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Abstract—Hadron therapy (HT) is a technique that often uses
accelerated ions to destroy tumors, such as protons and carbon
ions, and is highly successful for some radiation-resistant cancers.
Despite the fact that most of the dose in HT is delivered to
the tumor volume through electromagnetic interactions with
atomic electrons which allows for excellent dose distributions,
consequently, tumors located near critical organs become the
indicator of choice compared to photon radiotherapy. However,
the nuclear reactions induced by the primary particles can
generate undesirable secondary radiation interactions. As a
result, a significant portion of the patient’s body may be exposed
to the secondary background radiation field which increases the
secondary cancer risk, particularly relevant for pediatric or re-
irradiated patients. Thus, these unwanted secondary particles
should be evaluated. The purpose of this research is to evaluate
the dose of protons and carbon ions by measurements of dose
distributions of secondary particles especially those produced in
the patient’s tissue by using two energies 135 MeV proton, and
264 MeV/u carbon ions beam((*>C)) in a soft tissue phantom. The
Bragg peak position and dose distribution were compared. We
used for this research the Monte Carlo radiation transport code,
called Particle and Heavy Ion Transport code System (PHITS).

Index Terms—Hadron therapy, dose, nuclear reactions, sec-
ondary radiation, secondary cancer risk, Bragg peak.

I. INTRODUCTION

Hadron Therapy (HT) is an emerging technique in the
treatment of cancerous tumors such as those that are difficult to
access by surgery or cancers located near sensitive structures
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or difficult to cure with other forms of treatment [1]-[3]. The
principle consists of the use of light ion or proton beams to
locally irradiate cancerous tumors because of their physical
and biological effectiveness. Protons have unquestionable bal-
listic advantages (due to energy losses during interactions).
The energy deposit per unit length increases until the particle
stops. Thus, the energy deposition is higher at the end of the
trajectory: this is the Bragg peak (BP). The existence of this
peak greatly improves the ratio between the radiation dose at
the tumor level and that deposited in healthy tissue [4], [5].
The relative biological efficiency of protons is close to that of
photons and varies with the depth and energy of the incident
protons.

The use of carbon ions in the treatment of tumors is based on
these two advantages:

- A ballistic advantage, allowing precision irradiation. Due to
their high mass, their lateral dispersion is lower than that of
protons and not very dependent on tissue depth.

- A higher relative biological efficiency (RBE) than protons,
and photons: the region of highest RBE values are located at
the end of the particle path, as well lower "Oxygen Enhance-
ment Ratio”. These radiobiological properties enable the use
of these ions in radiotherapy to increase its effectiveness.
During the interaction of particles/matter, electronic interac-
tions are the most dominant process, these contribute to the
major part of energy deposition.



Charged particles also undergo nuclear inelastic interactions
with the nuclei of the crossed medium atoms creating gamma
rays, charged and neutral secondary particles, result in a non-
negligible extra dose being stored in the tumor and surround-
ing tissues, particularly, neutrons because they have the ability
to transport energy far from the treated area and raise the
possibility of subsequent cancer years after treatment [6].
Characterizing Secondary Neutron Production (SNP) as a
result of primary particle interactions with human tissue is
essential for the use of charged particles in radiation treatment.
The detector or techniques like Monte Carlo (MC) simulation
can find the SNP.

To improve dose predictions, several MC simulation codes
are used in proton treatment facilities [7]-[11]. In proton
treatment, energy distributions in phantoms with various char-
acteristics and geometries are compared using the GEANT4
and MCNPX MC programs, [11]-[13]. The ideal beam param-
eters for proton treatment can be found using MC codes like
FLUKA, GATE, and PHITS [9]. The GEANT4 MC code was
used to determine the energy distribution of monoenergetic
neutrons at various depths in tissue-like targets [10]. The
PHITS MC code was used to study the interaction between
the biological impacts of neutrons and their field properties
[7]. To compute the neutron dose, the cross sections of
neutron generation by protons with energies of 135 MeV
and 180 MeV were calculated. Scintillation detectors have
been used in numerous investigations to determine the angular
and energy distributions of SNP as a result of bombarding
targets of various thicknesses with He ions in a certain energy
range [14]-[19]. The flux of secondary neutrons at various
angles to the forward direction of the ions was computed by
bombarding several targets with He ions in the HIMAC facility
and compared with previously published experimental data
and the MCNPX MC code [20]. In our study, two energies
140 MeV proton, and 264 MeV/u 12C' beam in a soft tissue
phantom were studied using a Monte Carlo program code. The
PHITS MC simulation was used to evaluate the secondary
neutron dose produced by the protons and carbon ions in
the medium like the target made by soft tissues, and their
contribution to the total dose certainly in the region distal to
the BP. The effects of secondary neutrons should be researched
in order to protect patients and personnel from radiation.
Neutrons are particles that need special attention because of
their physical and biological properties. Moreover, determine
the total number of SNP delivered by proton and carbon ions,
as well as.
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Fig. 1. The geometry used in this simulation.

II. MATERIALS AND METHODS

In this study we use the Monte Carlo particle transport
simulation code PHITS [21]. The PHITS code has become an
essential tool used in various fields of physics, including the
design of radiation protection, nuclear installations, radiation
in space, geoscience, and radiotherapy. Developed by the Japan
Atomic Energy Agency(JAEA) that allows simulation of the
transport of most particles such as neutrons, protons, heavy
ions, photons, and electrons... with energy levels up to 1
TeV (per nucleon for ion). Using various nuclear reaction
models and data libraries. The Intra-nuclear cascade of the
Liege model (INCL 4.6) is used to simulate the nuclear
reactions induced by nucleons and light ions [22]. For carbon
ions in the range energy (10 MeV/n - 3 GeV/n), PHITS
uses several entry models, but only two are suitable. the
JAERI Quantum Molecular Dynamics model (JQMD) and its
new version JQMD-2.0, and the reaction cross-section model
Kurotama was adopted [23]. The Generalized Evaporation
Model (GEM) simulates the statistical evaporation of light
particles (Z < 12) and the fission of heavy nuclei (A > 70)
[24]. The energy loss of protons and ions in materials is
computed using ATIMA, a tool for stopping power (http://web-
docs.gsi.de/ weick/atima/ATIMA website). The JENDL-4.0
nuclear data library for the calculation of the transport of neu-
trons less than 20 MeV and the emission of secondary particles
induced by these neutrons [25]. For neutrons exceeding 20
MeV nuclear reaction models are utilized.

In this study, we simulated a mono-energetic beam, and two
different energies were considered: 135 MeV proton beam and
264 MeV/u carbon ions beam. The beam 0.2 cm in diameter, is
directed along the z-axis. The primary particles moved through
the air at 40 cm and perpendicularly struck the base center
of the phantom 20 * 20 * 40cm® made of soft tissues. There
are four components to the soft tissue: oxygen (0.762), carbon
(0.111), hydrogen (0.10), and nitrogen (0.026). Figure 1 shows
the simulation geometry.

The absorbed dose due to all components (primary particles,
secondary charged particles, neutrons) was evaluated in the
target volume “Tally” prediction functions such as Deposit-
Tally which is the energy loss of the charged particles and
nucleus, and the absorbed energy is given in (Gy/Source,
MeV/Source).

III. RESULTS

In this study, we have carried out simulations for the model
shown in Figure 1 with a mesh of a step of 0.Imm in depth
all along 40 cm. The number of simulation history is 107
particles for protons and 10° particles for the '2C. Figure 2
shows the dose distribution in depth. From the results found,
we concluded that to reach a target volume located at a depth
of about 13.7 cm, the energy of 140 MeV for protons, and
264 MeV/u for 2C are required.

Protons and carbon ions have a physical advantage over X-ray
beams because of the tiny peak that appears just before the
particles come to a stop Bragg peak. An extremely high and
narrow peak is produced at the path’s end due to an increase
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Fig. 2. Depth dose distribution obtained with PHITS for 140MeV proton
beam, and 264 MeV/u 12C beam. Data normalized to one source particle.

in deposition energy. For large tumors, The Spread out Bragg
Peak (SOBP) is created by combining a number of Bragg
peaks that are produced at various depths to cover the tumor
size.

The difference between the values represented by the two
curves is mostly beyond the Bragg peak. No considerable
energy deposition was observed after the Bragg peak (BP)
for protons. In the case of carbon ions, different fragments
are produced in a phantom. Nuclear reactions along the way
decrease the number of primary ions in the beam. These
effects are more and more important as the beam penetrates
the phantom and finally, the carbon ions are totally attenuated
at the Bragg peak. The existence of light fragments after the
Bragg peak is due to the fact that the charged fragments
produced have an atomic number lower than 6, so their
path will be longer. They will then produce a “tail” of dose
deposition beyond the Bragg peak. Tail lengths ranged until
16 cm for 264 MeV/u. Before the BP, as expected, carbon
ions undergo minor beam broadening compared to protons,
allowing precision irradiation. Because of their high mass.

In this study, particular attention was focused on neutrons.
They were generated by the interactions of the primary
particles in the soft tissue phantom.

To estimate the neutron dose, the deposition energy of
the neutrons and secondary charged particles produced by
primary particles was estimated using the “tally” function
implemented in the PHITS code counter. The results are
shown in Figure 3, 4.

It is seen that the secondary neutrons produced by primary
protons contribute just a minor portion in the Bragg peak.
However, after the Bragg peak their contribution is nearly
100%, but in relation to the peak maximum their contribution
did not reach 0.01%. The contributions of other secondaries,
such as deuterons, 3He, and tritons, are much shorter, Figure
3. For 120, we noted that the dose deposited before the Bragg
peak is mostly attributable to primary carbon '2C, whereas
the dose attributable to secondary particles is relatively little.
The dose deposited following the Bragg peak is exclusively

caused by secondary particles.

The secondary particles contribute a little portion of the
overall dose in all overall plateau regions. In the peak
maximum more than 90% was deposited by primary 2C
vs. 9.28% of the dose deposited by the secondary particles.
However, after the Bragg peak, the contributions of the
secondary became more significant and represent about
100%.

As seen in Figure 4, the fragments produced are the primary
cause of the Bragg peak. They have the longest range and
therefore contribute to the long energy deposition tail up to
16 cm.

Secondary neutrons are also created, but these have a much
longer path than the other particles and contribute relatively
little to the dose Figure 4. However, they made a relatively
minor contribution compared to the peak, which was less
than 0.1%.

From the result, we conclude that the contribution of the
secondary neutron in carbon ions is much more than that
of protons by a factor of 10 in the BP. After the BP we
see that their contribution represents 0.1% to the BP (peak
maximum) and their range is very long compared to other
charged particles created.
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Fig. 3. Relative depth dose distribution for secondary particles and neutrons
for proton energy of 140 MeV.

As we know, the fraction of the secondary neutron dose is
a function of the total neutrons generated by the interactions,
therefore we also performed a simulation to measure the
number of secondary neutrons produced (SNP) in the phantom.
The production of neutrons as a function of initial proton
energy is seen in Figure 5. It is evident that when beam energy
is increased, productivity rises. It was observed that our results
exceeded those of the research utilizing the GEANT4 code by
a factor of 2 [26] and by a factor of 3 with the MCNP code
[27]. This disagreement results from a variety of variables,
including the various physics models used in each code and
the material compositions of each target.
Many studies were made on this subject for particle therapy
irradiation [28]. Found using Slab head phantom in the 50-
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Fig. 4. Relative depth dose distribution for secondary particles and neutrons
for 12C' with energy of 264 MeV/u.

100 MeV/u range that the number of SNP for alpha particles
compared to proton beams increased 7-14 times it is also found
in the water phantom for 100 MeV incoming proton energy
with the PHITS MC Program 0.051 neutrons per 100 MeV.
We got 0.09 neutrons per incoming 100 MeV proton with the
same code as PHITS MC.

The biggest difference between ions when comparing energy
loss is due to stopping power, which is dependent on the square
of the projectile charge. As a result, heavier ions traveling at
the same speed suffer a significant increase in energy loss. As
a result, the energy loss for carbon ions is 36 times more than
it is for protons with the same energy per nucleon.

In terms of therapy, comparing various ions at the same range
is more pertinent than doing so at the same energy, which
adds another dependent on the velocity. The variety of ions
that can exist at a given energy per nucleon scales roughly
with R~m/z2. As a result, carbon ions have a range that is
one-third that of protons at the same energy per nucleon, while
helium ions have the same range as protons at the same energy
per nucleon. Then we did another simulation to contrast the
impact of SNP by proton and '2C for various energies, but
they both fell within the same range for two of them. Neutron
counts produced by the PHITS simulation are plotted in Figure
6.

The results shown in Figure 6 reported that as the atomic
number of the incident particle increases, the number of SNP
increases which is in good agreement with the literature [29].
However, the number of SNP of '2C' compared to proton
beams increased 20 times.

Chaudri found by Monte Carlo simulation a minimum of 4
neutrons of energy above 5 MeV are created for each 400
MeV/u 2C incident energy on the tissue; this number drops
to 3, 1.4, and 0.3 for 300, 200, and 100 MeV/u respectively.
We got 6.89 neutrons without any restriction energy for 385
MeV/u [30].

Another simulation was carried out to assess secondary neu-
tron energy spectra produced by protons and carbon ions of
incoming energy of 140 and 264 MeV/u respectively on a

soft tissue phantom. Figure 7. Secondary neutrons have a
broad energy spectrum, ranging from low-energy to high-
energy neutrons. Target nuclei produce low-energy neutrons,
which deposit their energies over relatively small distances.
Additionally, when the projectile evaporates, high-energy neu-
trons are released with a low fluency and deposit their energies
across a large area.
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Fig. 5. Secondary neutron generation versus incoming proton energy in a
soft tissue phantom in comparison with the literature [26], [27].
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Fig. 6. Secondary neutron generation versus a range of protons and 12C' ions
in a soft tissue phantom.

IV. DISCUSSION

In this study, we carried out a comparative analysis to
examine the particles generated by nuclear interactions
between protons and carbon ions in a soft tissue phantom.
we observed that the secondary particles, including the
neutrons created by primary protons, contributed only
a very little amount to the Bragg peak and that their
contributions beyond the peak did not exceed 0.01% in
relation to the peak maximum. For carbon ions, more than
90% of the dose at the peak maximum was laid down
by primary '2C, compared to 9.28% by all secondary
particles. Nevertheless, following the Bragg peak, the
contributions of the secondary became more significant



and represented 100%, entirely from the contribution of
the fragment ions produced by nuclear reactions. Among
all the fragments, H and He was the highest, they have
the longest range and extend around 16 cm beyond the
Bragg peak, and therefore they contribute to the long
energy deposition tail, while heavier fragments such as
B, Be, Li and secondary carbons ions contribute to the
dose more locally.

The neutron contribution to the total dose at the peak
maximum represents more than 0.1%, which is signifi-
cantly more than the neutron contribution from protons
to the BP by a factor of 10.

we also performed a simulation to measure the number of
secondary neutrons produced (SNP) in the phantom for
the protons and carbon ions at the same range of 7.5-26
cm. The results reported that as the atomic number of the
incident particle increases, the number of SNP increases
which is in good agreement with the literature. However,
the number of SNP of '2C' compared to proton beams
increased 20 times.

Finally, the studies show that secondary neutron energy
spectra produced by protons and carbon ions of incoming
energy of 140 and 264 MeV/u respectively on a soft
tissue phantom have a peak at low energies because target
nuclei produce low-energy neutrons, which deposit their
energies over relatively small distances. Additionally,
high-energy neutrons are released with a low fluency as
the projectile evaporates, depositing their energies over a
large region.
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Fig. 7. Induced neutron spectrum derived from 140 MeV of the incident
proton beam in comparison with 264 MeV/u 2C ion beam inside the soft
tissue phantom.

V. CONCLUSIONS

In this research, we used the PHITS to investigate the effect
of secondary neutrons and other fragments in the soft tissue
phantom. We found that the vast majority is deposited in the
tissue via electromagnetic interactions with atomic electrons,
allowing for excellent dose distributions. However, the nuclear
reactions induced by the protons and carbon ions can generate
undesirable secondary radiation. We noticed that the secondary
particles were created, and SNP rises as the atomic number of
the incident particle increased, which is in good accord with
the literature. Therefore, it was observed that these particles
with other fragments are responsible for the dose deposition

after the Bragg peak. Secondary neutrons contribute 90%
to the total depth dose deposition behind the BP produced
by protons, Further on, it shows that the dose of secondary
neutrons produced by protons decreased exponentially with
the distance after the BP. It was determined that the neutron
contribution created by protons to the dose behind the BP
was at least 0.01%, Consequently, it does not seem that the
neutrons produced by the interactions between the protons
pose a substantial risk to the patient’s body throughout the
treatment procedure. For '2C, Just behind the Bragg peak,
the total depth dose deposition contributes 100%. Neutrons
make up more than 0.1% of the secondary particle field.
However, the neutrons created by '2C travel farther away
behind the BP up to 20 cm. As a result, a significant portion of
the patient’s body may be exposed to secondary background
radiation. This dose, although low, can nevertheless still be
an issue if the tumor is close to particularly sensitive organs
in a longitudinal direction field which increases the secondary
cancer risk, which is particularly relevant for pediatric or re-
irradiated patients. Thus, these unwanted secondary particles
are being addressed by medical physicists.
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