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ABSTRACT

The Monte Carlo method is considered the most accurate method for dose calculation in radiotherapy.
The Linear accelerator (Linac) is currently the most widely used in radiotherapy center machines. This
study aims at validating the GAMOS code based on the Geant4 Monte Carlo toolkit. A Saturne43 LINAC
of 12 MV photon beam was modeled for configuring a 10 x 10 cm? radiation field. The electron beam
parameters such as spot size and mean energy were tuned by comparing calculated dose distribution
within homogenous water phantom with a measured one. The results obtained showed that the depth
dose and lateral dose profiles are sensitive to the electron beam parameters studied. The best matching
with measured was found when the appropriate mean electron energy and beam width were 11.8 MeV
and 2 mm respectively.
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1. Introduction

Accurate calculation of dose distribution in the treatment plan-
ning system (TPS) process is the most important step to succeed in
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radiotherapy. For this purpose, Monte Carlo simulation is a power-
ful tool and widely used in medical applications for dose calcula-
tion (Verhaegen and Seuntjens, 2003), especially after the
development of Variance Reduction Techniques (VRTs), which
allow in achieving an acceptable accuracy in the simulations, even
in geometries as complex as realistic tumor shapes. Currently, four
general purpose Monte Carlo systems are in use for radiotherapy
dose calculation. These codes are EGS (Kawrakow and Rogers,
2000; Nelson et al., 1985), MCNP (Briesmeister, 2000), PENELOPE
(Salvat et al., 2001), and Geant4 (Agostinelli et al., 2003). Two
codes, EGS and PENELOPE, simulate the coupled transport of pho-
tons and electrons (and positrons), while other particles such as
neutrons or protons are not taken into account. The advantage of
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this is that during the development of these codes all attention was
focused on the particles of interest for radiotherapy dose planning.
On the other hand, when the energy of photon beams is more than
10 MV, neutrons will be producing from the accelerator head,
which may impact the physical dose distribution in the patient,
especially in the bone where even alpha particles have a non-
negligible contribution (Reynaert, 2006). The other codes, MCNP
and Geant4, simulate the transport of photon, electron, neutron,
proton, and heavy particles.

For the Geant4 MC Code, many codes were developed for spe-
cial purposes such as Gate, GAMOS, and so on. In this work, our cal-
culations have been performed using the GAMOS code. The
acronym GAMOS stands for “Geant4-based Architecture for
Medicine-Oriented Simulations.” It is therefore a Monte Carlo sim-
ulation software and is based on the Geant4 toolkit. The objective
of GAMOS is to provide a software framework that serves the unex-
perienced user to simulate his/her project without having to code
in C++ and with a minimal knowledge of Geant4. At the same time,
it lets an advanced user to add new functionalities and easily inte-
grate it with the rest of the GAMOS functionality (Arce et al., 2008).
GAMOS is composed of a core software that covers the main

primary collimator
secondary collimator,
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jaw.

Fig. 1. Monte Carlo GAMOS model of SATURNE43 Linac for 12 MV photon beam and
water phantom, using FreeWRL.

functionality of a Geant4 simulation and a set of applications for
specific domains.

In this present work, we used the GAMOS MC Code to model a
SATURNE43 Linac of 12 MV photon beam and investigate the influ-
ence of electron beam parameters on dose distributions.

2. Materials and method

A GAMOS platform (Arce et al., 2008), which is based on the
Geant4 Monte Carlo technique (Agostinelli et al., 2003), was used
to model the treatment head of the Sturne43 Linear accelerator
for simulating a 12 MV photon beam. The materials and geometri-
cal data considered for the Saturne43 Linac head were provided by
the CEA LIST LNHB (Henri Becquerel laboratory). The treatment
head components included the target, primary collimator of com-
posite material WNiCu (W, Ni, Cu) and XC10 (C, Mn, Fe) to limit
the dose to the maximum usable field size, flattening filter of stain-
less steel used to generate a beam of uniform intensity, secondary
collimator of Pb, monitor unit chamber of Kapton, aluminum pla-
que, and finally the X and Y jaws that are composite of a mixture
of WNiCu, XC 10 and Pb. A 40 x 40 x 40 cm®> water phantom was
used to include enough backscatter material from the bottom
and walls of the phantom. It was divided into 80 x 80 x 80 voxels
(slices) in the x-axis that was in the cross plane direction; the y-
axis was in the plan direction and the z-axis was in the beam
(depth) direction. The size of the phantom’s voxel (xyz) were
defined depending on the required spatial resolution for model
commissioning. The voxel dimensions were 0.5 x 0.5 x 0.5 cm®
for both depth and profile calculation. The water phantom was
placed at 90 cm from the target and the square field size of 10 x
10cm? was considered at 100 cm. IAEA, 2000 (International
Atomenergie-Organisation, 2004). The GAMOS Linac head model
and the water phantom positioned at 100 cm source to the surface
distance (SSD) is presented in Fig. 1.

The simulations of photon beams were carried out in the fol-
lowing two steps: The first one consists of simulating the photon
beam to generate phase space files under the treatment head,
which will be used later. In the second step, the phase space files
generated will be used as virtual sub-sources of particles, which
would deliver on the water phantom. The GAMOS model of
SATURNE43 with the water phantom is presented in Fig. 1. 3D
visualization of the Linac head geometry is processed using the
graphics system FreeWRL-3.0.0 (“FreeWRL"”).

Simple splitting of bremsstrahlung and ECUT parameters were
used to reduce the variance of calculation and the simulation time.
Also, the phase space file was set for collection of particles passing
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Fig. 2. Variation of the absorbed dose with depth and the dose profile with the energies.
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through a surface of plane at any point in our transport geometry about the particles crossing the scoring plane as well (Ahmed
(phase space at 90 cm), as can be seen in Fig. 1. A phase space file et al.,, 2014). Using the Phase space technique can save a lot of time
contains full information (charge, energy, position and direction) in cases where several calculations share some accelerator parts,
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Fig. 3. Comparison of relative depth dose and beam profiles calculated by GAMOS code and measured for different energies, filed size 10 x 10 cm?; results are normalized to
the dose at the depth of 10 cm.
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and in the case where the accelerator simulation is very slow com-
pared to the dose calculation (Jabbari et al., 2013). We have used
the following two simple text formats in the GAMOS code: a
comma-separated value (CSV) format, and a simpler text format
that contains only the histogram limits and the list of histogram
entries, one per column. Nevertheless, GAMOS also provides his-
tograms directly written in ROOT (Antcheva et al., 2011) format,
as this is a C++ analyze package, which many Geant4 users are
familiar with. In order to present results, we used the program
Matlab to extract the data from the file 3ddose.out in this work.

3. Dose calculation

To calculate the delivered dose in the water tank, the cubic
phantom was divided into voxels, whose dimensions were 0.5 x
0.5 x 0.5 cm> and placed at (z=90cm). The number of voxels
along X axis and Y were 80 voxels from —20 cm to 20 cm, and
the number of voxels along Z axis was 80 voxels. The depth dose
curves were calculated along the central axis and the beam profiles
were calculated at a depth of axis perpendicular to the central axis
of the irradiation field of 10 x 10 cm?.

In this present work, the results obtained were normalized to
the dose at a depth of 10 cm (D1ocm)- Then, these curves were com-
pared against measured ones. The difference between them was
analyzed using relative error criteria (Low et al., 1998).

4. Results and discussion

The calculated dose by MC GAMOS was associated with statis-
tical uncertainties, which was less than 1% for all depth points, less
than 1% inside field, and less than 1.5% out-off field for beam
profiles. Depth dose curves were normalized to the dose at 10 cm
and beam profiles to the dose at central axes.

5. Determining the energy of the electron beam mono-energetic

The first parameter determined is the energy of the electron
beam at uniform distribution. We tested 4 energy values dis-
tributed in the range of 11.5-12 MeV and in the step beam width
that was set to 1 mm. Each test will be conducted in three steps.
In the first step, we construct the phase spaces for these energies.
The second step is to calculate the dose in function of the depth in
the water phantom, the dose deposited by each phase space for a
field size of 10 x 10 cm?, and the SSD of water (90 cm). The third
step is to compare the depth dose and the dose profiles calculated
to those measured for the Saturne43 accelerator (Mohammed
et al., 2018). The results obtained from the four simulations are
presented in Fig. 2.

Fig. 2 gives the calculated dose depth and the dose profile for
different energies of the electron beam respectively. It is clear that
the depth dose and beam profiles are affected by electron beam
energy. We have just chosen same energy values for the purpose
of a readable presentation in these figures, with the aim of study-
ing the evolution of the depth dose and the dose profiles as a func-
tion of the energy of the beam. To select the optimum energy value,
the normalized dose distributions are compared with the mea-

Table 1

sured date as shown in Fig. 3 and the results obtained are analyzed
for the depth dose. We add the following two criteria: the depth of
maximum dose Dp,ax and the quality index by calculating the rela-
tive error A corresponding to the difference between the quality
index calculated and measured with respect to the measured qual-
ity index. The summary of the following comparison tests is repre-
sented in Table 1: relative error for the PDD and the estimated D,.x
depths.

One has to select the optimal mono-energetic, since the depth
dose distribution is more affected by the energy of primary elec-
trons (Mohammed et al., 2018). In Table 1 we notice that the small-
est relative difference 0.0022% is obtained for energy 11.8 MeV. So,
this energy, considered as the optimal electron beam energy, gives
the best agreement with measured data.

6. Determining the beam width distribution (spot size)

To select the optimal width of electron beam, dose distributions
were calculated for different FWHM values and the initial energy
was set to that obtained in the first step (E = 11.8 MeV). The dose
distributions, which are depth dose and lateral dose profile, were
calculated for a square field of 10 x 10 cm? defined at 100 cm from
the target. Several beam width values (FWHM), from 2 to 4 mm,
were simulated. This is in accordance with the study of
(Mohammed et al., 2018). The obtained results are normalized
and compared to experimental data, as shown in Fig. 4. Also, rela-
tive error and depth of maximum dose are employed to analyze
and calculate the difference with measurements. The results
obtained from quantities of this analysis show that the best match-
ing with measured data was found when FWHM was 2 mm. On the
other hand, we notice that the depth dose curves were less sensi-
tive to beam width variation, whereas beam profiles were sensitive
to this parameter variation.

Finally; a full phase space file was simulated and the dose dis-
tributions (depth dose and beam profile) have been calculated for
a 10 x 10 cm? field size, when the initial electrons beam parame-
ters are set to the best combination (E = 11.8 MeV, R =2 mm). Cal-
culated PDDs curves and beam profiles are compared to measured
curves as illustrated in Fig. 5.

Fig. 5 shows the simulated and measured profiles and percent
depth dose curves of 12 MV photon beam for the square field of
10 x 10 cm?. Unfortunately, the manufacturer did not provide us
with the experimental data of other fields to verify whether the
results obtained in the 10 x 10 cm? size field can be circulated to
all fields.

7. Photon energy spectra

The MC method is a convenient and accurate tool, allowing the
calculation of spectra possessing the essential features of the pho-
ton spectra. Photon energy spectra of the Saturne43 treatment
head was calculated with GAMOS, using GPS generator. The X-
ray energy spectrum was obtained using optimal combination of
electron beam parameters, which is E=11.8 MeV. Fig. 6 shows
the photon energy spectra calculated at Z = 90 cm, using Matlab.

Results of the tests of comparison of the depth dose measured and calculated for mono-energy electron beams.

Compared quantities Experimental measurements (reference)

Incident mono-energetic of the electron beam (MeV)

11.5 11.6 11.8 12

TPR20/10 relative difference -
Dmax(cm) 2.50

0.0046 0.0054 0.0022 0.0045
2.50 2.50 2.50 2.50
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Fig. 6. Monte Carlo calculated photon spectrum at SSD of 90 cm for 11.8 MV photon
beam.

Table 2
Comparison of mean photon energy (in MeV) calcu-
lated by different MC codes.

Code Mean energy
GAMOS (This work) 3.30
MCNP Zoubair et al. (2013) 3.39
Geant4 El Bakali (2014) 3.34

Penelope Blazy et al. (2006) 3.24

The energy spectrum P (E) of photon beam is characterized by
three parameters: the maximum energy, the most probable energy,
and the mean energy. In this study, we focus only on the mean
energy value of the spectrum considered as an important quantity
in TPS calculations. The calculated photon spectrum has a mean
energy of 3.30 MeV inside the identified square field. The results
obtained are compared to those found in previous studies realized
by different MC codes, and summarized in Table 2.

Table 2 shows that our results are close to those obtained by
other codes especially with MCNP and Geant4 (Blazy et al., 2006;
Zoubair et al., 2013; El Bakali, 2014). So, we can say that GAMOS
model of SATURNE43 medical accelerator is accurately simulated
and the initial parameters of electron beam were determined
precisely.

8. Conclusion

The Monte Carlo simulation of the treatment head of the
Saturne43 machine was successfully modeled using the Geant4
based GAMOS code. We validated the GAMOS Monte Carlo model
of SATURNE43 Linac for simulating a 12 MV photon beam with a

10 x 10 cm? field size. The best electron beam parameters were
determined accurately. We found that the two dosimetric func-
tions, PDD and beam profiles, were very important in calculating
the adjustment of the electron beam parameters. The best match-
ing between MC calculated dose functions and measured ones was
found with electron mean energy and beam width of 11.8 MeV and
2 mm respectively.
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