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1 ABSTRACT

) | The application of radiation therapy (RT) in lung cancer has shown some exciting and
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gmail.com with proton radiation into the tumor which has been given over a decade to improve
conventional RT. In this work, proton beam therapy (PBT) with gold nanoparticles
(GNPs) is used as a part of a combination program to treat advanced localized lung
cancers. This paper aims to develop the complex Geant4 model on the human lung and
predict the distribution of absorbed dose in lung tumors during proton therapy without
and with a high-Z injection of GNPs. Thus, the absorbed dose distribution in lung tum-
ors for four modes such as (i) Bethe-Bloch'’s relativistic quantum theory, (ii) GEANT4/
GATE7 simulation model, (iii) Hartree-Fock-Roothaan(HFR) wave functions, and the
(vi) Bortfeld theoretical model without and with the injection of GNPs in predicted

lung phantom are compared.
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INTRODUCTION:

One of the leading cancers around the world is lung
cancer. Lung cancer is divided into two main branches
depending on the type of cancer cells: Small and non-
small cell lung cancer. Due to the difficulty of treating
lung cancer, this cancer can be considered the most
common type of cancer that can lead to death, both in
men and women. It is important to know which type of
lung cancer is affected, because small cell cancers have
the best response to chemotherapy, while other types,
often referred to as large lung cancers, are better treat-
ed with surgery or radiotherapy [1]. Since the 1960s, RT
using photon radiation therapy (XRT) has been one of
the most common methods for treating lung cancer [2].
Despite years of research, the result is that treating pa-
tients with lung cancer is generally weak due to their
cancer’s tendency to metastasize using XRT. Therefore,
studying the more precise treatment of lung cancer is
essential. An effective way to improve the outcome of
cancer treatment is RT optimization. Historically, the
patient’s therapeutic outcome is improved if newer ra-
diation patterns are invented. For the first time, the radi-
otherapy procedure was performed using radioisotopes
that were placed directly inside the tumor. This method
causes problems in the treatment of lung cancer from
the moment the source is placed in the lung tumor, and
as a result, the lung is damaged. Subsequently, low-en-
ergy X-rays were created that injected KV X-rays into
lung cancer tissue. Unfortunately, these rays penetrate
slightly into the tissues and deliver the highest dose to
the skin, so only a small portion of the dose is deposited
inside the tumor. Then, the cobalt isotope with an atom-
ic number of 60 was used and y- rays with two different
energies of 1.17 and 1.33 million volts were generated
and passed through the skin and resulting in deeper pen-
etration of the dose.

Then linear accelerators were developed that produced
X-rays with MV energy. These X-rays penetrated more,
but still, the maximum dose was deposited between 1.5
and 3.5 cm. Gradually the absorption rate decreased dur-
ing penetration so that the radiation without stopping
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was transmitted directly out of the body. The distribu-
tion of photon beams in the human body is due to their
unique characteristics. Photons are massless and have
no electric charge. At first, accelerated protons enter the
human body with high momentum, which can pene-
trate to a certain depth depending on the initial kinetic
energy given to them by the accelerator (such as a syn-
chrotron or cyclotron). As the beam of protons travels
to this depth, relatively little energy is transferred to the
tissue, and the speed of the protons gradually decreases,
and then the energy is transferred to the adjacent tissues.
The deposited energy per unit length of the path is in-
versely proportional to the proton’s square velocity. In a
short period time, before all the proton energy is wasted,
the rate of energy loss is maximized. When the kinetic
energy of a proton is completely deposited in the tissue,
the proton inside the body can be stopped. Energetic pro-
tons collide with the electrons of atoms in neighboring
tissues, causing them to ionize and eventually damaging
the radiation. The area in the body where the most ener-
gy is wasted and the final cessation of protons occurs is
narrow and depends on the initial energy of the proton
beam. The peak that represents the maximum dose due
to charged particles is called the “Bragg peak”. Beyond
this point, as the protons stop, no radiation energy af-
fects the surrounding tissues. Here we are only talking
about mono-energetic proton beams. But the peak of the
monoenergetic proton beam is very narrow therefore to
produce a useful clinical proton beam for the complete
coverage of the tumor it is required that the high-dose
area is spread which is known as the “spread—out Bragg
peak”. Clinical data are necessary to prove the success of
the patient’s delivered dose to improve the patient. The
newer proton therapy uses pencil beam scanning instead
of passive scattering and uniform scanning pencil beams
are very narrow proton beams that are driven by mag-
netic fields and move forward and backward in a chess
pattern inside the tumor volume.

Currently, the introduction of nanoparticles (NPs) as
an effective key to improving tumor targeting through
the effects of radiation is under investigation. When the
tumor containing the NPs is exposed under the beam of
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the proton beam, the antibodies or peptides forming the
tumor cells are affected. Therefore, a combination of ra-
diotherapy with nano-medicine opens up a new range
of therapies. Hainfeld et al, 2008 showed that a core of
GNPs with a 1.9 nm diameter, increases mice’s lifetime
exposure to X-rays of 160 KV [3]. GNPs are already well-
known. Other advanced heavy NPs have been made,
such as hafnium [4] and gadolinium [5], which have re-
cently been sent to clinics. The role of high- Z NPs has
been investigated by Kim et al. To improve proton irradi-
ation performance [6].

They injected small NPs (diameter of 2-15 nm) from Au
or Fe into mice tumors that were simultaneously exposed
to fast protons with energies of 45 MeV and observed the
enhancement of absorbed dose and, consequently, the
killing of cancer cells. The efficiency of GNPs has been
confirmed by Polf et al in increasing the effects of pro-
ton radiation in the laboratory [7]. The group observed
a significant increase in the mortality of prostate tumor
cells with 160MeV protons when loaded with GNPs. At
present, molecular-scale experiments with Pt and Gd
NPs have been activated by 150 MeV protons [8]. These
NPs are compatible with the body and can be used for
treatment [9-11].

We will optimize the conditions relative to the state
where nanoparticles are not used. For this purpose, sec-
tion 2 introduces the characteristics of the suggested
phantom used in this study. In section 3, absorbed dose
as an important parameter in this work is represent-
ed. In section 4, Bethe-Bloch theory is introduced in a
completely relativistic state. In section 5, nuclear and
electronic stopping power which is a key issue in pro-
ton therapy is described. In section 6, HFR atomic wave
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functions are presented. In section 7 Bragg-Kleemaans
law is given. In section 8, Physical parameters in proton
therapy are described. In section 9, the Bortfeld model
is presented and finally, the conclusions are identified.

2-Proposed lung phantom:

The phantom of the lung tissue is designed to accurate-
ly represent the shape and size of the human lung. The
dimensions of the lung phantom are: height = 23cm,
width = 28 cm, and depth = 13.7cm (see Figure 1). The
Geant4 toolkit, version 9.2.02, was chosen as the simu-
lation engine. The water phantom with homogeneous
geometry and dimensions 30 X 30 X 40 cm3 was used
to simulate Geant4. Dimension x (the beam penetration
axis) is determined as the maximum range for proton
therapy. The matrix with a size of 1 X 1 X 1 mm3 is set to
achieve the results of the data. The entire space, except
for the phantom, is filled with air. At a depth of 10 cm
inside the suggested phantom, a cubic tumor is placed
in a size of 2 cm. Adipose and skin tissue are defined in
thicknesses of 0.3 cm and 0.2 cm, respectively.

The phantom material in this geometry is taken from
the NIST. This data provides a detailed combination of
materials based on the ICRU. Physical models include
electromagnetic and nuclear processes. Electromagnet-
ics physics mainly provides the ionization and multiple
scattering of each particle based on Lewis’s theory for
the proton. This theory calculates the spatial distribution
as the angular distribution after a stage [12]. Low energy
processes up to 250 eV related to photons and electrons

such as hadrons and ions can be performed through var-
ious models. From electromagnetic physics model based
on ICRU49 is used for simulation [13].

Figure.1. The dimensions of the anatomical lung phantoms a) the right lung b) the left lung. (Hight:H=23cm, Width:W=28cm and Depth:D=13.7 cm)
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Figure.2. A plan for the selected phantom used in this study.

Nuclear interaction physics is used to study the elastic
and inelastic collision between protons and materials.
Elastic scattering supports the low energy transfer of
proton beams, while inelastic scattering contributes to
the nucleon-nucleon interaction in the direction of the
proton beam. The G4Pre compound model is used for
simulation in nuclear physics. This model is suitable
for explaining the interaction in the proton beam ener-
gy range and is a good estimation for the production of
secondary and neutron particles because it allows the
expansion of the low energy range of the hadron kinetic
model to the inelastic collision of the nucleus-nucleon.
For this simulation, the proton beam is used in the ener-
gy range 3<E (MeV) < 250 MeV, with Gaussian distribu-
tion o(E) in the water phantom. The source of the proton
is a pencil beam scanning type that is located 10 cm far
from the top level of the phantom. The proton source
is in the direction of the beam axis (x-axis) and 5 X 106
particles have been simulated in our calculations. All
particles are examined as if their range exceeds the spec-
ified threshold of 0.01 mm to be detected. The location
of Bragg’s peak is the highest point on the dose curve.
Range (in g/cm2) is known as the distance between the
beam input surface and 80% of the dose endpoint, which
is in grams per square centimeter.

3-Absorbed dose:
TAbsorbed dose is defined as the deposited energy per
unit mass of the matter and is given by:

D[GY]=(E,,, [eV]x1.60217646x10" [VeV])/(p[kgem®
/Vem*]) (1)

where E_dep is deposited energy, p and V are mass den-

sity and volume of absorbing matter, respectively. D is a
physical quantity and does not reflect the biological ef-
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fects of radiation. However, the determination of D is the
first point in examining the environmental effects of ra-
diation, both for random effects and for definite effects.
Monte Carlo (MC) simulation is recognized as a method
required for research on nuclear medicine, radiology
and RT. E dep and D have attracted special interest in RT
programs [14] and imaging programs involving ionizing
radiation [15]. In RT, good treatment planning requires
accurate determination of the absorbed dose distribu-
tion in the target organ and tissue. Many MC simulators
for imaging [16-18] or dosimetry [19-24], have been de-
veloped. Currently, GATE [25,26] is the only MC simu-
lator software suitable for imaging, RT and dosimetry in
an environment. GATE originates from GEANT4 soft-
ware that simulates particles and materials. GATE offers
high-level features to simplify the GEANT4-based simu-
lation design. GATE can be improved by OpenGate, and
users can access source code [27-28], and introduce new
features. GATE can essentially be effective for a variety
of simulations, including simulations that study the ab-
sorbed dose. Although GATE is well accepted and useful
for a variety of PET and SPECT studies, there are cur-
rently few users who use this code in dosimetry. GATE
uses a mechanism which is known as the Actor Dose,
which records the absorbed dose in a specific volume in
a three-dimensional matrix. From the point of view of
macro-scale GATE, Actor Dose should be linked to the
volume being studied. The user can specify the matrix
size in such a way that the location of the matrix defined
in the volume control system is consistent. Note that if
the user defines the size of the matrix more than the de-
sired volume, the deposited absorbed dose will be out-
side this volume and therefore will not be stored within
the network. The Actor evaluates E_dep in MeV and D,
in Gy.

Dk:ZiI"dkd)’Sk:100><Sk/Dk 2)
Eq. (2) defines the statistical uncertainty €_k in kth pix-
el, for N value, which represents the initial number of

events. d_k, is the deposited energy in kth pixel. D can
be calculated as the dose in water, which is commonly
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used in RT [ 29-31]. This conversion is done by taking
into account the relative stopping power (SP) and trans-
mitted energy through nuclear interactions in a given
environment.

Along the particle tracking path, the deposited energy
inside the matrix is added for each step that occurs in
the corresponding volume. Two endpoints of a stage, are
before and after points. For a particle being tracked, a
location is considered randomly, and the corresponding
values are stored in the matrix of that location. The user
must be sure that the step length is not too large due
to the matrix selection. The output can be stored in an
MHD image format [32]. Users can manually assign a
substance to any Hounsfield units range. Two mixtures
with the same composition of elements, but with differ-
ent densities are examined as two separate materials.
Each needs to determine the cross-sectional area and SP,
which can be problematic if too much material is used
[33]. The number of required materials can be adjusted
by the tolerance parameter in GATE [34]. Table 1 lists
the different compositions of the elements and the mass
densities of some tissues in the human body.

4-Bethe- Bloch Model:

We do not discuss the Bethe-Bloch model in detail, but
just examine the aspects of this model for proton thera-
py- The average dissipated energy rate per unit length of
a relatively relativistic charged particle is represented in
detail by the Bethe-Bloch equation [35]:

Reza Khoramdel et al...

dE/dx=(nz’ e*)/(4me’ m_v*)[{In((2m_ v*)/D+AL_  } L
A In(A-v7C? )-ve? -6/24+2Iny-1-1/y* Jp - (3)

Bar-

The symbols used in this equation are shown in Table 2,
respectively. In a low-energy region (less than 10 MeV),
when the particle velocity is equal to one of the target
electrons (~0.0073c), ion neutralization due to electron
capture plays a crucial role in the stop process, and z
must be converted to Z ., which a semi-experimental
relation: Z =z(1-exp(125z3-2/3)) in which has been
extracted from Barks experimental data. In Figs.3a , 3b,
3c, 3d, 3e, 3f, 3g, and 3h, using Maple programming, we
plotted the three-dimensional variations of different pa-
rameters such as 8 = v / ¢, Barkas correction, shell cor-
rection, Lindhard-Sorensen correction [36], density ef-
fect, effective atomic number, the total SP and absorbed
dose in terms of proton energy beam in the range of
1<E(MeV)<250 and penetration depth in the lung tu-
mor in the range of 1<x(cm)<30 without the injection of
GNPs. As shown in the diagrams, each parameter plays
a specific role in the determination of SP and absorbed
dose, and they are a function of proton penetration depth
in the tissue and the proton energy.

5-Nuclear and electronic stopping power:

An energetic ion that penetrates the material loses its en-
ergy mainly through two processes that are independent
of each other. These two processes are the loss of nuclear

Table 1. Different compositions of elements and mass densities of some tissues in the human body.

Skin 1.09 10.0 20.4 4.2 64.5 0.2 0.1 0.2 0.3 0.1
Soft Tissue 1.03 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2

Lung 0.29 10.30 10.50 3.10 74.90 0.20 0.20 0.30 0.30 0.20

Tumor 1.040 9.40 21.20 5.60 61.50 0.25 0.51 0.64 0.39 0.51 -

10mgAu/ml 1.05 10.6 14.4 2.2 70.5 0.2 0.4 0.2 0.3 0.3 1.0
25mgAu/ml 1.07 10.4 14.2 2.1 69.5 0.2 0.4 0.2 0.3 0.3 23
50mgAu/ml 1.09 10.2 13.8 2.1 67.9 0.2 0.4 0.2 0.3 0.3 4.6
75mgAu/ml 112 10.0 13.5 2.1 66.4 0.2 0.4 0.2 0.3 0.3 6.7
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Table 2. List of parameters in the Bethe-Bloch equation

n number density g, Permittivity constant
e electron charge P Material density
correction of density effect due to dissipat-
m, Electron mass -5/2=-In(By)+In(1/(he, ))+1/2 L
ed ionization energy
The average ionization energy of the
1 B=v/c The velocity of proton/ velocity of light
target material
Z The atomic number of the absorber y=1/VQA-p?) Lorantz factor
Barkas correction, which indicates polariza-
L, ..=1+2z/VZ[F(V)]
tion effect inside the target environment, re-
b reduced Planck constant where
sulting from a low-energy collision between
F(V)=0.0019exp(-2In(V/10)) L
the projectile and electrons.
AL, =-C/Z
Where
— 7 R-2 42, 04'04 -8 R4
C=(422377X107 7 y7+3.04043x10° Shell corrections occur when projectile the
-3.8106x107° B y° ) I*+(3.858019x10° B2
@, plasma frequency of the medium r x Fere) P x10°f velocity is comparable to the electron veloci-
721667989107 B y+1 .
ty in target atoms.
.5795510"2 B y)I¥)
(which is considered valid for
ByBy>0.13).
. Lindhard-Sorensen correction recovers the
A=Y [ ki (k-1)/(2kD) sin® (8,8, L.
Bloch correction in the low-energy range,
V=pyA/z) reduced momentum )+k/? (k+1)/(2k+1) sin? (8(,,-5 ) )+K/
whereas also incorporating Mott scattering
(4k*1) 1/(y* K24+9?)-1/K]+£%/2
in a relativistically correct manner
n=az/ dimensionless parameter a=e?/(4nz, he) fine structure constant
angular momentum quantum number
S, relativistic Coulomb phase shift k L. X .
parameterization covering spin
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Figure.3.3D variations of 3 = v/ ¢, Barkas correction, shell correction, Lindhard-Sorensen correction, density effect, effective atomic number, total stop-
ping power and, absorbed dose, versus proton beam energy for 1<E (MeV) < 250 and penetration depth in the lung tissue in the range 1 < x (cm) < 30
without the injection of GNPs (using equ. 3)
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energy and the loss of electron energy. Thus, the stop-
ping power can be divided into two parts: i) nuclear and
ii) electronic stopping power. Nuclear stopping power is
calculated by integrating all of the impact parameters:

dE/dxnuc:anobm”T(E,oc)bdb 4)
where
T=E, (4M, M)/(M +M,)* cos’ (o)  (5)

According to Fig.4, the ion with a mass of M and initial
energy E is deflected by the target atom with a mass of
M,. The location of M, relative to M, is called the impact
parameter, which we represent by b. During the colli-
sion, M, and M, deflect with the angles o and f3, respec-
tively, relative to the original M, pathway. During the
collision, the kinetic energy, T, transfers from M, to M..
According to the momentum and energy conversation,
this transmitted kinetic energy can be calculated. This
kinetic energy T is a function of the angle a, projectile
energy, E, projectile mass, M, and the mass of target
atom M, in the laboratory system.

The electronic SP in this region is represented by the
Bethe-Bloch formula:

dE/dx  =(4nZ*Z, e*)/(myv>)
[In((2m v *)/D+In(1/(1-6*))-p*-C/Z,]  (6)

In Fig.5, we plotted the variations of total mass SP (S=dE/
dx=dE/dx +dE/dx,) versus proton energy which is cal-
culated by GEANT4/GATE7 simulation with and without
NPs injection and compared with Hartree-Fock-Roothaan

model without GNPs injection, which is considered below.

Ep M, (final)

Ey M (initial) ‘

M (initial)

. E>M:(final)

Figure.4. A plan indicating an ion with mass M, and initial energy E that
collides with an atom with a mass of M, and causes it to move with energy
E, and to reduce its E, energy
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6-HFR model:

SThe basis of the Hartree-Fock method is the particle
time-independent model. The purpose of this model to
solving Schrodinger equ. for the motion of electrons at
the nuclear potential and the potential arising from all
other available electrons. This repetition continues un-
til the density of the resulting electron charge converges
with the electron charge density at the start point for one
repetition. HFR atomic wave functions are solutions of
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Figure.5.view of a) electronic b) nuclear c) total mass SP of proton var-
iations versus proton energy for without and with the injection of GNPs
at different selected concentrations in purposed lung phantom and also
a comparison with HFR [37] model without injection of GNPs using the
GEANT4/GATE7.
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Figure.6.Comparison of the calculated absorbed dose in the lung phan-
tom with or without the injection of GNPs versus depth of penetration for
various proton energy (GNPs are considered as a sphere with a diameter
of 50 nm and for this calculation, we use GEANT4/GATE?7 simulation).
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Hartree-Fook’s equ. and are shown by Slater-type orbital:
w=yNd A @ (7)

In this equation d_i is the expansion factor of the orbit-
al.A_i (1), is Slater-type orbital and is characterized by
the following equation:

A, (=N 11 en  (8)

Here, N, n, , and o, are constants of normalization, prin-
cipal quantum number , and orbital exponent value, re-
spectively.

From the observation and comparison of the graphs
shown in Fig.5, we found that the minimum SP for all
three cases a), b), and c) is related to cases without the
injection of GNPs. By increasing the concentration of
GNPs, the amount of all types of mass SP gradually and
slightly increases. Also, for all modes of without and
with the injection of GNPs, with increasing proton en-
ergy, all of the SPs are reduced and the minimum SP is
related to the nuclear interactions. Electronic mass SP
is much higher and has a major share in the total mass
SP. Also, the total mass SP without the injection of GNPs
using the HFR model is consistent with the GEANT4
simulation model. In Fig.6, the absorbed dose in the pro-
posed lung phantom was compared for two cases: i) with
and ii) without the injection of GNPs as a function of
penetration depth in the tissue for various proton ener-
gy (we note that the selected GNPs are spheres with a
diameter of 50 nm). From Figs. 5 and 6, it is seen that
with increasing proton energy, mass SP and absorbed
dose decrease, but with increasing GNPs concentration,
their amount increases. This is due to the production of
secondary electrons. It can be seen that from Figs 6a, 6b,
6¢ and 6d, with increasing energy and distance, from the
starting point of the lung phantom, the dose absorbed at
the Bragg peaks decreases and the position of the Bragg
peak changes with increasing energy. The minimum ab-
sorbed dose is related to the case without GNP injection.
Our simulations show that by increasing the GNPS in-
jection rate from 10 to 75 mg/ml, the absorbed doses are
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increased to 1.1, 1.25, 1.45 and 1.75% for 10, 25, 50 and 75
mg/ml, respectively, compared to the case without GNPs
injection. This is because high-Z NPs, such as GNPs, in-
crease the rate of deposited doses inside a tumor or mat-
ter due to the increase of secondary electrons and the
effect of density. With an assumption that the tumor po-
sition is at a depth of 13 cm inside the lung with a width
of 2 cm, the optimum energy of Bragg’s peak is 93 MeV.
Our calculations also show that when protons move with
an energy of 250 MeV, the required phantom radius will
be more than 30 cm, so that protons with 80<E(MeV)<95
can deposit their energy inside the proposed phantom.

7-Bragg-Kleemaan’s law:

The Bragg-Kleemaan law for the proton range,R 0, is
given in terms of the initial energy E and energy curve
dE/dx with the following relation:

R=aE?  (9)
E(x)=a'® (RO-X)”P (10)
dE/dx=p o (Rx)""D (1)

Where a and p, can be determined from the Bethe equa-
tion or from a model that is fitted with the win-energy
data, which their values are: a=0.00262. p=1.736. In
Fig.7, we plotted 3D variations of proton mass SP and ab-
sorbed dose in lung tissue without the injection of GNPs
using the Bragg-Kleemaan’s law versus proton energy in
the energy range 1 <E (MeV) <250 and in the penetration
depth range 1 < x (cm) <30.

From the comparison of the graphs for the SP of the Bethe-
Bloch (Fig.3-g, using Maple programming) with the mod-
el of HFR [37] and our model of the proposed phantom
of the lung in this work (Fig.5-c using GEANT4/GATE7
simulation) without the injection of GNPs we found that
these models confirm each other well.

8-Physical parameters in proton therapy:
8-1-Multiple-Coulomb Scattering

TA proton passing through matter is likely to be deflect-
ed by the nucleus of an atom. This process is known as
Coulomb scattering (CS), or more precisely, multiple
Coulomb scattering (MCS). Protons and nuclei are pos-
itively charged particles, and as a result, are the interac-
tion between them mainly electrostatics. The theory of
MCS presents the function of the angular distribution of
particles and their specific width. Moliere’s theory gives
the root mean square of the MCS angles for each ener-
gy incidence to the homogeneous plates of any element
with very a small thickness. Mean CS angle 6_0 is deter-
mined by the Highland relation:

0,=13.6MeV/pv Z\/(L/LR ) [1+0.088 log, (L/L, ) Jrad
(12)

Here, p and v are the momentum and velocity of the pro-
ton, respectively. z is an atomic number of the projectile.
L and L, are the target thickness and radiation length,
respectively, which have the same unit. This formula is
valid for a thin slab. L, is equal to the distance at which

200
150

E(MeV)

1

a

b

Figure.7.3D view of a) total mass SP and b) absorbed dose in lung tissue without injection of GNPs using Bragg-Kleemaan’s law as a function of proton
energy in the range 1 <E (MeV) <250 and penetration depth in the lung tissue in the penetration range 1 < x (cm) <30
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Figure.8. Variations of the mean CS angle versus proton energy in the
range of 1 < E (MeV) < 250 with and without the injection of different
concentrations of GNPs in the proposed lung phantom.

the energy of the radiation particles decreases by a fac-
tor of e! (= 0.37) due to radiation losses. In Fig.8 , we
plotted the mean CS angle versus proton energy in the
energy range 1 < E (MeV) < 250 with and without the
injection of different concentrations of GNPs in the lung
phantom.

Seeing Fig.8, we find that, with increasing proton energy,
the mean value of the CS angle (8 ) increases in all con-
ditions, but the lowest 6 in the lung tumor is related to
the case without injection of GNPs, while with increas-
ing the amount of injection of GNPs into the lung tumor
the value of 6, gradually increases.

8-2-Proton Range

Here we use the Continuous Slowing Down Approxima-
tion (CSDA) method to determine the proton range. CSDA
is evaluated by integrating the initial (E ) and final ener-
gy(Ep of the incident particle onto the target on the inverse
of the total SP, which is written by the following [37]:

CSDAR=[*_ dE/S_ (13)

tot
In Fig. 9, we plotted the proton range variations in terms
of proton energy in the energy range of 3 < E (MeV) <250
without and with the injection of GNPs in the lung tis-
sue, and these diagrams were compared with the results
HFR [37] model. As shown in Fig.9, the lowest CSDA
range is related to the case without injection GNPs, and
with increasing the amount of the concentration of in-
jection GNPs, the CSDA has slightly increased such that

www.bccrjournal.com

Figure.9. Variations of CSDA proton in lung tissue with and without
injection of GNPs using GEANT4/GATE7 simulation versus proton
beam energy in the energy range 1<E (MeV) <250 and compare it with
HFR model [37].

at 75 mg/ml of GNPs in the lung tissue the CSDA is max-
imized and in good compatibility with HFR model.
8-3-Range Straggling

The energy dissipation of an ion in matter is a statisti-
cal process and is not a completely definite process, and
the Beth equation provides only dissipative energy. This
change was first proposed by Bohr, who explained the
concept of energy straggling (ES) [39]:

do? (x)/dx~1/(4ne? ) ep,  (14)

Where p, the density of electron is, o, is ES and ¢ is the
vacuum permittivity coefficient. Equation (14) is true
for energy dissipation that is high enough to maintain a
Gaussian approximation. However, if the ionic energy re-
mains constant, it is low enough. In 2004 Schulte and his
colleagues gave the following differential equation [39]:
do? (x)/dx=K(x)-2 (dS(EX)))/dx o > (x)  (15)

Where K (x) is as follows:

K(x)=z%p, K(1-1/2f%)/(1-f*) ~ (16)

The range straggling (RS) is defined in terms of energy is
given by solving the following equation:

do?/dx=1/S(E) do*(x)/dx  (17)

[11
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Figure.10. Variations of proton RS in lung tissue for two states i) with

and ii) without injection of GNPs using GEANT4 /GATE7 simulation
versus proton beam energy in the energy range 1 <E (MeV) <250.

Where S (E) is total mass SP and o, is RS. We calcu-
late the RS as a function of proton energy in the lung
tissue for two state: i) without and ii) with the injection
of GNPs, and plot it in Fig.10. Seeing Fig. 10, the RS in-
creases with increasing proton energy for both modes
of with and without the injection of gold nanoparticles,
but the highest RS is for the case of without injection
of GNPs and the lowest amount is related to injection
of GNPs at a concentration of 75mg/ml. In fact, if the
amount of injection of GNPs is more and more, the value
of RS decreases.

9-Bortfeld model:

TBortfeld’s model is based on the CSDA with additional
features that are not considered in the Bethe Bloch mod-
el. In many cases, it is better to provide the Bragg curve
instead of using numerical or measured data. 1997,
Brownfield paper presents a rough analysis of the Bragg
curve. The accuracy of this model is in the proton ener-
gy range of 10 to 250 MeV. Four basic principles of this
model are: i) a power-law equation that represents the
energy-range dependence, ii) a linear model for reducing
flounce arising from nuclear interactions, iii) assuming a
fraction of localized released energy, iv) a Gaussian ap-
proximation of the distribution of the RS and presenta-
tion energy spectrum for multi-energy beams in the form
of Gaussian distribution with a linear tail [40]. From this
theoretical model two types of deep doses are achievable:
a) deep dose formula without examining the effects of
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proton straggling range is [40]:
D(2)=(¢,(R;-2)**V+B(1+py)(R0-2)"?)/p(1+BR,  par'’?
(18)

Note that the above equation is valid for z<R. For z>R,
D(z)=0. The above equation can be rewritten as follows:

D(z)=D, (2)+D, (z)=a, (R -z)"*"+a, (R -2)'"*  (19)

The first term D (z) is the contribution of dose due to
proton without nuclear interactions. The second term,
D,(z), represents the dose transmitted by a relatively
small fraction of protons having nuclear interactions.
b) Deep dose with the SR of the proton’s effects is [40]:

D(z)=¢, e®* c"* T(1/p)/ (\V2n p(1+BR, )pa'’? [1/0 D(p)-
1 CO+BA/p+Y)D(P), ,, (O] (20)

Some of the “special functions” and the parameters that
appear in equations (18) to (20) are defined as follows:

Geiger’s law is: R =aE P, the range R is determined by
the exponent dependence on energy E, where p and o
are constant. In ICRU 49, p = 1.77, but the Bragg-Klee-
man law describes the constant a. According to Geiger’s
law, the proton traverses the maximum range of R in in-
itial energy E . Therefore, in the energy E(x) along x (di-
rection of motion), the proton travels the distance R -x,
which is the same as the solutions of Weber’s differential
equation. I'(z) is the gamma function which is defined
by Euler’s formula. The functional relationship between
o and R can be given with the following approximation:

o2~(a'p’a®’?/(3p-2)) R B2P (21)

Where o’ is a factor which depends on the stopping
matter through a. R and o are in cm. In the Borteff
model, y is the energy fraction that is locally absorbed.
In this model, y=0.6 and ~0.012cm™. ¢, is the particle
flounce which is the number of particles per cm? Sup-
pose{=(R0-x)/c.In Fig. 12, 3D variations of absorbed
dose with the effects of the proton straggling versus pen-
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Figure.11. 3D variations of deep dose without considering the effects
of proton SR versus penetration depth and proton beam energy
etration depth and proton beam energy in the lung tissue
without the injection of GNPs have been brought.
Comparison of Figs.11 and 12 it is seen that in the case
without injection of GNPs, the absorbed dose value taking
into account the effects of the RS, is less than the amount
of absorbed dose regardless of the absorption effects

10-Conclusion:

In summary, in this paper, the absorbed dose is estimated
for the proposed lung phantom in the five cases: i) us-
ing theoretical quantum relativistic Bethe-Bloch model
without GNPs using Maple programming (Fig.3), ii) us-
ing GEANT4/GATE?7 simulation through the proposed
phantom(Fig.6), iii) using Bragg-Kleemaan law using
Maple programming (Fig.7b), iv/v) using the Bertfeld
model, without/with considering effects of proton RS
using Maple programming (Fig.11/Fig.12). Comparing
the results of the above cases, we find that Bragg’s peak
is only seen in the Bethe-Bloch model and GEANT4/
GATE7 simulation model of the proposed phantom, and
the values of absorbed dose from each purposed model
are different, but this difference is not so much, and the
proposed GEANT4/GATE7 simulation model is more
accurate than the other models, also the results of this
proposed model confirm that injection of GNPs into the
lung tumor increases the absorbed dose and the enhance-
ment of concentration of the GNPs increases the ab-
sorbed dose values. Finally, it should be noted that since
in proton RT, proton beams are sensitive to various types
of uncertainty, such as respiratory movement, change in

www.bccrjournal.com

Figure.12. 3D variations of absorbed dose considering effects of pro-
ton straggling range versus the penetration depth and energy of the
proton beam without injection of gold nanoparticles

patient location, and tumor contraction, more research is
needed to optimize proton radiotherapy for lung cancer.
This requires a greater understanding of physics to create
designs that are faced with uncertainties.
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