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In this research, the diagnostic imaging and therapy of the environment of selected human tissues by the pro-
duced protons from fusion reactions have been simulated by using the Geant4 tool. As a result, the stopping power
and range of protons with different energies in these tissues have been obtained. As an example, Bragg peaks caused
by protons with energies of 60 to 150 MeV have been shown in breast tissue. Further, the penetration depth of
protons, proton flux, and the secondary particle flux of neutrons and gamma with energies of 20 to 70 MeV (in
the therapeutic energy range) have been investigated in the breast tissue. Finally, a comparison of the residual dose in
breast tissue without a tumour and with a tumour at 60 MeV energy has been done. Therefore, with such simulations,
calculations, and creative approaches, effective measures can be taken in the fields of proton imaging and proton
therapy because proton radiography is a method that can be used to extract the maximum required information from
different human tissues. Also, tumours located in different human tissues can be targeted and destroyed by using

different energies of protons.
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1. Introduction

In the rapid ignition approach, the fuel is first
compressed to extremely high densities and then
rapidly heated using lasers or high-energy beams
to achieve the necessary conditions for fusion re-
actions. One of the most critical reactions in this
process is the fusion of deuterium (a heavy hydro-
gen isotope) with helium-3, which produces heli-
um-4 and high-energy protons while releasing ap-
proximately 18.3 MeV of energy, as represented by
the following reaction [[1-5]:

D +°He > *He (3.6 MeV) + p (14.7 MeV). (1)

This method offers significant advantages, in-
cluding the reduced harmful radiation, easier system
maintenance and control, and decreased radioactive
waste. However, alongside the primary reaction, some
secondary reactions may occur, potentially producing
materials such as tritium or high-energy neutrons. To
address the issue of high-energy neutrons, researchers

have proposed converting tritium back into helium-3
for reuse in the fuel cycle.

A valuable by-product of this process is the high-
energy protons, which have wide-ranging applica-
tions in medicine, particularly in targeted cancer
therapy and advanced medical imaging techniques.
Compared to other nuclear energy production
methods, this technology offers the superior safety
as it generates fewer neutrons, reduces the impact on
equipment, and is more suitable for medical devices
like cyclotrons. The high-energy protons produced
can even be utilized in manufacturing specialized
radiopharmaceuticals.

For these reasons, the scientific community has
shown a particular interest in developing this tech-
nology, with extensive ongoing research in the field.
The ultimate objectives extend beyond a clean and
efficient energy production to include creating in-
novative medical capabilities and industrial applica-
tions. These advancements could bring about fun-
damental transformations in both the energy and
medical sectors. Therefore, many authors have done
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various research works using the protons produced
from the fast combustion reaction, Eq. (1). For ex-
ample, see Refs. [@].

In terms of proton application, all human materi-
als and tissues are medically important and can be
investigated because the use of protons allows a bet-
ter dose conformation (due to the localised Bragg
peak at the end of the proton range in the tissue) [H].
Second, proton velocity is inversely proportional to
the energy transferred to the traversed tissue, which
is reduced during their path as electromagnetic
interactions occur with tissue atoms []. Third,
protons provide a very precise and localised dose
deposition in depth. However, protons lose 20-30%
of beam energy while passing through matter, and
nuclear reactions generate radioactive descendants
and secondary nuclei, which are usually S+ emitters
that decay rapidly [@]. Also, the dose deposited by
secondary protons and charged particles is limited
to the area surrounding the beam’s path from the en-
trance surface to the target volume, whereas second-
ary neutrons scatter further, leading to the whole
body neutron dose exposure [@, ] and the acti-
vation of surrounding materials []. Further, pro-
tons are particles that are commonly used in various
medical applications such as imaging and proton
therapy to treat cancer.

In proton imaging, several interaction processes
with matter must be considered. The most important
interaction of charged particles with the environ-
ment in terms of energy loss is nuclear interactions
and multiple Coulomb scattering. In fact, radiogra-
phy is one of the important methods of non-destruc-
tive testing that is used to identify internal defects,
both metallic and non-metallic ones. In the radi-
ography test, the amount of different absorption of
nuclear radiation when passing through the me-
dium of the material is used. The part of the beam
that is absorbed when passing through the medium
of the material depends on the thickness, density,
atomic number of the material, the type and energy
of the passing rays. If there is a defect, heterogeneity,
density change or thickness change in the tissue or
material, the amount of absorbed radiation will be
different at different points. Therefore, radiography
is a method that is used in order to extract the maxi-
mum required information from inside a material
environment. Using this information, you can get
a two-dimensional or three-dimensional image of
the desired environment. Information extraction is

done by processing raw primary data or predictions
obtained from the boundaries of the desired ob-
ject [, ]. In the field of proton radiography, many
researches have been done [] . Further, Sheng et
al. (2024) have used amide proton transfer-weighted
(APTw) imaging to detect the biochemical status of
human tissue lesions [@]. Chang et al. (2023) have
used diffusion-weighted imaging (DWI) and amide
proton transfer-weighted (APTw) imaging to pre-
dict preoperative pathologic grades of bladder can-
cer [Q]. Also, Berthold et al. (2021) have presented
the first systematic validation of CT-based proton
range prediction in prostate cancer treatments using
prompt gamma imaging (PGI) [@]. Shiraishi et al.
(2024) have assessed the delivered doses to the rectal
walls using PET/CT after proton beam therapy [@].
Also, in view of the importance for identifying and
differentiating tissues in diagnostic imaging as well
as for estimating the accurate dose in radiotherapy
and particle-beam therapy, Ozpolat et al. (2020) have
introduced the Phy-X/ZeXTRa software for the fast
and accurate calculation in a wide energy range for
both photon and charged particle (electrons, pro-
tons, alpha particles and C ions) interactions [@].
In proton therapy, the range and stopping power
of protons in different tissues are very important to
optimize treatment planning and ensure effective
treatment results. The stopping power of protons is
a measure of their energy loss per unit path length
in the tissue. It determines the rate at which protons
store their energy along their path. The stopping
power of protons is influenced by factors such as
the density and composition of the tissue, the atomic
number of the atoms that make up the tissue, and
the energy of the protons themselves. Bethe was
the first person to use the stopping power case from
the study of quantum mechanics. The Bethe formula
or the Bethe-Bloch formula describes the average
energy loss per distance travelled by fast charged
particles (protons, alpha particles and atomic ions)
passing through matter (or alternatively the stop-
ping power of matter) [@]. In this theory, the target
is assumed to be a charged particle. Charged parti-
cles moving in the material interact with the atomic
electrons in the material. This interaction excites or
ionizes the atoms, causing the moving particle to
lose energy. In tissues, protons interact with atomic
nuclei, mainly through Coulomb interactions. These
interactions lead to energy loss through ionization
and excitation processes. With the penetration of
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protons into the tissues, their energy gradually de-
creases and, as a result, there is a range that depends
on the initial energy of the proton and the properties
of the tissue. Using the different energy of the pro-
tons can target and destroy tumours located in dif-
ferent human tissues. Also, by using different ener-
gies of the protons, different physical quantities can
be calculated in the field of proton dosimetry and
radiotherapy.

In this area, Mehmet Biiyiikyildiz has investigated
various human organs, and tissues have been stud-
ied in terms of the effective atomic numbers (Z )
and electron densities (N ) in the continuous kinetic
energy region for different types of heavy ions [@].
Also, Biiytikyildiz and Kurudirek have investigated
the radiological properties of healthy, carcinoma
and equivalent breast tissues for photon and charged
particle interactions [@].

Therefore, in this research, we investigate the crea-
tion of the image formed by protons passing the mod-
els of different human tissues using the Geant4 sim-
ulation tool. We convert the extracted data results
into the images of desired textures using the Origin
software. In the following, we examine the depth of
penetration of protons and the amount of proton
flux passing through the desired tissue, the stopping
power and range of protons in these tissues.

2. Materials and work methods

2.1. Geant4 simulation tool

The Monte Carlo simulation method is a power-
ful tool for radiation physicists, and several gener-
al-purpose software packages are commonly used

Converter foil

Hot spot

Plates to helf focus deuterium

in a myriad of different areas of radiation physics.
Geant4 simulation is one of these tools. This tool
is written in the C++ programming language and
based on the transport of different types of particles
in the environment.

Geant4 has extensive libraries that include
the cross section (probability of interaction) of dif-
ferent particles and in different environments.
Among the prominent features of this code is its free
and high ability to design geometry, particle interac-
tion physics and radiation source. This tool provides
interfaces for its users to interact with their program
and save their results.

Currently, the heavy projects of the CERN re-
search centre in Europe and many other projects,
including fundamental particle physics, dosimetry
design and treatment, microdosimetry in the intra-
cellular space, protection of spaceships, design and
optimization of radiation therapy devices, and muon
tomography, are performed using this tool [@, @].

2.2. Materials used in proton radiography

As we mentioned in the Introduction, in reaction of
tdeuteron with helium-3 nuclei, deuterons can com-
bine with the target fuel helium-3 and produce heavy
charged particles such as alpha and protons (Fig. El).

Considering that the energy of the produced
protons is low, it is necessary to increase their en-
ergy so that it is suitable for the purposes of radiog-
raphy and radiotherapy.

To increase the energy of protons from
14.7 MeV to higher energies, one may use a cyclo-
tron, which is a type of a circular accelerator that

High frequecy
accelerating

o (376 MeV)
voltage

p (14.7 MeV)

Energetic and high-speed
proton beam for
radiography and

radiotherapy

Fig. 1. Schematic of the high-speed proton beam production process for radiography and radiotherapy.



110 ISSN 1648-8504 eISSN 2424-3647

N. Nikman et al. / Lith. ]. Phys. 65, 107-123 (2025)

uses a combination of electric and magnetic fields to
accelerate protons. Cyclotrons are capable of reach-
ing high energies and are commonly used in medical
facilities for proton therapy. In this research, proton
energies of 20 to 150 MeV will be used.

Also, we are ready to simulate our selected hu-
man tissues (the selection of tissues is random and
optional) to create a proton image. For this, we visu-
alize the geometric shapes equivalent to human tis-
sue, for example, lung, brain, testicle, ovary, breast,
blood, skin, heart, water and soft tissue, with differ-
ent dimensions and geometries according to Fig. .

1.9cm

L.1cm 1.8 cm

2cm lcm

1.9cm
1.7 cm

3 mm
Blood

2.4 cm

Fig. 2. Schematic of the various body tissues (breast,
brain, heart, lung, skin, testis, ovary and blood) is
shown inside an imaginary cube.

Only one noteworthy point is the choice of wa-
ter, which is equivalent to human tissues. In fact, in
the calculations of stopping power and proton range
or similar calculations performed in relation to hu-
man tissue, the use of water is common for the fol-
lowing reasons:

o Structural similarity: water has a simple struc-

ture and consists of two hydrogen atoms and one

oxygen atom. This simple structure and the simi-
larity of water to the structure of living cells and
tissues, for example, watery tissues such as skin,
muscles and blood vessels, make water to be con-
sidered as a representative model for these tissues.

o Physical properties: water has unique physi-

cal properties that make it the best material for

simulating and investigating the electronic and

mechanical properties of living materials. For ex-

ample, water exhibits electrical conductive prop-

erties and electrostatic interactions much better
than other materials.

o Easy access: water is easily accessible and avail-

able. This allows researchers to use water as a very

common test material in biophysical and medical
physics studies in their experiments and calcula-
tions.

However, using water as a model for proton stop-
ping power and range calculations or human tissue
simulation does not necessarily mean that water is
completely similar to these systems, but is used due
to its structural simplicity, physical properties, and
an easy access.

Anyway, we model the radiation of protons with
different energies on human tissues (we do not
consider the sizes to be real for simplicity) using
the Geant4 simulation tool.

We point out that the proton imaging system can
be performing in three ways, according to the type
of interaction with matter, firstly, via the method of
weakening charged particles, secondly, via the meth-
od of nuclear scattering, and thirdly, via the method
of tracking particles with energy loss [@]. Each of
the mentioned methods is selected and used de-
pending on the purpose of imaging.

Here, using the proton attenuation method,
the image of body tissues is extracted in the form of
proton flux output from different tissues. With this
method, the spatial resolution and the density reso-
lution are effective in the quality of the images taken
from the considered materials. The characteristics
of all the different textures of Fig. @ are presented in

Table 1 [B4].

2.3. Stopping power and range of protons

The two parameters of stopping power and proton
range are the most important parameters studied
in radiography and proton therapy. In fact, under-
standing the range and stopping power of protons
in tissue is critical to optimizing treatment plan-
ning and ensuring effective treatment outcomes.
Theoretically, in Bethe’s theory, the projectile heavy
particle can be assumed to be structureless, while
the target nucleus is infinitely heavy. For the energy
range of charged particles from 0.04 to 200 MeV,
the mass stopping power equation can be expressed
as follows || IE
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Table 1. Chemical compounds of the human tissue [34].

R Density, Composition (element: fraction) by atom fraction
tissue g/em’ H| c | N|]o]|N]| P | s | a]| K | F
Ovary 1.05 0.105 0.093 0.024 0.768 0.002 0.002 0.002 0.002 0.002 -
Blood 1.06 0.102 0.11 0.033 0.745 0.001 0.001 0.002 0.003 0.002 0.001
Testis 1.04 0.106 0.099 0.02 0766 0.002 0.001 0.002 0.002 0.002 -
Water 1 0.112 - - 0.888 - - - - - -
Skin 1.09 0.10 0.204 0.042 0.645 0.002 0.001 0.002 0.003 0.001 -
Lung 1.05 0.103 0.105 0.031 0.749 0.002 0.002 0.003 0.003 0.002 -
Breast 0.99 0.106 0.332 0.003 0.527 0.001 0.001 0.002 0.001 - -
Brain 1.04 0.107 0.145 0.022 0.712 0.002 0.004 0.002 0.003 0.003 -
Heart 1.06 0.103 0.121 0.032 0.734 0.001 0.001 0.002 0.003 0.002 0.001
Soft tissue 1.03 0.105 0.256 0.027 0.602 0.002 0.001 0.002 0.003 0.001 -

dE 5.08x107'Z’n
pdx Bp
Here B = v/c (v is the speed of proton and c is

the speed of light), Z is the atomic number, I is the
average excitation energy, and F(f3) is obtained as

[F(B)-InI]- (2

1.02x10° 8%
1-

and n in Eq. (2) is calculated using the equation

F(B)=In B, 3)

n=N,p(Z/A), (4)

where N, is Avogadros number, p is the density
of the material, and Z/A is the ratio of the atomic
number to the mass number of the material.

Also, all incident protons with a certain energy
have a certain range in the target material. By defi-
nition, the range of protons refers to the distance
that they can travel in a given material before losing
most of their energy. The range R for an incident

proton in the CSDA method is given as []

r=[" i} (5)
5 MS(E)

where E is the initial energy of the charged particle
impacting on the material, E, is the final energy of
the charged particle impacting on the material, and
MS(E) is the mass stopping power.

With this introduction, when a charged parti-
cle (such as a proton) passes through a material, it
causes the atoms of the material to ionize.

This causes the radiation dose to be deposited in
the target material during the passage of the particle.

By reducing the energy of the charged particle
during its passage through the material, the cross-
sectional area of its interaction with the material in-
creases and increases the dose of radiation received
by this part of the material. In this way, a peak
is created at the end of the charged particle dose
distribution curves according to the penetration
depth from the surface of the material. This curve
is called ‘Bragg curve’ and the peak in the curve is
called ‘Bragg peak’ [@]. The highest dose distri-
bution of the charged particle in this area occurs
when passing through the investigated material.
Depending on the depth of the treated cancer tissue
from the body surface, the energy of the imping-
ing charged particle is adjusted so that the Bragg
peak of the dose distribution curve is located at
the depth where the tumour is located. In this way,
the maximum energy transfer of the charged parti-
cle is transferred to the cancerous tissue and causes
tumour damage. In fact, the unique feature of pro-
tons is that it allows for more localized dose deposi-
tion within the tumour and minimizes damage to
surrounding healthy tissues.

Here, we have simulated a breast phantom using
the Geant4 tool. We assume that the main breast
is a deep structure, the small tumour is located at
some distance from the outer surface of the breast
tissue. Therefore, in this case, by irradiating single-
energy protons (Pencil Beam) to the breast tissue,
we calculate and check the stopping power and
range of protons with energies of 60 to 150 MeV.
The most energy released in the tumour belongs to
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the Bragg peak formation area and the most dam-
age will be done to the tumour in this energy.

3. Results and discussions

In this section, we present the simulation results
and discuss each of them below.

3.1. Proton imaging of tissue

The created images are the final product against
which a system is judged. Here, given the possible
differences in goals and requirements that an im-
aging system may have, we limit our discussion to
a simple, idealized proton imaging system. Here, we
show the reproduced proton images of the examples
of phantoms containing selected human tissues with
the specific dimensions and geometries of Fig. E

These figures are produced by simulated radia-
tion of protons with energies of 104 to 118 MeV
upon the different tissues of the images. The rea-
son for choosing these energies is that there is
a practical barrier to many current facility setups:
they typically cannot access proton energies above
230 MeV (33 cm range), which is necessary for
imaging many parts of the body. With the same
assumption, we reduced the energy of the protons
by half so that we can have a low-energy proton
image of the tissues. Due to the fact that protons
in the tissue environment do not follow direct
paths due to their different interactions with their
atoms, they create an image blur.

Accordingly, it is clearly visible that the more
the energy increases in proton radiation upon dif-
ferent tissues, the better the image quality. In fact,
the acceptability of any design depends on the imag-
ing quality (spatial separation and noise) and the im-
aging location of the environment. Also, the closer
the proton source is to the surface of the patients
tissue, the higher the spatial resolution and quality
of the images. Regarding the imaging quality, it is
important to place the imaging receiver as close as
possible to the target tissue to reduce the blurring ef-
fects caused by a proton scattering in it.

3.2. Stopping power and range of protons in the tissue

Proton transport imaging requires protons to
pass through the patient to reach the detector.
Whereas proton therapy requires the stopping

of protons in the vicinity of the tumour because
the most important feature of high-energy pro-
ton beams is the discharge of energy in the form
of a Bragg curve and the possibility of creating
a broadened Bragg peak, in order to completely
cover the tumour. In fact, in proton therapy, when
protons reach body tissues, they can release their
energy at a certain depth according to the location
of the tumour. Therefore, by directing the proton
beams towards the cancer and stopping them in-
side the tumour, cancer is destroyed while doing
little damage to the nearby healthy cells because
the tissues behind and in front of the tumour are
exposed to very little radiation.

With these interpretations, considering the im-
portance of calculating the amount of residual en-
ergy in the target tissue in terms of dosimetry and
also investigating the energy loss of the projectile
in terms of protection, it is particularly important
to check and calculate the stopping power and
range of different ions in different targets. By ac-
curately calculating the stopping power of ions,
their range can be determined with a good accu-
racy. Here, we calculate the stopping power and
range of protons in terms of proton energy for dif-
ferent tissues and show the results in Figs. @ and E

As seen in Fig. @, the stopping power values for
different tissues such as lung, testis, breast, brain,
blood, skin, liver, cancerous tumour and water in-
crease exponentially and reach a maximum value
with the increase in the energy of radiation pro-
tons. In the following, these values begin to de-
crease exponentially.

According to Fig. H, the range values of most
of the mentioned tissues are almost close to each
other and similarly and exponentially, they in-
crease with the increase of radiation proton
energy.

3.3. Bragg peak and penetration depth of protons in
breast tissue

In particular, the breast tissue was irradiated with
different proton energies and the Bragg curve at
each energy was drawn for this tissue in Fig. E
Here, a view of the Bragg peak at different pro-
ton energies is shown, with each specific colour
representing the results for a specific proton energy
because the Bragg peaks originate from a single-en-
ergy proton beam. Considering that the formation
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Fig. 3. Schematic images of different tissues (breast, brain, heart, lung, skin, testis, ovary and blood) with pro-
tons with different energies of 104, 114, 115, 116, 117 and 118 MeV.

of Bragg peaks is caused by a single-energy proton
beam, it is necessary to create an extended Bragg
peak to cover the tumour created in the breast tis-
sue. In this figure, it is clear that with the increase
of incident proton energy (60, 70, 80, 90, 100, 110,

120, 130, 140 and 150 MeV), the number of inelas-
tic collisions with material nuclei increases, and
this causes the height of the Bragg peak to decrease
with its depth increasing from 3 to 16 cm. The rea-
son for increasing the energy of the protons up to
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Fig. 4. Schematic of the configuration of the mass stopping power of
protons in terms of energy for different human phantom tissues.
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Fig. 5. Schematic of the configuration of the range of protons in
terms of energy for different tissues of the human phantom.

150 MeV was that the size of the breast tissue may
be larger than usual. Also, in this figure, it is clear
that firstly, the expected dependence of penetration
depth and Bragg peak size is on the incident beam
energy, and a lesser dependence on the incident
beam radius is also evident. Secondly, with these
single proton energies considered, the Bragg peaks
are located inside the breast tissue, and it is ob-
served that the particle penetration power increases

with the increase of proton energy. Thirdly, the en-
ergy of incident protons has been depleted faster
in the breast tissue. More precisely, the sharper
the slope of the graph, the faster the proton energy
is discharged in the breast tissue. Fourth, the aver-
age residual energy of a proton, from the moment
of contact to stopping in the depth of the breast tis-
sue as the Bragg peak, at the energy of 60 MeV is
more than 70 and 80 MeV.
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Energy deposit (MeV)

Depth (mm)

Fig. 6. Schematic of the Bragg peak formed in the breast at differ-
ent proton energies. Each specific colour shows the results of each

proton energy in MeV.

For the proper treatment plan, it is necessary
to discharge most energy in the tumour site, and
the effect of proton energy in the breast tissue can
be fully investigated. Therefore, the flux of protons
with energies of 20, 30, 40, 50, 60 and 70 MeV has
been evaluated in terms of penetration depth in
the breast tissue in Fig. ﬁ Here, the proton flux is
highest at the beginning of the path and then grad-
ually decreases as the protons pass inside the breast
tissue due to the gradual decrease in proton en-
ergy. Therefore, the possibility of interaction of
these protons with the nuclei of the environment

Flux (proton/cm?/s)

increases, and suddenly they disappear at the end
of the path.

In the interaction of low-energy protons with
the nuclei of the environment and with the reduc-
tion of proton energy due to scattering from these
nuclei, a group of secondary particles (neutron,
proton, electron, deuteron, helium, triton and alpha
particles) are produced in addition to photons (gam-
ma rays and X-rays). This situation is clearly evident,
and the flux of secondary neutrons (i.e. the result
of the interaction of particles with the environ-
ment) and the flux of secondary photons (caused by

Depth (mm)

Fig. 7. Proton flux (proton/cm?®/s) according to the penetration

depth (mm) in the breast.
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Secondary neutrons flux for each source proton
(particle/cm?/s)

Depth (mm)

Fig. 8. Flux of secondary neutron particles for each proton source
with different energies according to the penetration depth in

the breast tissue.

the interaction of particles with the environment)
in the breast tissue as a function of the depth inside
the tissue for each proton source is shown in Figs. E
and 9, respectively. Figure E shows the secondary
neutron particle flux for each proton source with
different energies based on the penetration depth in
the breast tissue. The flux of secondary neutrons is
low at the beginning of the path of this figure, but as

(particle/cm?/s)

Secondary photons flux for each source proton

the depth increases, the secondary neutrons increase
and form a peak to return and decrease again. There-
fore, when a beam of high-energy protons reaches
the breast tissue, the cross-section of neutron pro-
duction reaction is low. When the proton beam
travels a distance in the breast tissue, its speed de-
creases and the cross-section of neutron production
increases gradually. With the greater proton energy,

Depth (mm)

Fig. 9. Flux of secondary photon particles for each proton source
with different energies according to the penetration depth in

the breast tissue.
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the cross-section of neutron production and conse-
quently the neutron flux are greater, and at certain
distance a peak of the total neutron product result-
ing from the interaction of the proton with the nuclei
of the tissue environment is formed; then, the flux of
secondary particles decreases exponentially accord-
ing to the penetration depth in the tissue.

Figure gshows the secondary photon particle flux
for each proton source with different energies based
on the penetration depth in the breast tissue. In this
figure, most of these photons originate from the in-
teraction of secondary neutrons with the nuclei of
the environment, in addition to the interaction of
protons and other particles. Therefore, the speed of
photon generation dramatically reaches the speed
of secondary neutron interaction. In fact, the flux of
secondary photons, like the flux of secondary neu-
trons, is low at the beginning of the path in Fig. H,
but with the increase in depth, the secondary pho-
tons increase and form a peak to return and reduce
the flux of photons again.

We see the two-dimensional contour images of
the energy discharged in the breast tissue for single-
energy radiation proton energies of 20, 30, 40, 50,

Y Lateral position (mm)

Depth (mm)

60 and 70 MeV in Fig. . In proton therapy, we
do not want protons to pass through the tissue, so
it is necessary to consider proton energies less than
100 MeV to draw the penetration depth of protons
in the breast tissue. These images, where the pro-
ton energy values range from 20 to 70 MeV, clear-
ly show the path of the proton particle emitted to
the breast tissue. The range of the incident proton
is determined so that the location of the maximum
proton dose does not exceed the size of the assumed
breast (considering a normal breast as a hemisphere,
the radius of this hemisphere will be the limit of our
assumed breast size; the maximum depth of the as-
sumed breast is shown in Fig. [L( as 50 mm).

The Bragg peak is a fundamental characteristic of
proton—matter interactions that plays a pivotal role
in radiation therapy. Figure [11 presents a compara-
tive analysis of Bragg peak profiles for two scenarios
in the breast tissue irradiated with 60 MeV protons:
healthy tissue (breast without a tumour) versus tu-
mour-containing tissue (breast with a tumour).

This comparison elucidates how tumour pres-
ence affects the patterns of proton energy depo-
sition and the penetration depth. In this figure,

Dose (Gy)

Fig. 10. Diagrams of the 2D dose distribution for a mono-energetic proton pencil beam (with
energies of 20, 30, 40, 50, 60 and 70 MeV) in the breast tissue.
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Fig. 11. The Bragg peak for two states without a tumour and with a tumour
for the proton energy of 60 MeV in the breast tissue.

thehorizontal axisrepresentsthe energydeposition
(MeV), the vertical axis represents the penetration
depth (cm) from the surface of the tumour-free
tissue to a certain depth, and a specific Bragg peak
is formed in that area. Given that the breast is
5 cm deep, a small tumour is located 1.7 cm deep
(a sphere with a radius of 1.2 mm, i.e. from 1.7
to 1.94 cm) from the outer surface of the breast
tissue, and the location of tumour tissue is also
marked in Fig. . The Bragg peak represents
the maximum energy absorption by the tumour,
and this could be due to the higher density or dif-
ferent chemical composition of the tumour com-
pared to the healthy tissue. On the right, the peak
is a result of the broadening of the Bragg peak in
the healthy tissue area, the phenomenon of nu-
clear straggling. In fact, the tumour case shows
the formation of a secondary peak. In this fig-
ure, a small peak is observed in the tumour area,
indicating local energy storage in this area. This
secondary peak is formed due to the strong in-
teraction of protons with the tumour material.
When the protons reach the tumour, their speed
decreases and more energy is deposited in a small
volume of the tumour. Also, in the case without
a tumour, the proton energy is deposited uni-
formly at a certain depth, and a clearer Bragg peak
is seen. Since all tissues have the same density, we

have the broadening of the Bragg peak in the 2 cm
volume of the healthy tissue. This decrease may be
due to the scattering of the beam or the absorp-
tion by healthy tissue. The energy in the healthy
tissue is more stable, while in the tumour area
there are strong fluctuations. A high tumour den-
sity may lead to an increased radiation interac-
tion with matter and a higher energy absorption.
However, in the presence of a tumour, the energy
distribution changes, and some of the energy is
stored in the tumour. This results in a lower peak
height and a broader energy distribution. Because
the Bragg peak can be focused in a controlled
manner on the tumour, proton radiotherapy can
minimize damage to the surrounding healthy tis-
sue. This observation helps doctors plan radia-
tion more precisely and ensure that an adequate
dose is delivered to the tumour. Therefore, Fig.
clearly shows the difference in the energy distri-
bution of protons in the breast tissue with and
without a tumour. The presence of a tumour leads
to a reduced penetration depth and the creation of
a secondary peak in the tumour area. On the oth-
er hand, in the Bragg peaks with a tumour and
without a tumour with proton energy of 60 MeV,
it can be seen that in the case where the tumour is
inside the breast tissue, the depth of penetration
decreases due to the reduction of some energy
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inside the tumour. It can be clearly seen in the mag-
nification that as soon as the beam enters the tu-
mour part, some energy is stored inside the tumour
and a small peak is formed. This peak represents
the storage of energy inside the tumour and then
re-enters the breast tissue and leaves the remaining
energy in the breast tissue. These findings not only
provide a better understanding of the interaction of
protons with different tissues, but are also crucial
for optimizing radiation therapy methods. Using
this information, more precise and effective treat-
ments can be designed for patients.

Finally, the amount of remaining dose is calcu-
lated for two cases with a tumour and without a tu-
mour according to Table 2. To destroy tumours at
different depths, it is necessary to have the energy
of the incoming protons such that the protons dis-
charge their energy at the tumour site. Considering
the location of the hypothetical tumour (from 1.7
to 1.94 cm), it is necessary to consider protons with
a certain energy. According to Table 2, in order to
destroy the hypothetical tumour, it is necessary to
consider the energy of the incoming protons of 60
to 70 MeV to discharge their energy at the tumour
site. According to this table, it is natural that when
the energy of the incoming protons increases, the
range of the protons increases and passes through
the tumour site. That is, the energy of the incom-
ing protons is discharged at a location other than
the tumour site. In other words, the proton Bragg
peak is not formed at the site of our hypothetical
tumour. Given that our hypothetical breast depth
is 5 cm, protons with energies above 90 MeV will

Table 2. The amount of dose for two conditions with-
out a tumour and with a tumour for breast tissue in
terms of energy and depth.

. Dose, mGy
fg%y’ Breast Breast with Depth, cm
tumour
50 0.736 0.072 0.46
60 0.516 0.051 1.2
70 0.419 0.041 2.06
80 0.383 0.037 3.04
90 0.34 0.033 53
100 0.308 0.03 6.6
110 0.285 0.028 7.9
120 0.265 0.026 9.5

have a range of more than 5 cm, which is outside
the depth of the breast. Although in the table, for
greater clarity, we have also calculated energies of
100 to 120 MeV.

4. Summary

Proton radiotherapy is an advanced cancer treat-
ment method that uses high-energy protons to
destroy cancer cells with a minimal damage to the
healthy tissue. The protons used in this method
are mainly produced from deuterium-helium
(D-3He) fusion reactions in accelerators. These
protons are used in medical imaging (proton ra-
diography) and tumour treatment due to their
unique properties, including the Bragg peak. In
other words, protons are used in medical imaging
due to their ability to pass through different tis-
sues and the dependence of the energy lost on the
density of the material. Proton radiography can
also show density differences in soft tissues such
as the breast with a high accuracy.

Geant4 is a new and powerful Monte Carlo
simulation tool that is used in this study to model
the interaction of protons with biological tissues
and to calculate various quantities and parameters
related to protons, secondary neutrons, and gam-
ma photons.

In summary, proton radiotherapy and radiog-
raphy using protons produced from the D—*He re-
action can have a high accuracy in the diagnosis
and treatment of breast cancer or other tissues.

The calculations performed with Geant4 show
that the presence of a tumour reduces the proton
range and changes the dose distribution. In fact,
calculating the proton range and stopping power
in the breast tissue, penetration depth, and sec-
ondary particle flux, and comparing the deposited
dose in the breast tissue with and without tumours
using Geant4 are among the goals of this study.
The results show that the neutron and secondary
gamma fluxes should be considered in therapeu-
tic dose calculations to prevent damage to healthy
tissues.

Also, comparing the dose in the tissue with and
without a tumour confirms that proton therapy
can deliver a higher dose to the tumour and spare
healthy tissue. These results are useful for optimiz-
ing treatment protocols and designing proton im-
aging systems.
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5. Conclusions

In this study, proton radiographs of different hu-
man tissues were analyzed by using the excellent
capabilities of the Monte Carlo simulation tool of
Geant4. Due to the unique properties of proton
based on different interaction mechanisms, pro-
ton radiography introduces a promising tool in
non-destructive tests. These features lead to a bet-
ter visualization of the internal structure of tissues
and even other materials. In this way, we observed
that by increasing the proton energy from 50 to
120 MeV, the proton penetrates from 0.46 to 9.5 cm
in the breast tissue. According to the location of
the tumour, the higher proton energy is able to have
its effect on the tumour and destroy the tumour.
On the other hand, if the proton energy increases,
the quality of the formed image will be better. As seen
in Fig. E, at the proton energy of 118 MeV, the image
resolution for the human equivalent tissues, shown
in Fig. @, is best compared to lower energies. Also,
according to the obtained results, proton stopping
power values for selected tissues increase exponen-
tially and reach the maximum value at about 70 keV
with the increase in the energy of radiation protons.
In the following, these values begin to decrease expo-
nentially. In fact, this energy is the most suitable ener-
gy to destroy cancerous tumours. Further, the depth
of proton penetration in the environment of selected
tissues increases with the increase of incident proton
energy. If the tumour is inside the breast tissue, due
to the reduction of some energy inside the tumour,
the depth of penetration decreases. Also, in this re-
search, in addition to proton flux, it was tried to fo-
cus on neutrons and secondary photons, the amount
of dose left in the breast tissue because they help to
increase the dose around the tumour area. It can be
inferred that the rest of the secondary particles (al-
pha particles and deuterons) produced deposit most
of their energy locally, i.e. close to the production ar-
eas, and help to increase the dose delivered to the tu-
mour area without damaging the healthy tissue.
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