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Abstract 

Purpose: Nowadays, the use of polymer composites with several metals to design and build new radiation 

composite shields with practical features in radiology is expanding.  

Materials and Methods: Three metal oxides, including Bismuth oxide (Bi2O3), Tungsten oxide (WO3), and Tin 

oxide (SnO2) were used as mono-metal and bimetallic compound silicon matrixes for clarification of their 

practical use. Monte Carlo simulation methods were used to enter the specifications of each metal in combination 

with silicon. The mass attenuation coefficients of the mono- and bimetallic composites were calculated in the 

energy ranges of 40 to 150 KeV by classification to low/ medium/high groups. 

Results: The results showed the beam reduction ability for both the mono- and the bimetallic composites. The 

mass attenuation coefficients of Bi2O3, WO3, and SnO2 at 80 KeV were 0.38, 0.33, and 0.57 cm2/gr, respectively. 

Moreover, the Bismuth-Tin bimetallic combination at low energies and the Bismuth-Tungsten at high energies 

had better attenuation than the other samples. To select bimetallic compounds with a high attenuation coefficient, 

it is better to match the energy used in the imaging method specifically. For example, in the 70-90 KeV energy 

range, the Sn-W combination had the highest beam attenuation coefficient. 

Conclusion: The advantage of mono- and bimetallic shields in terms of energy attenuation amount depends on 

beam energy and shielding metal “K-absorption” edge. In comparing the attenuation of recorded beams in low, 

medium, and high ranges of energy, mono-metallic Bismuth shows higher attenuation coefficients than mono-

metallic Tungsten and bi-metallic Bismuth–Tungsten. Dose reduction of the bi-metallic state of Bismuth - Tin 

was greater than that of mono-metallic Bismuth and Tin in low energies. Also, the attenuation of the Bi-Sn 

composite shield in low energy was the highest amount among all silicon composite shields. 

Keywords: Bismuth; Tin; Tungsten; Nanocomposites; Computed Tomography Shields; Patient Radiation. 
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1. Introduction  

In today’s world, the use of X-ray machines, 

especially Computed Tomography (CT) imaging, in 

diagnosing various diseases is increasing. The main 

using new materials in therapy is for radio 

synthesizing of organs for radiation but in diagnosis 

goal is a lesser dose to the organ [1, 2]. The use of 

radiation, especially in CT scan is associated with an 

increase in the patient's radiation dose [3]. Any 

increase in radiation dose, especially in radiation-

sensitive organs such as the breast, increases the 

possibility of delayed radiation effects, including 

cancer. Therefore, it is necessary to use a variety of 

radiation protection methods [4, 5]. One of the best 

and most effective ways to achieve radiation 

protection is to use a composite shield. A study has 

recently designed a belt composite shield, which 

shows promise as a protective device for reducing 

radiation risks to both the patient's breast and the 

operator during coronary angiography [6]. Because of 

the complications that arise with lead as the most 

common element used in radiation shields, the use of 

elements with a high atomic number and different 

radiation absorption properties such as Bismuth, 

Tungsten, and Tin has been proposed [7]. 

Using new materials to shield the patient from 

radiation in CT plays a main role in reducing the dose 

of radiation to the patient’s sensitive organs, such as 

the breast. Many studies have examined using 

Bismuth shields. In one study, the use of Bismuth -

silicone composite was studied in an attempt to reduce 

irradiation to the breast, and the image quality of the 

resulting images was also examined [8, 9]. The effect 

of irradiation, which concludes percentages of 

different metals on dose reduction in CT angiography, 

has been investigated for Bismuth shields [10]. The 

application of micro- and nano-sized Bismuth 

composite shields with different percentages was 

approved for CT scan and angiography radiation 

protection [11]. In review articles related to the study 

of energy, particle size, and types and combinations of 

metal particles as the composite, the effectiveness of 

each of these factors for Bismuth and Tungsten metals 

was assessed [12, 13]. Recent studies have shown that 

the type of polymer (silicon or polyurethane) has a 

significant effect on image noise levels in the case of 

Bismuth composite shields [14, 15]. In another study, 

Tin was used as a matrix filler to absorb medium-

energy photons in the X-ray spectrum, with excellent 

attenuation at the energy of 29 KeV [16]. Also, 

Tungsten has been one of the preferred metals for 

researchers to study radiation shields in recent years 

due to its high electron density compared to other 

elements [17, 18]. Movahedi et al. studied a dual 

composite shield made of Tungsten nano-oxide and 

Tin nano-oxide to investigate attenuation coefficients 

[19]. No study on tree-metallic compounds was found 

in the available references. 

Considering all above-mentioned facts, many 

studies have investigated and designed composite 

shields with NPs. In this study, for the first time, we 

have used two methods (simulation and practical) to 

evaluate and design composite shields with three NPs. 

Therefore, the effects of radiation protection of 

composites containing Bismuth oxide (Bi2O3), 

Tungsten oxide (WO3), and Tin oxide (SnO2), NPs 

were investigated with Monte Carlo simulation. Then, 

a quantitative comparison of the mass attenuation 

coefficients (μ/ρ) of all simulated composites relative 

to each other with the focus on Bi2O3 as the material 

whose application is most studied compared with 

other materials in three groups of high, medium, and 

low energy in the ranges of medical imaging energies 

was performed. 

2. Materials and Methods  

2.1. Software 

The Monte Carlo software used in this study was 

MCNPX5 code, which is used for simulation and 

protection ability analysis of radiation shields. The 

radiation shields were designed as composites which 

included a spherical metal amplifier enclosed in a 

cubic silicon matrix. 

2.2. Shield Metals 

Three metals, i.e. Bismuth, Tungsten, and Tin, 

(Bi2O3, WO3, SnO2) were selected as metal oxides to 

fill the matrix, with atomic numbers 83, 74, and 50, 

respectively, and K-absorption edges of 90.5, 69.5, 

and 39 KeV, respectively. These metals were used as 

the absorber for the low- and medium-energy photons 

in the X-ray spectrum. The filler metals with a 
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diameter of 100 nm were simulated as single and 

double metals used for placement in the matrix of the 

shields. Silicone rubber (density 1.11 g/cm3) was used 

as the matrix polymer. Each composite contained 10% 

wt. of metal oxide and 90% wt. of silicon. Composite 

compounds in the energy range of 40 to 150 KeV with 

10 KeV steps were simulated using the Tally f4 code. 

2.3. Calculation Assay 

The linear attenuation coefficient values were 

calculated using Lambert's law (Equation 1): 

𝐼(𝑥) = 𝐼0𝑒
−𝜇𝑥 (1) 

Where (I0) represents the intensity of the input 

beam, (I) represents the intensity of the output beam, 

(x) is the thickness of the absorber, and (µ) is the linear 

attenuation coefficient. 

In each simulation, the ratio of the output beam to 

the input beam (I/I0) was calculated in 3 thicknesses. 

By plotting the ratio of beam reduction to thickness (x) 

in Excel software, the linear attenuation coefficient 

was calculated as the slope of the resulting line 

diagram for each of the metal composites at a given 

energy. In the last step, the linear attenuation 

coefficient divided by the density of each compound 

gave the mass attenuation coefficient that was used as 

a parameter to compare the effects of composite 

shields. 

2.4. Study Geometry 

In designing the study geometry, the priority was to 

reduce the energy of the main beam by using two 

collimator plates with 5 cm apertures and placing a 

composite shield between them. According to the 

standards, this is a suitable distance between the 

source and the detector for removing the projected 

scattered rays. The general geometry of the simulation 

and the placement of silicon and metal in the 

composite in specific dimensions are shown in Figure 

1A & B. 

The general geometry of the simulation, shown in 

Figure 1A, shows the position of the source, 1st 

collimator (lead), composite shield, 2nd collimator 

(lead, and detector relative to each other. Figure 1B 

shows the parameters in this Figure including the 

structure of the shield simulation by showing the 

 

Figure 1. The general geometry of the simulation with Monte Carlo software. 

A: the position of the source, 1st collimator (lead), composite shield, 2st 

collimator (lead), and detector relative to each other, B: detail of shield 

simulation by showing the silicon and metal matrix inside it; a: is the silicon 

matrix of composite, b: shows the size of the sphere for the metal of display, 

and d shows the protective thickness of the shield 
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silicon and metal matrix inside it; a is the silicon 

matrix of the composite, b shows the size of the sphere 

for the metal of display, and d shows the protective 

thickness of the shield. 

To investigate the behavior of the selected shields, 

according to the k edge of the metals, groups of low, 

medium, and high energy (L, M, and H, respectively) 

were selected. Group L comprised energies of 40, 50, 

60, and 70 KeV; group M was composed of energies 

of 80, 90, 100, and 110 KeV; and group H comprised 

energies of 120, 130, 140, and 150 KeV. 

2.5. Validation of Advanced Code 

The study employed a verification and validation 

process to assess the accuracy and credibility of the 

MC models used. The verification process involved 

comparing the MC results with data provided by 

XCom for pure bismuth and silicone. The linear 

attenuation coefficients of bismuth and silicone were 

calculated using the MC models and compared with 

established XCom data. This step ensured that the MC 

models accurately represented the behavior of bismuth 

and silicone shielding. 

2.6. Fabrication of the Sample Composite 

Shield 

After the synthesis of the fillers, the composites 

with 10% Bi2O3 weight were prepared using the 

compression molding technique. Liquid Silicon 

Rubber (LSR) with the chemical components of Si 

(CH3)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 proportions were sensitively 

weighed and mixed thoroughly for the fine dispersion 

of the filler in a mechanical stirrer for one hour at 50 

rpm. Following that, they were dried at room 

temperature (25°C). Scanning optical microscopy was 

employed to evaluate the shape of the produced 

particles. 

3. Results 

3.1. Validation of Advanced Code 

The validation of the simulation geometry was 

carried out by calculating the linear attenuation 

coefficients of bismuth and silicone at photon energies 

ranging from 60-300 and 60-150140 keV using the 

MCNPX code, respectively (Figure 2A, B). The 

results were then compared with the XCom data. The 

comparison showed a maximum difference of 1% 

between the calculated results and the XCom data, 

indicating the accuracy of the advanced MCNPX 

simulation geometry. Once the accuracy of the MC 

models was confirmed, the study proceeded to 

simulate the composites with the presence of metal 

Nanoparticles (NPs). The validated input codes were 

used to calculate the radiation mass attenuation 

coefficients of the samples, taking into account the 

influence of the metal NPs. 

3.2. Bi2O3 and WO3 Composite Shield 

The mass attenuation coefficients of composite 

shields were calculated as mono- and bimetallic. 

Figure 3 shows the mass attenuation coefficients for 

the Bi2O3 and WO3 single and double metal shields. 

As shown in Figure 3, the attenuation coefficient for 

Bi2O3 single metal decreased with energy from 40 

KeV before reaching the k-edge. At 90.5 KeV, an 

absorbed peak was evident due to the k-edge energy; 

then the attenuation decreased again with increasing 

energy as observed in the area of energies M and H. 

For WO3 metal, in the energy range L and before its 

absorption edge, the attenuation rate decreased with 

increasing energy. When reaching the k-edge,  
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Figure 2. Mass attenuation coefficients of standard XCOM 

data compared to the MCNPX data for A: pure bismuth, B: 

pure silicon at various photon energies. µ/ρ: mass 

attenuation coefficient PROOF
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absorption at the energy of 69.5 KeV was done; then 

an increase in beam absorption was observed. In the 

energy interval M, between the k-edge of the Bismuth 

and the end of the interval, the greatest attenuation was 

related to WO3, which decreased with increasing beam 

energy. In the energy range H, the decreasing trend of 

the attenuating of this metal continued. 

Changes in the absorption coefficient of the 

combined state of these two metals presented two 

increases in the energies related to the k edges (69.5 

KeV and 90.5 KeV). Except for these two peaks 

related to the k edge, the adsorption coefficient 

decreased and was between the attenuation 

coefficients of monometallic states. In the ranges of 

low and high energies, its absorption was more than 

WO3 and less than Bi2O3, and at energies of 140 and 

150 KeV, it showed a parallel absorption with Bi2O3. 

Also in the energy range M, its attenuation rate is more 

than Bi2O3 but less than WO3. 

3.3. Bi2O3 and SnO2 Composite Shields 

Figure 4 shows the attenuation coefficients for the 

two metals Bi2O3 and SnO2 as well as the shield 

obtained from combining these two metals. Bi2O3 

attenuation is described in Figure 3. In the case of 

SnO2 and with respect to the k edge of 39.5 KeV 

(which is less than the starting energy of the study), 

the highest attenuation coefficient was in L energies, 

and in the M and H groups, a relative decrease in mass 

attenuation coefficient was observed when the energy 

continued to increase. 

 

 

 

 

3.4. WO3 and SnO2 Composite Shields 

Figure 5 shows the attenuation coefficients of WO3, 

SnO2, and the composite shield of these two metals 

combined. The single metal attenuation states 

changed, as shown in Figures 1 and 3. WO3 was lower 

than SnO2 and higher than Bi2O3. After this region, the 

highest attenuation coefficient with a small difference 

compared to SnO2 was related to the combined state 

of these two metals. 

 

3.5. Bimetallic Compounds 

Figure 6 shows a general comparison of the 

bimetallic compounds. In the L and H energies, the 

greatest attenuation was related to Bi-Sn. In the L 

energies, Bi-W and W-Sn had the same mass 

attenuation coefficient. In the M range, no bimetallic 

compound had the highest attenuation, and due to the 

entry of the k edge Bi and W, increases in the 

attenuation coefficient were observed. At 70, 80, and 

90 KeV, the W-Sn combination and the Bi-Sn 

combination had the most and least attenuation, 
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Figure 3. The mass attenuation coefficients for single 

and double metal shields of Bi2O3, WO3. µ/ρ: mass 

attenuation coefficient 
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Figure 4. The mass attenuation coefficients for single and 

double metal shields of Bi2O3, SnO2. µ/ρ:mass attenuation 

coefficient 
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Figure 5. The mass attenuation coefficients for single 

and double metal shields of WO3, SnO2. µ/ρ:mass 

attenuation coefficient 
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respectively. At energies of 90 and 100 KeV, Bi-Sn 

had the highest beam attenuation coefficient, and at 

110 KeV, W-Bi had more attenuation than other 

bimetallic compounds. 

A fabricated sample of nanoparticles, a Bismuth 

oxide shield, was performed and details for practical 

experiments for dosimetry of all shields will be done 

in future studies (Figure 7). 

4. Discussion 

The main purpose of this study was to investigate and 

compare shields made with Bismuth, Tungsten, and Tin 

metal oxide as mono-metals and combinations of two 

metals in the diagnostic radiology energy of CT scan and 

the amount of radiation absorbed in the three selected 

energy ranges. 

Recently studies have shown that dose to organs 

during many types of CT scans leads to a 1.6 to 20.3 mSv 

effective dose according to the type of scanning and 

demographic properties of patients, thus using protection 

materials in CT scans recommended [20]. 

In the comparison of mono- and bimetallic shields, the 

response of bimetallic composite shielding cannot be 

considered as having the most or the least attenuation 

compared to mono. The importance of the k edge of 

metals as the boundaries of attenuation in composite 

compounds was also revealed. On the other hand, these 

new shields utilized k-edge photoelectric interactions as 

well as high photon absorption observed for photons 

with an energy range similar to k-shell binding energy. 

For example, as shown in Figure 3 in the bimetal 

compound Bi-W, between the two absorption edges 

marked P1 and P2 the observed highest mass attenuation 

coefficient was related to WO3 (except for the high 

photon absorption in the Tungsten k-edge with 59% 

difference). Moreover, the difference between WO3 and 

Bi2O3 absorption in this range was between 40% and 

50%. Comparing Bi2O3 energy ranges (L to H), because 

of a difference of about 40% with WO3 and about 10% 

to the bimetallic state, it seems that Bi2O3 will be a 

desirable choice in the L range. Bi2O3 at the absorption 

edge k shows a double attenuation compared to other 

protectors. Furthermore, at energies higher than 90 KeV 

and in the H range, with a difference of more than 30% 

compared to WO3 and about 10% compared to the 

bimetal state, it will be a good option to attenuate the 

beams used in medical imaging. 

A higher attenuation coefficient was shown in the Bi-

Sn bimetallic compound shield (Figure 4) than in the 

Bi2O3 and SnO2 single metal state. Comparing the energy 

ranges in L and M, the superiority of the attenuation 

coefficient of the bimetallic compound compared to the 

mono-metallic state of Bi2O3 and SnO2 with a difference 

between 5% to 29% was evident. 

Due to the effect of the k absorption edge of the single 

metal beam of Bismuth oxide at energies higher than 90 

KeV, the highest absorption was observed with a 

difference of about 50% compared to Tin and a 

difference between 5% and 40% compared to the 

bimetallic state. At 140 and 150 KeV, Bi-Sn bimetallic 

alloys showed a better attenuation than the Bi2O3 

nanoparticle state by 4-7%. 

For the compounds studied in Figure 4, the attention 

ability of the metal compounds of WO3 and SnO2 was: 

SnO2> Sn-W> WO3. A peak corresponding to the mass 

attenuation coefficient W was observed at the energy 

corresponding to the k absorption edge as the highest 

attenuation coefficient. The superiority of the WO3 

attenuation coefficient is evident in the energies after the 

k absorption edge. In a comparison of energy ranges, M 

indicated the suitability of using a combination of 
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Figure 6. The mass attenuation coefficient for Bi2O3-

WO3, Bi2O3-SnO2 and WO3-SnO2. µ/ρ:mass 

attenuation coefficient 

 

Figure 7. A fabricated sample of nanoparticles Bismuth 

(Bi2O3) shield. (a): photograph (b): light microscope PROOF
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bimetallic and single metal WO3 with a difference of less 

than 5%. In the energy range H, the superiority of the 

bimetal compound over each of the mentioned single 

metals was evident with a greater difference than the 

SnO2 attenuation coefficient. 

To select the most effective bimetallic compounds for 

reducing attenuation in the range of medical imaging 

energies, a general comparison of the bimetallic 

compounds was performed (Figure 6). The results show 

the superiority of the compound Bi-Sn in the energy 

range L and H. Also, if we want to choose a two-metal 

compound with the same attenuation coefficient in the 

energy range L, both Bi-W and Bi-Sn metal compounds 

can be used. Another noteworthy point is the lack of 

well-defined behavior for bimetallic compounds in the 

M range. To select bimetallic compounds with a high 

attenuation coefficient, it is better to match the energy 

used in the imaging method specifically. For example, in 

the 70-90 KeV energy range, the Sn-W combination had 

the highest beam attenuation coefficient. 

In one study, 1% Bismuth in silicon matrix showed a 

reduction of 7% to 12% in the thickness of 1 mm and 1.5 

mm for the dose of breast input in CT scan imaging and 

was recommended for use in CT imaging [21]. A 

comparison of linear attenuation coefficients with the 

present study showed the effect of metal weight 

percentage on the amount of attenuation coefficients. In 

energy 80 KeV, the attenuation coefficient to the 

mentioned research was 0.12 cm-1 and to the present 

study was 1.09 cm-1. 

In the micro-particles and Bismuth nanoparticles in 

the silicon matrix and in the energy range of diagnostic 

radiology (60-150 KeV), the effect of particle size on 

better attenuation properties was reduced by 11-18% and 

showed more beam in nano-mode [22]. There is an 

acceptable correlation between the results of the mass 

attenuation coefficient calculated for Bismuth metal 

during the mentioned study and the present one. The two 

studies are similar in the single-beam energy mode and 

energy range, particle size, and matrix, and both use the 

Monte Carlo simulator to calculate attenuation 

coefficients. 

The results of the present study, which was performed 

on a 10% metal composite, showed the Bismuth - Tin 

bimetallic compound performed best in attenuating the 

beam in most of the studied energies, while Movahedi et 

al. [19] found that with a pure metal without considering 

the silicon composite, the best attenuation was Tungsten 

oxide (13.02%) and Tin oxide (73.78%). In the above 

study, by increasing the ratio of Tungsten in the 

composition, the amount (I⁄ I0) decreased. According to 

the results shown in Figure 4 and the absorption ratios of 

the three composites studied in this table in the energy 

range of 40-100 KeV, the results of the two studies can 

be considered to agree with each other. 

Analysis of the results obtained in the present study 

and the mass attenuation coefficient calculated in the 

study by Hao Chai et al. [23] for Bismuth oxide and 

Tungsten metal showed similar reduction behavior and 

peaks at the Bismuth and Tungsten k-adsorption edge, 

but they had less difference in absorption coefficients 

than the present study, which could be due to the effect 

of oxygen molecules on the structure of Bismuth oxide 

which, due to the lower absorption coefficient of this 

element compared to Bismuth, reduces the overall 

absorption coefficient and results in Tungsten. A study 

by a polyvinyl alcohol (PVA)/WO3 composite, in the 

presence of high-energy gamma photons (662, 778, 964, 

1112, 1170, 1130, and 1407 KeV), by Monte Carlo N-

Particle simulation program presented that increasing of 

energy caused to a reduction of mass attenuation 

coefficient in both composite samples of micro-/nano-

WO3 but coefficients and ability to shield are higher with 

nanocomposite [24]. In a comparison with our results, in 

energy ranges of 40-150 KeV, the amount of attenuation 

coefficient in the energies near the K-edge of tungsten 

(69.5 KeV) increased due to the photoelectric effect 

while for higher energies the amount of µ/ρ decreased 

due to Compton scattering and pair production which are 

two dominant events. Also, another study, using MCNP 

code, described a modified model to study the effect of 

size and proportion of tungsten (W) particles on the 

shielding properties of Light-Density Polyethylene 

(LDPE). Furthermore, they presented that the W 

proportion plays a more effective role than W size in 

attenuating gamma rays [25] that was completely 

approved in our study by different filler (Bi2O3, WO3, 

and SnO2) shielding properties. According to our media 

search, we did not find any study for single and bimetal, 

including a comparison of filler contains (Bi2O3, WO3, 

SnO2) by using MCNP code. Therefore, this study has a 

novelty for presenting in detail properties of single and 

bi-metal composites by MCNP methods. It seems 

performing simulation methods before practical 

fabrication of shields will be useful in correct selection 
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of metal composite experiments as well as their 

economic fabrication. 

5. Conclusion 

The advantage of mono- and bimetallic protectors in 

terms of the amount of energy attenuation of the beam 

depends on the beam energy span and shielding metal 

“K” edge.  In comparing the attenuation of recorded 

beams in low, medium, and high ranges of energy, 

mono-metallic Bismuth shows higher attenuation 

coefficients than mono-metallic Tungsten and bi-

metallic Bismuth-Tungsten. To select bimetallic 

compounds with a high attenuation coefficient, it is better 

to match the energy used in the imaging method 

specifically. 
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