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Abstract: Due to the harmful effects of ionizing radiation, shielding has become a crucial topic
for radiation protection. Finding effective, non-toxic and low-cost shielding materials is
imperative in ensuring the safety of individuals exposed to ionizing radiation. Whether a
material is effective in shielding against radiation depends on the linear attenuation coefficient.
In this study, linear attenuation coefficients were calculated using the MCNPX code for energy
values of 81 keV (Ba-133), 140 keV (Tc-99m), 662 keV (Cs-137), 1173 keV, and 1332 keV
(Co-60) by incorporating Bentonite Clay (BC) nanoparticles and micro-sized particles as
additives into a Polyvinyl Alcohol (PVA) matrix. BC particles with a density of 50% were
added to the PVA matrix using LAT and U cards. Simulations were performed with a mono-
energetic source emitting 107 particles and a narrow beam geometry, and the counts of particles
with diameters of 50 nanometers and 50 micrometers were calculated using the F4 tally. When
the results obtained from the simulation were compared, it was observed that as the diameters
of the added particles decreased, their effectiveness in radiation shielding increased for each
energy value. Among them, the 50 nm BC particles added at a rate of 50% in PVA showed the
highest effect at 1332 keV, with a 9.5% increase compared to 50 um BC particles.
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1. Introduction

In recent years, the widespread use of radiation in various fields such as industry and
medicine, coupled with the understanding of the potential biological effects resulting
from exposure, underscores the importance of radiation protection. The realization that
lead, commonly used in radiation shielding, can have toxic effects over time as a result
of its interaction with radiation has led to a search for natural alternatives to lead. The
pursuit of a new material that can provide effective radiation shielding while being easily
obtainable, lighter, and more cost-effective than lead has kept research in this field current
[1]. Additionally, studies have shown that nanoparticles are highly effective in radiation
protection [2,3].

Due to the diversity of research topics, the use of mathematical approaches in radiation
and materials science is increasingly on the rise. Among the various mathematical
methods, Monte Carlo simulation stands out as one of the most preferred tools because

63


https://dergipark.org.tr/sdufeffd
https://orcid.org/0000-0000-0000-0000
mailto:tugba.manici@sisli.edu.tr
https://orcid.org/0000-0001-6815-6384
https://orcid.org/0000-0003-1660-213X
https://orcid.org/0000-0001-6815-6384

DOI: 10.29233/sdufeffd.1371161 2024, 19(1): 63-74

of its reliability and consistent approach, particularly when dealing with complex issues
that may be difficult, expensive, or physically impossible to investigate experimentally.
Dong et al. conducted research on the effects of nano-sized and micro-sized WOz particles
added to E44 for gamma radiation shielding and found that nano-sized particles provided
better radiation protection compared to micro-sized particles [4]. In another study, the
mass attenuation coefficient of WOz added in nano and micro-sized particles within
concrete was investigated using the MCNPX code, and it was observed that nano-sized
particles provided the highest mass attenuation coefficient [5]. In a study conducted by
Alavian at al., LDPE matrices were supplemented with W in four different sizes and at
four different densities. Using the MCNP code, they investigated radiation shielding
parameters and concluded that particle size had an inverse relationship with radiation
shielding, and the ratio of the additive was a highly influential parameter [6]. In another
study, Bi2O3 and WOz particles were examined within epoxy in nano and micro-sized
using MCNPG6, and similar results were obtained as in other studies [7].

Natural bentonite clays have also been investigated for their effectiveness in radiation
shielding, in addition to heavy materials. Natural bentonite is derived from volcanic ash
deposits formed as a result of volcanic eruptions and is naturally present at the nanometer
scale. Furthermore, due to its high abundance and low cost, it is considered a good choice
for this purpose [8,9,10]. In 2019, Hager et al. conducted experimental research on natural
bentonite clays found in ElI Mutalla Mountain in Egypt, which naturally exist at the
nanometer scale, under three different pressure values of 50, 100, and 150 bars, against
662 keV, 1173 keV, and 1332 keV gamma radiation. According to the Dynamic Light
Scattering (DLS) measurement results of the obtained natural bentonite clay sample, the
smallest size observed was 122 nm, representing 75% of the entire particle structure
ranging from 122.4 to 220 nm. The study revealed that as the compression pressure of the
bentonite clay increased, both density and linear attenuation coefficient also increased,
with the highest linear and mass attenuation coefficients obtained under 150 bar pressure
[8]. Elsafi at al. experimentally investigated the linear attenuation coefficients for four
different bentonite clay samples at energies of 59 keV, 662 keV, 1173 keV, and 1332 keV
gamma radiation. They concluded that natural bentonite clay provided the best shielding
coefficient among the four different clays they studied, particularly at lower gamma
energies [11].

Polyvinyl alcohol is an artificial polymer that has been used worldwide since the first half
of the twentieth century, and it is produced from polyvinyl acetate through hydrolysis. It
has been applied in various industries, including the industrial, medical, and food sectors,
for the production of many end products such as resins, surgical threads, and food
packaging materials that often come into contact with food [12,13]. The non-toxic and
non-corrosive nature of PVA polymer, its water solubility, high optical transparency, and
thermal stability make it a suitable matrix for optoelectronic and various other
applications [14-16]. It has been demonstrated that a polymeric matrix containing suitable
fillers exhibits favorable properties depending on the high surface area-to-volume ratio
of the filler materials within the polymer matrix. An increase in the absorption/attenuation
capabilities of a radiation shield is expected, while a decrease in the total weight is
anticipated. Additionally, materials of this kind are expected to have higher compatibility
and lower toxicity compared to lead [17,18].

In this study, the effects of changes in particle size on radiation shielding have been
investigated. Polymeric matrix with a chemical formula of C2H4O and a density of 1.19
g/cm?®, PVA [19] was used. Bentonite clays with particle sizes of 50 nm and 50 pm were
added to the PVA matrix at a density ratio of 50% using LAT and U cards. Monte Carlo
Simulation with the MCNP code was employed to simulate and examine the radiation
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shielding parameters at energies of 81 keV (Ba-133), 140 keV (Tc-99m), 662 keV (Cs-
137), 1173 keV, and 1332 keV (Co-60) which are the most commonly used gamma
energies in medical applications. Due to the awareness of the harmful effects of ionizing
radiation used in medical applications, protecting and finding a better useful shielding
materials from such radiation is crucial to prevent exposure outside of the procedures.

2. Material and Method
2.1 Theoretical Approach

The linear attenuation coefficient is calculated according to the Lambert-Beer law, which
defines the attenuation of a mono-energetic beam as follows:

I = Ioe_“X (1)

Here, I represents the gamma radiation intensity after passing through the target material,
o is the gamma radiation intensity from the source, x is the thickness of the absorbing
medium, and u is the linear attenuation coefficient [20] Unit of the y is cm™.

The effectiveness of gamma radiation shielding is described in terms of the Half-Value
Layer (HVL) and Tenth-Value Layer (TVL) of the attenuating material. The unit for HVL
and TVL is cm. HVL is defined as the thickness of the absorber material that reduces the
intensity of gamma radiation to half of its value:

Ln2
HVL = e 2

TVL, which depends on the absorber material and photon energy of radiation, is defined
as the thickness of the absorber material that reduces the intensity of gamma radiation to
one-tenth of its initial value [21]:

Ln10
TVL = T 3

MFP, which is defined as the average distance between consecutive interactions, is
mathematically the inverse of the linear attenuation coefficient. The relationship with
photon energy explains why the number of interactions increases as the distance between
interactions decreases. The MFP (in cm) for the shielding material is calculated using the
following equation [22]:

MFP = 1/ . 4)

2.2. Monte Carlo Code

MCNPX (Monte Carlo N-Particle eXtended) is a code developed at the Los Alamos
National Laboratory to simulate the behavior of particles such as neutrons, photons,
electrons, and other particle types. The MCNPX code is based on the Monte Carlo
method, which involves simulating the behavior of particles by tracking their interactions
and movements through a defined geometry [23]. The code uses probability distributions
and statistical methods to model physical processes that particles undergo, such as
scattering, absorption, and nuclear reactions [5,24]. During this study, the simulation was
run in photon mode only.
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The simulation was carried out using LAT, U, SDEF, AXS, POS, PAR, ERG, and CELL
cards. To determine the linear attenuation coefficient of the PVA/BC mixture against
photons, mono-energetic beams were simulated. The selection of mono-energetic beams
were from gamma-emitting radioactive sources, including 81 keV (Ba-133), 140 keV
(Tc-99™M), 662 keV (Cs-137), 1173 keV, and 1332 keV (Co-60).

For the simulation with a narrow beam geometry, a spherical source with a 3 mm radius,
lead collimators, and a target were set up as shown in Figure 1. The photon source is
located within a cylindrical lead collimator with a radius of 3 mm and a length of 40 cm.
The detector is positioned 43 cm away from the source on the same axis and has
dimensions of 3x3x4 cm?®. The detector collimator is made of lead, with a diameter of 4.5
cm and a length of 10 cm. The modeled nano and micro-sized shielding materials were
placed 40 cm away from the source, and they had dimensions of 4 x 4 x 0.2 cm?. Equation
5 was used for density calculations of the materials:

100 )
w7
Pm Pr

Here, m represents the percentage of the matrix, p,, is the density of the matrix material,
f represents the percentage of the filler material, and p is the density of the filler material.

The density of the new material consisting of a 50% PVA - 50% BC mixture is 1.6844
glcm®,

source target

Pb collimator

Pb collimator
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Figure 1. Schematic View of Simulation Geometry
2.2.1. Design of Nano and Micro Particles in the Matrix

In this study, nano and micro particles were placed in the PVA matrix using lattice cards.
The filler materials consisting of nano and micro-sized bentonite clays were defined
within the PVA matrix as spheres located at the centers of cubes. Each micro and nano
particle in the study was designed to have sizes of 50 micrometers and 50 nanometers,
respectively. In Figure 2, an arrangement example for a 50% weight fraction is shown.

For the PVA matrix with 50% fraction of BC micro and nano particles, the size of each
lattice cell was L, which is 1.4205x10% cm and 1.4205x10°% cm, respectively. The F4
tally was used in the simulation to calculate the photon flux in the detector cell.
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Figure 2. MCNP Screenshot of Nano/Micro BC Particles in PVA Matrix

As seen in Figure 3, the equidistant spacing between particles with a homogeneous
distribution within the matrix is defined as "a." For the PVA matrix with a %50 density
ratio of 50 nm diameter added particles, the distance "a" between two particles is
9.2054x10°% cm. For particles with a diameter of 50 um added to the matrix, the distance
"a" between two particles is 9.2054x10°3 cm.

Figure 3. Inter-particle Distance Representation

The F4 tally evaluates the number of photons entering a cell in MeV/cm?. The relative
statistical errors of the MC results are less than %1 [25]. Table 1 contains the elemental
weight fractions of bentonite clay and PVA used in the simulation. These data were used
for material definitions in the simulation [19,26].
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Table 1. Elemental Mass Fractions Used in MCNPX

Bentonite Clay PVA
Density | 2.881g/cm® | 1.19 g/cm?®
H 0.007977 0.091520
C - 0.545296
0] 0.525272 0.363184
Na 0.012504 -
Mg 0.018654 -
Al 0.088209 -
Si 0.308240 -
P 0.000130 -
K 0.004445 -
Ca 0.010133 -
Ti 0.000832 -
Mn 0.000998 -
Fe 0.022607 -

3. Results
3.1. MCNPX and XCOM Validation

In order to test the reliability of the results obtained with the geometry designed using the
Monte Carlo code, the linear attenuation coefficients of pure PVA (C2H40) polymer were
calculated using the MCNPX code at different energy values. The linear attenuation
coefficients obtained at 81 keV, 140 keV, 662 keV, 1173 keV, and 1332 keV energies
were compared with the National Institute of Standards and Technology (NIST) data [27].
As shown in Table 2, there is a close agreement between the Monte Carlo results and the
NIST data. The maximum approximate difference between Monte Carlo and NIST values
is about %0.49. Therefore, the created Monte Carlo model has been validated for further
simulations in the study.

Table 2. MCNPX AND XCOM Values of Linear Attenuation Coefficients of PVA (d=1.19 g/cm?) and %
Difference Between the Results

Energy (keV) p-XCOM( 1/cm) p-MCNPX (1/cm) % DIFFERENCE
81 0.2099 0.2094 0.2382
140 0.1787 0.1783 0.2238
662 0.1001 0.0996 0.4995
1173 0.0762 0.0761 0.1312
1332 0.0714 0.0712 0.2801

3.2. Comparison between MCNPX and Other Studies

The study conducted by Elsafi and colleagues involved four types of clay: Red, ball,
kaolin, and bentonite, obtained from stone quarries in the Aswan, Abuznima, and Fayoum
governorates of Egypt. These samples were sieved to a size of 100 um, mixed thoroughly
with water, divided into slices, and then dried in the sun to obtain them. Subsequently,
they obtained linear attenuation coefficients for 662 keV, 1173 keV, and 1332 keV
gamma sources. Table 3 shows the linear attenuation coefficients for these four different
types of clay and, additionally, the linear attenuation coefficients for ordinary concrete as
found in the study by Cape Town for bentonite clay and in Bashter's study [28] for
ordinary concrete. Figure 4 presents a comparison of the data from Table 3.
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Table 3. Comparison of Linear Attenuation Coefficients of Pure Bentonite Clay with Previously
Published Data

LAC (1/cm)
THIS
ENERGY RED BALL KAOLIN | BENTONITE | ORDINARY STUDY
(KEV) CLAY CLAY CLAY CLAY CONCRETE (BC)
[11] [11] [11] [11] [28] MCNPX
81 - - - - - 0.5762
140 - - - - - 0.4199
662 0.1608 0.1524 0.1525 0.1608 0,1513 0.2222
1173 0.1224 0.1161 0.1161 0.1221 0.1366 0.1695
1332 0.1101 0.1087 0.1088 0.1146 0.1279 0.1587
0,25
S
L
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= 02
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A m Red Cla
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Figure 4. Comparison of Linear Attenuation Coefficients of Pure Bentonite Clay with Previously
Published Data

3.3. The Effect of Particle Size on Linear Attenuation Coefficients

Table 4 presents the calculated linear attenuation coefficients for samples of bentonite
clay added to PVA with a 50% weight ratio at 81, 140, 662, 1173, and 1332 keVV gamma
energies, along with the percentage difference between nano and micro-sized particles.
When looking at Figure 5, which contains separate comparisons for each energy value, it
can be observed that for the same proportion of added BC, the linear attenuation
coefficient increases as the particle size decreases. The increased linear attenuation
coefficients due to a decrease in particle size exhibit the same increasing trend for each
energy. The highest linear attenuation coefficient was obtained for nano-sized BC added
at 81 keV energy, with a value of 0.230 cm™. When considering the exchange between
nano and micro particles at the same energy values, the highest difference occurs at 1332
keV with a percentage difference of %8.974. In Table 5, the linear attenuation
coefficients and percentage differences are presented for pure PVA and PV A with nano-
sized BC added at the same energies. Here, the addition of nano-sized BC results in an
increase in the linear attenuation coefficient for each energy value, with the highest
difference observed at 662 keV with a percentage difference of %15.384.

Figure 6 compares the linear attenuation coefficients of pure PVA, PVA with 50 nm-BC
added at a 50% ratio, and PVA with 50 um-BC added at a 50% ratio. It can be observed
that nano-sized BC added provides the highest effect among these materials in terms of
linear attenuation coefficients.
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Table 4. Comparison of Linear Attenuation Coefficients and Percentage Difference Values of BC's Micro
and Nano Samples at Different Photon Energies (keV)

ENERGY (keV) | (9,50 P\lflAll/g((): um BC) | (%50 P\l/lAIff;Ocnm BC) % DIFFERENCE
81 0.221 0.230 3.913
140 0.180 0.191 5.759
662 0.114 0.117 2.564
1173 0.075 0.078 3.846
1332 0.071 0.078 8.974

Table 5. Comparison of Linear Attenuation Coefficients and Percentage Difference Values of BC's Nano
Samples and Pure PVA at Different Photon Energies (keV).

n-LAC p-LAC 0
ENERGY (keV) (PURE PVA) (9650 PVA+50 nm BC) % DIFFERENCE
81 0.209 0.230 9.130
140 0.178 0.191 6.806
662 0.099 0.117 15.384
1173 0.075 0.078 3.846
1332 0.071 0.078 8.974
c 0,232 - 0,195
SE 023 o
S8 0228 88 019
ES 0226 S
g 2 024 m %650 PVA+%50 g £ 0185 m %50 PVA+%50
= g 0,222 50 pum BC = 8 50 um BC
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-8 0218 50 nm BC =8 50 nm BC
= 0,216 = 0,175
81 140
Energy (keV) Energy (keV)
@) (b)
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Figure 5. Comparison of Linear Attenuation Coefficient of Micro and Nano Samples for Photon
Shielding at Different Energy Levels (keV)
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Figure 6. Linear Attenuation Coefficients of New Materials Created by Adding Pure PVA and 50% Nano
and Micro Sized BC Particles into the PVA Matrix

3.4. MFP, HVL, and TVL Values

The MFP, HVL and TVL values for the 50 nm-BC and 50 um-BC materials added to
PVA in this study are presented in Figure 8.

The MFP value increases with energy because lower-energy photons can lose their energy
over short distances, while higher-energy photons require larger distances to lose their
energy. As shown in Figure 7 (a), the highest MFP value is achieved with micro-sized
BC at 1332 keV energy. HVL is an essential parameter for radiation shielding materials,
and the effectiveness of a shielding material against radiation is inversely proportional to
its HVL. Figure 7 (b) displays HVL values for PVA with nano and micro-sized BC. Here,
micro-sized BC exhibits the highest HVL value at 1332 keV. Figure 7 (c) illustrates the
TVL values. Similar to HVL, micro-sized BC added to PVA provides the highest TVL
value at 1332 keV.

12 12
10 10
T 8 E 8
L e
& 6 m %50 PVA+%50 o 6 | %50 PVA+%50
s 4 50 um BC 2 4 50 pm BC
2 I I m %50 PVA+%50 2 I I m %50 PVA+%50
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Figure 7: Energy-Dependent Changes of MFP (a), HVL (b) And TVL (c) for PVA/Bentonite Clay Forms
Created with Nano/Micro Additives

4. Discussion and Conclusion

The Bentonite Clay simulated during this study was obtained from Cape Town [27] and
effects of this BC on radiation protection has not been investigated before, and no
previous study has examined the change in linear attenuation coefficient with particle
size. To validate this simulation, linear attenuation coefficient values for pure PVA were
calculated and compared with the theoretical results from XCOM NIST, demonstrating
the accuracy of the simulation with a 0.43% error margin. During this study, BC was
added to PVA to create a homogeneous distribution with a weight fraction of %50 and
particle sizes of 50 nm and 50 um to investigate the effect of particle size and LAC, HVL,
MFP, and TVL values were investigated using MCNPX for mono-energetic gamma
sources at 81 keV, 140 keV, 662 keV, 1173 keV, and 1332 keV. In [11], gamma energies
of 662, 1173, and 1332 keV were investigated, while in this study, the energy range was
extended to include 81 keV and 140 keV where photoelectric effect is dominant as a
interaction type of matter with photons. Table 3 presents linear attenuation coefficients
of four different clays obtained in [11] with LACs for ordinary concrete from [27], and
LACs for the BC used in this study are also included. At 662 keVV gamma energy, [11]
reported that the LACs of Bentonite Clay and Red Clay are equal, and both clays have
higher LAC values compared to the other two clays. When compared to ordinary
concrete, all clays provide approximately %5.9 better protection at this energy. However,
BC used in this study, shows a %27 higher LAC value compared to ordinary concrete. At
1173 keVV gamma energy, [11] reported that red clay has the highest LAC value among
the clays, but ordinary concrete has a %10.3 higher LAC value compared to red clay.
When compared to ordinary concrete, the BC used in this study is approximately %19
more effective. At 1332 keV gamma energy, [11] reported that bentonite clay has the
highest LAC value among the clays, while ordinary concrete has a %10.3 higher LAC
value compared to bentonite clay. According to the results of this study, it is
approximately 19% more effective than ordinary concrete. Table 3 and Figure 4 show
that the BC from Cape Town has the highest impact among the energies studied. The fact
that bentonite clay samples sometimes show protection performance similar to or even
higher than common radiation shields demonstrates their potential in shielding
applications. The results show that the highest linear attenuation coefficient is obtained
in terms of particle size, in the nano size, and this continues for each energy value. It is
because of the materials at the nanometer scale have a significantly larger surface area
compared to micro-sized particles with the same mass or volume. This increased surface
area provides more opportunities for interactions with radiation, enhancing both
scattering and absorption chances, making it highly suitable for gamma ray protection.
Due to the results of LAC, the highest HVL value is provided by micro-sized BC at 1332
keV. Since high energy already requires the protective shield to be thicker than low
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energies, the shield made with nm-BC is thinner than the shield prepared with um-BC, as
shown in Figure 6. Similar results can be seen for TVL and MFP values in Figure 7 (b)-

(©).

As a conclusion, due to its superior performance compared to commonly used concrete
for shielding, this clay sample is considered suitable for use as a radiation shielding
material by incorporating it into different scenarios. Additionally, using it in nanometer
size enhances its effectiveness in protection against gamma radiation. Considering its
abundance, applicability, and cost-effectiveness, this material can be utilized in various
fields where radiation shielding is required.
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