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Abstract
Muon ionization cooling is a critical process that deter-

mines the achievable beam brightness and overall perfor-
mance of a muon collider. In this study, we investigate col-
lective effects induced by high-intensity muon beams inside
the absorber, effects that have not been included in previous
ionization cooling simulations. We show that beam-induced
plasma can neutralize the beam space-charge field, while
the self-generated azimuthal magnetic field can introduce
additional beam focusing through a z-pinch-like mechanism.
We also demonstrate that sufficiently high plasma densities
may modify the stopping-power rate. The implications of
these plasma-induced phenomena for ionization cooling per-
formance are discussed.

INTRODUCTION
Muon ionization cooling is a key process that establishes

the achievable beam brightness, including beam intensity
and beam size at the interaction point of a muon collider.
Ionization cooling occurs when a muon beam traverses
an absorber, losing momentum through ionization while
external focusing magnets and RF cavities compress the
six-dimensional beam phase space. The RF cavities subse-
quently restore the lost kinetic energy. The overall process is
conceptually analogous to a thermodynamic cycle, in which
the focused beam in the absorber behaves similarly to an
isothermal compression step.

Simulation studies have demonstrated that ionization cool-
ing can reduce the phase-space volume of muon beams by
106 without significant decay loss [1]. At the beam densities
required for collider operation, collective effects induced
by the beam may become significant. These effects have
not been explicitly included in previous cooling simulations.
In this paper, we analytically examine possible collective
phenomena, such as beam-induced plasma formation and
associated self-generated magnetic fields, and evaluate how
they may modify the beam dynamics within an absorber.

IONIZATION COOLING FORMALISM
Emittance Evolution

The evolution of the normalized emittance can be derived
from the derivative of the normalized phase-space volume,

𝑑𝜀𝑛

𝑑𝑠
= 𝛽𝛾

𝑑𝜀

𝑑𝑠
+ 𝜀 𝑑𝛽𝛾

𝑑𝑠
. (1)

The first term represents emittance growth from stochastic
processes (heating), while the second term corresponds to
emittance reduction associated with ionization energy loss
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(cooling). For the transverse normalized emittance, one
obtains
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where 𝛽𝑥 is the transverse betatron function and 𝜎𝜃 is the
rms multiple scattering. Equation (2) shows that small 𝛽𝑥 ,
reduced multiple-scattering 𝜎𝜃 , and a large stopping-power
rate (𝑑𝐸/𝑑𝑥) all contribute to achieving lower beam emit-
tance.

Stopping Power Rate
The stopping cross-section can be written as

𝑆 =

∫
𝑇 (𝑏)𝑑𝜎, (3)

where 𝑏 is the impact parameter, 𝑇 (𝑏) is the energy trans-
ferred in a collision at 𝑏, and 𝑑𝜎 is the differential cross-
section. For Coulomb scattering, the differential cross-
section in terms of 𝑏 is

𝑑𝜎 = 2𝜋𝑏 · 𝑑𝑏

∼ 2𝜋
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(4)

where 𝑒1 and 𝑒2 are the charges of the incident and target
particles, 𝑚2 is the target mass, and 𝑣 is the velocity of
the incident particle. Integrating over the allowed range of
energy transfer gives
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, (5)

where 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 correspond to the maximum and min-
imum energy transfer. 𝑇𝑚𝑎𝑥 represents a head-on collision
with a target electron, while 𝑇𝑚𝑖𝑛 reflects the mean excita-
tion energy of atomic electrons of the target particle. The
logarithmic term is known as the Coulomb logarithm.

The stopping-power rate is then〈
−𝑑𝐸
𝑑𝑥

〉
= 𝑆 · 𝑁, (6)

where 𝑁 is the number density of the absorber. Includ-
ing relativistic and quantum corrections yields the Bethe
stopping-power formula. For muon ionization cooling, the
typical muon momentum is around 200 MeV/c, and the
stopping-power rate becomes〈
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where 𝐾 = 0.307075 MeV mol−1 cm2, 𝑍 and 𝐴 are atomic
number and mass of the absorber, 𝑧 is the charge number of
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The High Intensity heavy-ion Accelerator Facility 

(HIAF) is a mega scientific infrastructure in China. It con-
sists of a superconducting electron cyclotron resonance ion 
source (SECR), a superconducting heavy ion linac (iLinac), 
a fast-ramping rate synchrotron (BRing) and six experi-
mental terminals. One major task is to study atomic physics 
with internal targets in the spectrometer ring (SRing). An 
electron cooler was designed and constructed in SRing to 
boost the internal target experimental luminosities and 
compensate for energy losses. In this paper, the current sta-
tus of the cooler was presented.  

INTRODUCTION 
HIAF is a new accelerator complex hosted by the Insti-

tute of Modern Physics (IMP) Chinese Academy of Sci-
ences (CAS) [1]. It is designed to provide intense primary 
heavy ion beams and produce rare secondary isotopes for 
nuclear physics, atomic physics and application sciences. 
The project was proposed in 2011 and approved in 2015. 
The construction began in 2018 and the first beam com-
missioning was completed successfully on October 28th, 
2025. An aerial view of the HIAF campus is shown in Fig-
ure 1. 

 
Figure 1: Aerial view of the HIAF project campus. 

SRing is one the of six terminals in the HIAF project. It 
was designed with different operation modes. The isochro-
nous mass spectrometer (IMS) mode is used to measure 
short-lived nucleus mass. The internal target mode is used 
for experiments on the gas target and the electron target. 
The normal mode is used for ion/isotope accumulation. 
The electron cooling method is used to improve luminosi-
ties for the last two modes. 

The HIAF accelerator layout is shown in Figure 2. A typ-
ical operation mode can be described as following. Ions 

provided by SECR and iLinac are accumulated and accel-
erated in BRing, then be extracted and transferred in HFRS. 
Secondary beam (highly charged ions or isotopes) can be 
produced by bombarding a target with the primary beam. 
The secondary beams (isotopes or highly charged heavy 
ions) will be injected into SRing and stored for experiments. 
In the future, a deceleration cavity will be used to prepare 
low-energy highly-charged ions for atomic physics. 

 
Figure 2: HIAF accelerator layout. 

The electron cooler in SRing is a classical magnetized 
DC cooler [2]. The maximum electron energy and current 
are 450 keV and 2.0 A, respectively. The cooler was de-
signed based on the existing cooler installed in HIRFL-
CSRe at IMP, which was made by collaboration with BINP 
in 2004. The total cooler assembling was finished in May 
of 2025. A primary commissioning with few hundreds 
milliamperes electron beam at 200 keV was achieved suc-
cessfully. A photo of the cooler assembled in the tunnel is 
shown in Figure 3. 

 
Figure 3: HIAF electron cooler. 

!""""""""""""""""""""""""""""""""""""""""""""! !

* Work supported by National Natural Science Foundation of China 
(Grants No. 12475162) 
† Email address: maolijun@impcas.ac.cn. 

The 15th International Workshop on Beam Cooling and Related Topics, New York, USA JACoW Publishing

ISBN: 978-3-95450-267-7 ISSN: 2226-0374 doi: 10.18429/JACoW-COOL2025-MOB3

Facilities and Programs 5

MOB: Facilities and Programs Session II MOB3

Co
nte

nt 
fro

m 
thi

s w
ork

 m
ay

 be
 us

ed
 un

de
r t

he
 te

rm
s o

f th
e C

C B
Y 4

.0 
lic

en
ce

 (©
 20

26
). A

ny
 di

str
ibu

tio
n o

f th
is 

wo
rk 

mu
st 

ma
int

ain
 at

tri
bu

tio
n t

o t
he

 au
tho

r(s
), t

itle
 of

 th
e w

ork
, p

ub
lis

he
r, a

nd
 DO

I.

https://jacow.org/COOL2025/pdf/MOB3.pdf
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Ion implantation is an accelerator-based technology used 

to create defects and introducing impurities into solid ma-
terials. A research and development study is currently un-
derway toward ultrahigh-precision single-ion implantation 
using laser-cooling techniques at Takasaki Institute, Na-
tional Institutes for Quantum Science and Technology. To 
achieve this, we incorporate a linear Paul trap as an ultra-
cold single-ion source, where trapped ions can be made 
“Coulomb-crystallized” through Doppler laser cooling. In 
our scheme, nitrogen or silicon ions, useful for ion implan-
tation to create color centers in materials, are sympatheti-
cally cooled through Coulomb collisions by co-trapping 
them with laser-cooled calcium ions to form a two-compo-
nent crystal. These cold ions are then selectively extracted 
from the trap to be accelerated and focused through a 50-
kV electrostatic bipotential-lens system. Our goal is to 
achieve beam focusing for ultrahigh-precision implanta-
tion on the order of 10 nm. The implanter system has al-
ready been assembled, and the commissioning is currently 
ongoing to enable single-ion extraction using a Coulomb 
crystal. In these proceedings, we describe the scheme for 
selective ion extraction and nanobeam focusing based on 
multiparticle simulations and briefly report recent progress 
in system implementation.  

INTRODUCTION 
Improving the focusing and targeting precision of 

charged-particle beams is an important aspect of accelera-
tor technology. One example is so-called “microbeam 
(nanobeam) irradiation”, where the transverse spot size of 
the beam on a target is focused to the micrometer (nanome-
ter) scale. This technique is often employed for pinpoint 
irradiation in MV-class electrostatic accelerators [1]. In this 
beam-irradiation method, the beam generated from such a 
high-energy accelerator is strongly collimated to reduce its 
effective emittance before final focusing on the target. 
(Note that this process is not beam cooling as the phase-
space density of the beam is not increased.) With fine tun-
ing of the collimator apertures and stronger final focusing, 
the spot size can, in principle, be further reduced. However, 
it would be practically more difficult to control single-ion 
irradiation reliably because of the stochastic nature of ion 

transmission through collimators in conventional beam-
formation methods. 

A different approach to obtaining low-emittance beams 
is beam cooling. Among several cooling methods applica-
ble to fast heavy-ion beams, Doppler laser cooling is the 
most promising since the lowest attainable temperature is 
in the mK range [2, 3]. In such an ultralow-temperature 
state, it is expected that a crystalline-ordered beam, whose 
emittance is extremely low, can be formed [4, 5]. Although 
the longitudinal beam temperature of around 1 mK was at-
tained in early laser-cooling experiments [6], transverse 
cooling to the mK range has not yet been realized (except 
in very low-beam-energy cases using a circular Paul trap 
[7]). This is mainly because it is practically quite difficult 
to maintain high lattice periodicity for avoiding resonance 
crossing, to accomplish three-dimensional laser cooling, 
and to compensate for dispersive effects in large-scale stor-
age rings [8]. 

As a possible method to generate a three-dimensionally 
ultralow-emittance beam and control single-ion motion re-
liably, we consider the use of a linear Paul trap (LPT) for 
several following prominent reasons. It is relatively 
straightforward to form an ion Coulomb crystal, an ordered 
state in au ultralow-temperature limit, by applying Doppler 
cooling to trapped ions [9]. Attainable normalized emit-
tance is on the order of 10−15 m�rad or less [10-12]. It is 
possible to observe the existence of a small number of ions 
in a crystal and to manipulate them individually under 
wide-range operating conditions for extraction from the 
LPT [11-14]. Furthermore, two-component crystals can be 
formed via sympathetic cooling of various ions co-trapped 
with laser-coolable ions.  

Recently, we have proposed an ultrahigh-precision sin-
gle-ion implanter for the application of quantum technol-
ogy [15, 16]. In the following, we present the scheme of 
single-ion irradiation and nanobeam formation using a 
Coulomb crystal and report on the progress of ion-trap ex-
periment performed at QST Takasaki Institute.  

SINGLE-ION IMPLANTER 
We have fabricated a compact ion-implanter system with 

an LPT at QST Takasaki Institute. As shown in Fig. 1, it 
mainly consists of an external ion source where various im-
plantation ions (such as N and Si) can be generated, an LPT 
where a two-component Coulomb crystal is formed by la-
ser cooling of Ca+ ions (Doppler limit: 0.5 mK) and single-!""""""""""""""""""""""""""""""""""""""""""""!!
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HADRON BEAM COOLING CONCEPT AND 
COOLER DESIGN STATUS FOR THE EIC * 

A.V. Fedotov†, D. Kayran, S. Seletskiy 
Brookhaven National Laboratory, Upton, NY, USA
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Cooling of hadrons in Electron Ion Collider (EIC) is crit-

ical to achieve EIC design parameters and performance. In 
this paper we summarize current strategy of hadron beam 
cooling application for the EIC starting with providing 
strong cooling of proton beam emittances at injection en-
ergy and potential subsequent cooling at the top collision 
energies. We will then discuss requirements, challenges 
and design status of RF-based electron cooler for 23.8 GeV 
proton energy. 

INTRODUCTION 
The Electron-Ion Collider (EIC) project is presently un-

der design at Brookhaven National Laboratory (BNL); a 
layout of the EIC is shown in Fig. 1. Collisions occur be-
tween the hadrons in the Hadron Storage Ring (HSR) and 
the electrons in the Electron Storage Ring (ESR) [1]. 

In order to achieve the design emittances of the hadron 
beam, hadron beams will be injected into the HSR and 
cooled to the target emittances at injection energy of pro-
tons of 23.8 GeV. After the target emittances are achieved, 
the HSR will be ramped to the collision energy. 

Cooling of protons at 23.8 GeV will be done using con-
ventional electron cooling technique which requires 
12.5 MeV electron accelerator. The design of such Low-
Energy Cooler (LEC) is based on the RF-accelerated elec-
tron bunches, similar to the LEReC [2] approach, but 
scaled to higher energy.  

Cooling of heavy ions at collision energies is planned 
using stochastic cooling technique [3]. 

Presently, no cooling of protons at collision energies is 
implemented. However, such high-energy cooling of pro-
tons can be considered as future EIC upgrade.  

HIGH-ENERGY COOLING 
A robust cooling of protons at collision energies in the 

EIC could significantly increase luminosity in the EIC. 
However, designing of such High-Energy Cooling (HEC) 
system for protons is one the most challenging problems in 
modern accelerator physics. 

Recently, significant efforts were devoted to design of 
such HEC system using stochastic cooling approach but 
employing electron beam itself as a pick-up, amplifier and 
kicker, which can extend this technique to much higher 
bandwidth than possible with conventional microwave 
technology. A conceptual design study of such an approach 

based on the micro-bunched Coherent Electron Cooling 
amplifier was performed [4]. 

 

 
Figure 1: The layout of the Electron-Ion Collider (EIC). 
 
One of the alternative approaches is to use a well-estab-

lished technique of electron cooling. With such a tech-
nique, the cooling rate drops quadratically with energy 
which makes its extension to high energies challenging. 
However, the drop of cooling rate with energy can be com-
pensated by an increase in the phase-space density of elec-
tron bunches, length of the cooling section and by precool-
ing of hadron beam at lower energies, as cooling rate 
strongly depends on the divergence of the hadron beam. 

Since electron cooling technique has several decades of 
experience one can provide estimates of the cooling rates 
and requirements of needed electron beam parameters with 
very high degree of certainty. What remains is to design 
required electron accelerator. 

Several approaches using conventional electron cooling 
for the HEC system were considered in the past [5-8]. Most 
recent R&D studies at BNL were devoted to two ap-
proaches: 1) Storage Ring-based Electron Cooler [9] and 
2) ERL-based Electron Cooler [10]. 

While R&D on the HEC continues, immediate focus for 
the EIC is on the design of the Low-Energy Cooler (LEC). 

THE LEC REQUIREMENTS 
The LEC design is based on the non-magnetized cooling 

approach with zero magnetic field on the cathode and no 
magnetic field in the cooling region [11]. The layout of the 
LEC accelerator is shown in Fig. 2. 

!"""""""""""""""""""""""""""""""""""""!!
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