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ABSTRACT

Introduction: Proton therapy simulations rely on Monte Carlo techniques, such as the GATE code
based on the Geant4 toolkit, to predict dose distribution and secondary particle production. The
accuracy of these simulations is heavily influenced by the chosen physics models. Methods: In this
study, we analyzed three Geant4 hadronic physics models, BIC, BERT, and INCL++, by calculating
the angular and energy distributions of secondary neutrons and gamma particles. We conducted
GATE/Geant4 simulations on a water phantom irradiated with a 100 MeV proton beam. Results:
Our investigation revealed notable differences in the angular and energy distributions of emitted
particles among the three models. Conclusion: This study emphasizes the necessity of carefully
selecting a hadronic physics model for GATE/Geant4 simulations in proton therapy.
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INTRODUCTION

In the last decade, proton therapy has garnered
increasing interest for cancer treatment due to its
potential to significantly reduce dose exposure to
healthy tissues while effectively targeting cancer tis-
sue!l. Monte Carlo transport simulation codes, such
as FLUKA and Geant4, are commonly used to sim-
ulate particle transport and interaction processes in
proton therapy?. These codes enable calculations of
dose distributions in patients or simulated phantoms,
which are vital for treatment planning. Therapeutic
proton beams often generate a substantial amount of
secondary particles, which significantly contribute to
fluences and the actual delivered dose. Accurate sim-
ulation of these secondary particles in a realistic pro-
ton therapy setup is crucial for two main reasons: sec-
ondary neutrons may pose a possible risk of develop-
ing secondary cancer?, and precise prediction of nu-
clear particle interactions and residual nuclei distri-
butions is required for imaging and range verification
techniques4 using prompt gammas”.

Monte Carlo simulation serves as a useful tool for
predicting proton beam properties in tissue. How-
ever, it has been pointed out that selecting the right
physics models is essential for accurate predictions >°.
This work focuses on the GATE platform 7-9 which is
based on the Geant4 toolkit !>!! widely employed in
numerous proton therapy studies>~6. In the Geant4
simulation at therapeutic energies, the main processes
are governed by a hadronic physics model of the in-
tranuclear cascade (INC) type. Three different INC

models included in Geant4 are the binary cascade
(BIC) 12, the Bertini cascade (BERT) '3, and the Liege
intranuclear cascade (INCL++) 4. While these mod-
els have been shown to produce marginally differ-
ent results for the primary dose!®, the differences
between these models in the predicted angular dis-
tribution and energy spectrum of emitted secondary
gamma and neutron radiation in proton therapy se-
tups have not been extensively investigated. These
properties are crucial for range verification techniques
using secondary gamma rays > and assessing the haz-
ards posed by stray neutrons>3. A significant chal-
lenge in choosing a suitable hadronic model lies in the
scarcity of experimental data.

In this paper, we investigate the angular and energy
distribution of secondary neutrons and gamma parti-
cles using three widely used Geant4 hadronic models,
BIC, BERT, and INCL++. Our calculations involve a
proton energy of 100 MeV irradiated on a cylindri-
cal water phantom. We evaluate the hadronic model
differences in the predicted result with a focus on the
range verification and secondary neutron production
aspects of proton therapy. This research will provide
valuable insight into the suitability of these models for
practical proton therapy settings. It also points out
the specific configuration of experimental data neces-
sary to determine and constrain the most appropriate
physics model for Monte Carlo simulations in proton
therapy.
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METHODS

In this study, we use GATE version 9.1, which incor-
porates Geant4 10.7. The simulation setup employed
in this study comprised a proton beam of 100 MeV
directed at a cylindrical water phantom with a 10 cm
radius and 11.58 cm length. The number of gener-
ated incoming protons is 10 million. The center of the
water phantom was positioned 50 cm away from the
source along the z-axis. A PhaseSpace Actor directly
attached to the water phantom was utilized to collect
and process the physics information of particles en-
tering or generated within a specified volume, such as
particle name, energy, interaction position (x, y, z),
particle direction (dx, dy, dz), interaction process, and
mass of produced particles. The output data are stored
in root format.

The Geant4 toolkit underlying the GATE framework
offers the flexibility to select from a variety of physics
models to optimize their application in different con-
texts. To depict proton interaction processes with
matter, physics models covering all energy ranges
are necessary. At high energies at the GeV scale
and above, Geant4 provides the Quark-Gluon String
(QGS) %17 and the Fritiof-like String (FTF) '¥ mod-
els. For proton therapy energy ranges, Geant4 em-
ploys the Bertini Intranuclear Cascade (BERT) '3, Bi-
nary Cascade (BIC)!2, and Liége Intranuclear Cas-
cade (INCL++) [14] models, which are the models
examined in this study. Additional models include
the Precompound and evaporation models '° for de-
exciting the residual nuclear particles after high ini-
tial energy interactions, the Electromagnetic (EM)
packages?? for describing electromagnetic interac-
tion processes from 0 to 100 TeV; and the High Preci-
sion neutron model (HP)?2! for neutron-induced in-
teractions below 20 MeV.

The considered proton-induced nuclear reaction pro-
cesses were simulated by applying the chosen models
to various reaction processes over time. Separate
models were required to address the intranuclear cas-
cade process, the preequilibrium state of the nucleus,
and the de-excitation process of the equilibrated
nuclear state. To simulate the cascade stage within
the proton energy range used in therapy, Geant4
offers three models: BIC, BERT, and INCL++. The
selected hadronic physics models for simulation and
comparison included BIC (QGSP_BIC_HP_EMY),
BERT (QGSP_BERT_HP_EMY), and INCL++
(QGSP_INCLXX_HP_EMY). Here, we give a brief
description of some main physics assumptions of the
three models.
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The BERT model comprises three successively con-
nected components: intranuclear cascade, preequi-
librium, and simple evaporation models. The target
nucleus in the BERT model is presented in Woods-
Saxon form approximated by several concentric shells
(up to six shells) of constant density. The BERT in-
tranuclear cascade model is based on Bertini’s idea of
solving a Boltzmann equation using the Monte Carlo
method 13 with straight-line propagation. After the
intranuclear cascade phase, the preequilibrium phase
is modeled by the Griffin exciton model??, where
smaller particles are emitted until the excitation en-
ergy of the remnant reaches a threshold. The nucleus
is further de-excited as described by a statistical Weis-
skopf model?* and Fermi breakup by emitting light
particles followed by a continuous gamma emission
chain in the end. Compared to the BIC and INCL++,
several simplified approximations have been made in
the BERT model to reduce its calculation time, which
is required for applications in the GeV-scale energy
region.

The BIC model !? also included three separate mod-
els for the intranuclear cascade, preequilibrium, and
evaporation models. However, it is noted that the
descriptions for these three stages of BIC are very
different from those in BERT mentioned above. In
the binary collision intranuclear cascade model of
BICs, the participating nucleons are considered Gaus-
sian waves with defined positions and momenta at
a specific time. These nucleons are propagated in
curved trajectories according to an equation of mo-
tion with a simple time-independent potential. The
target nucleus in this stage uses either a Woods-Saxon
or harmonic-oscillator shape for the nucleon den-
sity. For the precompound stage, BIC uses the native
Geant4 preequilibrium model, which is a semiclassi-
cal exciton model 1. Finally, the de-excitation state is
described by the native Geant4 de-excitation model,
where a combination of tabulated discrete states and
parametrized continuous distribution is used for pho-
ton evaporation (i.e., gamma emission) °.

In the Liege INCL++ model', the particles prop-
agate in straight-line trajectories in static potential,
where the model keeps track of varying time steps
of all participating particles. The target nucleus has
a Woods-Saxon density. Unlike the BIC and BERT
models, there is no explicit precompound model used
in INCL++. At the end of the cascade phase, the emis-
sions of particles and photons from the remnant nu-
cleus are described by the native Geant4 de-excitation

119

model*”, which is the same as the one used in the BIC

model.
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RESULTS

In this part, we assess the total production, as well
as the angular and energy distributions of secondary
neutron and gamma particles within each hadronic
physics model. A direct comparison is carried out be-
tween three cascade models, specifically BERT, BIC,
and INCL++.

Geant4 models has been studied before, and no strong
42425

The proton depth dose of several
discrepancies have been reporte therefore, we
do not perform calculations for these quantities in this
work.

All calculations in this work are performed on a sin-
gle core of a CPU with clock speeds ranging from 1.7
GHz-2.7 GHz. The production set cut value in the wa-
ter phantom is 0.1 mm. The times needed to simulate
107 protons at 100 MeV using this configuration for
the three different hadronic models are listed in Ta-
ble 1, along with the total amount of secondary neu-
trons and gammas.

Figure 1 and Figure 2 show the energy spectra of the
secondary neutrons calculated by the three hadronic
models on linear and log y-axis scales, respectively.
All three models generate neutron energy spectra up
to 90 MeV. Most neutrons are produced in the energy
range of 1-6 MeV.

Figure 3 presents the angular distributions of the sec-
ondary neutrons generated by the three cascade mod-
els. The angular distribution is calculated based on the
3D momentum vectors of the neutron recorded in the
Geant4 simulation. The angle 0 is defined as the lab-
frame scattering angle of the secondary neutron with
respect to the incoming direction of the proton. The
distribution of particles scattered in the azimuthal an-
gle ¢ is isotropic and therefore is not shown here.
Figure 4 presents the energy spectrum of secondary
(prompt) gamma generated from the three hadronic
models. The pronounced peaks seen in the BIC
and INCL++ models are from the pair annihilation,
deuteron formation, and de-excitation processes of
fragment excited states.

Figure 5 presents the angular distributions of the sec-
ondary gammas generated by the three cascade mod-
els. The gammas are emitted in a slightly forward di-
rection due to the kinematics of the moving excited
fragments. The azimuthal angle is isotropic, similar
to the neutron case.

DISCUSSION

Table 1 shows that proton bombardment of a water
phantom generates a significant number of secondary
neutrons and gammas in all three models. The sec-
ondary particles account for 3.5%-4.7% and 22%-32%

of the incoming protons for neutrons and gammas, re-
spectively. All of these secondary particles originate
from the reaction between the incoming proton and
the '°0 nucleus in the water phantom. The proba-
bility of secondary neutron production differs among
the three models, with the BIC model producing the
most neutrons and the BERT model producing the
most gammas. The difference in the produced par-
ticles between the models can be up to 34% for the
neutron case and 45% for the gamma case. Such a
large discrepancy can affect the dose calculation of
these particles. We note that due to the simplified ap-
proximations used in the BERT model compared to
the others, it is approximately 20% faster to calculate
the specific scenario studied in this work using BERT
versus BIC and INCL++. However, these approxima-
tions will unavoidably affect the simulation results, as
we can see in Table 1 and Figure 1-Figure 5.

Figures 1 and 2 indicate that the BIC and INCL++
models have rather similar neutron energy spectra,
while the BERT model focuses more on the low-
energy region. The similarities between the BIC and
INCL++ models are also applied to the angular dis-
tributions in Figure 3, while the BERT model yields
fewer particles in the forward angles compared to the
other two models. The differences in the simulated
neutron energy spectrum at energies of approximately
40-50 MeV and angular distribution at angles below
45 degrees between the three main hadronic mod-
els in Geant4 mainly come from the cascade stage,
where the models have drastically different assump-
tions and descriptions of this process, as presented in
the methods section. The very good agreement be-
tween BIC and INCL++ results at energies below 10
MeV is because of the implementation of the same
native Geant4 de-excitation, which is more sophisti-
cated compared to the one used in BERT. The simple
de-excitation is also the reason for the more isotropic
neutron angular distribution of BERT compared to
the others.
gest that the prediction based on the simulation re-

These generally different results sug-

sults from these models for the secondary neutron,
which is important for secondary cancer estimation
and neutron shielding calculation, could contain large
uncertainty and should be taken with great precau-
tions. Our calculations suggest that more direct ex-
perimental measurements of neutron angular distri-
bution with a water phantom or O target in the pro-
ton therapy energy region are needed to identify the
most suitable hadronic models.

In Figure 4, the gamma peaks of the energy spectrum
from the BERT model have a rather smooth shape
with very few peaks. This is in stark contrast with
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Table 1: Numbers of secondary neutrons and gamma rays produced in the water phantom along with their
computational times.

Models BERT BIC INCL++
Neutron 358518 477345 419695
Gamma 3215920 2371121 2281681
Computational time 3h48 m 4h53m 4h31lm
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Figure 1: Energy spectrum of secondary neutrons on a linear scale.
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Figure 2: Energy spectrum of secondary neutrons in log scale.
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Figure 4: Energy spectrum of secondary gammas in log scale.

the energy spectra of the BIC and INCL++ models,
which contain many peaks and are almost identical to
each other. Again, this is because the INCL++ and
BIC models share the default de-excitation model of
Geant4 in the final stage of the reaction chain 12,1419,
which explicitly includes the tabulated data for several
discrete excited states, whereas BERT uses a faster but
simpler de-excitation model 13 which can only simu-
late the continuous gamma spectrum. Given the exis-

tence of the known excited states of the fragments in

the p + 10 reaction, the simulated spectra of BIC and
INCL++ are clearly more accurate than that of BERT.
We note that some fine peaks produced by the BERT
models are due to the additional coupling to the High
Precision neutron model, which all three models use
for low-energy neutron reactions.

For the angular distribution in Figure 5, the three
models have identical shapes but different amplitudes
due to the difference in the number of produced gam-

mas. The uncertainty in the prompt gamma spectrum
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Figure 5: Angular distribution of secondary gammas.
and total gamma number prediction will greatly affect LIST OF ABBREVIATIONS

the range verification methods of proton therapy us-
ing prompt gamma. Similar to the neutron case, more
data for prompt gamma energy spectra are needed to
identify any limitations in the hadronic models and
improve them.

CONCLUSION

In this work, we investigate the secondary neutrons
and gammas generated from a water phantom bom-
barded with a 100 MeV proton beam using three
different hadronic models in Geant4 simulations,
namely, the BIC, BERT, and INCL++. Throughout
the study, several issues were addressed. The energy
spectra and angular distributions of the secondary
neutrons and gammas generated by these models
were analyzed and evaluated. The neutron energy
spectra and angular distributions in all three models
are different compared to each other. The gamma an-
gular distributions are mostly isotropic and have the
same shape in all three models. The BIC and INCL++
models have similar gamma energy spectra that are
more accurate than that of BERT.

Our study revealed significant differences among the
three physical models used in Geant4 to describe the
process of proton beam therapy. However, there is
currently too little experimental data to determine
which model is the most accurate. Based on the re-
sults of this study, appropriate experimental measure-
ments are encouraged to be conducted to determine
or create the most suitable model for proton beam
therapy.
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BERT: Bertini cascade

BIC: binary cascade

GATE: Geant4 Application for Emission Tomography
INC: intranuclear cascade

INCL++: Liege intranuclear cascade
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