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Abstract
Lead-free polymer composite shields are used in diagnostic radiology to protect patients from unnecessary radiation expo-
sure. This study aimed to examine and introduce the radiation-shielding properties of single- and multi-metal nanoparticle 
(NP)-based composites containing Bi, W, and Sn using Geant4, MCNPX, and XCom for radiological applications. The 
mass attenuation coefficients and effective atomic numbers of single- and multi-metal NP-loaded polymer composites were 
calculated using the Geant4 and MCNPX simulation codes for X-ray energies of 20–140 keV. The nano-sized fillers inside 
the polydimethylsiloxane (PDMS:C2H6SiO) matrix included W (K = 69.5 keV), Bi (K = 90.5 keV), and Sn (K = 29.20 keV). 
For single-metal shields, one filler was used, while in multi-metal shields, two fillers were required. The MCNPX and Geant4 
simulation results were compared with the XCom results. The multi-metal NP composites exhibited higher attenuation over 
a larger energy range owing to their attenuation windows. In addition,  Bi2O3 +  WO3 NPs showed a 39% higher attenuation 
at 100–140 keV, and that of  Bi2O3 +  SnO2 NPs was higher at 40–60 keV. Meanwhile, the  WO3 +  SnO2 NPs exhibited lower 
attenuation. The difference between the results obtained using Geant4 and XCom was less than 2%, because these codes have 
similar simulation structures. The results show that the shielding performance of the  Bi2O3 +  WO3 filler is better than that 
of the other single- and multi-metal fillers. In addition, it was found that the Geant4 code was more accurate for simulating 
radiation composites.

Keywords Radiation protection · Polymer composite · Nanoparticle · Monte Carlo

1 Introduction

Ionizing radiation is used for imaging patients, and more 
than ten million diagnostic radiology procedures have been 
conducted worldwide [1]. Accordingly, it is necessary to 
modulate radiation damage and reduce the absorbed dose, 

particularly for radiosensitive organs, such as the lens of 
the eye, thyroid, and breast. Previous studies have demon-
strated that radioprotective shields can be used to optimize 
radiation, except in automatic exposure control systems 
[2–6]. Common materials that protect against radiation 
include high-density rigid materials, such as Pb. However, 
such materials have some disadvantages including extreme 
toxicity, heavy weight, and low mechanical and chemical 
stabilities [7, 8]. Thus, researchers have recently proposed 
new types of radiation protectors for low-energy photons [6].

Polymer composites containing high-atomic-number 
metal fillers in the form of microparticles and nanoparticles 
(NPs) have been widely investigated as alternative radiation-
shielding materials because of their flexibility, structural 
conformability, nontoxicity, light weight, and low cost [5, 
6, 9, 10].

Numerical modeling is one of the most accurate methods 
used to determine and optimize the properties of radiation-
shielding materials. Computer simulation codes based on 

 * Parinaz Mehnati 
 parinazmehnati8@gmail.com

 * Ahmad Shanei 
 shanei@med.mui.ac.ir

1 Medical Physics Department, Faculty of Medicine, Isfahan 
University of Medical Sciences, Isfahan, Iran

2 Medical Physics Department, Faculty of Medicine, Tabriz 
University of Medical Sciences, Tabriz, Iran

3 Medical Physics Department, Faculty of Medicine, Urmia 
University of Medical Sciences, Urmia, Iran

4 Medical Physics Department, Faculty of Medicine, Ardabil 
University of Medical Sciences, Ardabil, Iran

http://orcid.org/0000-0003-1782-7592
http://orcid.org/0000-0001-5613-9173
http://orcid.org/0000-0001-5111-3062
http://orcid.org/0000-0002-7973-647X
http://orcid.org/0000-0003-4398-6984
http://orcid.org/0000-0001-5999-0932
http://crossmark.crossref.org/dialog/?doi=10.1007/s12194-022-00690-2&domain=pdf


58 N. Asadpour et al.

1 3

mathematical methods are widely used for this purpose. 
Notably, Monte Carlo (MC) codes (including Geant4 and 
MCNPX) are extremely useful for assessing the doses 
absorbed by organs, thereby providing information that 
cannot be clinically assessed. MC codes are used to simu-
late physical interactions via three‐dimensional simulation 
geometries [11].

Mendes et al. used Geant4 and MCNPX to determine the 
dose reduction for radiosensitive organs using Bi composite 
shields. They reported that the relative difference between 
the simulations and measurements was less than 10% [12].

The use of fillers in a polymer matrix at the nanoscale can 
significantly enhance the polymer’s physical properties, such 
as thermal stability, electrical insulation, and mechanical 
strength [10, 13]. In addition, the polymer can efficiently 
attenuate radiation because NPs are uniformly dispersed 
in the matrix with low agglomeration, which enhances the 
radiation-shielding ability of the material [14]. A study con-
ducted on the effect of the size of  Bi2O3 particles dispersed 
in Si on X-ray transmission has reported that this effect is 
stronger at lower photon energies [15, 16]. Malekzadeh 
et al. investigated  BaSO4,  WO3, and PbO microparticles, as 
well as NPs with Si–resin-based composites. They reported 
that shields fabricated from NPs had higher mass attenu-
ation coefficients (up to 17%) than those fabricated from 
microparticles. The mass attenuation coefficient and effec-
tive atomic number are known to be important parameters 
for explaining photon attenuation by materials constituting 
multiple elements, such as polymer composite shields [17].

Based on literature reviews, researchers have investigated 
the effectiveness of composite shields in the presence of 
single NPs for different types of metals (K-edges) [5, 6]. It 
has been established that heavy metal NPs show acceptable 
radiation-protection properties owing to their high atomic 
number and absorption edge. Studies regarding the effect of 
the simultaneous use of two NPs with different atomic num-
bers, absorption K-edges, and concentrations are inadequate. 
Thus, the current study was designed to address this research 
gap. In particular, to lock the photon energy window, the 
effectiveness of polymer composite shields with two metal 
NPs was investigated. This aspect has not been fully inves-
tigated previously.

A multi-metal polymer composite (MMPC) with a high-
atomic-number filler (NPs with different K-edges to close 
the energy window), instead of using a single-metal polymer 
composite (SMPC), may provide higher radiation protection 
over the wide range of photon energies used in diagnostic 
radiology (40–140 keV) [6]. Therefore, in this study, we 
investigated whether MMPCs fabricated with Bi (for high-
energy photons), W (for middle-energy photons), and Sn 
(for low-energy photons) with different concentrations and 
K-edges were more effective than SMPCs. The mass attenua-
tion coefficients and effective atomic numbers of single- and 

multi-metal polymer composites were comprehensively 
calculated using MC codes (MCNPX and Geant4), and 
their shielding properties were compared. Finally, the most 
effective composition was introduced as a novel MMPC for 
radiation-shielding purposes in diagnostic radiology.

2  Methods and materials

2.1  Theoretical background

When a mono-energetic beam interacts with matter, 
the intensity of the beam is attenuated according to the 
Beer–Lambert law, given by [18]:

where I0 and I represent the incident and attenuated photon 
intensities, respectively, x is the shield thickness (cm), and 
µ is the linear attenuation coefficient (1/cm).

The mass attenuation coefficient (µ/ρ) was employed to 
eliminate the dependence of µ on the material density ρ. In 
addition, µm is a measure of the probability of interactions 
between photons and matter [19], and is given for any chem-
ical compound or a mixture of elements by the following:

where wi and (µ/ρ)i represent the fractional weight and total 
µm of the ith constituent in a mixture, respectively. These 
were obtained using XCom software [20].

The effective atomic number Zeff describes the properties 
of composite materials (compounds or mixtures) in terms of 
equivalent elements that vary with energy. The values of µm 
were used to calculate Zeff according to [21]:

where fi is the molar fraction of the mixture/compound 
(Σfi = 1), Ai is the atomic mass, and Zi is the atomic number 
of the ith constituent.

In this study, the MCNPX6 and Geant4 codes and the 
XCom database were used to model the radiation transport 
and interaction of photons with a material. The difference 
between the µm values obtained using MCNPX, Geant4, and 
XCom was determined using:

The nano-sized fillers inside the polydimethylsiloxane 
(PDMS:C2H6SiO) matrix included Pb (K = 88.00 keV), W 
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(K = 69.5 keV), Bi (K = 90.5 keV), and Sn (K = 29.20 keV). 
The NPs in each model were considered spheres with the 
diameter of 100 nm.

In this study, two different methods of using NPs 
were evaluated in the construction of polymer composite 
shields. First, one of the metal NPs was used as a filler, 
and in the second method, two NPs were used in the form 
of a binary combination.

SMPCs comprise two filling elements (reinforcement) 
on a polymer base (matrix). These shields were simulated 
in the PDMS matrix with three fillers, bismuth oxide, tin 
oxide, and tungsten oxide, with mass ratios of 10%, 20%, 
and 40%, respectively. Regarding the MMPCs, the binary 
combination of fillers with the same three mass ratios was 
simulated. In this manner, Bi–Sn, Bi–W, and W–Sn shields 
were combined with a PDMS matrix with equal shares and 
mass ratios of 10%, 20%, and 40%.

2.2  MCNPX code

The MCNPX code (version 2.6.0, Los Alamos National 
Laboratory cross-sectional library data) was employed in 
this study.

The input parameters for MCNPX, including cell card, 
surface card, material card, and features of the energy 
sources, were defined in the input files. The entire set of 
simulation geometries was inserted into a cylindrical space 
with the height of 100 cm and diameter of 30 cm (Fig. 1). 
Thereafter, a surface source with the diameter of 5 mm 
was defined in the MCNPX data card using PAR, POS, 
ERG, RAD, AXS, VEC, and DIR commands [15]. Lat-
tice (LAT) and universe (U) cards were used to define the 
matrix and fillers, and mono-energetic beams with ener-
gies of 20–140 keV were simulated to determine µm for all 
study samples. Mono-energetic beams were selected from 
the X-ray machines found in diagnostic radiology labora-
tories based on their availability for further experimental 
studies [22].

All calculations were performed only in the photon 
transportation mode to reduce errors. The F4 tally, which 
scored the flux (n/cm3) of photons entering the detector 
volume, was used to determine the photon fluence entering 
the detector cell. Subsequently, the simulations were per-
formed for 3 min on a personal computer (ASUS N56VM 
laptop with  Intel® Core™ i5-3210 M CPU @ 2.50 GHz 
and 6.00 GB of RAM). Figure 1a depicts the narrow-beam 
geometry of the advanced MCNPX code, including the 
source, collimators, and detector.

The composition of all shielding samples, weight frac-
tion of each element, and MCNPX ID of elements is 
detailed in Table 1.

2.3  Geant4 toolkit

Geant4 (v10.07 p02) was used as an open-source MC toolkit 
for three-dimensional particle radiation transport modeling 
[23].

The G4EmLivermorePhysics constructor with the 
secondary particle production threshold of 0.1 mm was 
employed for the composites’ radiation-shielding appli-
cations. A Geant4 advanced narrow-beam geometry was 
simulated, as shown in Fig. 1b. Shielding materials were 
defined based on the weight fractions of the composites and 
their densities. They were then tested as shielding samples 
at energies in the range of 20–140 keV. Simulations were 
performed for 10 million incident photons to provide an 
acceptable statistical uncertainty of < 1%.

2.4  XCom standard database

NIST XCom (Photon Cross Sections Database, National 
Institute of Standards and Technology, Maryland, USA) 
was used to obtain the attenuation coefficients [24, 25]. This 
database can provide partial cross sections, total cross sec-
tions, and attenuation coefficients for different interaction 
processes, such as coherent and incoherent scattering, pair 
production, and photoelectric absorption, for different ele-
ments, compounds, and mixtures, at energies of 1–100 GeV.

XCom data are used in most shielding studies as a cri-
terion for evaluating the accuracy and precision of the 

Fig. 1  Actual simulation geometries created using visual editor for a 
MCNPX and b Geant4
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Table 1  Elemental composition 
of samples simulated using 
MCNPX Monte Carlo (MC) 
code

Composite Density (g/cm3) Element Weight fraction (%) MCNPX ID

Filler Matrix (PDMS)

0.05 wt%  Bi2O3
0.05 wt%  WO3

0.90 wt% 1.236 H 0.07340 1001.60c
C 0.29155 6012.60c
O 0.20968 8016.60c
Si 0.34087 14,028.60c
W 0.03965 74,184.60c
Bi 0.04485 83,209.60c

0.05 wt%  Bi2O3
0.05 wt%  SnO2

1.236 H 0.07340 1001.60c
C 0.29155 6012.60c
O 0.20995 8016.60c
Si 0.34087 14,028.60c
Sn 0.03938 50,119.60c
Bi 0.04485 83,209.60c

0.05 wt%  WO3
0.05 wt%  SnO2

1.234 H 0.07340 1001.60c
C 0.29155 6012.60c
O 0.21515 8016.60c
Si 0.34087 14,028.60c
Sn 0.03938 50,119.60c
W 0.03965 74,184.60c

0.10 wt%  Bi2O3
0.10 wt%  WO3

0.80 wt% 1.364 H 0.06524 1001.60c
C 0.25916 6012.60c
O 0.20361 8016.60c
Si 0.30299 14,028.60c
W 0.07930 74,184.60c
Bi 0.08970 83,209.60c

0.10 wt%  Bi2O3
0.10 wt%  SnO2

1.363 H 0.06524 1001.60c
C 0.25916 6012.60c
O 0.20414 8016.60c
Si 0.30299 14,028.60c
Sn 0.07877 50,119.60c
Bi 0.08970 83,209.60c

0.10 wt%  WO3
0.10 wt%  SnO2

1.358 H 0.06524 1001.60c
C 0.25916 6012.60c
O 0.21454 8016.60c
Si 0.30299 14,028.60c
Sn 0.07877 50,119.60c
W 0.07930 74,184.60c

0.20 wt%  Bi2O3
0.20 wt%  WO3

0.60 wt% 1.720 H 0.04893 1001.60c
C 0.19437 6012.60c
O 0.19146 8016.60c
Si 0.22725 14,028.60c
W 0.15860 74,184.60c
Bi 0.17940 83,209.60c

0.20 wt%  Bi2O3
0.20 wt%  SnO2

1.717 H 0.04893 1001.60c
C 0.19437 6012.60c
O 0.19252 8016.60c
Si 0.22725 14,028.60c
Sn 0.15757 50,119.60c
Bi 0.17940 83,209.60c
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advanced model. Also, in the Xcom, NPs are assumed in the 
molecular structure of the composite, which is the best and 
most ideal form of the composition. For this reason, in terms 
of structure, it is considered as a reference in the design of 
composite shields [25]. The MCNPX and Geant4 simulation 
results were compared by calculating the theoretical values 
of µm for different MMPCs and SMPCs using XCom.

2.5  Verification and validation of advanced models

The accuracy and credibility of the MC models were 
assessed by comparing the MC results with data provided by 
XCom for a conventional Pb shield [26]. The linear attenu-
ation coefficients of Pb were calculated and compared with 
standard XCom data [22]. Finally, the validated input codes 
were used to calculate the radiation mass attenuation coef-
ficients of the samples.

3  Results

3.1  Validation of the simulation geometry

At first, the simulated narrow-beam geometry was validated 
as follows: The linear attenuation coefficients of Pb (den-
sity = 11.35 g/cm3) were calculated at photon energies of 
20–140 keV using MCNPX and Geant4 and then compared 
with the XCom results. A maximum difference of 1% was 
observed between the results. After ensuring the accuracy 
of the advanced MCNPX and Geant4 codes, the composites 
were simulated in the presence of the metal NPs.

3.2  Performance of single‑metal polymer 
nanocomposite (effect of concentration 
and K‑edge)

Figure 2 presents the values of µm for SMPCs at energies 
between 20 and 140 keV.  Bi2O3,  WO3, and  SnO2 NPs were 

used in the MCNPX code at concentrations of 10%, 20%, 
and 40% in the PDMS polymer matrix.

3.3  Performance of multi‑metal polymer 
nanocomposite

The values of µm were calculated for polymer composite 
shields with 90%, 80%, and 60% PDMS as the composite 
matrix, as well as 10%, 20%, and 40% NPs as fillers at ener-
gies of 20, 40, 60, 80, 100, 120, and 140 keV. The values of 
µm obtained using MCNPX, Geant4, and XCom are shown 
in Figs. 3, 4, and 5, respectively.

3.4  Comparison of MCNPX, Geant4, and XCom 
results

The differences between the results obtained using 
MCNPX, Geant4, and XCom are listed in Tables 2, 3, and 
4, respectively.

3.5  Effect of Zeff on nanocomposite radiation 
attenuation

The variation in Zeff with the photon energy for the nine 
shields is depicted in Fig. 6. The value of µm as well as 
atomic weights of each element used in the formula for Zeff 
was obtained from the XCom program data.

4  Discussion

As shown in Fig. 2a, the attenuation coefficient increased 
with the concentration of NPs. This is consistent with the 
findings of El-Khatib et al., who reported that µm signifi-
cantly increased with the concentration of micro-cadmium 
oxide (CdO) and nano-CdO in composites at photon ener-
gies of 59.53–121.78 keV [27]. In addition, Mehnati et al. 
showed that when the concentration of  Bi2O3 NPs in a 

PDMS polydimethylsiloxane

Table 1  (continued) Composite Density (g/cm3) Element Weight fraction (%) MCNPX ID

Filler Matrix (PDMS)

0.20 wt%  WO3
0.20 wt%  SnO2

1.701 H 0.04893 1001.60c

C 0.19437 6012.60c

O 0.21332 8016.60c

Si 0.22725 14,028.60c

Sn 0.15754 50,119.60c

W 0.15860 74,184.60c
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polymer composite increased by 10%, the radiation-protec-
tion efficiency increased by approximately 9% [28].

The mass attenuation coefficients for the pure NPs 
obtained from the XCom standard data are compared in 
Fig. 2b. As is evident in Fig. 2, when the weight of bis-
muth oxide in the Bi–Si SMPC increased from 20 to 40 wt% 
at 60 keV, the µm value increased by 60% (from 1.1138 to 
1.7793  cm2  g−1). In addition, from Fig. 4, the µm value in 
the Bi-W MMPC was 39.82% higher than that of the W-Sn 
MMPC at 100 keV (from 1.615 to 0.972  cm2  g−1). El-Khatib 
et al. also found that a 46% increase in 59.53 keV occurs 
when the weight of nano-CdO increased from 40 to 60 wt% 
(from 1.3748 to 2.5620  cm2  g−1) [27].

As the energy increased, the mass attenuation coefficients 
of all the samples decreased. Close to the K-edge, the pho-
ton energy is completely absorbed by the electrons, and the 
probability of the photoelectric effect significantly increases, 

which improves the shielding performance [28]. The results 
show that the two K-edges provided higher attenuation, and 
this advantage was applied by creating a new MMPC shield 
with two fillers selected among Bi, W, and Sn NPs.

In the intermediate-energy range, there was a discontinu-
ity in the attenuation coefficients of the shields containing 
 Bi2O3 and  WO3, which was because of the K-edge of Bi and 
W. The K-edge of  Bi2O3 is 90.5 keV. As shown in Figs. 3, 
4, and 5, the µm values at 100 keV increased in the Bi–W 
and Bi–Sn nanocomposite shields, in contrast to the general 
declining trend. The value of µm at this energy was larger 
than those at 80 and 120 keV.

This abrupt increase was observed for the  WO3 shields 
at 80 keV because its K-edge was 69.5 keV. Unlike in the 
 Bi2O3 and  WO3 shields, this discontinuity was not observed 
in the SnO2 nanocomposite shields. This could be because 
the absorption edge (29.20  keV) was between 20 and 

Fig. 2  a Comparison of mass 
attenuation coefficients for 
single-metal nanocomposites 
of  Bi2O3,  WO3,  SnO2 at three 
different concentrations and 
energies of 20–140 keV. b 
Mass attenuation coefficients of 
investigated elements (plot data 
obtained from XCom database). 
PDMS polydimethylsiloxane
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40 keV, and the mass attenuation coefficient at 20 keV was 
higher than that obtained at other energies. Therefore, the 
increase in the attenuation coefficient due to the K-edge at 

40 keV was different from that of the other two fillers at 
energies greater than 20 and 60 keV. The attenuation coef-
ficient decreased as the energy decreased from 20 to 40 keV. 
Finally, the shielding performance of the Bi–W fillers was 
better than that of the other multi-metal nanocomposites at 
all concentrations and energies.

Fig. 3  Mass attenuation coefficients obtained using MCNPX, Geant4, 
and XCom at energies of 20–140 keV for a  Bi2O3 and  WO3 shield, 
with 10% nanoparticles (NPs), b  Bi2O3 and  SnO2 shield, with 10% 
NPs, and c  WO3 and  SnO2 shield, with 10% NPs

Fig. 4  Mass attenuation coefficients obtained using MCNPX, Geant4, 
and XCom at energies of 20–140 keV for a  Bi2O3 and  WO3 shield, 
with 20% NPs, b  Bi2O3 and  SnO2 shield, with 20% NPs, and c  WO3 
and  SnO2 shield, with 20% NPs
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Sayyadi et al. [29] used the MC method to investigate the 
radiation-shielding properties of silicone rubber-based com-
posites doped with various metal NPs. They reported that 
all the multi-metal composites exhibited optimal shielding 

properties and approximately 8% higher attenuation than sin-
gle-metal composites [29]. This behavior of the mass attenu-
ation coefficient with respect to energy could be because of 
the photoelectric effect, which was dominant in this energy 
range (20–140 keV). In particular, below 100 keV, the cross 
section of the photoelectric interaction was predominant 
because the photons at this energy were prone to absorption, 
mainly by the photoelectric effect, depending on Z4/E3.5, 
where Z is the atomic number of the absorbing element and 
E is the incident photon energy [30].

The attenuation coefficient at 20 keV was significantly 
higher than those obtained at other energies, and it rap-
idly decreased as the energy increased from 20 to 40 keV. 
Tekin et al. obtained a similar result in another study on 
concrete blended with  WO3 and  Bi2O3 microparticles and 
NPs using MC codes. They found that the decrease in µm at 
lower energies was faster than that at higher energies [9]. 
Therefore, the µm value was increased using a filler with a 
higher atomic number in the polymer matrix, which had a 
strong photon absorption capability. However, as the pho-
toelectric cross section was inversely proportional to E3.5, 
µm rapidly decreased as the photon energy increased. As 
the probability of the photoelectric effect increased, more 
rays were absorbed and the shielding performance improved. 
El-Khatib et al. conducted a similar study on CdO micro- 
and nano-fillers with high-density polyethylene and reported 
similar results [27].

As shown in Tables 2, 3, 4, molecular simulations were 
performed using Geant4 and XCom, and the results of these 
two methods were remarkably close (< 2%). This implies 
that the filler molecules were uniformly dispersed through-
out the polymer matrix. As aforementioned, in the MCNPX 
code, spherical NPs were distributed in the PDMS matrix. 
This is closer to the actual state than to the theoretical state 
[31].

This type of simulation caused more differences between 
the results of MCNPX and other methods. If the standard 
XCom data were used as a reference, the maximum differ-
ence from the Geant4 results was 2.02% for 20 wt% Bi–Sn 
NPs and 140 keV. The maximum difference obtained from 
the MCNPX results is 39.02% under the same conditions. 
Malekzadeh et al. showed that the µm values for Bi–Si com-
posites in nano-sized fillers calculated using the MCNPX 
code were close to the experimental results [22]. Therefore, 
Geant4 was more accurate in simulating the performance 
of radiation composites because of the manner in which the 
NPs were defined in this code. Singh et al. calculated µm 
and Zeff for steel alloys using Geant4 and MCNP at different 
gamma-ray energies. The results obtained using both codes 
are in good agreement with the theoretical XCom data. 
Moreover, they reported that both simulation codes could 
be used to determine the gamma-ray interaction properties of 
the alloys [32]. Vanaudenhove et al. used MC codes to study 

Fig. 5  Mass attenuation coefficients obtained using MCNPX, Geant4, 
and XCom at energies of 20–140 keV for a  Bi2O3 and  WO3 shield, 
with 40% NPs, b  Bi2O3 and  SnO2 shield, with 40% NPs, and c  WO3 
and  SnO2 shield, with 40% NPs
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Table 2  Comparison of the 
mass attenuation coefficients 
of composite shields with Bi 
and W fillers obtained using 
MCNPX, Geant4, and XCom 
data

Diff 1: Difference in µm between MCNPX and XCom
Diff 2: Difference in µm between Geant4 and XCom
Diff 3: Difference in µm between MCNPX and Geant4

Bi–W (as filler) and PDMS (as matrix) composite shield

Energy (keV) 10% Bi–W 20% Bi–W 40% Bi–W

Diff 1 Diff 2 Diff 3 Diff 1 Diff 2 Diff 3 Diff 1 Diff 2 Diff 3

20 24.19 0.56 23.76 15.43 1.88 13.81 8.18 0.73 8.85
40 3.87 0.22 3.65 3.95 0.15 4.10 2.03 0.31 1.72
60 4.13 0.73 3.42 10.31 1.05 11.48 9.37 1.11 8.35
80 19.40 0.40 19.08 7.92 0.84 7.14 29.18 0.62 28.73
100 4.38 0.34 4.05 2.97 0.29 3.27 12.61 0.10 12.52
120 12.56 0.55 12.08 14.71 0.19 14.93 17.67 0.68 17.11
140 17.18 0.40 16.85 14.00 0.86 14.99 28.50 0.51 28.14

Table 3  Comparison of the 
mass attenuation coefficients 
of composite shields with Bi 
and Sn fillers obtained using 
MCNPX, Geant4, and XCom 
data

Diff 1: Difference in µm between MCNPX and XCom
Diff 2: Difference in µm between Geant4 and XCom
Diff 3: Difference in µm between MCNPX and Geant4

Bi–Sn (as filler) and PDMS (as matrix) composite shield

Energy (keV) 10% Bi–Sn 20% Bi–Sn 40% Bi–Sn

Diff 1 Diff 2 Diff 3 Diff 1 Diff 2 Diff 3 Diff 1 Diff 2 Diff 3

20 9.76 0.22 9.56 4.30 0.58 4.91 14.32 0.64 13.59
40 11.96 0.05 12.00 5.92 0.15 6.06 9.55 0.04 9.59
60 14.35 0.53 13.89 5.88 0.29 5.60 13.60 0.47 13.18
80 18.89 0.92 18.13 14.29 1.52 16.05 22.47 1.25 21.50

100 2.48 0.29 2.78 35.44 0.28 35.82 11.78 0.65 12.51
120 2.55 0.40 2.16 25.93 0.11 25.79 5.96 0.63 6.63
140 15.41 0.57 14.92 39.02 2.02 41.90 7.31 0.21 7.11

Table 4  Comparison of the 
mass attenuation coefficients 
of composite shields with W 
and Sn fillers obtained using 
MCNPX, Geant4, and XCom 
data

Diff 1: Difference in µm between MCNPX and XCom
Diff 2: Difference in µm between Geant4 and XCom
Diff 3: Difference in µm between MCNPX and Geant4

W–Sn (as filler) and PDMS (as matrix) composite shield

Energy (keV) 10% W–Sn 20% W–Sn 40% W–Sn

Diff 1 Diff 2 Diff 3 Diff 1 Diff 2 Diff 3 Diff 1 Diff 2 Diff 3

20 7.77 0.43 7.37 1.98 0.13 2.11 2.11 0.16 2.27
40 10.96 0.01 10.97 7.35 0.01 7.35 12.16 0.03 12.19
60 8.87 0.78 8.16 2.94 1.04 1.92 19.59 0.74 18.99
80 2.62 0.65 3.29 10.78 0.00 10.78 7.25 0.13 7.13

100 1.24 0.67 1.92 9.52 0.13 9.66 10.50 0.60 9.96
120 7.64 0.00 7.64 4.55 0.20 4.76 22.59 0.00 22.59
140 6.97 0.66 7.67 6.06 1.15 4.85 26.80 0.35 26.54
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the effectiveness of radiation shields in particle accelerator 
facilities, and reported that MCNPX and Geant4 are suitable 
for this purpose [33].

As indicated by Fig. 6, the values of Zeff were maximum 
in the low-energy range (20–60 keV), minimum in the inter-
mediate-energy range (60–80 keV), and moderate in the 
high-energy range (80–140 keV). The discontinuities in the 
intermediate-energy region were because of the K-edges of 
the constituent elements. Similar to µm, the decreasing trend 
with increasing energy was because of the Z-dependence of 
the cross sections for different photon interaction mecha-
nisms, and was mainly photoelectric [32].

Zeff for the Bi–W nanocomposite shields increased 
slightly as the energy increased from 60 to 100  keV. 

However, the Bi–Sn nanocomposite shields decreased as 
the energy increased from 60 to 80 keV, and then abruptly 
increased at 100 keV. The W–Sn nanocomposite shields 
increased as the energy increased to 80 keV and then 
decreased to the end of the energy range (140 keV). This 
behavioral difference was because of abrupt changes in 
the attenuation coefficient in the K-edge energy ranges. A 
comparison of these results with those of µm showed that 
the beam attenuation capacity of the shields increased with 
Zeff. Sayyed and Elhouichet studied the rapid decrease in 
Zeff with increasing incident photon energy (from 70 to 
600 keV) for borotellurite  (B2O3–TeO2) glass samples [7]. 
High-atomic-number elements (Bi, W, and Sn) were used 
as fillers, and low-atomic-number elements (C, H, and Si) 
were applied as the main components of the PDSM matrix. 
The photoelectric absorption ability of the NPs was sig-
nificantly higher than that of the PDSM. Thus, these par-
ticles play a key role in improving shielding performance 
(Fig. 2b).

The attenuation of MMPCs was higher than that of 
SMPCs because of the presence of elements with several 
high K-edges, which could absorb every part of the X-ray 
spectrum considered in this study. These types of MMPC 
radiation shields may be used to protect personnel and 
patients from several types of radiation, such as X-rays, 
gamma rays, and particles. This requires further theoreti-
cal and practical research.

5  Conclusion

In the present study, we designed and evaluated MMPCs 
with 10%, 20%, and 40% Bi, W, and Sn NPs, respectively, 
using MCNPX and Geant4 at photon energies between 20 
and 140 keV.

The results indicate that the shielding performance of 
the Bi–W filler is better than that of the other single- and 
multi-metal nanocomposites at all concentrations and 
energies, probably because of the higher two K-edges and 
Zeff, providing higher attenuation. In addition, the results 
obtained using both the Geant4 and MCNPX codes are in 
good agreement with the XCom theoretical data. However, 
Geant4 was more accurate in simulating the performance 
of radiation composites because of the manner in which 
the NPs were defined in this code.
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