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Introduction

This Radiation shielding capability in terms of mass and linear attenuation coefficients, half value layer,
tenth value layer, and mean free path haven been evaluated for natural bentonite coated with polyvinyl
alcohol polymer (PVA) using Monte Carlo simulation (MCNPX) and XCOM program. All data were
determined at gamma photons energies 662, 1173 and 1332 keV emitted from point sources of **'Cs and
89Co, respectively, and compared with calculated experimental data. XCOM results of mass attenuation
coefficients showed better agreement with experimental data in comparison with MCNPX code. The
relative deviations between experimental and theoretical mass attenuation coefficients are 4.3, 2.5 and
1.25 % at 662, 1173 and 1332 (keV) while deviation between simulated and experimental mass
attenuation coefficients are -3.1, -10.96 and -10.35 % at the same energies, respectively. The relative
deviation between simulated shielding factors HVL, TVL and MFPwith experimental data exhibit the
same behavior as mass attenuation coefficient and having average relative deviations percentage equal to
2.5, 13.4 and 13.8 % at the studied energies, respectively.
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light and heavy elements like C, K, S, P, Ca, Mg,

Wide varieties of materials are being used in
radiation protection. The choice of these materials
depends on the requirements, application, cost,
feasibility, availability, type of radiation, etc.
There is always a need to develop material for
shielding purposes, which can be used under harsh
conditions of nuclear radiation exposure and can
act as shielding material [1, 2]. The purpose of
radiation shielding is to reduce radiation exposures
to the public and workers to an acceptable level
[3]. Mineral ores such as magnetite, siderite, barite
and limonite ...etc, are popular for producing
heavy weight concrete because of economical
reasons [4]. Mineral ores can be used as a shield
against gamma rays because it contains a variety of

Na, etc [5]. Natural bentonite is considered a
mineral ore which contains a variety of oxides and
can be used as a shield against gamma rays.
Polymeric  composites containing inorganic
additives became the most popular shield against
gamma rays and many studies investigated their
shielding properties [6-8]. Polymeric nano-
composites have a great potential for improving
shielding properties [9-11].

The simulation method for investigation of
radiation interaction is found radiologically safer,
less time consuming, cost effective and applicable
for desired energy of radiation. It is found that
Monte Carlo simulation (MCNPX code) is a
suitable method for investigation radiation
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interaction with materials in the literature [12]. The
general purpose of MCNPX code is modeling the
interaction of gamma rays with matter and tracking
all particles at different energies. It is a full three-
dimensional and utilizes extended nuclear cross
section libraries [13]. Many studies used MCNPX
program to demonstrate the effectiveness of nano-
particles in shielding properties [14-16]. Tekin et
al, calculated shielding properties of concrete
doped with different percentages of WO; and PbO
using MCNPX simulation at five energies 356,
662, 1173, 1234 and 1333 (KeV). They concluded
that addition of PbO is more effective than WO; to
reduce radiation dose [17]. Rammah et al
investigated six bismuth borate glass samples
against gamma rays and calculated its shielding
parameters in the range of 0.356-1.33 MeV using
MCNPX code. The authors found that replacement
of B,O; by Bi,O3 enhance shielding properties of
glass [18].

The major aim of the current study is to evaluate
the shielding factors for natural bentonite/PVA
polymer matrix against gamma rays and this
included:

1- Evaluating the mass  attenuation
coefficients (un =w/p) for the prepared
samples at gamma photons energies 662,
1173 and 1332 keV emitted from point
sources of **'Cs and ®Co, respectively
using MCNPX code.

2- The results of simulated (u/p) have been
compared with the theoretical results
obtained by WinXCOM program.

3- The simulated and theoretical values were
compared with the calculated experimental
data.

4- Based on the (Wp) values, the effective
shielding parameters such as LAC, HVL,
TVL, and MFP have been calculated.

This study can be very useful for wide applications
of natural materials for gamma rays shielding and
utilization of standardized geometry of Monte
Carlo simulation for medical physics, radiation
physics, shielding and radiation protection.

Theoretical background

The linear attenuation coefficient can be calculated
according to The Lambert-Beer law which
describes attenuation of a monoenergetic beam as
follows:

= l,e"* (1)
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where | is the transmitted gamma radiation
intensity, 1, is the incident gamma radiation
intensity, X is the thickness of the absorbing
medium and p is the linear attenuation coefficient.
For photons in an attenuating medium, the mass
attenuation coefficient (W/p) is given by:

tm = Wp = In(lo/1)/px 2

where p is the density of the shield material [19].
The theoretical mass attenuation coefficients
obtained from XCOM program are calculated
using equation (3) at different energies.

Hm =2 wili (3)

where w; and p; are percentage by weight and mass
attenuation coefficient of the i” element of the
mixture sample [20]. Shielding effectiveness is
described in terms of HVL and TVL:

HVL =In2/p (4)
TVL=In10/u (5)

The interaction between two  successive
interactions; is mathematically the inverse of the
linear attenuation coefficient is called mean free
path and can be calculated by the equation:

MFP = 1/u (6)
where [ is the linear attenuation coefficient [21,
22].

Materials and methods

Characterization of Natural Bentonite

The properties of the studied cylindrical pellet
samples are presented in Table (1). The density of
the sample matrix is calculated using Archimedes
principle using xylene as an immersion liquid at
room temperature. The measurement accuracy was
approximately + 0.015 g/cm® [24-26]. The
chemical composition of the bentonite/PVA matrix
sample used in material card of MCNPX code is
presented in Table (2). The PVA polymer
represents 10% weight from the all weight of the
samples. The percentages of each element in
bentonite clay/PVA polymer by weight that used
in material card of MCNP code is given in Table

3).
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Table (1): The properties of bentonite/PVA matrices samples
Pellet  thickness Pellet diameter Pellet density
Sample 3
(cm) (cm) (g/cm”)
0.5
Natural 1
bentonite/ PVA | 1.5 2.2 1.48
polymer 2
2.5
Table (2):Chemical composition of the bentonite/PVA sample.
Oxides (%) Si0, AlL,O; P05 TIiO, Fe,0O; CaO MgO Na,0O K,0O H,O C,H,O
Natural 27 122 031 031 29 137 363 13 06 2805 10
Bentonite
Table (3): The percentages of the atomic composition for bentonite clay/PVA matrix
Element Si Al P Ti Fe Ca Mg Na K H ®) C
Atomic number 14 13 15 22 26 20 12 11 19 1 8 6
Atomic 125 65 014 02 203 98 22 096 05 406 5566 545
composition (%)

Natural bentonite is considered a mineral ore as it
contains several elements in the form of oxides
(Table 2). Therefore, it can be used as a shield
material for gamma rays. The sample has a water
content and organic matter of 28.05 % from all
sample contents (loss of ignition value). Silicon
oxide and calcium oxide represent the highest
oxide contents in the chemical analysis of the
studied sample. Polymeric composites become the
most popular shield against gamma rays because
they  protectthe shielding material from
environmental conditions, also they prevent
nuclear waste leakage through porosity of
bentonite clay. The chemical composition of the
PVA polymer is C,H,0.

MCNPX Code

MCNPX is a simulation program for radiation
transport and modeling of the interaction between
radiation and materials at different energies [23].
The samples consist of natural bentonite coated by
polyvinyl alcohol polymer (PVA) as a matrix. The
PVA polymer represents 10% weight from the all
weight of the samples. The samples are modeled in
acylindrical pellet geometry. The cylindrical
sample and planer source are set inside a
cylindrical collimator with inside cylindrical gap
of 2.2 cm thickness. The diameter of the sample
also is 2.2 cm. The distance between source and
sample is 1 cm. A collimated monoenergetic

narrow beam gamma ray transmits through the
sample and hit the detector. The distance between
the collimator and the detector is 0.1 cm, while the
distance between sample and the detector varies
according to the sample thickness. When sample
thickness is 0.5 cm, the distance between sample
and the detector is 2.1 cm (0.1 cm is the space
between collimator and detector while the distance
from sample and the end of collimator is 2 cm).
The geometry of the simulation system is shown in
the Fig. (1).

A one cylindrical with 3"x3" Nal (TI) of crystal
height and diameter of 7.62 cm. The all geometry
simulation is inside 55 mm thick lead shield to
isolate the all geometry from external radiation
(cosmic rays and earth crust radiation). The
geometry of the simulation is set up as
experimental conditions. Tally (F4) has been used
for obtaining simulation data. Simulation is
calculated using one million histories and all
simulated results were reported with error < 0.1%.
In this work, each surface must define in input file
in terms of geometric dimension and coordinates
also each cell must defined in terms of material
content and density of that material. The
monoenergetic energies used in the simulation are
662, 1173 and 1332 keV produced by **'Cs and
%0Co. These energies are the same as used in the
experimental conditions for comparison purpose.

Arab J. Nucl. Sci. & Applic. Vol. 53, No. 2 (2020)
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Collimator Bentonite sample

Source

Lead shield

Fig.(1): Geometry of the modeled configuration

Validation

Applying the Monte Carlo method is the one of the
best solutions for the investigation of different
complex materials behavior since experimental
duplication of investigation is quite complicated.
So, it is more suitable to apply some numerical
methods such as Monte Carlo. In this paper, a
validation for input code was performed. On the
other hand, XCOM program was also used to
calculate the gamma ray mass attenuation
coefficients of the studied shielding materials.
XCOM program is a user friendly calculation
program and input parameter specifications are
quite flexible and easy to access. In the XCOM
program, firstly, shielding material types were
defined by their elemental mass fractions, which
are totally the same as in MCNPX Monte Carlo

code input. Secondly, the gamma ray energies have
been defined. The attenuation coefficients of the
selected materials were finally calculated by the
program.

Results And Discussion

Mass attenuation coefficient is a fundamental
property of a material for photon interaction to
represent interaction and shielding effectiveness.
Mass attenuation coefficient of an element is found
to be constant at a particular photon energy,
whereas mass attenuation coefficient of a
compound or mixture depends upon composition
of elements. The linear attenuation coefficient,
half-value layer thickness, tenth-value layer
thickness and effective atomic number are derived
parameters from mass attenuation coefficient [12].

Linear and Mass Attenuation Coefficients

Shielding factors of a natural bentonite/PVA
sample has been calculated experimentally using
the same geometry used in MCNPX code at the
same energies. Equation (1) of Beer-Lambert is
used in  linear  attenuation  coefficient
determination. By plotting the relation between Ln
(lo/l) versus sample thickness (x), the slope is
equal to the linear attenuation coefficient value.
The obtained data for natural bentonite/PVA
samples is given in Table (4) and drawn in Fig.(2).

Table (4):Measured gamma photons with and without natural bentonite/PVVA samples

Energy (KeV)

m\ 662 1173 1332
0 18189 2918 2276
0.629 17219 2784 2231
1.079 16643 2692 2153
1.661 16024 2605 2094
2.012 15619 2513 2018
3 13503 2301 1848
3.55 12440 2143 1750

Arab J. Nucl. Sci. & Applic. VVol. 53, No. 2 (2020)
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Fig.(2):Gamma transmission through natural bentonite/PVA sample at different thicknesses and different energies

Shielding parameters of natural bentonite/PVA
samples (U, Mm, HVL, TVL and mfp) calculated
experimentally using equations 1, 3, 4, 5 and 6 are
summarized in Table (5). The density of
bentonite/PVA samples is 1.48 g/cm® which was
measured using Archimedes principle.

MCNPX simulation has been used for linear and
mass attenuation coefficients calculations of
bentonite/PVA samples with different thicknesses.
The linear and mass attenuation coefficients for
attenuator samples were calculated for the three
different gamma energies 662, 1173 and 1332 keV
and shown in Table (6) and Fig.(3).It is found that
the linear and mass attenuation coefficients of the
studied samples are decreasing with increase in
photon energy. This variation of mass attenuation

coefficients can be explained using the
fundamental photon interaction process of
photoelectric effect, Compton scattering and pair
production for low-, intermediate- and high energy
photons, vary with atomic number of elements of
compositions. Additionally, at low photon energy,
photoelectric interaction is the dominance, and is
the reason for mass attenuation coefficient
reduction (662 keV) while at 1173 keV and 1332
keV Compton scattering and pair production are
dominant [27]. The variations of average linear
and massattenuation coefficients versus photon
energy (keV) are illustrated in Fig.(4). The mass
and linear attenuation coefficients exhibit the same
behavior.

Arab J. Nucl. Sci. & Applic. Vol. 53, No. 2 (2020)
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Table (5): Experimental calculation of shielding parameters for bentonite/PVA sample

Weter uem?®  pm(g/cm?) HVL (cm) TVL (cm) Mfp (cm)
662 0.112 0.076 6.188 20.55 8.92
1173 0.088 0.059 7.876 26.16 11.36
1332 0.083 0.056 8.351 27.74 12.04

Table (6): Simulated linear [p (cm™)] and mass [p,,, (cm?g)] attenuation coefficients of bentonite/PVA polymer samples

Energy(keV) | 662 1173 1332
Thickness n Mm n 1 n .
0.5 0.114 0.07619 0.0826 0.05582 0.0775 0.05312
1 0.11086 0.07481 0.0804 0.05433 0.07511 0.05144
1.5 0.1093 0.07376 0.07735 0.05226 0.07358 0.05077
2 0.10703 0.07222 0.07506 0.05072 0.07151 0.04907
2.5 0.10555 0.07123 0.07329 0.04951 0.0677 0.04679
Average 0.10934 0.07364 0.07774 0.052528 0.07408 0.0502
0.14
m 662 KeV
013 - 1173 KeV
’ m 1332 KeV
0.12
0.11
-
§, 0.1
=
0.09
0.08
0.07
0.06

0.5
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The p, values for bentonite/PVA samples were
calculated using the MCNPX and XCOM codes
for photon energies 662, 1173 and 1332 keV. The
simulation results were compared with the
experimental results (Table 5). The simulated
MCNPXand XCOM results of py are plotted
together with the previous experimental results as
shown in Fig.(5)at the aforementioned photon
energies.It can be seen from Fig.(5)that thereis a
satisfactory agreement between the theoretical
(XCOM) method and experimental results.
However, the u, values calculated by MCNPX
were found to be slightly lower than the

0.12 -

0.11 -

experimental results at different photon energies.
The discrepancies between the simulated iy, values
and experimental data can be attributed to
deviation from narrow beam geometry in the
source-detector arrangement.

In Fig.(6), the relative deviation (RD), differences
between simulation and theoretical results with
experimental data of mass attenuation coefficients
for 662, 1173 and 1332 keV gamma ray energies
are plotted for MCNPX code and XCOM program
using Eq.(7) [28]:

RD =(Theoretical -
Experimental(7)

experimental) x 100/

600 800

1000 1200 1400

Energy (KeV)

Fig.(4): Variations of average linear and mass attenuation coefficients with gamma energies

Table (7): Comparison between average simulated (MCNPX-code), theoretical (XCOM) and available experimental (Exp.)

mass attenuation coefficients data at different energies

Energy (keV) MCNPX XCOM Exp.
662 0.07364 0.0793 0.076
1173 0.05253 0.0605 0.059

0.056
1332 0.0502 0.0567

Arab J. Nucl. Sci. & Applic. Vol. 53, No. 2 (2020)
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Fig.(5):Comparison between average simulated, theoretical and experimental mass attenuation coefficients at
different energies

Energy (KeV)

662

Relative deviation (%)

M Xcom W MCNPX

Fig.(6): Difference (%) between experimental data and MCNPX and XCOM results

The relative deviation (RD) values are -3.1 %, -
10.96 %& -10.35% and 4.3 %, 2.5 %& 1.25 % for
MCNPX and XCOM results relative to
experimental mass attenuation coefficient at 662,
1173 and 1332 keV photon energies, respectively,

Arab J. Nucl. Sci. & Applic. VVol. 53, No. 2 (2020)

for all samples. It was found from Fig.(6) that
approximately a good agreement was observed
between experimental and theoretical values and
the discrepancies are not being considered to be
large, because the differences are in the magnitude
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of the reported experimental errors which is less
than 5.05% in average [29]. There is a little
difference between experimental and simulated
mass attenuation coefficient reaching 11%. It
should be noted that the difference between
simulated data and both experimental and
theoretical data are attributed to the difference
between the employed techniques and database for
each method and also to the utilized extended
nuclear  cross  section libraries.  Natural
bentonite/PVA polymer matrix sample is a
promising mixture, as its mass attenuation
coefficient represents 69 % percentage in
comparison with theoretical lead value 0.1101
cm’/g [20]. The natural bentonite represents a
mixture of elements as it consists of a variety of
mineral oxides that effective in shielding gamma
rays.

Half Value Layer (HVL), Tenth Value Layer (TVL)
and Mean Free Path (MFp)

It is more useful in the radiation fields to express
attenuation of gamma rays in terms of half value
layer (HVL), which is defined as the thickness
from the absorber material that reduces initial

intensity of gamma rays 50% from its value.
Another factor plays the same role as half value
layer is the tenth value layer (TVL) which defined
as the thickness from the absorber material that
reduces initial intensity of gamma rays to one tenth
of its value. Both HVL and TVL describe the
effectiveness of the shielding material. The mean
free path (MFP) parameter is one of the basic
guantities required for gamma rays shielding and
are calculated for bentonite/PVA matrix sample at
662, 1173 and 1332 keV using MCNPX code. The
results of linear attenuation obtained from
MCNPX program were used for obtaining the
value of HVL, TVL and MFP using equations (4),
(5) and (6), respectively. The calculated HVL,
TVL and MFP values are listed in Table (8) and
drawn in Fig.(7). These Figures show that the
HVL, TVL and MFPvalues of the samples increase
with the increase in thethickness of the sample and
the incident photon energy. The average HVL,
TVLand MFPvalues are (6.343, 8.933 and 9.505
cm), (21.072, 29.675 and 31.574 cm) and (9.151,
12.887 and 13.712 cm) for 662, 1173 and 1332
keV, respectively.

Table (8): HVL, TVLandMFP(cm) values of bentonite/PVA polymer samples at different energies

ergy(keV) | 662 1173 1332

Thickness HVL TVL MFP HVL TVL MFP HVL TVL MFP

0.5 6.08 20.198 8.771 8.391 27876  12.106  8.943 29.710  12.903
1 6.252 20.770  9.020 8.621 28.639  12.437 9.228 30.656  13.313
15 6.342 21.066  9.149 8.961 20.768  12.928  9.420 31.293  13.590
2 6.476 21513  9.343 9.234 30.676  13.322  9.693 32,199  13.984
2.5 6.567 21.815 9.474 9.457 31417  13.644 10.238 34.011 14771
Average 6.343 21.072 9.151 8.933 29.675 12.887  9.505 31574  13.712

Arab J. Nucl. Sci. & Applic. Vol. 53, No. 2 (2020)
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Fig.(7): HVL, TVL and mfpvariations with thickness at different photon energies

Table (9): Comparison between simulated (MCNPX) and experimental (Exp.) shielding factors (HVL, TVL and MFP)

hielding Factor HVL TVL MEP Relative
Deviation
Energy (keV) MCNPX  Exp. MCNPX  Exp. MCNPX  Exp. (%)
662 6.343 6.188 21.072 20.55 9.151 8.92 2.5
1173 8.933 7.876 29.675 26.16 12.887 11.36 134
1332 9.504 8.351 31.574 27.74 13.712 12.04 13.8
15
# Simulated
14 1 B Experimental
13 -
E 12
»E‘ 11 -
10 -
9 .
8 ; ;
600 800 1000 1200 1400

Energy (KeV)

Fig.(8) Comparison between simulated and experimental values for HVL, TVL and MFP at different energies

Arab J. Nucl. Sci. & Applic. VVol. 53, No. 2 (2020)
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The comparisons between simulated and
experimental data for shielding factors (HVL, TVL
and mean free path) at different energy values are
given below in Table( 9) and Fig.(8). The
comparison between shielding factors (HVL, TVL
and MFP) showed that the three factors have the
same behavior where they increase with the
increasing of photon energy for experimental and
simulated data. The shielding factors (HVL, TVL
and MFP) have the same relative deviations
between experimental and simulated data and there
average values are 2.5, 13.4 and 13.8 (%) at 662,
1173 and 1332 (keV), respectively.

Conclusion

Radiation shielding parameters (mass attenuation
coefficient, linear mass attenuation coefficient,
HVL, TVL and mean free path) were calculated
for bentonite clay /PVA polymer matrix sample at
662, 1173 and 1332 keV using MCNPX program
and XCOM program and were compared with the
experimental data. It was found that theoretical
mass attenuation coefficient is in a very good
agreement with the experimental data and have
relative deviation of 4.3, 2.5 and 1.25 % while, the
calculated shielding parameters (mass, linear,
HVL, TVL and MFP) from MCNPX program has
a little difference with experimental data. The
comparison showed relative deviations of -3.1, -
10.96 and -10.35 (%) at 662, 1173 and 1332 (keV),
respectively, for mass attenuation coefficient while
the average relative deviations of other shielding
parameters (HVL, TVL and MFP) of 2.5, 13.4 and
13.8 (%) at the same energies. The data obtained
from MCNPX program is a reliable data for
bentonite/PVA sample within = 13 % in
comparison with experimental data and + 5% in
comparison with theoretical data. The difference
percentage in comparison  with  different
techniques, is due to different database and
different utilized extended nuclear cross section
libraries.
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