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Abstract—Monte Carlo simulations are becoming widely re-
garded as the most accurate tool for calculating the interactions
of particles with matter. In this study, we first investigated the
influence of the average excitation energy of water (IW ) on the
Bragg Peak (BP) location. Second, we used the PHITS code
to investigate the Bragg curve of 12C ion beams at energy
of 200 MeV/u in three mediums: water, soft tissue, and bone.
Third, we examine how secondary particles affect the overall
dose. The results indicate that the position of the BP is strongly
affected by the average excitation energy of water. The tail dose
beyond the BP is generated mainly by secondary fragments of
the primary carbon ion beams. In addition, PHITS has been
shown to faithfully reproduce the measured Bragg curves.

Index Terms—Bragg peak, phits code, carbon ion therapy,
simulation Monte Carlo

I. INTRODUCTION

One of the most popular forms of treatment for malignant
tumors is radiation therapy. Fast protons were first suggested
for use in radiotherapy by Robert R. Wilson in 1946 [1]
when he realized the potential of heavy charged particles.
The therapeutic utilization of heavy ions, like carbon ion,
has acquired great interest by reason of its physical and
radiobiological benefits in comparison to X-ray therapy [2],
[3]. The greatest advantage of these particles is their particular
depth dose distribution, known as the Bragg curve, that is
distinguished by a low dose at the entrance with a maximum
dose deposition at the end of their range resulting in a dose

peak called the Bragg peak (BP) [4]. The charged particle has
a larger ionization capacity and a higher linear energy transfer
[5] in the BP region, which are related to an improved relative
biological effectiveness (RBE) [6]. This Bragg curve is the
result of a continuous interaction of charged particles with the
atomic envelope of the target nuclei described by the Bethe-
Bloch formula [7]:
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Where:
re: is the classical electron radius, Na: Avogadro’s number,
me: mass of an electron, c: the speed of light, v: the particle
velocity, with β = v

c , ρ: the electron density of the medium
traversed by the charged particle, Z: the atomic number of the
medium absorbing, z: the charge of the projectile, γ = 1√

1−β2
,

Wmax: the maximum energy that can be transferred to an
electron in a single collision, I: is the mean excitation energy
of the absorbing medium in eV, δ is the density correction to
ionization energy loss in absorbing material and C: represent
the shells correction to energy loss.
The mean excitation energy is of crucial importance because
it determines the energy loss of the projectile and its range.
For liquid water, The International Commission on Radiation



Units and Measurements (ICRU) report 37 recommends a
value of Iw = 75 eV [8]. Using the Monte Carlo simulation
method with the Particle and Heavy-Ion Transport code Sys-
tem (PHITS) code [9], we analyze the impact of the average
excitation energy of water (Iw) on the position of the BP of
the carbon-ion beams, and then examine the capabilities of
the PHITS code to reconstruct experimental data published in
the literature on the depth dose distribution in different media:
water, soft tissue, and bone phantom.

II. MATERIALS AND METHODS

Monte Carlo simulations are an efficient method for the
numerical calculation of stochastic phenomena and have be-
come an unavoidable tool for the study of radiation-matter
interactions, also used in medical imaging [10]. It allows the
provision of very precise information where experiments are
either impossible or difficult to realize. Currently, the full
Monte Carlo codes used for carbon ion therapy applications
are established general-purpose codes such as Geant4 [11],
FLUKA [12], [13] and PHITS [9], this last code that we used
in this work.
PHITS is a general particle transport simulation code that can
handle the transport of most types of particles with energies
up to 1 TeV/u based on several nuclear reaction models and
databases, developed by Japan Atomic Energy Agency (JAEA)
and other institutes. This simulation code has been written
in FORTRAN. It is based on an input file, in which are
listed the parameters of the simulation, as well as the required
observables. In the latest version (3.29) of PHITS, the Liège
Intranuclear Cascade (INCL) model [14] is used to calculate
the nuclear reactions induced by nucleons and light ions. The
Kurotama model [15] was used for total nucleus-nucleus reac-
tion cross section. The generalized evaporation model (GEM
2.0) [16] is used for the evaporation of light particles and the
fission of excited residual nuclei. To evaluate the distribution
of deposit energy below 20 MeV, the Event Generator Model
(EGM) [17] has been integrated into the PHITS code. The
Electron-Gamma Shower (EGS5) [18] algorithm was used
to simulate the atomic interactions of electrons, positrons,
and photons. To take into account the angular and energetic
misalignment of the charged particles, two parameters (nedisp
= 1 and nspred = 2) are used in the input file [19]. To calculate
the energy losses of charged particles, PHITS uses the ATIMA
[20] code with a continuous slowing down approximation.
In this study, we used a simple cylindrical phantom with a
radius of 10 cm, bounded by two planes on the Z axis (0 and
40 cm) and located inside a central sphere of 500 cm radius.
These dimensions were selected to match the dimensions of a
representative tumor. Fig. 1 shows a carbon ion beam incident
on a water phantom along the z-axis, the distance from the
source being 20 cm in air. The primary number of carbon ions
in this simulation was set to 106. The Gaussian source with
0.5 cm full width at half maximum (FWHM) was taken into
consideration in order to match the simulated geometry to the
experimental study that was carried out at the GSI Darmstadt

facility of the biophysics group [24]. The relative error of all
simulations in this study was less than 4%.

Fig. 1. A carbon ion beams hit a water phantom.

III. RESULTS AND DISCUSSION

A. Influence of the mean excitation energy of water (IW ) on
the Bragg curves position of 12C ion beam

The mean excitation energy of water (IW ) used in the
Bethe-Bloch charged particle formula is recommended by
ICRU reports (37,49,73,90). For liquid water, the measured
energy loss for a 70 MeV proton is 79.7 eV [21], [22] and
values of 75 - 78 eV from precise measurements of the Bragg
curve for protons and various heavier ions [23]. The PHITS
code uses the ATIMA code to calculate the stopping power of
charged particles in water, and the ionization potential of water
adjusted automatically to 75 eV (the value recommended by
ICRU report 37 and 49). However, in the recent ICRU report
90 (2016), the mean excitation energy has been revised to a
value of 78 eV. To investigate the influence of (IW ) on BP
position, we introduce, in input file, a parameter: ih2o and
we calculate the depth-dose distribution with different (IW )
values to investigate their influence on the BP position of 12C
ion in water phantom. We simulate a beam with 200 MeV/u
energy with different values of (IW ). Fig. 2 and Table.1
demonstrate that PHITS faithfully reproduces the measured
Bragg curves’ form. The experimental data [25] is compared
to the ranges of 12C predicted by PHITS at energy of 200
MeV/u. From this simulation, we see that the change in the
value of (IW ) leads to a spatial translation of the position of
the Bragg peak: When we increase (IW ) by 5 eV, the range
increases by about 0.7 mm. According to the literature, for
a given ionization model, the (IW ) values must be known
to within 5 eV for the accuracy on the range needed by
hadron therapy to be 1 mm.The Bragg peak position and range,
which are crucial elements in the treatment planning, are thus
significantly influenced by the value of ”ih2o” in the input file.
However, It was more similar for both (IW ) (75 eV, ICRU
report 73) or (78 eV, ICRU report 90).

B. Evaluation of the PHITS code for the Bragg curve of 12C
ion beams in water, soft tissue, and bone

In this study, we examined the BP location of 12C ion
beams impinging on water, soft tissue, and bone. The density
of water and soft tissue is 1g/cm3 and that of bone is 1.85
g/cm3. According to the ICRU standard, the bone is made



Fig. 2. Depth-dose distribution of 12C ion beams at energy of 200 MeV/u at different values of (IW )

up of eight components: H(0. 063984), C(0.278), N(0.027),
O(0.410016), C(0.002), P(0.07), S(0.002), Ca(0.147) and for
soft tissue: C(0.111), O(0.762), N(0.026) and H(0.1).
A comparison of the depth dose distributions in the three
targets for a 200 MeV/u 12C ion beam is shown in Fig. 3 Both
water and soft tissue exhibit the same dose drop characteristics,
and both materials’ PB are located quite close to one another.
The BP was 4.97 cm in the bone, 8.67cm inside the water
phantom, and 8.63 cm inside the tissue. Thus, in accordance
with the literature [26], The peak sharpens in the medium
with a higher electron density (bone medium) and is located
at a shallower depth along the beam direction (Z-axis). The
maximum energy deposited per source at 200 MeV/u in
bone target was about 6.2541×10−8 Gy/source, 6.6761×10−8

Gy/source in soft tissue and 6.6366×10−8 Gy/source in water.
Table. 2 shows the position of the Bragg peak in water, soft
tissue, and bone for carbon ion beams of 200 MeV/u energy

and a comparison with other study using FLUKA code [27].
we conclude that PHITS code reproduces the results with high
accuracy (does not exceed 5%).

C. Secondary fragments’ impact in the carbon ion beam’s
dose deposition in soft tissue

Nuclear fragmentation occurs in both the target and the
projectile when a 12C ions beams traverses a medium. After
the primary beam has entirely stopped, the fragmentation dose
contribution clearly looks to be dominant beyond the peak
point. There are more results on the fragmentation of 12C ion
beams in the literature [28].
In this study we have using the PHITS code to investigate the
contribution of primary and secondary beams to the total dose
in water phantom. Fig. 4 shows the results of the simulation.
As shown in this figure, the primary ion of 12C completely
stopped at Bragg peak, while various secondary particles



TABLE I
BRAGG PEAK POSITION OF 12C ION BEAMS AT 200MEV/U IN DIFFERENT MEDIUM

Energy
beam(MeV/u)

Experimental
range(cm)

Simulated range
(Iw = 70eV )

Simulated range
(Iw = 75eV )

Simulated range
(Iw = 78eV )

Simulated range
(Iw = 80eV )

Simulated range
(Iw = 85eV )

Simulated range
(Iw = 90eV )

200 8.65±1mm 8.56 8.63 8.67 8.70 8.77 8.84

Fig. 3. Bragg peaks of 12C ion beams at 200 MeV/u in three medium

TABLE II
DEPTH-DOSE OF 12C ION BEAMS AT ENERGY OF 200 MEV/U IN WATER, SOFT TISSUE AND BONE

Phantom target Depth (cm) (this study using PHITS code) Depth (cm) (Using FLUKA code)
Water 8.67 8.64
Soft tissue 8.63 8.68
Bone 4.97 4.93



Fig. 4. Simulation using the PHITS code of Bragg curves for 200 MeV/u of 12C ion beams in water, with contributions from primary 12C ions and secondary
fragments

create a tail deposited energy following the BP. Taking into
account this dose will help with treatment planning. They
make up roughly 10% of the entire dose.
To conclude, the BP placement into phantom is significantly
impacted by the mean ionization energy of water (Fig. 2). In
addition to the differing atomic numbers and densities of their
respective compositions, the difference in ionization potential
(I= 79.9 eV for soft tissue and 91.9 eV for bone) is another
factor contributing to the distinct beam behavior in bone and
soft tissue (Fig. 3).
An advantage of 12C ion beam radiation is that it can deliver
the maximal dose to the tumor with the least amount of harm
to nearby healthy tissues. However, the distribution of dose
may be affected by the energy deposited by secondary particles
(Fig. 4).

IV. CONCLUSION

The PHITS Monte Carlo code was used to simulate three
targets (water, soft tissue, and bone) exposed to a 12C ion
beams with an energy of 200 MeV/u. The location of the
Bragg peak was compared. In phantom, the bone displayed
a substantially lower depth dose while receiving a higher
radiation as a result of nuclear fragmentation.
To summarize, in this study, different physical characteristics
of the 12C ions beam in bone, soft tissue, and water phantom
were studied using Monte Carlo simulation with the PHITS
code. the latter replicates the experimental depth-dose data in
a medium with a precision of approximately 0.02cm.
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