
Journal of Rajasthan Academy of Physical Sciences 

ISSN : 0972-6306; URL : http://raops.org.in 

Vol.18, No.3&4, July-December, 2019, 183-192 

 

NUCLEAR RADIATION SHIELDING PROPERTIES OF 

BISMUTH FILLED HIGH-DENSITY POLYETHYLENE 

COMPOSITES 

 
Sheela M

1,2
, Vinayak Anand Kamat

3
, Kiran K U

4
, and Eshwarappa K M

1,5
 

1
Research and Development Centre, Bharathiar University, Coimbatore-641046, 

Tamil Nadu, India. 
2
Department of Physics, 

4
Department of Electronics, Government Science 

College (Autonomous), Hassan-573201, Karnataka, India. 
3
Centre for Application of Radioisotopes and Radiation Technology, Mangalore 

University, Mangalore-574199, Karnataka, India. 
5
Department of studies in Physics, Davanagere University, Shivagangotri-577007, 

Karnataka, India. 

E-mail: sheela.gsch@gmail.com, kamatvinu4@gmail.com, 

kirangsch@gmail.com, km.eshwarappa@gmail.com 

 
Abstract: Owing to low toxicity compared to lead, bismuth is an ideal choice for nuclear 

radiation shielding as bismuth is having higher Z value and comparable density as that of 

lead. In the present studygamma-ray attenuation in bismuth (Bi)filled high-density 

polyethylene (HDPE) composites was measured using 3”×3” NaI(Tl) detector and 2k 

MCA for 662 keV (Cs
137

) and 1332 keV (Co
60

) gamma rays by transmission method. 

Shielding parameters such as linear attenuation coefficient (µ), mass attenuation 

coefficient (µm), half-value layer (HVL), tenth-value layer (TVL), mean free path (MFP) 

and radiation protection efficiency (RPE) were determined. Experimentally measured 

values are compared with the results of Monte Carlo calculations which were carried out 

using Monte Carlo N Particle (MCNP) code. Measured shielding parameter values were 

also compared with X-Com database values. It was found that both the measured and 

calculated values are in good agreement with each other. It is also found that HDPE+Bi 

composites with a higher weight percentage (40 wt.%) of bismuth perform better for 

attenuation of low energy gamma rays and HDPE + 40 wt% of Bi (HDPE+40% Bi) 

composites show good shielding properties for the energy 662 keV. Hence Bismuth filled 

HDPE composites could be a better candidate for nuclear radiation shielding.  

Keywords: Attenuation coefficient, HVL, TVL, MFP, RPE, MCNP, XCOM. 

1. Introduction 

Long-time exposure to harmful radiations such as X-rays, γ-rays, etc. is dangerous to 

human beings and other materials. The effects of ionizing radiation can be completely or 

partly eliminated by using certain shielding materials between the radiation sources and 
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the public. The accurate data of radiation shielding performance for the material of 

interest are extremely necessary for various areas such as dosimetry, medical, nuclear and 

radiation physics, industrial and agricultural applications. The traditionally used shielding 

material is lead. However, the use of lead should be avoided due to some disadvantages 

such as toxic, heaviness in transportation and storage, high production cost and harmful 

effects on the human body.Non-toxic, high-density polymer-metal composites can 

replace lead and many other traditional materials in radiation shielding. This is because 

the polymer composites are lightweight, flexible, commercially available and less 

secondary radiation compared with pure metal shields. It has many advantages like 

protective enclosure for devices, humans, space crafts and nuclear power plants, etc., 

[15]. The theoretical values of shielding parameters of the different elements, compounds 

and mixtures have been provided by Hubbell and Seltzer in the form of XCOM program 

at energies 1keV to 100GeV and Monte Carlo N Particle transport code in order to verify 

and validate simulated and calculated values, the obtained results were compared with 

available experimental data [11]. 

Alparslan Erol et al. [1] explained that Wolfram carbide doped boron carbide HDPE 

composites could be a protective shielding for gamma radiation of energy 662 keV and 

364 keV. Al-Sarray et al. [2] studied that Barite doped epoxy resin composites can be 

used in radiation shielding and as the concentration of barite increases in composite 

material its linear attenuation coefficient values increase for 
137

Cs and 
60

Co radioactive 

sources. Ambika et al. [3] observed that the Isophthalic resin bismuth oxide composites 

are effective gamma radiation shields for the Cs
137

 source. Harish et al. [6] have shown 

that ISO+PbO composites show better shielding performance than ISO+PBO2 and 

ISO+PB2O3 composites and their performance is comparable to barite, steel, and concrete 

at low energies and performs satisfactorily at higher gamma-ray energies considered. 

Maryam Afshar et al. [7] determined that the flexible composite sheet of HDPE/45% (wt) 

W provided comparable x-ray absorption to the non-flexible lead sheet but much lighter 

in weight and these composites also provide good shielding protection against higher 

energy (Co
60

). Osman et al. [9] have shown that the epoxy resin composites fabricated 

with 50 wt% aluminum was considered to be good shields for radiological safety aspects 

using neutrons and gamma rays emitted from 
252

Cf neutron source. Soltani, Zahra et al. 

[14] have shown that in HDPE/B4C composites by decreasing the particle size of the 

shielding material in each weight percentage of the reinforcement phase, better radiation 

shielding properties were obtained using thermal neutrons.William Osei-Mensah et al. 

[16] reported that polyester steel composites can be used for both neutrons and gamma 

rays shielding and the experimental values of the linear attenuation coefficient are 

comparable with MCNP5 code results. 

In the present work, authors have aimed at the production of a durable, healthy, flexible, 

light-shielding material which contains high-density polyethylene as the polymer matrix, 

because of its good mechanical, thermal and corrosion resistance characteristics [8], with 

bismuth as filler in different wt% (0%, 10%, 20%, and 40%) for the shielding purpose. 
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2. Experimental Details 

2.1 Preparation of samples 

The HDPE/Bi composites were prepared by mechanically mixing pure HDPE powder 

with bismuth powder in different wt % (0%, 10%, 20%, and 40%) and molded to the 

dimension of 30cmx30cmx0.25cm using Hydraulic press and details of preparation could 

be found elsewhere [13]. 

2.2 Gamma attenuation studies 

Experimental set up: 

The experimental set up to measure gamma-ray attenuation by transmission method is as 

shown in fig 1. It consists of a well-calibrated 3”x3” NaI (Tl) scintillation detector 

(Thermo Scientific, Germany) coupled with a photomultiplier tube, preamplifier, 

amplifier and PC based 2k Multi-channel Analyser (MCA). For the present study 

Cs
137

(~0.2 GBq) source of energy 662keV and Co
60

(~ 2 MBq) of energy 1332 keV are 

used in the form of capsule sealed in an aluminium tube of diameter 20 mm and length 

115 mm. The active portion of the source is 10 mm in diameter and 6mm in length.  

To minimize the background and biological effects of radiation, the active portion of the 

source was shielded using a cylindrical lead ring of thickness 50 mm and a diameter of 

160 mm. In addition to this four cylindrical lead rings of diameter 120mm and of 

thickness 50mm were specially prepared to enclose the source from the back and front 

sides. The cylindrical beam collimator consisting of a diameter 8 mm was used to obtain 

a well-collimated beam of gamma rays. The goodness of the collimation was tested using 

a Red Eye (Thermo scientific, Germany) survey meter. The entire experimental set up 

was placed over the wooden table and the centre of the HDPE+Bi composites are chosen 

as shielding material to avoid the scattering of gamma rays from room walls. 

The attenuation parameters were determined by passing gamma rays through the prepared 

HDPE/Bi composites of dimension 10 cm x 10 cm x 0.25cm. The source was placed at a 

distance of 44 cm from the detector collimator and the polymer composites were placed 

at a distance of 22 cm from the radioactive source collimator. Each measurement was 

taken for 2000 sec with the four trialsto reduce the experimental errors by 0.5. 

 

Fig. 1 Schematic diagram of the NaI (Tl) detector 
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Theory 

Whenthe matter is exposed to radiation, the intensity of the radiation will be attenuated as 

per Beer-Lambert’s law. If Io and Iare the intensity of the gamma radiation before and 

after passing through the material of thickness t respectively. Then the Beer-Lambert’s 

law is given as 

I = I0e−µt (1) 

This equation gives the expression for linear attenuation coefficientµ shows the decrease 

in the intensity of gamma radiation when it passes through the absorbers. 

µ =
1

𝑡
ln

I0

 I
 (2) 

The mass attenuation coefficient (µm) is a measure of the probability of interaction that 

occurs between incident photons and matter in a given mass per unit area thickness of the 

material concern. If ⍴ is the density of the material then  

μ
m

=
µ

⍴
 (3) 

The half-value layer (HVL) and the tenth-value layer (TVL) arethe thickness of the 

homogeneous absorber that attenuates the narrow beam intensity to 50% and 10% of the 

incident intensity respectively. The relationship between HVL and TVL with the 

attenuation coefficient can be written as  

HVL =
ln 2

µ
 (4) 

TVL =
ln 10

µ
 (5)  

The mean free path or relaxation length gives the average distance between the two 

successive interactions of gamma rays and is calculated by the equation 

MFP =
1

µ
 (6) 

The radiation protection efficiency for different thickness of all synthesized composites 

can be evaluated using the following equation  

RPE =
I0−I

I0
× 100 (7) 

2.3 Monte Carlo Calculations 

Monte Carlo calculations have been performed using Monte Carlo N Particle code 

(MCNP) version 4A. MCNP is a general-purpose code [5]. That can be used for neutron, 

photon, electron, or coupled neutron/photon/electron transport. For photons, the code 

accounts for incoherent and coherent scattering, the possibility of fluorescent emission 

after photoelectric absorption, absorption in pair production with local emission of 

annihilation radiation, and bremsstrahlung. The material card of the MCNP input file was 

prepared based onthe results of Energy-dispersive X-ray spectroscopy (EDX) which was 
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used to find the weight percent of different elements in the synthesized composites. The 

geometry card of the MCNP file was prepared by incorporating the same dimensions of 

the samples which were used for experimental measurement. SDEF card of MCNP was 

prepared by the care of the source collimation, energy of the photon, etc. F1 tally was 

used to find a number of particles crossing a surface in a given direction. As many as 

1500000 histories were run to keep the relative error below 5%.  

2.4 XCOM database 

In this database, it is possible to obtain photon cross-section data for a single element, 

compound, or mixture (a combination of elements and compounds). Win XCOM of 

version 1.2 was used to extract the mass attenuation coefficientof synthesized HDPE+Bi 

composites [4]. 

3. Results and discussions 

Measured Shielding properties such as mass attenuation coefficient (μm), linear 

attenuation coefficient (μ), HVL, TVL, and RPE vary as expected theoretically. The 

density ⍴ of the synthesized HDPE+Bi composites, whose shielding properties are 

measuring, was determined by the Archimedes principle. The mass of the composite was 

determined in air and then in distilled water. The density (⍴) 0f the composites were 

determined by the formula 

⍴ =
𝑚

𝑚−𝑚𝑤
⍴𝑤  (8) 

Where m is the mass of the sample in air, mw is the mass of the sample in thedistilled 

water and ⍴w=0.998gcm
-3

[10]. 

3.1 Linear attenuation coefficient 

The variation of the linear attenuation coefficient values with the density of the prepared 

samples for 662 keV and 1332 keV gamma rays is as shown in fig 2. It can be seen 

thatthe linear attenuation coefficient increases with an increase in the density of the 

samples and it decreases with the increase in energy of gamma radiation as expected 

theoretically.  

3.2 Mass attenuation coefficient 

The mass attenuation coefficient is independent of the density of the material. The 

variation of µm with the concentration of bismuth in the HDPE matrix at the energies 662 

keV and 1332 keV is shown in fig 3. It can be seen from the figure that, the value of mass 

attenuation coefficient is increased with an increase in bismuth concentration in HDPE 

and it decreases with an increase in gamma energy as photoelectric absorption simply 

varies (Z/E)
3
, where E is the energy and Z is the atomic number of the materials [14]. 
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Fig. 2 Variation µ with the density of 

HDP/Bi composites at 1332 and 662 keV 

Fig. 3 Variation of µ
m 

with the wt% of Bi 

in HDPE at 1332 and 662 keV 

Table-1: Experimental, XCOM and MCNP simulation results of mass attenuation 

coefficient. 

 

Sample 

µm (cm
2
 g

-1
) 

662keV 1332keV 

Experiment XCOM MCNP Experiment XCOM MCNP 

 HDPE + 0% Bi 0.08813 0.088 0.0872 0.06038 0.0604 0.060 

HDPE + 10% Bi 0.09005 0.0905 0.09 0.06088 0.0615 0.0610 

HDPE + 20% Bi 0.09043 0.0929 0.091 0.0618 0.0622 0.0615 

HDPE+ 40% Bi 0.09627 0.0978 0.097 0.06454 0.0628 0.0625 

It can be seen from Table 1 that, experimentally measured values of mass attenuation 

coefficient are in good agreement with the Monte Carlo method calculated values and 

also with XCOM data values within 5%. This 5% disagreement could be traced due to 

uncertainty in the values of the densities of the samples, uncertainty in values of weight 

percentage of constituent elements of composites used [11] 

3.3 HVL, TVL and Mean free path 

The measured values of HVL, TVL and Mean free path (MFP) of the synthesized 

HDPE/Bi composites of varied concentrations of Bi with incident photon energy are 

plotted in Figures 4, 5 and 6 respectively. It can be seen that, as expected theoretically, 

there is a general trend that, values of HVL, TVL and Mean free path (MFP) decrease 

with increasing Bi concentration. As these values decide the applicability of these 

materials for radiation shielding applications [6], the comparison of the HVL values for 
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the conventional shielding materials such as copper, aluminium, carbon, iron, and lead as 

well as HDPE + Bi composites for 662 keV and 1332 keV is shown in figure 7. It is 

observed that at 662 keV HVL values of HDPE with 20 wt% (6.9474 cm) and 40 wt% of 

(5.5809 cm) bismuth composites perform exceptionally well with HVL values of 

aluminium (7.653 cm) and HDPE + 40% Bi composite has less HVL value than 

aluminium at 1332keV. It is observed that the HVL value of pure HDPE (8.5489 cm) 

itself is less than the HVL value of carbon (29.74 cm) and as the bismuth concentration 

increases HVL values of HDPE+Bi composites decreases at 662 keV and 1332 keV. But 

the half-value thickness of HDPE/Bi composites is less at 662 keV than at 1332 keV. 

This shows that HDPE/Bi composites are better shielding material comparable with the 

shielding materials like aluminium and carbon. 

  

Fig. 4 Variation of HVL with wt% of Bi in 

HDPE at 1332 and 662 keV 

Fig. 5 Variation of TVL with wt% of Bi in 

HDPE at 1332 and 662 keV 

  

Fig. 6 Variation of MFP with wt% of 

Bi in HDPE at 1332 and 662 keV 

Fig. 7 Variation of HVL with different 

shielding materials 
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3.4 Radiation Protection Efficiency 

The radiation protection efficiency (RPE) is a very important parameter to compare the 

effectiveness of shielding materials under investigation [12].The shielding efficiency of 

the synthesized HDPE+Bi composites increases with an increase in the thickness of the 

sample and with the concentration of bismuth in HDPE. Also, it was observed that RPE 

is more at 662 keV than at 1332 keV (Fig. 8 and Fig. 9) for HDPE/Bi composites. Fig. 

10 shows the comparison of RPE of HDPE/Bi composites with conventional shielding 

materials like lead, copper, aluminium, iron, and carbon of thickness 60 mm. It was 

observed that the RPE of HDPE+40% Bi is more than aluminium. Also, it was 

observed that HDPE is itself has better RPE value than carbon and RPE of HDPE/Bi 

composites was exceptionally better than carbon. This results that HDPE/Bi composites 

show better gamma-ray shielding performance compared with aluminium and carbon at 

662 keV. 

  

Fig. 8 Variation of RPE with the thickness 

of HDPE/Bi composites at 1332keV 

Fig.9 Variation of RPE with the thickness 

ofHDPE/Bi composites at 662keV 

 

Fig. 10 RPE of different radiation shielding materials 
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4. Conclusion 

The experimental values of the mass attenuation coefficient of these composites are in 

good agreement with the Monte Carlo method calculated values and XCOM database 

values within 5% both at 662keV and 1332keV. Values of other parameters such as HVL, 

TVL and Mean free path (MFP) of HDPE composites under study were found to be less 

compared to that of the materials like aluminum and carbon. RPE of these composites is 

high compared to that of materials like aluminum and carbon. Hence HDPE/Bi polymer 

composites can be recommended as a better material for radiation shielding at these 

energy gamma rays particularly at for low energy (662 keV) gamma radiations. Since 

Cs
137

 (emits 662keV gamma-ray) has found application in radiotherapy and industries, the 

lightweight HDPE/Bi composites can be used as a flexible coat for radiation workers as 

well as a protective enclosure for devices. 
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