
O

D
t

L
D

a

A

R

R

3

A

A

K

S

H

M

O

1

H
m
t

h
1

reports of practical oncology and radiotherapy 2 3 ( 2 0 1 8 ) 433–441

Available  online  at  www.sciencedirect.com

ScienceDirect

jou rn al hom ep age: ht tp : / /www.e lsev ier .com/ locate / rpor

riginal research article

esign  of spread-out  Bragg  peaks in  hadron
herapy with  oxygen  ions

adan Rezaee ∗

epartment of Physics, Shiraz Branch, Islamic Azad University, Shiraz, Iran

 r  t  i  c  l  e  i  n  f  o

rticle history:

eceived 16 March 2018

eceived in revised form

0 June 2018

ccepted 11 August 2018

vailable online 4 September 2018

eywords:

pread-out Bragg peak

adron therapy

onte Carlo calculation

xygen beam

a  b  s  t  r  a  c  t

Aim: Design of a numerical method for creating spread-out Bragg peak (SOBP) and evaluation

of  the best parameter in Bortfeld Model to this aim in oxygen ion therapy.

Background: In radiotherapy, oxygen ions have more biological benefits than light beams.

Oxygen ions have a higher linear energy transfer (LET) and larger relative biological effec-

tiveness (RBE) than lighter ones.

Materials and methods: For the design of the spread-out Bragg peak (SOBP) for oxygen beam,

we  designed a numerical method using the Geant4 Monte Carlo simulation code, along with

matrix computations.

Results: The profiles of the Bragg Peak have been calculated for each section in the target area

by  the Geant4 tool. Then, in order to produce SOBP smoothly, a set of weighting factors for

the  intensity of oxygen ion radiation in each energy was extracted through a numerically

designed method. This method was tested for producing SOBP at various widths and at

different depths of a phantom. Also, weighting factors of intensity for producing a flat SOBP

with oxygen ions were also obtained using the Bortfeld model in order to determine the best

parameters. Then, the results of the Bortfeld model were compared with the outcomes of

the  method that was developed in this study.
Conclusions: The results showed that while the SOBP designed by the Bortfeld model has a

homogeneity of 92–97%, the SOBP designed by the numerical method in the present study

is  above 99%, which in some cases even closed to 100%.
©  2018 Greater Poland Cancer Centre. Published by Elsevier Sp. z o.o. All rights reserved.

oxygen is classified as a beam with a high linear energy trans-
.  Background
igh energy ionizing radiation, through delivering dose to
atter, and creating Bragg peaks in a particular area in the

arget, is an appropriate option for radiation therapy. The radi-
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fer (LET). A beam with a high LET has a larger RBE than low
LET such as photons and protons.1 In addition, the dose of the
oxygen beam at the end of the Bragg peak leads to a large slope
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in Fig. 3. It is clear that these diagrams have not a desired
smoothness of SOBP and it is strongly necessary to consider
suitable weights for the intensity of each incident beam so that
434  reports of practical oncology an

that prevents the absorption of unwanted doses to sensitive
organs.

Obviously, because of Bragg peaks thinness, a monochro-
matic ionizing ray is not suitable for cancer treatment.
Therefore, we  need to extend Bragg peak to produce a smooth
dose in the tumor area, which is possible by preparing an ion
beam array with appropriate energy distribution. The prob-
lem of the production of an SOBP through a weighted unit
of monochromatic proton beams has been investigated by
various researchers, in particular by Bortfeld and Schlegel,2

Bortfeld,3 Pedroni et al.,4 Hérault et al.,5 Hérault et al.,6 Kooy
et al.,7 and Jette and Chen.8 In these studies, the SOBP design
was investigated in a variety of ways, such as analytical meth-
ods, Monte Carlo methods and, based on the results, were
mainly compared with empirical findings. However all of these
studies were performed for proton irradiation.

With the development of hadron therapy with ions other
than proton therapy, it is necessary to design methods for
modulating the intensity of ions such as helium, carbon, oxy-
gen, or other ions that are involved in the Hadron therapy at
the research stage. Most carbon studies, e.g. Sakama et al.9 and
Suit et al.10 examined filters for smoothing SOBP in passive
scattering proton beams method. For the pencil beam scan-
ning method, these studies have not been actively pursued
until now, and only few studies have addressed this issue until
now. For example, the SOBP design for carbon monoxide irra-
diation in the Hadron Therapy has been studied in Kim et al.11

But no specific study has been done on heavy ions such as
oxygen.

For proton, there is a variety of algorithms for modulat-
ing the intensity of ion beams to produce a smooth SOBP in
previous research. Bortfeld and Schlegel2 reported a simple
way of determining the weights of primary energies to the cre-
ation of SOBP for proton beams. Jette and Chen8 improved the
results obtained by Bortfeld by introducing corrections to this
method. The smoothness of the SOBP obtained by this method
(i.e. the Bortfeld model)  is strongly dependent on the parameter
p which refers to the power of energy in the power-low energy-
range relation in Eq. (1) presented below. Since the value of this
parameter, depends on the type of ion, ion energy, and also the
width of the SOBP, it is difficult to guess the p value for design-
ing the treatment. Hence, finding more  suitable methods for
producing a smooth SOBP is necessary.

2.  Aim

In this study, due to the irradiation of oxygen ions, a numer-
ical method was proposed based on Monte Carlo and Matrix
Computations (that we  call the MCMC  method) to generate
weighting factors. This method can be used for the other ions,
too. In this process, we  first find the profiles of the Bragg peaks
at various depths of a phantom using the Monte Carlo cal-
culations (in this study, by the Geant4 tool), then using an
algorithm of matrix computation, we calculate the weights
for the intensity of each monochromatic ion beam. Here, the

MCMC  method has been used for 5 different SOBPs with differ-
ent depths and widths. In each case, the SOBP’s homogeneity
ratio has been calculated and compared with the results of the
Bortfeld model.
iotherapy 2 3 ( 2 0 1 8 ) 433–441

3.  Materials  and  methods

3.1.  Simulation  by  Geant4  code

The Geant4 computing code is a package used for the Monte
Carlo simulations of interacting particles with materials.12

The system designed in the Geart4 Monte Carlo code is as
shown in Fig. 1. The world is an air cube with dimensions of
2 × 2 × 4 m and a cylindrical phantom with a radius of 0.5 m
and a height of 1.8 m is in the world’s volume so that the cylin-
der axis of the phantom is in the direction of the z-axis. The
phantom is made from water. According to the energy of the
oxygen ions, the length of the phantom was chosen in such
a way that all the major ions in the phantom interior were
stopped.

Due to SOBP production, the dose in each point overlaps
with different depth-dose distributions that have been gen-
erated from different incident energies. So, for example, for
producing an SOBP with a width of 3 cm at a depth of 3.5 to
6.5 cm in the phantom, the required ion energies will be from
140 MeV/u to 195 MeV/u for oxygen ions. This band of energy
is divided into 22 sections (i.e. 23 monochromatic oxygen
beams, with a difference of 2.5 MeV/u between two consec-
utive beams). The diameter of pencil beam is chosen 0.4 cm
without divergence. The pencil beam of the oxygen ions, along
with z-axis, hits the phantom and enters it.

To calculate the absorbed dose at different points of the
phantom, we can use the cube scoring mesh. To evaluate the
depth-dose distribution along the axial direction of the main
beam, we used a cubic mesh and calculated the dose on the
main axis of the incident beam at intervals of 0.1 mm.

Fig. 2 shows the distribution of the normalized dose along
the z-axis for 23 different beams with the lowest energy
(E = 140 MeV/u) that make a Bragg peak at x = 3.5 cm and the
Bragg peak of the beam with maximum energy (E = 195 MeV/u)
is at x = 6.5 cm (by this Bragg peak suite, we want to create
a smooth SOBP, called SOBP1). Also, the second set of Bragg
peaks, shown in Fig. 2, is from x = 11 cm to x = 14 cm (we also
intend to create a flat SOBP from this set, called SOBP2).

The sum of these two sets of 23 dose profiles is also shown
Fig. 1 – The geometry of system in the Monte Carlo
simulation.

https://doi.org/10.1016/j.rpor.2018.08.004
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Fig. 2 – Depth-dose profiles for two sets of 23 energy beams
from oxygen ions.

Fig. 3 – Total dose of oxygen ions without weighting factors
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weights, we only need to consider the points within the SOBP’s
f intensity.

he sum of the dose profiles results in a flat graph. It is evident
rom the figure that the intensity of the more  energetic beams
hould be greater than those with less energy.

.2.  Using  Bortfeld  model  to  produce  proper  weights

n Bortfeld and Schlegel,2 a simple method of modulating the
ntensity of proton beams and determining the appropriate
eight for each beam has been developed for generating a

mooth SOBP. Their work was based on a power law relation-
hip between the proton range and energy:

 =  ̨ Ep (1)

The parameters of this relation for proton beams, p = 1.77
nd  ̨ = 0.022, were obtained in their next study.3 Jette and

8
hen, by introducing corrections in the Bortfeld method,
ried to create a SOBP with more  smoothness. The computed
eighting factors were as follows8:
therapy 2 3 ( 2 0 1 8 ) 433–441 435

wk=

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1 − (1 − 1
2n

)
1−1/p

k = 0

[
1 − 1

n

(
k − 1

2

)]1−1/p

−
[

1 − 1
n

(
k + 1

2

)]1−1/p

k = 1, . . .,  n − 1

(
1

2n
)
1−1/p

k = n

(2)

In these relations, n is equal to the number of energy inter-
vals (number of beams with different energies is n + 1) and p
is in the power law of Eq. (1). So, it is necessary that we  know
the precise value of p to produce a smooth SOBP. The problem
with this is that the value of p depends on different parame-
ters. Obviously, the exact value of p is different for each type of
ions, such as protons, deuterons, carbon ions, or oxygen (this
difference is due to the differences in the relation between the
range and energy for each ion). On the other hand, even for
any particular type of ion, calculations show that the value of
p depends on several other factors. For example, in Jette and
Chen,8 which produces SOBP for proton beams, it is evident
that the p-value influences the SOBP’s width. Otherwise, it can
be seen that (as discussed in the present paper) p-value is also
affiliated to the energy of the beams required to create an SOBP
with specific characteristics (here, we  consider the maximum
energy in the desired range). Even p-value is also sensitive to
the difference of energy of two consecutive rays and it strongly
affects the smoothness of the SOBP design. Therefore, it is dif-
ficult to find a p-value for the treatment planning, for any type
of ion, and for designing each SOBP with desired depth and
width.

In this study, using the Bortfeld model, several SOBPs with
different depths and widths (5 cases) were produced. In each
case, we allowed the value of p to be varied (eleven different
values). Then by Eq. (2), the appropriate weights for the inten-
sity of the beams were calculated, and the SOBP diagrams were
plotted and their homogeneities were evaluated. Among the
obtained graphs, the best p-value relates to the graph with the
highest homogeneity.

3.3.  Numerical  method  for  calculating  appropriate
weights  for  the  intensity  of  ion  beams

The intensity of each beam in the required energy range
should be adjusted so that the sum of the doses of all the
beams in the all points within the interval of spatial SOBP’s
width is a constant value. After calculating the dose profiles
by the Monte Carlo tool, we apply the following method to
calculate the weight of each beam. This numerical method,
that is a combination of Monte Carlo calculations and Matrix
Computations, will be called a numerical MCMC  method.

By Geant4 calculations, for every energy step on the phan-
tom’s axis, the numerical data of dose is available from Emin to
Emax (For each particular energy, a point is known as the exact
location of the Bragg peak). To determine the proper intensity
width (M points in one dimension). Thus, we  define a matrix
that is represented by D in dimension M × M,  where the ele-
ment Di,j represents the amount of dose in Gray delivered by

https://doi.org/10.1016/j.rpor.2018.08.004
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the beam with energy Ej in place xi (normalized dose per par-
ticle). The energy and spatial steps for this matrix elements to
design of SOBP1 are shown in Table 1. The places x1 to xM are
the exact locations of the Bragg peaks that are derived from
the Monte Carlo calculations, and all are within the desired
SOBP range. The column with header E1 = Emin, show the nor-
malized dose at these points, that are related to ion beam with
energy E1. This energy is the lowest oxygen energy to produce
the desired SOBP. Similarly, the elements of the next column
are the normalized doses so that every element is related to a
particular energy and at a Bragg peak.

Determination of the weighting factors {w1,w2,. . .,wM} for
the intensity of any given beam with a certain energy means
that by multiplying each factor wj in the column j of the matrix
D, the sum of the elements of each row of this matrix is equal
to a constant value dMax that is the dose within the SOBP width.
Since the sum of the doses in the first row of the matrix D is
maximized (which we  select as dMax), then for the second row
and etc. in the matrix D, we must have

⎧⎪⎪⎨
⎪⎪⎩

w1D2,1 + w2D2,2 + . . . + wMD2,M = dMax

...

w1DM,1 + w2DM,2 + . . . + wMDM,M = dMax

(3)

By deleting the first row of the matrix D, we construct the
matrix D1, which is a matrix in dimension (M – 1) × M:

D1 =

⎛
⎜⎜⎝

D2,1 . . . D2,M

...
...

...

DM,1 . . . DM,M

⎞
⎟⎟⎠ (4)

By defining a matrix in dimensions 1 × M as a weighting
factor with the symbol W,  we  have from Eq. (3):

(w1, w2, . . .,  wM)1×M

⎛
⎜⎜⎝

D2,1 . . . DM,1

...
...

...

D2,M . . . DM,M

⎞
⎟⎟⎠

M×(M−1)

= (dMax, dMax, . . .,  dMax)1×(M−1) (5)

The first side of the expression is the multiplication of the
W matrix in the transpose matrix of the D1, namely (D1)T .
Therefore, by introducing a matrix d, in dimension 1 × (M – 1)
and all its elements equal to dMax, we will have a matrix equa-
tion such that the elements of the matrix W are unknown.

W(D1)T = d (6)

Obviously, by multiplying the sides of this equation from
the right in the inverse of the matrix (D1)T , the elements of

the matrix W can be computed:

W = d((D1)T)
−1

(7) Ta
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Fig. 4 – Design of two SOBPs with the same width 3 cm and

mid

1.7 cm width, centered at xmid = 4.35 cm (SOBP4), were plotted
for different p-values. The required energy range for SOBP3
is [303,317] Mev/u with the number of 8 ion beams and for
reports of practical oncology and 

Therefore, the value of any weighting factor is:

j = dMax

i=M−1∑
i=1

(((D1)T)
−1

)i,j (8)

which is equal to the product of dMax and the sum of the ele-
ents of the column j of ((D1)T)−1 matrix. Thus, the intensity
eighting factors are calculated for the M ion beams.

.  Results

o evaluate and compare the smoothness of the dose in each
OBP, we  introduce the homogeneity (HOM). The dose homo-
eneity, defined as the ratio between the lowest and the
ighest calculated dose within 80% of the SOBP.

Here, in the Bortfeld model, we  look at the effect of the
ollowing factors on the p-value and, therefore, on the smooth-
ess of the dose: (a) maximum energy value, which means

he location of the SOBP at the depth of the phantom, (b)
OBP width and (c) the energy difference between consecu-
ive beams, which can be interpreted as the spatial interval
etween two successive peaks.

First, using the Bortfeld model, we design five SOBPs with
ifferent widths and depths by calculating the appropriate
eighting factors for each SOBP, and select the best p-value

or each, given the obtained HOM. After that, by using the
CMC  method, and for the same five SOBP cases, we derive

he weighting factors and obtain the HOM for each case. Com-
aring the computational results of these two methods is then
one.

In order to use the Bortfeld model, determination of the
est value of p, which yields the highest HOM, has no other
ay than the test-error method, and hence, in order to deter-
ine the most suitable weighting factors of intensity, a large

olume of numerical computations for creating an SOBP desir-
ble characteristics is necessary. In this paper, in order to
etermine the best p-value, we first compute the weighting
actors for several values of p with intervals of 0.05, in the
uessing range p = 1.4 to p = 2.1. Guessing the interval is also
ased on the value of p for proton beam which was performed

n Bortfeld and Schlegel.2 Then, by plotting SOBP and calculat-
ng the homogeneity in each case, we  determined the probable
nterval of the p-value.

For example, to create an SOBP that will be called SOBP1,
fter examining a large number of guessed p values, the proba-
ility range for the best value of p was determined in [1.85,1.95]
r to create SOBP2, was in [1.70,1.80]. Then, in the second step,
e continued the calculations within the probability range

ound in each case and repeated the calculations for the values
f p with the 0.01 steps. Finally, we computed the homogene-

ty for each case. This suggests that in order to create an SOBP
ith a satisfactory HOM, at least over one hundred series of

alculations with various p values must be repeated, which is
 very demanding practice. Finally, the best p-value will be the
alue that results in the highest HOM.
The results of Bortfeld model calculations for different val-
es of p were plotted in Fig. 4. In this figure, to evaluate the
ffect of SOBP location at the best value of p, two SOBPs
ere designed with a width of 3 cm,  centered at xmid = 5 cm
at different depths of the phantom using Bortfeld model.

(SOBP1), and the other that centered at xmid = 12.5 cm (SOBP2).
The required energy of oxygen ions for SOBP1 was [140,195]
Mev/u and for SOBP2 was [273,317] Mev/u. The difference
between the energy of the consecutive beam, for both cases,
was �E = 2.5 MeV/u. Therefore, 23 ions beams with different
energies were required.

The results of calculations (see Fig. 7 and Table 2) show
that the best value of p for design SOBP1 is p = 1.89 (with HOM
97.5%), whereas for SOBP2, it is equal to p = 1.74 (with HOM
96.1%). The considerable difference between these two  val-
ues of p indicates that the creation of a smooth SOBP with
the same width, but with different locations at the depth of
the phantom, requires two sets of weighting factors that are
related to very different p-values. Even their best homogeneity
is different.

To appraise the effect of various SOBP widths and depths
on the best p-value, in Fig. 5, two SOBPs, one with 1 cm
width, centered at x = 13.5 cm (SOBP3), and the other with
Fig. 5 – Design of two SOBPs with different widths and at
different depths of the phantom using Bortfeld model.

https://doi.org/10.1016/j.rpor.2018.08.004
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Table 2 – The homogeneity of each SOBP for the best value of p and comparison of the results of the two  models.

(SOBP)1 (SOBP)2 (SOBP)3 (SOBP)4 (SOBP)5 (SOBP)6

Best value of p from Bortfeld model 1.89 1.74 1.75 1.95 2.04 1.78
HOM (from Bortfeld model) 97.5% 96.1% 92.7% 97.2% 97.8% 95.8%
HOM (from matrix calculation) 99.68% 99.99% 100% 99.99% 99.99% 99.12%

Fig. 6 – Design of two SOBPs with the same width and depth in the phantom and with the different number of energy steps

Fig. 7 – The homogeneity in terms of the p-value for six
using Bortfeld model.

SOBP4 is [140,177] Mev/u with 15 ions beams. The difference
between the energy steps is also considered in both cases
�E = 2.5 MeV/u.

Calculations show that (see Fig. 7 and Table 2) the best value
of p to design SOBP3 is equal to p = 1.75 (with HOM 92.7%),
while for SOBP4 it is equal to p = 1.95 (with HOM 97.2%). The
great difference between these two values of p and the differ-
ence between the best HOM in these two cases suggests that
the creation of a smooth SOBP with different widths and a
different location needs very different weighting factors.

To estimate the effect of the difference between the energy
steps on the best p values, two SOBPs, each with 1 cm width,
and both centered at xmid = 6 cm (SOBP5 and SOBP6) were plot-
ted in Fig. 6. The required energy range for both SOBPs was
[180,200] Mev/u. But the length of the energy steps in SOBP5
was equal to �E = 2.5 MeV/u (corresponding to �x ≈ 11 mm for
two consecutive Bragg peaks) with 8 ions beams and for SOBP6
it was equal to �E  = 1.25 MeV/u (corresponding to �x ≈ 7 mm)
with 15 ions beams.

The results (see Fig. 7 and Table 2) show that the best p-
value to design SOBP5 was p = 2.04 (with HOM 97.8%), while
for SOBP6, it was equal to p = 1.78 (with HOM 95.8%). It can be
concluded that the creation of a smooth SOBP with the same
location and width, but with different energy steps, requires
very different weighting factors.

Homogeneity curve in terms of the p-value for each of the
six SOBPs was plotted in Fig. 7. At points where each graph
is peaked, the most suitable value of p is detectable for the
highest HOM. In this way, it is clear that there is a significant
difference in the appropriate value of p in each case.
We also used the numerical MCMC  method and determined
the weighting factors (weighting factors of the two models
were compared in Fig. 9). SOBPs curves in Fig. 8, using the
weighting factors derived from the MCMC  model were plot-
cases of SOBP.

ted which were already designed with the weighting factors
derived from the Bortfeld model.

To compare the outcomes of the Bortfeld model and the
MCMC computations, the results were summarized in Table 2.
In this table, for each SOBP, the HOM values related to the best
p-value were shown. It can be seen that despite the large cal-
culations in the Bortfeld model, the highest HOM obtained was
97.8%, while the homogeneity derived from the MCMC method
was above 99% which, in most cases, was approximately close
to 100%.
In Fig. 9, the best-normalized weighting factors obtained
from the Bortfeld model were compared with the weighting
factors derived from the MCMC model. In this figure, the high-

https://doi.org/10.1016/j.rpor.2018.08.004
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Fig. 8 – Design of the SO

st adaptation between them is related to SOBP1 and SOBP4,
hich, according to Table 2 has a homogeneity over 97% of the
ortfeld model. The difference between the weighting factors
OBP2 and SOBP6 is negligible and for SOBP5, and SOBP3, it is
oteworthy that these four items have a homogeneity (95% to
6%) less than the others (over 97%). These results show that
f the weighting factors obtained from the Bortfeld model are

loser to the results of the MCMC  method, the SOBP obtained
rom the Bortfeld model will be more  satisfactory.

Dose fluctuations in SOBP, in the use of the Bortfeld model,
nd the presence of local holes, are the main disadvantages
 using MCMC  method.

of using this model. Since the Bortfeld model is an analyti-
cal model and because the evaluation of the intensity factors
in beam modulation is based on the power law between par-
ticle energy and range, the calculated values in the Bortfeld
model do not provide appropriate results. Considering that a
power law relationship is the simplest possible assumption
by increasing the incident ion energy, more  intense nonlinear

effects occur. This issue causes a flaw in the above assumption,
and for this reason, the results are severely mistaken. In con-
trast, using the Monte Carlo method and, consequently, matrix
computations to determine the factors, we  do not consider a
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Fig. 9 – Comparison of the weighting factors of ion beam intensities in terms of the number of beams in the Bortfeld model

r

and the MCMC  method.

particular hypothesis for the relationship between energy and
range. The range of each particle with a given energy is calcu-
lated at each run of the program and, thus, the above error is
not generated. Thus, the results of the Monte Carlo method in
assessing the intensity factors can increase the homogeneity
of SOBP by one hundred percent.

5.  Conclusions

We  have succeeded in designing a numerical method based on
a combination of Monte Carlo calculations and matrix com-
putations called the MCMC  method, by which we calculate
suitable weighting factors for the production of SOBP with a
homogeneity of close to 100%. This numerical method can be
used for any kind of hadron. In this study, we  have calculated
the appropriate weighting factors for the oxygen ion beams
and compared the outcomes with the results of the Bortfeld
model. The cases we examined by both models had differ-
ent widths of SOBP and at different depths of the phantom.
The smoothness of the SOBPs produced by the MCMC method
was generally very good (with a homogeneity over 99%). The
effect of three parameters for the best value of p, i.e. the SOBP
width, the SOBP’s location in the phantom, and the lengths
of the energy steps of each ion beams, by varying p-value in
the Bortfeld model was also tested. The results of the calcula-
tions showed that the best p-value was strongly influenced by
all the three parameters, and so choosing p was not a simple

task and required a large amount of computations. However,
we obtained the best value of p for the five cases of SOBP cre-
ation, which yields the highest homogeneity. By comparing
the best homogeneity obtained from the Bortfeld model and
the results of the MCMC method for studied cases, we  con-
clude that using the MCMC method in comparison with the
Bortfeld model ensures the ease, speed, and precision of the
result in the design of SOBP in the radiation of ions in the
hadron therapy.
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