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A combination of electron cooling and rf system is an effective method to compress the beam bunch
length in storage rings. A simulation code based on multiparticle tracking was developed to calculate the
bunched ion beam cooling process, in which the electron cooling, intrabeam scattering (IBS), ion beam
space-charge field, transverse and synchrotron motion are considered. Meanwhile, bunched ion beam
cooling experiments have been carried out in the main cooling storage ring (CSRm) of the Heavy Ion
Research Facility in Lanzhou, to investigate the minimum bunch length obtained by the cooling method,
and study the dependence of the minimum bunch length on beam and machine parameters. The
experiments show comparable results to those from simulation. Based on these simulations and
experiments, we established an analytical model to describe the limitation of the bunch length of the
cooled ion beam. It is observed that the IBS effect is dominant for low intensity beams, and the space-
charge effect is much more important for high intensity beams. Moreover, the particles will not be bunched
for much higher intensity beam. The experimental results in CSRm show a good agreement with the
analytical model in the IBS dominated regime. The simulation work offers us comparable results to those
from the analytical model both in IBS dominated and space-charge dominated regimes.
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I. INTRODUCTION

The Heavy Ion Research Facility in Lanzhou–Cooling
Storage Ring (HIRFL-CSR) accelerator complex is a
multipurpose research facility for nuclear physics, atomic
physics and heavy ion applied researches in medicine,
biology and materials science [1]. It consists of two
cyclotrons, two storage rings and several experimental
terminals. The cyclotrons sector focusing cyclotron
(SFC) and separated sector cyclotron (SSC) are used as
the injector system. The main cooling storage ring (CSRm)
is used for beam accumulation and acceleration. The
experimental cooling storage ring (CSRe) provides a plat-
form for nuclear and atomic experiments with heavy ions
and rare isotopes. Two electron coolers installed in CSRm
and CSRe are applied to the stored ion beams for phase
space compression. The electron coolers were designed
and manufactured in the cooperation between IMP China
and BINP Russia [2]. Several distinctive technologies, such

as variable electron beam profile gun, pancake solenoid
cooling section and electrostatic bending plate were used in
these coolers firstly [3,4]. The layout of the HIRFL-CSR
accelerator complex is shown in Fig. 1 and the detailed
description can be found in Refs. [1,5,6].
Electron cooling is a powerful method to shrink the

size, the divergence and the momentum spread of the
stored charged-particle beams in storage rings for precision

FIG. 1. Layout of the HIRFL-CSR accelerator complex.
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experiments [7]. It also supports beam manipulations
involving the rf system to provide beams with short bunch
length. Short-bunched ion beam has a wide range of
applications in rare isotope production, high energy density
physics experiments, collider and cancer therapy [8–10]. In
order to study the cooling process of the bunched ion beam,
a simulation code was developed, in which the electron
cooling, intrabeam scattering (IBS) and space-charge effect
are considered. Experimental investigations on the mini-
mum bunch length obtained by the combination of electron
cooling and a sinusoidal wave rf field were also carried out
in CSRm under various intensities of cooled 112Sn36þ and
12C6þ ion beams.
CSRm is a racetrack shape synchrotron with the circum-

ference of 161.0 m. An electron cooler and a rf cavity are
placed at the dispersion-free sections. The electron cooler
with an effective length of 3.4 m works at the injection
energies for beam accumulation. The rf cavity operates in
the frequency range of 0.25 to 1.7 MHz and the maximum
voltage is 8.0 kV [11]. Because of the low-frequency
limitation of the rf cavity, the second harmonic is used
at the injection energies, which means two bunches are
produced in CSRm.
The bunched ion beam cooling process has been studied

in several cooling storage rings, such as HIMAC, ESR,
IUCF and CSRe [8,12–14]. The results show that the
minimum bunch length of the cooled beam is determined
by the equilibrium between electron cooling, IBS effect,
ion beam space-charge field and rf voltage, but the
dependence of the minimum bunch length on the beam
parameters has a slight difference in those experiments. The
purpose of this paper is to present the bunched ion beam
cooling experiments in CSRm and introduce the bunched
beam cooling simulation work based on the multiparticle
tracking method. The experimental and simulated results
are described and compared, according to which an
analytical model is established to investigate the effects
of IBS and space-charge on bunch length. Both the
experimental and simulated results show a good agreement
with the analytical model.

II. SIMULATION OF BUNCHED BEAM COOLING

The simulation code is developed based on multiparticle
tracking, in which the ion beam is represented by a number
of model particles and the beam dynamics is calculated by
the statistical method. In the simulation procedure, the ring
is divided into two parts. The first part is the cooling section
and the second one is the rest of the ring. Before the model
particles going into the cooling section, the beam dynamics
is calculated on the basis of betatron and synchrotron
oscillations (with rf voltage). Then the beam emittance and
momentum spread will be cooled down when passing
through the first part, and the bunch length will also be
compressed. In order to obtain a more accurate result, the

IBS and longitudinal space-charge effect are carefully
calculated for each turn.
In the code, a certain number of charged particles are

generated based on the initial beam emittance, momentum
spread and bunch length. Particularly, it assumes that the
initial ion beam distribution is Gaussian in transverse and
longitudinal. Each particle is presented as a six-coordinate
vector: (x, x0, z, z0, ϕ, Δv), where x and z are the horizontal
and vertical coordinates, x0 and z0 are the corresponding
angles in horizontal and vertical, ϕ is the phase angle with
respect to the ring and Δv is the relative velocity of the
particle in laboratory reference frame (LRF). Each coor-
dinate is generated from Gaussian random value and the
Twiss parameters. For each turn, the coordinate of each
model particle will be tracked and the beam dynamics will
be calculated according to the particles distribution. The
details of the simulation code are described in Appendix A.
The calculation of electron cooling is based upon the

energy exchange between ions and electrons, which can be
described by a velocity-dependent friction force. In the
simulation, the Parkhomchuk force formula is used at the
particle reference frame (PRF) [15], and the electron
density is around 3.8 × 106 cm−3 with uniform transverse
distribution. In the cooling process, the friction force on
each model particle is calculated by the relative velocity
component between the ion and electron and the details can
be found in Appendix B. Additionally, because of the
space-charge potential of electron beam, the longitudinal
velocities of the electrons at a certain radius r should be
corrected by [16]

ΔVe

Ve
¼ Ie

4πε0β
3γ3c

e
mec2

r2

r2b
; ð1Þ

where ε0 is the vacuum permittivity, Ie is the electron beam
current, β and γ are Lorentz factors, c is the speed of light
and rb is the radius of electron beam. As the particles pass
through the cooling section, the emittance, momentum
spread and bunch length of the ion beam will be rapidly
compressed by the electron beam.
On the other hand, some heating effects which can

induce beam blowups should be analyzed seriously, such
as the IBS effect, target scattering and residual gas
scattering [7]. In the code, these heating effects are all
considered. Actually, only the IBS effect is important,
because there is no internal target in CSRm and the
vacuum pressure is very high. The IBS effect is a multiple
Coulomb interaction of the charged particles within the
beam. In the calculation, the Martini IBS model is applied,
in which the growth rate is calculated from a complicated
integration that connects the six-dimensional phase space
density of the beam with the optics of the storage ring
[17]. However, the growth rate λ is described as the
relative time derivatives of rms relative momentum spread
and rms betatron angles, see Appendix C.
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The ion beam density increases with the cooling process,
during which the space-charge effect becomes much
stronger to prevent the cooling effect on bunch length
and beam profile accordingly. In the code, the space-charge
effect is considered only in the longitudinal and this effect
is represented by a potential that is similar to the rf voltage.
The space-charge potential is given by [18]

VSC ¼ gh2

2Rε0γ2
dρðϕÞ
dϕ

; ð2Þ

in which ρ is the linear charge density of ion beam, h is
the harmonic number and R is the radius of the ring.
The geometric factor g ¼ 1þ 2 ln b

a depends on the ratio of
beam radius a to pipe radius b. The change of particle
velocity caused by the space-charge potential together with
the rf voltage for each turn is calculated, which is based on
the synchrotron motion and more details can be found in
Appendix A.
An application is dedicated to the bunched beam cooling

for the typical ion beam 12C6þ at the injection energy of
6.9 MeV=u on CSRm. The main parameters used in the
simulation are listed in Table I. The variations of the beam
emittance, momentum spread and bunch length with time
under the combined actions of the IBS, space-charge and
electron cooling are shown in Fig. 2. The distribution of
beam momentum spread and beam bunch length in the
cooling process are shown in Fig. 2 (contour map) to reveal
the evolution of particle distribution. Initially, both the
momentum spread and the bunch length decrease quickly
since the cooling effect is much stronger than other heating
effects. Afterward, the IBS and space-charge effect become
stronger due to the increased density of the beam during the

cooling process. Finally, the balance of cooling and heating
is reached after about 2 seconds.
The particle distribution in longitudinal phase space, the

corresponding separatrix orbit and the beam space charge
potential during the cooling process are given in Fig. 3. The
space-charge potential shows the behavior increasing with
the decrease of bunch length as it was cooling down, during
which the bunch length is prevented from being cooled
to much shorter together with the IBS effect. However, the
space-charge potential at 1 second is larger than that at
the equilibrium state and many particles are cooled to the
center as shown in Fig. 3. It is mainly because the cooling
force in the longitudinal is larger than that in the transverse.
Many particles are quickly cooled to the center in the
longitudinal at the beginning of cooling and then diffuse
slowly until the equilibrium state is achieved. For a cooled
ion beam with stationary distribution, the particle charge
density in the longitudinal can be described by the Fokker-
Plank equation [19],

ρðsÞe−αρðsÞ ¼ ρð0Þe−αρð0Þe−s2=2σ2b ; ð3Þ

TABLE I. Initial parameters used in simulation.

Ion 12C6þ
Ion energy 6.9 MeV=u
Particle number per bunch 1.0 × 108

Initial emittance (rms) 2.0=1.0π mmmrad
Initial momentum spread (rms) 5.0 × 10−4

Initial beam length (rms) 3.8 m
Ring circumference 161.0 m
Length of the cooler 3.4 m
Betatron tune 3.63=2.61
β value in the cooling section 10=10 m
α value in the cooling section 0.0=0.0
Dispersion in the cooling section 0.0 m
Transition gamma γtr 5.42
rf voltage 1.0 kV
Harmonic number 2.0
Electron beam density 3.8 × 106 cm−3

Electron beam diameter 50 mm
Transverse e-beam temperature 0.5 eV
Longitudinal e-beam temperature 1.0 × 10−5 eV
Magnetic field in the cooling section 365.0 Gs

FIG. 2. Evolution of beam emittance (rms), distribution of
momentum spread and bunch length in the procedure of cooling
combined with rf field (Vrf ¼ 1.0 kV) for 6.9 MeV=u 12C6þ
beam.
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where ρð0Þ is used to normalize the total charge of the
beam. The constants α and σb are given by the equations,

α ¼ Z0g
γ2β

ef0
Eβ2

R
σ2η

; ð4Þ

σb ¼
�
2πβ2jηj

h
E

eVrf

�
1=2

Rσ; ð5Þ

where g is the geometrical factor and σ represents the
longitudinal beam temperature. This equation is used to fit
the beam distribution during cooling and the fitting results
have a good agreement with the simulation results as shown
in Fig. 3.
As mentioned above, the minimum bunch length of the

cooled beam is determined by the equilibrium between
electron cooling, IBS effect and space-charge effect. In
order to verify the simulation results, experiments were
carried out in CSRm. The minimum bunch length reduced
by the combination of electron cooling and rf field is
measured.

III. EXPERIMENT OF THE BUNCHED BEAM
COOLING IN CSRM

A. Bunch length measurement

The experiments were performed with 112Sn36þ beam at
the energy of 3.7 MeV=u and 12C6þ beam at the energy of
6.9 MeV=u, respectively. The range of the stored particle
number was from 106 to 108. A flat distribution electron
beam with the diameter around 50 mm was used for beam
cooling. The electron beam current was set as 135 mA
for 112Sn36þ beam and 44 mA for 12C6þ beam, respectively.
A sinusoidal rf voltage from 0.2 to 2.3 kV was applied with

the harmonic number of 2. The electron cooling and rf
system parameters in the experiments are summarized
in Table II. The same lattice parameters were used for
112Sn36þ and 12C6þ experiments, which were listed in
Table I.
A typical experimental cycle is as follows: beams are

injected, accumulated and cooled with the help of the
continuous electron beam, and then a sinusoidal rf voltage
is switched on. The bunch length after 2 seconds of turning
on the rf system is measured by a position pickup with the
length of 150 mm and the capacitor of 120 pF. The voltage
drop at the 50 Ohms resistor between the pickup and
ground is amplified by a preamplifier with the gain factor
of 54 dB. An oscilloscope with the bandwidth of 1 GHz is
used to read the signal from the preamplifier. The rms
bunch length is evaluated from the Fokker-Plank fitting
result of thevoltage signal. As an example, ameasurement of
the voltage signal (black line) from Beam Position Monitor
(BPM) for 112Sn36þ beam is shown in Fig. 4. In this case, the
beam longitudinal linear charge density is obtained by the
integration of the pickup voltage signal (red line). The rms
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FIG. 3. Evolution of the model particles distribution in longitudinal phase space (red dot), the space-charge potential (blue line) and
the particles distribution in the longitudinal for one bunch of 12C6þ beam in CSRm. The black dashed line is the rf bucket with
Vrf ¼ 1.0 kV and the green line is the fitting result by the Fokker-Plank equation. The fitting result of bunch length and momentum
spread is given.

TABLE II. Electron cooling and rf system parameters in the
experiments.

Ion 112Sn36þ 12C6þ
Ion energy [MeV/u] 3.7 6.9
Particle number per bunch [×107] 0.2–3 2.5–20
rf voltage [kV] 0.2–1.4 0.3–2.3
Harmonic number 2 2
Electron energy [keV] 2.0 3.7
Electron beam current [mA] ∼135 ∼44
Electron beam diameter [mm] ∼50 ∼50
Magnetic field in cooling section [Gs] ∼365 ∼365
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bunch length σt is evaluated by Fokker-Plank fitting of the
bunch shape, as the blue line shown in Fig. 4. In the fitting
process, the geometric factor g and the momentum spread
dp=p are the twomain factors to determine the bunch length
and the particle distribution.
The rms bunch length σb is obtained via

σb ¼ σtfC; ð6Þ

where f is the revolution frequency measured by the
Schottky detector and C is the circumference of CSRm.
An estimate of the errors in the bunch length measurement
is summarized in Table III. The uncertainty for the
calculation of σb is dominated by the measured revolution
frequency, the intrinsic response of pickup and the fitting
result. A relative error of the bunch length in the meas-
urement is about�6%, in which the intrinsic response error
of the pickup is the main factor.
The stored beam current was measured by the dc current

transformer (DCCT) in CSRm. The particle number per
bunch is calculated by

N ¼ I
eZhf

; ð7Þ

where I is the beam current measured by DCCT, Z is
the charge state of ions and h is the harmonic number.
The uncertainty in determining N is dominated by the
accuracy of the current measurement, which is about �4%.
Additionally, the uncertainty of the rf voltage applied on
the ion beam is dominated by the rf device output. All of
these errors are summarized in Table III.

B. Experimental results and analysis

The experimental results of 112Sn36þ and 12C6þ beam are
shown in Fig. 5, in which the dependencies of the minimum
bunch length on particle number for the different rf voltages
are presented. It is observed that the bunch length increases
proportionally to Nk, and the range of k is from 0.22 to
0.28 for such low ion intensities and energies. For space-
charge dominated beam, k is close to 1=3, which has been
measured and analyzed in Refs. [8,14]. According to
Ref. [19], the beam charge density in the longitudinal is
determined by the geometrical factor g and σ that g
influences the width of the central part and σ defines the
beam tail. In our case, we think the bunched beam after
cooling belongs to the IBS domain and the bunch length is
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FIG. 4. The measured BPM signal (black) of the bunched
beam, the beam linear charge density (red) calculated from the
BPM signal and the Fokker-Plank fitting result (blue) in the
experiment of 3.7 MeV=u 112Sn36þ. The rms bunch length is
about 28� 0.2 ns (I ¼ 17.7 μA, Vrf ¼ 1.4 kV, g ¼ 3.7, σ ¼
2.3 × 10−4).

TABLE III. Estimate errors for the bunch length measurement.

Name Error (%) Source

Revolution frequency �1 Schottky detector
Measured data �5 Response of pickup
Data analysis �0.5 Standard deviation of

the measured data
Particle number �4 DCCT measurement
rf amplitude �ð0.1–10Þ rf device output
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mainly determined by the IBS effect, even the central part
of the beam is strongly affected by the space-charge effect.
As the results shown in Ref. [19], the evolution of the rms
momentum spread has different rules for the total beam
current and the peak current, respectively.
In the experiments, the stored particle number per bunch

is from 106 to 108. Accordingly, the IBS effect is the main
heating source to affect the bunch length for such low
intensity and low energy ion beams, in which the space-
charge effect only exists at the central part of the beam that
with quite small momentum spread. Therefore, the distri-
bution of the bunched beam is mainly determined by the
particles outside the center that with large momentum
spread relatively. The space-charge potential can be ignored
for the particles outside the center, and the synchrotron
motion of these particles can be described by the small-
amplitude oscillation in the rf bucket [20],

δ̂

θ̂
¼

�
ehVrfjcosϕsj
2πβ2Ejηj

�
1=2

¼ Qs0

jηj ; ð8Þ

where δ̂ and θ̂ are the maximum amplitudes of the phase
space ellipse, E is the total energy of ions, η is the slip factor
and Qs0 is the synchrotron tune. It is clear that the bunch
length for the small-amplitude oscillation increases linearly
with the momentum spread for a certain rf amplitude. In the
cooling process, the evolution of the beam momentum
spread satisfies the differential equation

1

δp

dδp
dt

¼ −
1

τcooling
þ λheating; ð9Þ

where τcooling is the cooling time and λheating is the heating
rate. For low ion intensities and energies, the heating rate
is determined by the IBS heating rate λIBS. When the
equilibrium is achieved, we get

1

τcooling
¼ λIBS: ð10Þ

According to the electron cooling theory, the cooling
force on the particle with a small momentum deviation Δp
is a linear function F ¼ kΔp, where k is the slope of the
longitudinal cooling force which is a constant for a certain
electron beam setting [21]. So, the cooling time for the
cooled beam at the equilibrium status is

1

τcooling
¼ F

p0

¼ kδp: ð11Þ

The gas relaxation model can be used for the calculation of
the IBS heating rate [22]. The longitudinal heating rate for
bunched beam is given by

λIBS ¼
1

2δ2p

dδ2p
dt

¼ r2i cNiΛ
16β2γ3ε3=2⊥ hβ1=2⊥ i ffiffiffiffiffiffiffiffi

π=2
p

σbδ
2
p

; ð12Þ

where Λ is the Coulomb logarithm, ε⊥ is the transverse
emittance, β⊥ is the beta function, hi is the average value of
the ring lattice and Ni is the particle number that corre-
sponds to 92% of ion beam in the longitudinal. In the
equilibrium state, we get

kδp ¼ r2i cNiΛ
16β2γ3ε3=2⊥ hβ1=2⊥ i ffiffiffiffiffiffiffiffi

π=2
p

σbδ
2
p

: ð13Þ

According to Eqs. (8) and (13), the minimum bunch length
after cooling is proportional to N1=4,

σb ∝ N1=4; ð14Þ

which has a good agreement with the experiment results
shown in Fig. 5. Additionally, a series of experimental
studies at ESR and IUCF [12,13] have shown that the
increase of the momentum spread δp with the number of
stored particles N for one bunch is evidenced as

δp ∝
�
N
Bf

�
1=3

; ð15Þ

where Bf ¼ Iaverage=Ipeak is the bunch factor and Bf ¼ 1

for coasting beam. In the case of bunched beam in the IBS
domain, the beam distribution in the longitudinal is much
closer to Gaussian, for which the bunch factor can be
achieved by Bf ¼ ffiffiffiffiffiffi

2π
p

hσb=C, where C is the ring circum-
ference. According to Eqs. (8) and (15), we can also get
the bunch length is proportional to N1=4. Furthermore, the
minimum momentum spread is limited by the IBS heating,
which is proportional to Z4=A2 [22]. It means that the
bunch length of the 112Sn36þ ion beam is usually larger than
the 12C6þ ion beam under similar conditions, which can be
seen in Fig. 5. Therefore, we conclude that the experimental
results in CSRm demonstrate that the IBS effect is
dominant for such low intensity and low energy beams.
But the space-charge effect will strongly affect the central
distribution of the beam.

IV. BENCHMARK FOR THE SIMULATION CODE

The experiments of the bunched beam cooling for
112Sn36þ and 12C6þ ions in CSRm were simulated by the
cooling program. The dependencies of the final beam
emittance and the bunch length on particle number are
shown in Figs. 6 and 7. The simulation results have a good
agreement with the measurements, as shown in Fig. 7, in
which the rms bunch length is fitted by the Fokker-Plank
equation at the equilibrium state. In the simulation, the
electron density is 1.6 × 107 cm−3 and 3.8 × 106 cm−3 for
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112Sn36þ and 12C6þ beams, respectively. The parameters
used in the simulation are listed in Table IV.
In order to investigate the limitation of the bunch length

for high intensity ion beam, more calculations on

6.9 MeV=u 12C6þ beam with rf voltage 1.0 kV were done.
The particle number is from 107 to 1010 per bunch. In the
calculation, the IBS and space-charge effect are considered
independently, and the results comparing with the mea-
surements are shown in Fig. 8. According to the results
considered the IBS effect only, the experiments of 12C6þ
in CSRm clearly belong to the IBS dominated regime.
The bunch length is proportional to N1=4, which has a good
agreement with Eq. (15). The space-charge dominated
beam is obtained when the particle number per bunch
exceeds 6 × 108. When only the space-charge effect is
considered, it is observed that the dependence of the bunch
length on particle number is divided into two regions.
According to Ref. [14], the longitudinal phase oscillation is
determined by the rf and space-charge voltage,

Ω2
s ¼ Ω2

s0

�
1 − k

N
σ3b

�
; ð16Þ

k ¼ 1

γ2
Ze
4πϵ0

�
1þ 2 ln

�
b
a

�� ffiffiffiffiffiffi
2π

p
R2

U0

; ð17Þ

whereΩs0 is the synchrotron angular frequency without any
space-charge effect. It is a constant value for small-amplitude
oscillation
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TABLE IV. The parameters used in the simulation for
benchmark.

Ion 112Sn36þ 12C6þ
Energy [MeV/u] 3.7 6.9
Electron energy [keV] 2.0 3.8
Electron beam density [ cm−3] 1.6 × 107 3.8 × 106

Transverse temperature [eV] 0.5 0.5
Longitudinal temperature [eV] 1.0 × 10−5 1.0 × 10−5
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FIG. 8. The bunch length versus particle number in the
simulation (colored) and experiment (black) for 6.9 MeV=u
12C6þ ion beam. In the simulation, the bunch length is estimated
by considering the effects of IBS and space charge independently.
The dashed lines are fitted to the simulation results.
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Ωs0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
0ehUrfjηj
2πβ2E

s
; ð18Þ

whereω0 is the angular revolution frequency of the reference
particle and E is the particle energy. By considering σbΩs ¼
σb0Ωs0 and ðσb0=σbÞ2 ≪ 1, σb is approximately given by

σb ≐ ðkNÞ1=3: ð19Þ

The expected dependence of the bunch length shown in
Fig. 8 is close to N1=3 for the particle number less than 109.
The simulation result can be explained rather well by the
equilibrium between the space-charge effect and the rf
voltage.
Beyond this particle number, an additional increase of

the bunch length occurs, proportional to N0.75. It is also
observed that some particles are outside the rf bucket.
In this case, we thought one of the reasons is the large-
amplitude synchrotron caused by the strong space-charge
effect. For synchrotron motion, the small-amplitude oscil-
lation is deduced by

sinϕ − sinϕs ≐ ðϕ − ϕsÞ cosϕs; ð20Þ

where ϕ is the phase angle for a nonsynchronous particle.
If the phase angle is large, the synchrotron motion will
not satisfy Eq. (16) and the nonlinear effect will happen.
We estimate that the critical phase angle of small-amplitude
oscillation is π=6, which means the critical bunch length
(rms) is about 0.8 m for our case that the ring circumference
is 161 m and the harmonic number is 2. It shows a good
agreement with the simulation result shown in Fig. 8.
According to the simulation and experiments, we can

give the estimate of the limitation of the bunch length that
satisfies the theoretical analysis. The simulation code can
almost apply to any kind of heavy ion beams with different
energies, and can distinguish the IBS dominated beam or
space-charge dominated beam.

V. SUMMARY AND OUTLOOK

In this paper, we reported the experimental and simu-
lation results of the minimum ion beam bunch length
obtained by a combination of electron cooling and rf
system. It is obvious that such a combination is an effective
method for beam bunch compression. Both results show
that the minimum bunch length is proportional to Nα.
According to the theoretical analysis and particle tracking
simulation, the dependence can be divided into two
conditions. For small particle number per bunch and low
energy like our case, ions move along the linearized
synchrotron oscillation. The IBS effect is dominant and
the exponent α ¼ 1=4, but the space-charge effect does
exist to affect the central part of beam. For some other cases
with larger energy like in HIMAC and CSRe, the ions will

be affected by the rf system and ion beam space-charge
field. The ion beam space-charge effect is dominant and the
exponent α ¼ 1=3. Additionally, when more particles are
applied, the blowup effect will happen and the beam almost
cannot be bunched by the rf voltage. The experimental
results in CSRm show a good agreement with the simu-
lation results in the IBS dominated regime.
However, the simulation code lacks the calculation of the

transverse space-charge effect, which may affect the longi-
tudinal distribution of the bunched beam. So, the results of
the bunch length are not perfect, especially for the high
intensity ion beam. Further experiments and simulations for
high energy and high intensity beam will be carried out in a
next step to investigate the influence of the transverse space-
charge effect on bunch length. The simulation code will be
also developed for further studies of bunched beam cooling,
especially the study of pulse electron beam cooling, in
preparation for which the cooling system of CSRm will
be updated.
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APPENDIX A: DETAILS OF SIMULATION CODE

The electron cooling simulation platform is a macro-
particle simulation code built with FORTRAN. At the
beginning of the code, the beam with Gaussian distribution
will be generated according to initial rms beam emittance,
momentum spread and bunch length,

ðx; x0; z; z0;ϕ;ΔvÞ

¼ ξ

� ffiffiffiffiffiffiffiffiffi
εxβx

p
;

ffiffiffiffiffi
εx
βx

r
;

ffiffiffiffiffiffiffiffi
εzβz

p
;

ffiffiffiffiffi
εz
βz

r
; δb; δpV0

�
; ðA1Þ

where the random number with standard normal Gaussian
distribution ξ is encoded by the formula [23]

ξ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2Lnðξ1Þ

p
sinð2πξ2Þ; ðA2Þ

where ξ1 and ξ2 are two uniform random numbers from
zero to one. After this, each particle will be tracked turn by
turn in the cooling process, during which the betatron and
synchrotron motion are calculated. After each turn, the
beam emittance, momentum spread and bunch length will
be calculated based on statistical method. The IBS heating
rate and the space-charge potential will also be calculated
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according to the new beam distribution and applied to the
next turn.

1. Betatron motion

In the simulation code, the transmission of the particles
in transverse is based on the betatron oscillation and the
kick of electron cooling and IBS effect, which can be
expressed by� xj
x0j

�
nþ1

¼
�
1 0

0 kjcool þ kjIBS

��
cosðΦjÞ βj sinΦj

−γj sinΦj cosΦj

�

×

� xj
x0j

�
n

; j ¼ h; v; ðA3Þ

in which Φj ¼ 2πQjð1 − ηecÞ is the betatron phase shift
of the ions from the exit to entrance of electron cooler, ηec
is the fraction of the cooling section length to the ring
circumference, αj, βj and γj are the Twiss parameters at the
entrance. The kick strength calculated from the electron
cooling kj cool and the IBS effect kj IBS [22] are

kj cool ¼ eλðV⃗jÞðvi−veÞdt; ðA4Þ

kj IBS ¼
ξ

τj
: ðA5Þ

In the simulation, the horizontal and vertical betatron
oscillations are assumed to be fully uncoupled.

2. Synchrotron motion

The synchrotron motion of the particles is affected by
the combination of rf field, electron cooling, IBS and
space-charge effect. In the code, the synchrotron motion is
described by the symplectic mapping equation,

Δvnþ1 ¼ Δvn þ Δrf þ Δcool þ ΔSC þ ΔIBS; ðA6Þ

ϕnþ1 ¼ ϕn þ 2πη
Δvnþ1

v0
; ðA7Þ

where Δv is relative velocity between the inspected particle
and the synchronous particle, ϕ is the particle phase
coordinate with respect to the ring instead of to the rf.
The change of particle velocity caused by rf and space-

charge effect and IBS are

Δrf ¼
ZeVrf

Aβ2E
v0½sinðhϕnÞ − sinϕs�; ðA8Þ

ΔSC ¼ ZeVSC

Aβ2E
v0; ðA9Þ

ΔIBS ¼
ξ

τp
; ðA10Þ

where VSC is the space-charge potential compared with the
external rf potential.
The velocity change caused by the electron cooling

Δcool ¼ V⃗kþ1 − V⃗k can be calculated by

V⃗kþ1 ¼ ðV⃗k − V⃗eÞeλðV−VeÞdt þ V⃗e; ðA11Þ

where λ is the cooling rate.

APPENDIX B: ELECTRON COOLING

The electron cooling rate can be simply calculated by

λðV⃗Þ ¼ F⃗
MVi

: ðB1Þ

The friction force F on the particle moving with velocity Vi
with electron beam density ne is calculated by the
Parkhomchuk cooling force in the particle reference frame,

F⃗ ¼ −4nemeZ2r2ec4
V⃗i

ðV2
i þ V2

effÞ3=2
ln

�
ρmax þ ρmin þ ρL

ρmin þ ρL

�
:

ðB2Þ
The impact parameters can be written as

ρL ¼ meVe⊥
eB

; ðB3Þ

ρmin ¼
Zrec2

V2
i

; re ¼
e2

mc2
; ðB4Þ

ρmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
i þ V2

eff

p
ωe þ 1=τ

; ωe ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πnere

p
; ðB5Þ

where ωe is the plasma frequency of the electron beam, τ
is the time of flight in the cooling section, B is the
longitudinal magnet field and Ve⊥ is the velocity of thermal
motion electrons at the cooling section. The effective
velocity of the center Larmor cycles Veff is described by

Veff ¼ βγcΔBrms; ðB6Þ
where ΔBrms is the deflection of magnetic field in the
longitudinal at the cooling section.

APPENDIX C: INTRABEAM SCATTERING

In the simulation code, the Martini model is used to
calculate the IBS heating rate,

1

τp
¼

�
nA
2

ð1 − d2Þf1
�
; ðC1Þ

1

τx0
¼

�
A
2
½f2 þ ðd2 þ ~d2Þf1�

�
; ðC2Þ
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1

τz0
¼

�
A
2
f3

�
; ðC3Þ

where n ¼ 1 for bunched beam and n ¼ 2 for coasting
beam. The angular brackets mean averaging over the lattice
of CSRm:

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ α2x

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ α2z

p
cr2i λ0

16π
ffiffiffi
π

p
σxβσx0βσzσz0σpβ

3γ4
; ðC4Þ

λ0 ¼
	
N=L for coasting beam

Nb=ð2
ffiffiffi
π

p
σsÞ for bunched beam:

ðC5Þ

The function fi is the integral of the beam parameters
along the ring

fi ¼ ki

ZZZ
sin μgiðμ; νÞ exp½−Dðμ; νÞz� lnð1þ z2Þdνdμdz;

ðC6Þ

with the coefficients k1 ¼ 1=c2; k2 ¼ a2=c2; k3 ¼ b2=c2,
and

D ¼ jsin2μcos2νþ sin2μða sin ν − ~d cos νÞ2 þ b2cos2μj
c2

;

ðC7Þ

g1ðμ; νÞ ¼ 1 − 3sin2μcos2ν; ðC8Þ

g2ðμ; νÞ1 − 3sin2μsin2νþ 6~d sin μ sin cos ν=a; ðC9Þ

g3ðμ; νÞ ¼ 1 − 3cos2μ: ðC10Þ

The normalized parameters (a; b; c; d; ~d) relate to the beam
distribution and the lattice of ring; more details can be
found in Ref. [22]. In the calculation, the growth rate on
single model particle Δθ is multiplied by a standard
Gaussian random number ξ,

Δθ ¼ λξ: ðC11Þ
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