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A B S T R A C T   

Analytic and stochastic methods were proposed for the determination of gamma-ray radiation shielding prop
erties of the glassy composites. Radiation shielding properties such as mass attenuation coefficients, effective 
atomic numbers, effective electron numbers, build-up factors (exposure build-up factors and energy absorption 
build-up factors) can be determined with these techniques. A versatile quaternary composite was studied with 
different mass ratios in order to optimize the gamma radiation attenuation. Exposure build-up factors (EBFs), 
energy absorption build-up factors (EABFs), effective atomic numbers (Zeff) and effective electron densities (Neff) 
were calculated via BXCOM. Furthermore, MCNP transport code, version of 6.2, was used to simulate the mass 
attenuation coefficients (μ/ρ) and the half-value layers (HVLs) of the composites. Since they are compatible, 
simulation and BXCOM results denote that these methods can be used to determine the radiation shielding 
parameters for the glassy composites for which there are no satisfactory experimental values available. All in all, 
the optimum mass ratio, having the highest radiation attenuation, was determined as [Na2Si3O7/Bi2O3(65/35)/ 
B2O3(2)/Sb2O3(11)], so that glassy composite might be preferred as a radiation shield in various applications. 
The quaternary glassy composites investigated in this study, performs better than ordinary concrete, getting close 
to pure lead as a radiation shield.   

1. Introduction 

The use of different gamma ray sources has accelerated in many 
industrial fields such as agriculture, medicine, nuclear power plants, 
manufacturing, etc. (Kaur et al., 2019). Although the fact that using 
gamma rays have many advantages in different areas, harmful effects on 
human health cannot be ignored. Gamma rays can be the cause of 
various diseases (such as cancer, radiation sickness, mutations etc.) due 
to their high energy and penetrability (Conner et al., 1970). Hence, it is 
compulsory to develop environmentally harmless and inexpensive ma
terials in nuclear shielding applications. 

Glassy composites offer cheap solutions that are easy to manufacture 
in many industrial applications. Sodium silicate is one of the most 
reasonable, commonly used and water soluble ingredients used in 
cleaning materials, adhesives, binders and etc. (Singh et al., 2008). In 
addition to its current use, sodium silicate is a potential solution for 
radiation shielding applications but it has not been efficiently explored 

so far. Researchers are still trying to find the best way of using sodium 
silicate in radiation shielding applications (Bagheri et al., 2018; Peri
şano�glu et al., 2019; Al Buriahi et al., 2019). Most of the related studies 
in literature depended on lead’s remarkable shielding capability to 
compensate low atomic number of common glass forming elements. Yet, 
lead pollution is a well-accepted threat to environment (Demirbay et al., 
2019). Therefore, the production of lead-free shields equivalent to the 
shielding ability of lead has always been an in demand field of research. 

Because of its extraordinary features, bismuth attracted the attention 
of scientists working in numerous fields, e.g. optics, solid state appli
cations, lead free heavy glasses for radiation shielding etc. (Singh et al., 
2014; Yao et al., 2016; Al-Buriahi et al., 2019). Bismuth compounds are 
less toxic to human health due to their low solubility compared to other 
heavy metals (Mariyappan et al., 2018). Kaewkhao et al. investigated 
the effect of bismuth oxide against gamma rays and concluded that 
increasing Bi2O3 concentration improves the shielding properties of the 
glasses (Kaewkhao et al., 2011). Therefore, Bi2O3 can be evaluated to be 
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a propitious additive for glassy structures considered as potential 
effective shielding materials. 

Studies on borate glasses and ceramics suggest those glasses to have 
superior shielding qualities such as low half value layer and lower 
transmission ratios and better structural properties when compared to 
common commercial glasses (Rammah et al., 2019a, Rammah et al., 
2019b; Al-Buriahi and Rammah, 2019b; Kaur et al., 2019). The Bi2O3

–PbO–B2O3 glass systems have been produced with melt quenching 

technique by Singh et al. They also remarked that they obtained a 
transparent glassy shield which was made of Bi2O3–PbO–B2O3 to be 
better than concrete (Singh et al., 2004). Hence, boron and bismuth can 
be considered to be in accord as a shielding material. 

Composite materials containing antimony gained importance since 
the antimony trioxide has insignificant toxic risks. In the literature, 
related to Sb2O3, Zoulfakar et al. (2017) reported that Sb2O3 added 
sodium-boro-silicate glasses have higher gamma ray shielding ability. 
They studied samples containing different amounts of Sb2O3 ranging 
from 0 to 25 mol% for different gamma ray energies. They concluded 
that samples containing 20 mol% Sb2O3 are appropriate for the above 
mentioned gamma ray energies. The use of antimony trioxide 
nano-powder with epoxy resin as a regenerative agent against com
bustion and flammability properties took our attention. Also, Dheyaa 
et al. (2018) notified the usage of 6–10% of Sb2O3 dopant by weight with 
epoxy resin to reduce the flame and prevent combustion. Therefore, it 
may be evaluated that use of B2O3 and Sb2O3 in composites will improve 
flame-retardancy and the radiation shielding properties of materials. 

There are four major articles that attracted this work. Demirbay et al. 
(2019) studied that experimental and theoretical evaluation of sodium 
silicate (Na2Si3O7)/bismuth oxide (Bi2O3) composites as a radiation 
shielding material. Sayyed et al. (2018) studied radiation shielding 
properties of ternary glassy composite including telluride tungsten 
glasses having different amount of antimony oxide (Sb2O3). Marzouk 
and Elbatal (2014) carried out UV–visible spectroscopic measurements 
of binary glassy composite (Sb2O3–B2O3) with different molar concen
trations. Experimental results show that antimony borate can be used as 
shield against gamma irradiation. Issa et al. (2018a) studied quaternary 
glass system with sodium-boro-silicate with lead to evaluate different 
shielding parameters. This study must be considered in terms of this 
quadruple structure of boron and sodium to form a glassy structure and 
reduce the lead content. 

In this study, inspired by these four works, the quaternary glassy 
composite was investigated based on the accepted optimum ratio of 
Na2Si3O7/Bi2O3 (65/35) by mixing various ratios of both B2O3 and 
Sb2O3. Firstly, gamma-ray shielding properties of a ternary glassy 
composite (Na2Si3O7/Bi2O3/B2O3) were determined. After the deter
mination of optimum ratios of ternary glassy composite, optimum ratios 
of quaternary glassy composite (Na2Si3O7/Bi2O3/B2O3/Sb2O3) were 
investigated. Later, ternary and quaternary glassy composites were 
compared in terms of radiation shielding parameters (at the energy 
range from 59 keV to 1330 keV). 

In fact, an unusual method was tried to optimize the properties of the 
composite in this study. It is obvious that experimental shielding opti
mization of multi component glassy composites should be a time 
consuming and non-economic effort. Therefore, to overcome these dif
ficulties, we especially advise the combined optimization analysis based 
on BXCOM code and MCNP simulations to lead experimental tryouts. In 
this study, calculated build-up factors and simulated attenuation co
efficients were determined as two different parameters confirming each 

Table 1 
Chemical composition of ternary samples with varying B2O3 concentration (x ¼
0.02–0.11) mixed with Na2Si3O7–Bi2O3 (65/35) fixed ratio.  

Ternary 
Mix. 

X ¼ B2O3 X ¼ 0.02 X ¼ 0.05 X ¼ 0.07 X ¼ 0.09 X ¼ 0.11 

Na2Si3O7 Na 0.1209 0.1172 0.1147 0.1123 0.1098 
Si 0.2216 0.2148 0.2103 0.2058 0.2012 
O 0.2945 0.2855 0.2795 0.2735 0.2675 

Bi2O3 Bi 0.3077 0.2982 0.292 0.2857 0.2794 
O 0.0353 0.0343 0.0335 0.0328 0.0321 

B2O3 B 0.0062 0.0155 0.0217 0.0279 0.0342 
O 0.0138 0.0345 0.0483 0.0621 0.0758  

Table 2 
Chemical composition of quaternary samples with varying Sb2O3 concentration 
(x ¼ 0.02–0.11) mixed with Na2Si3O7–Bi2O3 (65/35) fixed ratio and 2% B2O3.  

Quaternary 
Mix. 

X ¼ B2O3 X ¼ 0.02 X ¼ 0.05 X ¼ 0.07 X ¼ 0.09 X ¼ 0.11 

Na2Si3O7 Na 0.1196 0.1160 0.1135 0.1111 0.1086 
Si 0.2192 0.2125 0.2080 0.2036 0.1991 
O 0.2914 0.2824 0.2765 0.2706 0.2646 

Bi2O3 Bi 0.3044 0.2951 0.2889 0.2826 0.2764 
O 0.0350 0.0339 0.0332 0.0325 0.0317 

B2O3 B 0.0032 0.0031 0.0031 0.0030 0.0029 
O 0.0072 0.0070 0.0068 0.0067 0.0065 

Sb2O3 Sb 0.0167 0.0418 0.0585 0.0752 0.0919 
O 0.0033 0.0082 0.0115 0.0148 0.0181  

Fig. 1. MCNP simulation geometry.  

Table 3 
Mass attenuation coefficients calculated by WinXCOM and simulated by MCNP at varying B2O3 concentrations (ternary glassy composite).  

B2O3 (μ=ρ) (cm2/g)  

WINX 59.54 keV 81 keV 356 keV 511 keV 662 keV 1170 keV 1330 keV 
0.02 1.8137 0.8831 0.1604 0.1088 0.0877 0.0598 0.0554 
0.05 1.7709 0.8642 0.1587 0.1082 0.0874 0.0597 0.0554 
0.07 1.7427 0.8517 0.1577 0.1078 0.0872 0.0597 0.0554 
0.09 1.7139 0.8390 0.1566 0.1074 0.0870 0.0597 0.0554 
0.11 1.6850 0.8262 0.1555 0.1070 0.0868 0.0596 0.0553 
MCNP 59.54 keV 81 keV 356 keV 511 keV 662 keV 1170 keV 1330 keV 
0.02 1.8032 0.8758 0.1609 0.1075 0.0897 0.0614 0.0588 
0.05 1.7538 0.8543 0.1590 0.1067 0.0894 0.0612 0.0588 
0.07 1.7208 0.8399 0.1578 0.1062 0.0891 0.0612 0.0588 
0.09 1.6878 0.8257 0.1573 0.1064 0.0888 0.0611 0.0584 
0.11 1.6546 0.8120 0.1559 0.1059 0.0884 0.0611 0.0584  
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other in order to guide the experimental studies. All in all, the priority 
was obtaining a preferable shielding glassy material. 

The main goal of this study was to design and investigate a novel 
industrial glassy structure to meet today’s needs (better than concrete 
and approaching to lead as much as possible) for efficient, lightweight 
and versatile radiation shielding material. 

2. Materials and method 

2.1. Materials 

The chemical composition of several mixture ratios of the glassy 
composite family Na2Si3O7/Bi2O3/B2O3/Sb2O3 is listed in Tables 1–2. A 
two stage process was followed to obtain the optimum mixture ratios by 
mass. Initially, a ternary glassy composite was analyzed by adding 
varying amounts of B2O3 (2%, 5%, 7%, 9% and 11% by weight) to fixed 
Na2Si3O7/Bi2O3 (65/35) mass ratio. After the ideal concentration of 
B2O3 was determined in terms of photon atomic parameters, Sb2O3 was 
added as the fourth component of the quaternary composite, 2%, 5%, 
7%, 9% and 11% by weight, in order to enhance the radiation shielding 
effectiveness. 

2.2. Mass attenuation coefficient and half value layer 

Radiation shielding parameters vary depending on the physical and 
structural properties of materials and irradiative sources. One of the 
most common and effective parameters used to describe the interaction 
of radiation with matter is the mass attenuation coefficient (μ/ρ) (cm2/ 
g) (Bashter, 1997). The μ/ρ is calculated according to the Lambert-Beer 
law that connects the initial radiation intensity (I0) to attenuated in
tensity (I) (Chilton et al., 1984). Lambert-Beer law can be formulated 
like: 

I ¼ I0e� ðμÞt  

where t is the mass thickness (g/cm2) of materials. 
HVL is another common parameter for evaluating photon atomic 

interaction, and is defined to be the thickness of the material that halves 
the incoming radiation intensity (Kavanoz et al., 2019). In this paper, 
HVL is the mass thickness that halves the intensity of the incoming ra
diation (independent of material density). It is calculated with μ/ρ ac
cording to the formula: 

HVL¼
lnð2Þ
μ=ρ 

HVL has the dimensions of length if it is derived from linear 

Table 4 
Mass attenuation coefficients calculated by WinXCOM and simulated by MCNP at varying Sb2O3 concentrations (quaternary glassy composite).  

Sb2O3 (μ=ρ) (cm2/g)  

WINX 59.54 keV 81 keV 356 keV 511 keV 662 keV 1170 keV 1330 keV 
0.02 1.9053 0.9217 0.1601 0.1086 0.0876 0.0596 0.0553 
0.05 2.0274 0.9729 0.1591 0.1081 0.0872 0.0595 0.0552 
0.07 2.1088 1.0070 0.1585 0.1078 0.0870 0.0593 0.0551 
0.09 2.1903 1.0412 0.1578 0.1074 0.0868 0.0592 0.0549 
0.11 2.2717 1.0753 0.1572 0.1071 0.0865 0.0591 0.0548 
MCNP 59.54 keV 81 keV 356 keV 511 keV 662 keV 1170 keV 1330 keV 
0.02 1.8850 0.9112 0.1611 0.1080 0.0894 0.0611 0.0584 
0.05 2.0088 0.9632 0.1602 0.1073 0.0889 0.0609 0.0582 
0.07 2.0905 0.9977 0.1595 0.1070 0.0887 0.0607 0.0582 
0.09 2.1728 1.0322 0.1576 0.1067 0.0886 0.0607 0.0581 
0.11 2.2544 1.0669 0.1569 0.1062 0.0883 0.0606 0.0579  

Table 5 
HVL results simulated via MCNP.  

Ternary composite HVL (g/cm2) 

B2O3 59.54 keV 81 keV 356 keV 511 keV 662 keV 1170 keV 1330 keV 
%2 0.3844 0.7914 4.3078 6.4479 7.7299 11.2977 11.7821 
%5 0.3952 0.8114 4.3591 6.4957 7.7566 11.3257 11.7821 
%7 0.4028 0.8252 4.3923 6.5248 7.7835 11.3257 11.7821 
%9 0.4107 0.8394 4.4067 6.5151 7.7970 11.3537 11.8736 
%11 0.4189 0.8537 4.4456 6.5443 7.8377 11.3537 11.8736 
Sb2O3 Quaternary composite HVL (g/cm2) 
%2 0.3677 0.7607 4.3032 6.4195 7.7566 11.3537 11.8736 
%5 0.3451 0.7196 4.3263 6.4574 7.7970 11.3820 11.9044 
%7 0.3316 0.6947 4.3450 6.4765 7.8105 11.4103 11.9044 
%9 0.3190 0.6715 4.3971 6.4957 7.8241 11.4103 11.9354 
%11 0.3075 0.6497 4.4164 6.5248 7.8514 11.4388 11.9665  

Table 6 
Mass attenuation coefficients for control group materials; concrete and lead.   

(μ=ρ) (cm2/g)  

WINX 59.54 keV 81 keV 356 keV 511 keV 662 keV 1170 keV 1330 keV 
Lead 5.1200 2.3500 0.2870 0.1560 0.1100 0.0619 0.0562 
Concrete 0.2770 0.2020 0.1010 0.0869 0.0776 0.0591 0.0554 
MCNP 59.54 keV 81 keV 356 keV 511 keV 662 keV 1170 keV 1330 keV 
Lead 5.1195 2.2929 0.2848 0.1546 0.1090 0.0613 0.0558 
Concrete 0.2851 0.2077 0.1008 0.0875 0.0802 0.0609 0.0575  
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attenuation coefficient, but here, it has the dimensions of g/cm2 

Buildup factors, which are of two types; exposure buildup factor 
(EBF) and energy absorption buildup factor (EABF), are correction fac
tors to account for the deviation from the idealized Lambert-Beer law. If 
initial radiation is only absorbed or transmitted in a medium, than 
buildup factor would be equal to unity (Salehi et al., 2015). If, however, 
incoming radiation is scattered somehow, then there are secondary 
photons created, and these photons give their contributions to total 
non-attenuated radiation intensity (Kavanoz et al., 2019). Buildup fac
tors modifies Lambert-Beer law equation as shown: 

I ¼ BI0e� ðμÞt 

Buildup factors depend on the energy and geometry of the incoming 
beam, mean free path (mfp) as well as equivalent atomic number of the 
attenuator media (Salehi et al., 2015). 

2.3. BXCOM program 

The effective electron numbers (Neff), effective atomic numbers (Zeff) 
along with EBF and EABF can be calculated by BXCOM (Eyecio�glu et al., 
2019). The program calculates Zeff based on Rayleigh to Compton 
scattering ratio for the given element composition in the mixture. For 
the determination of build-up factors, BXCOM uses an algorithm to find 
μsc/μtot of the compound, and specifies the adjacent elements corre
sponding to this ratio and defines a unique equivalent atomic number 
(Zeq). After that, it calculates EBF and EABF from Zeq. The interface 
accepts various input schemes and supplies outputs in popular file for
mats (Karabul et al., 2015; Eyecio�glu et al., 2016, 2017). 

2.4. MCNP simulations 

In this study, material-photon interactions for the ternary and qua
ternary glassy composites were simulated by Monte Carlo N-particle 
transport code (MCNP), version of 6.2. The photon atomic data library 
MCPLIB84, the latest available library for photon atomic interaction 
cross sections to date, was used for the materials defined by the data 
cards (Briesmeister, 2000; White, 2012). 

Fig. 2. Zeff and Neff values calculated with BXCOM for various B2O3 concen
tration (x ¼ 0.02–0.11) mixed with Na2Si3O7–Bi2O3 (65/35) fixed ratio 
(ternary composite). 

Fig. 3. Zeff and Neff values calculated with BXCOM for various Sb2O3 concen
tration (x ¼ 0.02–0.11) mixed with [Na2Si3O7/Bi2O3]([65/35]) and B2O3 (2%) 
fixed ratio. 
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MCNP can be used in a wide variety of nuclear applications. Opti
mizing the radiation shielding properties of different composite systems 
is one of the major uses of the software. This code enables the user to 
construct novel setups to determine the radiation attenuation parame
ters of uncommon material classes (Alavian and Anbaran, 2019; Florez 
et al., 2019; Issa et al., 2018a, 2018b; Parka et al., 2019; Tekin et al., 
2017, 2018). 

Fig. 1 illustrates the geometry used for simulations. A NaI cell with 
2x4x4 cm dimensions placed in a collimated lead cube of 6 cm was used 
as the detector. A point like single axis progressive source was posi
tioned 35 cm away from the detector setup. The samples were positioned 
on the beam line and F4 tally was used to get the intensity in the 
detection cell. The simulations were run at the energies of 59.54 keV, 81 
keV, 356 keV, 511 keV, 662 keV, 1170 keV and 1330 keV. An initial run 
was performed without sample to determine the total flux reaching 
detector setup (I0). Later, simulations were performed with various 
composites having different chemical content and thicknesses. 108 his
tories were collected in each run to ensure less than %0.05 error (Khan 
and Gibbons, 2014; Chen et al., 2015). 

3. Results and discussion 

The mass attenuation coefficients were simulated via MCNP (also 

obtained from XCOM for comparison) and are given in Tables 3 and 4 for 
the various concentrations of ternary and quaternary composites at the 
59.54–1330 keV energy range. It was observed that the MCNP simula
tion results were in good agreement with XCOM values. Also, The HVL 
values obtained from MCNP simulations are given in Table 5 for both 
ternary and quaternary samples at the 59.54–1332 keV energy range. As 
mentioned before, HVL values are important to determine how attenu
ation varies depending on energy and thickness. It is a known fact that 
higher μ/ρ values and lower HVLs indicate better radiation shielding 
properties. 2% B2O3 additive for ternary composites and %11 Sb2O3 
additive for quaternary composites have the highest μ/ρ and lowest HVL 
as seen in Tables 3–5. For comparison, mass attenuation coefficients of 
lead and concrete are given in Table 6. 

The variation of effective atomic numbers (Zeff) and electron den
sities (Neff) due to different photon energies for ternary and quaternary 
composites are demonstrated in Figs. 2 and 3. The general behavior of all 
the samples agrees with the dominance of different physical processes in 
studied energy regions. Because of the dominant process is photoelectric 
effect at the lower energies (up to 0.1 MeV), Zeff and Neff are very sen
sitive to variations in material composition, especially when the varia
tion is in the boron content due to its low atomic number. In the medium 

Fig. 4. The variation of EBF and EABF with different B2O3 concentrations (x ¼
0.02–0.11) for ternary composites (BXCOM results). 

Fig. 5. The variation of EBF and EABF with different Sb2O3 concentrations (x 
¼ 0.02–0.11) for quaternary composites (BXCOM results). 
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energy region (from 0.1 to 2 MeV), both Zeff and Neff decrease as the 
energy gets higher on account of Compton Scattering phenomena. In 
Compton region Zeff is not sensitive to addition of antimony, and stays 
almost constant. In the higher energy region (more than 2 MeV), Zeff and 
Neff both increase with higher energies due to pair production’s relative 
dominance. It is a known fact that the samples with high values for Zeff 
and Neff are desired for a better gamma ray shielding. Apparently, 2% 
B2O3 additive is the best option for radiation attenuation (in terms of Zeff 
and Neff) in the ternary glassy composites (Fig. 2). Also, 11% Sb2O3 
additive has the highest Zeff and Neff values for the quaternary com
posites (Fig. 3). 

In addition, build-up factors (EBF and EABF) were calculated with 
BXCOM for various concentrations of ternary and quaternary compos
ites. The EBF and EABF values due to different mass ratios of the ternary 
and quaternary composites are shown in Figs. 4 and 5. Obtained results 
indicated that build-up factors are increasing with higher B2O3 additives 
(Fig. 4) while decreasing with higher Sb2O3 additives (Fig. 5). Obvi
ously, EBF and EABF have the smallest value for 2% B2O3 concentration 
while they have the smallest value for 11% Sb2O3. So, it was observed 
that the results are in conformity with effective atomic number and 
effective electron density values. The variations of EBF and EABF values 
of best ternary and quaternary composites (Na2Si3O7/Bi2O3(65/35)/ 
B2O3(2) and Na2Si3O7/Bi2O3(65/35)/B2O3(2)/Sb2O3(11)) due to 
various photon energy are shown in Figs. 6 and 7. Therefore, EBF and 
EABF values may be considered as an important parameter for shielding 
optimizations of materials. 

All in all, to form a quaternary shielding material with better radi
ation shielding properties, minimum possible concentration of B2O3 and 
maximum Sb2O3 should be used among the composites investigated. In 
this paper, 2% B2O3 and 11% Sb2O3 was chosen to be the best compo
sition for shielding. 

The mass attenuation coefficients of all the composites investigated 
are compared with the lead and concrete in Fig. 8. In the studied energy 
range (59.54–1330 keV), the μ/ρ values of ternary and quaternary glassy 
composites were higher than concrete but less than lead. This behavior 
confirms that presented ternary and quaternary glassy composites can 
be accepted as good shielding material as compared to concrete. Ac
cording to the literature, the most important thing about shielding is to 
determine a material better than concrete and approaching lead as much 
as possible (Kaplan, 1989; Issa, 2016). Before starting the experimental 
studies or industrial applications, theoretical calculations should be 
performed for these composites with programs like WinXCom, BXCOM 
and MCNP 6.2 (Bootjomchai et al., 2012; Kaur et al., 2016; Kumar, 
2017; Issa et al., 2018b; Singh et al., 2008). Besides, Dheyaa et al. (2018) 
represented an improvement in the flame retardant ability of Sb2O3 (x ¼
0.1). It should be noted that the radiation shielding properties may be 
correlated with flame resistance. Further experimental studies must be 
performed on glassy systems to put forth this relation. 

Fig. 6. EBF and EABF obtained from BXCOM due to photon energy for ternary 
composite with 2% B2O3. 

Fig. 7. EBF and EABF obtained from BXCOM due to photon energy for qua
ternary composite with 11% Sb2O3. 
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4. Conclusion 

In this study, a quaternary glassy composite formed by mixing Sb2O3 
and B2O3 to optimum ratio of Na2Si3O7/Bi2O3 was designed. While 
choosing the components, the aim was to obtain an inexpensive, light
weight and versatile glassy composite with acceptable radiation 
shielding properties. Analytic (BXCOM code) and stochastic (MCNP 
simulations) methods were used for determination of photon atomic 
parameters such as μ/ρ, HVL, Zeff, Neff and build-up factors. Briefly, all 
the simulated (μ/ρ and HVL values obtained from MCNP) and calculated 
parameters (Zeff, Neff and build-up factors obtained from BXCOM) are in 
good agreement with each other and suggest the same mass composi
tion. It can be concluded that these analytic (BXCOM) and stochastic 
(MCNP) methods can be used for optimization of any composites in 
terms of radiation shielding parameters before the experimental tryouts. 
All in all, the quaternary glassy composite with B2O3 (x ¼ 0.02) and 
Sb2O3 (x ¼ 0.11) and Na2Si3O7/Bi2O3(65/35) was determined as the 
best gamma ray attenuating glassy composite among the investigated 
samples. As a main result of the study, the shielding properties of the 
ternary and quaternary glassy composites have the potential to make a 
reliable improvement within permissible limits. Moreover, this paper 
provides a method for the investigation of new gamma-ray shielding 
materials which there are no satisfactory experimental data available. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pnucene.2020.103364. 
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