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Abstract. This paper presents the latest updates on PHITS, a versatile radiation transport code, focus-
ing specifically on track-structure models. Track structure calculations are methods used to simulate the
movement of charged particles while explicitly considering each atomic reaction. Initially developed for
radiation biology, these calculation methods aimed to analyze the radiation-induced damage to DNA
and chromosomes. Several track-structure calculation models, including PHITS-ETS, PHITS-ETS for Si,
PHITS-KURBUC, ETSART, and ITSART, have been developed and implemented for PHITS. These mod-
els allow users to study the behavior of various particles at the nano-scale across a wide range of materials.
Furthermore, potential applications of track-structure calculations have also been proposed so far. This col-
lection of track-structure calculation models, which encompasses diverse conditions, opens up new avenues
for research in the field of radiation effects.

1 Introduction

Particle and Heavy Ion Transport code System, PHITS
[1,2] is a general-purpose radiation transport code, origi-
nally developed for the design of J-PARC (Japan Proton
Accelerator Research Complex), and is used world-wide
in various fields. Due to its role in the design of J-PARC,
the transport of protons and ions, simulated by ATIMA
(ATomic Interaction with MAtter) [3–5] and that of elec-
trons and positrons by EGS5 (Electron Gamma Shower
Ver.5) [6], are the most accurate parts of PHITS.

PHITS Ver.3.33, mostly equivalent to Ver.3.34, is
detailed elsewhere [2]; therefore, this paper will primar-
ily discuss the recent advancements in the development
and applications of track-structure models. The Track-
Structure Model (TSM) is a method of charged particle
transport that simulates the paths of charged particles as
a series of discrete atomic reactions. Due to the highly
frequent interactions of charged particles in matter, their
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transport is usually simulated by either the condensed-
history method (CHM) or the continuous slowing-down
approximation, both of which represent particle flight
steps as the summation of roughly 1000 to 1 000 000
atomic reactions. TSM, on the other hand, offers the
capability to simulate charged particle transport with an
atomic-scale spatial resolution at the price of computa-
tional time. Numerous models for TSM have been devel-
oped, primarily to study the biological effects of radiation
exposure [7–19].

In light of this, PHITS-ETS[20] and PHITS-KURBUC
[21] for accurate microdosimetry in liquid water and
“PHITS-ETS for Si” [22] for Si were developed and imple-
mented in PHITS. Furthermore, TSMs that can be applied
to a broader range of materials, such as ETSART (Elec-
tron Track Structure mode applicable to ARbitrary Tar-
gets) [23] and ITSART (Ion Track Structure mode appli-
cable to ARbitrary Targets) [24], have also been developed
and added to PHITS.

Among a variety of general-purpose Monte-Carlo radi-
ation transport codes [25–31], Geant4 includes a TSM
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Table 1. Track-structure calculation models available in PHITS Ver.3.34.
Medium Particle Minimum energy Maximum energy

PHITS-ETS Liquid water Electrons, positrons 1 meV 1 TeV
PHITS-ETS for Si Si Electrons, positrons 1 eV 100 keV
PHITS-KURBUC Liquid water Protons 1 keV 300 MeV

Carbon ions 1 keV/n 10 MeV/n
ETSART Semiconductors Electrons, positrons 1 eV 1 TeV
ITSART Arbitrary materials Protons (and ions) 1 eV 1 TeV

for liquid water, known as Geant4-DNA, which is compa-
rable to PHITS-ETS and PHITS-KURBUC. Meanwhile,
PHITS is advantageous thanks to its unique TSMs which
are applicable to arbitrary materials.

This paper presents the current state of TSM devel-
opment in PHITS as well as its advanced applications,
such as microdosimetric quantity calculation, DNA dam-
age modeling, radical production simulation, prediction
of luminescent yields, and calculation of displacement per
atom (DPA).

2 Features of PHITS Ver.3.34

From Ver.3.02 to Ver.3.34, PHITS was upgraded as
described below. More details are described in the orig-
inal article [2].

• Reaction and transport models
– Implementation of the interface to read ACE-format

cross-section data libraries for deuterons, alphas,
and photons1.

– Bundling an essential part of the JENDL-5 cross-
section data library [32], including the isotopic abun-
dance configuration for all JENDL library files.

– Implementation of the interface to read user-defined
stopping power.

– Implementation of neutrino reaction models.
– Upgrade of the fission model for sub-actinides [33].
– Upgrade of the gamma de-excitation model

EBITEM [34].
– Implementation of photon-induced muon pair pro-

duction model [35].
– Implementation of continuous-energy photon adjoint

calculation function [36].
– Implementation of an interface to handle parti-

cles, cross-sections, reactions, and decays defined by
users.

– Implementation of a function to invoke cosmic ray
sources [37–43].

– Implementation of TSM discussed in this paper.
• Tallies

– Implementation of anatally, a function to perform
numerical analyses of more than one tally.

1 Photon cross-section data means photo-nuclear reaction
cross section data. Atomic reactions are handled by EGS5 [6].
The interface for protons, and neutrons above 20 MeV, was
implemented before Ver. 3.02.

Fig. 1. Track-structure calculation scheme in the recom-
mended configuration.

– Upgrade of DPA calculation tally “[T-DPA]” to use
arc-DPA model [44] for a higher accuracy [45].

– Upgrade of microdosimetric quantity tally “[T-
SED]” [46].

• Pre/Post-processes
– Implementation of an interface to read NASTRAN

bulk data and write OpenFOAM field data to be
coupled with thermo-fluid simulation software.

– Implementation of an interface to read electro-
magnetic field data written in XYZ or R-Z coordi-
nate format.

– Upgrade of the burn-up calculation post-processor
DCHAIN-PHITS [47] formerly referred to as
DCHAIN-SP.

– Implementation of the organic scintillator response
function simulator SCINFUL-QMD [48,49]. High-
precision cross-section data used in SCINFUL-QMD
was implemented accordingly.

Among all of the above updates, the development of
TSMs was one of the highlights. Table 1 shows a list of
TSMs implemented in the latest version of PHITS. They
cover different particles, transport media, and energy
ranges, to cover a wide variety of conditions. Figure 1
depicts how these models are connected. More detail on
each TSM model is described below.

2.1 High-precision TSM for specific materials

PHITS-ETS, “PHITS-ETS for Si” and PHITS-KURBUC
are high-precision TSMs in PHITS. They are capable of
performing detailed calculations on a limited range of
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Fig. 2. Energy deposition by electrons with initial kinetic
energy 10 keV injected in liquid water from the left. PHITS-
ETS is used in x ≤ 0 while conventional model EGS5 is used
in x ≥ 0.

particle species, accurately identifying atomic reaction
channels in liquid water and solid silicon. PHITS-ETS was
integrated prior to PHITS Ver.3.02, but it is briefly reviewed
here due to its importance to other TSMs downstream.

The predecessor to PHITS-ETS was a standalone
code DMCC (Dynamic Monte Carlo Code, DMCC) [20]
intended to track the transport of electrons in liquid water,
taking into account the atomic-scale mechanisms respon-
sible for electron deceleration, down to 1 meV. Besides
the dominant reaction channels above 7 eV, such as ion-
izations and electronic excitations, PHITS-ETS also con-
siders dissociative electron attachment, stretching, bend-
ing, and rotational excitation modes of water molecules,
as well as translational and liberational phonons. DMCC
simulated the attractive force of cations on electrons
[50], especially important for electrons below 1 eV. How-
ever, to integrate it into PHITS, the features that
were incompatible with PHITS’s assumption of a time-
independent medium were removed. Electrons that were
down-scattered to the switching energy from the EGS
mode to the TSM were directed towards the PHITS-ETS
algorithm. The stopping range and power of electrons
incorporated into PHITS-ETS [51,52] were benchmarked
and used to predict DNA strand breaks. PHITS-ETS is
applicable for electrons and positrons above 1 eV in liq-
uid water. Figure 2 illustrates the energy deposition in
liquid water exposed to 20 electrons of 10 keV, as calcu-
lated by PHITS-ETS and EGS5 in the lower and upper
halves, respectively. In the y direction, the events from
– 1 mm to +1 mm are shown. The electron tracks calcu-
lated by EGS5 are depicted as straight lines connected by
bends that represent scatterings, with energy deposition
treated as an event spread over the flight path. In con-
trast, energy deposition calculated by PHITS-ETS is rep-
resented as dots corresponding to discrete events. Regard-
less of the starting point, the models used for particles
crossing x = 0 border are switched from/to TSM.

“PHITS-ETS for Si” was developed within PHITS to
perform highly precise track-structure calculations in sil-
icon [22]. Unlike PHITS-ETS, which was initially devel-

oped separately from PHITS, this code was created as an
integral part of PHITS. Contrary to water, whose atomic
reaction cross sections have been measured in various
experiments (e.g. [53]), creating solid silicon targets small
enough for a single atomic reaction to be observable is
not feasible. Hence, “PHITS-ETS for Si” begins with the
Optical Energy Loss Function (OELF), which character-
izes the interaction of silicon atoms and photons and has
been measured as optical responses. Given that the inter-
action between the projectile electrons and target atoms is
mediated by virtual photons, the OELF can be converted
into the Electron Energy Loss Function (EELF) [54]. This
can be further converted into a Single-Differential electron
scattering Cross Section (SDCS) via the Drude formalism.
To identify atomic interaction channels, such as ionization,
phonon excitation, and electronic excitation, the OELF
was broken down into reaction channels before being con-
verted to EELF. The partial OELF corresponding to each
reaction channel was independently converted to SDCS
and summed up for transport calculation. “PHITS-ETS
for Si” samples the reaction modes at a probability pro-
portional to the partial cross-section corresponding to the
mode. “PHITS-ETS for Si” can be used for electrons from
1 eV to 100 keV in silicon, where the dielectric function
in the corresponding frequency range was evaluated. Its
stopping power, electron path lengths, and energy depo-
sition depth profiles are benchmarked against experimen-
tal data. A notable difference between PHITS-ETS and
“PHITS-ETS for Si” is the transport of excited electrons.
In PHITS-ETS, excited electrons are localized due to the
insulating nature of liquid water, unless they are knocked
out to the vacuum level. However, in “PHITS-ETS for Si”,
excited electrons can travel further by both ionization and
excitation, as electrons beyond the band-gap can travel in
the conduction band. Shown in Figure 3 is the energy
deposition in Si exposed to 20 electrons of 2 keV calcu-
lated using “PHITS-ETS for Si” and EGS in the lower half
and the upper half, respectively. Similarly, with Figure 2,
the energy deposition calculated by EGS5 is spread over
the flight paths, and the energy deposition calculated by
“PHITS-ETS for Si” is shown as dots representing discrete
events. In contrast to Figure 2, the lower half of Figure 3
illustrates that the reaction-free path is much shorter due
to the larger electron density of Si.

PHITS-KURBUC is another TSM of PHITS dedicated
to the transport of protons and carbon ions in liquid
water. This model is based on KURBUC (Kyushu Uni-
versity and Radio-biology Unit Code) developed by Nikjoo
et al. [11,55] irrespective of PHITS. KURBUC, intended
for proton therapy and carbon ion therapy, has exclusive
cross sections of single target ionization, double target
ionization, loss ionization, single projectile electron loss,
single electron capture, transfer ionization, target exci-
tation, and nuclear elastic scattering, to transport the
projectiles with identification of reaction channels. The
projectile charge state changed through the ionization or
charge transfer reactions is identified at every transport
step. PHITS-KURBUC, one of the versions of KURBUC,
was branched from its official standalone version and
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Fig. 3. Energy deposition by electrons with initial kinetic
energy 2 keV injected in Si from the left. “PHITS-ETS for Si”
is used in x ≤ 0 while conventional model EGS5 is used in
x ≥ 0.

incorporated into PHITS. Benchmarking of its cross sec-
tions, particle stopping ranges, radial dose distribution,
and lineal energy distribution against experimental data,
other codes, and the original KURBUC confirm its accu-
racy [21]. PHITS-KURBUC can be used for protons below
300 MeV and carbon ions below 10 MeV/n in liquid water.
In the energy range above these upper limits, users can
choose continuous slowing down calculation by ATIMA or
the generalized track structure model ITSART, which is
described later. Electrons produced in PHITS-KURBUC
are passed to PHITS-ETS to be tracked down to thermal-
ization, achieving a high-precision track structure simula-
tion scheme. Shown in Figure 4 is the energy deposition in
liquid water exposed to 20 protons of 200 keV calculated
using PHITS-KURBUC and ATIMA in the lower half
and the upper half, respectively. Unlike electrons, protons
densely generate secondary electrons as illustrated in the
lower half. In contrast, the energy deposition attributed
to ionization is treated as continuous slowing down repre-
sented as straight lines in the upper half.

2.2 Generalized TSM

In contrast to the high-precision TSMs described ear-
lier, PHITS includes another series of TSMs that can be
applied to a wide variety of materials. ETSART is one of
these models, suitable for electrons and positrons in arbi-
trary semiconductor materials. ITSART is another gen-
eralized TSM, applicable to protons in any medium. The
application of these models is not limited to a single mate-
rial like the high-precision models, but this comes at the
expense of cross-section accuracy or the exclusive identi-
fication of reaction channels.

ETSART is based on the total and singly differential
cross sections calculated by the binary-encounter-Bethe
formula [56–58] and the characteristic energies of the mat-
ter, namely orbital electron binding energies, orbital elec-
tron kinetic energies, and plasmon energies. Apart from
these element-specific energies (which are taken from the

Fig. 4. Energy deposition by protons with an initial kinetic
energy of 200 keV injected into liquid water from the left.
PHITS-KURBUC is used in x ≤ 0 while conventional trans-
port model based on ATIMA is used in x ≥ 0.

Fig. 5. Energy deposition by protons with an initial kinetic
energy 10 keV injected to GaAs from the left. ETSART is used
in x ≤ 0 while conventional transport model based on EGS is
used in x ≥ 0.

default data library sets of PHITS), users are required
to provide the band gap energy to ETSART as one of
the input parameters. ETSART was validated by com-
paring the projected range in liquid water calculated by
ETSART with that taken from the ICRU report 37 [59].
To demonstrate its capability to simulate various materi-
als, ETSART was used to calculate the average energy of
electron-hole pair generation (often referred to as ε) for
14 semiconductor materials. The results agreed well with
the measured ε of the earlier experiments [23]. Shown in
Figure 5 is the energy deposition in GaAs exposed to 20
electrons of 10 keV calculated using ETSART and EGS in
the lower half and the upper half, respectively. Due to the
large electron density of GaAs compared with Figures 2
and 3, electron trajectories are deflected in both upper
and lower halves. In the lower half, energy deposition sim-
ulated by ETSART is described as small points.

ITSART uses Rudd’s formula [60] to calculate the
single-differential cross section (SDCS) of each electron
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Fig. 6. Energy deposition by Li with an initial kinetic energy
20 keV/n injected to Fe from the left. ITSART and ETSART
are used in x ≤ 0 while conventional transport model based on
ATIMA and EGS is used in x ≥ 0.

orbit in the target matter. By integrating this SDCS,
weighted by the outgoing kinetic energy and the binding
energy of the ejected electron, the partial linear energy
transfer (LET) attributable to ionization is obtained. The
kinetic energy of the projectile is reduced by the total LET
calculated by ATIMA, from which the partial LET is sub-
tracted. ITSART does not consider other channels such
as charge exchange reactions, excitation reactions, and
Rutherford scattering, but the total stopping power is con-
served by the above method, called restricted energy loss
calculation. Because both ATIMA and Rudd’s formula
are apply arbitrary materials, ITSART does not have any
restrictions on the target materials. After the first version
was published in 2021 [24], the latest versions [61] can sim-
ulate Rutherford scattering and injection of ions. ITSART
reads the chemical form of the target material specified by
the users and adjusts the parameters of Rudd’s formula
based on the table given by Rudd [62]. As illustrated in
Figure 1, protons and carbon ions with energy outside the
coverage of KURBUC are handled by ITSART. For exam-
ple, protons of 400 MeV are transported by ITSART down
to 300 MeV and then passed to KURBUC. This allows
users to perform a full track-structure calculation of ther-
apeutic charged particle beams. Shown in Figure 6 is the
energy deposition in Fe exposed to 20 7Li ions with an ini-
tial kinetic energy of 20 keV/n calculated using ITSART
and ATIMA in the lower half and the upper half, respec-
tively. In the lower half, ionization reactions by secondary
electrons are seen as the haze around the trajectories of
projectile. Despite the different calculation algorithms, the
stopping ranges are consistent. ITSART can thus per-
form track structure calculations of arbitrary ions in arbi-
trary materials, with the produced electrons transported
by ETSART.

2.3 Applications of TSMs

PHITS team suggests new applications and provides the
tools necessary for such implementations.

TSMs are powerful tools for examining the spatial and
probabilistic distributions of energy deposition by radi-
ation, but the details of every single reaction are not
always necessary. For instance, when the amount of energy
deposited in an array of cells is of interest, the exact spa-
tial coordinates of the energy deposition inside the cells
are not crucial. The frequency distribution, as a func-
tion of the energy deposited in cells, can be useful data
for explaining cell survival [63–67], and luminescence effi-
ciency [68–70], assuming that the cells are biological cells
or effective unit volume of phosphors. The [T-SED] tally
function in PHITS, which calculates such microdosimet-
ric distributions [71,72], was updated based on systematic
trends of microdosimetric distributions reevaluated using
the latest TSMs [46].

The DNA damage model is a tool [51,73,74] designed
to estimate DNA single-strand break (SSB), double-strand
break (DSB), and complex DSB (a DSB and another
strand break adjacent within 10 base-pair distance) caused
by electrons and protons. This model uses the spatial coor-
dinates of ionization and excitation reactions calculated by
PHITS-ETS and PHITS-KURBUC to estimate the yields
of SSD, DSB, and complex DSB, the types of which are
sensitive to the distance between the strands broken by
atomic reactions. The SSB and DSB yields calculated by
this model, in combination with PHITS-ETS and PHITS-
KURBUC, are in good agreement with experimental data
[73,75] of electrons and protons.

In addition to the direct hits considered by the above
tool, DNAs are damaged by oxidation due to radical
species produced by radiation. To account for such indi-
rect damages, a post-process code called PHITS-Chem
[76] was developed for the prediction of the time evolution
of radical species (•OH, e−aq, H2, H2O2, etc.) produced by
electrons and radical scavengers in liquid water. The reac-
tion channels identified in PHITS-ETS are passed along
with their spatial coordinates to calculate further spatial
and temporal evolution resulting in radical species. Using
branching ratios from atomic reaction to radical species,
diffusion constants of radical species, reaction rate con-
stants, and reaction radii of 35 chemical reactions between
radical species pairs are calculated by solving finite dif-
ference equations with a time step of 1 ps. The depen-
dence of radical yield on time and primary electron ener-
gies was benchmarked against the available experimental
data. PHITS-Chem will be further improved to handle the
above procedure for heavy ion incidence.

The responses of radiation detectors are usually
assumed to be proportional to the energy deposition, but
experimental data suggest that this proportionality does
not hold true in the case of high-LET radiation (e.g. [77]).
Based on a hypothesis that detector responses are mod-
ulated due to saturation or annihilation of the element
responsible for detector output (e.g. electron-hole pairs
in semiconductors, color centers in phosphors), our stud-
ies proposed to use the spatial coordinates of electrons,
ionization, and excitation calculated by track-structure
calculations [23,68,70] to estimate detector responses.
In semiconductors, detection signals are proportional to
the number of carriers reaching the electrodes. When
the carrier density is high, random annihilation of the
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electron-hole pair is more likely. Annihilated carriers no
longer contribute to detection signals. In the case of phos-
phors, deexcitation of electrons through the color center,
the mechanism responsible for fluorescent light emission,
bottlenecks at the finite color centers. When the color
centers are saturated by dense excited electrons, some
of the electrons are not allowed to deexcite through the
color centers, which leads to quenching. The light yields of
BaFBr:Eu phosphors exposed to ions [68] and the amount
of electron-hole pairs in various semiconductors [23] were
successfully predicted. The quenching effect in organic
scintillators was explained by the Förster effect [70], by
which an excited electron transfers its energy to another.
The donor electrons are deexcited to the ground state, and
the recipient electrons come back to the original excitation
state by non-radiative energy loss. In either case, the nm-
scale spatial arrangement of excited electrons, which are
predicted by track-structure calculation, plays a crucial
role given that the above-mentioned reaction mechanisms
have nm-scale reaction radii.

Lastly, TSM can be used to predict atomic displace-
ment, which is important for radiation damage [61]. The tar-
get nuclei recoiled either by Rutherford scattering, which
can be simulated by ITSART, or by nuclear reactions were
scored and sent to an off-line post-processing tool to con-
sider atomic displacement cascade based on the Kinchin-
Pease [78] model. The conventional DPA calculation func-
tion implemented in PHITS [45,79] is designed to calculate
DPA quickly by disregarding the event-by-event kinetics of
Rutherford scattering. In contrast, TSM can predict the
spatial arrangement of atomic displacement on the scale of
nanometers. This feature is intended to be coupled with fur-
ther processes such as the formation of dislocation for which
the collective arrangement of defects is the key. Another
advantage of PHITS is the calculation of DPA by nuclear
reactions. SRIM [80] is known as a reliable code for pre-
dicting DPA; however, DPA produced through nuclear reac-
tions cannot be considered. By calculating the momentum
of the recoiled target and secondary particles by the built-
in nuclear reaction models [81–83], ITSART can even cal-
culate DPA by neutrons and photons, which is one of the
remarkable advantages of TSM in PHITS.

3 Summary and future outlook

PHITS Version 3.34 includes various functions that have
been developed and implemented since the release of
Version 3.02. Among these, the track-structure models
(TSMs) are novel and unique features. In PHITS, the
TSM suite is made up of material-specific high-precision
models—PHITS-ETS, PHITS-KURBUC, and “PHITS-
ETS for Si”—and generalized models, ETSART and
ITSART. This combination enables accurate simulations
necessary for liquid water and silicon, while also allow-
ing users to perform track-structure calculations in other
materials. Given that the effects of radiation ultimately
stem from microscopic energy deposition, TSMs will be
useful in studying irradiation effects in various materials,
such as ceramics, metals, phosphors, polymers, semicon-
ductors, and superconductors.

Given the above progress, the PHITS team has the
following future development plans, One of the most sig-
nificant improvements in high-precision models is their
ability to cover non-polar solvents. In liquid water, the
electrons knocked out from atoms are hydrated due to the
polarization of water molecules. Hydrated electrons can
no longer dissociate water molecules because they possess
less energy than free electrons. However, electrons in non-
polar solvents do not have equivalent states to hydration,
so these free electrons can remain energetic enough to dis-
integrate the solvent molecules. This mechanism is impor-
tant for understanding radiation damage in reprocessing
solvents. Generalized models are being improved to cover
a wider range of conditions and to achieve greater preci-
sion. Particularly, the ETSART model, currently applica-
ble only to semiconductors and some insulators, is being
expanded to cover metals. The expansion of ITSART to
explicitly consider more atomic reactions such as charge-
changing reactions is underway. Furthermore, for both
types of generalized TSMs, the transportation of holes is
one of the significant future steps. Electrons at the bot-
tom of the conduction band recombine with holes, releas-
ing band-gap energy. Currently, this behavior is simulated
solely by the transport of electrons, but ideally, the pres-
ence of holes should also be considered.

Acknowledgments

The Author (T.O.) would like to thank Dr. Daiki Satoh of
the Japan Atomic Energy Agency for providing the cluster
computer calculation resource, which was used in this research.

Funding

This work was partly supported by JSPS KAKENHI Grant
Number 23K04635.

Conflicts of interest

The authors declare that they have no competing interests to
report.

Data availability statement

The data will be made available by the corresponding author
on reasonable requests.

Author contribution statement

Tatsuhiko Ogawa, Yuho Hirata, Yusuke Matsuya, Takeshi
Kai, Tatsuhiko Sato, and Takuya Sekikawa performed con-
ceptualization, coding, and analysis concerning track struc-
ture models. Yosuke Iwamoto, Shintaro Hashimoto, Takuya
Furuta, Shin-ichiro Abe, Norihiro Matsuda, Hunter N. Ratliff,
Pi-En Tsai, Hiroshi Iwase, Yasuhito Sakaki, Kenta Sugihara,
Nobuhiro Shigyo, and Koji Niita contributed through concep-
tualization, coding, and analysis of the parts other than track
structure models listed at the beginning of Section 2. Lan Yao
worked on data curation and project administration. Lembit
Sihver reviewed the manuscript.

References

1. T. Sato, Y. Iwamoto, S. Hashimoto, T. Ogawa, T. Furuta,
S. Abe, T. Kai, P.E. Tsai, N. Matsuda, H. Iwase et al., J.
Nucl. Sci. Technol. 55, 684 (2018)



T. Ogawa et al.: EPJ Nuclear Sci. Technol. 10, 13 (2024) 7

2. T. Sato, Y. Iwamoto, S. Hashimoto, T. Ogawa, T. Furuta,
S. Abe, T. Kai, Y. Matsuya, N. Matsuda, Y. Hirata et al.,
J. Nucl. Sci. Technol. 61, 127 (2024)

3. https://web-docs.gsi.de/~weick/atima/ (2024)
4. H. Weick, H. Geissel, N. Iwasa, C. Scheidenberger, J.R.

Sanchez, A. Prochazka, S. Purushotaman, GSI Scientific
Report, pp. 2018–1 (2017)

5. H. Paul, Nucl. Instrum. Meth. Phys. Res. B: Beam Inter-
actions with Materials and Atoms 268, 3421 (2010)

6. H. Hirayama, Y. Namito, W.R. Nelson, A.F. Bielajew,
S.J. Wilderman, U. Michigan, Tech. rep., United States
(Department of Energy 2005)

7. S. Incerti, M. Douglass, S. Penfold, S. Guatelli, E. Bezak,
Phys. Medica 32, 1187 (2016)

8. I. Plante, F.A. Cucinotta, Monte-Carlo Simulation of Ion-
izing Radiation Tracks, Applications of Monte Carlo Meth-
ods in Biology, Medicine and Other Fields of Science,
(2011)

9. M. Zaider, D.J. Brenner, W.E. Wilson, Radiat. Res. 95,
231 (1983)

10. V. Conte, P. Colautti, B. Grosswendt, D. Moro, L.D.
Nardo, New J. Phys. 14, 093010 (2012)

11. H. Nikjoo, S. Uehara, D. Emfietzoglou, Interaction of
Radiation with Matter (CRC Press, Boca Raton, 2012)

12. A. Ito, in Nuclear and atomic data for radiotherapy and
related radiobiology (1987)

13. J. Fernández-Varea, D. Liljequist, S. Csillag, R. Räty,
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37. D. Matthiä, T. Berger, A.I. Mrigakshi, G. Reitz, Adv.
Space Res. 51, 329 (2013)

38. A.J. Tylka, W.F. Dietrich, A new and comprehensive anal-
ysis of proton spectra in ground-level enhanced (GLE) solar
particle events, in 31th International Cosmic Ray Confer-
ence (Universal Academy Press Lodź, 2009)
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