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Abstract

The last few years have seen a rise in the number of particle accelerators built in Korea. However, there has been relatively
little focus on accelerator-based study of secondary particles (such as rare-isotope beams) in the context of nuclear physics,
biophysics, and dark matter research. In this context, we compare our simulation results with experimental data on various
heavy-ion beams. We determine the optimized simulation toolkit and its parameters for these experiments. Since the Geant4
is more accurate than any other simulation packages, we use the Geant4 toolkit in the study. We also provide the relevant
references for various issues arising in our study. We simulate the interaction of particles with target material and study the
characteristics of heavy-ion beams. With regard to study design, first, we examine the validity of the Geant4 model. Next, we
examine the various physics models built in the Geant4 to determine the most optimized model that describes the expected
physical phenomena. Finally, we execute the Geant4 simulations to determine the characteristics of secondary heavy-ion
beams. We plan to use these results for rare isotope accelerator complex for on-line experiment (RAON), which is an upcom-

ing facility for heavy-ion collision experiments in Korea.
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1 Introduction

With increase in the global demand for accelerators, we
need the cost-effective simulation toolkit. To create a given
environment for experiments, we need to determine the
corresponding optimized simulation toolkit and its relevant
parameters. Recently, isotope separation on-line (ISOL) sys-
tems, which comprise a fixed target experiment on which
proton beams are made incident, have been used to gen-
erate rare-isotope (RI) beams. The ISOL method has been
effectively used to generate several types of RI beams [1].
Such approaches can aid in the exploration of the structure
of exotic nuclei and the further development of nuclear
astrophysics. This method has enabled researchers to make
unprecedented discoveries in the abovementioned research
areas [2].
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As a preceding step for experiments with heavy-ion accel-
erators, in this study, we test Geant4’s physical validity with
a simple setup comprising protons colliding with a fixed
target. The goal is to select a model that best describes the
expected phenomena in the accelerator experiments. Next,
we consider controlling secondary particles (i.e., the RI
beams) originating from specific targets and beam-energy
simulations. We simulate the simplified beam-target geom-
etry to determine what kind of secondary beams are created
and how they can be controlled in simulation conditions.
Our results provide information that is difficult to obtain
experimentally. We plan to apply this result to the chosen
technique for the production of precise low-energy beams,
such as those required in rare isotope accelerator complex
for on-line experiment (RAON) [3].

2 Method
2.1 Simulation tools
In the study, we use the Geant4 toolkit as Monte Carlo

simulation tools and compare our results with those of cor-
responding experiments [4, 5]. The Geant4 simulates the
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Fig.1 The geometry of heavy-ion beam simulation on Geant4

interaction between particles and matters. It is considered
to be more accurate than any other similar simulation pack-
age [6]. However, Geant4 consumes considerably more
CPU time than others; hence, supercomputers are normally
used to run Geant4 simulations. Geant4 is written in C+ +,
which allows microscopic simulations of the propagation
of particle interaction with materials [7-9]. This package
is widely used in areas such as high-energy physics experi-
ments, neutron beam shielding, and medical physics. The
validation and detailed description of the Geant4 can be
found at the Geant4 website [10].

2.2 Simulation setup

In this work, we consider the experiment in references [11,
12]. The corresponding geometry of the beam and detector
is shown in Fig. 1. The source is a 1 GeV/A ?**U beam and
the target is ionized hydrogen gas. The detailed simulation
conditions including beam particle, energy, target materials
and thickness are shown in Table 1.

Table 2 Simulation setup for validation of Geant4

Version Geant4 version 11.0.2
Beam particle Uranium

Target material Liquid hydrogen
Beam energy 1000 MeV/A

In our simulations, we generated 1 million events and
recorded the consumed CPU time for each physics model.
In the study, we used Geant4 version 11.0.2 on the Nurion
supercomputer at KISTI. Figure 2 shows the relevant physics
list suggested via Geant4 collaborations for various beam
energies [7-9].

3 Results

Simulations were performed with the use of Geant4 version
11.0.2. Table 1 lists the detailed simulation conditions [13,
14].

3.1 Validation of Geant4 simulation toolkit

First, we examined the experiments and corresponding simu-
lations to find the best physics list. Next, we confirmed the
best physics list by measuring the CPU times while running
1 million events. Table 2 shows the simulation setup for
validation of Geant4.

We considered 13 physics list models: FTFP_BERT,
FTFP_BERT_HP, QGSP_FTFP_BERT, FTFQGSP_BERT,
FTF_BIC, QGSP_BERT, QGSP_BERT_HP, QGSP_BIC,
FTFP_INCLXX, FTFP_INCLXX_HP, QGSP_INCLXX,

Table 1 Detailed simulation

. Simulation Beam Target References
conditions of our study
Particle Energy (MeV/A) Materials Thickness (mm)
Uranium —lig- Uranium 1000 Liquid hydrogen ~ 12.5 [11,12]
uid hydrogen
Proton — U Proton 100, 200, 500, 1000 Uranium 6
Proton— U Proton 100 Uranium 1,2,5,6,10

Fig.2 The relevant physics list
suggested via Geant4 collabora-
tions for various beam energies

High precision
neutron: HP

QMD (ion-ion) (for Shielding)

The Liege Intranuclear Cascade: INCL

Quark Gluon String: QGS>

Binary Cascade: BIC
FRITIOF string: FTF >
BERTINI cascade model: BERT Energy
1 MeV 10MeV 100 MeV 1 GeV 10 GeV 100 GeV 1 TeV
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QGSP_INCLXX_HP, and Shielding. Table 3 list these
physics lists along with the corresponding reference lists.
For each physics list, one million events are generated on
Geant4.

Figure 3 shows the number of generated secondary par-
ticles which successfully get out of the target material in
the entire solid angle for the various physics models con-
sidered. More secondary particles are generated on physics
lists including ‘INCLXX".

Figure 4 shows the amount of the secondary fragments
Z. Figure 5 shows the amount of the secondary atom A. The
distribution is separated with three groups; “INCL” group,
“Shielding”, and the others. Physics lists using “INCL” takes
more amounts of secondary particles than other lists because
they provide the inelastic process of protons, neutrons, and
charged pions. Therefore, they are expected to be appropri-
ate for the experiments considered.

Figures 6, 7, and 8 show the cross-sections of the
secondary Cesium (Cs), Rubidium (Rb), and Francium
(Fr) ions, respectively. We compared models among the

physics lists as well as between simulations and experi-
ments. Here, we remark “Shielding” yields the less sec-
ondary particles than observed in experiments. Therefore,
this model is not considered. A temperature is only taken
into account for neutrons when using the “HP” physics
list; it is ignored in all other cases. The results show that
there is no significant difference between the various “HP”
models. Further, there is no remarkable difference between
FTF and QGS. There is also no remarkable difference
between BERT and BIC.

After considering the various physics models, we rec-
ommend “FTFP_INCL + +,” while “FTFP_BERT” is
the default physics list setting in Geant4. Therefore, we
included this model for further analysis.

Figure 9 shows the consumed CPU time for each phys-
ics model. The CPU time taken for “Shielding” is 2.5
times than other physics lists. The consumed CPU time
confirms that using any physics lists except “Shielding”
takes similar CPU times.

Table 3 Physics List naming

. Name Content Energy
conventions [10]

FTF Fritiof string model > ~5GeV
QGS Quark Gluon string model > ~20 GeV
BERT Bertini-style cascade < ~10GeV
BIC Binary cascade < ~10 GeV
INCL The Liege intranuclear cascade <~1GeV
Shielding Quantum molecular dynamics (ion-ion interaction) < ~10 GeV
HP High precision neutron model >20 MeV
P G4Precompound model used for de-excitation

Fig.3 Amount of secondary
particles from 1,000,000 events
for each physics model
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3.2 Simulations with proton beam incident
on uranium target

With the optimized physics model of “FTFP_INCLXX,” we
next examined the secondary particles from the perspectives
of beam energy and target thickness. Table 4 lists the speci-
fications for these simulations. Here, we remark that it is
necessary to examine the distribution of the atomic mass and
atomic number. Thus, we considered the isotopes of Helium
(He), Tin (Sn), Cs and Fr, which are the most “useful” atoms
in RAON experiments [2, 3]. Subsequently, we obtained the
momentum distributions and angle dependency for the given
target for the various secondary particles.

,,,,,,,,,,,,,,,,,,,,,,,,

1
220 240
Atomic mass

160 180 200

In most cases, the total number of ions increases as the
target thickness increases. Figures 10 and 11 show the num-
ber of secondary particles generated depending on the beam
energies and target thickness, respectively. It shows that tar-
get thickness thicker than 6 mm produces less secondary
particles per thickness of target, because some produced
secondary particles cannot get out of the target material.
Further, Figs. 12 and 13 show the atomic number distribu-
tions and atomic mass distributions, respectively, for various
target thickness with 100 MeV/A of beam energy. Figures 14
and 15 show the atomic number distributions and atomic
mass distributions, respectively, for various beam energy
with 6 mm of target thickness.
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Distribution of Cesium isotope mass
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Fig.9 CPU time while running 1,000,000 events for each physics
model

Table 4 Simulation environment specifications

Version

Geant4 version 11.0.2

Beam particle
Target material

Proton
Uranium

Physics List FTFP_INCLXX
8.00E+06
--100 MeV/A
7.00E+06 —

6.00E+06

5.00E+06 /
4.00E+06 /
3.00E+06 /

2.00E+06 /

1.00E+06

The amount of secondary particles

0.00E+00 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Thickness of target (mm)

Fig. 10 Amount of secondary particles depending on the thickness of
target for beam energy 100 MeV/A

Figure 16 shows distributions of the isotope mass of the

nnnnnnnnnnnnnnnnnnnnnnn

for target thickness of target 6 mm

various secondary particles considered (He, Sn, Cs, Fr) for
various beam energies with 6 mm of thickness of target.
Figure 17 shows distributions of the isotope mass of the
various secondary particles considered (He, Sn, Cs, Fr) for
various thickness of target with 100 MeV/A of beam energy.

As mentioned above, we examined the number of
secondary tracks depending on the beam energy and tar-
get thickness. We also obtained the distributions of the
atomic number and atomic mass. Our results indicate that
the secondary beam produced has an isotropic distribu-
tion that does not depend on the target or beam energy.
This information is useful for designing future radioactive
experiments.

4 Summary

We determined the optimized simulation toolkit in Geant4
for the optimized simulation environment for a set of rare-
isotope beam experiments in our study. Our results indicate
that the RI experiments in accelerators being built in Korea
can be suitably simulated with the physics list “FTFP_
INCLXX”. Using this simulation, we examined the second-
ary beams of rare isotopes. We studied the secondary beams
depending on the thickness of target and beam energies. Our
results indicate that the beams are nearly independent of
these parameters. In conclusion, we believe that our analysis
will aid in studies such as the RAON experiments [2, 3].
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Fig. 15 Distributions of atomic Distribution of Z (Atomic Number)
number for various beam energy .
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