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Abstract 

The barium vanadium zinc borate glass series in compositions xBaO: 30V2O3: 10ZnO: (60–x)B2O3 

(where x = 0, 10, 20, 30, 40 and 50 mol%) have been simulated and analyzed on their X/gamma-rays 

shielding and elastic moduli properties. The X/gamma-rays and thermal neutrons shielding 

properties were simulated using the FLUKA Monte Carlo code. The results of gamma-rays shielding 

were compared with the results from WinXCom. The Makishima-Makinzie model was used to 

determine the elastic moduli properties of the glass series. The results found that the increasing BaO 

concentration by replacing B2O3 which causes the density to increase and improved X/gamma-rays 

shielding properties. Whereas the result for thermal neutrons shielding and elastic moduli properties 

decreased with increasing BaO content. The results of this study are useful in enhancing the efficiency 

of materials for shielding X/gamma-rays.   
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Introduction 

The use of ionizing radiation has grown 

dramatically in sectors such as geology, agriculture, 

space exploration, medicine, archaeology, and so on 

(Benson, 2002; Singh et al., 2014; Tijani et al., 

2018; Power et al., 2022; Tamal et al., 2022). 

Ionizing radiation, such as X/gamma rays, and 

neutrons, can cause cancer, genetic damage, and 

tissue destruction in humans (Cucinotta et al., 2001; 

Al-Buriahi et al., 2022). As a result, during the last 

decade, glass, one of the materials used to protect 

radiation, has become the most essential alternative 

for the safety of persons and ecosystems exposed  

to harmful rays. Glass, as one of the inorganic 

materials studied and developed for cutting-edge 

material science, is therefore widely used in 

advanced technology in our daily life (Hrabovsky  

et al., 2022). Borate glasses have various 

applications when compared to other forms of glass, 

and they are particularly excellent as radiation 

shielding materials (Sallam et al., 2020; Sayyed, 

2022; Sayyed et al., 2023). This is owing to the 

unique features of boron oxide when hosted in  

a glass matrix, which results in a glass system  

with improved optical, mechanical, chemical, and 

physical capabilities (Elkelany et al., 2021; Sayyed, 

2022). When BaO is mixed with B2O3, barium 

borate glass is created, this will result in improved 

properties of this glass system, especially in optical 

and radiation shielding (Sayyed et al., 2019; Sayyed 

et al., 2020). When V2O5 is mixed with B2O3, 

borovanadate glass is generated, which is a mixed 

network of the former. The role of vanadium, on the 

other hand, is proportional to its concentration 

(Mohamed and Yahya, 2018). Adding the 

appropriate quantity of vanadium to a glass system 

improves its structural and physical qualities 

(Kosuge, 1967; Guo et al., 2020). ZnO can act as a 

modifier or network former in the glass structure. 

ZnO is well-known for its low cost, non-toxicity, 

and environmental acceptability (Du and Ilegbusi, 

2004; Klink and Crouch, 2009; Sumalatha et al., 

2013).  

FLUKA is a Monte Carlo code that was 

created to investigate the radiation shielding 

capabilities of various materials used in radiation 

applications (Pires and Medhat, 2016; Canel et al., 

2019). Although the scientific results obtained from 

these experiments are valuable and reliable, the 

expense of the equipment, the difficulty in getting 

the radiation source, and numerous constraints are 

important in examining the radiation shielding 

properties. Monte Carlo simulations can help to 

reduce the aforementioned constraints and issues, as 

well as the time and radiation exposure of those  

 

 
participating (Pires and Medhat, 2016). The key 

advantage of the simulation approach is that it 

generates theoretical data for the experiment's 

variable geometry and a number of primary 

radiations to test the feasibility of certain 

experimental observations. 

The xBaO: 30V2O5: 10ZnO: (60-x)B2O3 glass 

series will be examined for its X/gamma-rays 

shielding properties by FLUKA simulation. 

Gamma rays with energy ranging from 59.54- 

662 keV and X-rays with energy ranging from 60-

120 kVp were studied. The major characteristics to 

be investigated are the mass attenuation coefficient, 

half value layer, mean free path, and percent 

radiation transmittance. Furthermore, the glass 

samples' radiation shielding properties are 

compared to standard radiation shielding materials. 

Also, elastic moduli for glass series are discussed.  

Theory and Determination 

The density (; g/cm3) of glass series is a parameter 

used to explained the structural changes of glass and 

can be determined in Equation (1) (Samdani et al., 

2022; Ravangvong et al., 2023): 
 

𝜌 =  (0.53)
(∑ 𝑀𝑖𝑥𝑖)

(∑ 𝑉𝑖𝑥𝑖)
  (1) 

 

here Mi, Vi and xi are molecular weight, 

packing density factor, and molar fraction of ith 

component, respectively. 

The mass attenuation coefficients (MAC) 

express the probability of interaction of X/gamma-

rays with the interacting medium. The MAC of the 

glass series was derived from WinXCom software 

for X/gamma-rays energy range 59.54-662 keV 

using the following Equation (2) (Ravangvong  

et al., 2023): 
 

𝑀𝐴𝐶 = ∑ 𝑤𝑖(𝜇𝑚)𝑖
∑
𝑖   (2) 

 

here (µm)i and wi are the mass attenuation 

coefficient and weight fraction of the ith element in 

the mixture. 

Half value layer (HVL) means as the thickness 

of the sample that reduces the intensity of 

X/gamma-rays (I) to 50% of its initial intensity (I0) 

and can be calculated from equation the linear 

attenuation coefficient (µ) by using in Equation (3) 

(Sayyed et al., 2020; Ravangvong et al., 2023): 
 

𝐻𝑉𝐿 =
0.693

𝜇
  (3) 
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Mean free path (MFP) is average distance 

between two successive interactions of X/gamma-

rays in medium and simulated from Equation (4) 

(Samdani et al., 2022; Ravangvong et al., 2023): 

 

𝑀𝐹𝑃 =
1

𝜇
  (4) 

 

The transmission factor (TF) is a value using 

estimates the coefficient of X-rays transport through 

a specific thickness of materials as can be calculated 

using the Equation (5) (Hanfi et al., 2023): 

 

𝑇𝐹 =  
𝐼

𝐼𝑜
× 100 =  𝑒−𝜇𝑥 (5) 

 
Maskishima and Mackenzie have been 

calculated elastic moduli (EM) such as Young’s 

modulus (E), Bulk (K), Shear modulus (G) and 

Longitudinal modulus (L) of oxide glasses by 

theoretically model (M-M model) base on chemical 

component, packing density (Vt) and dissociation 

energy per unit volume (Gt) of glasses as following 

(Ravangvong et al., 2023): 

 
𝐸 = 8.36𝑉𝑡𝐺𝑡 (6) 

 
𝐾 = 10𝑉𝑡

2𝐺𝑡 (7) 

𝐺 =
30𝑉𝑡

2𝐺𝑡

(10.2𝑉𝑡−1)
 (8) 

 

𝐿 = 𝐾 + (
4

3
) 𝐺 (9) 

Simulation Determination 

The theoretical glass series for this work, the BaO 

based on V2O5: ZnO: B2O3 in formula xBaO: 

30V2O5: 10ZnO: (60-x)B2O3 (x increased from 0-

50 mol% in 10 mol% increments) has been 

illustrated in Table 1.  

FLUKA Monte Carlo is a coding using for 

high energy simulation in particle-nuclear sciences 

and engineering shielding. In this work, the FLUKA 

version 2011.2x-4 with schematic set up for 

simulate X/gamma-rays and thermal neutrons are 

exhibited in Figure 1 and Figure 2. The simulation 

for  and MAC of material samples with thickness 

(x) can be estimated using Equation (10) and 

Equation (11), respectively (Kumar, 2017; 

Alzahrani et al., 2023; Sriwongsa et al., 2023): 

 

𝐼 =  𝐼0𝑒−𝜇𝑥  (10) 
 

𝑀𝐴𝐶 =
𝑙𝑛(𝐼0/𝐼)

𝜌𝑥
  (11) 

Table 1. The chemical composition, density and molar volume for glass series (mol%) 
 

Elements 
Glass code (mol%) 

BVZ1 BVZ2 BVZ3 BVZ4 BVZ5 BVZ6 

BaO 0 10 20 30 40 50 
V2O5 30 30 30 30 30 30 

ZnO 10 10 10 10 10 10 

B2O3 60 50 40 30 20 10 

Density (: g/cm3) 3.0343 3.3155 3.6032 3.8978 4.1995 4.5086 

 

 
 

Figure 1. The schematic set up to simulate X/gamma-rays 
 



  

030282-4 Barium Vanadium Zinc Borate Glass Series 

Results and Discussions 

The densities and molar volume of glass series were 

illustrated in Figure 3. It was found that the densities 

of glass series were increased with increasing BaO 

content due to the replacement of BaO with higher 

density and molecular weight than B2O3. That 

indicated the presence of Ba2+ ions were changed 

borate glass network by converting more [BO3]–3 

triangles to BO–4 tetrahedral (Limkitjaroenporn  

et al., 2011; Elkhoshkhany et al., 2018; 

Glumglomchit et al., 2018; Sriwongsa et al., 2023). 

X/gamma-rays shielding 

The mass attenuation coefficient (MAC) for 

glass series have been simulated X and gamma-rays 

at energy range 60-120 kVp and 59.6-662 keV, 

respective. The 241Am (59.6 keV), 133Ba (81, 356, 

161 and 384 keV), 152Eu (122 and 245 keV), 22Na 

(511 keV), and 137Cs (662 keV) were used for  

 

 

 
 

gamma-rays energy sources. The MAC for gamma-

rays with both of the FLUKA simulation and 

WinXCom program for theoretical. The MAC 

values for X and gamma-rays were enlisted in 

Figure 4 and Figure 5, respectively. The results 

found that the MAC for X and gamma-rays were 

increased with increasing BaO content and BVZ6 

had the highest MAC value due to this sample had 

the largest BaO content and the highest density. 

While the MAC values for both rays decreased with 

increasing energy because the photoelectric effect 

(PE) is the main process which they cross section 

varies with E-3.5 and Z4-5. This reflected that at low 

X and gamma-rays energy, both-rays were 

attenuated higher than at high energy and the 

probability of X and gamma-rays attenuation 

increased with increasing BaO content. In addition, 

the simulation values of MAC are in good 

agreement with the theoretical values (Agar et al., 

2019; Sayyed et al., 2019).  

 
 

Figure 2. The schematic set up to simulate thermal neutrons 

 
 

Figure 3. The density for glass series 
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Figure 4 MAC with X-rays energy 
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Half value layers (HVL) evaluate the length of 

the substance necessary to reduce X/gamma-rays 

energy to half tenth of their initial levels. While the 

MFP parameter is the distance traveled by the 

incident X/gamma-rays energy intrant the material 

of the samples before the collision. For the HVL and 

MFP with X and gamma-rays energy for glass series 

as shown in Figure 6 - Figure 9. It found that the 

HVL and MFP for BVZ6 glass sample increased 

with increasing energy. It means that at high X and 

gamma-rays energy, both-rays can more penetrating 

as reflected the material need more thickness to 

attenuated them. And the HVL and MFP for BVZ6 

glass sample is the lowest value due to this sample 

had the highest density.  It indicated that BVZ6 

glass samples had excellent X and gamma-rays 

shielding (Agar et al., 2019; Sayyed et al., 2019; 

Sriwongsa et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5 MAC with gamma-rays energy 

 

100 200 300 400 500 600 700

0

1

2

3

4

5
FLUKA

 BVZ1

 BVZ2

 BVZ3

 BVZ4

 BVZ5

 BVZ6

M
A

C
 (

c
m

2 /g
)

Gamma-rays energy (keV)

WinXCom

 BVZ1

 BVZ2

 BVZ3

 BVZ4

 BVZ5

 BVZ6

 
 

Figure 6 HVL with X-rays energy 
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Figure 7 HVL with gamma-rays energy 

 

 
 

Figure 8 MFP with X-rays energy 

 

 
 

Figure 9 MFP with gamma-rays energy 
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HVL has been compared between glass series and 

some standard shielding materials for X and 

gamma-rays at 120 kVp and 662 keV as exhibited 

in Figure 10 and Figure 11, respectively. They were 

found that BVZ glass series had X-rays shielding 

property better than commercial glass, red brick, 

concrete and X-ray window at starting 10 mol%  

of BaO content. While gamma-rays shielding 

property, the BVZ glass series has been found to 

have better shielding properties than commercial 

window glass, ordinary concrete and hematite-

serpentinite (Kumar, 2017; Kaewjaeng et al., 

2021(a); Sriwongsa et al.,2023). 

 The transmission factor (TF) is parameter 

related to the X and gamma-rays penetration which 

evaluated based on the glass thickness and the MAC 

of glass series. Figure 12 and Figure 13 clarifies the 

change in TF with the X and gamma-rays energy  

 

 

 

for BVZ glass series. It found that the TF increased 

with increasing for both-rays energy and decreased 

with increasing BaO content. This event due to PE 

is main process and involved the loss of X and 

gamma-rays energy which had enough energy to 

escaped from glass thickness. In addition, BVZ6 

glass sample had the lowest TF value. It reflected 

that BVZ6 glass sample was superb X and gamma-

rays shielding (Al-Saeedi et al.,2022). 

Thermal neutrons shielding 

The thermal neutrons simulation has been 

estimated the numbers 108 of thermal neutrons 

which is a large enough value for studying trend 

values and the simulation for  and MAC of 

material samples with thickness (x) can be 

estimated using equation (10) and equation (11), 

respectively (Kumar, 2017; Sriwongsa et al., 2023; 

Alzahrani et al., 2023; Battistoni, et al., 2016). The 

relationship between the MAC for thermal neutrons  

 

 

 

 
 

Figure 10 HVL with some standard materials for X-

rays 

 

 
 

Figure 11 HVL with some standard materials for 

gamma-rays 
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Figure 12 TF% with X-rays energy 

 

 
 

Figure 13 TF% gamma-rays energy 
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and BaO content as exhibited in Figure 14. The 

trend of MAC value decreased with increasing BaO 

content. It indicated that thermal neutrons shielding 

property is being decreased at high BaO content 

(Kaewjaeng et al., 2021(b)). This event because of 

absorption cross-section (σabs) for B (767 barn) 

higher than Ba (1.1 barn) (Sears, 1992; 

Tiamduangtawan et al., 2020). 

 

Elastic Moduli 

The EM for BVZ glass series has been 

exhibited in Figure 15. These EM (E, K, G and L) 

values for glass series decreased with increasing of 

BaO content. The obtained results can be linked to 

having lower dissociation energy (Gi) and packing 

density (Vi) of BaO (39.5  109 J/m3 and 13.3   

10-6 m3/mol) than B2O3 (82.8  109 J/m3 and 20.8  

10-6 m3/mol). These results lead to the strength of 

BVZ glass series is being attenuated at high BaO 

content (Inaba et al., 2003; El-bashir et al., 2017).  

The comparison EM for BVZ glass series with 

80NaPO3-20MoO3 and 80NaPO3-20WO3 as 

exhibited in Figure 16. It was found that E and G 

values for BVZ1-5 glass samples were higher than 

80NaPO3-20MoO3 and 80NaPO3-20WO3. While K 

and L values for all glass samples were higher than 

80NaPO3-20MoO3 and 80NaPO3-20WO3. These 

results indicated that BVZ glass series had EM 

properties better than 80NaPO3-20MoO3 and 

80NaPO3-20WO3 (Afaneh et al., 2022).  

 

 

 

 

 

 

 
 

Figure 14 MAC of thermal neutrons for BVZ glass 

series 

 

 
 

Figure 15 The elastic moduli for BVZ glass series 
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Figure 6 HVL with X-rays energy 
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Conclusions 

The X/gamma-rays, thermal neutrons shielding and 

elastic moduli properties of the V2O3: ZnO: B2O3 

glass series have been simulated and analyzed the 

effect of BaO addition in the borate glass structure 

in formula xBaO: 30V2O3: 10ZnO: (60-x)B2O3 

(where x = 0, 10, 20, 30, 40 and 50 mol%). The 

densities calculation shows increased trend with an 

increasing of BaO content due to BaO had higher 

density and molecular weight than B2O3. Besides, 

the X/gamma-rays and thermal neutrons shielding 

properties of the BVZ glass series have been 

simulated using FLUKA Monte Carlo code. The 

results of X and gamma-rays shielding were 

compared with the results from WinXCom. The 

addition of BaO content causes an increase in mass 

attenuation coefficient, while the half value layer, 

mean free path and transmission factor were 

decreased. In addition, the HVL has been compared 

between glass series and some standard shielding 

materials for X and gamma-rays. They were found 

that BVZ glass series had X and gamma-rays 

shielding property better than with some standard 

shielding materials. It indicated that BVZ6 glass 

samples had excellent X and gamma-rays shielding. 

Whereas the thermal neutrons shielding, the 

opposite was true. And the increasing BaO content 

were results in the EM (E, K, G and L) which led to 

the strength of BVZ glass series is being attenuated 

at high BaO content.   

Acknowledgment 

The authors would like to thanks Thailand Science 

Research and Innovation (TSRI) and National 

Science, Research and Innovation Fund (NSRF) 

(Fiscal Year 2023). 

References 

Afaneh, F., Khattari, Z.Y., and Al-Buriahi, M.S. (2022). Monte 
Carlo simulations and phy-X/PSD study of radiation 

shielding and elastic effects of molybdenum and tungsten 

in phosphate glasses. Journal of Materials Research and 
Technology, 19:3,788-3,802. 

https://doi.org/10.1016/j.jmrt.2022.06.125 

Agar, O., Sayyed, M.I., Tekin, H.O., Kaky, K.M., Baki, S.O., and 
Kityk, I. (2019). An investigation on shielding properties 

of BaO, MoO3 and P2O5 based glasses using MCNPX 

code. Results in Physics, 12:629-634. 
https://doi.org/10.1016/j.rinp.2018.12.003 

Al-Buriahi, M.S., Alrowaili, Z.A., Eke, C., Alomairy, S., 

Alshahrani, B, Bejaoui, I., and Sriwunkum, C. (2022). An 
important role of Ba2+, Sr2+, Mg2+, and Zn2+ in the 

radiation attenuation performance of CFCBPC bioactive 

glasses. Journal of the Australian Ceramic Society, 
58:461-473. https://doi.org/10.1007/s41779-022-00704-7 

 
 

 
Al-Saeedi, F.H.F., Sayyed, M.I., Kapustin, F.L., Al-Ghamdi, H., 

Kolobkova, E.V., Tashlykov, O.L., Almuqrin, A.H., and 
Mahmoud, K.A. (2022). A novel barium oxide-based Iraqi 

sand glass to attenuate the low gamma-ray energies: 

Fabrication, mechanical, and radiation protection capacity 
evaluation. Nuclear Engineering and Technology, 

54(8):3,051-3,058. 

https://doi.org/10.1016/j.net.2022.03.016 
Alzahrani, J.S., Sriwunkum, C., Tonguc, B.T., Alothman, M.A., 

Olarinoye, I.O., and Al-Buriahi, M.S. (2023). Lead-free 

bismuth glass system towards eco-friendly radiation 
shielding applications. Results in Physics, 53:106987. 

https://doi.org/10.1016/j.rinp.2023.106987 

Battistoni, G., Bauer, J., Boehlen, T.T., Cerutti, F., Chin, M.P.W., 
Augusto, R.D.S., Ferrari, A., Ortega, P.G., Kozłowska, W., 

Magro, G., Mairani, A., Parodi, K., Sala, P.R., Schoofs, P., 

Tessonnier, T., and Vlachoudis, V. (2016). The FlUKa 
code: an accurate simulation tool for particle therapy. 

Frontiers in Oncology, 6:1-24. 

https://doi.org/10.3389/fonc.2016.00116 
Benson, R.S. (2002). Use of radiation in biomaterials science. 

Nuclear Instruments and Methods in Physics Research 

Section B: Beam Interactions with Materials and Atoms, 
191(1-4):752-757. https://doi.org/10.1016/S0168-

583X(02)00647-X 

Canel, A., Korkut, H., and Korkut, T. (2019). Improving neutron 
and gamma flexible shielding by adding medium-heavy 

metal powder to epoxy based composite materials. 

Radiation Physics and Chemistry, 158:13-16. 
https://doi.org/10.1016/j.radphyschem.2019.01.005 

Cucinotta, F.A., Schimmerling, W., Wilson, J.W., Peterson, L.E., 

Badhwar, G.D., Saganti, P.B., and Dicello, J.F. (2001). 
Space radiation cancer risks and uncertainties for Mars 

missions. Radiation Research, 156(5):682-688. 

https://doi.org/10.1667/0033-
7587(2001)156[0682:SRCRAU]2.0.CO;2 

Du, T. and Ilegbusi, O.J. (2004). Synthesis and morphological 

characterization on PVP/ZnO nano hybrid films. Journal 
of Materials Science, 39:6,105-6,109. 

https://doi.org/10.1023/B:JMSC.0000041712.35581.4c 

El-bashir, B.O., Sayyed, M.I., Zaid, M.H.M., and Matori, K.A. 
(2017). Comprehensive study on physical, elastic and 

shielding properties of ternary BaO-Bi2O3-P2O5 glasses as 
a potent radiation shielding material. Journal of Non-

Crystalline Solids, 468:92-99. 

https://doi.org/10.1016/j.jnoncrysol.2017.04.031 
Elkelany, E.A., Hassan, M.A., Samir, A., Abdel-Ghany, A.M., 

El-Bahnasawy, H.H., and Farouk, F. (2021). Optical and 

Mössbauer spectroscopy of lithium tetraborate glass 
doped with iron oxide. Optical Materials, 112:110744. 

https://doi.org/10.1016/j.optmat.2020.110744 

Elkhoshkhany, N., Essam, O., and Embaby, A.M. (2018). 
Optical, thermal and antibacterial properties of tellurite 

glass system doped with ZnO. Materials Chemistry and 

Physics, 214:489-498. 
https://doi.org/10.1016/j.matchemphys.2018.05.007 

Glumglomchit, P., Rajagukguk, J., Kaewkhao, J., and Kirdsiri, 

K. (2018). Physical and optical investigation of lutetium-
sodium-borate glasses. Materialstoday: Proceeding, 

5(7):15,054-15,060. 

https://doi.org/10.1016/j.matpr.2018.04.056 
Guo, P., Biegler, Back, T., and Sarangan, A. (2020). Vanadium 

dioxide phase change thin films produced by thermal 

oxidation of metallic vanadium. Thin Solid Films, 
707:138117. https://doi.org/10.1016/j.tsf.2020.138117 

 

 

https://doi.org/10.1016/j.tsf.2020.138117


 

 

030282-9 Suranaree J. Sci. Technol. Vol. 32 No. 2; March - April 2025 

Hanfi, M.Y., Sakr, A.K., Ismail, A.M., Atia, B.M., Alqahtani, 
M.S., and Mahmoud, K.A. (2023). Physical 

characterization and radiation shielding features of B2O3-

As2O3 glass ceramic. Nuclear Engineering and 
Technology, 55(1):278-284. 

https://doi.org/10.1016/j.net.2022.09.006 

Hrabovsky, J., Desevedavy, F., Strizik, L., Gadret, G., Kalenda, 
P., Frumarova, B., Benes, L., Slang, S., Veis, M., Wagner, 

T., and Smektala, F. (2022). Glass formation and 

properties of the TeO2-ZnO-BaO tellurite optical glasses. 
Journal of Non-Crystalline Solids, 582:121445. 

https://doi.org/10.1016/j.jnoncrysol.2022.121445 

Inaba, S., Oda, S., and Morinaga, K. (2003). Heat capacity of 
oxide glasses at high temperature region. Journal of Non-

Crystalline Solids, 325(1-3):258-266. 

https://doi.org/10.1016/S0022-3093(03)00315-6 
Kaewjaeng, S., Chanthima, N., Thongdang, J., Reungsri, S., 

Kothan, S., and Kaewkhao, J. (2021a). Synthesis and 

radiation properties of Li2O-BaO-Bi2O3-P2O5 glasses. 

Materialstoday: Proceeding, 43(3):2,544-2,553. 

https://doi.org/10.1016/j.matpr.2020.04.615 

Kaewjaeng, S., Wantana, N, Kothan, S., Rajaramakrishna, R., 
Kim, H.J., Limsuwan, P., and Kaewkhao, J. (2021b). 

Effect of Gd2O3 on the radiation shielding, physical, 

optical and luminescence behaviors of Gd2O3–La2O3–
ZnO–B2O3–Dy2O3 glasses. Radiation Physics and 

Chemistry, 185:109500. 

https://doi.org/10.1016/j.radphyschem.2021.109500 
Klink, M.J. and Crouch, A.M. (2009). Preparation of low 

temperature nano-structured ZnO and RhO2 on titanium 

substrates, and evaluation for phenol electro–catalytic 
oxidation. Microchimica Acta, 166:27-33. 

https://doi.org/10.1007/s00604-009-0157-z 

Kosuge, K. (1967). The phase diagram and phase transition of 
the V2O3-V2O5, system. Journal of Physics and Chemistry 

of Solids. 28(8):1,613-1,621. 

https://doi.org/10.1016/0022-3697(67)90293-4 
Kumar, A. (2017). Gamma ray shielding properties of PbO-Li2O-

B2O3 glasses. Radiation Physics and Chemistry, 136:50-
53. DOI: 10.1016/j.radphyschem.2017.03.023. 

Limkitjaroenporn, P., Kaewkhao, J., Limsuwan, P., and 

Chewpraditkul, W. (2011). Physical, optical, structural 
and gamma-ray shielding properties of lead sodium borate 

glasses. Journal of Physics and Chemistry of Solids, 

72(4):245-251. https://doi.org/10.1016/j.jpcs.2011.01.007 
Mohamed, S.N., and Yahya, A.K. (2018). Effects of V2O5 on 

elastic, structural, and optical properties of mixed ionic–

electronic 20Na2O-20CaO-(60-x)B2O3-xV2O5 glasses.  
Ionics, 24:2,647-2,664. https://doi.org/10.1007/s11581-

017-2396-z 

Pires, L.F. and Medhat, M.E. (2016). Different methods of mass 
attenuation coefficient evaluation: Influences in the 

measurement of some soil physical properties. Applied 

Radiation and Isotopes, 111:66-74. 
https://doi.org/10.1016/j.apradiso.2016.02.012 

Power, R.C., Henry, A.G., Moosmann, J., Beckmann, F., 

Temming, H., Roberts, A., and Cabec, A.L. (2022). 
Synchrotron radiation–based phase–contrast 

microtomography of human dental calculus allows 

nondestructive analysis of inclusions: implications for 

archeological samples. Journal of Medical Imaging, 

9(3):031505. https://doi.org/10.1117/1.JMI.9.3.031505 

Ravangvong, S., Glumglomchit, P., Zuprakhon, S., 
Thinkoksoong, T., Jitrawang, P., Sriwongsa, K., 

Khobkham, C., and Kaewkhao, J. (2023). The properties 

of Bi2O3 additive on radiation shielding and elastic moduli 
properties of TeO2-P2O5 based glass system. Integrated 

Ferroelectrics, 280-295. 

https://doi.org/10.1080/10584587.2023.2234576 
 

Sallam, O.I., Madbouly, A.M., Elalaily, N.A., and Ezz-Eldin, 
F.M. (2020). Physical properties and radiation shielding 

parameters of bismuth borate glasses doped transition 

metals. Journal of Alloys and Compounds. 843:156056. 
https://doi.org/10.1016/j.jallcom.2020.156056 

Samdani., Alharshan, G.A., Haritha, L., Sekhar, K.C., Alrowaili, 

Z.A., Olarinoye, I.O., and Al-Buriahi, M.S. (2022). 
Synthesis and characterization of the optical MgO-BaO-

B2O3-TeO2-MnO2 glass system. Optik, 267:169679. 

https://doi.org/10.1016/j.ijleo.2022.169679 
Sayyed, M.I. (2022). The role of Bi2O3 on radiation shielding 

characteristics of ternary bismuth tellurite glasses. Optik, 

270:169973. https://doi.org/10.1016/j.ijleo.2022.169973 
Sayyed, M.I., Abdo, M.A., Ali, H.E., Ahmed, H.A., and Sadeq, 

M.S. (2023). Impact of lead oxide on the structure, optical, 

and radiation shielding properties of potassium borate 
glass doped with samarium ions. Optik, 278:170738. 

https://doi.org/10.1016/j.ijleo.2023.170738 

Sayyed, M.I., Kumar, A., Tekin, H.O., Kaur, R., Singh, M., Agar, 

O., and Khandaker, M.U. (2020). Evaluation of gamma–

ray and neutron shielding features of heavy metals doped 

Bi2O3–BaO-Na2O–MgO–B2O3 glass systems. Progress in 
Nuclear Energy, 118:103118. 

https://doi.org/10.1016/j.pnucene.2019.103118 

Sayyed, M.I., Tekin, H.O., and Agar, O. (2019). Gamma photon 
and neutron attenuation properties of MgO–BaO–B2O3–

TeO2–Cr2O3 glasses: The role of TeO2. Radiation Physics 

and Chemistry, 163:58-66. 
https://doi.org/10.1016/j.radphyschem.2019.05.012 

Sears, V.F. (1992). Neutron scattering lengths and cross sections. 

Neutron News, 3(3):26-37. 
https://doi.org/10.1080/10448639208218770 

Singh, V.P., Badiger, N.M., and Kaewkhao, J. (2014). Radiation 

shielding competence of silicate and borate heavy metal 
oxide glasses: Comparative study. Journal of Non-

Crystalline Solids, 404:167-173. 

https://doi.org/10.1016/j.jnoncrysol.2014.08.003 
Sriwongsa, K., Sawatchai, S., Neawhengtham, S., Anuntabundit, 

N., Daocharern, P., Glumglomchit, P., Wisitrungsee, K., 
Ravangvong, S., Chaiphaksa, W., and Kaewkhao, J. 

(2023). The investigation optical, X/-rays and neutrons 

shielding properties of BaO based on steel slag glass 
system. Integrated Ferroelectrics, 238:246-261. 

https://doi.org/10.1080/10584587.2023.2234573 

Sumalatha, B., Omkaram, I., Rao, T.R., and Raju, C.L. (2013). 
The structural, optical and magnetic parameter of 

manganese doped strontium zinc borate glasses. Physica 

B: Condensed Matter, 411:99-105. 
https://doi.org/10.1016/j.physb.2012.11.021 

Tamal, M., Althobaiti, M., Alomari, A.H., Dipty, S.T., Suha, 

K.T., and Al-Hashim, M. (2022). Synchrotron x–ray 
radiation (SXR) in medical imaging: current status and 

future prospects. Applied Sciences, 12(8):3,790. 

https://doi.org/10.3390/app12083790 
Tiamduangtawan, P., Wimolmala, E., Meesat, R., and 

Saenboonruang, K. (2020). Effects of Sm2O3 and 

Gd2O3 in poly (vinyl alcohol) hydrogels for potential use 
as self-healing thermal neutron shielding materials. 

Radiation Physics and Chemistry, 172:108818. 

https://doi.org/10.1016/j.radphyschem.2020.108818 

Tijani, S.A., Kamal, S.M., Al-Hadeethi, Y., Arib, M., Hussein, 

M.A., Wageh, S., and Dim, L.A. (2018). Radiation 

shielding properties of transparent erbium zinc tellurite 
glass system determined at medical diagnostic energies. 

Journal of Alloys and Compounds, 741:293-299. 

https://doi.org/10.1016/j.jallcom.2018.01.109 
 

 
 

https://doi.org/10.1080/10584587.2023.2234576

