied to control the energy
spread and the bunch length of the electron beam: A
2.1 GHz cavity is used to compensate the nonlinear energy
spread introduced by the SRF cavity. Another 704 MHz
cavity is used to remove the energy chirp after stretching,
and an additional 9 MHz cavity is used to compensate the
beam loading effect within each bunch train. In addition,
there are several solenoids along the transport beam line to
control the beam size and to reduce additional emittance
growth due to the SC effect. After that, the electron beam is
merged into the two CSs in yellow and blue rings of RHIC.
The two CSs are connected by a 180° bending magnet so
that the electron beam can cool the ion beam in both rings at

the same time. Several solenoids are also installed in the
CSs to control the electron beam envelope. After interact-
ing with ions in the two CSs, the electron beam is finally
extracted to the beam dump. Correctors, beam position
monitors (BPMs), and other beam diagnosis instruments
are installed along the electron beam trajectory. More
details can be found in Ref. [11].

The time structures of the ion (*’Au’®*) and electron
beams during cooling in RHIC are shown in Fig. 2. Each
ion bunch encounters 30 electron bunches, and each
electron bunch has a uniform longitudinal distribution.
The LEReC cooling process is nonmagnetized, i.e., without
a magnetic field from the gun to the CS. The solenoids
along the trajectory are used to correct the envelope of the
electron beam, and their influence on cooling performance
is so weak that it can be ignored. Since no continuous
longitudinal magnetic field is used in the CS, it is very
important to control the beam velocity spread in all three
dimensions that directly determine the cooling rate. The
requirement for the rms emittance and rms momentum
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FIG. 2. Time structure of the ion and electron beam. Electrons,
50 pC per bunch and the full bunch length of 0.4 ns (uniform);
ions, 6.3 nC per bunch and rms bunch length of 12 ns.
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spread of the electron beam are €, /,~%0.5um (cy=150purad)

and dp/p ~5 x 107, respectively, which were chosen to
be close to the rms velocity spreads of the ion beam [11].

II1. PHYSICAL MODELS, SIMULATION,
AND BENCHMARKING

In order to obtain effective cooling in LEReC, a steady
electron beam with small velocity spread is required.
However, due to the SC effect, the electron beam distribu-
tion in phase space will change along the CS and will also be
disturbed by the ion beam. This makes it difficult to
optimize the electron beam for the maximum cooling rate.
Moreover, the ion beam will suffer from the synchrobeta-
tron resonance driven by the electron bunches, which will
result in emittance growth of the ion beam or even cause
beam loss. In general, cooling depends not only on the rms
velocity spreads and density of the electron beam, but also
on the distribution and intensity of the ion beam.
A simulation code which includes the described effects
was required to study the cooling dynamics for bunched
electron beam, as well as to provide guidance for the
operation.

The multiparticle tracking code TRACKIT is based on a
simple one-turn map and a thin lens treatment of the
electron-ion interaction. The one-turn map on each particle
in the code is defined by the betatron and synchrotron
tunes, coupling, chromaticities, tune spread, and sine wave
rf. In this section, we introduce the physical models in the
simulation, such as the cooling force, intrabeam scattering
(IBS) effect, and the SC effect. These models were
benchmarked with the BETACOOL code [20] and with the
experimental data.

A. Cooling force and IBS

In the absence of a magnetic field, the friction force
acting on the ion in electron gas is given in the particle
reference frame by [21]

- V,—V
F= —47memer§ch4/LC|’7‘_/,E3f(Ve)d3Ve, (1)

14

e

where n, = n,(x,y,z) is the local number density of the
electron bunch, r, is the classical electron radius, V; and V,

are ion and electron velocities, respectively, f (‘76) is the
velocity distribution of the electron bunch, and L, is the
Coulomb logarithm. The beam density and velocities are all
in the frame comoving with the ion beam. Assuming that
the electron beam velocity satisfies Gaussian distribution in
three dimensions, the integral in Eq. (1) has the same form
as the elliptical potential formulas in Ref. [22], and it can be
simplified to
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where K = 2v2zm,r;Z*c*L.n,(x,y,z) and 6, _is the rms
value of electron velocity spread in direction i. As a
function of V,, the friction force is precalculated and stored
in a table in the program. During tracking, the cooling kick
on each particle is obtained by interpolating between values
in the force table. In our case, the electron beam satisfies
cylindrical symmetry, so a 2D force table is applied to
speed up the calculation.

Another important effect is IBS, which is the main
heating effect that cooling was designed to counteract. In
the code, the Bjorken-Mtingwa IBS model is used, and the
growth rates are calculated by the fast algorithm introduced
by Nagaitsev [23-24]. The kinetic map on the macro-
particles due to IBS is based on the Langevin equation:

Pi(t+ Ar) = P,(1) — K;P,(1) At + @i Cicin  (3)

where P = (%%,x’ ,y)" is the particle moment vector in
phase space, K; is the friction coefficient which is calcu-
lated from Zenkevich’s model [25], C; ; is a function of the
diffusion coefficient D; ;, and ¢; is a random number with
standard normal distribution. By neglecting the correlation
between different dimensions, we obtain
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FIG. 3. Comparison of the growth of rms beam emittances
(e,/€y) and rms bunch length (o) caused by IBS for bench-
marking with BETACOOL.
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The IBS model in TRACKIT is benchmarked with
BETACOOL. The result is shown in Fig. 3. In the calculation,
the gold beam ('7Au’"*) is used with an initial rms
emittance &/, = 0.37/0.37 um (coupled), rms bunch
length 6, = 3.2 m, and rms momentum spread dp/p =
4 x 107*. The 9 MHz tf with 160 kV total voltage is used.
During tracking, linear coupled betatron motion is applied,
and the IBS rate is calculated using the RHIC lattice at low
energy (y = 4.9). From Fig. 3, we see that the evolution of
the beam emittance and bunch length from our code shows
a good agreement with the BETACOOL results.

is the IBS growth rate.

B. SC effect on the electron beam

Since there is no continuous solenoid field along the
trajectory of the electron beam in the CSs, the SC effect of the
electron beam itself will increase the electron velocity spread
and, consequently, weaken the cooling force. In the particle
frame, the length of the electron bunch in the CSs is much
larger than its radius; therefore, the SC in the longitudinal
direction can be ignored. In addition, the SC force of the ion
beam on the electrons also needs to be considered [26]. Even
though it can compensate the SC effect of electrons, the
focusing strength depends on the ion charge density at the
longitudinal position of the electron bunch. Because of that,
the transverse distribution of each electron bunch is different
and needs to be treated separately in the code.

In the simulation code, the parameters of the electron
beam along the CS are calculated every 0.03 m based on the
SC effect of electrons and ions. Assuming that the densities
of the electron beam and the ion beam have a Gaussian
distribution transversely, the SC force on electrons can be
obtained by [27]

e[l_f’ (1 — e_(rge/zag)) — :_’ (1

_ ,—(r?/262)
e ei i
Fe.r(ree’rei) = e . )]

’

(5)

where r,, and r,; are the distances between the electron and
the center of the ion and electron beam, respectively, and /
is the beam current, which depends on the longitudinal
position of the electrons, as shown in Fig. 2. Here, the
electron beam and ion beam are considered as round beams
transversely. The effects of solenoids and correctors are
described by transfer matrices [28].

Based on the initial beam parameters, the properties of
electron beam along the CS can be estimated. For example,
Fig. 4 gives the evolution of the rms radius and rms velocity
spread of the first 15 electron bunches along the CS of the
yellow ring. The last 15 electron bunches are the same as
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FIG. 4. The rms radius and rms momentum spread of the first
15 electron bunches along the CS of the yellow ring (the leaps on
the momentum spread are due to the solenoid field).

the first 15 due to the symmetrical beam structure as shown
in Fig. 2. The parameters in the simulation are listed in
Table I. We can see that all electron bunches are focused,
especially for the bunch at the center of the ion bunch.
In the experiment, yttrium-aluminum-garnet (YAG)
screens in the CS measured the electron beam profile.
For the beams with the same parameters listed in Table I,
the measured electron beam profiles with and without the
presence of an ion beam in the yellow ring are shown in
Fig. 5. The profile is for the electron macrobunch which
consists of 30 bunches. This YAG screen is located at the
exit of the 180° magnet that connects the CS of the yellow
and blue rings. It clearly shows that the electron beam is
focused by the ion beam. Comparing the experimental with
the simulation result, it shows that the model is a reasonable
approximation. However, the electron beam profile on the
screen is asymmetric, which is due to the fact that the
real electron beam is not an ideal round beam transversely.

TABLE I. Beam parameters at the start of the CS.
Ton (*7Au”) Electron
Lorentz factor y=4.1 y=4.1

Charge per bunch (nC) 8.2 0.05

ms &, /e, (um) 0.45/0.45 0.45/0.45
Bunch length (ns) 12 (rms) 0.5

p function (m) 21 40

a function 0.0 -0.2
Solenoid field (mT) e 3.5
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FIG. 5. Density distribution of the electron beam on a YAG

screen and simulation result. Top: With no ion beam in the yellow
ring. Bottom: With an ion beam in the yellow ring.

The position offset in the screen is caused by an angle error
at the entrance of the 180° magnet or the interference of the
magnetic field from RHIC. These effects are not considered
in the simulation, because they have little influence on the
distribution of the electron beam.

Because of the SC effect from the ion beam, the
distribution of each electron bunch is different and changes
along the CS. Each electron bunch should be considered
separately in the code, especially for the cooling module
where cooling strongly depends on the electron beam
distribution. In the code, the CS is divided into seven
parts, in which the interactions between electrons and ions
are considered independently. In each part, the cooling
force for each electron bunch is precalculated based on its
distribution. For example, Fig. 6 gives the simulation
results of the cooling force for different electron bunches
at the last part of the CS in the Yellow ring. The result is
based on the parameters listed in Table I. Figure 6 clearly
shows that cooling will be strongly affected by the SC
effect. In addition, the angle error of the trajectory and
position offset between ion beam and electron beam at each
part of the CS are also included in the code.

C. SC effect on the ion beam

The SC effect of the electron beam on the ions is also
included in the code. The transverse kick force from
electron beam on the ions is obtained by

Zel,

_ — ey (6
27reoﬂcy2r,»e( ¢ ) (6)

Fi,r(rie) =

12k @ Bunch No.1
: @ Bunch No.8
@ Bunch No.15
10 '.',.nnu.....
o %o,
w o ",
:.é, 08} .g o..
=] o o,
- . %
-e 0.6 | . e,
© U '.’
E( l. ,.o'.--l"""""""“". "3:":'"uuun.
0.4 . Joo* o° ’....
3 'o...
.o ......0' e oo® oesee0® *000000d
02} o* .
o. * 0 "...
o000’
00 ot
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Vix/BC (Viz=0)
900y,
121 ..o" "-,.. @ Bunch No.1
K %, © Bunch No.8
. %, @ BunchNo.15
10f s %,
: L] ...
. o
_— L] ....
8 o8} . e .,
. . . ®oe, ®e,
0 06 ¢ .
= . %o, ®o,
© ° %ee,  °°,
‘:‘ i . IR LT, ®oe, :.'0. o
. . LL TN %002
W04t MR *ernn,,, . "
. K **%e00n,, .
R LITT.
02F .,
)
* °
O
oor; L . .
0.0000 0.0005 0.0010 0.0015

Viz/Bc (Vix = 0)

FIG. 6. Comparison of the cooling force for the electron
bunches No. 1, 8, and 15 at the end of the CS of the yellow
ring. Top: Transverse force. Bottom: Longitudinal force.

where Z is the charge number of the ion. In the longitudinal
direction, the electric field from the electron beam is
given by

g dl(2)

E()=-—9
(2) dregfey’  dz

; (7)

where g =1+ 2In(b/a) is the geometric factor and a
and b are the radius of the beam and beam pipe, respec-
tively. In our case, the electron bunch in the CS has a
uniform distribution in the longitudinal direction. As a
result, the longitudinal electric field exists only at the edges
of the electron bunches. In the code, the effect of the
electric field on the ion particles is treated as an accelerating
or decelerating voltage. Ignoring the small velocity differ-
ence, the ions and electrons will propagate through the CS
without relative position changes. So, the accelerating or
decelerating voltage is given by V_(z) = Ly E.(z), where
L oo 1s the length of the CS [29].

According to the model introduced in Ref. [15], the
transverse SC kicks from the electrons on the ions will
excite synchrobetatron resonances, which cause betatron
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FIG.7. Measurementand simulation results for the heating effect
of the ion beam caused by IBS and the SC from the electron beam.

amplitude growth. Because the space-charge kick from the
electrons is very small, one would expect these resonances
to be negligible. However, due to the longitudinal IBS of
the ions, individual particles will wander back and forth
through these resonances. As a result, there is always a
fraction of the ions affected by the resonance, resulting in
emittance growth, which we refer to here as heating. Other
explanations of the observed emittance growth due to the
electron bunches are possible, but this model appears to be
in agreement with our observations. In the absence of
longitudinal IBS in simulations, no emittance growth is
observed. When IBS is introduced, the observed emittance
growth in simulations agrees with the measurements. In
order to correctly account for this heating effect, the one-
turn step tracking is required in the simulation. Because the
CS is separated into several parts, the SC kicks on the ions
are calculated and applied based on the average distribution
of the electron beam in each part.

The emittance growth of the ion beam caused by the SC
of electron bunches was experimentally measured. In the
experiment, the electron bunches are propagated through
the CS, and the cooling effect is switched off by mis-
matching the electron energy with the ions. As a result, the

TABLE II. Beam parameters for the heating study.
Ton (*7Au”) Electron
Lorentz factor y =49 y=49

Charge per bunch (nC) 8.8 0.06

rms /e, (um) 0.38/0.38 0.5/0.5
Bunch length (ns) 9 (rms) 0.5
Rise/fall time (ps) e 20
dp/p 35x 1074 5% 10
p function @ H-jet (m) 11.5 e

p function @ CS (m) 21 25

a function @ CS 0.0 —0.3
Solenoid field (mT) e ~3.2
rf voltage (kV) 160 e

ion beam dynamics depends on only the IBS effect and the
SC from the electron beam. For comparison, the experi-
ment with the electron beam off (IBS only) in RHIC was
also performed. The beam parameters for simulation and
experiment are listed in Table II, and the measurement
results are shown in Fig. 7. The ion beam radius and bunch
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FIG. 8. Comparison of the effects of transverse and longitudinal
SC kicks on the ion beam emittance and bunch length in
simulations.
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length are measured by the H-jet polarimeter [30] and wall-
current monitor, respectively. The simulation results are
consistent with the measurement. These results indicate
that the SC kicks of the electron beam increase the
emittance growth rates of the ion beam, both transversely
and longitudinally. The electron beam causes not only a
cooling effect on the ions, but also a strong heating effect.
Below, we explore in detail effects of the transverse and
longitudinal SC kicks from the electrons on the emittance
growth of the ion beam. In the simulations shown in Fig. 8,
the SC kicks in the transverse and longitudinal directions
are considered independently. Both the SC effect of the
electron beam and the IBS effect are included while the
cooling is turned off. It shows that the transverse SC kick
from electrons is the main source causing the beam
emittance growth, which is much stronger than the IBS
effect. The longitudinal SC kick has a small influence on
the longitudinal dynamics compared to the effects of IBS.
Based on Eq. (7), the accelerating or decelerating voltage
from the electron beam is 4.0-6.0 kV, which is far less than
the rf voltage (160 kV). As a result, the longitudinal beam
dynamics is mainly determined by the IBS effect.

IV. COOLING PROCESS

LEReC has successfully demonstrated cooling of a gold
beam in RHIC in 2019. A typical measurement of the
cooling process in both the transverse and longitudinal
directions is shown in Fig. 9. The initial parameters of the
ion and electron beams are listed in Table III. The
simulation results are also presented, in which all effects
and various errors are considered. The errors come from
the alignment error between the ion and electron beams.
Even though several correctors and BPMs are installed in
the CS to optimize and measure the electron beam
trajectory, the position offset and the angle between the
ion and electron beam trajectories are unavoidable. In the
simulation, the trajectory of the ion beam is always
assumed to be in the center of the beam pipe, and the
two alignment errors are included with a constant position
offset and a positive and negative staggered angle arrange-
ment along the CS, which is close to the real condition in
the experiment. As shown in Fig. 9, the alignment errors
have a strong influence on the cooling process, especially
in the transverse direction. Comparing the simulation
results with the measurement, we estimate that the
position offset of electron beam in the experiment is in
the range of 0-2 mm, and the angle between the electron
and ion beam is about 50-100 prad. In order to improve
the cooling performance, these errors need to be restricted
to a very small range.

In the simulation, the particle loss is accounted for by
comparing the bunch particles with the rf bucket and the
transverse aperture. As discussed before, the synchrobeta-
tron resonances caused by the electron beam are one of the
reasons for the beam loss. The beam lifetime at such low
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FIG. 9. Measurement and simulation results of the cooling
process.

energy is also limited by the strong SC effect of the ion
beam, residual gas scattering, the nonlinear magnetic field
error stemming from persistent currents in the supercon-
ducting magnets, and the beam-beam effect in collisions
[31]. These effects are not considered in the simulation.
In order to match the decay of the beam intensity in the
experiment, we set a dynamic aperture during particle
tracking. With a 4-sigma aperture, the simulation results
are in good agreement with the measurement, as shown
in Fig. 9.
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TABLE III. Initial beam parameters in the experiment. on the analytical solution in Ref. [32], it is estimated that
N the emittance growth rate is proportional to the square of

fon (TAu™™) Electron the electron bunch charge. But the changes of electron

Lorentz factor y =41 y =41 beam profile along the CS were not included in the physical

Charge per bunch (nC) 7 0.05

rms e,/e, (um) 0.42/0.42 0.45/0.45
Bunch length (ns) 14 (rms) 0.4
dp/p 4.6 x 1074 5x 1074
Rise/fall time (ps) e 20
Tunes 29.23/28.22 .

p function @ CS (m) 21 25

a function @ CS 0.0 —0.3
Solenoid field (mT) e ~3.7
rf voltage (kV) 160 e
Revolution frequency (MHz) 9.0 9.0

In addition, the charge of the electron bunch is an
important factor which affects the cooling process.
Based on the simulation code, we investigated the depend-
ency of the cooling rate on the electron beam charge. Based

6 H=O= IBS+SC kick -

=O= IBS+Cooling ”b
=O= IBS+Cooling+SC kick ‘g'/
--- Fitting by kx~2 &

41+ o

Emittance growth rate (nm/s)

L L
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2 H=0= 1BS+SC kick o= ©
=O= IBS+Cooling o-="2 -
=O= IBS+Cooling+SC kick o=

Emittance growth rate (nm/s)
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. \O- T~ =0T
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Electron beam charge (pC/bunch)

L

FIG. 10. Dependency of the emittance growth rate on the
electron beam charge in simulation with (bottom) and without
(top) considering the variable profile of the electron beam along
the CS due to the SC effect. (Alignment errors, 0 mm—75 prad.)

model. In our simulation, we assume the same initial
parameters of electron beam for different charges, and
the cooling and heating effects are considered independ-
ently. Based on the evolution of the beam emittance in the
first 50 s, the dependence of the emittance growth rates on
the electron bunch charge with and without the consid-
eration of the variation of the electron beam along the CS
due to SC effect are shown in Fig. 10. In the first case
without considering the electron SC effect, the distributions
of the electron beams are the same for different charges. It
demonstrates that the growth rate is proportional to the
square of the electron bunch charge. The cooling rate is
proportional to the charge, which agrees with Eq. (1).
However, due to the SC effect, the electron beam distri-
bution along the CS strongly depends on the charge density.
As shown in Fig. 10, in the more realistic case, both the
growth rate and the cooling rate are reduced for high-charge
electron beams, which is due to the large velocity spread
and large beam size caused by the strong SC effect. This
suggests that the best choice of electron beam charge is
about 130 pC, close to the LEReC design value.

These results indicate that a very strict alignment
between ion and electron beams is needed. To improve
the cooling performance in the experiment, it requires not
only to have a high-quality electron beam, but also to have a
very stable and accurate measurement of the beam trajec-
tory. If a similar emittance can be obtained for different
electron beam charges, the charge of 130 pC would provide
the best performance of cooling in operation.

Moreover, because of the synchrobetatron resonance,
which is the main heating effect during cooling, the
synchrotron and betatron tunes need to be optimized for

1010

-@- With tune spread
-®- Without tune spread

1005 |

Emittance growth rate (nm/s)
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i TR v gl AT Ut o
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i
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Oy (Ox= Oy + 101)
FIG. 11. Dependency of the emittance growth rate on the

betatron tune with and without considering the tune spread in the
simulation.
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good cooling performance. Based on the simulation tool,
the dependency of the emittance growth rate on the betatron
tune is investigated. The simulation results with and with-
out considering the tune spread are shown in Fig. 11. In the
simulation, the tune spread is about 0.1, which comes from
the SC effect of the ion beam. Figure 11 shows that the
heating effect becomes stronger when the tune is closer to
integer and half integer, and it is very sensitive to the
absolute tune if there is no tune spread. It indicates that
the tune should be set in the range of 0.2-0.4 to minimize
the heating effect. But the best choice for the betatron tune
should be based on the operation, because the ion beam
lifetime and stability are also determined by the tune. This
is consistent with experimental observations. Tunes
between 0.1 and 0.5 were tested and the best overall
performance found near 0.22.

V. SUMMARY

We reported on experimental and simulation results of
the world’s first electron cooler based on rf-accelerated
electron bunches. In the simulation code, the physical
models for intrabeam scattering and space-charge effects
are benchmarked against other codes and experimental
data. The simulated cooling process replicates the exper-
imental result. It demonstrated that the SC effects of the
electron and ion beams not only have a strong influence on
the cooling force, but also introduce an extra heating effect.
In order to optimize the cooling performance, the alignment
of electron beam trajectory with the ion beam, the electron
beam charge, and the betatron tune are the important factors
to be considered in the operation.
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