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Evaluation of the radiation protection capability of a low 
density and non-Lead composite shield using Monte Carlo 

model 

INTRODUCTION 

Lead poisoning is a global issue. Lead is mainly 
absorbed by the body through digestion and                
respiration. According to available information, Lead 
is stored in the blood, bones, soft tissues, hair, nails, 
pancreatic secretions, bile, stomach, and testiness           
(1-3). Lead is harmful to young people, children, and 
infants, as well as poses many risk to the mental           
development and nervous system. The permissible 
exposure level for Lead is 50 µm/cm3 of air within            
8-hours. The World Health Organization (WHO) has 
set an allowable threshold for adult blood Lead levels 
of 20 to 30 micrograms per deciliter (3-5). Values 
greater than this range lead to biological effects,           
including effects on the formation cycle and                    
inhibition of the activity of relevant enzymes, as well 
as the mitochondria of bone marrow cells (3-7). 

In diagnostic radiology, Lead shields are used to 
protect personnel and patients from ionizing                
radiations. There has been evidence that the              
heavyweight of Lead caps puts a strain on radiation 
workers and causes long-term back and neck pain            
(1-7).  

Lead is an excellent absorbent for X-rays in the 
energy range used in diagnostic tests, due to its high 
atomic number (8-13). However, this material is known 
as a toxic substance that pollutes the environment 
(14). In recent years, many studies have been                 
conducted to find better materials with suitable           
radiation protection capability as an alternative to 
Lead. In this regard, various materials such as              
Tungsten, Bismuth, Lead, and Iron have been used. 
Among them, Bismuth and Tungsten have been            
introduced as good alternatives to lead in the low and 
high energy ranges. These two substances are not 
environmentally hazardous (5). In McCaffrey et al., 
study on the comparison of Lead shields with                  
Lead-free shields showed that metals with high       
atomic numbers and low densities provided the    
highest possible shielding attenuation (6). In addition, 
shields containing Sn and Ba weigh less than lead 
with proper shielding attenuation (equivalent to 
0.5mm Lead) at 60 keV to 100 keV (6). A comparison 
of Pb and W shields showed that shields containing 
pure W had better photon attenuation compared to 
the pure Lead shields at energies between 100 keV 
and 120 keV (6).  
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ABSTRACT 

Background: This study aimed to evaluate the capability of a novel non-Lead 
composite shield with a lower density compared to commercial Lead shield to protect 
against 10-100 keV X-ray. Materials and Methods: In the present study, Monte Carlo 
calculations were performed to study the attenuation properties of a composite 
designed shield. For this reason, the attenuation rate of 8-material alloy including 
Tungsten, Bismuth, Barium, Gadolinium, Cesium, Cerium, Tin, and Antimony elements 
was compared to the 8-layers combination of these elements. Tungsten, Gadolinium, 
Cerium, and Bismuth were selected to simulate 4-layer and an alloy shields. The 
resulting X-ray fluence spectra attenuated by the designed shields were calculated. 
Results: Preliminary results showed that at the energy of 68 keV, the attenuation 
value by the 8-layer composition was 2.6 times higher than the value achievable by 
the alloy. It should be noted that the attenuation of 4-layer shield combined from 
Tungsten, Gadolinium, Cerium and Bismuth in the energy range of 72-100 keV, was 3.5 
times higher than that of the alloy shield built from these elements. Conclusions: 
According to the results, a combination of Tungsten, Gadolinium, Cerium, and Bismuth 
materials can be effectively used to create non-Lead shields. The four-layer shield with 
higher density offers better attenuation compared to the alloy shield. 
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In another study, Compared Lead aprons with             
Sn-containing and vapors containing 80% Sb and 
20% Bi. In this study, three categories of beams with 
a voltage of 60, 75, and 120 keVwere used.              
Comparisons between the three types of robes 
showed that Sn-plated caps had less attenuation than 
the other two types, and Sn-plated and Bi coatings 
slightly increased the surface dose (15).   

In Radiology clinics, it is needed to expose only a 
part of the patient’s body while other parts are         
protected against hazardous radiation need to be 
protected against radiation in a radiological facility. 
Flexible non-Lead adsorbents are developed to             
protect against ionizing medical radiation. Among 
these, composites are more widely used for the              
protection of ionizing radiation with the desired             
mechanical properties. A composite material is a 
physical compound on a macroscopic scale obtained 
from two or more elements (16-19). 

Multilayer attenuators have been used for 
“hardening” X-ray beams for many years.  For               
example, Thoraeus filters employ an initial layer of 
tin combined with a second layer of copper and a 
third layer of aluminum. In these filters, the layers are 
placed in the beam in descending order of atomic 
number (Z), so that the subsequent layers can           
remove X-fluorescence beams originating from the 
higher Z layer upstream (1-10). 

The present study aimed evaluate attenuation 
effects of various combinations of materials by Monte 
Carlo N-Particle (MCNP)  simulations to design a Non
-Lead composite shield, and indicate the effectiveness 
of multilayers in maximizing the radiation 
attenuation properties and minimizing the weight. 

 
 

MATERIAL AND METHODS 
 

In the present study, the MCNPX MC code 
(Version.2.6.0) was applied for modeling. MCNPX as a 
three-dimensional N-particle radiation transport 
code is generally used to estimate the transport,  
modeling, and analysis of the interaction of photons 
and electrons with materials. For this reason, nine 
commercial and pre-commercial materials, including 
Pb, W, Bi, Ba, Gd, Cs, Ce, Sn, and Sb were investigated 
in this study. Due to the time consuming attenuation 
measurement, extensive preliminary MC calculations 
were done. Due to the advances of the selected              
materials and alloy such as being cost-effective,             
nontoxicity, and photoelectric absorption edges (in 
the range 25–85 keV), they were selected. In order to 
optimize the arrangement in the proposed shield, MC 
calculations were used.  

Simulation was performed for a point source with 
a maximum energy of 100 kVp. The output                   

834 

information was determined by the F5 (photon flux) 
and * F8 (energized energy) pulses. Cutoff energies 
for the transport of electrons and photons were set to 
be 1 keV in the both cases. For each simulation, about 
one billion photons in the range of 10-100 keV were 
simulated. The distance between the source and the 
target was considered to be 100 cm in all simulations. 
A statistical error of less than 0.5% for 108 the parti-
cle history was obtained in all simulations. 

 An aluminum plate with a thickness of 1 mm was 
applied in the geometry as a target for validating the 
output results in the mentioned geometry. Moreover, 
mass attenuation coefficient of the aluminum plate 
was estimated through the code at 100 keV photon 
energy. Finally, the obtained values were compared 
with standard tables (21). It is noteworthy that the 
relative error reported after each run was not more 
than 0.04% in any of the cases. 

At first, the attenuation rate of the 8-material alloy 
(W, Bi, Ba, Gd, Cs, Ce, Sn and Sb) were compared with 
the combination of 8-layers of the same elements. 
Finally, four materials of W, Bi, Gd, and Ce were               
selected. All materials were provided as sheets with 
dimensions of 10 ×10 ×0.1 cm3. The arrangement of 
these layers (from the radiation source) was in the 
order of W, Gd, Ce, and Bi. 

 
 

RESULTS 
 

MCNP output for six commercial materials is 
shown in figure 1. The calculated flounce spectra for 
8-layer material and alloy composed of non-Lead  
materials (W, Bi, Ba, Gd,Cs, Ce, Sn, and Sb) are shown 
in figure 2. As shown here, the attenuation rate in the 
multi-layersshield was more than that in the alloying 
shield for the energy range of 50 to 100 kVp. The 
largest difference in the flux of passing photons 
through alloys and 8-layers materials was at the           
energy level of 68 kV. The flux of photons that pass 
through the alloy material was about 2.6 times more 
than that of the 8-layer.  
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Figure 1. 100 kVp X-ray fluence spectra passing through the 
equivalent thicknesses of Pb, W, Bi, Gd, Ce, and Sn. 



 
 
 

 
DISCUSSION 

 

This study reported the attenuation performance 
of multi-layer and alloy shields for diagnostic energy 
range. At 68 keV, the attenuation value for the 8-layer 
composition was 2.6 times higher than for the alloy. A 
combination of elements with high and low atomic 
numbers that were used with equal percentages of 
each in the above compounds (20). Then in order to 
achieve a higher damping value, the elements with 
medium to high atomic numbers were used. After 
performing various simulations, a combination of 
elements consisted of W, Gd, Ce, and Bi was selected. 
This combination caused a higher attenuation              
compared to the other compounds. It should be noted 
that the mentioned combination in the energy range 
of 72-100 kV, provided a more attenuation compared 
to the alloy composition of the elements. 

According to the previous studies, tungsten and 
bismuth metals showed better protection compared 
to other materials. Also, due to the non-toxicity of 
these metals, they overcame the limitations of lead 
shields (15-20). 

McCaffrey et al., (6) used simulation and                   
experimental methods to study the characteristics of 
composite shields and reported that the mass              
attenuation of some shields, such as W, Ba, and Gd, 
was greater or similar to that of lead. They also              
concluded that the simulation method could be used 
to design, build and optimize shields. 

Generally, multi-layer shields can reduce the 
weight of Pb-based materials up to 65% with the 
same protection efficiency (15-17). Therefore, they  can 
be used as personal protectors to prevent                   
unnecessary radiation (17-20). 

 
 

CONCLUSION 
 

According to the results of this study, a multilayer 
combination of W (25%), Gd (25%), Ce (25%), and Bi 
(25%) can be effectively used to provide a non-Lead 
composite shield, which offers lead-equivalent           
attenuation with less weight.  
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Figure 2. MC Calculations of the photons flux for 8- layers and 
alloy composed of non-Lead materials. The output of the MC 
code for 4-layerand alloy shield of non-Lead materials (W, Bi, 

Gd, and Ce,) is shown in Figure 3. As can be seen here, the 
attenuation in the four-layershield was more than that of the 

alloying shield with energy range from 70 to 100 kVp. The 
largest difference in the flux of passing photons for the alloy 
and 4-layershield was at 86 kV photons. The flux of photons 
passing through the alloy shield was about 3.5 times more 

than that of the 4-layers. 

Figure 3. MC Calculations of the photons flux for 4- layers and 
alloy composed of non-Lead materials. The output of the 
Monte Carlo code for a multi-layer shield with different         

combinations is shown in Figure 4. 

Figure 4. Calculated photons flux passing through different 
combinations of the multi-layershield. The output of the           

Monte Carlo simulation for a four-layer shield is shown in 
Figure 5.  Four materials of W, Bi, Gd, and Ce were used in 

different combinations, and then, the two compounds (Figure 
5) provided the greatest attenuation for X-ray photons. It 

should be noted that attenuation of the 4-layers shield with 
the arrangement of W, Gd, Ce, and Bi was better than the 

other combinations for low-energy (up to 30 to 40 kV). 

Figure 5. MC Calculations of the photons flux passing through 
two combinations of the 4-layers shields. 
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