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A B S T R A C T

Proton therapy utilizes the Bragg peak to deliver highly localized radiation doses while
minimizing exposure to surrounding healthy tissues. However, tissue heterogeneities and
the presence of high-atomic-number (high-Z) impurities may alter proton transport and
dose deposition. In this study, Monte Carlo simulations using the MCNPX code were
performed to investigate the effects of proton beam parameters, tissue heterogeneities,
and high-Z impurities on proton dose distributions and Bragg peak characteristics.
The influence of proton energy, beam radius, heterogeneity position, and embedded
gold, lead, and uranium impurities was evaluated through analyses of penetration
depth, deposited energy, and depth-dose profiles. The results showed that increasing
proton energy enhanced penetration depth while reducing the maximum deposited
energy, whereas beam radius mainly affected peak intensity. Tissue heterogeneities
produced noticeable shifts and distortions in Bragg peak profiles depending on their
density and location. Furthermore, the introduction of high-Z impurities reduced
proton penetration depth from 5.07 cm to 5.01-5.03 cm and decreased deposited
energy from 1.64 to 1.59-1.61 MeV.cm−3. These findings demonstrate that both
tissue heterogeneities and trace high-Z impurities can significantly modify proton beam
behavior and dose distributions. Accurate modeling of such effects is therefore essen-
tial for improving dosimetric accuracy and optimizing proton therapy treatment planning.
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1 Introduction

Proton therapy offers a significant advantage over con-
ventional photon radiotherapy due to the unique physical
characteristics of protons, particularly the presence of the
Bragg peak in their depth-dose distribution. As protons
penetrate matter, they gradually lose their kinetic energy
and deposit a large fraction of their energy near the end
of their range before coming to a complete stop. This
behavior results in a substantial reduction in the dose

delivered to surrounding healthy tissues compared with
photon beams, therefore providing the potential for an
improved therapeutic ratio (Lane et al., 2023; Newhauser
and Zhang, 2015). The primary objective of radiother-
apy is to deliver the maximum possible dose to the tumor
volume while minimizing radiation exposure to adjacent
normal tissues and organs. Currently, a large proportion
of clinical radiotherapy applications are based on MV pho-
ton beams. In photon radiotherapy, although the initial
dose buildup region provides an increase in dose deposi-
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tion at shallow depths, photons continue to deposit energy
along their entire path due to attenuation and scattering
processes within the tissue. Therefore, multiple irradia-
tion fields from different angles are commonly employed to
achieve adequate tumor coverage while limiting the dose
received by healthy tissues. In contrast, protons, owing to
their increased energy loss rate with decreasing velocity
and their finite range in matter, are capable of deposit-
ing radiation dose more precisely within the target region
(Durante and Loeffler, 2010). Therapeutic proton beams
typically have energies in the range of 70250 MeV and con-
tinuously lose energy as they travel through matter. The
increase in linear energy transfer (LET) with decreasing
proton velocity leads to enhanced energy deposition near
the end of the particle trajectory (Paganetti, 2025). This
process results in a distinct maximum in the depth-dose
distribution, known as the Bragg peak. The depth of the
Bragg peak, or proton range, depends on the initial pro-
ton energy and the physical characteristics of the traversed
medium. Beyond this region, the dose rapidly decreases
as protons lose their remaining energy and stop. Although
lateral scattering occurs during proton transport through
matter, the dose outside the primary beam path remains
considerably lower compared with photon irradiation (Ek-
inci and Bölükdemir, 2019). Therapeutic proton beams
are generated using accelerators such as cyclotrons and
synchrotrons. The concept of using protons for cancer
treatment was first proposed by Wilson in 1946, and in
subsequent decades, with advances in accelerator technol-
ogy and the development of dedicated medical systems,
proton therapy gradually transitioned from research fa-
cilities to clinical applications (Vestergaard et al., 2023).
Despite the considerable advantages of proton therapy, ac-
curate prediction of proton range and precise calculation
of dose distribution in realistic human tissues remain ma-
jor challenges. Proton dose deposition is highly sensitive
to small variations in elemental composition, density, and
anatomical heterogeneities within the irradiated medium.
Consequently, inaccurate modeling of tissue physical prop-
erties may lead to shifts in the Bragg peak position and
difference between the calculated and actual dose delivered
to the patient (Chao et al., 2017; Cheung et al., 2009). In
recent years, various approaches have been developed to
improve dose calculation accuracy and proton range pre-
diction. Among these methods, Monte Carlo simulation
has attracted significant attention as one of the most accu-
rate techniques for modeling particle transport in matter
(Jabbari, 2011). By statistically simulating the trajecto-
ries of a large number of particles and incorporating var-
ious physical interactions, including multiple scattering,
elastic collisions, nuclear interactions, and energy transfer
processes, Monte Carlo methods enable detailed evalua-
tion of proton behavior and dose variations in complex
and heterogeneous environments (Baumann et al., 2023;
Holmes et al., 2024). Therefore, accurate patient-specific
tissue modeling has become an essential component of
modern treatment planning systems (Vestergaard et al.,
2023). This issue becomes particularly important when
the proton beam path includes materials with elemental
compositions different from those of reference tissues. The

human body is not a completely homogeneous medium,
and structures such as bone, teeth, metallic implants, con-
trast agents, and local variations in tissue composition can
influence protonmatter interactions. Changes in electron
density and stopping power may alter proton range, shift
the Bragg peak position, modify the depth-dose profile,
and ultimately reduce the accuracy of dose delivery to the
target volume. This concern is especially relevant for tu-
mors located near sensitive anatomical structures or along
the direct path of the proton beam (Pettersson et al.,
2024). One of the less extensively investigated factors
in this context is the presence of elemental impurities or
high-Z materials within the proton transport medium. Al-
though the effects of density heterogeneities and variations
among major biological tissues have been widely inves-
tigated, the systematic influence of heavy elements with
different elemental compositions on proton beam behav-
ior remains insufficiently explored (Cohilis et al., 2023).
Due to their distinct physical interaction characteristics,
high-Z elements may affect energy transfer mechanisms,
scattering processes, and proton stopping behavior (Jia
et al., 2015). The presence of materials such as gold, lead,
and other high-Z elements may modify the deposited en-
ergy, proton penetration depth, and the dose fall-off slope
beyond the Bragg peak. Although elements such as ura-
nium are not commonly present under clinical conditions,
their investigation as an extremely high-Z material pro-
vides valuable insight into the limiting behavior of high-Z
inclusions and the sensitivity of proton dose distributions
to substantial changes in elemental composition (Tabbakh,
2026). Therefore, investigating the effects of impurities
and high-Z elements on proton dose distribution can pro-
vide valuable information for improving treatment plan-
ning accuracy, reducing computational uncertainties, and
developing more realistic models of human tissues (Vester-
gaard et al., 2023).

The aim of this study is to evaluate the influence of
metallic impurities, including gold, lead, and uranium, on
proton beam dose distribution using Monte Carlo simula-
tions. Specifically, the effects of these impurities on key
proton beam parameters, including deposited energy, pen-
etration depth, and dose fall-off slope, are investigated in a
tissue-equivalent medium. The findings of this study may
contribute to a better understanding of the impact of ele-
mental heterogeneities on proton transport and highlight
the importance of considering high-Z materials in proton
therapy dosimetric calculations.

2 Materials and Methods

2.1 Monte Carlo Simulation Setup

The MCNPX code (version 2.6.0) was used to simu-
late proton transport and radiation interactions within
the phantom and to calculate the resulting energy de-
position and dose distributions. MCNPX is a general-
purpose Monte Carlo radiation transport code that en-
ables the simulation of particle transport in complex three-
dimensional geometries. In the present study, the simula-
tion input was defined using appropriate source, geometry,
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material, physics, and tally cards according to the require-
ments of the proton therapy model. Proton transport was
modeled using the physics models implemented in MC-
NPX and the available nuclear cross-section libraries. The
PAR=9 option was used to define proton transport, and
the PHYS card was applied for variance reduction. An
energy cutoff of 0.001 MeV (1 keV) and particle histo-
ries were used for each simulation. The proton beam was
modeled using a directional plane source in vacuum. The
source was positioned 10 cm upstream of the phantom
entrance, with the initial proton direction parallel to the
beam axis. A circular source cross-section with a radius
of 1 cm and a uniform spatial distribution was defined.
The reference water phantom had dimensions of cm3 with
a cm2 field size and was divided into 1-mm cubic voxels
using a T-MESH card. Phantom materials were selected
according to National Institute of Standards and Technol-
ogy (NIST) data. Water was used as the primary material,
while bone and adipose tissue were incorporated as hetero-
geneous materials, with densities of 1.85 and 0.92 g.cm−3,
respectively. For the high-Z impurity simulations, a 7-cm-
thick adipose phantom with a density of 0.9869 g.cm−3

was divided into layers of 4.5, 1.0, and 1.5 cm. The cen-
tral 1-cm layer was separately doped with Au, Pb, and U
at 100 ppm using an 80 MeV proton beam. The F6 tally
was used to calculate the energy deposition and dose dis-
tribution in the regions of interest. The T-MESH card was
used to evaluate the spatial distribution of the deposited
energy within the cubic voxels. Proton energies ranging
from 10 to 100 MeV were investigated. The Spread-Out
Bragg Peak (SOBP) was constructed by combining Bragg
curves at 40, 44, 47, 50, 53, 56, 59, and 62 MeV using
optimized weighting factors. The effects of tissue hetero-
geneity were evaluated using bone and adipose layers with
thicknesses of 0.1, 0.5, and 1.0 cm.

Figure 1: Simulated geometry consisting of a heterogeneous
phantom composed of bone, lung, and adipose tissues.

Figure 2: Water phantom with heterogeneous materials ar-
rangement.

2.2 Impact of Tissue Impurities on the Bragg
Curve

In this study, a phantom consisting of adipose tissue with
a thickness of 7 cm and a density of 0.9869 g.cm−3 was
designed. The adipose tissue phantom was divided into
three layers with thicknesses of 4.5 cm, 1 cm, and 1.5 cm.
To investigate the effect of tissue impurities, a 1 cm-thick
layer was separately doped with gold (Au), lead (Pb), and
uranium (U) at a concentration of 100 ppm. The proton
beam energy was set to 80 MeV for all simulations. To re-
duce statistical uncertainty, the PHYS card was used for
variance reduction, and the absorbed dose in the region
of interest was calculated using the F6 tally and a cubic
T-MESH card.

2.3 Monte Carlo Investigation of Spread-Out
Bragg Peak (SOBP) Formation

The Spread-Out Bragg Peak (SOBP) was generated by
superimposing proton beams of different energies using
appropriate weighting factors. Two independent simula-
tion approaches were employed to evaluate SOBP forma-
tion. In the first approach, monoenergetic proton sim-
ulations were performed to analyze beam behavior in a
heterogeneous layered phantom composed of bone, lung,
and adipose tissues with a total thickness of 12 cm. Pro-
ton energies ranging from 10 to 100 MeV, with 10 MeV
increments, were considered. For each energy, the associ-
ated Bragg curves and depth-dose profiles were extracted
to assess the feasibility of constructing an SOBP through
linear superposition. The F6 tally was used to calculate
the absorbed dose and energy deposition within the region
of interest, while a cubic T-MESH card was used to eval-
uate their spatial distribution. The simulation geometry
consisted of a stratified arrangement of bone, lung, and
fat layers with defined thicknesses to represent a realis-
tic heterogeneous phantom for proton transport analysis
(Fig. 1). This configuration enabled the investigation of
energy-dependent penetration depth and dose modulation
in layered biological media. In the second method, the
SOBP was constructed by superimposing individual mo-
noenergetic proton Bragg curves obtained from separate
MCNPX simulations. Proton energies ranging from 40 to
62 MeV (40, 44, 47, 50, 53, 56, 59, and 62 MeV) were se-
lected to cover the desired target region. The contribution
of each energy component was adjusted using optimized
weighting factors to achieve a uniform dose plateau. The
final SOBP distribution was obtained by linear combina-
tion of the weighted dose profiles, and the F6 tally was
used to calculate the energy deposition in each cell of the
phantom

2.4 Dose Distribution and Bragg Peak Varia-
tions in Heterogeneous Tissues

In this section, the influence of heterogeneous material
type and placement on Bragg peak behavior was investi-
gated. The study was performed under three distinct sce-
narios. In the first scenario, a 12-cm-thick water phantom
was irradiated using a 108.8 MeV proton beam, serving
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Figure 3: Proton beam penetration for (a) 70 MeV and (b) 90 MeV with a constant source radius of 1 (cm).

Figure 4: Proton beam dose distribution for (a) 0.7 cm source radius and (b) 0.9 cm source radius at a constant energy of 100
(MeV).

as the reference case. The resulting depth-dose distribu-
tion and Bragg curve were obtained, and the position of
maximum energy deposition was identified as the Bragg
peak. This depth was subsequently used as a reference for
positioning heterogeneous materials in the following sce-
narios. In the second scenario, the effect of introducing
heterogeneous materials at the Bragg peak region was ex-
amined. Fat and dense bone were separately inserted at
this depth with thicknesses of 0.1, 0.5, and 1 cm. The
resulting variations in Bragg peak position, shape, and
magnitude were analyzed for each material and thickness.
In the third scenario, the same heterogeneous materials
and thicknesses were introduced in the plateau region of
the Bragg curve to evaluate their effect outside the peak
region. The associated changes in dose distribution and
Bragg peak characteristics were systematically assessed.
As shown in Fig. 2, a schematic representation of the
water phantom and the configuration of heterogeneous in-
serts is presented. The setup includes layers of fat and
dense bone embedded within a surrounding air environ-
ment, and was used to investigate their impact on proton
dose deposition and Bragg peak behavior.

3 Results and discussion

In this study, the effects of proton source energy and
source radius on penetration characteristics and dose dis-

tribution were investigated under two separate conditions.
In the first case, a water phantom with a fixed source ra-
dius was simulated to evaluate the influence of varying
proton beam energy on penetration depth. The result-
ing dose distributions for different energies were extracted,
and two-dimensional penetration maps were generated us-
ing Tecplot software. The results are presented in Fig. 3.
As shown, increasing proton energy leads to a deeper pen-
etration along the Z-axis and an associated shift of the
Bragg peak region toward greater depths, while the lat-
eral dose profile remains largely unchanged. In the second
case, the proton beam energy was kept constant, and the
effect of varying source radius was analyzed. For differ-
ent source radii, simulation outputs were processed and
two-dimensional dose distributions were again visualized
using Tecplot, as shown in Fig. 4. The results indicate
that increasing the source radius leads to enhanced lat-
eral beam spreading along the Y-axis and a broader dose
distribution. However, the depth of maximum dose depo-
sition remains nearly unchanged, suggesting that penetra-
tion depth is primarily governed by proton beam energy
rather than source radius.

3.1 Energy-Dependent Proton Transport in Ho-
mogeneous and Heterogeneous Tissues

In this section, the influence of tissue type and environ-
mental heterogeneity on proton beam penetration depth
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Figure 5: Proton beam penetration in (a) bone tissue and (b) lung tissue at 50 (MeV) (9 cm thickness).

Figure 6: Bragg peak curves for different source energies and beam radius: (a-b) energy variation, (c-d) radius variation

was investigated under two distinct scenarios. In the first
scenario, a 9-cm-thick homogeneous phantom consisting
of bone and lung tissues was modeled, and the results
for both media were compared. A monoenergetic proton
beam with an energy of 50 MeV was used. The result-
ing two-dimensional penetration depth distributions were
generated using Tecplot software. As shown in Fig. 5, due
to the higher density and effective atomic number of bone
tissue, proton penetration depth is reduced and the max-
imum dose occurs at a shallower depth compared to lung
tissue (Verburg, 2015). In contrast, lung tissue, owing to
its lower density, allows deeper proton penetration and
results in a Bragg peak located at greater depths. In the
second scenario, a heterogeneous layered phantom com-
posed of bone, lung, and adipose tissues was constructed.
The layer thicknesses were set to 0.5 cm for bone, 0.5 cm
for lung, and 11 cm for adipose tissue. Simulations were
performed using a 50 MeV proton beam, and the result-
ing two-dimensional penetration depth distribution was
extracted and analyzed using Tecplot software.

3.2 Effects of Source Energy and Beam Radius
on Proton Beam Behavior

Based on the simulation results, increasing proton source
energy leads to a reduction in deposited energy and max-
imum absorbed dose, while significantly increasing beam
penetration depth (Gottschalk, 2018). This behavior is
illustrated in Figs. 6-A and 6-B, which present the Bragg
curves for a fixed beam radius of 1 cm at proton ener-
gies of 70 MeV and 90 MeV. As shown, increasing en-
ergy results in a deeper shift of the Bragg peak along the
penetration axis, accompanied by a decrease in the peak
dose value. In contrast, variations in beam radius primar-
ily affect the magnitude of the deposited energy without
significantly altering the penetration depth. This effect is
demonstrated in Figs 6-C and 6-D, where Bragg curves are
shown for a constant proton energy of 100 MeV and beam
radii of 0.7 cm and 0.9 cm. Increasing the beam radius
reduces the height of the Bragg peak, while its position
remains nearly unchanged. Overall, the results indicate
that proton source energy is the dominant factor govern-
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Figure 7: Bragg curves showing deposited energy as a function of penetration depth in lung and bone tissues. (A, B) Comparison
of lung and bone tissues at 50 MeV; (C-F) bone tissue for proton energies of 40, 60, 80, and 100 MeV, respectively; (G) deposited
energy profiles over the proton energy range of 20100 MeV.

ing beam penetration depth, whereas beam radius mainly
influences the magnitude of dose deposition and the maxi-
mum absorbed dose. These findings highlight the distinct
roles of source energy and geometric beam parameters in
shaping proton dose distribution within the medium.

3.3 Variations in Tissue Properties

As tissue density increases, proton beam penetration
depth decreases due to the greater number of interac-
tions and enhanced energy loss within denser media. Con-
sequently, higher-density tissues exhibit larger peak ab-
sorbed doses and increased energy deposition along the
proton path (Schneider et al., 1996). This effect can be
observed by comparing the Bragg curves obtained in lung
and bone tissues (Figs. 7-A and 7-B). The initial proton
energy also plays a crucial role in determining both the
penetration depth and the characteristics of the Bragg
peak. In bone tissue, proton energies of 40, 50, and 60
MeV produce Bragg peaks near the end of the proton
range (Figs. 7-B to 7-D). Increasing the energy shifts
the Bragg peak toward greater depths while reducing its
amplitude as the deposited energy is distributed over a
longer path length. The same trend is observed for pro-
ton energies of 80 and 100 MeV, where the Bragg peak
occurs at even larger depths with a further decrease in
peak height (Figs. 7-E and 7-F). A broader evaluation
over the energy range of 20-100 MeV (Fig. 7-G) shows
that the absorbed dose gradually increases with depth,

reaches a maximum near the end of the proton range,
and then falls sharply beyond the Bragg peak. As pro-
ton energy increases, the Bragg peak shifts deeper into the
medium, becomes broader, and exhibits a lower maximum
value. These results demonstrate the combined influence
of tissue density and proton energy on Bragg peak charac-
teristics, highlighting that higher proton energies lead to
deeper penetration and a more extended energy deposition
profile within the tissue.

The results presented in Table 1 demonstrate that the
presence of high-atomic-number impurities significantly
affects proton transport characteristics within adipose tis-
sue. The incorporation of gold, lead, and uranium in-
creases the effective density and stopping power of the
medium, leading to a progressive reduction in proton pen-
etration depth relative to pure adipose tissue (Tabbakh,
2024). As shown, increasing proton energy leads to deeper
penetration along the Z-axis and shifts the Bragg peak re-
gion toward greater depths, while the lateral dose profile
remains largely unchanged. In addition, the profile slope
(tan(α)) decreases in the presence of impurities, suggest-
ing stronger lateral scattering and a broader spatial dis-
tribution of the proton beam. The magnitude of these
effects becomes more pronounced with increasing atomic
number, reflecting the greater interaction probability of
protons in denser and higher-Z materials. Consequently,
both the range and dose distribution of the proton beam
are modified by the presence of impurities. These results
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Table 1: Comparison of deposited energy, penetration depth, and profile slope of the proton beam in pure adipose tissue and
adipose tissue containing gold, lead, and uranium impurities.

Description
Penetration depth Deposited energy Slope of the profile

(cm) (MeV.cm−3) (tan(α))

Three layers of adipose tissue 5.07 1.64 0.023
Three layers of adipose tissue with gold impurity 5.03 1.61 0.022
Three layers of adipose tissue with lead impurity 5.02 1.60 0.022
Three layers of adipose tissue with uranium impurity 5.01 1.59 0.021

Figure 8: (a) Optimized SOBP obtained by combining proton beams with discrete energies of 40, 44, 47, 50, 53, 56, 59, and 62
MeV. (b) Depth-dose distributions (Bragg curves) of individual proton beams with energies between 10 and 100 MeV, employed
in the construction of a 12 cm-wide SOBP.

indicate that even low concentrations of high-Z materials
can influence proton beam behavior and alter dose depo-
sition patterns. Therefore, local compositional variations
and material heterogeneities should be considered when
evaluating proton range and dose distributions in proton
therapy applications. Previous studies on proton beam
interactions have primarily focused on macroscopic tissue
heterogeneities such as bone, lung, and soft tissue, where
density variations occur at the organ level (Vestergaard
et al., 2023). In contrast, the present work introduces an
additional level of complexity by considering micro-scale
high-atomic-number (high-Z) impurities (gold, lead, and
uranium) embedded within adipose tissue. Such localized
compositional perturbations have rarely been investigated
in earlier Monte Carlo-based proton therapy studies. Most
existing literature assumes homogeneous tissue composi-
tion or standard ICRU-based material definitions, where
elemental variations at the microscopic level are neglected.
The results of this study demonstrate that even small frac-
tions of high-Z inclusions can produce measurable changes
in proton transport behavior, including increased stopping
power, reduced penetration depth, and modifications in
energy deposition and beam profile characteristics. This
indicates that the Bragg peak is not only sensitive to
large-scale anatomical heterogeneities but also to localized
atomic-level variations in tissue composition. Therefore,
the present study extends the conventional understanding
of protonmatter interaction by quantifying the effect of
embedded metallic impurities, which has not been explic-

itly addressed in previous simulation studies. To achieve
a clinically useful dose distribution, a Spread-Out Bragg
Peak (SOBP) was generated by superimposing multiple
proton beams with discrete energies. The quality of the
resulting SOBP depends not only on the selection of ap-
propriate weighting factors (SP2), which determine the
contribution of each energy component, but also on the
accurate adjustment of the ERG and SI2 parameters con-
trolling the energy spectrum and shape of the individual
Bragg peaks. Proper optimization of these parameters en-
ables the formation of a broader and more uniform dose
plateau within the target region while maintaining the ad-
vantageous distal fall-off characteristic of proton therapy.

3.4 SOBP Formation

A fundamental requirement in proton therapy is the cre-
ation of a dose distribution capable of covering the entire
tumor volume while preserving the characteristic distal
dose fall-off of proton beams. Because a monoenergetic
proton beam produces a narrow Bragg peak, it cannot
provide a uniform dose across targets with finite thick-
ness. To overcome this limitation, a Spread-Out Bragg
Peak (SOBP) is generated through the superposition of
multiple proton beams with different initial energies. The
formation of an SOBP requires careful optimization of sev-
eral beam parameters (Lomax, 2008). In addition to de-
termining appropriate SP2 weighting factors, which de-
fine the relative contribution of each energy component



U
nc

or
re

ct
ed

P
ro

of

B. Valizadeh et al. Radiation Physics and Engineering 2027; ?(?):?–?

Figure 9: Depth-dose profiles of a 108.8 MeV proton beam in a 12 cm thick phantom for different heterogeneous configurations:
(A) homogeneous water equivalent phantom (reference case); (B) and (D) high density bone layers; (C), (E), and (F) low density
regions including air cavities or lung equivalent materials; and (G) multiple heterogeneous layers along the beam path. Material
heterogeneity induces proximal or distal shifts of the Bragg peak and alters its height, width, and overall depthdose morphology.

to the composite dose distribution, accurate selection of
ERG values (discrete proton energies) and SI2 parameters
is necessary. These parameters govern the position and
shape of the individual Bragg peaks and therefore directly
influence the uniformity of the resulting SOBP. Proper
adjustment of these quantities ensures adequate overlap
among neighboring Bragg peaks and reduces dose inho-
mogeneities within the treatment region. Figure 8 illus-
trates the procedure used to construct the SOBP. Figure
8-b presents the depth-dose distributions obtained from
individual proton beams with energies ranging from 10 to
100 MeV in a medium with a thickness of 12 cm. Each
curve exhibits a characteristic Bragg peak whose position
moves progressively deeper into the medium as the ini-
tial proton energy increases. Consequently, higher-energy
protons deposit their maximum energy at greater depths,
providing the basis for generating a broadened therapeutic
dose region.

Using these individual depth-dose profiles, an opti-
mized SOBP was produced by combining selected pro-
ton energies of 40, 44, 47, 50, 53, 56, 59, and 62 MeV
with suitable weighting factors. The resulting composite
distribution, shown in Fig. 8-a, exhibits a relatively flat
dose plateau over the prescribed target depth. In contrast
to the sharp and localized peaks associated with single-
energy proton beams, the superimposed distribution deliv-
ers a nearly uniform absorbed dose throughout the treat-
ment volume. The optimized SOBP provides improved
target coverage while maintaining the inherent advantage
of proton therapy, namely the rapid dose reduction beyond

the distal edge of the target. Such a dose distribution en-
ables accurate irradiation of tumors with finite thickness
and reduces unnecessary exposure of surrounding healthy
tissues. Therefore, optimization of the energy spectrum
and weighting factors plays a crucial role in achieving clini-
cally acceptable dose uniformity and maximizing the ther-
apeutic effectiveness of proton beam therapy.

3.5 Effects of Material Heterogeneity on the
Bragg Peak

To evaluate the influence of material heterogeneity on pro-
ton beam behavior, simulations were conducted using a
12-cm-thick phantom irradiated by a 108.8 MeV proton
beam. The resulting depthdose distributions for various
heterogeneous configurations are presented in Figs. 9-A
to 9-G. Figure 9-A corresponds to a homogeneous water-
equivalent phantom and serves as the reference condition.
Under this configuration, the Bragg peak is located at its
expected depth, reflecting the nominal range of the inci-
dent proton beam. The introduction of dense materials,
such as bone layers, along the beam trajectory (Figs. 9-
B and 9-D) causes the Bragg peak to shift toward shal-
lower depths. This behavior is attributed to the higher
stopping power of dense media, which accelerates proton
energy loss and consequently shortens the beam range.
In contrast, configurations containing low-density regions,
including air cavities and lung-equivalent materials (Figs.
9-C, 9-E, and 9-F), exhibit an increase in proton pene-
tration depth. Because these materials provide less resis-
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Table 2: Dependence of proton penetration depth and Bragg Peak position on the location and type of Heterogeneous tissues
along the beam path.

Heterogeneous Tissue Position Depth Range (cm) Thickness (cm)
(based on penetration 8.69-0.5= 8.19 8.69+0.5= 9.19 1

depth water phantom) - 869-0.25= 8.44 8.69+0.25= 8.94 0.5
8.69 cm Reference: Water Phantom 8.69-0.05= 8.64 8.69+0.05= 8.74 0.1

tance to proton transport, energy deposition occurs over
a longer path length, resulting in a distal displacement
of the Bragg peak relative to the homogeneous reference
case. Beyond changes in peak position, material hetero-
geneity also affects the overall shape of the depthdose dis-
tribution. Variations in peak height, width, and gradient
are observed across the investigated configurations, indi-
cating that local differences in material composition can
alter the spatial pattern of energy deposition. Such distor-
tions may influence dose uniformity within the target vol-
ume and should therefore be considered during treatment
planning. The most pronounced effect is observed in Fig.
9-G, where multiple heterogeneous layers are distributed
along the proton path. In this case, the combined influ-
ence of materials with different densities produces a more
complex depth-dose profile characterized by increased fluc-
tuations and reduced uniformity. These findings demon-
strate that heterogeneities can significantly modify both
the location and morphology of the Bragg peak, empha-
sizing the importance of accurate tissue characterization
in proton therapy dose calculations.

As shown in Table 2, the shift in the Bragg peak po-
sition is attributed to variations in the stopping power of
heterogeneous materials relative to water-equivalent tis-
sue. When the proton beam traverses higher-density re-
gions such as bone, the increased electron density enhances
energy loss, leading to a reduction in penetration depth
and a proximal shift of the Bragg peak. In contrast, pas-
sage through lower-density materials, including air cavi-
ties or lung tissue, reduces the stopping power, allowing
protons to retain their energy over longer distances and
resulting in a deeper Bragg peak position. This depen-
dence, commonly referred to as the heterogeneity effect,
emphasizes the importance of accurately representing ma-
terial composition along the beam path in proton therapy
treatment planning. Neglecting these variations may com-
promise the accuracy of range prediction and ultimately
lead to suboptimal dose delivery to the target volume or
unintended irradiation of surrounding healthy tissues.

The presence of heterogeneous materials significantly
influences key parameters of the Bragg curve, including
the penumbra, full width at half maximum (FWHM), and
peak position, in both the plateau and Bragg peak regions.
These effects lead to a reduction in dose uniformity along
the proton beam path, particularly when high-density ma-
terials are located near or within the Bragg peak region.
In such cases, the peak is attenuated, its amplitude de-
creases, and the position of maximum dose is displaced.
Failure to properly incorporate heterogeneity effects into
treatment planning can result in a mismatch between the
calculated and actual dose distributions, thereby compro-
mising treatment accuracy. Moreover, the presence of het-

erogeneities within the plateau region may hinder the dose
buildup toward the tumor, reducing target coverage while
potentially increasing unintended irradiation of proximal
or distal healthy tissues. Comparative analysis based on
Monte Carlo simulations demonstrates a clear dependence
of Bragg peak characteristics on the type and density of
materials along the beam path. These findings emphasize
the necessity of accurately determining and correcting the
Bragg peak position relative to the tumor location in pro-
ton therapy to ensure optimal dose delivery.

4 Conclusions

Proton therapy enables highly localized radiation dose de-
livery; however, tissue heterogeneities and high-atomic-
number (High-Z) impurities can modify proton trans-
port and dose deposition. In this study, Monte Carlo
simulations demonstrated that increasing proton energy
increased the proton penetration depth and shifted the
Bragg peak toward greater depths, whereas increasing the
beam radius primarily reduced the Bragg peak amplitude
without substantially changing its position. For example,
increasing the proton energy from 70 to 90 MeV resulted
in a deeper Bragg peak, while variation of the beam ra-
dius from 0.7 to 0.9 cm at 100 MeV mainly broadened the
lateral dose distribution. The quantitative results further
showed that the presence of High-Z impurities reduced the
proton penetration depth from 5.07 cm in pure adipose
tissue to 5.03, 5.02, and 5.01 cm for gold, lead, and ura-
nium impurities, respectively. In parallel, the deposited
energy decreased from 1.64 MeV/cm in pure adipose tis-
sue to 1.61, 1.60, and 1.59 MeV/cm in the presence of gold,
lead, and uranium, corresponding to reductions of approx-
imately 1.83%, 2.44%, and 3.05%, respectively. The pro-
file slope (tan(α)) also decreased from 0.023 for pure adi-
pose tissue to 0.022, 0.022, and 0.021 for gold, lead, and
uranium, respectively. These quantitative changes indi-
cate that increasing the atomic number of the impurity
was associated with progressively greater attenuation and
modification of proton transport. Furthermore, simula-
tions of heterogeneous tissue configurations showed that
high-density materials such as bone shifted the Bragg peak
toward shallower depths, whereas low-density materials
such as lung and air shifted it toward greater depths. The
optimized SOBP generated using proton energies of 40,
44, 47, 50, 53, 56, 59, and 62 MeV produced a relatively
uniform dose distribution across the target region while
preserving the distal dose fall-off. Overall, the numeri-
cal findings demonstrate that even localized High-Z in-
clusions and tissue heterogeneities can measurably alter
proton range and energy deposition. Incorporating these
effects into Monte Carlo-based dose calculations can there-
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fore improve the accuracy of proton range estimation and
dose delivery in heterogeneous clinical environments.
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