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ABSTRACT 

The neutron-gamma shielding behavior (NGSB) of silicon rubber matrix amalgamated 

with bismuth (III) oxide (Bi2O3) and hexagonal boron nitride (hBN) was studied in energy 

range 1-10 MeV based on different shielding parameters viz. mass attenuation coefficient 

(MAC), equivalent atomic number (Zeq), exposure buildup factor (BUF), mass effective 

removal cross-section (MERC), half-value layer (HVL), and tenth value layer (TVL) thickness. 

The Monte-Carlo simulation-based GEANT4 toolkit and Geometrical-Progression fitting plus 

American Standards (ANS/ANSI-6.4.3) based online platform, Py-MLBUF were used. MAC 

values computed by GEANT4 and Py-MLBUF showed a reasonable agreement (r=0.99) and 

relative difference between the two was not significant (α=0.05), confirming the deviations in 

values calculated from GEANT4 and Py-MLBUF were acceptable. The results were 

statistically analyzed using two-way analysis of variance (ANOVA) and indicated significant 

impact of sample composition and incident energy on NGSB. An increase of 30% Bi2O3 by wt. 

in SRB3 increased its MAC, Zeq and decreased the HVL and TVL values, implicating higher 

level of Bi2O3 in the composite sample (SRB3) enhanced its gamma-ray shielding capability. 

The presence of low-Z elements in SRB1 improved its MERC value in the selected energy 

range and indicated SRB1 a good alternative for conventional neutron shielding materials. 

Therefore, the amalgamated silicon rubber matrices, SRB1 and SRB3, were found to be the 

potential fast neutron and gamma radiation attenuator, respectively in energy range 1-10 MeV. 

This study would be useful for prospective utilization of doped silicone rubber as effective 

neutron- gamma shielding material in advanced nuclear radiation technology. 
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1. Introduction 

Human exposure to ionising radiation can be due to natural (cosmic rays radiating from 

soil or rock) or man-made (x-ray generators, medical devices and nuclear reactors) sources  

(K S Mann et al. 2012). These high-energy neutron and gamma radiation interact with the 

tissues 
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and organs and beyond certain thresholds can cause cell mutations, skin burns, cancerous 

growths, acute radiation sickness and death. Different factors such as dosage and type of 

radiation and the sensitivity of the tissues and organs determine the severity of the harm caused. 

Though these ionizing radiations have found economic importance in large array of significant 

applications spanning nuclear medicine, business, agriculture, and research, it is crucial to 

carefully evaluate the potential generation of free radicals at various energies that may impair 

the biological cells (Ambika et al. 2017; Bagheri, Khorrami Moghaddam, and Yousefnia 2017; 

Al-Hadeethi and Sayyed 2020). Along with rapidly growing demand for ionizing radiations, the 

health hazards may also increase unless these radiations are utilized properly and effective 

shielding is used to curb the radiation exposure (Al-Hadeethi, Sayyed, and Nune 2021). 

To design a suitable radiation shield it is necessary to understand the attenuation 

properties of the shielding materials. A broad range of materials such as building block 

materials, concrete, steel, polymers, clay, composites, paraffin, resins, and alloys have been 

studied in past for their radiation shielding potential (Singh and Badiger 2014; Biswas et al. 

2016; Harrison et al. 2008; Mollah, Ahmad, and Husain 1992; Mann K.S et al. 2013; Olukotun 

et al. 2019; Mirji and Lobo 2017). The shielding behavior of a material can be determined from 

its effective removal cross-section (ERC, cm
-1

) and attenuation coefficient (µ, cm
-1

) along with 

its optical thickness (OT, mfp) (Olukotun et al. 2019; Mann et al. 2013). The build-up factor 

(BUF) measures the contribution of the scattered radiation and plays an important role in 

studying neutron-gamma shielding behavior (NGSB) (V P. Singh and Badiger 2012; 

Amirabadi et al. 2013). The photon attenuation varies with the atomic number (Z), thickness 

and mass density of the material (Içelli et al. 2013; Mann et al. 2013; Singh and Badiger 2012). 

Therefore, elements with higher atomic number (Z) such as bismuth and lead are highly 

effective for gamma shielding whereas the low Z and high density materials such as water, 

wood, paraffin are recommended for neutron shielding in the past (Ahmed et al. 2020; Erdem 

et al. 2010). Thus, both heavy and light elements should be considered to make a composite or 

mixture capable of attenuating both neutrons and gamma rays. While selection, elements 

exhibiting higher energy loss per collision, and high absorption cross-section with no secondary 

gamma ray emission should be considered. Rubber is a cost effective and promising material 

for gamma and neutron radiation shielding which can be assembled into variety of shapes and 

size without altering their composition and density by external fields (El-kameesy et al. 2017; 

Intom et al. 2020).Silicon rubber is resistant to ozone, ultraviolet light, and extreme heat in 

different environments and widely used in adhesives, electronics, electrical network systems 

and medical applications (Shit and Shah 2013). In addition, it is soft, stable, non-combustible 

and non-toxic and can be utilized for radiation shielding applications. Filler incorporation can 

be used to tailor its low-elasticity and tensile value (Özdemir and Yılmaz 2018). Bismuth oxide 

and Boron compounds were used as functional filler materials in the polymeric matrix and 

were renowned for their gamma and neutron absorption ability (Park et al. 2015). The present 

investigation aims to study the neutron and gamma shielding behavior of flexible composites 

based on a silicone rubber matrix amalgamated with bismuth (III) oxide (Bi2O3) and hexagonal 

boron nitride (hBN) developed by Yilmaz et al. (Seda Nur Yılmaz, İsmail Kutlugün Akbay 

2020).The neutron gamma shielding parameters of different silicon rubber composite materials 

was measured in the energy range 1-10 MeV with standard toolkits, GEANT4 (Agostinelli et 

al. 2003) and Py-MLBUF (K.S Mann and Mann 2021). 
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2.1.1 Linear Attenuation Coefficients (LAC, cm
-1

) 

The probability of gamma rays interaction with matter through photo-electric 

absorption, Compton scattering and pair production depends on atomic number (Z) of target 

material and incident energy (E) of radiation. The linear attenuation coefficient (LAC) is the 

sum of all interaction probabilities that determines the material’s effectiveness in gamma rays 

shielding. Radiation intensity reduction by shielding material follows the Beer Lambert law (K 

S Mann et al. 2012) I=I0e
-µx

 where I and I0 refers to radiation intensities with and without 

shielding material respectively, x denotes the thickness of shielding material and μ is the LAC 

(Chang et al. 2015). 

 

2.1.2 Mass Attenuation Coefficient (MAC, cm
2
 g

-1
) 

The mass attenuation coefficient (MAC) accounts for the material compaction effect on 

its shielding performance measuring all types of interaction probabilities of gamma photon and 

shielding material occurring in the area l thickness (Xm=ρ.x) of the material. MAC (μm) is 

calculated from I  = I  e-
 µx Xm

 . MAC (μm) is also obtained by division of LAC (μ) with mass 

density (ρ), MAC (μm) = LAC (μ)/ ρ 

 

2.1.3 Half-Value Layer (HVL, cm) and Tenth Value Layer (TVL, cm) 

  The half-value layer (HVL) defines the thickness of shielding material which attenuates 

the gamma rays intensity to half and quantifies how efficiently a substance can shield gamma 

rays. Similarly, the tenth value layer (TVL) is the material thickness that attenuates gamma rays 

intensity to 10% of the incident intensity. Thus, TVL is always greater than HVL (TVL >HVL).  

Mathematically, 

 

HVL = 
ln 2 

= 
0.693 

= 0.693 mfp 
  

 

 
TVL

 

= 
ln 10 

 

 

= 
2.3026 

 

 
 
= 2.3026 mfp 

2.2 Shielding parameters for Neutrons 

2.2.1 Effective Removal Cross-sections (ERC, cm
-1

) 

For an incident fast neutron, the microscopic cross-section (σ, cm
2
) of the shielding 

material measures its probability of interaction (scattering/absorption) with the nucleus of 

shielding element. On the other hand, the total macroscopic cross-section (Σt) or effective 

removal cross-section (ERC) provides the effective area of all the nuclei of the shielding 

material that interact with the traversing neutron (Rinard 1990). Mathematically, 

 
 
 
 

where Na denotes Avogadro’s number, σt is total microscopic cross-section (cm
2
), ρ denotes  the 

density (g cm
-3

) and A is the effective atomic mass of shielding material. The neutron 

attenuation in medium also follows the Beer Lambert law (Rinard 1990)   

 
t
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where Nο and N are incident and transmitted flux of neutrons respectively for the shielding 

material of thickness, T (cm). 

 

2.2.2 Mass Effective Removal Cross-section (MERC, cm
2
 g

-1
) 

The mass effective removal cross-section (MERC) obtained from ERC and mass density 

(ρ) of the shielding material was introduced to consider the material’s compaction effect on its 

shielding behavior. The MERC of a shielding material for the fast neutrons (8 MeV) is 

estimated with following empirical formulae (Wood 1982): 

For A>10 and A <12: 

For A >12: 

MERC1 

MERC2 

= 0.21.A
-0.56

cm
2
g

-1
 

= 0.00662.A
-1/3

 + 0.33.A
-2/3

- 0.211.A
-1

cm
2
g

-1

 

For Z ≤ 8: MERC3 = 0.190.Z
-0.743

cm
2
g

-1 

   where, Z denotes effective atomic number and A denotes effective atomic mass of the sample. 

 
3. Materials and Methodology 

The neutron gamma shielding behavior (NGSB) of silicon rubber composite materials 

was investigated for energy ranges of 1-10 MeV. The silicon rubber matrix amalgamated with 

hexagonal boron nitride (hBN) and bismuth (III) oxide (Bi2O3) functional fillers were 

developed by Yılmaz et al (Seda Nur Yılmaz, İsmail Kutlugün Akbay 2020). The elemental 

composition and details of four samples selected for study are given in Table 1. The neutron 

shielding parameters such as mass effective removal cross-section (MERC), half-value layer 

(HVL) and tenth value layer (TVL), partial hadron elastic cross section (PHEC), neutron capture 

cross section (NCCS), neutron inelastic cross section (NICS), and mean free path (λ) of the 

selected samples were investigated using the GEANT4 toolkit based on Monte-Carlo 

simulation (Agostinelli et al. 2003). The gamma shielding parameters viz., mass attenuation 

coefficient (MAC), half-value layer (HVL) and tenth value layer (TVL), buildup factor (BUF) 

and gamma transmission flux were analyzed using GEANT4 and Py-MLBUF online platform 

(K.S Mann and Mann 2021). 

3.1 GEANT4 toolkit 

GEANT4 is geometry and tracking computer code developed by CERN for simulating 

particle passage through matter using experimental particle reaction cross-sections (Agostinelli 

et al. 2003). Using theoretical and experimental advancements in electromagnetic and hadronic 

processes, GEANT4 can track particles to zero energy ranges. In this simulation work, 

GEANT4 version 4.10.04 was used in which low-energy (thermal to 20 MeV) neutron 

interactions cross-section data were taken from ENDF/B- VI (Rose P.F 1991). GEANT4 

electromagnetic processes were used to investigate the gamma-ray shielding by silicone rubber 

composite materials. Initially, the elemental composition and mass density of the sample is 

required. After designing the experimental geometry, the simulation can be initialized by 

setting the number of incident particles as shown in Fig. 1. 

3.2 Py-MLBUF-Online platform 

Python program for Multi-Layered Buildup Factors (Py-MLBUF) is an open-access, 

user-friendly, and fastest among similar online platforms (BXCOM and Phy- X/PSD), 
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calculate 36 gamma ray shielding (GSP) parameters in energy range 0.015 to 15 MeV and 

provides graphical representation of results. 

3.3 Validation of GEANT4 and Py-MLBUF 

For gamma shielding, GEANT4 and Py-MLBUF results for standard materials, iron and 

water were compared with previously published XCOM, ANS-standard and MCNP5 results 

(L. Durani 2009). The ratios of calculated mass attenuation coefficients to respective standard 

values in the selected energy range of 1-10 MeV were found close to 1 Fig. 2(a-b), advocating 

the precision of GEANT4 and Py-MLBUF. 

For neutron shielding, the accuracy of GEANT4 simulation was ensured by comparing 

the computed values of effective removal cross-sections (ERC) with experimental values for 

different concrete samples selected as reference from earlier research works (Mollah, Ahmad, 

and Husain 1992; Bashter, Makarious, and Abdo 1996; Gallego, Lorente, and Vega-Carrillo 

2009). Reasonable agreement was found between ERC values calculated with Geant 4 and 

reference data, providing confidence in the findings of GEANT regarding neutron attenuation 

of doped silicon rubber. 

3.4 Statistical Analysis 

A two-factor analysis of variance (ANOVA) was conducted to investigate the response 

of selected samples to NGSP (MAC and MERC) at different energies using OP stat software. 

The variance of expression among the samples (S) at different energies (E) and interaction 

between samples and energy (S x E) was studied. The mean performance of the samples for 

MAC and MERC was also studied to identify the best composition for effective shielding 

against neutrons and gamma rays. The association among the MAC values calculated from 

GEANT4 and Py-MLBUF was estimated through correlation coefficient using MS Excel. The 

two softwares were compared based on MAC values using t test in MS Excel. 

 

4. Results and discussion 

The NGSB of the selected samples was investigated by analyzing the gamma and neutron 

shielding parameters computed using the standardized toolkits. 

4.1. Gamma radiation shielding parameters 

Mass Attenuation Coefficient (MAC, mm2 g-1) 

The MAC values for all the samples were calculated with the Py-MLBUF and GEANT4. 

The variation in three partial photon interaction coefficients, viz., photoelectric absorption 

attenuation coefficient (PEAC), Compton scattering attenuation coefficient (CSAC), and pair- 

production attenuation coefficient (PPAC) along with their combined effect (MAC) for the 

selected samples with energy are represented in Fig. 3(a-d). MAC values for all the samples 

were higher in photoelectric region and reduced gradually in Compton scattering region. Above 

4MeV, the pair production dominates causing varied response of samples with respect to mass 

attenuation coefficient (Fig. 4). The MAC values (mm
2
g

-1
) in energy range 1-10MeV was found 

highest in SRB3 (6.842 to 2.978 followed by SRB2 (6.770 to 2.689), SRB4 (6.698 to 2.40) and 

SRB1 (6.918 to 2.251). The highest MAC value in SRB3 can be due to the presence of high Z 

element, Bi (26.91% by wt) which makes SRB3 the most effective shielding material for 

gamma ray attenuation among the samples under study. In the low energy region, mass 

attenuation coefficient is observed to be maximum, because of dominant photoelectric 
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interaction which depends on atomic number as Z
(4−5)

. In the intermediate energy region, 

Compton scattering becomes dominant which depends linearly with atomic number. Hence, 

mass attenuation coefficient values become minimum. In the high energy region, mass 

attenuation coefficient values again increase because of pair production which is proportional 

to Z
2
 (V. P. Singh and Badiger 2014). As the percentage of bismuth (III) oxide (Bi2O3) 

increased from 0% (SRB1) to 30% (SRB3) (Table 1), the MAC value increased from 2.251 to 

6.84mm
2
g

-1
 (Fig. 4), indicating MAC value is the function of energy and chemical composition 

of the shielding material (Bashter 1997; Luis Durani 2009; H. Singh et al. 2016). Furthermore, 

MAC values computed by GEANT 4 and Py-MLBUF showed a reasonable agreement (r=0.99) 

and the relative difference between the two was not significant (α=0.05), confirming the 

deviations in values calculated from GEANT 4 and Py-MLBUF are acceptable (Table 3). 

 

Half-Value Layer (HVL, cm) and Tenth Value Layer (TVL, cm) thickness 

HVL and TVL represent the depth to which a radiation of specific energy could penetrate 

the material. Lower value portrays the better shielding potential of material (Sadawy and El 

Shazly 2019; Aygün 2019). In silicon doped rubber samples under study, HVL ranged from 

10.415 to 31.689cm (Fig.5). It increased as the energy goes up from 1MeV to 10 MeV, 

suggesting that growing energy of photons enable them to pointedly penetrate the silicon rubber 

samples. HVL was found highest in SRB1 (31.68cm) and lowest in SRB3 (24.50cm) at 10MeV. 

The respective increase of boron nitride and bismuth (III) oxide from 0 to 10% and 30% in 

SRB3 reduced its HVL, thereby increasing its efficacy in shielding the radiations and making 

it the best attenuator in this study. Conversely, SRB1 with the largest HVL was the worst 

attenuator. The TVL ranged from 34.596 to 105.269cm in the selected samples (Fig. 6). 

The trend for HVL and TVL was similar, minimal at low energy level and increased 

progressively with increase in energy. At low energy, all the samples showed almost similar 

value. In intermediate to high-energy regions, the chemical composition significantly affects 

these parameters. The higher (30%) content of bismuth (III) oxide (Bi2O3) in SRB3 reduced 

the penetration level of radiation leading to minimum value of TVL. Thus, SRB3 possess the 

superior gamma radiation shielding properties as compared to the other samples. Composition 

of shielding material being an important factor for shielding high energy radiations was also 

reported in the past (Içelli et al. 2013; Aşkın 2019; K. S Mann et al. 2013; N. Singh et al. 2004).  

Buildup factor (BUF) 

The BUF values of the silicone rubber composite materials increased with penetration 

depths (Fig. 7a–h). The variations in BUF values for all selected materials were identical up to 

gamma energy of 3 MeV. In low energy regions (<2 MeV), the composite with the lowest value 

of Zeq (SRB1) showed the highest BUF values whereas the composite with the highest Zeq 

(SRB3) has relatively small BUF values (Fig.8). Therefore, in low energy regions the BUF 

depends upon the chemical composition. This illustrates that, the Lambert Beer’s law violated 

minimally at low incident energies even for the high penetration depth of 40 mfp. It shows that 

in the low energy regions, the photoelectric effect is dominant process over Compton 

scattering. For incident photon energy of 2 MeV (Fig. 7b), BUF becomes almost independent 

of chemical composition (i.e. Zeq) and its magnitude decreases. However, Compton scattering 

multiplicity has increased and the interacting material cannot even be recognized. In high 
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energy region (>3 MeV) pair production dominates the Compton scattering process, lowering 

BUF values. Electron–positron pair particles may enable more Compton scattering targets in 

the high-energy region. The electron–positron pair particles have a chance to escape from the 

medium with low penetration depths, but they scatter at high penetration depths and generate 

secondary gamma-ray photons by annihilating the positron with the electron at rest to increase 

photon intensities. At high incident energy (Fig. 7d-h) and for penetration depth greater than 

10mfp, SRB3 (maximum Zeq) was observed to possess maximum BUF values, whereas SRB1 

(minimum Zeq) possess minimum BUF values. The reversal in trend can be explained by the 

fact that pair production is the dominant process for this incident photon energy (V P. Singh, 

Badiger, and El-Khayatt 2014). 

Gamma transmission flux 

The gamma transmission flux is the ratio of the radiation intensity (I) with the shielding 

material present to the radiation intensity (I0) without shielding material. Fig. 9 illustrates the 

variation in the gamma-ray intensity of silicone rubber composite materials with energies and 

shows that transmission flux increases with increasing energy. It was found that the attenuation 

coefficient depends on the incident photon energy as well as the chemical composition of the 

samples. The maximum transmission flux for SRB1 was due to the presence of low-Z elements, 

while SRB3 contains a high Z element (Bi; Z = 83, fractional weight = 0.269) which transmits 

a much lower fraction of incident gamma-ray, leads to a reduction of the transmission flux. 

4.2. Neutron shielding parameters 

In analogy to MAC, the MERC value also represents the combined effect of three partial 

neutron interaction processes, viz. partial hadron elastic cross section (PHEC), neutron capture 

cross section (NCCS), and neutron inelastic cross section (NICS). Fig. 10 (a-d) represents the 

variation of all the cross sections for the selected samples with neutron energy. The variation 

in MERC with photon energy indicates that the MERC values decrease with an increase in 

photon energy (Fig. 11). SRB1 has the maximum MERC values ranging from 36.52 to 

9.33mm
2
g

-1
, while minimum MERC values are observed for SRB3, ranges from 24.10 to 

6.87mm
2
g

-1
 in the selected energy range. Higher the MERC of materials, the better the 

effectiveness in attenuating the traversing neutron beams (El-Khayatt 2010; Tellili, Elmahroug, 

and Souga 2014). This is due to the difference in chemical composition of the samples. SRB1 

has a higher percentage of low Z elements by weight such as H (8.48%), C (36.08%) and O 

(21.62%), while SRB3 has a higher percentage of high Z element (Bi 26.91%). The interaction 

probability of neutrons depends on the atomic number (Z) of the constituent elements, the 

composition of the target material, and the incident energy (Bashter 2006; 1997). The 

ascending order of HVL(N) and TVL(N) is SRB1< SRB4 < SRB2 < SRB3. However, the 

HVL(N) and TVL(N) values increase with increasing energy (Figs 12 and 13). The dependence 

of HVL(N) and TVL(N) on the chemical composition of the materials can be clearly observed 

such that SRB1, comprising low-Z elements, had the lowest value and SRB3, comprising high- 

Z elements, had the highest values of HVL(N) and TVL(N). Lower the values of       

HVL(N) and TVL(N), greater the shielding efficacy of the material (Sadawy and El Shazly 2019; 

Aygün 2019). It has been concluded that SRB1 offers the highest shielding for the neutrons 

4.3. Statistical Analysis 

A comparison of variance components, samples (S), Energy levels (E) and S x E for  
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NGSP (MAC and MERC) exhibited their contribution to the total variance. Variance 

component for E was the largest for both the parameters (MAC and MERC) under study 

indicating the significant effect of energy level on the behavior of samples towards NGSB 

(Table 4). The sample was found to be significant, suggesting that the samples invariably 

responded differently among each other w.r.t the parameters studied. There was a significant 

contribution of S x E interaction variance on the sample expression for the parameters under 

study, indicating an interaction effect of the energy in relation to sample performance. The 

descriptive statistics of the samples under study are given in Table 5, indicates the behavior of 

samples in response to gamma rays and neutron rays based on their mean performance. The 

mean MAC value for SRB3 is highest 3.94±1.321 (Table 5), therefore SRB3 was found to be 

the most effective material for gamma rays shielding. The sample composition selected best for 

neutron shielding is SRB1 with a mean MERC value of 17.04± 8.70 (Table   5). 

5. Conclusions 

The present investigation was planned with the aim of selecting novel lead free materials 

and studying their fast neutron and gamma shielding behavior for their further application to 

safeguard individuals from radiation leakage and their harmful effects. The neutron-gamma 

shielding behavior (NGSB) of silicon rubber matrix amalgamated with bismuth (III) oxide 

(Bi2O3) and hexagonal boron nitride (hBN) was studied using GEANT4 and Py-MLBUF in the 

energy range 1-10MeV based on different shielding parameters. An increase of 30% Bi2O3 by 

wt. in SRB3 increased its mass attenuation coefficient (MAC), equivalent atomic number (Zeq) 

and decreased the half-value layer (HVL) and tenth-value layer (TVL) values, implicating the 

higher level of Bi2O3 in the composite sample (SRB3) improved its gamma-ray shielding 

capability and make it a promising gamma-shielding material. The presence of low-Z elements 

Hydrogen, carbon and oxygen in SRB1 improved its MERC value in the selected energy range 

and indicated SRB1 a good alternative for conventional neutron shielding materials. In general, 

the silicon rubber matrix amalgamated with bismuth (III) oxide (Bi2O3) and hexagonal boron 

nitride (hBN) has the potential to shielding fast neutron and gamma radiation. These 

multifunctional lightweight, flexible and non-toxic silicon rubber composite materials would 

be a favorable prospective for the advancement in nuclear radiation shielding technology 

specifically in the medical and nuclear research. 
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Table 1: Elemental composition of the doped silicon rubber composites   

 

 

 

S. No 

 Elemental Composition (%) 

Description Silicon 

rubber 

Hexagonal 

boron nitride 

Bismuth 

(III) Oxide 

C H O Si B Bi N 

1 SRB1 89 0 0 0.36 0.08 0.22 0.35 - - - 

2 SRB2 54 20 20 0.21 0.05 0.15 0.20 0.08 0.18 0.11 

3 SRB3 54 10 30 0.21  0.05 0.16 0.20 0.04 0.27 0.05 

4 SRB4 54 10 10 0.21 0.05 0.14 0.20 0.13 0.09 0.17 

 

Table 2: Validation of GEANT4 using reference concretes  

 

 

 

S.No  

  

Measured values of ERC ( cm
-1

) 

 

Material 

 

GEANT4 values Experimental values Difference (%) 

     

1 Ordinary concrete 0.0937 0.0819 10.0 

2 Magnetite 0.103 0.0949 9.0 

3 Hormirad 0.143 0.1300 10.0 

4 Hematite-serpentine 0.1344 0.122 10.1 

5 Ilmenite-limonite 0.1291 0.124 4.0 

 

 



1247 

 

Table 3: Mass attenuation coefficients (MAC) of the doped silicon rubber composites  

 
Energy 

(MeV) 

SRB1 SRB2 SRB3 SRB4 

 

GEANT4 

 

Py-

MLBUF 

 

Diff 

(%) 

 

GEANT4 

 

Py-

MLBUF 

 

Diff 

(%) 

 

GEANT4 

 

Py-

MLBUF 

 

Diff 

(%) 

 

GEANT4 

 

Py-

MLBUF 

 

Diff 

(%) 

             

1 6.918 6.896 0.315 6.770 6.794 0.342 6.842 6.890 0.705 6.698 6.696 0.028 

2 4.811 4.827 0.346 4.657 4.683 0.561 4.684 4.717 0.708 4.630 4.649 0.414 

3 3.867 3.895 0.701 3.838 3.868 0.773 3.912 3.944 0.843 3.765 3.792 0.702 

4 3.331 3.358 0.816 3.407 3.430 0.671 3.525 3.547 0.641 3.290 3.313 0.704 

5 2.985 3.009 0.818 3.148 3.162 0.471 3.304 3.316 0.358 2.991 3.009 0.596 

6 2.745 2.767 0.815 2.980 2.989 0.299 3.169 3.173 0.121 2.789 2.803 0.499 

8 2.436 2.454 0.734 2.786 2.787 0.011 3.0315 3.024 0.223 2.541 2.548 0.297 

10 2.251 2.267 0.689 2.689 2.687 0.083 2.978 2.969 0.313 2.400 2.405 0.206 

% Diff = MAC (GEANT4) - MAC (Py-MLBUF) * 100/MAC (GEANT4). 

 

Table 4: Analysis of Variance indicating the response of samples and their interaction with energy levels 

for MAC and MERC 

 

 

Source of Variation DF MAC MERC 

Sample (S) 3 421.122*** 11.414*** 

Energy Level (E) 7 627.149*** 158.377*** 

Sample (S) x Energy (E) 21 29.111*** 0.853*** 

Error 62 0.012 0.005 

'***’0.001 (Highly Significant) 

Table 5: Descriptive Statistics of samples under study 

  

Mean 

Standard 

Deviation Minimum Maximum 

 

SRB1 3.68 1.54 2.27 6.90 

MAC SRB2 3.80 1.37 2.69 6.79 

 

SRB3 3.95 1.32 2.97 6.89 

 

SRB4 3.65 1.43 2.41 6.70 

 

SRB1 17.04 8.70 9.33 36.52 

MERC SRB2 12.31 5.55 7.36 24.72 

 

SRB3 11.76 5.50 6.87 24.11 

 

SRB4 12.83 5.55 7.86 25.16 
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Fig. 1 

 

 

Fig. 2 
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Fig. 5 

 

Fig. 6 
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Fig. 8 

 

 

 
Fig. 9 
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