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Purpose: Track structure simulation codes can accurately reproduce the stochastic nature of parti-
cle–matter interactions in order to evaluate quantitatively radiation damage in biological cells such as
DNA strand breaks and base damage. Such simulations handle large numbers of secondary charged
particles and molecular species created in the irradiated medium. Every particle and molecular
species are tracked step-by-step using a Monte Carlo method to calculate energy loss patterns and
spatial distributions of molecular species inside a cell nucleus with high spatial accuracy. The Gean-
t4-DNA extension of the Geant4 general-purpose Monte Carlo simulation toolkit allows for such
track structure simulations and can be run on CPUs. However, long execution times have been
observed for the simulation of DNA damage in cells. We present in this work an improvement of the
computing performance of such simulations using ultraparallel processing on a graphical processing
unit (GPU).
Methods: A new Monte Carlo simulator named MPEXS-DNA, allowing high computing perfor-
mance by using a GPU, has been developed for track structure and radiolysis simulations at the sub-
cellular scale. MPEXS-DNA physics and chemical processes are based on Geant4-DNA processes
available in Geant4 version 10.02 p03. We have reimplemented the Geant4-DNA process codes of
the physics stage (electromagnetic processes of charged particles) and the chemical stage (diffusion
and chemical reactions for molecular species) for microdosimetry simulation by using the CUDA lan-
guage. MPEXS-DNA can calculate a distribution of energy loss in the irradiated medium caused by
charged particles and also simulate production, diffusion, and chemical interactions of molecular spe-
cies from water radiolysis to quantitatively assess initial damage to DNA. The validation of MPEXS-
DNA physics and chemical simulations was performed by comparing various types of distributions,
namely the radial dose distributions for the physics stage, and the G-value profiles for each chemical
product and their linear energy transfer dependency for the chemical stage, to existing experimental
data and simulation results obtained by other simulation codes, including PARTRAC.
Results: For physics validation, radial dose distributions calculated by MPEXS-DNA are consistent
with experimental data and numerical simulations. For chemistry validation, MPEXS-DNA can also
reproduce G-value profiles for each molecular species with the same tendency as existing experimen-
tal data. MPEXS-DNA also agrees with simulations by PARTRAC reasonably well. However, we
have confirmed that there are slight discrepancies in G-value profiles calculated by MPEXS-DNA for
molecular species such as H2 and H2O2 when compared to experimental data and PARTRAC simula-
tions. The differences in G-value profiles between MPEXS-DNA and PARTRAC are caused by the
different chemical reactions considered. MPEXS-DNA can drastically boost the computing perfor-
mance of track structure and radiolysis simulations. By using NVIDIA’s GPU devices adopting the
Volta architecture, MPEXS-DNA has achieved speedup factors up to 2900 against Geant4-DNA sim-
ulations with a single CPU core.
Conclusion: The MPEXS-DNA Monte Carlo simulation achieves similar accuracy to Monte Carlo
simulations performed using other codes such as Geant4-DNA and PARTRAC, and its predictions
are consistent with experimental data. Notably, MPEXS-DNA allows calculations that are, at maxi-
mum, 2900 times faster than conventional simulations using a CPU. © 2018 The Authors Medical
Physics published by Wiley Periodicals, Inc. on behalf of American Association of Physicists in Med-
icine. [https://doi.org/10.1002/mp.13370]
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1. INTRODUCTION

Modeling the biophysical processes associated with radia-
tion-induced cellular damage, eventually leading to cell
death, is a complex challenge which requires a detailed
description of the physical, chemical, and biological interac-
tions of ionizing radiation with organic media.1 In particular,
for more than 20 yr, track structure codes have been devel-
oped in order to accurately simulate physical interactions at
the DNA and cellular scale, underlining the necessity to care-
fully simulate energy deposition for the prediction of critical
biological lesions. Among the variety of track structure codes
that have been developed so far, the Geant4-DNA code,
which is fully included in the Geant4 general-purpose parti-
cle–matter Monte Carlo simulation toolkit,2–4 was the first to
propose in open access a full set of features allowing the sim-
ulation of radiation physical interactions in liquid water as
well as water radiolysis, in combination with geometrical
models of biological targets for the simulation of early DNA
damage.5–7 We recently demonstrated the possibility of simu-
lating early damage in simplified models of bacteria8 and
human cells.9,10 However, such simulations require very sig-
nificant computing times even on computer clusters, espe-
cially for the simulation of chemical reactions between
molecular species created from water radiolysis in the irradi-
ated geometrical model such as the full DNA content of a
genome. As an example, the simulation of the induction of
biological damage in a single cell irradiated with a thousand
1 MeV protons using Geant4-DNA may take several days on
a CPU cluster.9

Benefiting from recent progress in computing perfor-
mance, the group of Sasaki et al. at KEK in Japan has pro-
posed to migrate Geant4-DNA to graphics processing units
(GPUs). They addressed the porting of Geant4-DNA model-
ing of physical interactions in liquid water to GPUs, reaching
almost two orders of magnitude in performance gain.11,12

These developments have now been extended in order to
accelerate very significantly the simulation of water radioly-
sis, a key requirement for the fast simulation of DNA damage
induced indirectly by molecular species.

This paper describes the development of the MPEXS-
DNA simulation code, based on Geant4-DNA and fully
deployed on GPU architecture. In Section 2, we first recall
the principle of modeling ionizing radiation in physical
and chemical processes in liquid water, the main compo-
nent of biological medium. We then describe how such
processes have been implemented in MPEXS-DNA and
verify their implementation by comparison to Geant4-DNA
simulations of absorbed radial dose distributions around
ion tracks and radiochemical yields as a function of time.
In Section 3, comparisons to experimental data on radial
doses and chemical yields as a function of time and linear
energy transfer (LET) are presented as well as the results
of validation of the code. Finally, gains in terms of com-
puting performance are presented. MPEXS-DNA allows a
speedup of three orders of magnitude compared to a
single CPU approach.

2. MATERIALS AND METHODS

2.A. Overview of track structures and water
radiolysis simulations

Initial damage to DNA caused by radiation is classified as
either direct or indirect. Electromagnetic interactions (e.g.,
ionization and excitation) occur along the tracks of charged
particles when they pass through a cell. Owing to the excess
energy, the DNA molecules become unstable, and their
molecular bonds are thus severed. Such damage is classified
as direct since it results directly from the radiation. These
electromagnetic interactions also induce radiolysis of liquid
water molecules, the main component of the cellular med-
ium. During water radiolysis, molecular species such as
oxidative radicals and ions are created. The damaging effects
of these molecular species on DNA molecules are classified
as indirect. The Monte Carlo simulation of DNA damage
from ionizing radiation is classically divided into four
stages13: (1) the physics stage, (2) the physicochemical stage,
(3) the chemical stage, and (4) the biological stage. These
stages allow a quantitative assessment of the induced DNA
damage through the mechanistic simulation of physical inter-
actions and liquid water radiolysis. An overview of the four
stages is given below.

2.A.1. The physical stage

During this stage, the electromagnetic interactions
between charged particles and liquid water molecules are
simulated, and the distribution of energy loss in the cellular
medium, approximated as liquid water, is calculated. Quanti-
tative measurement of the direct damage to DNA requires the
accurate simulation of local energy loss distributions. Thus,
all physical responses are simulated and are treated as “dis-
crete” processes, allowing step-by-step description of track
structures in small volumes (e.g., nanometer) and down to
very low energy (e.g., a few eV). Physical processes such as
ionization, excitation, and dissociative electron attachment
produce ionized (H2O

�/+) and excited water molecules
(H2O*) as well as hydrated electrons (e�aq).

2.A.2. The physicochemical stage

In this stage, the dissociation of H2O* molecules and
H2O

�/+ ions by electronic ionization and excitation of water
molecules during the physics stage is simulated, resulting in
the production of other molecular species such as radicals,
ions, and molecules.

2.A.3. The chemical stage

For molecular species like ions and free radicals which are
generated during the physicochemical stage, diffusion and
mutual chemical reactions (leading to the production of other
molecular species) are simulated. The physicochemical stage
is considered to occur within 1 ps after the irradiation of the
liquid medium. The chemical stage takes place from 1 ps up
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to 1 ls. Time profiles of the distributions of molecular spe-
cies in the target can be simulated.

2.A.4. The biological stage

A quantitative estimate of initial DNA damage can be
made using the distribution of the energy loss and molecular
species produced in the irradiated medium.

2.B. MPEXS, the Massive parallel electrons and x
ray simulator

MPEXS, which is the core software of MPEXS-DNA, is a
radiation simulator that utilizes a GPU. Standard electromag-
netic interactions of Geant4 10.02 p032–4 for electrons, posi-
trons, and photons have been reimplemented in the CUDA
language.14,15 MPEXS was developed for practical use as a
high-speed dose calculation engine for cancer radiotherapy.
MPEXS can handle computed tomography images that are
reconstructed with voxelized geometry in the simulation, and
assign water-equivalent material to each voxel to perform a
dose calculation. In an MPEXS simulation, each GPU thread
tracks a charged particle, and the amount of energy loss that
occurs in each material is accumulated in voxel units. GPU
devices equip several thousands of computation cores. MPEXS
creates several millions of GPU threads in these cores, which
allows ultraparallel tracking of particles using the Monte Carlo
method. Figure 1 shows a diagram of parallel particle tracking
in the MPEXS framework. MPEXS launches CUDA kernels
of physics processes at every iteration, and GPU threads track
particles. First, the step length for each post-step process is
sampled by using cross-sectional data, and the next interaction
point is selected with the shortest step length. Transportation,
multiple Coulomb scattering, and ionization loss are executed
as along step processes. Then, kernel functions of post-step
processes are serially applied and threads simulate the selected
physical processes. Because each thread processes a different
kernel of physics process selected at every iteration, thread
divergence is observed. However, thread efficiency of about
50% has been measured. MPEXS performs dosimetry simula-
tions of the standard electromagnetic interactions in water with
the same accuracy as that of Geant4, and it achieves speeds
that are, at maximum, 700 times faster than Geant4 simulations
using a single CPU core. Currently, MPEXS can simulate only
electromagnetic physics for electrons and photons. We will
extend the physics capability to hadrons and neutrons and
apply it to the simulation of particle therapy in the future.

2.C. Track structures and radiolysis simulations by
MPEXS-DNA

MPEXS-DNA has been developed as an extension of
MPEXS for the simulation of ionizing radiation effects at the
DNA scale. It currently simulates the three stages described
in Section 2.A: (1) the physical stage, (2) the physicochemi-
cal stage, and (3) the chemical stage. The biological stage is
not yet implemented in MPEXS-DNA. The processing of the

three stages by MPEXS-DNA essentially follows the
approach employed in the Geant4-DNA extension package
designed to perform track structures and radiolysis simula-
tions available in Geant4 10.02 p03. Details of the simulation
of each phase are given in the following paragraphs.

2.C.1 The physical stage

For a quantitative estimation of direct DNA damage, the
distribution of energy loss caused by charged particles is cal-
culated during the physical stage. To assess where the
charged particles deposit energy and cause damage in a
DNA, it is necessary to simulate the track structures of each
charged particle and associated secondary particles in a dis-
crete (step-by-step) mode, followed by the calculation of the
local energy loss distribution. The faster “condensed history”
alternative approach, which groups several physical interac-
tions (such as ionization and multiple Coulomb scattering), is
not suitable for track structure simulations.16 In brief, the
“condensed history” approach is largely adopted for general-
purpose Monte Carlo simulations of particle–matter interac-
tions. It simplifies the simulation of physical interactions that
occur along steps as the particle propagates through the med-
ium, by calculating the amount of energy lost by the charged
particle using stopping power information for the traversed
material and step length. As a result, the spatial accuracy is
degraded. Instead, all physical interactions are treated as dis-
crete processes in MPEXS-DNA simulation. Treating a phys-
ical interaction, such as ionization and excitation, as a
discrete process allows the spatial accuracy to be preserved.
MPEXS-DNA adopts the same physical interactions that are
available in the Geant4-DNA extension of Geant4 (version
10.02 p03).11,12 Charged particles handled in MPEXS-DNA
consist of electrons, protons, neutral hydrogen atoms, helium
atoms with three charged states (He0, He+, He++), and ions
(Li, Be, B, C, N, O, Si, Fe). Physical interactions for each par-
ticle, corresponding class names of Geant4-DNA processes,
and applicable energy ranges are shown in Tables I–VI.
MPEXS takes into consideration the following five physical
interactions for electrons: elastic scattering, electronic excita-
tion, ionization, vibrational excitation, and dissociative
attachment. Regarding protons, neutral hydrogen atoms, and
helium atoms with three charged states, the following four
interactions are considered: elastic scattering, electronic exci-
tation, ionization, and charge increase/decrease. Only ioniza-
tion is considered for ions. During the ionization process, the
simulation of atomic deexcitation is also taken into account
(leading to the production of Auger electrons and characteris-
tic x rays). The following four interactions are considered for
x rays: the photoelectric effect, Compton scattering, electron–
positron pair creation, and Rayleigh scattering. Each particle
is transported down to a “tracking cut,” below which the
tracking is stopped and the particle deposits its kinetic energy
locally in the liquid water medium (see Table VII). Tracking
is also stopped when the particle leaves the geometry. GPU
devices allow MPEXS-DNA to perform simultaneous parallel
tracking of several millions of particles, which dramatically
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improves the computing performance of such simulations.
MPEXS-DNA currently handles only liquid water material,
the main component of biological media. Cross sections of
all physical interactions are applicable to liquid water and can
be scaled to any density different than 1 g/cm3 if needed.

2.C.2 The physicochemical stage

H2O* and H2O
�/+ are produced by excitation, ionization,

and dissociative electron attachment. These molecules get

converted to other molecular species such as radicals and
ions as a result of this physicochemical stage.

H2O* decays by dissociation into other molecular species
at 1 fs after irradiation. The decay channel depends on the
excited state of the water molecule. In addition, the excess
energy of H2O* is externally released and a shift to the
ground state occurs (relaxation). H2O

+ generated by the ion-
ization process exchanges protons with other nearby water
molecules within 10 fs after orbital electrons are stripped
away. Then, the H2Oþ þ H2O!H3Oþ þ ÆOH reaction

FIG. 1. The diagram of parallel particle tracking in MPEXS simulation.

TABLE I. Electromagnetic physics processes for electrons.

Physical process Reference class in Geant4-DNA Energy range

Elastic scattering G4DNAUeharaScreenedRutherfordElasticModel 9 eV–10 keV

Electronic excitation G4DNAEmfietzoglouExcitationModel 8 eV–10 keV

G4DNABornExcitationModel 9 eV–1 MeV

Ionization G4DNAEmfietzoglouIonisationModel 10 eV–10 keV

G4DNABornIonisationModel 11 eV–1 MeV

Vibrational excitation G4DNASancheExcitationModel 2 eV–100 eV

Dissociative attachment G4DNAMeltonAttachmentModel 4 eV–13 eV
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results in the production of H3O
+ and ÆOH. Table VIII shows

the branching ratio of each dissociation and relaxation
channel for excited molecules, ionized molecules, and the
molecular species produced. The same parameters as Geant4-
DNA13,17 are implemented in MPEXS-DNA. The symbol

“DE” in Table VIII indicates that excess energy is externally
released when relaxation causes a shift to the ground state.
These molecular species produced via dissociation repeats
thermal motion releasing their own kinetic energy. MPEXS-
DNA follows Geant4-DNA for the calculation of the migra-
tion distance by thermalization of molecular species.

The tracking of electrons is stopped when the kinetic
energy of electrons falls to 8.22 eV (the lowest excitation
energy of liquid water molecule). Then, such electrons start
to thermalize and become surrounded by water molecules
forming hydrated electrons (e�aq).

2.C.3 The chemical stage

During the chemical stage, diffusion and chemical reactions
of molecular species produced in the previous physical and

TABLE II. Electromagnetic physics processes for protons.

Physical
process

Reference class
in Geant4-DNA Energy range

Electronic
excitation

G4DNAMillerGreen
ExcitationModel

10 eV–500 keV

G4DNABorn
ExcitationModel

500 keV–100 MeV

Ionization G4DNARuddIonisation
ExtendedModel

0 eV–500 keV

G4DNABorn
IonisationModel

500 keV–100 MeV

Charge increase G4DNADingfelderCharge
IncreaseModel

100 eV–100 MeV

TABLE III. Electromagnetic physics processes for hydrogen atoms

Physical process
Reference class in
Geant4-DNA Energy range

Electronic excitation G4DNAMillerGreen
ExcitationModel

10 eV–500 keV

Ionization G4DNARuddIonisation
ExtendedModel

0 eV–100 MeV

Charge increase G4DNADingfelderCharge
IncreaseModel

100 eV–100 MeV

TABLE IV. Electromagnetic physics processes for helium atoms with three
charged states (He++, He+, He0).

Physical process
Reference class
in Geant4-DNA Energy range

Electronic excitation G4DNAMillerGreen
ExcitationModel

1 keV–400 MeV

Ionization G4DNARuddIonisation
ExtendedModel

0 keV–400 MeV

Charge increasea G4DNADingfelder
ChargeIncreaseModel

1 keV–400 MeV

Charge decreaseb G4DNADingfelder
ChargeDecreaseModel

1 keV–400 MeV

aCharge increase applies to He0 and He+ only.
bCharge decrease applies to He++ and He+ only.

TABLE V. Electromagnetic physics processes for Li, Be, B, C, N, O, Si, and
Fe ions.

Physical
process

Reference class
in Geant4-DNA Energy range

Ionization G4DNARuddIonisation
ExtendedModel

0.5 MeV/u–1.0 9 106 MeV/u

TABLE VI. Physics processes for fluorescence x rays generated from
deexcitation processes.

Physical process
Reference

class in Geant4 Energy range

Compton scattering G4Livermore
ComptonModel

100 eV–1 GeV

Gamma conversion G4LivermoreGamma
ConversionModel

100 eV–1 GeV

Photoelectric effect G4Livermore
PhotoelectricModel

100 eV–1 GeV

Rayleigh scattering G4Livermore
RayleighModel

100 eV–1 GeV

TABLE VII. Energy threshold (“tracking cuts”) below which tracking is
stopped during the physical stage.

Particle type Energy threshold

Electrons 7.4 eV

Protons and neutral hydrogen atoms 100 eV

Helium atoms (He0, He+, He++) 1 keV

Ions (Li, Be, B, C, N, O, Si, and Fe) 0.5 MeV/u

TABLE VIII. Dissociation channels of excited and ionized water molecules
during the physicochemical stage of MPEXS-DNA.

Electronic state Process
Dissociation
channel

Fraction
(%)

Ionization state Dissociative decay H3Oþ þ ÆOH 100

Excitation
state: A1B1

Dissociative decay ÆOHþ HÆ 65

Relaxation H2O + DE 35

Excitation
state: B1A1

Auto ionization H3Oþ þ ÆOHþ e�aq 55

Dissociative decay ÆOHþ ÆOHþ H2 15

Relaxation H2O + DE 30

Excitation state:
Rydberg,
diffusion bands

Auto ionization H3Oþ þ ÆOHþ e�aq 50

Relaxation H2O + DE 50

Dissociative
attachment

Dissociative decay ÆOHþ OH� þ H2 100
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physicochemical stages are considered. Molecular species are
produced within 1 ps after irradiation in the physicochemical
stage. Then, these molecular species repeat diffusions and
chemical reactions in the medium. Early DNA damage by
molecular species, well known as indirect effects, is considered
to occur within 1 ls. We set the start and the end time of the
chemical stage to 1 ps and 1 ls, respectively, as Geant4-DNA
does. Figure 2 shows the process flow diagram for the
MPEXS-DNA chemical stage. The simulation process consists
of four steps. In each step, the corresponding GPU kernel func-
tion is executed on a GPU device. MPEXS-DNA repeats these
four steps until the end time (t = 1 ls). The formulae used to
compute reaction radius and diffusion time (discussed below)
are the same as those used by Geant4-DNA.13,17

Step 1: Searching for possible reactant pairs and making
chemical reactions in Kernel-1: The process of the MPEXS-

DNA chemical stage finds all possible reactant pairs in the
simulation space. For each pair (molecular species A and B),
the intermolecular distance (dAB) and reaction radius (R) of
the corresponding chemical reaction are calculated. The reac-
tion radius is given by the Smoluchowski model as follows17:

R ¼ k
4pNADsum

:

Here, NA is Avogadro’s constant, k is the reaction rate con-
stant, and Dsum is the sum of the diffusion coefficients for A
and B. The chemical reactions and corresponding reaction
rate constants for the chemical stage are shown in Table IX,
and diffusion coefficients for all molecular species are shown
in Table X. In the simulation process, a chemical reaction
between A and B occurs when the condition dAB < R is satis-
fied, and then replaces A and B with the molecular products
C and D. This process is applied for all molecular species
pairs at each time step of the simulation. The processing time

FIG. 2. The process flow diagram of the MPEXS-DNA chemical stage.
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required increases as O (N2/2), where N is the total number
of molecular species in the irradiated medium. Geant4-DNA
and gMicroMC18 divide the simulation geometry into grids
in order to reduce the number of possible reactant pairs of
molecular species. This reduces the computational time for
searching pairs of molecular species. Nevertheless, the grid
approach requires the update of a lookup table, which is a list
of molecular species inside each grid, at every time step. This
part is potentially quite time-consuming. MPEXS-DNA
adopts a direct search for all possible pairs of molecular spe-
cies in the simulation region. This direct approach does not
require lookup tables and is suitable for parallel processing
on GPU devices. Each GPU thread performs the search for
molecule pairs. Sufficient GPU threads are set for the number
of molecular pairs. Thus, the calculation time for the search
does not depend on the number of molecular pairs.

Step2: Computing a diffusion time in Kernel-2: Next, a
search is made for the minimum dmin among the dAB dis-
tances calculated in step (1). The time step Dt is calculated
using the formula shown below:

Dt ¼ dmin � Rð Þ2
8 DA � DB þ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
DADB

p� �
where DA and DB are the diffusion coefficients corresponding
to the molecular species, and R is the reaction radius of a
chemical reaction that occurs in each pair. The Dt value

calculated using this formula guarantees that, for the process-
ing of diffusion during the Dt interval, none of the molecular
species will be closer than the reaction radius.17 Just after the
simulation process shifts from the physics stage to the chemi-
cal stage, molecular species are concentrated along the track
of an incident charged particle. Intermolecular distances
between the molecular species are small, and as a result, the
time step Dt is shortened and the processing time for the
chemical stage becomes longer. To avoid increases in the sim-
ulation time, the minimum time step Dtmin is set to 1 ps. In
cases where the result of the time step calculation by using
the above formula is Dt < Dtmin, the time step for molecular
species diffusion is set to Dt = Dtmin (=1 ps).

Step3: Diffusing molecular species in Kernel-3: The time
step Dt calculated in step (2) is utilized to diffuse all molecu-
lar species in the simulation region. The direction of diffu-
sion is randomly sampled. All molecular species in the
simulation space are spread over GPU threads and diffused in
parallel. For species that move beyond the simulation region
during diffusion, the chemical stage simulation processing is
stopped at that point. The possibility that they return to the
simulation region is not considered. The mean free path for
each molecular species during the time interval of 1 ls is
estimated to be 50–130 nm from the diffusion coefficients in
Table X. These are much smaller than the size of the cell
nucleus (typical size: 10–30 lm). Almost all molecular spe-
cies stay in the simulation geometry, and those leaving the
geometry can be ignored.

Step 4: Intersection checking in Kernel-4: If Dt < Dtmin
is observed and the diffusion time is set to Dt = 1 ps, there is
a possibility that diffusion paths of molecular species inter-
sect on the way and some chemical reactions might happen
during diffusion. The probability that a reaction involving
molecular species A and B occurs during diffusion can be
estimated by using the following formula17:

p ¼ exp
di � df

DA þ DBð Þ � Dt
� �

:

Here, di and df are the intermolecular distances between the
molecular species A and B before and after diffusion, respec-
tively. In cases of Dt < Dtmin as a result of step (2), the proba-
bilities of chemical reactions occurring during the diffusion
process are estimated for all molecular species pairs in the
simulation region after step (3). Then, whether reactions will
occur is determined by random sampling based on the proba-
bilities.

2.C.4. Verification of MPEXS-DNA by comparison to
Geant4-DNA simulations

Physics state simulation: As part of the verification of the
MPEXS-DNA physics process, we compared the simulation

TABLE IX. List of chemical reactions available in MPEXS-DNA and corre-
sponding reaction rate constants.

Chemical reactions Reaction rate constants

2e�aq þ 2H2O!H2 þ 2OH� 5.00 9 109 dm3/(mol�s)
e�aq þ ÆOH!OH� 2.95 9 1010 dm3/(mol�s)
e�aq þ HÆþ H2O!OH� þ H2 2.65 9 1010 dm3/(mol�s)
e�aq þ H3Oþ!HÆþ H2O 2.11 9 1010 dm3/(mol�s)
e�aq þ H2O2!OH� þ ÆOH 1.41 9 1010 dm3/(mol�s)
ÆOHþ ÆOH!H2O2 4.40 9 109 dm3/(mol�s)
ÆOHþ HÆ!H2O 1.44 9 1010 dm3/(mol�s)
HÆþ HÆ!H2 1.20 9 1010 dm3/(mol�s)
H3O

+ + OH� ? 2H2O 1.43 9 1011 dm3/(mol�s)

TABLE X. List of molecular species considered in MPEXS-DNA and corre-
sponding diffusion coefficients for liquid water.

Molecular species Diffusion coefficient

H3O
+ 9.0 9 10�9 m2/s

HÆ 7.0 9 10�9 m2/s

OH� 5.0 9 10�9 m2/s

e�eq 4.9 9 10�9 m2/s

H2 5.0 9 10�9 m2/s

ÆOH 2.8 9 10�9 m2/s

H2O2 1.4 9 10�9 m2/s

Medical Physics, 46 (3), March 2019

1489 Okada et al.: A GPU microdosimetry simulator MPEXS-DNA 1489



of radial dose distributions with Geant4-DNA. Initial parti-
cles were set to 3 MeV protons and alpha particles and
2.57 MeV/u oxygen particles. Figure 3 shows the radial dose
distributions for all cases. In this figure, the red circles indi-
cate the results obtained with MPEXS-DNA, and the solid
black lines show the results for Geant4-DNA. The doses on
the vertical axis in Fig. 3 are normalized per incident particle.
In all cases, MPEXS-DNA is consistent with Geant4-DNA
within a 1% accuracy.

Chemical stage simulation: G-value time profiles were
compared with Geant4-DNA to verify the MPEXS-DNA

chemical stage simulation. G-value is defined as the number
of molecular species for an energy deposition of 100 eV into
the medium. Figures 4 and 5 show the time profiles between
1 ps and 1 ls after irradiation for the molecular species pro-
duced when the target is irradiated with 750 keV electrons
and 20 MeV protons. In Tables XI and XII, we show the G-
values for all molecular species at 1 ps, 1 ns, and 1 ls after
irradiation. At 1 ps after irradiation, that is, just after the start
of the chemical stage, no difference is observed between the
G-values obtained by Geant4-DNA and MPEXS-DNA. Thus,
the production of molecular species by MPEXS-DNA
through physical and physicochemical stages works correctly.
After 1 ns, differences in the G-value profiles are observed.

(a) (b)

(c)

FIG. 3. Comparison of radial dose between Geant4-DNA 10.02 p03 (solid black line) and MPEXS-DNA (filled red circle) for protons (a) and alpha particles (b)
with kinetic energy 3 MeV, and 2.57 MeV/u oxygen ions (c). The bottom of each plot shows the residual of radial dose between Geant4-DNA and MPEXS-
DNA.

Medical Physics, 46 (3), March 2019

1490 Okada et al.: A GPU microdosimetry simulator MPEXS-DNA 1490



This is particularly marked at t = 1 ls (simulation end
point). G-values of hydrated electrons, ÆOH radicals, and
H3O

+ ions calculated by MPEXS-DNA simulations are lower
than Geant4-DNA but higher for the other molecular species.
As described in Section 2.C.3, the occurrence of a chemical

reaction is obtained by comparisons of the distance between
the molecular species to reaction radii. The time required for
this process increases with the number of molecular species
in the irradiated target. In Geant4-DNA, the simulation
region is divided into smaller areas to limit the range of

(a) (b)

FIG. 4. Comparison of G-value time profiles for each molecular species induced by electrons with kinetic energy 750 keV. ÆOH radicals, H3O
+ ions, and

hydrated electrons are shown in (a). OH� ions, HÆ radicals, H2 and H2O2 molecules are shown in (b). Each color denotes a molecular species. Solid lines are
Geant4-DNA 10.02 p03 results and filled circles are MPEXS-DNAvalues.

(a) (b)

FIG. 5. Comparison of G-value time profiles for each molecular species induced by 20 MeV protons. ÆOH radicals, H3O
+ ions, and hydrated electrons are shown

in (a). OH� ions, HÆ radicals, H2, and H2O2 molecules are shown in (b). Each color indicates a molecular species. Solid line and filled circle plots are simulation
results by Geant4-DNA 10.02 p03 and MPEXS-DNA, respectively.

TABLE XI. Comparison of G-values for each molecular species at 1 ps, 1 ns, and 1 ls after irradiation for 750 keV electrons (Geant4-DNA 10.02 p03 vs
MPEXS-DNA).

t = 1 ps t = 1 ns t = 1 ls

Geant4-DNA MPEXS-DNA Geant4-DNA MPEXS-DNA Geant4-DNA MPEXS-DNA

ÆOH 5.45 5.45 4.16 4.02 3.28 3.04

e�aq 4.62 4.61 3.80 3.76 2.90 2.67

H3O
+ 4.63 4.63 4.00 3.98 3.34 3.25

HÆ 0.58 0.58 0.60 0.59 0.63 0.65

H2 0.13 0.13 0.19 0.20 0.28 0.33

OH� 0.02 0.03 0.21 0.21 0.48 0.56

H2O2 0 0 0.30 0.36 0.44 0.47
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search for molecular species pairs. The number of pairs
searched is thus reduced and processing time is shortened.
However, this method can miss some chemical reactions. In
MPEXS-DNA, chemical reactions are determined based on
all combinations, which prevent missing any chemical reac-
tions. MPEXS-DNA tends to have a higher occurrence rate
for chemical reactions than Geant4-DNA. In fact, hydrated
electrons, ÆOH radicals, and H3O

+ ions undergo chemical
reactions transforming to OH� ions and H2O2 molecules
more than in Geant4-DNA, and thus, differences in G-values
are observed in Figs. 4(b) and 5(b).

2.D. Validation of MPEXS-DNA

MPEXS-DNA simulations have been validated for the
physical and chemical stages. The results of each stage have
been compared with existing experimental data and calcula-
tions using other simulation codes. Both were consistent with
MPEXS-DNA simulations as a result. The simulations per-
formed for validating MPEXS-DNA are described below.

2.D.1. MPEXS-DNA physics validation

The physics stage of MPEXS-DNA was validated through
comparison with radial dose distributions. The scoring region
was defined as multiple cylindrical shell-shaped layers. The
initial particle momenta were along the central axis of the
cylinder, and the energy loss was accumulated into each layer
to obtain the radial dose distribution. Various parameters for
the dose scoring region are listed in Table XIII. The scoring
region was chosen to be an area 1–250 nm from the central
axis, and this space was then divided into multiple layers
using a logarithmic scale. The total number of layers was set
to 100. The height of the cylinder in the scoring region was
selected as 10 lm. The particles used for irradiation were
protons, alpha particles, and oxygen ions. The kinetic energy
was set to 3 MeV for protons and alpha particles and to
2.57 MeV/u for each nucleus of the oxygen ions. The radial
dose distributions calculated from MPEXS-DNA simulations
were compared to existing experimental data19,20 and to
numerical calculations proposed by Chunxiang et al.21 and
Walig�orski et al.22

2.D.2. MPEXS-DNA chemistry validation

The chemical stage allows the calculation of the time evo-
lution of G-values of molecular species generated from radi-
olysis of water molecules. The G-value is defined as the
number of molecular species as a result of energy deposition
of 100 eV to a given substance:

G-value ¼ Number of molecular species generated
Energy deposition of 100 eV

:

In this study, the time profiles of G-values were estimated
when the water targets were irradiated with 750 keV electrons
and with 5 and 20 MeV protons, respectively. Then, MPEXS-
DNA simulation results were compared with experimental
data and simulations performed by PARTRAC23 to validate
chemical process simulations by MPEXS-DNA. Track struc-
ture simulations have been an active area of research in the last
decades. Many codes have been developed, especially for
radiobiology applications, such as PARTRAC, KURBUC,24

NOREC25 codes, and others.26,27 The modeling of the chemi-
cal stage in Geant4-DNA followed the approach of PARTRAC
thanks to the help Dr. Werner Friedland. Thus, we chose PAR-
TRAC as the reference for validations of the MPEXS-DNA
chemistry stage. We conducted simulations using the condi-
tions listed in Table XIV. The G-values were calculated by
using total energy deposition by charged particles in the target
and the number of molecular species at each time step.

In addition, LET dependency of the G-values was estimated
for each molecular species. Here, a water target of
1 9 1 9 1 lm3 was irradiated with protons with kinetic
energy between 500 keV and 100 MeV. In each case, the G-
value for each molecular species was calculated at 1 ls after
irradiation (at the end point of the chemical stage simulation).

TABLE XII. Comparison of G-values for each molecular species at 1 ps, 1 ns, and 1 ls after irradiation for 20 MeV protons (Geant4-DNA 10.02 p03 vs
MPEXS-DNA)

t = 1 ps t = 1 ns t = 1 ls

Geant4-DNA MPEXS-DNA Geant4-DNA MPEXS-DNA Geant4-DNA MPEXS-DNA

ÆOH 5.49 5.48 4.07 3.92 2.49 2.30

e�aq 4.61 4.61 3.70 3.67 2.02 1.85

H3O
+ 4.64 4.64 3.93 3.91 2.42 2.29

HÆ 0.60 0.60 0.62 0.61 0.56 0.58

H2 0.14 0.14 0.21 0.21 0.29 0.35

OH� 0.02 0.02 0.23 0.22 0.49 0.58

H2O2 0 0 0.34 0.40 0.48 0.51

TABLE XIII. Parameters of the scoring region for energy deposition.

Inner radius 1 nm

Outer radius 250 nm

Height of cylinder scoring dose 10 lm

Number of shells in scoring region 100
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LETwas calculated from the mean value of energy deposition
in the cube-shaped liquid water target. Then, the results of
MPEXS-DNA simulations were compared with existing exper-
imental data as well as PARTRAC and other simulations.

3. RESULTS AND DISCUSSION

3.A. Validation of the physics stage of MPEXS-DNA

Comparisons of the radial dose distributions for protons
with 3 MeV kinetic energy are shown in Fig. 4(a). In this fig-
ure, the red line indicates the dose distribution as calculated
by MPEXS-DNA. The dose on the vertical axis indicates the
dose value normalized by the total number of incident parti-
cles. The dotted green line and dashed blue line indicate the
radial dose distributions derived through the use of the

analytical calculation models proposed by Chunxiang et al.21

and Walig�orski et al.22 The black dots indicate the measured
dose distributions after irradiating a cell-equivalent gas with
protons with 3 MeV of kinetic energy.19 The results of
MPEXS-DNA simulations indicate a tendency toward consis-
tency with the experimental data and the results obtained
through calculation of the Chunxiang and Walig�orski models.
Figure 4(b) shows the data obtained with the use of alpha
particles with 3 MeV of kinetic energy. Comparison with
radial dose distributions obtained through numerical calcula-
tions using the Chunxiang and Walig�orski models indicates
that, in the region of r > 30 nm from the central axis, the
dose distributions show major discrepancies with those with
MPEXS-DNA. However, the MPEXS-DNA dose distribution
is close to the behavior observed in the experimental data.19

Even in cases of oxygen ions of 2.57 MeV/u, such as those
shown in Fig. 6(c), the calculation results for MPEXS-DNA
tend to be consistent with the experimental data20 and the
numerical calculations using the Chunxiang and Walig�orski
models. Based on the above results, one can state that the
results are consistent with the existing experimental data and
the results obtained through numerical calculations, thus con-
firming the validity of simulations of electromagnetic interac-
tions using the physics stage of MPEXS-DNA.

TABLE XIV. Simulation criteria for validation of MPEXS-DNA chemical
stage.

Particle type Electrons Protons Protons

Incident energy 750 keV 5 MeV 20 MeV

Target size 20 9 20 9 20 lm3 1 9 1 9 1 lm3 1 9 1 9 1 lm3

(a) (b)

(c)

FIG. 6. Comparison of radial dose between Monte Carlo simulation by MPEXS-DNA (solid red line), numerical calculations by the Walig�Orski (dashed blue
line)22 and Chunxiang et al. (dotted green line)21 models, and experiment data (filled circle19 and filled square20). Three types of initial particles are considered:
3 MeV protons (a) and alpha particles (b), 2.57 MeV/u oxygen ions (c).
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3.B. Validation of the physicochemical and
chemical stages of MPEXS-DNA

3.B.1. Diffusion and chemical reactions

Figure 7 shows the diffusion and reactions of molecular
species during the period 1 ps to 1 ls after irradiating the
water target (size: 1 9 1 9 1 lm3) with a 10 keV electron.
At 1 ps after irradiation, the molecular species produced are
aligned along the track of the electron. Subsequently, as time
passes, they repeatedly transform into other molecular spe-
cies by chemical reactions, and their distribution spreads out.

3.B.2. Comparison of G-value time profiles and LET
dependency with experiment data

Comparison of G-value time profile after irradiation of
750 keV electrons: Figure 8 shows our simulation results of
the G-value time profiles for ÆOH radicals, hydrated elec-
trons, hydrogen molecules (H2), and hydrogen peroxide
molecules (H2O2) between 1 ps and 1 ls after irradiation
with 750 keV electrons as well as Geant4-DNA simulations
and experimental data. The red circles show MPEXS-DNA
results. The vertical bars indicate the standard deviations of
G-values. The solid black and blue lines show the results of
simulations performed using PARTRAC23 and Geant4-DNA.
The other points indicate experimental data and results
obtained using numerical calculations (see the caption of
Fig. 8 for all references). Hydrated electrons, ÆOH radicals,
and H3O

+ ions are the major molecular species produced via
physical interactions (ionization, excitation, and dissociative
electron attachment) during the physicochemical phase. As
time passes, the G-values of these molecular species decrease
as they undergo repeated transformations into other molecu-
lar species, as a result of diffusion and chemical reactions. H2

and H2O2 molecules are produced by chemical reactions and
their G-values tend to increase with time. For G-value time
profiles of ÆOH radicals and hydrated electrons, the simula-
tion results by MPEXS-DNA are well consistent with the
results obtained using PARTRAC. They are also agreements
with the experimental data and the results of other numerical
calculations. G-values of H2 and H2O2 molecules by

MPEXS-DNA simulation are lower than PARTRAC and
other methods. This is due to the difference in the formation
channels for H2 and H2O2 molecules considered in chemical
reactions between MPEXS-DNA and PARTRAC.

Table XV shows G-values for all molecular species at 1 ps
after irradiation with 750 keV electrons calculated by using
each simulation code. MPEXS-DNA results are in general
agreement with the results of other simulation codes. The fact
that there are variations in the G-value data depending on the
simulations is possibly due to differences in the physical inter-
actions considered in the physics stage. For example, the G-
values for ÆOH radicals and hydrated electrons obtained by
PARTRAC are 4–6% higher than those obtained by MPEXS-
DNA. PARTRAC considers the following three physical reac-
tions of electrons: elastic scattering, ionization, and excita-
tion.23 In contrast, MPEXS-DNA considers vibrational
excitation and dissociative electron attachment in addition to
the above three (see Table I). As a result, this leads to the dis-
crepancies of the G-values between two codes.

Comparison of G-value time profile for proton cases:
Figure 9 shows the time profiles of the G-values of ÆOH radi-
cals, hydrated electrons, H2, and H2O2 molecules produced
when water is irradiated with 5 MeV protons. The results of
MPEXS-DNA calculations are indicated by the red circles
with the standard deviations (vertical bars). The solid black
and blue lines indicate the results of PARTRAC23 and Gean-
t4-DNA, respectively. The black oblongs indicate the results
obtained via the Monte Carlo simulation using the Frongillo
et al. method.44 The G-value time profile data for ÆOH radi-
cals and hydrated electrons obtained by MPEXS-DNA agree
with PARTRAC and Frongillo et al. simulation results. As
mentioned in Section “Comparison of G-value time profile
after irradiation of 750 keV electrons”, differences between
MPEXS-DNA, and PARTRAC and the Frongillo et al. meth-
ods in terms of results for H2 and H2O2 molecules are due to
the differences in formation channels via chemical reactions
for these elements used in each method.

Pachnerova et al. irradiated plasmid DNA (pBR322) with
proton beams and measured the G-values of ÆOH radicals.45

Figure 10 illustrates the comparison of time profiles for ÆOH

FIG. 7. Diffusion and reactions of molecular species induced by 10 keVelectrons simulated by MPEXS-DNA.
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TABLE XV. Comparison of G-values at 1 ps after irradiation of 750 keV electrons calculated by MPEXS-DNA, Geant4-DNA, PARTRAC23, and other
simulation results.29–38

e�aq ÆOH HÆ H3O
+ H2

MPEXS-DNA (this work) 4.61 � 0.20 5.45 � 0.25 0.58 � 0.16 4.63 � 0.20 0.13 � 0.07

Geant4-DNAversion 10.02 p03 4.62 5.45 0.58 4.63 0.13

PARTRAC [23] 4.83 5.78 0.63 4.83 0.16

Reference [34] 4.88 5.89 0.96 – –

Reference [35] 5.30 6.05 0.72 5.38 0.13

Reference [36] 4.78 5.70 0.62 4.78 0.15

Reference [37] 4.7 6.0 0.8 4.7 0.25

Reference [38] 4.78 5.40 0.62 4.78 –

Reference [39] 6.3 8.4 2.1 6.3 0.4

Reference [40] – 6.82 0.84 4.8 0.62

Reference [41] 4.78 5.50 0.42 4.78 0.15

Reference [42] 4.93 5.37 0.45 4.93 0.16

Reference [43] – 5.6 � 0.3 – – –
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FIG. 8. Comparison of G-value time profiles of ÆOH radicals (top left), hydrated electrons (top right), H2 molecules (bottom left), and H2O2 molecules (bottom
right) induced by electrons with kinetic energy 750 keV in liquid water. MPEXS-DNA is represented by filled red circles with vertical bars representing the stan-
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radicals produced by irradiating water with 20 MeV protons,
as calculated by MPEXS-DNA and Geant4-DNA, and
according to the experimental data. In this figure, the red dots
indicate the MPEXS-DNA simulation and the solid blue line
indicates Geant4-DNA simulation. The black triangles indi-
cate the experimental data. The overall data suggest that
MPEXS-DNA can reproduce the experimental results.

LET dependency of G-value: The LET dependency of
G-values for ÆOH radicals, hydrated electrons, H2, and H2O2 were
assessed at 1 ls after irradiation of the target with protons
(500 keV to 100 MeV). Figure. 11 shows the results of compar-
ison between Monte Carlo simulations, including MPEXS-DNA
and experimental data. In the figure, the red circles indicate
MPEXS-DNA results. The standard deviations of the G-values
are also shown with the vertical bars. The solid black line shows
the results of the simulation using PARTRAC.23 The dotted line
with the open circles indicates the results calculated using the
“TRACIRT” Monte Carlo simulator developed by Frongillo,
et al.44 The oblongs, triangles, and inverted triangles indicate
experimental data.46–48 There is a tendency for the G-values of

ÆOH radicals and hydrated electrons to decrease as LET increases,
whereas the G-values for H2 and H2O2 molecules tend to increase
as LET increases. This tendency can be interpreted as follows: as
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LET increases, ÆOH radicals and hydrated electrons are produced
in proximity to each other during the physics stage (ionization
and excitation), and the frequency of chemical reactions increases.
Therefore, the G-values of ÆOH radicals and hydrated electrons
decrease. Since H2 and H2O2 molecules are the products of
chemical reactions from ÆOH radicals and hydrated electrons, as
LET increases, their G-values also increase.

The standard deviation of the G-value for MPEXS-DNA
cases increases as LET decreases. The reason is as follows. In
the low LET region, the molecular species are sparsely dis-
tributed, and the diffusion distance becomes longer. In addi-
tion, the number of molecular species going out of the
geometry without chemical reactions increases; thus, the
number of molecular species tends to fluctuate.

The results of LET dependency calculations for the G-
values of ÆOH radicals and hydrated electrons using MPEXS-
DNA are highly consistent with the results of Monte Carlo
simulations using the PARTRAC and TRACIRT codes. In
addition, the results obtained from MPEXS-DNA

calculations are generally consistent with the experimental
data.46,47 However, for H2 and H2O2 molecules, a 20–50%
difference between MPEXS-DNA and both PARTRAC and
TRACIRT is found. This is caused by differences between
the various simulation codes in terms of molecular species
and chemical reactions considered. In particular, TRACIRT
handles twice as many types of molecular species as
MPEXS-DNA and five more chemical reactions. For exam-
ple, regarding the formation channels of H2O2, MPEXS-
DNA considers only a single channel (ÆOHþ ÆOH ! H2O2),
whereas TRACIRT considers a total of six. Since both PAR-
TRAC and TRACIRT produce results similar to the experi-
mental data,46,48 MPEXS-DNA requires further improvement
on this particular point.

3.C Benchmark results of MPEXS-DNA

MPEXS-DNA is a track structure and radiolysis simulator
that utilizes a GPU. Through the use of ultraparallel
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processing, it can work at higher speeds than conventional
simulations that utilize a CPU and it can calculate energy loss
distributions and molecular species distributions in liquid
water. MPEXS-DNA is based on Geant4-DNA, and as indi-
cated in Section 2.C.4, its results are highly consistent with
those of Geant4-DNA. Geant4-DNA has an issue with long
duration simulation time. Due to the fact that processing an
enormous number of secondary particles and molecular spe-
cies using the Monte Carlo method in order to calculate both
local energy loss and molecular species distributions with
higher accuracy, Geant4-DNA, as mentioned in the chapter 1,
requires long time for simulations even on a CPU cluster.
Comparison of the computing performance achieved by
MPEXS-DNA to Geant4-DNA is thus of great significance.

Table XVI shows the calculation environment utilized in
our benchmark. TITAN V, a GPU device manufactured by
NVIDIA, was utilized in the MPEXS-DNA benchmark. To
maximize the computing performance of MPEXS-DNA, L1
cache was enabled, and the fast-math option, which ensures
specialized calculations such as trigonometric and logarithm
functions at high speed, was used. The Geant4-DNA perfor-
mance was measured using a single Intel� Xeon� CPU (6-
core model). The time required for initialization that was per-
formed prior to the simulation was negligible compared to
the simulation time in both Geant4-DNA and MPEXS-DNA.
In these benchmark tests, the initialization time was excluded
from both the datasets, so that only the processing time from
the physics stage to the chemical stage was assessed. The
throughput of both MPEXS-DNA and Geant4-DNA simula-
tions was evaluated with the number of events processed per

minute. The definition of “one event” corresponds to the
entire process including physics and chemical stages of irra-
diation by an initial particle. Tables XVII–XIX present the
benchmark results for the cases of 750 keV electrons as well
as both 5 and 20 MeV protons, respectively.

In all three tables, the initial particle, the target size,
throughput, and speedup factor against Geant4-DNA are
indicated for each benchmark test. In comparison with Gean-
t4-DNA simulation with single core of CPU, MPEXS-DNA
has achieved speeds that are 2900 times faster at maximum.
The cost of the GPU in this work is about the same as CPU
processors used in workstations. A GPU is a very cost-effec-
tive tool for accelerating our simulation.

4. CONCLUSION

MPEXS-DNA is a new track structure and radiolysis simu-
lation code that is based on the Geant4-DNA package avail-
able in Geant4 10.02 p03. It simulates the electromagnetic
interactions of charged particles in liquid water, calculates the
track structure of particles in a microregion at nanometer level,
and allows calculation of the localized energy loss distribu-
tion. In addition, it simulates diffusion and chemical reactions
for molecular species produced by the radiolysis of water and
allows the determination of the distribution of molecular

TABLE XVI. Computing system utilized for benchmark test of MPEXS-
DNA.

CPU/GPU/Workstation OS/GCC/CUDA

MPEXS-DNA Intel� Xeon� Gold 6132 2.60
GHz/NVIDIA� TITAN
V 1,455 MHz, 5,120 cores, 12
GB HBM2/HP Z8

CentOS Linux
7.4.1708/GCC
4.8.5/CUDA 9.2.88

Geant4-DNA Intel� Xeon�E5-2643
v2 3.50 GHz/HP Z820

CentOS Linux 7.4.1708
GCC 4.8.5

TABLE XVII. Benchmark results for 750 keV electron irradiation between
Geant4-DNA 10.02 p03 (CPU) and MPEXS-DNA (GPU).

Geant4-DNA MPEXS-DNA

Initial particle Electrons with kinetic energy of 750 keV

Target size 20 9 20 9 20 lm3

Number of voxels in the target A single voxel

Throughput (the physics stage) 2667.4 337 868.8

Speedup factor – 126.6

Throughput (the chemical stage) 1.155 1724.1

Speedup factor – 1492

Throughput (the physics and the
chemical stages)

1.154 1715.3

Speedup factor – 1486

TABLE XVIII. Benchmark results for 5 MeV proton irradiation between
Geant4-DNA 10.02 p03 (CPU) and MPEXS-DNA (GPU)

Geant4-DNA MPEXS-DNA

Initial particle Protons with kinetic energy of 5 MeV

Target size 1 9 1 9 1 lm3

Number of voxels in the target A single voxel

Throughput (the physics stage) 1155.8 615 902.2

Speedup factor – 532.9

Throughput (the chemical stage) 0.265 536.04

Speedup factor – 2023

Throughput (the physics and the
chemical stages)

0.264 535.58

Speedup factor – 2029

TABLE XIX. Benchmark results irradiating a cubic water target with
20 MeV protons comparing Geant4-DNA 10.02 p03 (CPU) and
MPEXS-DNA (GPU)

Geant4-DNA MPEXS-DNA

Initial particle Protons with kinetic energy of 20 MeV

Target size 1 9 1 9 1 lm3

Number of voxels in the target A single voxel

Throughput (the physics stage) 3986.0 1 111 059.9

Speedup factor – 278.7

Throughput (the chemical stage) 2.624 7728.7

Speedup factor – 2945

Throughput (the physics and the
chemical stages)

2.622 7675.2

Speedup factor – 2927
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species within a target region. In this paper, initial particles
such as electrons and protons were used to irradiate a water
target, and the energy loss distributions and G-value time pro-
files for molecular species were calculated. We have con-
firmed that the simulation results obtained by MPEXS-DNA
are consistent with the existing experimental data and simula-
tions performed using state-of-the-art codes such as PAR-
TRAC, which indicates the validity of simulations performed
by the MPEXS-DNA. MPEXS-DNA is a Monte Carlo simu-
lator that utilizes a GPU. Compared with simulations per-
formed by Geant4-DNA with a single CPU core, MPEXS-
DNA can perform simulations 2900 times faster at maximum
with the same accuracy as Geant4-DNA. MPEXS-DNA dra-
matically improved the computational speed of Geant4-DNA.
In the future, the biological phase will be implemented to
quantitatively estimate the cell survival rate as well as DNA
damage including strand breaks and base damage.
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