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Abstract. Cancer treatment with proton therapy, starting in 1946, continues with the 
treatment of 200,000 patients worldwide as of 2020. The energy release of protons in tissue 
and tissue equivalent (water) material is shown by Bragg curves. The main reason why proton 
beams are preferred in radiotherapy is that the proton beams continue on their way by giving 
maximum energy to the tissue to be treated and giving the least damage to the healthy tissue. 
In this study, with the help of Monte Carlo-based GEANT4 and TRIM simulation programs, 
Bragg peak positions in the 60 – 130 MeV energy range are given for water and brain by using 
the relativistic Bethe – Bloch equation. The difference between GEANT4 and TRIM was 7.4 
% on average in the water phantom, while the difference was 7.6 % in the brain phantom. Bragg 
peak position was calculated for water and brain phantoms at 0.6, 0.8 and 1.0 cm thicknesses, 
which is suitable for the average thickness of the cortical bone in the skull. An average of 8.1 
and 7.8 % deviations were detected between the two simulation systems in the cortical bony, 
water and brain phantoms with three different thicknesses. The values found were compared 
with the clinical studies available in the literature.
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Аннотация. Лечение рака с помощью протонной терапии, начатое в 1946 году, 
продолжает развиваться по всему миру, и, например, в 2020 г. этот метод применяли 
у 200 тыс. пациентов. Энерговыделение протонов в человеческой ткани и тканевом 
эквиваленте (воде) контролируется кривыми Брэгга. Преимущество протонных лучей 
заключается в том, что они отдают максимальную энергию обрабатываемой ткани, 
проникая вглубь, и при этом наносят минимальный ущерб здоровым тканям. В данном 
исследовании представлены позиции пиков Брэгга в диапазоне энергий 60 – 130 
МэВ для воды и мозга, полученные с помощью уравнения Бете – Блоха и программ 
моделирования GEANT4 и TRIM (основаны на методе Монте-Карло). Сравнение 
результатов, полученных через GEANT4 и TRIM, показало разницу в среднем 7,4 % 
для водного фантома и 7,6 % для мозгового. Положения пиков Брэгга были рассчитаны 
для фантомов воды и мозга при значениях толщины тканей 0,6, 0,8 и 1,0 см, что 
соответствует средней толщине коркового слоя черепной кости. Значения отклонений 
между двумя системами моделирования, составили в среднем 8,1 и 7,8 % для двух 
фантомов (три значения толщины тканей). Полученные в работе расчетные значения 
были сопоставлены с данными опубликованных клинических исследований. 
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Introduction

Heavy ion beams have been the focus of radiation oncology for over 60 years due to their 
superior physical and biological properties compared to conventional high-energy photon beams 
[1]. Protons are currently used in more than 61 facilities worldwide [2], there are 16 centers in 
clinical operation in Europe, and many centers are under construction [3]. A single energy heavy 
ion beam releases most of its energy in a narrow depth range known as the Bragg peak, with 
the peak dose depth determined by the ion species and target properties [4]. Due to the narrow 
depth range of the Bragg peak, minimal lateral scattering [5, 6] combined with the high relative 
biological activity of heavy ions, heavy ion therapy provides a therapeutic dose that is well suited 
for the target volume, with an input dose much lower than it is possible with photon therapy [7]. 
Heavy-ion beams minimize damage to adjacent healthy tissues, which is particularly useful for 
treating deeply located tumors [4, 7]. However, due to large dose gradients, deviations between 
the treatment plan and the delivered dose distribution can have serious adverse effects on healthy 
tissue, especially if the treatment site is close to the organ at risk. Accurate, real-time measurement 
of dose distribution during irradiation minimizes errors between the treatment plan and the actual 
delivered dose [7]. The success of heavy ion therapy depends on accurate dose measurement and 
dosimetric accuracy obtained with the help of semi-analytical pencil beam algorithms [8].

Regarding the accuracy in dose measurement, general purpose Monte Carlo (MC) codes are 
considered the "gold standard" [9]. Different MC simulation codes are used in proton therapy 
centers to improve dose estimations over standard methods using analytical or semi-empirical dose 
algorithms [10 – 14]. Potentially adopting systematic and user-friendly use of general-purpose 
MC tools for quality assurance (QA) and research requires reliable as well as generally applicable 
interfaces for connecting MC tools and incorporating them into the radiation oncology workflow 
[15]. GEANT4 and TRIM MC simulation codes are used in proton therapy applications to compare 
energy distributions in simple water phantoms, phantoms with complex structures, and phantoms 
with voxelized geometry based on clinical CT data [16]. An advantage of using Geant4 and TRIM 
is that both are based on the MC method, which can yield the secondary knock-on atom (SKA) 
energy spectrum of a composite material or alloy, whereas the analytical INtegrated model for 
Competitiveness Assessment of SMRs (INCAS) code only describes cascades in pure metal [17]. 
Another advantage is that Geant4 and TRIM provide the spatial distribution of displacements [20]. 
In other words, the effect of neutron spectrum and dispersion or material shape on the distributions 
of defects and production rates can be simulated using this method [17].

In this study, the Bragg curves formed by the proton beam in both a homogeneous water phantom 
and a heterogeneous one such as the brain were confirmed by experimental and computational 
studies in the literature with the help of frequently used GEANT4 and TRIM MC simulation 
systems. The behavior of the therapeutic proton beam was found with the help of two simulation 
systems in the presence of 0.6, 0.8 and 1.0 cm thick cortical bone placed in front of both the water 
phantom and brain one. All the data from the two simulation systems were compared.

Materials and methods

Monte Carlo (MC) codes are a simulation technique developed for highly accurate solutions 
of analytically complex problems in dose measurements [9]. So the MC is capable of following 
and calculating all interactions of particles within the target [18]. One of these simulation systems 
is the TRIM (TRansport of Ions in Matter) simulation program. Parameters such as the type of 
targeted particle beam, the particle number, energy, the structural and geometric properties of the 
target, the angle of incidence of the particle beam at the target and the probability number can be 
entered from the TRIM screen. TRIM saves and displays all calculation fields. TRIM calculates 
and tabulates all kinetic events related to the interaction processes of ions with the target, such as 
damage, scattering, ionization, phonon production and recoil [19]. The displacement of the target 
atoms caused by the collision cascades and the cavities occurring in the target crystal structure 
are calculated in detail. The number of displacement collisions of the target atoms indicates how 
many target atoms are activated at energies above the displacement energy. The spaces left behind 
when the recoil atom leaves its original region are called target spaces. A vacuum does not occur 
unless a moving atom hits the target's stationary atom and transfers enough energy to displace it 
[19, 20]. The “Detailed Calculation with Full Damage Cascades” type option was selected in the 
calculations from the display window of the TRIM program. The particle number of the heavy ion 



67

Nuclear physics

beam was entered as 106 particles in the “Total Number of Ions” tab. Calculation outputs were 
declared in the "Output disk files" tab, and the ion range, recoils, sputtered atoms and collision 
details output files were selected. The phantom type was created in the "Compound Dictionary" 
tab and its geometry was created in the "Add New Layer" section.

The GEANT4 (GEometry ANd Tracking, version 4) is an MC-based simulation program, 
capable of simulating all interactions of the ions passing through the material in the target. 
GEANT4 consists of two user classes, “Mandatory Classes” and “Action Classes”, in simulation 
software [21]. In this study, mandatory classes G4V User Detector Construction, G4V User 
Primary Generator Action and G4V User Physics List were used. As for the action classes, G4 
User Run Action, G4 User Event Action, G4 User Stacking Action, G4 User Tracking Action 
and G4 User Stepping Action classes were used. The simulation detector is designed as a cube-
shaped ion chamber with an edge length of 1 cm and quenching gas Ar. The step range (Range 
cut) was taken as 0.01 cm.

Fig. 1. The phantom cross-section geometry: 
1 – water or brain, 2 – cranium; section 2 is removed only for brain and water measurements

Tab l e  1 

The main information about biomaterials used in the cross-section phantom [25, 26]

Biomaterial Atomic percentage, % Atomic density, 
1022 atom/cm3 Density, g/cm3

Cranium H 3.4; O 43.5; C 15.5; N 4.2; 
S 0,3; Ca 22.5; P 10.3; Mg 0.2 9.946 1.92

Brain H 10.7; C 14.5; N 2.2; O 71.2;
CI 0.3; Na 0.2; P 0.4; S 0.2; K 0.2 8.879 1.04

Water H 66.6; O 33.3 10.020 1.00
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Tab l e  2

Bragg peaks for proton beams with different energies 
in the water phantom: comparison with RPTC experimental data [36]

Energy, MeV TRIM (a) GEANT (b) RPTC (c)
Difference

(a) – (c) (b) – (c)
90 6.21 5.65 5.50 0.71 0.15
100 7.26 6.98 6.83 0.43 0.15
110 9.00 8.70 8.28 0.72 0.42
120 10.50 10.18 9.80 0.70 0.38
130 12.00 11.65 11.45 0.55 0.20

Tab l e  3

Calculation results for Bragg peak points produced by proton beams 
with different energies in the water phantom (using TRIM and GEANT4 

simulation) and percentage differences

Energy, MeV TRIM (a) GEANT (b) Difference, % 
(a) – (b)

60 2.82 2.42 14.18
70 3.91 3.41 12.79
80 5.01 4.52 9.78
90 6.21 5.65 9.02
100 7.26 6.98 3.86
110 9.00 8.70 3.33
120 10.5 10.18 3.05
130 12.00 11.65 2.92

The most important problem for radiotherapy is whether the desired dose can be delivered to the 
target point correctly. To this end, attempts were made to determine and calibrate the correct dose 
using the water phantom before radiation therapy [19]. Since the basic component of the human body 
is water, it is the most important material frequently used in the field of medical physics. Reliability 
of dose and LET calculations for the water target and accurate calculation of their distribution are 
reliable for patient treatments. In this regard, the structure, shape and design of the phantom to be 
used are important. In the literature, some phantom types used in treatment planning for different 
regions and organs of the human body in radiotherapy applications are described [22]. Plate and 
cylindrical phantoms are actively used to investigate dose or LET distribution and the factors 
affecting them [23]. For this reason, the phantom of the skull was used in the study (see its cross-
section in Fig. 1). First, a phantom consisting only of water and brain tissues was used. Next, we 
took a cranial section of 0.6, 0.8 and 1.0 cm thick in the horizontal direction from left to right, and 
then a head half section containing enough water and brain tissue to reach a total thickness of 15 
cm. Densities and basic compositions of tissues are given in Table 1. The TRIM simulation program 
determined these percentages according to the ICRU-276 report [24]. In the Geant4 simulation 
program, it was obtained from the Geant4 library (such as G4_WATER, G4_BRAIN_ICRP) [21].
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b)

Fig. 2. Representation of Bragg curves for a 60 – 130 MeV proton beam in the water phantom 
from TRIM (a) and GEANT4 (b) simulation programs

Fig. 3. Comparison of Bragg peaks for proton beams with different 
energies sent to the water phantom in two simulation systems

а)

In this study, cross-section phantom was used. The main motivation for using this phantom was 
to explore the effect of ionization of the proton beam when its passing through different layers of 
biomaterials. It is very difficult to process this research data in two different simulation systems 
using the same input directory. An account must be taken of the facts that TRIM only allows 
a single or multi-layer structured phantom, creates difficulties for 3D computation, and finally, 
such a computation will not make a significant contribution to achieving the goal of the study. 
For this reason, calculations were made only in 1D single and multi-layer structures.
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Tab l e  4 

Calculation results for Bragg peaks produced in the brain 
phantom by proton beams with different energies (TRIM and 
GEANT4 simulations were used) and percentage differences

Energy, MeV TRIM (a) GEANT (b) Difference, % 
(a) – (b)

60 2.85 2.47 13.33
70 4.01 3.51 12.47
80 5.11 4.55 10.96
90 6.33 5.72 9.64
100 7.37 7.03 4.61
110 9.24 8.91 3.57
120 10.68 10.31 3.46
130 12.35 12.04 2.51

Fig. 4. Comparison of Bragg peaks produced in the brain phantom by proton 
beams with different energies (the two simulation codes were used)

Results 

In this study, the effect of ionization interactions of protons passing through single or multiple 
layers on Bragg peak point was investigated for a cross-section phantom. The energy transferred 
per unit length of the proton beam to the layer or layers was taken into account. Therefore, the 
energy stored by the layer or layers per mass did not matter. In this connection, it was repeated 
in both simulation systems, taking into account the LET calculation. The Bragg peak positions 
(normalized to the maximum dose) for the water phantom irradiated by proton beams with 
different energies, in comparison with the experimental dose measurements of the Germany 
Rinecker Proton Therapy Center (RPTC) [27] are presented in Table 2. An average difference of 
0.62 cm between RPTC and TRIM and that of 0.26 cm between RPTC and GEANT4 was found 
in the 90–130 MeV energy range.

Bragg peak points produced by the proton beams in the water phantom and obtained using 
TRIM and GEANT4 simulations are given in Table 3 and Figs. 2 and 3. As the energy of the 
proton beam increased, the difference between the Bragg peaks measured in the two simulation 
systems approached the difference (≤ 5 %) acceptable in medical physics. An average difference 
of 7.37 % difference was found for all proton beam energies between the two simulation systems.

The largest difference was observed for the proton beam of 60 MeV and the smallest one was 
for the proton beam of 130 MeV. It was established that there was an average difference of 0.4 cm 
between the two simulation systems. This result is considered to be reasonable and acceptable.

Table 4 and Fig. 4 present Bragg peak points produced by the proton beams in the brain 
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Tab l e  5 

Calculation results for Bragg peaks produced in the water phantom with 
different cortical bone thicknesses by proton beams (the two simulation 

systems were used) and their differences

W, 
MeV

Cortical bone thickness for water phantom
Difference

0.6 cm 0.8 cm 1.0 cm
TRIM 

(a)
GEANT4 

(b)
TRIM 

(c)
GEANT4 

(d)
TRIM 

(e)
GEANT4 

(f) (a)–(b) (c)–(d) (e)–(f)

60 2.65 2.28 2.53 2.19 2.38 2.06 0.37
13.96%

0.34
13.44%

0.32
13.45%

70 3.59 3.12 3.48 3.04 3.36 2.93 0.47 
13.09%

0.44 
12.64%

0.43 
12.80%

80 4.68 4.21 4.58 4.09 4.48 3.97 0.47 
10.04%

0.49 
10.70%

0.51 
11.38%

90 5.93 5.34 5.85 5.26 5.58 5.02 0.59 
9.95%

0.59 
10.09%

0.56 
10.04%

100 7.18 6.53 7.11 6.41 6.88 6.24 0.65 
9.05%

0.70 
9.85%

0.64 
9.30%

110 8.58 8.24 8.53 8.18 8.32 8.02 0.34 
3.96%

0.35 
4.10%

0.30 
3.61%

120 10.14 9.85 9.95 9.65 9.79 9.48 0.29 
2.86%

0.30 
3.02%

0.31 
3.17%

130 11.71 11.51 11.53 11.45 11.36 11.28 0.20 
1.71%

0.08 
0.69%

0.08 
0.70%

Nota t i on : W is the proton beam energy.

phantom. These results were obtained in accordance with the parameters given in Table 1 and by 
using the TRIM and GEANT4 simulations.

As the energy of the proton beam increased, the difference between the Bragg peaks measured 
in the two simulation systems approached the difference (≤ 5 %) acceptable in medical physics. 
An average difference of 7.57 % was found between the two simulation codes for all proton beam 
energies. The largest difference occurred in the proton beam of 60 MeV and the smallest one did 
in the proton beam of 130 MeV. An average difference of 0.43 cm between the two simulation 
systems was obtained. These results are considered to be reasonable and acceptable.

In the phantom geometry of the head section (see Fig. 1), the section 1 is water; the cranium 2 was 
selected in three different thicknesses: of 0.6, 0.8 and 1.0 cm. Using TRIM and GEANT4 simulations, 
the Bragg peak points produced by the proton beams in the phantom were calculated (Table 5).

An analysis of the obtained results makes possible to conclude that the difference between the 
two simulation programs decreased as the energy of the proton beam increased in all three cranium 
thicknesses. The Bragg peak difference between the two simulation codes was 8 % on average for all 
three cranium thicknesses. The average Bragg peak difference between the two simulation codes was 
0.42 cm at 0.6 cm cranium thickness, 0.41 cm at 0.8 cm cranium thickness and 0.39 cm at 1.0 cm 
cranium thickness. For 0.6 cm cranium thickness, an average difference of 0.28 cm was found in TRIM 
between the Bragg peaks (see Tables 4 and 5), while a difference of 0.30 cm was found in GEANT4. 
Similarly, an average difference of 0.39 cm in TRIM and of 0.41 cm in GEANT4 were found for 0.8 
cm cranium thickness, 0.57 cm in TRIM and 0.56 cm in GEANT4 for 1.0 cm cranium thickness. The 
differences found in the two simulation codes were considered to be at an acceptable level.

In the phantom cross-section (see Fig. 1 again), the section (1) is the brain tissue and the cranium 
(2) was selected in three different thicknesses: of 0.6, 0.8 and 1.0 cm. The Bragg peaks produced 
by the proton beams in the brain phantom are given in Table 6 (TRIM and GEANT4 simulations 
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Tab l e  6

Calculation results for Bragg peaks produced in the brain phantom with 
different cortical bone thicknesses by proton beams (the two simulation 

systems were used) and their differences

W, 
MeV

Cortical bone thickness for brain phantom
Difference

0.6 cm 0.8 cm 1.0 cm
TRIM 

(a)
GEANT4 

(b)
TRIM 

(c)
GEANT4 

(d)
TRIM 

(e)
GEANT4 

(f) (a)–(b) (c)–(d) (e)–(f)

60 2.65 2.26 2.52 2.18 2.40 2.08 0.39 
14.72%

0.34 
13.49%

0.32 
13.33%

70 3.58 3.10 3.48 3.05 3.32 2.95 0.48 
13.41%

0.43 
12.36%

0.37 
11.15%

80 4.68 4.22 4.57 4.07 4.46 3.98 0.46 
9.83%

0.50 
10.94%

0.48 
10.76%

90 5.92 5.35 5.84 5.26 5.49 5.04 0.57 
9.63%

0.58 
9.93%

0.45 
8.20%

100 7.17 6.54 7.12 6.41 6.86 6.25 0.63 
8.79%

0.71 
9.97%

0.61 
8.89%

110 8.56 8.25 8.51 8.19 8.29 8.05 0.31 
3.62%

0.32 
3.76%

0.24 
2.90%

120 10.12 9.84 9.94 9.66 9.76 9.49 0.28 
2.77%

0.28 
2.82%

0.27 
2.77%

130 11.69 11.53 11.52 11.44 11.32 11.27 0.16 
1.37%

0.08 
0.69%

0.05 
0.44%

Nota t i on : W is the proton beam energy.

were used). Analyzing this data, it was seen that the difference between the two simulation programs 
decreased as the energy of the proton beam increased in all three cranium thicknesses. The average 
Bragg peak difference between the two simulation codes was 0.41 cm for 0.6 cm cranium thickness, 
0.41 cm for 0.8 cm cranium thickness and 0.35 cm for 1.0 cm cranium thickness.

Discussion

In the presented study, the Bragg curves obtained by the virtual proton beams in the phantoms 
both homogeneous (the water) and heterogeneous (the brain) were confirmed by experimental 
data. The results obtained in the two simulation systems were found to be in agreement with 
the experimental data. It has been observed that the Bragg peak position formed by the proton 
beam in the energy range of 60 – 130 MeV is different from the water and brain phantom. This 
difference averages 0.15 cm for TRIM and 0.13 cm for GEANT4. Thus, it was seen in both 
simulation systems that the Bragg peak position formed by the proton beam was deeper in the 
brain phantom. The difference between the Bragg peak positions of the proton beam and TRIM 
and GEANT4 simulations; it was found to be 7.4 % in the water phantom and 7.6 % in the 
brain one. We believe that the difference arises from atomic collisions, since brain tissue contains 
different atoms. Further studies are needed to cover the entire range of beam energies, target 
thicknesses and target materials, mainly, for therapeutic applications in this area.

Experimental measurements are also required to compare Monte Carlo codes [28 − 32]. In a different 
study, where microdosimetric measurements of monoenergetic and modulated Bragg peaks of 62 MeV 
therapeutic proton beam were performed with a synthetic single crystal diamond microdosimeter, it 
was seen that the data of GEANT4 and TRIM [33] were comparable, as it was in our study. In another 
study with GEANT4 and TRIM, the ionizations of proton beams on different targets were examined, 
and it was seen that the results were close to each other similar to our results [34, 35].



73

Nuclear physics

In order to understand the behavior of the Bragg peak in cortical bone, being denser than the 
water and brain, the same calculations were repeated and compared using the selected TRIM 
and GEANT4 simulation programs. Thus, the Bragg peak positions formed in the water phantom 
(made with TRIM) and the cortical bony water phantom of three different thicknesses were 
compared. Average differences of 0.28 cm for 0.6 cm thickness, 0.39 cm for 0.8 cm thickness 
and 0.57 cm for 1.0 cm thickness were found. Comparing the Bragg peak positions in the water 
phantom simulated in GEANT4 by a similar method and in the water phantom of a cortical 
bone with three different thicknesses, we determined an average difference of 0.30 cm for 0.6 cm 
thickness, 0.41 cm for 0.8 cm thickness and 0.56 cm for 1.0 cm thickness.

Comparing TRIM and GEANT4 in water phantom and the cortical bony water phantom with 
three different thicknesses by the same method, we found an average difference of 0.42 cm for 
0.6 cm thickness, an average difference of 0.41 cm for 0.8 cm thickness, and an average difference 
of 0.39 cm for 1.0 cm thickness. Then the brain phantom and the one with three different 
thicknesses of cortical bones were compared. The difference in 0.6 cm thickness was found to be 
0.41 cm on average, the difference in 0.8 cm thickness was 0.41 cm on average, and the difference 
in 1.0 cm thickness was 0.35 cm on average. These differences were found to be 8.0 % on average. 
The calculations used in our studies include a probability due to the properties of the Monte-
Carlo computing. Therefore, the calculations from the two simulation programs were consistent.

The effect of materials of different densities and thicknesses on the proton beam is important 
for proton therapy [36]. For this reason, the proton beam passing through the cooling materials 
of different thicknesses was investigated in Geant4 and TRIM MC simulation codes. The results 
of the available simulations were also compared with the calculation results based on the NIST 
PSTAR and CSDA models, and the differences were presented in the same way as in this 
publication [37]. In similar studies, particularly in the study of demonstrating this effect with 
different simulation systems, the results obtained by Geant4 were compared with those obtained 
by TRIM [36, 38]. The change exhibited by the proton beam in the presence of cortical bone of 
different thickness used for both phantoms was compared with previous data and showed a good 
agreement [5, 6, 14]. In addition, considering the advantages of the two simulation systems, the 
recoil interactions of the proton beams within the target were investigated. The obtained results 
were also compared in the same way as in this study [39]. The ion spacing was estimated using 
the TRIM code and was found to be compatible with that obtained by GEANT4 [40].

In the literature, some authors tried to find Bragg peak positions performing calculations of 
Bragg curves given by proton beams with 100, 120 and 130 MeV energies while their passing 
through the water phantoms, using different MC-based simulation programs (FLUKA, GATE, 
MCNPX, PTRAN and PHITS). Then they tried to compare the results obtained (similar to the 
procedure taken in our study). Bragg peak positions obtained in the literature were compared with 
the values determined in this study. In this comparison, an average difference of 4.1 % in TRIM 
and 7.5 % in GEANT4 was found for a proton beam with 100 MeV energy [41–46]. An average 
difference of 1.4 % in TRIM and 1.7 % in GEANT4 was found in the 120 MeV energy proton 
beam [41, 47]. An average difference of 6.7 % in TRIM and 3.9% in GEANT4 was found in the 
proton beam with 130 MeV energy [44]. It has been seen that this difference is due to the features 
of MC simulation, calculation parameters and statistical reasons such as probability.

Summary

Since there is no experimental heavy ion beam line, it was decided to use MC TRIM and 
GEANT4 simulation programs in this study. In keeping with the current approach, a water 
phantom was used to validate patient radiotherapy plans for heavy ion therapy. We report on 
MC TRIM and GEANT4 data on LET values of four new proton beams in water and brain 
phantoms with energies ranging from 60 to 130 MeV/u in increments of 10 MeV and in cortical 
bony water and brain phantoms of different thicknesses (0.6, 0.8 and 1.0 cm). These values 
were compared with hospital data and other studies in the literature. It has been suggested to be 
repeated in Teflon, titanium alloys (Ti6Al4V and Nital) and Al2O3 ceramic alloys [15], which give 
the closest results to bone among the biomaterials used instead of cortical bone. In these studies, 
recoil effects, besides ionization, were considered and compared using the TRIM and GEANT4 
simulation system.
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