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ABSTRACT

Objective(s): The present study aimed to design new nanoparticle-based shielding materials for photons
used in single-photon emission computed tomography and positron emission tomography facilities.
Materials and Methods: Initially, the mass attenuation coefficients and half value layer (HVL) of the
composites were comprehensively investigated based on a silicon rubber containing various ratios of micro-
and nano-barium sulfate (BaSO,), lead oxide (PbO), and tungsten oxide (WO,) particles at 60, 80, 100,
150, 200, 300, 400, 500, and 600 keV photon energies using the MCNP-X6 Monte Carlo (MC) code and
WinXCOM software. In the second stage, the composites composed of 10 wt% and 20 wt% WO, and PbO
particles were constructed in a liquid silicone rubber-based matrix. The mass attenuation coefficients and
HVL of the designed shields were experimentally assessed using Cs-137 and Am-241 radioactive sources.
Results: The particles sizes of PbO and WO, were within the range of 50-200 nanometers. The MC and
measurement results indicated that the linear attenuation coefficients of the composites were augmented
with the addition of all the studied nano- and micro-particles. However, the PbO composites had more
significant shielding properties compared to the BaSO, and WO, composites.

Conclusion: According to the results, the nanocomposites had better ability to shield y-rays at both energies

compared to the micro-composites.
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INTRODUCTION

Nuclear medicine (NM) has been afundamental
imaging modality that uses radioactive tracers
(radiopharmaceuticals) for the assessment of
physical functions, as well as the diagnosis and
treatment of diseases in several medical specialties
[1]. Considering its widespread use, the number
of NM procedures increased from 23.5 to 32.7
million worldwide during 1984-2007 and from
seven to 18.6 million only in the United States [2].
Single-photon emission computed tomography
(SPECT) and positron emission tomography (PET)
are common NM imaging procedures that employ
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gamma-emitting radioisotopes. Nowadays, the use
of PET in combination with computed tomography
(CT) has become the primary modality for the
diagnosis of oncologic diseases. Due to radiation
hazards, PET requires special consideration due
to the y-rays (511 keV) that are generated by
positron-emitter fluorine-18 [3]. Therefore, it
seems that radiation protection plays a critical
role in establishing PET/CT [4], as well as other
NM facilities [5]. In terms of radiation protection
during NM procedures, various studies have
evaluated staff doses in different PET/CT centers
[6]. The proper radiation shielding of hot lab and
imaging room walls, floors, and ceilings in NM is
essential to ensuring the protection and safety of
the patients and technicians [7].
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Table 1. List of Frequently Used Diagnostic and Therapeutic Nuclear Medicine Radionuclides

Diagnostic Radionuclides

Therapeutic Radionuclides

Isotope y-ray Energy

Half Life

Isotope

y-ray Energy (keV)  Half Life

4Elemnt) (keV) 4Elemnt)

*Tc 141 6h 5m 103 463h
“Ga 93 78.7h %pg 357 17d
Se 265 120d B 364 8d
%Ry 497 39.4d Bcs 662 30.2y
B 191 13s B 610 8.04d
*’Co 122 272d Ta 68 115d
Pxe 203 36.4d 9%y 110 9.4d
M 245 2.8d M 245 2.83d
al 159 13.2h ) 35 59.4d
sm 103 47h wmsn 160 13.6d
o) 167 73.1h *Au 412 2.7d

y: years, h: hours, d: days, and s: seconds

Furthermore,  proper  shielding  could
significantly attenuate high-energy rays to protect
the staff and patients who are at prolonged
exposure to the ionization radiation source.

Recently, various types of flexible and
environmentally friendly nontoxic lead-free
composite shields [8] with metal fillers have been
proposed for radiation shielding applications [9-
12]. According to the literature, the use of nano-
sized particles as fillers in different composites
could significantly improve the photon attenuation
ability of the composite [13,14]. Moreover,
Mahmoud et al. investigated y-ray shielding
properties in the polyethylene-based composites
of lead oxide nano-powders, reporting that
nanoparticles (NPs) had higher mass attenuation
coefficients of up to 15% compared to those made
of micro-particles [15]. Table 1 shows some of the
widely used radioisotopes in NM-emitting y-rays.
Accordingly, they emit photons with energies
within the range of 80-600 keV.

To the best of our knowledge, no studies has
proposed a nano-composite material considering
this photon energy range to protect staff and
patients in nuclear medicine departments. The
present study aimed to evaluate the photon
attenuation of silicon rubber-based micro- and
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nano-composites doped with barium sulfate
(BaSO,), tungsten oxide (WO,), and lead oxide
(PbO) as fillers with high atomic number and high
density.

The calculations were performed using the
MCNP-X6 Monte Carlo code and WinXcom
software. In addition, micro- and nano-composites
based on WO, and PbO were selectively fabricated
and experimentally assessed using Cs-137 and
Am-241 radioactive sources. The effects of particle
type, size, concentration, and radiation energy
were also analyzed and discussed.

Materials and Methods
Monte carlo simulation code

The Monte Carlo N-particle code (MCNP-X
version 2.6.0, Los Alamos National Laboratory
cross-section libraries data) was used to
determine the y-ray mass attenuation coefficients
of the composite shields [16]. The MCNPX code
is a well-known MC code used for the modeling
of radiation transmission, interaction of particles
with matter, and tracing of all particles in different
energies [17].

The entire set of the simulation geometry
was inserted into one cylindrical space with the
height of 150 centimeters and diameter of 40
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centimeters. The transfer of the particles outside
the box was of no significance. A surface source
with the diameter of five millimeters was defined
in the MCNP data card with ERG, PAR, POS, and
DIR commands for energy, particle type, position,
and direction, respectively [18]. The F4 tally,
which scores a flux (n/cm3) of photons entering
the detector volume, was used to determine
the photon fluence entering the detector cell.
Simulations were performed for 20 minutes on a
personal computer, and the statistical error of the
MC results was considered to be less than 1% for
all the calculations.

The accuracy and credibility of the MC model
were assessed by comparing the MC results with
the data provided by WinXcom for a conventional
lead material [19]. Therefore, the linear attenuation
coefficients of lead (Pb) were calculated and
compared with the standard WinXcom data [20].
Moreover, the mass attenuation coefficient (u_m)
and half value layer (HVL) were determined for all
the samples. Finally, the validated input code was
used to calculate the radiation mass attenuation
coefficients of the nano- and micro-composite
shields. Fig 1 shows the simulation geometry
setup in detail.

First Collimator (Pb) Sample Second Collimator (Pb)

S
S
~

Photon Source

Detector

Ll

10cm 5cem 50 cm lem 50 cm 20cm

Fig 1. Simulation Geometry of Devolved MCNPX MC Code

In the second stage, sso. (=45 %), wo,(p = 7.16 &), and Pbo (p = 953 &)
in two sizes of spherical particles with diameters
of 100 nanometers and 100 micrometers were
introduced into silicon rubber in the MCNPX input
file. As a result, each nano- and micro-particle
was defined using the lattice (LAT) and universe
(U) cards of MCNPX [26]. For each composite,
the required number of the NPs or micro-
particles of BaSO,, wo, and PbO to provide the
prerequisite weight percentage were calculated.
After obtaining the required number of the
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particles in each composite, the dimensions of a
cubic cell surrounding a single filler particle were
determined. After scoring the transmitted photons
from a specific type of composite with variable
thickness, the liner attenuation coefficients were
determined based on the Lambert-Beer law, as
follows:

[ =1e™™ (1)

In the equation above, I, is the intensity of
the incident photon beam, / shows the intensity
of the transference photon beam, x represents
the thickness of the composite, and u is the linear
attention coefficient.

The mass attention coefficient was calculated
using the following equation:

_K
M = (2)

To obtain more data on the shielding properties
of the composites, the HVL of the samples was

estimated using the following equation:
Ln 2

HVL = " (3)

where p is the linear attenuation coefficient.

The transmission of mono-energetic y-rays
through the composites at the photon energies of
60, 80, 100, 150, 200, 300, 400, 500, and 600 keV
was calculated using narrow beam transmission
geometry. The silicon rubber matrix was doped
with 10%, 20%, and 40% (wt%) of three fillers.
The MC calculations per each energy level were
performed in three thicknesses, and a plot of
the intensity of the transmitted y-rays versus
thickness was obtained. Following that, the
attenuation coefficients were calculated. Table 2
shows the composites as specified by elemental
mass fractions and material density.

Experimental procedure

Based on the MC simulation and WinXCom
results, WO, and PbO were selected for the
fabrication of the shielding composites. The
selection criteria were based on higher mass
attenuation coefficients for the energy range of
80-600 keV.

Preparation of tungsten oxide (WO ) nanoparticles

In order to synthesize the WO, particles,
sodium tungstate dehydrate (Na,WO,.2H,0)
and hydrochloric acid (HCl) were used. Since
Na,W0,.2H,0 in an acidic medium is faster
than other sedimentary environments, HCl was
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Table 2. Weight Percentage of Constituent Elements and Density of Simulated and Homemade Composite Shields

Weight Percentage (%)

Samples Density (c‘%)

Si [0} H C S Pb w Ba
100% Si rubber 1.20 10 10 60 20
10% BaSO4 1.29 9 15.6 54 18 1.66 1.66
20% BaSO, 1.40 8 213 48 16 3.33 3.33
40% BaSO, 1.70 6 32.66 36 12 6.66 6.66
10% PbO 131 9 14 54 18 - 5
20% PbO 1.45 8 18 48 16 - 10
40% PbO 1.84 6 26 36 12 - 20
10% WOs 1.30 9 16.5 54 18 - - 25
20% WO; 143 8 23 48 16 - - 5
40% WO3 1.80 6 36 36 12 - - 10

selected as the precipitate, and distilled water was
considered as the solvent. Initially, 10 grams of
Na,WO0,.2H,0 was added to 50 cc of distilled water
and stirred homogeneously for two hours using a
magnet. Afterwards, 5 cc of HCI (50%) was slowly
added to the first solution for two hours. The ratio
of Na,WO,.2H,0 to distilled water was 1:3, and the
ratio of the required HCl for reaction with sodium
tungstate dehydrate was 5 cc per 10 grams. The
resultant solution was heated at the temperature
of 90°C for three hours until becoming yellow. The
sediment was dried at the temperature of 400°C
for three hours and 450°C for two hours to obtain
the WO, NPs.

Preparation of lead oxide (PbO) nanoparticles

The PbO NPs were synthesized as follows.
For this purpose, 60 ml of aqueous solution of
Pb(C2H302)2.3H20 (1 M) was prepared using
deionized water and heated to the temperature
of 900C. Following that, the solution was added
to an aqueous solution containing 50 ml of NaOH
(19 M) in a beaker and stirred vigorously. Upon
the addition of Pb(C2H302)2.3H20, the solution
initially became cloudy and turned deep red
afterwards. After stirring for two hours, the red
precipitate was filtered and washed with water
three times, dried at 100°C for two hours, and
calcined at the temperature of 240°C for three
hours to obtain the PbO NPs.

Nanomed. J. 7(4): 324-334, Autumn2020

Characterization of the nanoparticles

Scanning electron microscopy (SEM; JEOL 6010
and CamScan Apollo 300, Applied Beams, Oregon,
USA) was employed to evaluate the shape of
the produced particles. In addition, the energy
dispersive spectroscopy (EDS) mode of JEOL 6010
was used to assess the element compositions and
distribution of the particles in the silicon polymer
composites.

Fabrication of the composite shields

After the synthesis of the fillers, the composites
with 10% and 20% proportion of PbO and WO,
weight were prepared using the compression
molding technique. Table 2 shows the densities
and chemical compositions of the homemade
samples. Liquid silicon rubber (LSR) with the
chemical components of Si(CH,)O was selected
as the matrix of the composites considering
its beneficial properties for the production
of radiation shields, particularly thermal and
mechanical properties. In this method, the
filler and LSR with appropriate proportion were
sensitively weighed and mixed thoroughly for
the fine dispersion of the filler in a mechanical
stirrer for one hour at 50 rpm. After blending, the
dispersions were collected from the mixer and
poured into circular-shaped plastic molds with the
radius of two centimeters and three thicknesses
of 0.50, 1.0, and 1.5 centimeters. Following that,
they were dried at room temperature (25°C) for

327



R. Malekzadeh et al. / Silicon-based nanocomposites for nuclear medicine applications

one week [21]. Moreover, SEM-EDS imaging was
used to ensure the uniform distribution of the
particles within the composite shields.

Measurements of gamma ray transmission

The linear attenuation coefficient p (cm?),
mass attenuation coefficient p_ (cm?/g), and
HVL of the PbO and WO, composites were
determined by measuring the transmission of the
y-rays through the investigated samples with the
mentioned thicknesses. The energy of the incident
y-rays used in the current research varied using
the two standard radioactive point sources of **’Cs
(661.66 keV) and 2*Am (59.5 keV). The activity
of the mentioned sources was 285 and 210 uCi,
respectively on 1 June, 2001. The experiments
were performed using a calibrated Nal(Tl) crystal
detector (model: GC1520, Canberra). Afterwards,
the samples were arranged in front of a collimated
beam. The y-ray source was positioned at the
distance of five centimeters from the detector,
and the sample was placed at the distance of one
centimeter from the y-ray source.

Statistical analysis

Data analysis was performed in SPSS version
22.0 (IBM Co, Armonk, NY, USA) to determine
the values as expressed in mean and standard
deviation. All the graphs were developed using
GraphPad Prism 6 (GraphPad Co., CA, USA).

RESULTS

In the current research, the p_m of the silicon
rubber-based composites with various loadings
of the nano- and micro-sized BaSO4, Wo,, and
PbO particles were calculated using the MCNP-X
simulation at various photon energies (60, 80, 100,
150, 200, 300, 400, 500, and 600 keV). Additionally,
the p_m of the homemade composite shields
with the nano-sized WO, and PbO particles was
measured using the two radioactive sources of
137Cs and 241Am. Moreover, the HVL of the
samples was obtained and compared.

Effects of the photon energy and filler
concentration on the mass attenuation
coefficients

Figs 2-4 show the calculated mass attenuation
coefficients of the samples with various ratios of
the filler particles. As can be seen, the values of
WinXcom were higher than the values calculated
by the MC at all the concentrations.
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Fig 2. Mass Attenuation Coefficients of Nano- and Micro-BaSO,
Composites at Various Concentrations of BaSO4 as Function of
Photon Energy

One of the major reasons could be the
approaches utilized by the two programs to
calculate the mass attenuation coefficients.
In other words, the particle size could not be
considered in the WinXcom program, and the
atomic state of all the components was considered
in the calculations.

Nanomed. ]. 7(4):324-334, Autumn2020
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Fig 3. Mass Attenuation Coefficients of Nano- and Micro-W03
Composites at Various Concentrations of WO, as Function of
Photon Energy

However, the MC method was applied to
determine the physical dimension of the particles
by the MC codes. As a result, the small differences
in the mass attenuation coefficients between the
nano-composites that were calculated by the
WinXcom and MC were acceptable.

The mass attenuation coefficients of the
studied composites varied based on the chemical
compositions of their elements.
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Fig 4. Mass Attenuation Coefficients of Nano- and Micro-PbO
Composites at Various Concentrations of PbO as Function of
Photon Energy

As was expected, the maximum values were
observed at lower photon energies due to the
photoelectric interactions between the photons
and filler atoms with high atomic numbers.
Afterwards, the values of all the samples decreased
rapidly with the increment in the photon energy
(up to 600 keV) since the penetration probability
of the photons increased with the photon energy

(Fig 5).
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Fig 5. Comparison of mass attenuation coefficients for

composites with PbO, BaSO4, and WO3 nanoparticles at same
40 wt% concentration as a function of photon energy

On the other hand, the Compton scattering
effect was dominant as the photon energy
increased, and the attenuation of the filler atoms
depended on the electron density rather than the
atomic number. Therefore, the mass attenuation
coefficients decreased with the increased y-ray
energies at all the concentrations of BaSO,, WO,,
and PbO, while itimproved with the increased filler
weight ratio. The MC results also indicated that
the nano-sized BaSO, content decreased from 40%
to 10%, while the values decreased from 0.321 to
0.252 cm?/g at the energy level of 100 keV. Similar
findings were also observed in the values, which
decreased from 0.578 to 0.305 cm?/g and from
1.13 to 0.457 cm?/g at the energy level of 100 keV
as the nano-sized WO, and PbO contents declined
from 40% to 10%.

At the constant filler concentration of 40%,
the mass attenuation coefficient of the PbO
composite was approximately 3.52 and 1.95 times
higher compared to BaSO, and WO, at the energy
level of 100 keV and 1.16 and 1.12 times higher
compared to the BaSO, and WO, composites
at the energy level of 400 keV, respectively.
Therefore, the obtained results indicated that
the mass attenuation coefficients of the PbO
composites were higher compared to the BaSO,
and WO, composite shields. Among all the studied
composites and concentrations, the composite
composed of 40% PbO showed the highest values.

Effect of the particles size on the mass attenuation
coefficient

As is shown in Figs 2-4, the mass attenuation
coefficients of the micro- and nano-sized
BaSO,, WO,, and PbO composite samples were
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compared with similar weight percentages of
the fillers. In addition, it was observed that the
mass attenuation coefficient of the composites
decreased with the increased size of the BaSO,,
WO,, and PbO particles. The effect of the particle
size could be explained based on the probability
of the photon interaction with the particles,
which largely depended on the surface-to-volume
ratio of the particles that was significantly higher
in the NPs compared to the micro-particles. In
contrast to the MC code, the WinXcom software
considered a composite as the atomic mixtures of
its components with the homogenous distribution
of the constituent atoms. Therefore, the particle
size was not considered in the WinXcom software,
and the particle size was evaluated based on the
MC results. With respect to the photon energy, ()
+ane Was observed to be highest at lower energies,
while the increased photon energy from 100 to
600 keV caused the value of () _ to slowly reduce.
Consequently, the nano-composites exhibited
more effective shielding ability compared to the
micro-composites at the same concentration
of the BaSO,, WO,, and PbO particles where
the photoelectric process would be the main
interaction type between photons and atoms.

The comparison of our findings with similar
studies showed a similar investigation conducted
by Malekzadeh et al., the results of which
indicated that nano-sized Bi composites improved
37-79% of the shielding properties of y photons at
the diagnostic energy range compared to micro-
sized Bi composites [18]. This is consistent with
the current research in terms of the effects of
photon energy and particle size. Moreover, our
findings demonstrated that the effect of particle
size increased with the filler concentration and
decreased with the photon energy.

In another study, Tekin et al. reported that
compared to micro-particles, the addition of
nano-WO, to hematite-serpentine concrete could
increase the mass attenuation coefficients by up
to 7% and 5.6% for the gamma photons with the
energy of 142 and 662 keV [22]. In other words,
photons with higher energy slightly decrease
the effect of particle size. In an MC experiment
performed by Mesbahi et al., the addition of the
nano- and micro-particles of PbO,, Fe,O,, WO_, and
H,B to ordinary concrete was reported to increase
absorbed radiation in the attenuator material.
Furthermore, the mentioned research indicated
that the addition of nano-WO, to concrete

Nanomed. ]. 7(4):324-334, Autumn2020



R. Malekzadeh et al. / Silicon-based nanocomposites for nuclear medicine applications

improved the mass attenuation coefficients by
up to 8.7% and 8.0% compared to micro-particles
for the photons with the energy of 142 and 662
keV [19]. The comparison of our findings with the
aforementioned studies revealed that the highest
mass attenuation of composites occurred in low-
energy photons with the higher concentration of
fillers and smaller particle sizes [23].

4.5
] —¥— Pbo

—+— BaSO,

0.0 T T T T T T T
100 150 200 300 400 500 600

Energy (keV)

Fig 6. Comparison of HVL of Composites with PbO, BaSO,, and
WO, Nanoparticles at 40 wt% Concentration as Function of
Photon Energy

Calculated MC half value layer of the studied
nanocomposites

Fig 6 depictsthe HVL of the samples with 40 wt%
of filler concentration within the energy range of
100-600 keV. At a lower photon energy (100 keV),
the HVLs were small and estimated at 0.29, 0.66,
and 1.39 centimeters for the PbO, wo,, and BaSO,
composites, respectively. In addition, the HVL
values increased at higher photon energies, and
the HVL variation with the photon energy in these
samples could be justified based on the dominance
of various photon interaction processes in different
energy regions as discussed above in the mass
attenuation coefficients. Notably, lower HVL values
were required for a better gamma-ray shielding
material as it provided the higher probability of
the photon interactions with the material. It was
observed that the BaSO, composite had better
shielding properties compared to the WO, and
PbO composites at lower energies than 300 keV.
Since the most effective shielding materials have
lower HVL, the PbO 40wt% composite could
be considered a proper candidate for photon
attenuation purposes. The HVLs of 40 wt% PbO,
BasO,, and WO, were estimated at 2.83, 3.16, and
3.37 centimeters for the y-rays with the energy
of 500 keV. In comparison with clinically used

Nanomed. J. 7(4): 324-334, Autumn2020
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aprons, the narrow-beam HVLs of Pb aprons is 4.1
millimeters for photons with the energy of 511
keV [24]. Based on the shielding characteristics of
the 40 wt% PbO composite, it could be selected as
a proper alternative to conventional lead aprons.
Overall, our findings indicated that the

developed metal matrix composite shields could
be used for different applications in nuclear
medicine departments in the form of apron shield
(clothing) for the radiation protection of staff and
patients, shielding material for the transfer of
radioactive sources, and an isolation material in
radioactive waste management facilities.

Fig 7. SEM Images of PbO and WO, Particles in Liquid Silicon
Rubber Matrix; A and B) With Less Magnification and More
Magnification of 10% PbO Composites, C and D) With Less
Magnification and More Magnification of 10% WO, Composites

Material characterization

Fig 7 shows the SEM morphologies of the
LSR of the composites containing the micro- and
nano-PbO and WO, particles. The particle sizes of
PbO and WO, varied from 50 to 200 nanometers.
It is important for radiation protection materials
to maintain proper dispersion and adhesion to
prevent radiation from the shell interface and
agglomerates that increase empty volumes. As is
depicted in Fig 6, the PbO and WO, particles were
properly dispersed inside the LSR matrix, and the
particles were also homogeneous and bonded
strongly in/with the LSR matrix.

In the current research, the EDS analysis
was applied to measure the components of the
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composite shields, and the spectra are shown in
Fig 8.

[ rre—|

f 50pm

50pm

Fig 8. SEM-EDS Images of PbO and WO3 Particle Distribution
in Liquid Silicon Rubber Matrix; A and B) 10% and 20% PbO
Composites, C and D: 10% and 20% WO3 Composites

Through the spectra, the presence of PbO
and WO, was observed in the composites. The
EDS images of the PbO and WO, components in
the composite shields at the ratios of 10% and
20% indicated their proper distribution in the LSR
matrix.

DISCUSSION

Table 3 shows the results of the present study
regarding the radiation protection properties of
the composites with 10% and 20% concentrations
of nano-PbO and nano-WO,. Accordingly, the
linear attenuation coefficient () of the pure
silicon rubber had the lowest value compared to
the other samples.

As was expected, with the lower energy of the
Am-241 photons (59.54 keV) in all the samples, the
K value was significantly higher compared to the
Cs-137 photons (662 keV). This finding could be
attributed to the dominance of the photoelectric
effect at low energies where attenuation largely
depends on the atomic number of the elements
(~2°).

In contrast, at the higher energy of 662 keV, the
Compton scattering effect was observed to be the
most probable interaction between the photons
and atoms, and the probability was based on the
electron density of the materials. However, the
composites with a low filler ratio (e.g., fabricated
samples), the electron density had no significant
changes.

Therefore, no significant changes were
observed in the linear attenuation coefficients
of the samples for the photons with the energy
of 662 keV. Notably, the radiation protection
properties of the composites increased at higher
PbO and WO, concentrations.

Table 3. Radiation protection properties of the investigated samples determined by our experiments

MC Experimental
Mass Attenuation Mass Attenuation  Linear Attenuation
HV Samples
Coefficient Coefficient Coefficient . .
Radioactive Source
2 (Cm) 2

(em’/g) (cm*/g) (1/em)
0.282 2.20 0.263 0.315 Am-241

100% Si rubber
0.128 5.13 0.113 0.135 Cs-137
0.338 1.64 0.324 0.421 Am-241

10% WO3
0.116 5.58 0.096 0.124 Cs-137
0.396 1.30 0.373 0.533 Am-241

20% WO;
0.109 5.33 0.091 0.130 Cs-137
0.476 1.17 0.451 0.590 Am-241

10% PbO
0.115 5.21 0.102 0.133 Cs-137
0.689 0.73 0.653 0.946 Am-241

20% PbO
0.111 4.74 0.101 0.146 Cs-137
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In addition, the PbO composites had higher
linear attenuation coefficients compared to the
WO, composite shields at the same energy and
concentration. Table 3 shows the calculated MC
results regarding the mass attenuation coefficients.
Evidently, an average of 10% difference was
observed between the MC and experimental
results, which could be attributed to the non-
homogeneity in the dispersion and particle size
of the nanoparticles in the fabricated samples,
while in the MC simulation, they were simulated
completely homogenously with constant sizes.

The findings of the current research indicated
the better radiation shielding of the NP-based
composites, which could be attributed to the
size effect. To clarify the effect, it could be stated
that for the same mass ratio of the particles
in the composites, the number of the NPs was
10° times higher than the micro-particles, and
the NP multilayers were fixed together to block
the radiation beams, which in turn led to the
smaller voids between the NPs. In addition, the
multiple scattering of the photons increased with
the increased number of the particles, which
made the pathway of the y-ray photons longer,
thereby leading to the higher photon absorption
or decreased mean free path (MFP). The MFP
denotes the average distance between two
successive interactions of y-rays. In the case of
larger particles, the voids between the particles
were larger, and less multiple scattering of y-rays
occurred due to the small number of the particles.
In order to achieve the same shielding effect, more
particles should be used to cover the interparticle
spaces to increase scattering, which could cause
the mass increase of the composite.

M-edge —— Lead, Z-82

—— Barium, Z=56
—— Tungsten, Z=74

Silicon, Z=14

0.0001 0.001 0.01 0.1 1 10 100
Energy (MeV)

Fig 9. Linear Attenuation Coefficients of Used Elements in
Energy Range of 1 keV-10 MeV Based on WinXCom Data
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Fig 9 demonstrates the linear attenuation
coefficient of Pb, Ba, W, and Si at various
energies from 1 keV to 10 MeV using WinXCom.
Basically, the photons were mainly absorbed by
the photoelectric effect at lower energies, and
the probability of the photoelectric effect partly
depended on Z3/E3, where Z is the atomic number
of the absorbing element, and E shows the photon
energy [25]. Therefore, the photon attenuation
ability of the studied composites prominently
decreased with the photon energy due to the
strong energy dependence of the photoelectric
effect. Meanwhile, the increased photon energy
resulted in the dominant effect of Compton
scattering. As a result, the high-energy photons
were generally attenuated by the materials
through several rounds of Compton scattering,
and the scattered photons with lower energy were
eventually absorbed through the photoelectric
effect.

As can be seen in Fig 9, the values decreased
in the high-energy region, and ‘sudden jumps’
occurred at the energy of 100 keV. These ‘sudden
jumps’ could be explained based on the absorption
edges of the Pb, Ba, W, and Si elements. The
incident photon energy corresponding to the
absorption edges of the Pb element appeared at
K (80.00 keV), L (15.90 keV), and M (13.00 keV),
while the K-absorption edge of W, Ba, 80% W, and
Si occurred at the energies of 69.5, 37.40, 69.50,
and 1.870 keV. Furthermore, the increased photon
energy from 0.1 to 0.8 MeV led to a significant
decrease in the p values as observed in the
composite samples. This finding could be justified
based on the dependence of the cross-section of
the photoelectric process, which varied inversely
with the photon energy as E3 [26].

CONCLUSION

In the current research, the attenuation
coefficients of silicon rubber-based composites
containing 10%, 20%, and 40% of BaSO,, WO,,
and PbO were calculated using the MCNP-X and
WinXCom data. Moreover, the size effect of the
BaSO,, WO,, and PbO particles on the shielding
properties provided by nano-structured and
micro-structured composites was investigated
at the photon energies of 60, 80, 100, 150, 200,
300, 400, 500, and 600 keV. The PbO and WO,
NPs were also synthesized rapidly and easily
using a chemical method. Following that, LSR-
based composites with 10% and 20% PbO and
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WO, were manufactured using weighted shields.
The mass attenuation coefficients of the PbO-
LSR composites and WO,-LSR composite shields
were obtained by *’Cs and **!Am. According to
the results, in the case of BaSO,, WO, and PbO,
the nano-sized particles had more significant
attenuation properties compared to the micro-
sized particles. Moreover, the composites doped
with PbO significantly improved the shielding
properties compared to BaSO, and WO, within
the range of nuclear medicine energies. The
comparison of the HVL results also indicated that
the introduced composite shields with the higher
ratio of the nano-particles could be used as an
alternative to common lead shields.
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