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a b s t r a c t

Heavy ions have a high potential for destroying deep tumors that carry the highest dose at the peak of
Bragg. The peak caused by a single-energy carbon beam is too narrow, which requires special measures
for improvement. Here, carbon-12 (12C) ion with different energies has been used as a source for
calculating the dose distribution in the water phantom, soft tissue and bone by the code of Monte Carlo-
based FLUKA code. By increasing the energy of the initial beam, the amount of absorbed dose at Bragg
peak in all three targets decreased, but the trend for this reduction was less severe in bone. While the
maximum absorbed dose per bone-mass unit in energy of 200 MeV/u was about 30% less than the
maximum absorbed dose per unit mass of water or soft tissue, it was merely 2.4% less than soft tissue in
400 MeV/u. The simulation result showed a good agreement with experimental data at GSI Darmstadt
facility of biophysics group by 0.15 cm average accuracy in Bragg peak positioning. From 200 to 400 MeV/
u incident energy, the Bragg peak location increased about 18 cm in soft tissue. Correspondingly, the
bone and soft tissue revealed a reduction dose ratio by 2.9 and 1.9. Induced neutrons did not contribute
more than 1.8% to the total energy deposited in the water phantom. Also during 12C ion bombardment,
secondary fragments showed 76% and 24% of primary 200 and 400 MeV/u, respectively, were present at
the Bragg-peak position. The combined treatment of carbon ions with neutron or electron beams may be
more effective in local dose delivery and also treating malignant tumors.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Each charged particle has a specific range inside the matter. They
interact with each other in the course of incident particles paths and
cause ionization. When their velocity decreases, their ability to
interact and ionize increases. So, a peak corresponding to the particle
energy in the depth of the target material is created. This peak with
the highest delivered dose is called Bragg peak. Heavy ions have a
very high potential for eliminating deep tumors. However, due to
their limited energy in the tail produced by induced low-Z fragments
[1], they are not harmful to the healthy tissue adjacent to the
cancerous cells, unlike the other radiation used in traditional ther-
apies by electron [2], proton [3e7], X-ray [8] and neutron beams
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[9e12]. The FLUKAMonte Carlo-based code is a precision instrument
in simulating the transport of heavy particles within matter. In this
study using this code, the Bragg peak is investigated for delivered
dose of incident 12C in water, soft tissue and bone.
2. Materials and methods

FLUKA is a general-purpose computer code that has been
written especially for calculating the quantities associated with
particles passing through the material and their interactions, based
on the Monte Carlo method. In this case according to Fig. 1, the
target material was simulated as a cylindrical phantom of water
with a radius of R ¼ 5 cm and a height of H ¼ 40 cm, which is
located inside a larger cylinder covered with air. These dimensions
have been selected according to the approximate dimensions of a
typical tumor, as well as the range of 12C ions in water. The carbon
beam from a single energy source outside the cylinder is radiated in
the direction of the main axis and entered the cylinder.
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Fig. 1. The water target embedded in an airtight cylinder, and carbon beam is radiated
from a Gaussian source (red point) along the cylinder axis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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To match the simulated geometry with the experimental study
performed at GSI Darmstadt facility of biophysics group [13], the
Gaussian radiation source with 5 mm FWHMwas considered. In the
definition of the simulation parameters, the Hadron-Therapy default
values of the code were used in the particle tracking process. To
qualitatively investigate this problem, the three different energies of
12C beams at 200, 300, and 400 MeV/u were simulated in several
different target materials of water, soft tissue and bone. In the
standard defined by ICRU used in these simulations, the soft tissue
and water density is 1 g/cm3 and the bone density is 1.85 g/cm3. In
this standard, the soft tissue consists of four elements: oxygen
(0.762), carbon (0.111), hydrogen (0.10) and nitrogen (0.026).

3. Results

Figs. 2e4 compare the absorbed dose in water phantom, soft
tissue and bone targets at three different energies of 12C by 200, 300
and 400MeV/u. The falling of the dose attributewas the samewithin
the water and soft tissue for all energies used, and the location of
Bragg point was almost identical for these two materials. Also, the
amounts of absorbed dose in the intake region were approximately
the same for all three targets and for all energy sources.

By increasing the energy of the initial beam, the amount of
absorbed dose in the Bragg peak decreased in all three targets, but
the trend for this reduction was less severe in the bone. So, while
Fig. 2. The total absorbed dose versus depth inside water,
the maximum absorbed dose per unit bone mass at 200MeV/u was
about 30% less than the maximum absorbed dose per unit mass of
water or soft tissue, it was only 2.4% less than soft tissue at 400
MeV/u. The maximum absorbed dose per primary in bone was
nearly 0.0082, 0.0065 and 0.0045 GeV/g for 200, 300 and 400 MeV/
u, respectively. Correspondingly, these amounts in soft tissue were
0.0130, 0.0074 and 0.0045 GeV/g. The bone and soft tissue revealed
a reduction dose ratio by 2.9 and 1.9 from 200 to 400 MeV/u inci-
dent energy, respectively.

Also, Table 1 shows the Bragg peak location inside the water,
bone and soft tissue for different radiating energies of 12C. The
accuracy of the simulation was between 0.10 and 0.20 cm.

In general, as the energy of the primary ion increases, the peak
position is transferred to the deeper parts of the target material. For
carbon beams with the energy of 200 MeV/u, the position of Bragg
peakwas 8.68 cm inside the soft tissue and 4.93 cm inside the bone.
By increasing the energy of the primary beams to 400 MeV/u, the
distance between peak position and the entrance of the beam into
soft tissue (27.53 cm) and bone (15.8 cm) increased almost by 18
and 11 cm, respectively.

Radiation therapy using other heavy ions like proton creates
secondary and induced particles through nuclear interactions
across dissimilar tissues. The derived particle spectrum depends on
the tissue composition, charges as well as the energy of the
incoming beam. In proton radiation therapy, analytical radiobio-
logical models typically use linear energy transfer (LET) and
absorbed dose. Here, in comparisonwith incident 200MeV protons
in 40 cm3 water phantom, the induced neutrons were evaluated as
shown in Fig. 5. The obtained spectrumwas normalized to incident
beam and involved all induced neutrons in 4p space. By incoming
12C beam on the water phantom, the proportions of deposited
energy into the phantom with and without considering induced
neutrons were 84% and 82%, respectively. The difference between
considering induced neutrons was 2% higher than excluding ones.

In addition to that, the obtained absorbed doses from induced
neutrons (D) multiplied by mean relative biological effectiveness
(RBE) were 0.38% and 0.93% for 12C and proton beams,
correspondingly.
tissue and bone at 200 MeV/u of incident 12C beam.



Fig. 3. The total absorbed dose versus depth inside water, tissue and bone at 300 MeV/u of incident 12C beam.

Fig. 4. The total absorbed dose versus depth inside water, tissue and bone at 400 MeV/u of incident 12C beam.

Table 1
Location of Bragg peak in three targets from carbon beam at different energies.

Incident energy (MeV/u) Depth (cm) in different materials

water phantom soft tissue bone

200 8.64 8.68 4.93
300 17.11 17.22 9.87
400 27.34 27.53 15.85
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The secondary particles and other fragments generated have a
small fraction in the Bragg-peak shift. Therefore, another
simulation was carried out to estimate the generated secondary
fragmentsdhydrogen, alpha particles, lithium and borondunder
12C ion bombardment. The outcomes showed that 76% of the initial
200 MeV/u12C ions are present at the Bragg-peak location, while
this proportion inclined to 24% for 400 MeV/u.
4. Discussion

In addition to the different atomic numbers and densities of the
compositions of bone and soft tissue, the difference in ionization
potential (I ¼ 74.9 eV for soft tissue and I ¼ 91.9 eV for bone) is also



Fig. 5. Induced neutron spectrum derived from 300 MeV/u of incident 12C ion beam
(solid line) in comparison with 200 MeV incident proton beam (dash line) inside
40 cm3 water phantom.
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a reason for different beam behavior in these two substances [14].
The elements with low ionization potential, the amount of energy
required to separate an electron from an atom, easily lose electrons
and become cationic. The carbon-ion radiotherapy has superior
dose compliance in the treatment of deep-seatedmalignant tumors
compared to conventional X-ray radiotherapy. Also, 12C ion beam
has a higher relative biological effectiveness compared to proton or
X-ray beams [15e17]. Meanwhile, 12C beams have several biological
benefits regarding high linear energy transfer including reduced
oxygenation ratio, weakened ability to repair sub-lethal and
potentially lethal damage, and lessened cell cycle dependent radi-
ation sensitivity compared to those discerned with X-rays or proton
beams. However shielding of the heavy-ion medical accelerator is a
basic requirement [18,19], the X-ray fluoroscopy or radiography
device and electron generators can accompany the treatment
planning by iso-center method in positioning to reduce or exclude
the extra clinical examination [2,20e24]. Furthermore, multi-
modality therapy such as conventional radiotherapy, boron neutron
capture therapy (BNCT) and concomitant chemotherapy can be
normalized for various advanced cancers [11,16,25]. Conversely,
increased toxicity and recurrence are still two main problems to
conquer. In addition to that, 12C therapy provides the opportunity to
show potential competences in combination with immunotherapy,
surgical intervention, cytotoxic drugs and molecular agents to
improve topical scrutinization, avert harsh poisonous and preserve
the quality of life. On the other hand, the maximum dose transfer
with the least damage to adjacent healthy tissues is one of the
benefits of 12C ion beam therapeutic approach. This property also
has the proton therapy. However, the lateral drop around the tumor
is steeper with 12C beam than with proton beam [26]. At the end
area of the curve tail, a small dose is deposited with carbon ions,
while almost no dose is deposited with protons. This is because
primary 12C ions undergo distinct nuclear interactions and frag-
ment into various particles by a lower atomic number, generating a
fragmentation tail beyond the Bragg peak.

As the range of the particlesdat same speedd scales with A/Z2,
the depth-dose profile of heavy-ion irradiations elucidates a
distinctive fragment tail beyond the Bragg peak. For carbon ions the
tail-dose is comparatively small, but considering the production of
the induced isotopes and particles alters the dose distribution and
also peak position. Since induced neutrons from radiation with
heavy ions provide an additional absorbed dose, it was expected
that their impacts on the Bragg peak would extend far beyond the
acme. Therefore in this research, the stimulated neutronic dose was
spread over a wider range, namely out of the normal range of
depth-dose estimations. Kumamoto et al. [27], Gunzert-Marx et al.
[28] and Khorshidi [9,29] have experimentally designed a neutron
detector located behind the target under carbon or proton irradi-
ations to measure the induced neutrons. Their outcomes demon-
strated that the fragmentation of projectile nuclei and local energy
deposition of charged hadrons are inevitable consequences for dose
absorption. Here the parameter (average RBE � D) using incident
12C ions showed a share of 0.38% in the deposited energy in the
phantom. It was found that induced neutrons do not contribute
more than 1.8% to the total energy deposited in the phantom. Also
during 12C ion bombardment, secondary fragments showed 76%
and 24% of initial 200 and 400 MeV/u, respectively, were present at
the Bragg-peak position.

As 12C beam treatment planning and dose transfer systems
continue to evolve, personalized cancer therapy is more meliorated
in the next decade. In particular, the deformation and tumor
shrinkage, management of organ movements as well as the image-
controlled adaptive treatment strategy can improve the high pre-
cision of the energy deposition.

5. Conclusion

The energy deposition from 12C beam raises with the depth of
penetration towards the sharpest point at the end of its range,
namely the Bragg peak. Since the acquired peak is too sharp and
narrow to fully wrap the target lesion, the cancer treatment can be
applied to the outspread peak by broadening methods in accor-
dance with the dimension of the lesion. Compared to electron,
neutron and photon therapy, the results from 12C beam can be used
to increase the localized radiation dose and energy delivery to tu-
mors while reducing the exposure of adjacent normal tissues.

Summary of the article

Three targets (water phantom, soft tissue and bone) under the
radiation of three different energies of 12C ion beam (200, 300 and
400MeV/u) were simulated byMonte Carlo-based FLUKA code. The
Bragg peak position and dose distribution were compared. The
bone and soft tissue demonstrated a reduction dose ratio by 2.9 and
1.9 with the increase in incident ion energy from 200 to 400MeV/u,
respectively. As the energy of the primary ion increased, the Bragg
peak position was moved to the deeper parts of the target.
Compared to electron, neutron, and photon therapy, the results of
the 12C beam can be used to increase the localized dose to tumor
while reducing exposure of adjacent normal tissues.
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