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Abstract − This study investigates the performances of tungsten, lead, and bismuth elements, which 

are widely used for shielding gamma-ray, from the neutron shielding point of view using the Monte 

Carlo N-Particle (MCNP6.2) simulation code. The study analyzed the neutron shielding capacities of 

Al matrix composites containing 30% W, Pb, and Bi. In addition, the shielding properties of secondary 

gamma-ray with an energy of 0.478 MeV resulting from neutron-boron interaction were also 

investigated. The results show that for thermal and intermediate energy neutrons, Al-30%W composite 

gives very good results by separating from Al-30%Pb and Al-30%Bi composites. However, Al-%30Pb 

and Al-%30Bi composites are also effective for fast neutrons. Regarding the gamma-ray, it was 

calculated that the Al-30%Pb composite exhibited the highest shielding performance. These findings 

provide important data on the contribution of W, Pb, and Bi elements used as gamma-ray shielding to 

neutron shielding in different neutron energy ranges and reveal that these elements should be used 

strategically with appropriate combinations depending on the neutron energy in neutron shielding 

designs. 

1. Introduction 

Neutrons interact with matter and perform scattering or absorption reactions depending on their energy. In 

neutron shielding, elements with high scattering or absorption cross-sections are preferred depending on the 

energy of the incident neutron. While light elements are used to reduce the energy of fast neutrons to the 

thermal energy level, neutrons slowed down to the thermal level are absorbed by elements with high neutron 

absorption cross-sections. During these scattering and absorption reactions, secondary gamma rays are 

produced by interacting neutrons with matter. An effective neutron shielding should slow down fast neutrons, 

absorb slow neutrons, and shield the secondary gamma-ray generated during these reactions. 

In literature, Boron (B), Gadolinium (Gd), and Samarium (Sm) elements are widely used as neutron shielding. 

Boron produces secondary gamma-rays with an energy of 0.478 MeV in the neutron absorption reaction, while 

Gd produces high-energy gamma-rays on a broader energy range [1,2]. To shield these emitted secondary 

gamma rays, researchers have been developing neutron shields with elements such as tungsten (W), lead (Pb), 

and bismuth (Bi) [3–5]. For example, Cong et al. doped tungsten into the Al-Gd₂O₃ composite they developed 

to shield thermal neutrons and secondary gamma-rays emitted from neutron interactions [1]. Another study 

investigated the ideal mixing ratio of Gd₂O₃-W composite regarding neutron macroscopic cross-section 

(MaCS) and gamma-ray lineer attenuation coefficient (LAC) [6]. In glass-based neutron shielding, lead and 

bismuth have increased the gamma-ray LAC of glasses [3,7]. Similar elements are also preferred in polymer-

based neutron shielding to shield gamma rays [8,9]. 
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This study investigated the contributions of W, Pb, and Bi elements in neutron shielding and secondary 

gamma-ray. For this purpose, the neutron MaCS and attenuation rates of Al-30% (W, Pb, Bi) composites were 

calculated for thermal, intermediate, and fast neutrons using the MCNP6.2 simulation code. In addition, the 

shielding properties of secondary gamma-ray produced by neutron-boron interaction were investigated and 

compared. 

2. Material and Methods 

The Monte Carlo N-Particle (MCNP) simulation code is a versatile tool widely used in the fields of nuclear 

science and engineering to model radiation transport and its interactions with matter. Developed by Los 

Alamos National Laboratory, the MCNP simulation code employs Monte Carlo methods to simulate the 

interactions of particles such as neutron, photon, and electron across a broad energy spectrum. MCNP 

facilitates the solution of complex problems in reactor physics, shielding design, medical physics, and radiation 

shielding [4,10–15]. With its high capacity to achieve strong agreement with experimental data, MCNP stands 

out as an essential tool for researchers working in the field of radiation transport simulations [16]. 

In this study, MCNP6.2 was used to calculate the thermal, intermediate, and fast neutron macroscopic cross-

sections of Al-30%(W, Pb, Bi) composites, as well as the neutron attenuation rates for shields with thicknesses 

ranging from 0.5 cm to 5 cm. Additionally, the program was employed to determine the LAC for photons with 

an energy of 0.478 MeV and the photon attenuation rates for shields of the same thickness range. 

Neutrons are classified according to their kinetic energy. There is no sharp distinction or energy limit between 

neutron classes; however, neutrons can be classified according to their energy as follows: 

i. Thermal neutrons: 0.003 eV - 0.4 ev 

ii. Intermediate neutrons: 100 eV-200 keV 

iii. Fast neutrons: 200 keV-10 MeV 

This study determined that the thermal neutron energy was 0.1 eV, the intermediate neutron energy was 1 keV, 

and the fast neutron energy was 1 MeV [17].  

The simulation geometry shown in Figure 1 initially calculated the flux with no target material in place. 

Subsequently, the flux was measured by placing the target material between the neutron/gamma source and 

the detector. (2.1) calculated the gamma-ray, thermal, intermediate, and fast neutron attenuation rate. (2.2) and 

(2.3) were used to calculate the gamma-ray LAC and neutron MaCS using the Beer-Labmert law. 

Neutron/Gamma Attenuation Rate  (%) = (1 −
Ix

I0
) 100  

𝐼𝑥 = 𝐼𝑜𝑒−∑𝑡𝑥  

𝐼𝑥 = 𝐼𝑜𝑒−𝜆𝑥   

Where 𝐼𝑜 and 𝐼𝑥 represent the incoming and transmitted neutron-photon intensities, respectively, 𝑥 is the 

absorber thickness in centimeters, ∑𝑡 is the neutron MaCS, and 𝜆 is the gamma-ray LAC of the absorber 

medium.  
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Figure 1. The geometry of the Monte Carlo simulation setup 

3. Results and Discussion 

Figures 2, 3, and 5 present the MCNP6.2 simulation results for thermal, intermediate, and fast neutron MaCS 

and attenuation rates as a function of thickness, ranging from 0.5 to 5 cm, for Al-30(W, Pb, and Bi) composites. 

Among these, the Al-30W composite demonstrates the highest neutron MaCS and attenuation ratio at the 

thermal energy level. At 5 cm thickness, the Al-30W composite attenuates 50.02% of thermal neutrons, 

whereas the Al-30Pb and Al-30Bi composites achieve attenuation rates of 44.88% and 42.65%, respectively. 

Tungsten doping is the most effective in enhancing the thermal neutron attenuation rate compared to lead and 

bismuth. 

 
Figure 2. a) Thermal neutron macroscopic cross-section and b) Attenuation rate graph 

For intermediate neutrons, the neutron MaCS values for Pb and Bi-doped composites decrease compared to 

thermal-energy neutrons. In contrast, the MaCS of the Al-30W composite increases significantly from 0.139 

cm⁻¹ for thermal neutrons to 0.242 cm⁻¹ for intermediate neutrons. At a thickness of 3 cm, the intermediate 

neutron attenuation rate of the Al-30W composite is 51.61%, while those of the Al-30Pb and Al-30Bi 

composites are 27.72% and 28.10%, respectively. These intermediate-energy results align with the energy-

dependent cross-section trends of W-184, Pb-208, and Bi as illustrated in Figure 4 [18]. 
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Figure 3. a) Intermediate neutron macroscopic cross-section and b) Attenuation rate graph 

 
Figure 4. W, Pb, and Bi energy dependent cross-section plot 

Compared to thermal neutrons, the MaCS of the Al-30W composite shows a 74% increase for intermediate-

energy neutrons but decreases for fast neutrons. For fast neutrons, the MaCS of the Al-30W composite 

decreases to 0.158 cm⁻¹, whereas the MaCS values of the Al-30Pb and Al-30Bi composites increase to 0.145 

cm⁻¹ and 0.143 cm⁻¹, respectively. At 5 cm thickness the highest attenuation rate is 54.65% with Al-30W, 

while the attenuation rates of Al-30Pb and Al-30Bi are 51.56% and 51.07% respectively. 

 
Figure 5. a) Fast neutron macroscopic cross-section and b) Attenuation rate graph 
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Figure 6 shows the LAC and photon attenuation rate plots of Al-30(W, Pb, and Bi) composites for photons 

with an energy of 0.478 MeV. The 0.478 MeV energy photons were chosen because they are the energy of 

secondary gamma-ray resulting from the interaction of thermal neutrons with boron, which has a high neutron 

absorption cross-section and is widely used in neutron shielding. The W doping provides better shielding than 

Pb and Bi for thermal, intermediate, and fast neutrons. It has the smallest LAC value and photon attenuation 

rate for photons with an energy of 0.478 MeV. For 0.478 MeV energy photons, the photon attenuation of W, 

Pb, and Bi-doped composites in a 2 cm thick shield was calculated as 52.92%, 54.09%, and 53.99%, 

respectively. Among these, the Al 30Pb composite was the most effective in gamma-ray shielding. Pb is highly 

effective in gamma-ray shielding due to its high atomic number and density, which enhance the likelihood of 

photoelectric interactions. 

 
Figure 6. a) 0.478 MeV photon LAC and b) Attenuation rate graph 

4. Conclusion 

This study evaluated the neutron shielding performances of W, Pb, and Bi, commonly used for 

gamma-ray shielding, using the MCNP6.2 simulation code. MaCS and attenuation rate values were 

calculated for thermal, intermediate, and fast neutrons, as well as LAC values for photons with an 

energy of 0.478 MeV. For thermal neutrons, the Al-30%W composite demonstrated the highest 

neutron absorption performance. For intermediate-energy neutrons, the W-doped composite achieved 

an attenuation rate of 70.15% at a thickness of 5 cm due to its increased MaCS, highlighting W as the 

optimal element for shielding against intermediate-energy neutrons. Although W exhibited the 

highest attenuation rate for fast neutrons, the shielding performances of Pb- and Bi-doped composites 

were found to be comparable to that of the Al-30%W composite. In terms of gamma rays, the Al-

30%Pb composite exhibited the highest LAC and attenuation ratio for photons with an energy of 

0.478 MeV, whereas the Al-30%W composite demonstrated the lowest performance. However, 

considering W's superior neutron shielding capabilities, the 2–3% reduction in gamma-ray 

attenuation, depending on thickness, is within an acceptable range. 

In conclusion, this study demonstrates the performance of W, Pb, and Bi in neutron and gamma-ray 

shielding. It shows that these elements should be used strategically according to the energy of the 

neutron to be shielded. In particular, it is concluded that W provides superior shielding for thermal 

and intermediate energy neutrons, while Pb is the most effective element for gamma-ray shielding. 

These findings suggest that the combinations of components in neutron shielding designs should be 

optimized depending on the neutron energy. In light of this study, the Al-30W-20B4C composite will 

be examined in our future study. The present study demonstrates that W enhances the neutron 

shielding performance of the Al-30W-20B₄C composite while also mitigating secondary gamma rays 

generated from boron-neutron interactions. 
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