
Validation of GATE Monte Carlo code for
simulation of proton therapy using National
Institute of Standards and Technology library
data

Shiva Zarifi1, Hadi Taleshi Ahangari1, Sayyed Bijan Jia2 and

Mohammad Ali Tajik-Mansoury1

1Department of Medical Physics, Faculty of Medicine, Semnan University of Medical Sciences, Semnan, Iran
and 2Department of Physics, University of Bojnord, Bojnord, Iran

Abstract

Aim: To validate the Geant4 Application for Tomographic Emission (GATE) Monte Carlo
simulation code by calculating the proton beam range in the therapeutic energy range.
Materials and methods: In this study, the GATE code which is based on Geant4 was used for
simulation. The proton beams in the therapeutic energy range (5–250MeV) were simulated
in a water medium, and then compared with the data from National Institute of Standards
and Technology (NIST) in order to investigate the accuracy of different physics list
available in the GATE code. In addition, the optimal value of SetCut was assessed. Results: In
all energy ranges, the QBBC physics had a greater deviation in the ranges relative to the
NIST data. With respect to the range calculation accuracy, the QGSP_BIC_EMY and
QGSP_BERT_HP_EMY physics were in the range of statistical uncertainty; however,
QGSP_BIC_EMY produced better results using the least squares. Based on an investigation into
the range calculation precision and simulation efficiency, the optimal SetCut was set at 0·1mm.
Findings: Based on an investigation into the range calculation precision and simulation yield,
the QGSP_BIC_EMY physics and the optimal SetCut was recommended to be 0·1mm.

Introduction

Radiation therapy has a key role in treating different curable tumours, as well as tumours that can
be inhibited or treated temporarily.1 The radiation therapy techniques have been evolved in recent
years and new methods have been developed. However, all of these techniques aim at concentrating
on the absorbed dose in a specific tissue and preventing the healthy, and specifically the sensitive,
organs from exposure to radiation.2 Despite modern and advanced radiation therapy techniques,
the control and treatment of benign tumours continue to be a major challenge in cancer treatment,
necessitating the improvement of therapeutic techniques. In this regard, the introduction of new
types of ionising beams is a promising achievement in the field of radiation therapy.3

Cancer treatment with charged particle and high-energy beams of heavy ions, such as
proton and carbon, is called ‘Hadron therapy’. Robert Wilson investigated the depth dose
profile of proton beams and observed that these particles deposited the greatest amount of
energy right before a peak called the Bragg peak, due to their specific physics.4 This high
ionisation density at the end of the particle range results in greater dose deposition in deep
tumours relative to the conventional radiation therapy techniques.5

As a result, the greatest advantage of ion beams over photon beams (i.e., inverse depth dose
profile) is that they lead to better dose deposition in the intended region.6 On the other hand, due to
the sharp fall-off at the end of proton beam range, treatment planning with these beams is very
sensitive to range changes and range uncertainties. This is because this sharp fall-off is a great
advantage of the proton beam because treatment planning is highly precise; hence there is no exit
dose that can result in delivering more treatment dose to the tumour and at the same time less dose
to the adjacent normal tissues and organs. This makes proton therapy more efficient comparing
traditional radiation therapy. Treatment planning with proton beams needs very precise dose cal-
culation.3 Accuracy of clinical proton beam delivery depends highly on accurate modeling of the
proton range in body tissues. Currently, the water phantom is the benchmark phantom most similar
to the human body that is used for the quality control of the absorbed dose management. The basic
data of the dose distribution are usually measured in a water phantom, which closely approximates
the radiation absorption and scattering properties of soft tissues.

Since the nature of all interactions in the Monte Carlo simulation is based on theoretical
models and empirical cross-section data for electromagnetic (EM) and nuclear interactions, this

Journal of Radiotherapy in
Practice

cambridge.org/jrp

Original Article

Cite this article: Zarifi S, Taleshi Ahangari H,
Jia SB, Tajik-Mansoury MA. (2019) Validation
of GATE Monte Carlo code for simulation of
proton therapy using National Institute of
Standards and Technology library data.
Journal of Radiotherapy in Practice 18: 38–45.
doi: 10.1017/S1460396918000493

Received: 29 June 2018
Revised: 5 September 2018
Accepted: 7 September 2018
First published online: 5 November 2018

Key words:
Bragg peak; GATE code; pencil beam;
physics list; proton range

Author for correspondence:
Hadi Taleshi Ahangari, Tel: +98 9127101772.
E-mail: Taleshi@semums.ac.ir

© Cambridge University Press 2018.

https://doi.org/10.1017/S1460396918000493 Published online by Cambridge University Press

mailto:Taleshi@semums.ac.ir
https://doi.org/10.1017/S1460396918000493


method is regarded as the most accurate simulator of particle
interactions and calculator of dose in radiation therapy.7 Accuracy of
the Monte Carlo simulation depends on different parameters, such
as the cutoff energy, step size and meshing. Moreover, the simulation
accuracy depends on the applied physics. Geant4 (CERN, Geneva,
Switzerland) toolkit allows users to employ different physics models.8

Although the dose models in treatment planning systems
(TPSs) completely depend on experiment, the Monte Carlo
simulation has a significant role in this regard. The Monte Carlo
particle transport codes, such as Geant4,9 MCNPX10 and
FLUKA,11 are often used as the golden standard, based on which
TPS is confirmed. As a result, the validation of nuclear interaction
models used by these codes is very important.12

The Geant4 Application for Tomographic Emission (GATE)
simulation code is a Monte Carlo simulation platform, which has
been under development by the OpenGATE collaboration since
2001 and published in 2004. This code offers advantages of the
valid physics models of GEANT4 simulation toolkit and can
describe complex geometries.13 The GATE code was developed
first for Positron Emission Tomography (PET) and Single Photon
Emission Computed Tomography (SPECT) applications.14,15

Since the development of version 6·0, some new GATE-specific
tools with radiotherapy applications were added to it. However,
there are scant studies into the GATE code applications in
radiotherapy, specifically proton therapy. As a result, after careful
validation studies into the GATE code, it can be used as a suitable
tool for both imaging and radiotherapy studies.

This study aimed at validating the GATE Monte Carlo simulation
code by obtaining the proton beam range with different energies in a
water phantom. It also intended to investigate energy deposition and
calculate proton beam range by measuring the Bragg curve of proton
beams using the Monte Carlo calculations in the energy range used in
the clinic.

Material and Methods

GATE Monte Carlo simulation

The physics instructions in the GATE code have been written
based on the Geant4 library, which includes different physics
models for all interactions in different particle and photon
energies. Therefore, the GATE code uses the scripting mechanism
instead of programming. To simulate the proton pencil beam
profile in the current study, we used the GATE8 simulation code,
which is based on the Geant4-version 10·3·3.9,14,16

Simulation settings

Simulations were performed by utilising a PC-based including
12 independent Intel Xeon central processing units (CPUs) and
24 GB RAM.

Simulation geometry

The assigned geometry to the simulation code was a cubic water
phantom with dimensions of 40× 40× 40 cm3. According to
Figure 1, the axis of incident beam was selected to be z-axis. The
source of proton emitting incident particles was located at 1 cm
from one side of the phantom. The monoenergetic proton pencil
beams collided with phantom in the energy range of 5–30MeV with
5MeV energy steps and for the energy range of 30–250MeV with
10MeV energy steps. The reason for choosing these energies was
the coverage of the energy range used in proton therapy systems.

Pencil beam model

In addition, the pencil beam model (PBS) was used and the
Gaussian pencil beam shape was considered. The proton beams
within the proton energies, between 5 and 250MeV, were used.

Since, in this study, the aim is to evaluate the validity of the
GATE through the comparing the proton ranges from the
simulation with the National Institute of Standards and Technology
(NIST) data, the proton beams should have the characteristics in
accordance with those NIST data are calculated with, that is, the
monoenergetic protons without spread in energy.

The direction of the incident beam was along the z-axis, and
the lateral directions were along the x- and y-axis. The ‘spot size’
is determined with σx and σy (standard deviation in x- and
y-direction in isocenter) and was set at 3mm. In addition, the
realistic beam divergence was considered negligible (σ = 3mrad).
The monoenergetic proton pencil beam was used perpendicular
to the xy-plane towards the end of the phantom. Proton histories
for all energies were selected of order 106. The particle transport
simulation continued until the statistical uncertainties in all
energy ranges reached lower than 0·3%. Table 1 represents the
properties of beam line.

Physics-list selection

In Geant4, all physics processes are described with corresponding
cross-section tables and sometimes there are different models for
a certain physics process. All of these physics models and cross-
section tables under 10GeV are accessible in the GATE code.
Specifically, new models have been developed to describe the
Hadron interactions.17 Currently, Geant4-version 10.3.3 provides
different ‘packages’ as the physics list, allowing the user to select
the most suitable model. To apply the suitable physics model for

Figure 1. Geometry of the phantom, the cubic water phantom extending along the
z-axis.

Table 1. Properties of beam line

Primary energy (E0) 0–250MeV

Standard deviation of energy (σE) 0MeV

Spot size (σx,y) 3mm

Beam divergence (sigma) 3mrad

Journal of Radiotherapy in Practice 39

https://doi.org/10.1017/S1460396918000493 Published online by Cambridge University Press

https://doi.org/10.1017/S1460396918000493


simulation, we investigated different models. To this end, the
physics models in the reference physics list were used, including
QGSP_BERT_HP_EMY (Bertini Cascade), QGSP_BIC_EMY
(Binary Cascade) and QBBC18 recommended for medical appli-
cations and ion beam therapy.19

The quark-gluon string precompound (QGSP) model was
implemented to handle collision of high-energy hadrons. Two
different shower models Binary Light Ion Cascade (BIC) and
Bertini cascade (BERT) were used, which are responsible to track
low energy region. QGSP_BERT_HP is identical to QGSP_BERT
except that neutrons of 20MeV and lower use the High-Precision
neutron models and cross sections to describe elastic and inelastic
scattering, capture and fission. For medical physics applications,
the EM standard package with the Option 3 (EMY) parameters
list is recommended by the GEANT4 EM Standard working
group. Opt3 refers to processes recommends reference parameters
to reach a high level of accuracy, it uses a set of EM processes with
accurate simulation of gamma and charged particle transport.

QBBC (includes combinations of QGSP, BIC, BIC-Ion, BERT,
… models) is recommended for applications where accurate
simulation for low-energy transport of protons and neutrons is
needed. It usually produces the best agreement in the energy
range below 1GeV for thin target experiments.

To obtain more precise results, all projected particles should be
traced. In our simulation, proton, neutron, photon, electron, deuteron,
triton, helium and alpha (secondary) particles were traced.20

Cut values (often referred to as ‘SetCut’) is a criteria specifying
minimum secondary production ranges, internally converted into
energy, to avoid the dependence on material. Below this threshold,
the post step (discrete) processes do not occur and particles only
undergo continuous processes, such as ionisations and excitations.

Results from the Monte Carlo simulation depend on the
selected step size. It is worth noting that the selected step size
should be small. As a result, there is a slight difference in the cross
section at the beginning and end of the step. On the other hand, a
large step size reduces the calculation time.8 We set the Step max
at 0·005mm based on the Jia et al.’s study.21

Actor selection

The required actors in this study were dose and fluence. To esti-
mate the absorbed energy in the phantom and the incident proton
fluence, the phantom meshing of 0·1mm was conducted along the
transmitted beam (Z). As a result, voxels were defined 40× 40 cm2,
perpendicular to the beam, and 0·01 cm along the beam direction.

Measuring range

In this study, Rx was used to identify the specifications of the Bragg
peak shape. Rx Indicates the depth, at which the dose reaches x% of
its maximum value and Rpeak is depth of the Bragg peak.

Due to the range straggling, not all protons with equal energy
have the same range. As a result, the range needs to be defined for
a beam of protons that results in a broadened Bragg peak or a
spread-out Bragg peak (SOBP). Ideally, the range is defined at the
position where the dose has decreased to 80% of the maximum
dose, that is, in the distal dose fall-off.21 The reason for this choice
is the fact that for a monoenergetic proton beam, 80% fall-off
position coincides with the mean projected proton range, that is,
the range at which 50% of the protons have stopped. Further-
more, the 80% fall-off position is independent of the broadened
energy beam.22

GATE comparison with NIST (validation measurement)

To validate, the simulation results were compared to the NIST data.
NIST has published data pertinent to the range and stopping power,
assuming Continuous-Slowing-Down Approximation (CSDA).23

Our validation included a comparison of depth dose profiles in
water and fluence profiles in the overall energy range of beams
used at the clinic. Accuracy of the model was determined by
comparing 80% range of the end part of the dose curve for the
dose profiles. Then, the output of the GATE code was compared
to NIST data and simulation parameters were examined again.
The relative percentage difference (RPD) and the least squares
were used to validate and measure the agreement and overlapping
of proton range results and CSDA range data in the NIST library.

In this study, we first obtained RPD of proton range with
NIST data. Then, the range difference of all three physics with
NIST data was compared to absolute uncertainty of the range. In
addition, we compared the range difference of each physics with
the absolute uncertainty of the range. Then, the least squares
method was used to perform a more accurate investigation.

SetCut

To have a good agreement between NIST data and simulation
results, it is crucial to select appropriate parameter values, parti-
cularly for the secondary production threshold (‘set cut’), and for
the maximum allowed stepping (‘step max’).

In the next stage, the optimal SetCut in a selected energy
(100MeV) was addressed. To this end, we used QGSP_BIC_EMY
physics because it had the least difference with NIST data. The
SetCut values of 1mm, 0·1mm and 0·01mm were selected and
accuracy of the proton range calculation and simulation efficiency
was addressed. To investigate the range accuracy, results were
compared with NIST data and RPD was calculated. Then, the
simulation range was obtained, using the following equation:

η=
1

σ2 ´T
(1)

where T is the simulation time and σ is the statistical uncertainty
of simulation which is defined as mean uncertainty of all voxels
between the entrance point and proton range.24

Figure 2. Deviations of the characteristic beam range parameters from the
Continuous-Slowing-Down Approximation (CSDA) range.

40 Shiva Zarifi et al.

https://doi.org/10.1017/S1460396918000493 Published online by Cambridge University Press

https://doi.org/10.1017/S1460396918000493


Results

Figure 2 presents discrepancies between different Rx from Monte
Carlo calculation and RCSDA from NIST data. As it is seen, the
least difference with NIST data is at 80% depth of maximum dose.
As a result, we selected the depth of 80% of the maximum dose as
the comparison reference.

Evaluation of results obtaining from all three physics

Table 2 shows the results of the proton range for all three
examined physics:

Results for proton range with different physics are pre-
sented in Figure 3a. For providing a better comparison,
Figure 3b shows the difference between proton range

with NIST data based on the incident energy in different
physics.

The results of the least squares method for all three physics are
shown in Table 3. Although no significant difference was
observed between QGSP_BIC_EMY and QGSP_BERT_HP_EMY
in terms of statistical uncertainty and difference between range of
each physics in all energy values, Table 3 shows that applying the
least squares method resulted in the least difference between
QGSP_BIC_EMY results and NIST data. As a result, we recommended
QGSP_BIC_EMY in the current study.

The results of QGSP_BIC_EMY physics

Results of this study were compared to the NIST data using the
GATE simulation. The QGSP_BIC_EMY results showed a good

Table 2. Proton range results for all three physics

Energy (MeV) R80 QGSP_BIC_EMY (mm) R80 QGSP_BERT_HP_EMY (mm) R80 QBBC (mm) NIST (mm)

5 3·70000E-01 3·70000E-01 3·70000E-01 3·623E-01

10 1·18600E + 00 1·18600E + 00 1·18800E + 00 1·230E + 00

15 2·49300E + 00 2·49300E + 00 2·49700E + 00 2·539E + 00

20 4·21800E + 00 4·21800E + 00 4·22300E + 00 4·260E + 00

25 6·32900E + 00 6·33000E + 00 6·33400E + 00 6·370E + 00

30 8·81700E + 00 8·81600E + 00 8·81800E + 00 8·853E + 00

40 1·48380E + 01 1·48380E + 01 1·48380E + 01 1·489E + 01

50 2·22100E + 01 2·22090E + 01 2·22080E + 01 2·227E + 01

60 3·08610E + 01 3·08610E + 01 3·08590E + 01 3·093E + 01

70 4·07200E + 01 4·07170E + 01 4·07100E + 01 4·080E + 01

80 5·17380E + 01 5·17350E + 01 5·17180E + 01 5·184E + 01

90 6·38560E + 01 6·38620E + 01 6·38400E + 01 6·398E + 01

100 7·70440E + 01 7·70460E + 01 7·70190E + 01 7·718E + 01

110 9·12450E + 01 9·12490E + 01 9·12050E + 01 9·140E + 01

120 1·06416E + 02 1·06426E + 02 1·06374E + 02 1·066E + 02

130 1·22547E + 02 1·22547E + 02 1·22498E + 02 1·228E + 02

140 1·39582E + 02 1·39572E + 02 1·39521E + 02 1·398E + 02

150 1·57498E + 02 1·57484E + 02 1·57413E + 02 1·577E + 02

160 1·76251E + 02 1·76235E + 02 1·76163E + 02 1·765E + 02

170 1·95814E + 02 1·95817E + 02 1·95722E + 02 1·961E + 02

180 2·16180E + 02 2·16164E + 02 2·16087E + 02 2·165E + 02

190 2·37314E + 02 2·37292E + 02 2·37199E + 02 2·377E + 02

200 2·59172E + 02 2·59141E + 02 2·59036E + 02 2·596E + 02

210 2·81746E + 02 2·81732E + 02 2·81610E + 02 2·822E + 02

220 3·05033E + 02 3·04982E + 02 3·04842E + 02 3·055E + 02

230 3·28974E + 02 3·28930E + 02 3·28805E + 02 3·295E + 02

240 3·53549E + 02 3·53508E + 02 3·53381E + 02 3·541E + 02

250 3·78772E + 02 3·78710E + 02 3·78598E + 02 3·794E + 02
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agreement within 1% for energies higher than 20MeV and within
0·1% for energies higher than 70MeV.

Table 4 presents the results from the measurement of proton
range in a water phantom at different energies in the QGSP_
BIC_EMY physics list. As it can be seen, the proton range in
water directly increases with the incident energy. In this study, the
depth of 80% of the maximum dose was selected for comparison
with NIST data (Figure 2). Results pertinent to the RPD with
NIST data are presented in Table 4:

The results of the calculated depth–dose profile and proton
beam fluence in the water phantom for QGSP_BIC_EMY physics
list are shown in Figure 4.

The range–energy relation can be presented as follows by fitting
the proton range results with QGSP_BIC_EMY physics in various
energies (according to Figure 3a):

R g = cm2� �
= 0:00257 E MeVð Þ½ �1:73887 (2)

The results of dose distribution and proton fluence in water
phantom are evaluated for each of examined energy as follow
(Figure 5).

The results of SetCut

The results of SetCut are as follow (Table 5):
Based on Table 5, the RPD is minimum at SetCut = 0·1mm,

at which the proton range results have the best agreement with
NIST data. We also investigated the simulation efficiency and
performed calculations for these three SetCut values, according to
Equation (1):

According to Table 6, the simulation efficiency reduced with
reducing SetCut. With the reduction of SetCut from 0·1 to 0·01mm,
the simulation time significantly increased and resulted in efficiency
reduction; whereas, no significant increase in simulation time was
observed with reducing SetCut from 1 to 0·1mm and thus a slight
reduction was observed in the simulation efficiency.

Discussion

This study aimed at validating the GATE simulation code and
investigating the range of charged proton particles. These simulations
were carried out in a water phantom and clinical energies between
5 and 250MeV. We also showed the role of different physics in
improving the Bragg peak depth.

It has been proven that the depth at which the proton fluence
distribution halved to the baseline value R50 (practical range),
coincides with the depth at which the dose reduced to 80% of its
maximum value d80 (mean range).25 As a result, we compared the
NIST data with 80% depth of the maximum dose.

It can be seen that in all energies, the difference in the range
value obtained from all three physics and NIST data is higher
than the statistical uncertainty.

According to Figure 3b, the difference between these physics is
greater at higher energies. This is because, a change in physics
results in a change only in the nuclear part, and nuclear inter-
actions have a greater cross section at higher energies.

In all investigated energy ranges, the difference between range
results obtained from QGSP_BIC_EMY and QBBC and QGSP_
BERT_HP_EMY and QBBC is higher than the statistical uncertainty.
As a result, QBBC physics has a greater deviation than the NIST data.
On the other hand, comparison of QGSP_BIC_EMY and QGSP_
BERT_HP_EMY physics showed that their difference in terms of
obtained range is lower than the statistical range uncertainty. As a
result, none of them outperformed the other. Therefore, QGSP_
BIC_EMY and QGSP_BERT_HP_EMY proved valid in terms of
range calculation accuracy.

Figure 3. (a) Comparing the results of all three physics obtained from the Geant4 Application for Tomographic Emission (GATE) code and National Institute of Standards and
Technology (NIST) database. (b) The difference in the results from all three physics with NIST data.

Table 3. The results of the least squares method

Name of physics Least squares

QGSP_BIC_EMY 2·25805429

QGSP_BERT_HP_EMY 2·56471729

QBBC 3·84845929
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To perform more accurate investigations, the least squares
method was employed. By applying this method, the QGSP_BIC_
EMY physics showed the lowest difference with NIST data. As a
result, QGSP_BIC_EMY was recommended. It is emphasised that
both QGSP_BIC_EMY and QGSP_BERT_HP_EMY physics were
within the statistically uncertainty domain.

Moreover, the difference between the obtained range from
QGSP_BIC_EMY physics and NIST data in all energies (except
below 15MeV) is lower than 1%. This difference was 1–3% in
energies lower than 15MeV.

In this study, the range–energy relation (Equation (1)) was
obtained by fitting the QGSP_BIC_EMY physics data. A similar
study was conducted by Bozkurt, using the MCNPX code.26

However, we investigated the overall energy range used in
radiation therapy and obtained the fit model using a greater
bunch of data.

When a high-energy proton radiation interacts with the
patient body, secondary particles are produced during the nuclear
interactions. Tracing all of these secondary particles until they
reach zero-point energy significantly prolongs the simulation time.
It is assumed in such codes as MCNPX that when the particle
energy is minimised (cut-off energy), the overall kinetic energy of
the particle is locally deposited, and the tracing and simulation
processes are terminated. However, the Geant4 considers a range
cut-off of the secondary particle production and the energy cut-off
of secondary particle production. In other words, the particle

Table 4. Characteristic beam range parameters Rpeak, R90, R80, R10 in water and comparison with NIST data and along with relative percentage difference of 80% of
the maximum dose

Energy (MeV) Rpeak (mm) R90 (mm) R80 (mm) R10 (mm) NIST (mm) Difference (%)

5 3·50000E-01 3·60000E-01 3·70000E-01 4·40000E-01 3·623E-01 − 2·125310516

10 1·15000E + 00 1·16800E + 00 1·18600E + 00 1·32700E + 00 1·230E + 00 3·577235772

15 2·45000E + 00 2·47200E + 00 2·49300E + 00 2·63400E + 00 2·539E + 00 1·811736904

20 4·15000E + 00 4·18400E + 00 4·21800E + 00 4·36700E + 00 4·260E + 00 0·985915493

25 6·25000E + 00 6·28900E + 00 6·32900E + 00 6·51900E + 00 6·370E + 00 0·643642072

30 8·75000E + 00 8·78300E + 00 8·81700E + 00 9·03600E + 00 8·853E + 00 0·406641816

40 1·46500E + 01 1·47810E + 01 1·48380E + 01 1·51720E + 01 1·489E + 01 0·34922767

50 2·19500E + 01 2·21350E + 01 2·22100E + 01 2·26850E + 01 2·227E + 01 0·269420745

60 3·05500E + 01 3·07620E + 01 3·08610E + 01 3·14950E + 01 3·093E + 01 0·223084384

70 4·02500E + 01 4·05890E + 01 4·07200E + 01 4·15350E + 01 4·080E + 01 0·196078431

80 5·11500E + 01 5·15730E + 01 5·17380E + 01 5·27520E + 01 5·184E + 01 0·196759259

90 6·31500E + 01 6·36580E + 01 6·38560E + 01 6·50980E + 01 6·398E + 01 0·193810566

100 7·62500E + 01 7·68000E + 01 7·70440E + 01 7·85190E + 01 7·718E + 01 0·176211454

110 9·02500E + 01 9·09620E + 01 9·12450E + 01 9·29830E + 01 9·140E + 01 0·169584245

120 1·05250E + 02 1·06093E + 02 1·06416E + 02 1·08431E + 02 1·066E + 02 0·17260788

130 1·21250E + 02 1·22175E + 02 1·22547E + 02 1·24840E + 02 1·228E + 02 0·206026059

140 1·38150E + 02 1·39160E + 02 1·39582E + 02 1·42172E + 02 1·398E + 02 0·155937053

150 1·55850E + 02 1·57029E + 02 1·57498E + 02 1·60397E + 02 1·577E + 02 0·128091313

160 1·74450E + 02 1·75726E + 02 1·76251E + 02 1·79483E + 02 1·765E + 02 0·141076487

170 1·93850E + 02 1·95224E + 02 1·95814E + 02 1·99380E + 02 1·961E + 02 0·145843957

180 2·13950E + 02 2·15540E + 02 2·16180E + 02 2·20109E + 02 2·165E + 02 0·147806005

190 2·34950E + 02 2·36612E + 02 2·37314E + 02 2·41580E + 02 2·377E + 02 0·162389567

200 2·56650E + 02 2·58408E + 02 2·59172E + 02 2·63832E + 02 2·596E + 02 0·164869029

210 2·78750E + 02 2·80926E + 02 2·81746E + 02 2·86792E + 02 2·822E + 02 0·160878809

220 3·02050E + 02 3·04160E + 02 3·05033E + 02 3·10463E + 02 3·055E + 02 0·152864157

230 3·25750E + 02 3·28029E + 02 3·28974E + 02 3·34801E + 02 3·295E + 02 0·159635812

240 3·50350E + 02 3·52531E + 02 3·53549E + 02 3·59802E + 02 3·541E + 02 0·155605761

250 3·75250E + 02 3·77712E + 02 3·78772E + 02 3·85453E + 02 3·794E + 02 0·165524512
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is traced until it reaches the zero-point energy; however, the
secondary particles are no longer produced below this energy
cut-off. From this point onward, the initial particle energy
reaches zero point based on the CSDA, thereby reducing the

simulation time.21 Therefore, the number of secondary particles
increases with reducing the energy cutoff, thereby improving the
simulation accuracy; however, it significantly affects the calcula-
tion time.27

Figure 4. (a) Proton depth–dose profile. (b) Normalised fluence profile of proton beam in the energy range of 5–250MeV with QGSP_BIC_EMY physics.

Figure 5. Dose profile and fluence of proton beam in different selected energies; (a) 50 MeV; (b) 100MeV; (c) 200MeV; (d) 250MeV.
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In the Monte Carlo simulation, since the secondary particle
production cutoff can affect the energy loss and simulation
results, tracing all particles should be avoided to improve the
calculation efficiency. Energy of untraced particles should be
locally deposited to ensure energy preservation.8

The optimal SetCut was obtained at 0·1mm, as not only the
RPD was minimum, but also simulation efficiency significantly
reduced with SetCut reduction from 0·1 to 0·01mm. Although the
efficiency is slightly better at SetCut = 1mm, uncertainty is
lower. Therefore, an increase in simulation accuracy at the cost of
a slight increase in simulation time seems reasonable. As a result,
the optimal SetCut was obtained 0·1mm.

In general, this study investigated various physics lists in
Greant4 toolkit. In this study, the QGSP_BIC_EMY physics
showed the lowest difference with NIST data. As a result, to use
the GATE code for radiation therapy, the QGSP_BIC_EMY
physics and SetCut of 0·1mm are recommended. Nevertheless,
both QGSP_BIC_EMY and QGSP_BERT_HP_EMY physics are
within the statistically uncertainty domain.

Conclusion

In this study, we validated the Gate Monte Carlo simulation code
in proton therapy applications. This study first examined different
physics lists and showed that the results obtained using
QGSP_BIC_EMY physics are in the best agreement with NIST
database data. Then, using this physics, we examined the SetCut
values, and we found that the value of 0·1mm was the optimal
value for proton therapy.

Acknowledgements. This work was supported by Semnan University of
Medical Sciences.

References

1. Haberer T. (ed). Advances in charged particle therapy. AIP Conference
Proceedings. Berkeley, USA: AIP, 2002.

2. Owadally W, Staffurth J. Principles of cancer treatment by radiotherapy.
Surgery 2015; 33 (3): 127–130.

3. Walton E L. Positive perspectives from proton therapy. Biomed J 2015; 38
(5): 361–364.

4. Wilson R R. Radiological use of fast protons. Radiology 1946; 47 (5):
487–191.

5. Kraft G. Tumor therapy with heavy charged particles. Progr Particle Nucl
Phys 2000; 45: S473–S544.

6. Amaldi U, Kraft G. Radiotherapy with beams of carbon ions. Reports Prog
Phys 2005; 68 (8): 1861–1882.

7. Paganetti H, Jiang H, Parodi K et al. Clinical implementation of full
Monte Carlo dose calculation in proton beam therapy. Phys Med Biol
2008; 53 (17): 4825–4853.

8. Paganetti H. Proton Therapy Physics. Boca Raton, FL: CRC Press,
2016.

9. Agostinelli S, Allison J, Amako K A et al. GEANT4—a simulation toolkit.
Nucl Instr Methods Phys Res Sect A Accelerat Spectromet Detect Associat
Equip 2003; 506 (3): 250–303.

10. Waters L S. MCNPX User’s Manual. Los Alamos, NM: Los Alamos
National Laboratory 2002.

11. Ferrari A, Sala P, Fasso A et al FLUKA: a multi-particle transport code.
CERN 2005-10 (2005). INFN/TC_05/11, SLAC.

12. Hall D C, Makarova A, Paganetti H et al. Validation of nuclear models in
Geant4 using the dose distribution of a 177 MeV proton pencil beam.
Phys Med Biol 2015; 61 (1): N1–N10.

13. Assie K, Breton V, Buvat I et al. Monte Carlo simulation in PET
and SPECT instrumentation using GATE. Nucl Instr Methods Phys
Res Sect A Accelerat Spectromet Detect Associat Equip 2004; 527 (1):
180–189.

14. Jan S, Santin G, Strul D et al. GATE: a simulation toolkit for PET
and SPECT. Phys Med Biol 2004; 49 (19): 4543–4561.

15. Santin G, Strul D, Lazaro D et al (ed). GATE, a Geant4-based simulation
platform for PET integrating movement and time management. Nuclear
Science Symposium Conference Record, 2002 IEEE; 2002: IEEE.

16. Allison J, Amako K, Apostolakis J et al. Geant4 developments and
applications. IEEE Trans Nucl Sci 2006; 53 (1): 270–278.

17. Jan S, Benoit D, Becheva E et al. GATE V6: a major enhancement of the
GATE simulation platform enabling modelling of CT and radiotherapy.
Phys Med Biol 2011; 56 (4): 881.

18. Ivantchenko A V, Ivanchenko V N, Molina J-M Q et al. Geant4 hadronic
physics for space radiation environment. Int J Radiat Biol 2012; 88 (1–2):
171–175.

19. Geant4-Collaboration. Geant4—A Simulation Toolkit—Guide for Physics
Lists. CERN, geant4. 2017; 10·4.

20. Jia S B, Hadizadeh M H, Mowlavi A A et al. Evaluation of energy
deposition and secondary particle production in proton therapy of brain
using a slab head phantom. Rep Pract Oncol Radiother 2014; 19 (6):
376–384.

21. Jia S B, Romano F, Cirrone G A et al. Designing a range modulator wheel
to spread-out the Bragg peak for a passive proton therapy facility. Nucl
Instr Methods Phys Res Sect A Accelerat Spectromet Detect Associat
Equip 2016; 806: 101–108.

22. Paganetti H. Range uncertainties in proton therapy and the role of Monte
Carlo simulations. Phys Med Biol 2012; 57 (11): R99.

23. Berger M, Coursey J, Zucker M et al Stopping-power and range tables for
electrons, protons, and helium ions, 2005. http://physicsnistgov. 2015.
Accessed on March 2018.

24. Grevillot L, Frisson T, Zahra N et al. Optimization of GEANT4 settings
for proton pencil beam scanning simulations using GATE. Nucl Instr
Methods Phys Res Sect B Beam Interact With Mater Atoms 2010; 268
(20): 3295–3305.

25. Gottschalk B. Passive beam spreading in proton radiation therapy,
unpublished book, 2004.

26. Bozkurt A. (ed). Monte Carlo calculation of proton stopping power and
ranges in water for therapeutic energies. EPJ Web of Conferences. EDP
Sciences. Les Ulis, France, 2017.

27. Zahra N, Frisson T, Grevillot L et al. Influence of Geant4 parameters on
dose distribution and computation time for carbon ion therapy
simulation. Phys Medica Eur. J Med Phys 2010; 26 (4): 202–208.

Table 5. Different range obtained for a 100MeV proton beam at different
SetCut values

SetCut (mm) R80 (mm) NIST (mm) Difference (%)

0·01 7·7044E + 01 7·718E + 01 0·176211454

0·1 7·7046E + 01 7·718E + 01 0·173620109

1 7·7040E + 01 7·718E +01 0·181394144

Table 6. Simulation efficiency for various SetCut

SetCut= 1mm SetCut= 0·1mm SetCut= 0·01mm

Statistical
uncertainty (%)

1·123408344E-03 1·113456917E-03 1·119288133E-03

Time (s) 52158·7 55314·6 72644·4

Efficiency 15·191 14·582 10·988
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