
 414

© 2015 Biomedical Journal | Published by Wolters Kluwer - Medknow

Background: This study presents the Monte Carlo N-Particles Transport 
Code, Extension (MCNPX) simulation of proton dose 
distributions in a water phantom.

Methods: In this study, fluence and dose distributions from an incident 
proton pencil beam were calculated as a function of depth in 
a water phantom. Moreover, lateral dose distributions were 
also studied to understand the deviation among different MC 
simulations and the pencil beam algorithm. MCNPX codes 
were used to model the transport and interactions of particles 
in the water phantom using its built-in “repeated structures” 
feature. Mesh Tally was used in which the track lengths were 
distributed in a defined cell and then converted into doses 
and fluences. Two different scenarios were studied including 
a proton equilibrium case and a proton disequilibrium case.

Results: For the proton equilibrium case, proton fluence and dose in 
depths beyond the Bragg peak were slightly perturbed by 
the choice of the simulated particle types. The dose from 
secondary particles was about three orders smaller, but its 
simulation consumed significant computing time. This sug-
gests that the simulation of secondary particles may only 
be necessary for radiation safety issues for proton therapy. 
For the proton disequilibrium case, the impacts of different 
multiple Coulomb scattering (MCS) models were studied. 
Depth dose distributions of a 70 MeV proton pencil beam 
in a water phantom obtained from MCNPX, Geometry and 
Track, version 4, and the pencil beam algorithm showed significant deviations between each other, 
because of different MCS models used.

Conclusions: Careful modelling of MCS is necessary when proton disequilibrium exists.
 (Biomed J 2015;38:414-420)
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Proton therapy has gained wide interest in recent years 
as it can deliver most of the radiation dose to the 

tumor while sparing the normal tissues. This is clearly 
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At a Glance Commentary

Scientific background of the subject

MCNPX has been used in this 
paper to simulate the patient doses of 
proton therapy. In the case of proton 
equilibrium, particle fluences and doses 
before and after the Bragg peak were 
studied. Proton dose distributions for 
different multiple Coulomb scatter-
ing models have also been studied for 
proton equilibrium cases.

What this study adds to the field

The sub-centimetre lateral dose 
distribution was significantly deviated 
owing to proton disequilibrium and mul-
tiple scattering, predominantly because 
the FWHM of proton scattering inside 
water is in the order of millimeter, which 
may clarify dose distribution under 
proton disequilibrium, which is likely 
to occur in lung dosimetry.

demonstrated by the increasing number of patients treated 
using such a state-of-the-art modality. As of May 2015, 
there are 58 particle facilities in operation, 36 facilities 
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under construction, and more than 100,000 patients treated 
worldwide.[1] In Taiwan, Chang Gung Memorial Hospital 
(CGMH) in Linkou will officially accpet patients in late 
2015. In addition, four other proton/heavy ion centres are 
currently in planning. These facilities are the most ad-
vanced cancer treatment modality in radiotherapy, which 
requires state-of-the-art techniques to perform dosimetry.

Patient dose simulation for proton therapy demands 
an algorithm that is not only capable of accurate beam-
line modelling, but also possesses the ability to process 
complex patient tissue composition that is often obtained 
from the patient’s computed tomography (CT) images. 
The Monte Carlo (MC) technique is considered one of the 
best candidates for this task owing to its ability to compre-
hensively model the propagation of protons and the sub-
sequent by-products (secondary particles) resulting from 
proton interactions in the medium. MC simulation is a very 
comprehensive tool for evaluating proton beam quality or 
verifying treatment planning systems (TPS). Monte Carlo 
N-Particles Transport Code, Extension (MCNPX) and 
Geometry and Track, version 4 (GEANT4) are currently 
the most commonly used MC codes for proton therapy. 
Many researchers have used MC simulation to construct 
their virtual proton facilities in different countries.[2-4] 
Fontenot et al. utilized MCNPX to design proton therapy 
nozzles based on the double scattering foil technique.[5] 
Aso et al. used GEANT4 to construct particle therapy 
facilities in the National Cancer Center, East, Hyogo Ion 
Beam Medical Center, and the University of California 
San Francisco Medical Center.[6] Shih et al. also used GE-
ANT4 to construct particle therapy facilities in the National 
Cancer Center, Korea,[7] while Cirrone et al. built their own 
particle therapy facility in Italy.[8] Although the CGMH 
proton facility is not yet ready, Wu et al. have presented 
GEANT4 results about the effect of material composition 
on proton depth dose distribution.[9] Lee et al. published 
another paper on the MCNPX simulation of proton dose 
distribution in CT phantoms.[10]

The physics modules used in the GEANT4 and MC-
NPX are quite different. In GEANT4, the default physics 
list was chosen so that the standard electromagnetic (EM) 
process, hadron elastic process, and hadron inelastic 
process were used. In such a physics list, G4EmStan-
dardPhysics_option3 was implemented for modelling 
EM process, G4HadronElasticPhysics for elastic process 
of hadrons, G4HadronPhysicsFTF_BIC for inelastic pro-
cess of hadrons, G4StoppingPhysics for stopping physics, 
G4RadioactiveDecayPhysics for radioactive decay, and 
G4IonBinaryCascadePhysics for inelastic process. The 
Quark-Gluon String Precompound model was implemented 
to handle collision of high energy hadrons; the Laboratory 
for High Energy Physics model was used for sampling 
elastic scattering between particles except pions; and the 

Binary cascade model was used for inelastic process of 
hadrons.[11] In contrast, MCNPX mostly used tabulated 
cross sections if available. Tabulated cross sections covers 
neutron physics (0–150 MeV), photon (1 keV–105 MeV), 
electron (1 keV–1000 MeV), and proton (1 keV–150 
MeV, where there is only dE/dx data for 1 keV–1 MeV). 
MCNPX standard elastic scattering model was based on 
HERMES, a MC code for ultra-high energy cosmic rays 
above 1018 eV. Preequilibrium model was implemented 
following Bertini intranuclear cascade equilibrium model; 
Rutherford Appleton Laboratory fission-evaporation model 
was implemented for radioactive decay; and Fermi breakup 
model was used for the disintegration of light nuclei.[2]

In this study, a dose simulation system was constructed 
based on the MCNPX package in order to simulate pro-
ton dose distribution in a water phantom. Furthermore, 
multiple Coulomb scattering (MCS) has been extensively 
studied in the literature.[12] The subcentimetre lateral dose 
distribution will significantly impact on MC transport 
owing to proton disequilibrium and multiple scattering, 
predominantly because the full width half maximum 
(FWHM) of proton scattering inside water is in the order 
of a few millimetres. The simulation of proton transport 
under these conditions has to be carefully studied in order 
to obtain accurate results.[13] Comparisons of MC simula-
tions and the pencil beam algorithm may help to clarify 
dose distribution under proton disequilibrium, which is 
likely to occur in lung dosimetry. The subcentimetre lateral 
dose distribution was also studied to understand the dose 
deviation between different MC simulations and the pencil 
beam algorithm.

METHODS

In this study, the MCNPX code was selected to model 
the transport and interactions of particles in the phantom. 
MCNPX is a modern, general-purpose MC radiation trans-
port computer code that is capable of tracking 34 particle 
types at nearly all energies (from few keV to TeV). It uses 
the continuous energy cross section data from the Evalu-
ated Nuclear Data Files, version B-6 libraries and facilitates 
a variety of source distributions, detector conditions, and 
user-configurable output options.[14] MCNPX are written 
with user-friendly interfaces that require minimal modifi-
cation of the source code. The user only needs to write an 
input file including the incident proton, phantom geometry, 
and scoring tallies for the MCNPX code to simulate proton 
dose distribution inside a phantom.

MCNPX treats proton interactions above 150 MeV 
(20 MeV for some materials without cross section data of 
20–150 MeV) with physical models, such as the Bertini and 
Isabel cascade models combined with multistage preequi-
librium models and evaporation models.[2,15,16] For energies 
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below 20 MeV, MCNPX relies on Monte Carlo N-Particles 
Transport Code (MCNP) to complete the low-energy part 
of the neutron and photon transport.[17] Combining the 
general features of MCNP with the theoretical models of 
Los Alamos High-Energy Transport, MCNPX can handle 
the transport and interaction of neutrons, photons, elec-
trons, protons, and heavy charged particles over a wide 
range of energies.[2]

A phantom is essentially an array of three-dimension-
al voxels (volume elements), which can be implemented 
into MCNPX using its built-in “repeated structures” 
feature. “Lattices” are used in MCNPX to fill cells of 
repeated structure, and “Universes” are the element which 
can be filled into the lattices. A unique “Universe” number 
is assigned to every material in the phantom to designate 
material properties such as density and elemental compo-
sition. All of these voxels will be joined within a matrix 
of “Lattices” to assemble the whole phantom. MCNPX 
was applied in this study using the feature ‘‘mesh tally’’ 
to facilitate the calculations, where the dose mapping of 
a large number of tallies was necessary. The mesh tally 
is the most accurate option in MCNPX for handling large 
numbers of tallies in a volume.[18,19] This option is the 
fastest and provides the smallest output for convenient 
importation into other databases or programs. Tallying 
is the process of scoring the MCNPX results. Each tally 
option is defined by an Fn command, where n is a unique 
number. For instance, the F5 tally calculates the flux at a 
point rather than averaged over a cell. This flux can then 
be converted into a point dose. On the other hand, the 
kerma in a cell can be explicitly calculated using the F6 
tally, whereas the F8 tally calculates the deposited energy 
in a cell and can be converted to the cell dose. In this 
study, the mesh tally was applied to calculate the proton 
dose distribution inside a water phantom. The mesh tally 
employs a virtual grid structure that is superimposed on 
the geometry, rather than being defined as part of the ge-
ometry, in order to estimate the track length distributed 
in a defined cell.

Two different scenarios were studied, including one 
proton equilibrium case and one proton disequilibrium 
case. The doses contributed by different types of particles 
were studied for the proton equilibrium case. A 160 MeV 
proton pencil beam was perpendicularly incident into a 
40 cm × 40 cm × 50 cm water phantom with a scoring 
voxel size of 20 cm × 20 cm × 0.2 cm. Energy deposi-
tion and fluence were calculated from MCNPX with 
two different modes: (1) Proton only; and (2) proton and 
secondary particles, such as photon (p), proton (h), elec-
tron (e), neutron (n), helium-4 (a), helium-3 (s), triton 
(t), deuteron (d), and pion (z). The impacts of different 
MCS models were studied for the proton disequilibrium 

case. A 70 MeV proton pencil beam was perpendicularly 
incident into a 40 cm × 40 cm × 10 cm water phantom; 
two scoring voxel sizes of 0.1 cm × 0.1 cm × 0.05 cm and 
0.01 cm × 0.01 cm × 0.05 cm were used for depth dose 
distribution, and 0.01 cm × 0.01 cm × 0.05 cm for lateral 
profile distribution simulations.

RESULTS

Dose contribution of different kinds of 
particles

The incident proton in the material generates many 
kinds of secondary particles after the collision, such as 
photons, neutrons, electrons, etc. In MCNPX 2.7.0, the 
tracking of these secondary particles can be turned on or 
off. If the tracking of any specific particle is turned off, its 
kinetic energy will be deposited locally. Such an option 
can speed up the efficiency of proton simulation; however, 
it is possible to generate unwanted dose bias in this way.

Figure 1 shows the depth dose curves obtained 
from MCNPX with two different modes: (1) Proton only 
(red symbol), where only the proton is simulated; and 
(2) all particles (blue symbol), where protons and second-
ary particles are all simulated. The secondary particles 
resulting from proton interactions with matter include pho-
ton (p), proton (h), electron (e), neutron (n), helium-4 (a), 
helium-3 (s), triton (t), deuteron (d), and pion (z). The 
symbols inside the parentheses are the official terms used 
in MCNPX. Although different modes of physics were 
simulated, it is almost impossible to distinguish between 
these two curves. There were only minor differences after 
the Bragg peak. For the proton only simulation, there was 
no energy deposition beyond its continuous slowing down 

Figure 1: Depth dose curves obtained from MCNPX (1) proton 
only; and (2) protons and secondary particles including photon (p), 
proton (h), electron (e), neutron (n), helium-4 (a), helium-3 (s), 
triton (t), deuteron (d), and pion (z).
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approximation (CSDA) range. For the full simulation, 
including all of the secondary particles listed above, there 
was a small amount of energy deposition (about 0.1% of 
the entrance dose) contributed by the secondary particles. 
In addition, for the computing time comparison, the proton 
only simulation took 69.11 min, whereas the full simula-
tion took about 163.24 min in a four core AMD Phenom 
II X4 955 computer with a 64-bit Fedora Core 8 operat-
ing system installed. These comparisons suggest that, for 
radiation therapy purposes, the proton only simulation is 
optimal for both accuracy and efficiency because secondary 
particles only contributed about 0.1% of the dose but their 
simulation consumes about 60% of the computing time. 
For radiation safety purposes, however, full simulation may 
be required because 0.1% of the prescribed dose (about 10 
mGy) may still be a safety concern for the public, not to 
mention that these secondary particles may be highly pen-
etrating or of high relative biological effectiveness (RBE). 
To be noted, the dose reported in this study is absorbed 
dose, not RBE dose.

Further investigation can be conducted in the analysis 
of fluences and energy depositions of different particles 
separately. Figure 2 shows the fluence curves of different 
particles obtained from MCNPX for 160 MeV protons in 
a water phantom. The proton contributed almost all of the 
fluence before its CSDA range was reached. The fluences 
of neutron and photon were about one order smaller than 
protons, and the fluences of electrons and deuterons were 
only about 0.1% of the total fluence. Although it was simu-
lated, the pion contributed no fluence for proton secondary 
particles in the therapeutic energy range because the pion 
production threshold in nucleon-nucleon reactions is at 
280 MeV.[20]

Figure 3 shows the energy deposition curves of differ-
ent particles obtained from MCNPX for 160 MeV protons 

in a water phantom. Although the fluences of neutrons and 
photons were only one order smaller than that of protons, 
their contributed dose was about 0.1–1% of the proton 
dose. The reason for such a low dose contribution is due 
to their low cross section with water. Protons may have 
hundreds of thousands of interactions in water, whereas 
photons and neutrons may only have a few interactions at 
the same energy. Heliums and deuterons were the second 
highest contributors to dose besides protons; however, 
their dose contribution is at most 1–2% of the total dose 
before the Bragg peak. After the Bragg peak, neutrons 
and secondary protons become dominant with regard to 
the dose contribution. This again explains why the proton 
only mode underestimates the dose after the Bragg peak.

Further, Figure 4 shows the fluence and energy deposi-
tion curves of different particles obtained from MCNPX 
and GEANT4 for 160 MeV protons in a water phantom. 
In this comparison, the results revealed that although the 
energy deposition results were almost the same, there were 
some obvious deviation between the fluence of neutrons 
simulated using MCNPX and GEANT4. It is difficult to 
tell which code is more accurate because the secondary 
neutron doses cannot be assessed using TPS that is not 
commissioned for low dose (<0.1% of prescribed dose). 
Furthermore, secondary neutrons are also difficult to mea-
sure because neutrons are indirectly ionizing and interact 
sparsely. Such a finding can also be checked from the lit-
erature.[21,22] Usually, GEANT4 shows a greater secondary 
neutron yield rate for protons with energy lower than 80 
MeV but a lower yield rate than MCNPX for protons higher 
than 80 MeV. This reflects the difference in the physics 
modules used in MCNPX and GEANT4. GEANT4 uses 
the precompound model to handle collisions of high energy 
hadrons but MCNPX uses intranuclear cascade instead. 
Theoretically, MCNPX contains high-quality physics and 

Figure 2: Fluence curves of different particles obtained from MCNPX 
for 160 MeV protons in a water phantom.

Figure 3: Energy deposition curves of different particles obtained 
from MCNPX for 160 MeV protons in a water phantom.
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has access to the most up-to-date cross-section data which 
should give more accurate simulation results.

Impacts of different multiple Coulomb 
scattering models

Figure 5 shows the depth dose distributions of a 
70 MeV proton pencil beam in a water phantom obtained 
from MCNPX, GEANT4, and the pencil beam algorithm in 
two different scoring voxels, (a) 0.1 cm × 0.1 cm × 0.05 cm 
and (b) 0.01 cm × 0.01 cm × 0.05 cm. The MCNPX results 
were simulated using MCNPX 2.7.0 with an EFAC =0.99 
setup, which means that the energy loss per energy step was 
at most 1%. The GEANT4 results were simulated using GE-
ANT4 version 4.9.6.p02. The pencil beam algorithm was 
developed according to Hong’s algorithm.[23] In such small 
voxels, depth dose distribution is very sensitive to the voxel 
size. In Figure 5A, the MCNPX and GEANT4 results show 
a significant deviation of up to 43% at the depth around 
35 mm when the voxel size is 0.1 cm × 0.1 cm × 0.05 cm. 
The reason why the dose deviation is more significant in 

Figure 5A is that the lateral spread owing to MCS models 
in water is about 0.1 cm which is very close to the size of 
voxels and a tiny variation of MCS models could cause 
significant dose deviation. This deviation, however, was 
significantly reduced when the voxel size was reduced 
into 0.01 cm × 0.01 cm × 0.05 cm, as shown in Figure 5B. 
Also, both MCNPX and GEANT4 results deviated from 
the pencil beam algorithm significantly. The reason for this 
deviation is mainly caused by the modelling of MCS.[13] 
Hong’s algorithm only used one simple Gaussian to model 
the scattering angle distribution, while both MCNPX and 
GEANT4 used more complicated assumptions, as shown in 
Figure 6. MCNPX results had a wider FWHM than those 
for GEANT4, leading to a lower depth dose on the central 
axis. Similar findings were reported by Kimstrand et al.[13] 
However, Kimstrand et al. also compared experimental 
data with GEANT4, MCNPX, and FLUKA and concluded 
that all of these codes underestimated the probability of 
outscatter. MCS can be accurately modelled only if careful 
tuning of transport parameters was performed. However, 
more complete simulations usually consume longer com-
puting times and reduce the MC efficiency.

Figure 5: Depth dose distribution in (A) 0.1 cm × 0.1 cm × 0.05 cm 
and (B) 0.01 cm × 0.01 cm × 0.05 cm voxels of 70 MeV proton pencil 
beam in the central axis of a water phantom obtained from MCNPX, 
GEANT4, and pencil beam algorithm.

B

A

Figure 4: (A) Fluence and (B) energy deposition curves of different 
particles obtained from MCNPX and GEANT4 for 160 MeV protons 
in a water phantom.

B

A
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Conclusions

In the water phantom, proton fluence and dose in the 
depths beyond the Bragg peak are slightly perturbed by the 
setup of the physics model and the choice of the simulated 
particles. The dose from secondary particles is about three 
orders smaller, but its simulation consumes a significant 
computing time. This suggests that the simulation of sec-
ondary particles may only be necessary for radiation safety 
issues with regard to proton therapy.

Depth dose distributions of 0.1 cm × 0.1 cm × 0.05 cm 
voxels of a 70 MeV proton pencil beam in a water phan-
tom obtained from MCNPX, GEANT4, and pencil beam 
algorithms, showed significant deviations from each other 
caused by the modelling of MCS. Careful modelling of 
MCS is necessary when proton disequilibrium exists, and 
that may be an important issue for lung dosimetry.
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