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ABSTRACT 

The Determination theoretical of the total mass attenuation coefficients (µ/ρ) for gamma rays and the macroscopic 

effective removal cross-sections ( ) for fast neutrons was carried out for five shielding materials: Pure Polyethylene, 

Lithium Polyethylene, Borated Polyethylene, Bismuth-loaded Polyethylene and Borated-lead Polyethylene. The 

macroscopic effective removal cross-sections have been calculated theoretically and the total mass attenuation coefficients 

have been computed at energies from 1 keV to 1 GeV by using WinXCOM program. The dependence of the macroscopic 

effective removal cross-sections and the total mass attenuation coefficient on incident photon energy and chemical content 

has been examined. The emphasis is put on the comparison between different materials. 
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INTRODUCTION 

Nuclear technology is used in several fields such as industry, medicine, agriculture and scientific research and has 

many advantages but it is dangerous. In fact, this technology is based on ionizing radiation which has harmful effects on 

human health and environment. Therefore, it was necessary to evaluate the risks and quantify the level of exposure to such 

radiations and develop technologies for protecting against these radiations. 

Radiation shielding involves at placing a shielding material between the ionizing radiations source and the worker 

or the environment. The radiations which have to be considered are: x and gamma rays, alpha particles, beta particles, and 

neutrons, each type of these radiations interacts in different ways with shielding material. Therefore, the effectiveness of 

shielding varies with the type and energy of radiation and also varies with the used shielding material. 

The best materials for protection against ionizing radiation are mixture of hydrogenous materials (polyethylene, 

water and many plastics), heavy elements and neutron absorbing elements (B,Li, Bi, Cl, etc.), because they reduce both the 

intensity of gamma rays and neutrons, indeed, hydrogen slows fast and intermediate neutrons energy via inelastic 

scattering, and they become thermal neutrons which are absorbed by neutron absorbing elements which have a very high 

neutron absorption cross-section. 

Neutron penetration in shielding is characterized by several parameters such as the effective removal cross-

sections, the macroscopic thermal neutron cross section. The mass attenuation coefficient ( ) is the basic parameter which 

describes the interaction of x and gamma rays with shielding materials.  

In this study, neutron and gamma shielding properties of five polyethylene-based materials which are: Pure 

Polyethylene, Lithium Polyethylene, Borated Polyethylene, Bismuth-loaded Polyethylene and Borated-lead Polyethylene, 
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have been studied. The first four materials are manufactured by a commercial company (Bladewerx) and are available 

under the Shieldwerx™ trade name [1], and Borated-lead Polyethylene is cited in the reference [2]. These materials are 

used in neutron shielding applications. The chemical compositions of these materials are listed in Tables 1-5.  

The total mass attenuation coefficient ( ) has been determined theoretically by using WinXCom code which is a 

Windows version of the XCOM database, this code is used to calculate the cross sections of photons interactions with 

matter and it can also calculate the attenuation coefficient of gamma and x rays for the chemical elements (Z = 1-100), 

compound and mixtures at energies from 1 keV to 100 GeV. Also, the effective removal cross-section ( has been 

calculated theoretically by using the values of removal cross-section of elements which constitute the shielding materials 

[3, 4]. 

METHODOLOGY  

Effective Removal Cross-Sections of Fast Neutrons  

  Neutrons are electrically neutral particles, during their passage through a material medium, they interact with the 

nuclei of atoms in two ways, either by diffusion or absorption. The interaction of neutrons with the atoms described by the 

total microscopic cross-section , expresses the probability that a neutron of a given energy interacts with the atoms of the 

traversed material and it is defined as the sum of the microscopic cross section scattering  and the microscopic cross-

section absorption . 

                                            =  + .                                                           (1) 

The attenuation of neutrons during their passage through material medium depends not only on the microscopic 

cross-section but also on the number of nuclei within this environment. The physical quantity bound these two parameters, 

called total macroscopic cross-section denoted Σt and defined by [5- 7]: 

                                  Σt= .                                         (2) 

Where  ρ is the density (g cm
-3

),Na is Avogadro's Number and A is the atomic mass. 

Σ has the dimensions of the inverse of the length, their unit is cm-1. 

In the same way as a beam of photons, when the parallel beam of monoenergetic neutrons through a material 

medium, it will be attenuated due to absorption and scattering. The attenuation of neutrons in matter follows the following 

law [5-7]: 

                                            (3) 

Where I0 and I are respectively the intensities of neutrons unmitigated and mitigated, x (cm) is the thickness of the 

material medium and Σt represents the total macroscopic cross-section. 

So the case of fast neutron attenuation is described by another parameter called the "removal cross-section", 

denoted by  (cm
-1

) and is different from the total macroscopic cross-section but it has a fraction of it. The removal cross-

section presents the probability that a fast or fission-energy neutron undergoes a first collision, which removes it from the 

group of penetrating uncollided neutrons [8, 9]. Indeed, in the MeV-energy region, the absorption cross-section of neutrons 

is very low compared to the scattering cross-section.  In fact, the fast neutrons are not directly absorbed during their 

passage through the shielding hydrogenated, but they slow primarily by successive elastic collisions with the nuclei of light 
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elements and when their energy is in the order of the thermal energy (0.025 eV), they are absorbed by the nuclei of heavy 

elements via interaction radiative capture [10]. 

For energies between 2 and 12 MeV, the effective removal cross-section will be almost constant and when the 

traversed medium contains a large amount of hydrogen ΣR = Σt and when materials contain a small fraction of hydrogen  

= Σt for energy between 6-8 MeV [11- 14]. 

Generally, shielding materials are chemical compounds or mixtures, their macroscopic removal cross-section is 

calculated from the value of of their constituent elements and it is given by the following formula [11, 14]: 

     =                         (4) 

Where Wi, ρ and  are the partial density (g cm
-3

), density and mass removal cross section of the ith 

constituent, respectively. The values of (cm
2
 g

-1
) of all the elements which constitute the shielding materials used in 

this study were taken from [10, 11 ,13 ,14-16]. 

In this study, the effective removal cross-section (  of fast neutrons has been calculated for four shielding 

materials using formula (4). The elemental composition of these materials, its fractions by weight, partial densities, values 

of Wi ; and calculated  values are  listed in Table 1-3. 

The Total Mass Attenuation Coefficient 

When passing through a material medium, a photon has undergone several interactions such as photoelectric 

absorption, coherent scattering, incoherent scattering and pair production [5- 7, 10, 18- 21]. Therefore, if a monoenergetic 

parallel beam with I0 incident intensity of gamma-rays or x-rays , it will be attenuated in matter according to the 

exponential law;  

                                   (5) 

This is called the Beer-Lambert law [5- 7, 10, 18- 21], where I is the transmitted intensity, (µlinear) is the linear 

attenuation coefficient in cm-1, ρ is the density of material in g.cm-3, x is the thickness of the absorbing medium, d is the 

mass per unit area (g cm
-2

) and µt = µ/ρ is the total mass attenuation coefficient (cm
2
/g). 

For a chemical compound composed of various elements, the total attenuation coefficient     (µt)compd  is related to 

(µt)i values of each constituent element by the following [18, 19, 20, 21] : 

                                          (6) 

Where aj and (µt)j are respectively the weight fraction and the mass attenuation coefficient of the jth constituent 

element, (µt)j was obtained from WinXCOM [3, 4]. 

For a chemical mixture composed of various compounds as our case, the total mass attenuation coefficient of the 

mixture (µt,mix) is given by [18- 21] : 

                             (7) 

Where (µt ,comp)i and wi are the total mass attenuation coefficient and fractional weight of ith compound in the 

mixture, respectively. 
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RESULTS AND DISCUSSIONS  

Effective Removal Cross-Sections of Fast Neutrons  

The elemental composition, its fraction by weight, mass removal cross-section (  partial density ρ and 

macroscopic effective removal cross-section ( of fast neutrons for Pure Polyethylene, Lithium Polyethylene, Borated 

Polyethylene, Bismuth-loaded Polyethylene and Borated-lead Polyethylene are listed respectively in Tables 1-5. It can be 

seen from these tables that the section depends on the elemental composition and density of materials. 

Also, it can be noted that the contribution of the light elements to the total removal cross-section is more 

important compared to the heavy elements and the contribution of hydrogen is the biggest. This may be due to the fact that 

hydrogen has a very high mass removal cross-section compared to other elements, therefore when its mass fraction 

increases, their contribution to the total removal cross-section increases and vice versa. 

The higher concentration of light elements (8.76% H and 30%B) in the chemical composition of the 30% Borated 

Polyethylene in comparison to that of the other materials and their high density explain why the 30% Borated Polyethylene 

has the maximum value, the same for the pure polyethylene has a high value of ( , because has high amount of 

hydrogen (14.37%). And the Borated-lead Polyethylene has a value higher than those of Lithium Polyethylene and 

Bismuth-loaded Polyethylene, because it has the highest density (ρ = 3.8 g cm
-3

). Finally the Lithium Polyethylene has the 

minimum value because it contains high concentration of oxygen (26.13%) which has a very small mass removal cross-

section ( compared to H, Li, B and C. 

Table 1: Calculations of the Fast Neutrons Effective Removal Cross-Sections for Pure Polyethylene (ρ = 0.92 g cm-3) 

Element  /ρ(cm
2
 g

-1
) 

Fraction by 

Weight 
Partial Density ρ(g cm

-3
)  (cm

-1
) 

H 0.598 0.1437 0.132204 0.079057992 

C 0.0502 0.8563 0.787796 0.039547359 

Total  (cm
-1

)     0.118605351 

 

Table 2: Calculations of the Fast Neutrons Effective Removal Cross-Sections for Lithium Polyethylene (ρ = 1.06 gcm-3) 

 

Element  /ρ(cm
2
 g

 -1
) 

Fraction by 

Weight 

Partial Density ρ(g cm
-

3) 
 (cm

-1
) 

H 0.598 0.0784 0.083104 0.04969619 

C 0.0502 0.5776 0.612256 0.03073525 

O 0.0405 0.2613 0.276978 0.01121761 

Li 0.084 0.075 0.0795 0.006678 

Total  (cm
-1

)     0.09832705 

 

Table 3: Calculations of the Fast Neutrons Effective Removal Cross-Sections for 30% Borated                             

Polyethylene (ρ = 1.19 g cm-3) 

 

Element  /ρ(cm
2
 g

-1
) Fraction by weight 

Partial density ρ(g cm
-

3) 
 (cm

-1
) 

H 0.598 0.0876 0.104244 0.0623379 

B 0.0575 0.3 0.357 0.0205275 

C 0.0502 0.606 0.72114 0.0362012 

O 0.0405 0.0002 0.000238 0.0000096 

Si 0.0252 0.0004 0.000476 0.0000120 

Fe 0.0214 0.0004 0.000476 0.0000102 

Total  (cm
-1

)    0.1190985 
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Table 4: Calculations of the Fast Neutrons Effective Removal Cross-Sections for Bismuth-Loaded                        

Polyethylene (ρ = 2.92 g cm-3) 

 

Element  /ρ(cm
2
 g

 -1
) Fraction by weight Partial density ρ(g cm

-3
)  (cm

-1
) 

H 0.598 0.0309 0.090228 0.05395634 

C 0.0502 0.184 0.53728 0.02697146 

Bi 0.0103 0.785 2.2922 0.02360966 

Total  (cm-1)     0.10453746 

 

Table 5: Calculations of the Fast Neutrons Effective Removal Cross-Sections for Borated-Lead                           

Polyethylene (ρ = 3.8 g cm-3) 

 

Element  /ρ(cm2 g-1) 
Fraction by 

Weight 
Partial Density ρ(g cm-3)  (cm-1) 

H 0.598 0.0179 0.06802 0.04067596 

B 0.0575 0.061 0.2318 0.0133285 

C 0.0502 0.1071 0.40698 0.0204304 

O 0.0405 0.042 0.1596 0.0064638 

Si 0.0252 0.0047 0.01786 0.00045007 

Ca 0.0243 0.0122 0.04636 0.00112655 

Pb 0.0104 0.8 3.04 0.031616 

Total  (cm-1)     0.11409128 

 

The Total Mass Attenuation Coefficient 

The theoretical values of total mass attenuation coefficients ( ) for Pure Polyethylene, Lithium Polyethylene, 

Borated Polyethylene, Bismuth-loaded Polyethylene and Borated-lead Polyethylene, which are calculated from 

WinXCOM program for energies ranging from1 keV to 1GeV are listed in Table 6 and their variation with the incident 

photon energy has been shown  in Figure. 1.  It is observed from this figure and this table that the mass attenuation 

coefficients depend on the incident photon energy and chemical composition of materials and the variation of ( ) with the 

incident photon energy for all materials is almost identical except for Bismuth-loaded Polyethylene and Borated-lead 

Polyethylene in low energy,  jumps  in values of the total mass attenuation coefficient ( ) have been observed and they are 

due to the absorption edge of certain elements. And we note that materials composed of high Z elements have very large 

values of ( ) compared to materials that are composed by low Z elements. In most of the energy region, the Bismuth-

loaded Polyethylene and the Borated-lead Polyethylene have maximum values for ( ). Whereas the minimum value of ( ) 

has been observed for Borated Polyethylene. And it was also found that in low energy, values of ( ) for Lithium 

Polyethylene are superior to those of Pure Polyethylene and from 4 keV the situation is reversed. 

The variation of ( ) with the incident photon energy and their dependence of the chemical content can be 

explained by the dominance of the partial photon interaction processes with matter (photoelectric absorption, Compton 

scattering and pair production in nuclear field and in electronic field) in three energy regions: low, intermediate and high 

energy (see Figure. 2).  

In the low incident photon energy region (1–30 keV), ( ) decreases rapidly with increase of incident photon 

energy for all the materials. Indeed, in this energy region (1–30 keV), the photoelectric absorption is the dominant process 

and the contribution of other processes is negligible and we note that the partial mass attenuation coefficients of the 

photoelectric absorption decreases rapidly with increase of incident photon energy (see Figure. 2), because the 

photoelectric cross section is inversely proportional to the incident photon energy as (E
3.5

) [5- 7, 10, 18- 21]. On the other 

part, the photoelectric cross section is proportional to the atomic number Z
4
 [5- 7, 10, 18- 21], this explains why the values 
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of (µt) for Lithium Polyethylene are superior to those of Pure Polyethylene in this region of energy, in effect the Lithium 

Polyethylene contains 26.13 % of oxygen and in this region, oxygen partial mass attenuation coefficient of oxygen is very 

large compared carbon. 

Then, in the intermediate incident photon energies (30 keV–20 MeV), the ( ) decreases slowly with the increase 

of incident photon energy. Figure. 2 shows that when the incident photon energy is between 30 keV and 20 MeV, the 

Compton scattering process (especially incoherent) becomes the dominant mechanism, its partial mass attenuation 

coefficient decreases slowly with the increase of incident photon energy, and this was attributed to the fact that the cross 

section of Compton scattering process is inversely proportional to the incident photons energy (E
-1

) and it varies linearly 

with the atomic number Z [5- 7, 10, 18- 21]. Finally, in high energy region (20 MeV E), ( ) increases slowly with the 

increase of incident photon energy and becomes almost constant when the incident photon energy is approaching to 100 

MeV.  

 

 

 

 

 

 

Figure 1: Variation of Total Mass Attenuation Coefficients versus Incident Photon Energy for Some Shielding 

Materials 

 

 

 

 

 

 

Figure 2: The Variation of Mass Attenuation Coefficient of Pure Polyethylene versus Incident Photon Energy for 

Total and Partial Interactions 

CONCLUSIONS 

In this work, the values of the total mass attenuation coefficient ( ) and macroscopic effective removal cross-

section (  for Pure Polyethylene, Lithium Polyethylene, Borated Polyethylene, Bismuth-loaded Polyethylene and 

Borated-lead Polyethylene, have been calculated.  

The results obtained from this study indicate that total mass attenuation coefficient ( ) is dependent on the 

incident photon energy and chemical content and show that in the low and high incident photon energy region, Bismuth-

loaded Polyethylene is an effective shield for gamma-rays because it has highest total mass attenuation coefficient ( ) 

compared to other materials.  
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We can also conclude that the macroscopic effective removal cross-section for fast neutrons ( is dependent on 

chemical content of shielding materials and 30% Borated Polyethylene is an effective shield for fast neutrons because it 

has highest macroscopic effective removal cross-section. 

Table 6: Total Mass Attenuation Coefficients (µt) for Shielding Materials Used in this Work 

Energy(MeV) 

Total Mass Attenuation Coefficients (µt)  (cm
2
g

-1
) 

Pure 

Polyethylene 

Borated 

Polyethylene 
Lithium Polyethylene 

Borated-Lead 

Polyethylene 

Bismuth-

Loaded 

Polyethylene 

1.00E-03 1.89E+03 1.72E+03 2.51E+03 4.54E+03 4.68E+03 

2.00E-03 2.59E+02 2.35E+02 3.61E+02 1.07E+03 1.11E+03 

3.00E-03 7.74E+01 6.98E+01 1.10E+02 1.53E+03 1.63E+03 

4.00E-03 3.24E+01 2.92E+01 4.68E+01 9.70E+02 1.03E+03 

5.00E-03 1.64E+01 1.48E+01 2.39E+01 5.72E+02 5.99E+02 

6.00E-03 9.43E+00 8.47E+00 1.38E+01 3.65E+02 3.83E+02 

8.00E-03 3.98E+00 3.68E+00 5.80E+00 1.79E+02 1.88E+02 

1.00E-02 2.09E+00 1.94E+00 3.01E+00 1.02E+02 1.07E+02 

2.00E-02 4.32E-01 4.05E-01 5.28E-01 6.64E+01 7.04E+01 

3.00E-02 2.71E-01 2.54E-01 2.89E-01 2.33E+01 2.48E+01 

4.00E-02 2.28E-01 2.13E-01 2.28E-01 1.11E+01 1.18E+01 

5.00E-02 2.08E-01 1.95E-01 2.03E-01 6.21E+00 6.62E+00 

6.00E-02 1.97E-01 1.84E-01 1.89E-01 3.89E+00 4.15E+00 

8.00E-02 1.82E-01 1.70E-01 1.73E-01 1.90E+00 2.02E+00 

1.00E-01 1.72E-01 1.60E-01 1.62E-01 4.29E+00 4.54E+00 

2.00E-01 1.40E-01 1.31E-01 1.31E-01 7.95E-01 8.41E-01 

3.00E-01 1.22E-01 1.13E-01 1.14E-01 3.35E-01 3.53E-01 

4.00E-01 1.09E-01 1.02E-01 1.02E-01 2.01E-01 2.11E-01 

5.00E-01 9.95E-02 9.27E-02 9.31E-02 1.45E-01 1.51E-01 

6.00E-01 9.20E-02 8.58E-02 8.61E-02 1.15E-01 1.20E-01 

8.00E-01 8.08E-02 7.53E-02 7.56E-02 8.54E-02 8.83E-02 

1.00E+00 7.26E-02 6.77E-02 6.80E-02 7.01E-02 7.23E-02 

2.00E+00 5.06E-02 4.72E-02 4.74E-02 4.63E-02 4.75E-02 

3.00E+00 4.05E-02 3.77E-02 3.80E-02 4.12E-02 4.23E-02 

4.00E+00 3.44E-02 3.22E-02 3.24E-02 3.97E-02 4.07E-02 

5.00E+00 3.05E-02 2.85E-02 2.88E-02 3.94E-02 4.04E-02 

6.00E+00 2.76E-02 2.58E-02 2.62E-02 3.97E-02 4.08E-02 

7.00E+00 2.55E-02 2.39E-02 2.43E-02 4.04E-02 4.14E-02 

8.00E+00 2.38E-02 2.23E-02 2.28E-02 4.11E-02 4.22E-02 

9.00E+00 2.25E-02 2.11E-02 2.16E-02 4.20E-02 4.31E-02 

1.00E+01 2.15E-02 2.01E-02 2.06E-02 4.29E-02 4.41E-02 

1.20E+01 1.98E-02 1.86E-02 1.92E-02 4.48E-02 4.60E-02 

1.40E+01 1.87E-02 1.76E-02 1.82E-02 4.67E-02 4.79E-02 

1.60E+01 1.78E-02 1.68E-02 1.74E-02 4.84E-02 4.97E-02 

1.80E+01 1.71E-02 1.61E-02 1.68E-02 5.00E-02 5.13E-02 

2.00E+01 1.66E-02 1.57E-02 1.64E-02 5.15E-02 5.28E-02 

2.20E+01 1.62E-02 1.53E-02 1.60E-02 5.28E-02 5.43E-02 

2.40E+01 1.58E-02 1.50E-02 1.57E-02 5.41E-02 5.56E-02 

2.60E+01 1.55E-02 1.47E-02 1.55E-02 5.53E-02 5.68E-02 

2.80E+01 1.53E-02 1.45E-02 1.53E-02 5.64E-02 5.80E-02 

3.00E+01 1.51E-02 1.43E-02 1.52E-02 5.75E-02 5.90E-02 

4.00E+01 1.45E-02 1.38E-02 1.47E-02 6.19E-02 6.36E-02 

5.00E+01 1.43E-02 1.36E-02 1.46E-02 6.53E-02 6.71E-02 

6.00E+01 1.41E-02 1.35E-02 1.45E-02 6.80E-02 6.98E-02 

8.00E+01 1.41E-02 1.35E-02 1.46E-02 7.20E-02 7.40E-02 

1.00E+02 1.42E-02 1.36E-02 1.48E-02 7.50E-02 7.70E-02 

1.50E+02 1.45E-02 1.39E-02 1.52E-02 7.97E-02 8.19E-02 

2.00E+02 1.48E-02 1.41E-02 1.55E-02 8.25E-02 8.48E-02 

3.00E+02 1.52E-02 1.46E-02 1.60E-02 8.58E-02 8.82E-02 
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Table 6:Contd., 

4.00E+02 1.55E-02 1.48E-02 1.63E-02 8.78E-02 9.02E-02 

5.00E+02 1.57E-02 1.50E-02 1.65E-02 8.91E-02 9.15E-02 

6.00E+02 1.59E-02 1.52E-02 1.67E-02 9.00E-02 9.25E-02 

8.00E+02 1.61E-02 1.54E-02 1.69E-02 9.12E-02 9.37E-02 

1.00E+03 1.63E-02 1.56E-02 1.71E-02 9.20E-02 9.46E-02 
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