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Aim: A new model of liver phantom is defined, then this model is simulated by MCNPX code
for dosimetry in neutron radiation therapy. Additionally, an analytical method is applied
based on neutrons collisions and mathematical equations to estimate absorbed doses.
Finally, the results obtained from two methods are compared to each other to justify the
approach.

Background: The course of treatment by neutron radiation can be implemented to treat
cancerous tissues, although this method has not yet been widespread.

The MIRD and the Stylized Family Phantom were the first anthropomorphic phantoms,
although the representation of internal organs was quite crude in them. At present, a water
phantom is usually used for clinical dosimetry.

Materials and methods: Each of the materials in an adult liver tissue including water and some
organic compounds is decomposed into its constituent elements based on mass percentage
and density of every element. Then, the accurate mass of every decomposed material of
human liver tissue is correlated to masses of the phantom components.
Results: The absorbed doses are computed by MCNPX simulation and analytical method in
all components and different layers of this phantom.
Conclusions: Within neutron energy range of 0.001 eV-15 MeV, the calculated doses by MCNPX
code are approximately similar to results obtained by analytical method, and the derived
graphs of both methods approve one another. It is also concluded that through increasing
the incident neutron energy, water receives the largest amounts of absorbed doses, and
carbon, nitrogen and sulfur receive correspondingly less amounts, respectively.
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Nomenclature
Eq1 the energy of emitted neutron before collision
Eo the energy of emitted neutron after collision
Er absorbed dose (transferred energy)
gemsﬁc) macroscopic elastic scattering cross section for
hydrogen
Sc(elasn.c) macroscopic elastic scattering cross section for
carbon

c . . . i
Zsl (inclastic) macroscopic nonglas.tlc scattering cross sec
tion for the first excitation level of carbon

SC2 (inelastic) macroscopic nonelastic scattering cross sec-

tion for the second excitation level of carbon

X macroscopic scattering cross section

zH macroscopic absorption cross section for
hydrogen

¢ macroscopic absorption cross section for car-
bon

P macroscopic total cross section

2 space angle

0 collision angle of incident neutron

T temperature

k the Boltzmann constant

Ey upper limit of integration for neutron energy

EL lower limit of integration for neutron energy

1. Background

Applying the neutrons is a new method in radiotherapy course
for the treatment of cancerous tumors. First, the concept of
neutron radiation therapy was shortly proposed after the dis-
covery of the neutron by Chadwick in 1932.1

The neutron radiation therapy may be implemented in a
patient through two types of neutrons. One type of neutron
radiation therapy is Boron Neutron Capture Therapy (BNCT)
that applies epithermal neutrons. It is considered that the
available neutron beams in the epithermal-based reactors can
mostly be an eligible source to produce epithermal neutrons
to be applied in the BNCT. In the BNCT, the thermal reac-
tors which provide low energy neutrons, might be used as a
neutron source.’

Another type is Neutron Capture Therapy (NCT) that is
relative to fast neutrons. In that case, it is suggested that
the mono-energy neutrons be used. One choice is D-T source
which produces 14 MeV neutrons. As Am-Be source produces
a wide spectrum of neutron energies, it is not appropriate for
this purpose.®*

During radiotherapy by any radiation, it is always indis-
pensable to stop the absorption of the excess dose by a normal
tissue. On the other hand, measurement and assessment of
absorbed dose is an important matter.> Thus, before practical
treatment, a new phantom modeling might be very helpful for
the sake of dose calculation. An appropriate software tool for
this aim is the MCNPX code.®

One of the liver models which has already been applied in
dosimetryis a small-scale dosimetry model for various source-
target combinations within the micro-architecture of human

liver and using Monte Carlo simulations. In this model, the
ratio of local absorbed dose has been calculated to the whole-
organ average absorbed dose.’

Another model is the simulation of a homeostatic liver
lobule in which cell death, cell division, and changes in vascul-
ature are all present. This model consists of a single classical
hepatic lobule. The morphology and function of this lobule
represents all lobules within the liver. In this model, a synthe-
sized lobule is used for flow in histomorphometry data.?

At present, one of the most common phantom models is
the “Water Phantom” that is used for clinical dosimetry. This
phantom contains a water chamber such that a counter is
placed at various points of it. In this phantom, the amount
of transferred dose from existing water in tissue to tissue is
calculated according to the following equation:

Dtissue = Dwater (%) (1)

In the “Dose Volume Histogram” (DVH) calculations, the
phantom named “Test Phantom” is used in such a way that
they have specified dimensions. These phantoms are mainly
comprised of cubes and isocenter circles that are applied for
testing the dose calculation accuracy.’

A crude model of phantom is MIRD phantom that has been
developed in 1960 with 22 internal organs and more than 100
sub-regions. It is the first anthropomorphic phantom repre-
senting a hermaphrodite adult for internal dosimetry. The
major type of phantom named “Stylized Family Phantom”
series were also developed, although the representation of
internal organs was quite crude in these phantoms, as it had
many inherent limitations in definition of geometry and mate-
rial of each organ.™®

The liver is the second largest single organ in the body
(after the skin), weighing on average 2kg in an average adult.
In actual state, the average width of the liver tissue across
for an adult human is approximately 21-22.5cm, the verti-
cal height of this organ at the greatest height is estimated
to be 15-17.5cm, and the depth is 10-12.5cm from the front
to back.!! The liver tissue is located in the right upper quad-
rant of the abdominal cavity, resting just below the diaphragm.
The liver lies to the right of the stomach, and its left lobe is
accessible for radiation, although, the liver is wider.?

2. Aim

There are three prime objectives of this investigation:

a) The first objective is to define a new model of a liver phan-
tom and simulation of it by the MCNPX code. This phantom
has identical compositions compared with existing com-
positions in a human liver tissue; so, in this study, each
of the materials in an adult liver tissue (including water,
protein, glucose and glycogen) is decomposed to its con-
stituent elements. This decomposition is carried out based
on the mass percentage and density of every element, then
the accurate mass of every analyzed element (such as H, O,
C, N and S), which exists in constituent materials of the
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liver tissue, is associated with the mass of components of
the mentioned phantom."

b) The second objective is to introduce an analytical method
to calculate absorbed doses using mathematical equa-
tions and computer programming, and then comparison
between the results obtained from the analytical method
and MCNPX code to survey validation of this method.'*

c) The third objective is to study the interaction of neutrons
in a real liver tissue and also the consideration of incident
neutron energy emitted from clinical neutron source for a
wide range of neutrons in neutron capture therapy.

3. Materials and methods

In this research, a spherical model of liver phantom is defined,
then it is simulated by the MCNPX code. This phantom might
also have variable radii. It means that it might be bigger or
smaller than applied dimensions in this investigation, and
might really be equivalent to dimensions of livers belonging
to either minor or major. In this study, this phantom has been
taken from an average weight of a real liver tissue, i.e. 2kg. But
if the weight of the liver tissue is bigger or smaller than this
mean value, the thickness and radius of each sphere will be
changed correspondingly.

Despite the fact that the spherical shape of a phantom is
different from a real liver tissue geometry, in this research the
spherical liver model has been applied. The reasons being:

Firstly, in this research, the main aim is to invent a simple
way to study the neutron behavior and neutron interaction
in a virtual liver tissue for dosimetry using both the MCNPX
code and the analytical method.

Secondly, determining the precise volume of a real liver tis-
sue with the aim of calculating phantom dimensions is very
difficult as the shape of the liver tissue is not uniform. In so
doing, a symmetric spherical-shape phantom is considered.
Thirdly, the different shapes of a phantom, like a cubic shape,
have already been applied by scientists as body limb in some
studies.

However, generally, in such kind of research phantom, the
main objective is to simulate the nuclear interactions in the
material.'>16

The laboratory experiments have already rendered the pre-
cise molecular composition of the liver tissue according to
Table 1.V

The constituent compounds of human liver tissue, which
have been detailed in Table 1, compose the liver tissue and are

Table 1 - The components and structural materials of a
real liver tissue.

Mass percentage Material
69.69% Water

0.35% Glycogen (C24H42 021)
29.90% Protein and glucose

(C44189H71252N12428 014007 S321 and
CeH1206)

distributed across it. These compounds have been extracted
from chemical decomposition of a real liver tissue.

Due to the shape of liver tissue not being uniform and diffi-
cultyin defining geometry in it, defining a symmetric phantom
is very important. Therefore, since the main aim is to turn
the real liver tissue into a mathematical model for the sake of
dosimetry in neutron therapy, a spherical model of phantom
is considered because of its symmetry in such a way that it
consists of materials analogous to the existing compounds in
a real liver, and each layer meets the related dimension, and
is filled up with the related material.'®

The advantage of the proposed spherical model is that it
is a simple flexible model created from a liver tissue for the
purpose of dose calculation consisting of all constituent mate-
rials in a real liver tissue, and the neutron beam path has been
accurately considered in it.

This phantom has two main parts. The first part is the
spherical layers, and the second part is the cylindrical neutron
beam path.

After analyzing the structural components of liver tissue
(weighing 2kg) based on their mass percentage and densi-
ties into their constituent elements consisting of H, O, C, S
and N, the amounts of H and O are incorporated into the
water and the amounts of other elements including C, Sand N
are accordingly calculated as accurately as possible. Thus, the
masses of every analyzed element and also the thicknesses
and radii of hypothetical spheres are obtained as shown in
Table 2.

This phantom is comprised of a water sphere in such a way
that its radius is considered to be 2.737 cm. This water sphere
is surrounded with a layer of carbon according to Table 2, the
hypothetical outside radius and thickness of the mentioned
layer are 3.437 cm and 7 mm, respectively. There is an outside
thin layer of sulfur with the thickness of 197.2 um that cov-
ers around the carbon layer. This set is entirely encased in a
spherical shell of carbon as a reflector with the inside radius
and thickness of 27.00cm and 3 mm, respectively. This layer
acts as areflector to decrease the escaping of the fast neutrons.
The blank space between the sulfur layer and the carbon shell

Table 2 - Mass, outside radius and thickness belonging to every analyzed element.

Elements Mass (g) Outside radius of related sphere (cm) Thickness (cm)
3.437 (inner carbon shell) 0.7

(@ 316.93
27.34 (outer carbon shell) 0.33

S 6.08 3.456 0.019

N 102.94 27.004 23.547

H 198.9 Incorporated into the water sphere with

(0] 1373.93 radius: 2.737 cm
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Table 3 - The compositions of adipose tissue of males.

Percentage of standard weight Number Water (g/100 g) Fat (g/100 g) Protein (g/100 g)
70-79 4 14.4 83.5 3.2
80-89 13 17.9 78.2 3.3
90-99 15 13.5 82.8 2.6
100-109 9 10.2 87.2 2.1
110-119 12 10.3 87.2 2.7
120-160 8 9.6 88.2 2

is filled up with nitrogen gas. This blank space has inside and
outside radii of 3.456 cm and 27.004 cm, respectively.

To better design this phantom, a hypothetical narrow neu-
tron beam path is also accurately considered as a cylindrical
path within the skin and adipose tissues which is in front of
theliver tissue with the neutron passing through it to reach the
liver tissue. Of course, as the point neutron source is located
on the nearest section of the patient body in neutron capture
therapy, this distance is very short. This distance has a cylin-
drical shape, and plays the role of a collimator. One of the most
important tissues, which lies in front of the liver, is adipose
tissue.

Table 3 shows the existing compositions in adipose tissue
of males.

The adipose tissue is comprised of water, fat and protein.'?
Water and fat make up together typically more than 90% of the
body adipose tissue mass.’’ The adipose tissues have varied
thicknesses (0-10 mm, 11-20 mm, 21-30 mm, 31-40 mm) in dif-
ferent individuals. It depends on age and on whether a person
is fat or slim. In this investigation, the thickness of adipose tis-
sue, which has been considered for the simulation, is 30 mm.?*
One of the components of adipose tissue is fat. The chemi-
cal formula of fat is: CH20RCHOR'CH20R. Fat is not actually
a compound. It is a mixture of many esterified acids named:
fatty acids. In connection with skin tissue, the average skin
thickness is thicker in males than females. A pure average
skin thickness is 1.5mm in males. The skin and the subcu-
taneous tissue consist of some portions such as epidermis,
dermis, hypodermis and fat. Skin is not a single substance, so
it does not have a single formula. It is made mostly of various
proteins, water, fat and salt. Skin is a biological tissue which
consists of carbon, oxygen and nitrogen.??

The average distance between body surface (nearest sec-
tion into the body for setting the neutron source collimator)
and liver tissue is considered to be 3cm for a normal body.
Additionally, the diameter of neutron source head is consid-
ered to be 3cm. Thus, after decomposing both the adipose
and skin compounds into their components, given the masses
and volumes of each of the compounds, the inside and out-
side radii of the neutron path are calculated as accurately as
possible. The mass value of each existing component in this
cylindrical path and the path radii are shown in Table 4.

Table 4 - The mass amount of each component and

neutron path radii.

Compositions Mass Radii (cm)

Water 1.95 Incorporated into a cylindrical

Fat 16.72 path with inside and outside radii:
Protein 0.4 1.5cm and 2.1 cm, respectively

The side view of the liver lying in abdominal tissue besides
the cylindrical neutron path that have been converted into
the liver phantom in section (a) and the schematic view of
the liver phantom in section (b) have been illustrated in Fig. 1,
respectively.

In the present work, neutrons are supposed to be emitted
from an external source, and after passing through the layers
of phantom and lots of collision with other nuclei and conse-
quently slowing down, the deposited energy in the materials
of phantom are computed by both the MCNPX code and the
analytical method.

3.1 Simulation of phantom by MCNPX code

Fig. 2 shows the simulated view of the phantom that has been
simulated by the MCNPX code.

The applied tally in this research is F6. The F6 is applied
for estimation of energy deposition. For a well-behaved tally,
relative error (R) will be proportional to 1/+/N, where N is the
number of histories. The specification of tallies (Fn) is carried
out according to Table 5.

Both compositions and geometrical data belonging to liver
phantom have been inputted into the MCNPX code. In this
simulation, the mentioned neutron path has been accurately
taken into consideration.

3.2 Analytical method

In this stage, to improve the performance, another method is
introduced by analytical method for estimating the absorbed
doses instead of the transport equation that MCNP code uses.

It is necessary that both neutron scattering cross sec-
tion and its angular distribution (due to neutron penetration
in the liver phantom) be obtained. When a neutron moves
through the matter, there are three major types of interactions
with nuclei. These are elastic scattering, nonelastic scattering,
and absorption. Collision of neutron on carbon and hydrogen
nuclei causes an amount of energy to be transferred from neu-
tron to the target nucleus. The recoiled nucleus moves a short
distance through the matter and deposits its energy along the
path. In this case, the main problem is to compute the energy

Table 5 - Tally specification cards.

F1:P FL:EE  Surface current

F2:P  F2:E  Surface flux

F4P  F4E  Track length estimate of cell flux

F5:P Flux at a point (point detector)

F6:P Track length estimate of energy deposition

F8:P F8E  Energy distribution of pulsed created in a detector
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Liver tissue

Neutron path comprising
adipose and skin tissues

Sulfur layer having
thickness: 200pm

Emitted neutron

Neutron Source ———p &

Neutron path having inside
and outside radii: 1.5 cm
and 2.1 cm respectively

(@

The blank space having inside
radius: 3.45cm and outside radius:
27cm filled up with nitrogen gas

Outer carbon shell (reflector)
having inside radius: 27.00cm
and thickness: 3.3mm

Inner carbon shell having
outside radius: 3.43cm
and thickness: 7mm

Water sphere having
radius: 2.73cm

(b)

Fig. 1 - (a) The side view of the neutron path and liver tissue. (b) The schematic view of the liver phantom.

Fig. 2 - The phantom simulated by the MCNPX code.

of recoiled nucleus. In order to apply the analytical method,
the collision history of each neutron might be tracked in which
it either is absorbed or scattered in the volume of material.?®

The nonelastic scattering of neutron in carbon is also
important to be considered. Thus, a significant value of energy
is absorbed in the recoiled nucleus and Eg is less than the
energy of scattered neutrons.?*

Each of the neutron collision events (e1, ey, .. ., en) is associ-
ated with the related probability (P1, Py, ..., Py). All the events,
which are shown through e;, are held up as a neutron reaction
with target nuclei. By selecting a random number (R), every
event is sampled, if:

i1 .
)ZPI' <R< iPi (2)
i=1 i=1

where:

n

Zpi =1 (3)

i=1

In the process of neutron transport in liver phantom, it

is subject to three major types of interactions with carbon,
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hydrogen, nitrogen and sulfur nuclei. The major interactions
are elastic scattering, nonelastic scattering, and absorption.
Each type of interaction correlates with a specific probability
having a relative proportion to the interaction cross section
according to the following equations (Egs. (4)-(10)):

H
Zs(elastic) (4)
2

C
Zs(elastic)
2

The probability of nonelastic scattering in carbon (for the
first excitation level in 4.43 MeV):

C
Zsl (nonelastic)

6
> (6)

The probability of nonelastic scattering in carbon (for the
second excitation level in 7.65 MeV):

Py =

Py = (5)

P3 =

C
Py — [Zsz (nonelastic)i| (7)

ZS

The probability of scattering in nitrogen:

N
Zs(elastic)

Ps= ——— ®)

ZS

The probability of scattering in sulfur:

S
Zs(elastic)
2

The probability of neutrons absorption in hydrogen, car-
bon, nitrogen and sulfur:

Pg = ©)

[Eemiestens
i %,

If all the directions in angle distribution are the same, the
scattering will be isotropic. The fraction of emitted neutrons
for isotropic state is as follows:

Py

(10)

P(2)de = d2 _ 2md(cos¥)

1
o yo = 5d(cos 0) (11)

The absorbed dose or, on the other hand, the lost energy of
neutron in each scattering is described by Eq. (12) °:

Er = AE = E1 — E3 = (cos 6)P(cos 6)d(cos 6) (12)

where the probability of P(cost)d(cos) is obtained in the 6 to
6+ A6 range by Eq. (13):

P(cos 6)d(cos6) = %[cos 6 — cos(6 + Ab)] (13)

1,1
(_1’1) ' ..... __()_)_ (RI,RZ)
' 50 ~
(-1,0) (1.0)

Fig. 3 - The semicircle encased at a rectangle to generate
random numbers.

and:

+1
cosf = / cos 6P(cos #)d(cos ) (14)
-1

Random sampling technique can help compute cosé for
0<6<2r. These random numbers are generated at a semicir-
cle encased at a rectangle which has four vertexes in (-1, 0),
(=1,1), (1,1) and (1, 0) according to Fig. 3.

In turn, two random numbers named R; and R, are gener-
ated since Eq. (15) is set as follows:

R
cosf= ——t (15)

VR2+R2

On the condition that: =1 <Ry <+1and O0<R, <+1.If: (R% +
R2) > 1, then this pair of random numbers is discarded, and
new random numbers are selected, and this procedure is
repeated over and over again. The scattering between neu-
tron and hydrogen nucleus is isotropic for the energies below
14 MeV. As the atomic weights of carbon, nitrogen and oxygen
are grater than other nuclei, the scattering angle is approx-
imately the same in either laboratory or the center of mass
systems. So, this angle is within the range of [0, 2x].

Since a significant percentage of the liver is made up of
hydrogen, the interaction of neutron with hydrogen must be
studied as accurately as possible. Approximately 85-95% of
neutron energy transferred to the liver tissue is attributed to
its interaction with hydrogen. For high energies, (n, «) reac-
tions play a very significant role among all the reactions, and
make the considerable fraction of absorbed dose in the tis-
sue. In this state, some part of absorbed dose is because of a
particles.

In nonelastic reactions, the angular distribution of both
incident neutron and the recoiled nucleus become more
complicated than lower energies. In high energies, the contri-
bution of recoiled proton (hydrogen nucleus) causes more than
60% of energy deposition, and the rest of deposited energy is
because of a particle in addition to other heavy nuclei.?® There-
fore, computation of transferred energy is held up as a very
important matter in nonelastic scattering.

Studying the penetration of neutron in a liver phantom
and its interaction in water is subject to precise knowledge
about interaction cross sections and angular distribution of
the scattered neutron.?® For this purpose, the microscopic
cross sections of absorption and scattering for H, C, N and
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(®)

@

From X-Z view

Fig. 4 - (a) The image of abdominal tissue slice using CT scanning. (b) The image of abdominal tissue converted by a specific
MATLAB software. (c) The image of abdominal tissue converted by the MCNPX code from MATLAB software. (d) The image

of segmented liver tissue shown by the MCNPX code.

S are extracted from programming by the MCNPX code based
on defining the mentioned elements, and then this data is
applied to calculate all the probabilities for a wide range
of neutron energies, although there might be another way
to obtain the mentioned data. This way is that the initial
microscopic cross sections of absorption and scattering are
used from the library of JENDL-3.2 at 300K for the mentioned
elements, and this data is computed by Egs. (16)-(18) for multi-
group neutrons; thereby, the new microscopic cross sections
of absorption and scattering may both be obtained within the
energy interval of each of the neutron groups. The equation
which can be applied for Maxwellian spectrum is according to
Eq. (16)%7:%8;

_LIEELUO'(E,T) E-exp () dE
Jr fEELUE-exp(E )dE

Omacs (T)

For resonance spectrum:

Ey 1
Ores(T) = / o(E.T) - zdE 17)

Ep

Additionally, Eq. (18) is used for fission spectrum as below:

fEEL” o(E,T)- \/ %5 -exp (-9 — £) - sinh VbEAE

ofis =
\/m exp —@— )-sinhde

where a and b are 0.988 and 2.249, respectively.

In turn, using Turbo Pascal or FORTRAN programming and
considering incident neutron energy as E; as input data to the
program in the neutron energy range of 0.001eV-17 MeV, the
absorbed doses in all components of the liver phantom are
computed in Gray.?”’ The computer programming which has

18)

0.001

L1 1t

I

tally/mev/particle

10-4

T

T T TTTTT

T T TTTT

10-5

10 15 20

energy (mev)

Fig. 5 - The total absorbed dose in the liver phantom obtained by MCNPX simulation (plotted by MCNPX code).
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been developed in the present work computes the transferred
energy from incident neutrons into the liver phantom based
upon a proper approximation.*’

3.3.  Experimental verification of the phantom model

To better verify the phantom model experimentally, this mat-

ter is clinically considered and developed in this research.
The absorbed dose in a real liver tissue is calculated, and its

result is compared with the result of a prepared liver model.

o
o

PO S SR SR N T TN SN S SN SO S T T ST S ST SO S [ SO ST ST SN N YA SN ST SHN SN WO T T ST ST S S W'

The CT scan Di.Com images of a male with normal liver tis-
sue are provided. Using specific MATLAB software called CT to
MCNP, an abdominal tissue is simulated, and the liver tissue is
wholly separated, and the accurate absorbed dose is obtained
in it. In this software, the type of each of the existing materi-
als in the abdominal tissue is recognized based on the level of
Haunsfield unit (HU). By this method, every liver tissue can be
simulated by self-CT images. Some of the images (belonging
to one slice of Di.Com images) are consecutively illustrated in
four stages in Fig. 4.

o

S

0.001

tally/mev/particle

10-4

E

L

T

T TTTTT

10-5

10 15 20

energy (mev)

Fig. 6 — The total absorbed dose in the separated liver tissue (plotted by the MCNPX code).
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-4 Total Absorbed Dose in Liver Tissue (by CT scan Di.Com images)
==j==Total Absorbed Dose in Phantom (by Monte Carlo Simulation)
=& Total Absorbed Dose in Phantom (by Analytical Method)

Fig. 7 - The total absorbed dose in the phantom obtained by both MCNPX simulation and analytical method.
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4, Results

The derived graphs for absorbed dose in E; — Eg by both MCNPX
simulation and analytical method are shown in Figs. 5-7.

By this simulation, every human liver tissue can be changed
intoits associated phantom, and the amount of absorbed dose
for neutron capture therapy of each of real liver tissues, which
have various dimensions and sizes, might be studied. It means
that for the sake of clinical aspect, this simulation might also
be carried out in actual state for various forms and sizes of the
liver. Of course, this modeling might be utilized for every tissue
of body parts in which the related tissue has been decomposed
to its constituent compounds and elements.

5. Conclusions

This modeling can be extended to other liver tissues. The
comparison between the amount of absorbed doses obtained
from the prepared liver model and the real liver tissue implies
that the absorbed dose by the two methods agree with each
other for neutron energies below 15MeV. This suggests that
this phantom can be applied for dosimetry and for the sake of
studying neutron behavior in material.

In this study, the results obtained from the two methods
are compared with each other. The absorbed energy due to
thermal and epithermal neutron irradiation in each of the
phantom components is insignificant and of little relevance.

According to Fig. 7, it is observed that within the neu-
tron energy range of 0.001eV-15MeV, the calculated doses
by analytical method are approximately similar to the results
obtained by the MCNPX code and the derived graphs of both
methods match each other for neutron energy below 15 MeV.
For neutron energy above 15MeV, the results of these two
methods show a significant error. This is because the MCNPX
code carries out all the dose calculations based on neutron
tracking and transport equation, while the analytical method
provides dose calculation based upon mathematical equa-
tions.

Therefore, due to the restriction of analytical method and
its inability to include the o particles and consequently to
compute computing the absorbed dose resulting from « par-
ticles, there is a disparity between the illustrated figures of
MCNPX code and analytical method. Of course, it may not be
an important problem, because the eligible range of neutrons
for neutron capture therapy is within the range of neutrons
where their absorbed doses agree in the figures of both meth-
ods.
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