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Abstract

Electron cooling of ion beams employing rf-accelerated
electron bunches was successfully used for the RHIC phys-
ics program in 2020 and 2021 and was essential in achiev-
ing the required luminosity goals. This presentation will
summarize experience with electron cooling of colliding
ion beams in RHIC, including various challenges. We also
outline ongoing studies using rf-based electron cooler
LEReC.

INTRODUCTION

Electron cooling is a well-established technique for ob-
taining low-emittance ion beams [1]. In this method, the
phase-space density of an ion beam is increased by means
of dissipative forces — the dynamic friction on individual
ions undergoing Coulomb collisions with a lower temper-
ature electron distribution.

Electron cooling of ion beams employing a high-energy
approach with RF-accelerated electron bunches was re-
cently successfully implemented at BNL [2-6]. During the
2019 RHIC run with Au ions, electron cooling was com-
missioned for 3.85 GeV/nucleon gold beams using elec-
trons with a kinetic energy of 1.6 MeV and then for
4.6 GeV/nucleon gold beams using 2 MeV electrons.
Electron cooling of colliding gold beams became fully
operational during the 2020 RHIC physics run. It
successfully operated in 2020 and 2021 for the RHIC
Beam Energy Scan II phys-ics program in search of the
QCD critical point on the phase diagram and was
essential in achieving the required luminosity goals [7, §].

THE LEReC ACCELERATOR

LEReC is based on state-of-the-art accelerator physics
and technology: reproducibly high quantum efficiency
photocathodes with a sophisticated delivery systems which
can hold up to 12 cathodes simultaneously (specifically de-
signed to support long-term operation); a high-power laser
beam with laser shaping and stabilization; a high-voltage
high-current DC gun; RF gymnastics using several RF cav-
ities; instrumentation, controls and a machine protection
system (see, for example, Ref. [3] and references therein).

Electron bunches are generated by illuminating a multi-
alkali CsK,Sb photocathode, inserted into a DC gun with
an operating voltage around 400 kV. A 704 MHz fiber laser
is modulated to produce optical macro-bunches (~30
pulses per bunch) at 9 MHz frequency, which matches the
repetition rate of ion bunches in RHIC. The resulting
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macro-bunch of electrons consisting of 30 individual elec-
tron bunches is synchronized with each individual ion
bunch, as illustrated in Fig. 1.

In the LEReC approach an individual electron bunch oc-
cupies only a small portion of the ion bunch and only se-
lected ions experience the friction force during a passage
through the cooling section. However, as a result of the
synchrotron motion of ions, on successive passages all ions
experience interactions with electrons and are cooled with
characteristic times larger than the synchrotron period.
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Figure 1: The LEReC beam structure. Thirty electron
bunches (blue) spaced by 1.4 ns placed on a single ion
bunch (red), with ion bunch repetition frequency of 9 MHz.

Once electron bunches of the desired quality are gener-
ated from the gun, they are further accelerated to the re-
quired energy by the 704 MHz SRF booster cavity, trans-
ported to the first cooling section in the Yellow RHIC ring,
used to cool ions, turned around using a 180-degree dipole
magnet, used to cool ions in the Blue RHIC ring and trans-
ported to the high-power beam dump. Figure 2 shows lay-
out of the LEReC accelerator.

Unlike in any previous coolers, the LEReC cathode is
not immersed in a magnetic field and no continuous mag-
netic field with precise solenoids is required in the cooling
regions. This significantly simplifies the technical design.
However, the requirements for the electron beam quality
become more demanding since one needs to have tight con-
trol of the transverse electron velocities.

One more feature of LEReC is that the electron beam,
after cooling ions in one RHIC ring, is used again to cool
the ions in the other RHIC ring.

This is also the first implementation of electron cooling
for colliding ion beams. The latter is of crucial importance
in the context of using electron cooling in future high-en-
ergy colliders.
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Figure 2: Layout of the LEReC accelerator.

OPERATIONAL EXPERIENCE

Stable 24/7 running of high-current electron accelerator
and robust cooling was provided over many weeks of col-
lider operation during 2020 and 2021 RHIC physics runs.
Reliable long-term operation was ensured by implementa-
tion of laser position feedbacks [9, 10], intensity feedback,
energy feedback, automatic cooling section orbit correc-
tion and orbit feedback. Robust cathode production and
transporter (which allows to hold up to 12 cathodes simul-
taneously) systems were fully operational, delivering high
quality CsK,Sb cathodes [11]. The initial cathode quantum
efficiency was routinely around 8% with a lifetime, driven
by vacuum conditions inside the gun, of about 10 days.
This allowed for stable long-term operation with only a
short access to the RHIC tunnel once every few weeks to
exchange cathodes.

The electron current, which was selected based on opti-
mization between cooling and effects on luminosity, was
15-20 mA (for operation with Au at 4.6 GeV/nucleon in
2020) and 8-20 mA (for operation with Au at 3.85 GeV/nu-
cleon in 2021). Typical electron beam emittances used in
operations were <2 um (rms, normalized) and relative rms
energy spread of electron bunches < 4x10. Matching of
average longitudinal velocities between electrons and ions
was maintained at < 1x10** (using longitudinal cooling pro-
cess), with energy regulation at the 1x10** level. Cooling
performance during typical physics stores at 4.6 GeV/nu-
cleon is shown in Figure 3.

As designed, electron cooling effectively counteracted
emittance and bunch length growth due to the intrabeam
scattering. In addition, transverse cooling was optimized to
further reduce the ion beam sizes. Once the transverse
beam sizes were cooled to smaller values, the dynamic
squeeze of ion beta-function at the collision point was es-
tablished.

Luminosity optimization with cooling included fine-tun-
ing of the RHIC rings working point, the lengthened cooled
stores due to a slower decay in the event rate, an ability to
perform a beta-squeeze of the cooled stores. The positive
effect of cooling on the event rate is reported in [7, 8].
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Figure 3: RHIC physics stores with Au ions at

4.6 GeV/nucleon using 2 MeV electrons. Top plot — rms
bunch length of ion bunches in the Yellow and Blue RHIC

rings; Bottom plot - rms vertical size of ion bunches.

CHALLENGES

Application of electron cooling directly at the collision
energy of the hadron beams brings several challenges
which requires special optimizations. Of special concern is
control of the ion beam distribution under cooling in order
not to overcool the beam core. LEReC design choice of
non-magnetized cooling allowed us to choose rms velocity
spreads of the electrons close to those of the ion beam. As
a result, most of the ions experienced linear part of the fric-
tion force without overcooling of ion beam distribution.

Providing transverse cooling appeared to be more bene-
ficial for collider operations compared to the longitudinal
cooling. This is because longitudinal cooling led to higher
peak currents of ions, affecting the ion beam’s lifetime due
to the space-charge effects.

Several challenges which required special consideration
are summarized below.

Overfocusing by lon Beam

LEReC was designed without continuous longitudinal
magnetic field in the cooling section, making it technically
simple. However, without magnetic field, electron bunches
were subject to the space-charge focusing from ions, result-
ing in larger electron angles which led to reduced cooling.
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The effect was further amplified because different electron
bunches experienced different focusing along the longitu-
dinal profile of the ion bunch. In addition, because intensi-
ties of ion bunches were increased in operations beyond
those anticipated during the cooler design stage, the over-
focusing was especially strong at the start of a physics
store, with cooling becoming beneficial only after some in-
tensity drop.

Multiple Use of Electron Beam for Cooling

One of the special features of LEReC is that the same
electron beam, after cooling ions in one RHIC ring, is used
again to cool ions in the other RHIC ring. To provide ef-
fective cooling in the second collider ring, electron beam
optics had to account for focusing from the ions on the
electrons in the first cooling section.

Diffusion and Heating

Using bunched electron beam for cooling at low energy
can lead to emittance growth of ions, which we called
“heating”. Several models were developed which predicted
such emittance growth (see for example Ref. [12] and ref-
erences therein). Subsequently, more models were devel-
oped to get better agreement with experimental observa-
tions. Systematic measurements of emittance growth rates
and their dependences on various parameters were con-
ducted [13]. During operation at the lowest energy when
space-charge effects from the electrons were most im-
portant, the second harmonic 1.4 GHz RF cavity was suc-
cessfully used to lengthen electron bunches which helped
to reduce the heating effect. It is important to note that this
additional diffusion mechanism (heating) was easily coun-
teracted by cooling and was not a limiting factor for col-
lider operation with cooling.

Losses on Recombination

During cooling process, with average velocities of the
electrons and ions well matched, losses of the ions due to
radiative recombination were noticeable. Suppression of
losses on recombination in electron coolers without contin-
uous longitudinal magnetic field was considered in the past
[14]. However, such suppression was not implemented in
LEReC because the losses predicted were relatively low. In
operations, losses due to the recombination were partially
reduced by introducing small velocity offset between elec-
trons and ions.

Lifetime in the Presence of Electron Beam

Even with good 6D cooling, lifetime of ions was im-
pacted by the electrons. The mechanism behind this effect
is under study. Possibly, this is because ions experienced
significant non-linear beam-beam force from the electrons.

The higher the electron current the stronger the lifetime
of the ions was impacted. As a result, increasing electron
beam current, with resulting stronger longitudinal and
transverse cooling, was not necessarily the best way to in-
crease the luminosity. This effect also depended on the col-
lider rings working points in the tune space. For example,
for the working point just below the quarter-integer tunes,
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the effect on ion beams lifetime from electrons was less
pronounced allowing for a higher optimum electron current
of around 20 mA. However, with large space-charge tune
spreads of the ion beam this working point was less favour-
able for the ions due to the crossing of several resonances.
On the other hand, for a working point closer to an integer,
which worked best for the ion beams in the absence of the
electrons, the effect on the ion’s lifetime from the electrons
was stronger which required reduction of electron current
to around 10-15 mA, with reduced cooling performance.

Overall, in operational conditions, the non-linear reso-
nances and the lifetime of colliding ion beams were the
main limitations in finding optimum operational settings
for three beams simultaneously: two colliding ion beams
plus an electron beam, with an additional beam-beam ef-
fect from the electrons.

Despite many challenges of cooling optimization for ion
beams in collisions, cooling was beneficial for collider op-
erations and helped to achieve required physics goals [8].
This experience with electron cooling of colliding beams
allows us to explore various challenges and limitations.

ONGOING COOLING STUDIES

Rf-based electron cooler LEReC offers a unique oppor-
tunity to study various aspects of cooling using short elec-
tron bunches. The following dedicated studies started in
2021 using Accelerator Physics Experiments (APEX) pro-
gram at RHIC: 1) emittance growth of ion beam due to in-
teraction with electrons [13]; 2) coherent excitations and
circular attractors in cooled ion bunches [15, 16]; 3) recom-
bination of ions due to interactions with electrons in the
cooling section without continuous magnetic field; 4) cool-
ing of ion bunches with electrons overlapping only small
portion of an ion bunch; 5) dispersive cooling (redistribu-
tion of cooling decrements) to provide stronger transverse
cooling at the expense of the longitudinal cooling; 6) ef-
fects of electron beam on ion beam lifetime.

A detailed experimental exploration of the effects above
is critical for a proper design of high-energy coolers, in-
cluding those [17, 18] proposed for the Electron Ion Col-
lider (EIC).

SUMMARY

Electron cooling of gold ion beams employing RF-accel-
erated electron bunches was successfully used to cool ion
beams in both collider rings during RHIC operation in
2020 and 2021. Despite many challenges of cooling opti-
mization for colliding ion beams, cooling was beneficial
for collider operations.

LEReC operations for RHIC physics program concluded
in 2021. The focus now is shifted towards studies of vari-
ous aspects of cooling process using short electron bunches
and high-current electron accelerator R&D.

ACKNOWLEDGMENTS

The LEReC operation was made possible by the strong
support of BNL’s Collider-Accelerator Department staff.

TUZDS
327

©= Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

5th North American Particle Accel. Conf.
ISBN: 978-3-95450-232-5

REFERENCES

[1] G. I. Budker, “An effective method of damping particle os-
cillations in proton and antiproton storage rings”, Soviet
Atomic Energy, vol. 22, pp. 438-440, May 1967.
doi:10.1007/BF01175204

[2] A. Fedotov et al., “Experimental demonstration of hadron
beam cooling using radio-frequency accelerated electron
bunches”, Phys. Rev. Lett., vol. 124, p. 084801, Feb. 2020.
doi:10.1103/PhysRevLett.124.084801

[3] D. Kayran et al., “High-brightness electron beams for linac-
based bunched beam electron cooling”, Phys. Rev. Accel.
Beams, vol. 23, p. 021003, Feb. 2020.
doi:10.1103/PhysRevAccelBeams.23.021003

S. Seletskiy et al., “Accurate setting of electron energy for
demonstration of first hadron beam cooling with
rf-accelerated electron bunches”, Phys. Rev. Accel.

Beams, vol. 22, p. 111004, Nov. 2019.
doi:10.1103/PhysRevAccelBeams.22.111004

[5] X. Gu et al., “Stable operation of a high-voltage high-cur-
rent dc photoemission gun for the bunched beam electron
cooler in RHIC”, Phys. Rev. Accel. Beams, vol. 23,
p. 013401, Jan. 2020.
doi:10.1103/PhysRevAccelBeams.23.013401

S. Seletskiy et al., “Obtaining transverse cooling with non-
magnetized electron beam”, Phys. Rev. Accel. Beams
vol. 23, p. 110101, Nov. 2020.
doi:10.1103/PhysRevAccelBeams.23.110101

[7]1 A. Fedotov et al., “Operational electron cooling in the rela-
tivistic heavy ion collider”, in Proc. 12th Int. Particle Ac-
celerator Conf. (IPAC'21), Campinas, Brazil, May 2021,
pp. 2516-2520.
doi:10.18429/JACoW-IPAC2021-WEXAB2

[8] C. Liu et al., “Gold-gold luminosity increase in RHIC for a
beam energy scan with colliding beam energies extending
below the nominal injection energy”, Phys. Rev. Accel.
Beams, vol. 25, p. 051001, May 2022.
doi:10.1103/PhysRevAccelBeams.25.051001

[9] L. K. Nguyen er al., “Active pointing stabilization tech-
niques applied to the Low Energy RHIC Electron Cooling
laser transport at BNL”, in Proc. North American Particle
Accelerator Conf. (NAPAC'19), Lansing, MI, USA,
Sep. 2019, pp. 938-941.
doi:10.18429/JACoW-NAPAC2019-THYBA6

[4

—_

[6

—_

NAPAC2022, Albuquerque, NM, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2022-TUZD5

[10] L. K. Nguyen, “Pointing stabilization algorithms explored
and implemented with the Low Energy RHIC Electron
Cooling laser”, in Proc. 12th Int. Particle Accelerator Conf.
(IPAC'21), Campinas, Brazil, May 2021, pp. 3336-3339.
doi:10.18429/JACoW-IPAC2021-WEPAB290

[11] M. Gaowei et al., “Bi-alkali antimonide photocathodes for
LEReC DC gun”, in Proc. 10th Int. Particle Accelerator
Conf. (IPAC'19), Melbourne, Australia, May 2019,
pp. 2154-2156.
doi:10.18429/JACoW-IPAC2019-TUPTS101

[12] M. Blaskiewicz, “Emittance growth from modulated focus-
ing in bunched beam cooling”, in Proc. North
American Particle Accelerator Conf. (NAPAC'16), Chicago,
IL, USA, Oct. 2016, pp. 833-837.
doi:10.18429/JACoW-NAPAC2016-WEA3IO00

[13] S. Seletskiy, A. Fedotov, D. Kayran, “Studies of ion beam
heating by electron beam”, presented at North American
Particle Accelerator Conf. (NAPAC'22), Albuquerque, New
Mexico, August 7-12, 2022.

[14] A. Fedotov et al., “Electron cooling in the presence of undu-
lator fields”, in Proc. 22nd Particle Accelerator Conf.
(PAC'07), Albuquerque, NM, USA, Jun. 2007, pp. 3696-98.
doi:10.18429/JACOW-PAC2007-THPASE92

[15] S. Seletskiy, A. Fedotov, D. Kayran, “Theory and observa-
tion of circular attractors in cooled ion bunches”, presented
at COOL21 workshop, Novosibirsk, Russia, Nov. 2021.

[16] S. Seletskiy, A. Fedotov, D. Kayran, “Circular attractors as
heating mechanism in coherent electron cooling”, Phys. Rev.
Accel.  Beams, vol.25, p.054403, May 2022.
doi:10.1103/PhysRevAccelBeams.25.054403

[17] S. Benson, M. Bruker, A. Fedotov et al., “Low-Energy Elec-
tron Cooling for the Electron lon Collider”, BNL Tech Note,
BNL-220686-2020-TECH, Dec. 2020.

[18] H. Zhao, J. Kewisch, M. Blaskiewicz, A. Fedotov, “Ring-
based electron cooler for high-energy beam cooling”, Phys.
Rev. Accel. Beams, vol.23, p.074201, Jul.2020.
doi:10.1103/PhysRevAccelBeams.24.043501

01: Colliders



