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ARTICLE INFO ABSTRACT

Keywords: We report the functional assessment of tungsten (VI) oxide on gamma-ray attenuation properties
Antimony glasses of 60Sb203-(40-x)NaPO3-xWO3 antimony glasses. The elemental mass-fractions and glass-
WOg3

densities of each glass sample are specified separately for the MCNPX Monte Carlo code. In

¥ICNPX, ion fact addition to fundamental gamma absorption properties, Transmission Factors throughout a broad
ransmission ractor .. N . . . . .
Shielding radioisotope energy range were measured. According to findings, holmium (Ho) incorporation

into the glass structure resulted in a net increase of 0.3406 g/cm3, whereas cerium (Ce) addition
resulted in a net increase of 0.2047 g/cm3. The 40% WO3 reinforced S7 sample was found to have
the greatest LAC value, even though seven glass samples exhibited identical behavior. The S2
sample had the lowest HVL values among the glass groups evaluated in this work, computed in
the energy range of 0.015-15 MeV. The lowest EBF and EABF values were reported for 40% WOs3
reinforced S7 sample with the highest LAC and density values. According to the findings of this
research, WO3 will likely make a significant contribution to the gamma ray absorption properties
of antimony glasses, which are employed for optical and structural modification. Therefore, it can
be concluded that WO3 may be treated monotonically and can be employed successfully in cir-
cumstances where gamma-ray absorption characteristics, optical properties, and structural
qualities need to be enhanced.
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1. Introduction

The significance of radiation protection for patients, occupational exposure for workers, and public exposure cannot be overstated.
The International Atomic Energy Agency (IAEA) is responsible for the development of fundamental radiation safety standards for
nuclear power plants, medical radiation facilities, research laboratories, and accelerator centers on a global scale. The standards have
been formulated based on the guidelines put forth by the International Commission for Radiological Protection (ICRP). Both in-
dividuals and organizations are required to comply with the guidelines outlined in such documents. Radiation protection may be
divided into three main categories: radiation shielding, time, and distance. The level of practitioners’ knowledge and awareness of the
three criteria is a major factor in determining the attitude that they have toward radiation safety measures. The protective radiation
shielding is made up of barriers, lead (Pb), and concrete, and it is used to provide some equipment such as personal aprons, gloves, and
shields for the thyroid, eyes, and gonads. In addition, many of the medical imaging examination rooms are outfitted with transparent
Pb glasses to offer patients sight. The International Atomic Energy Agency (IAEA) suggests installing separate structural radiation
shielding for control consoles that also includes Pb-glass for monitoring the X-ray chamber while exposure is taking place. Tradi-
tionally, Pb and Pb-based materials have been utilized for radiation shielding procedures in many different radiation facilities. In
recent years, researchers have explored the feasibility of alternative materials due to the limitations associated with Pb, including but
not limited to its toxicity, low durability, and high cost. These materials are often comprised of high-density glasses [1-4], polymers [5,
6], alloys [7,8], and different types of composites [9]. Glass has become a prominent candidate among the diverse range of options
available for materials used in radiation shielding. The main factors can be explained based on their ease of manufacturing, lack of
toxicity, strong mechanical properties, ability to resist corrosion, and a design that allows for the customization of optical and me-
chanical characteristics to meet the specific requirements of the intended use [10-12]. The phenomenon of natural glass formation
occurs when silica-rich lava undergoes cooling, resulting in a brittle material that can be fragmented like flint, thereby generating
sharp edges. In the past, the ability to create arrowheads and other rudimentary cutting tools has been facilitated through this capacity.
Antimony (Sb) is a chemical element with atomic number 51 (Zg, = 51) found in nature as the sulfide mineral stibnite (Sb,Ss). On the
other hand, Antimony is classified as an electronegative chemical element, exhibiting a greater electronegativity than bismuth, yet a
lesser electronegativity than tellurium and arsenic. The substance exhibits stability under ambient conditions, albeit it may undergo
reaction with oxygen upon exposure to elevated temperatures. Antimony is utilized in the production of translucent glass, which can
exhibit hues ranging from yellow to red. Antimony oxide finds application in the glass industry for the purpose of removing bubbles in
optical glass, stabilizing emerald and green glass, and decolorizing specialty glasses. Compared to other antimony compounds, SbyS3
exhibits greater thermal stability at elevated temperatures. Antimony-based glasses have garnered significant attention due to the
substantial polarizability of Sb>* ions and their diverse applications in optics and electronics. Antimony oxide-based glasses have been
found to be intriguing as radiation shielding materials when compared to fluoride and tellurite glasses. This is due to their significant
optical non-linearity and low phonon energy, which results in a high refractive index. [13-17]. Meanwhile, the gamma-ray absorption
properties of high-density antimony oxide-doped glasses against radiation have attracted attention from researchers in recent years. In
a previous study, Sayyed et al. [18] investigated the radiation shielding ability of tellurite-tungsten glasses with varying amounts of
antimony oxide (Sby0O3). Since the comparatively lighter SbyO3 translocated with the heavier WO3 decreased the glass density, the
largest SbyO3 contribution caused the lowest gamma-ray absorption properties, according to their results. In another study, Zoulfakar
et al., [19] analyzed the synergistic effect of SbyO3 contribution for gamma-ray attenuation properties of various types of glasses.
According to findings, the addition of Sb2O3 to those glasses increases the gamma-ray attenuation coefficients at the energies of 0.356
MeV and 0.662 MeV. Previous studies have shown that the way in which antimony oxide is translocated within the glass composition
has a direct effect on the gamma-ray attenuation properties. In this study, the effects of the NaPO3-WOs3 translocation as a function of
the increasing WOs ratio in the 60Sb503-(40-x) NaPO3-xWO3 (where x = 0-40 mol.%) glass system [20] is examined to expand on the
information obtained and to advance the existing studies for antimony glasses as glass shields. The findings derived from this research
have the potential to be an asset in evaluating the absorption properties of gamma rays in glass compositions that include antimony
oxide additives, across various applications. The findings of this study have the potential to make a significant scientific contribution to
the current knowledge of glass shields, particularly in light of the increasing utilization of glassy materials for radiation protection
purposes.

2. Materials and methods
2.1. General properties of the investigated glass types and antimony oxide glasses

This study focused on investigating the radiation shielding properties of samples composed of 60Sb,03-(40-x)NaPO3-xWOs, as
synthesized by Agti et al. [20]. According to their findings, the increasing density values caused by the exchange of NaPO3 and WO3 in
the glass composition are candidate samples for radiation shielding investigations and applications. It has been reported that the

density values increased from 4.394 g/cm® to 5.4 g/cm® by exchanging NaPOz with WOs. It’s worth mentioning that previously
investigated physical, mechanical, optical, and thermal properties can be found in the reference work [20].

2.2. MCNPX simulations and computational studies for radiation shielding parameters

This study employed the MCNPX Monte Carlo simulation code and computer-supported programs to investigate the fundamental
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gamma ray absorption properties of various antimony glasses doped with WO3 [21]. The Transmission Factor (TF) is an essential
parameter that can be calculated for absorbent materials, alongside other radiation shielding parameters like linear attenuation co-
efficients, half value layer, and mean free path. The data provided by TF entails a comparison of the photon flux values emitted by the
radiation source and the photon flux that traverses the attenuator material. As a consequence of an increase in the material’s ab-
sorption properties, the flux value (i.e., secondary photon flux) passing through the material decreases. This circumstance reduces the
value of the secondary flux, resulting in a decline in the ratio FIux secondary/FIUX primary- Consequently, the low-TF value is likewise
connected with the improved absorption characteristics of the attenuator material. In this study, TF values for all glasses were
examined considering several factors. Fig. 1(a) depicts the definition of a glass absorber material across a point isotropic radioactive
source. Additionally, two detection areas of the same diameter are positioned in front and behind this absorber glass. The detection
area closest to the source measured the primary photon flux, whereas the detection region behind the absorbing material measured the
secondary photon flux. After geometrically defining the detecting regions, the F4 Tally Mesh descriptors were implemented to these
zones. F4 Tally Mesh is a feature for MCNPX output that provides the average photon flux amount in a point or cell. Each simulation
was performed three times, and the average results were then used. The particle count (NPS) was set at 108, and no cutting energy
value was employed. Therefore, TF values dependent on energy and thickness were determined independently for each sample. On the
other hand, the Phy-X/PSD [22] program is also used to compute crucial radiation shielding parameters through elemental mass
fractions and densities of the investigated glasses (see Table 1). To determine the absorption properties of a material, a similar
geometrical method may be used in terms of measuring the related parameters. As shown in Fig. 1(b), the quantitative relationships
between the primary gamma density on the absorber material and the secondary gamma density enable the calculation of the ma-
terial’s attenuation coefficients. Using these obtained reduction coefficients, additional critical absorption parameters may be indi-
rectly derived. In this work, Monte Carlo simulation outcomes and computer-assisted calculations through Phy-X/PSD were evaluated
from different perspectives and a synergistic relationship was sought between them.

3. Results and discussions
3.1. Gamma-ray shielding parameters

The radiation shielding parameters of antimony oxide glasses with varying concentrations of tungsten oxide (WO3) were examined
as a function of the tungsten oxide (WQOs3) ratio in the composition. Prior to the calculation phase, the densities of seven distinct glass
samples S1 through S7 were shown according to the WO3 loading ratio. As shown in Fig. 2, the S7 sample with a 40% WOj3 contribution
has the highest glass density value, while the S1 sample with a minimum WOg3 contribution of 0% has the lowest density value. This
clearly demonstrates the influence of NaPO3/WOs translocation on density values, and the largest NaPOg contribution (i.e., 40%) also
allowed the S1 sample to achieve the lowest density value. It is essential to understand the glass densities and the circumstances that
lead to variations in density. According to the translocation ratio, the density differences between the translocation of NaPO3 and WO3
in the glass samples evaluated in this study were reflected in the glass density. In contrast to the S1 sample with 40% NaPOs and 0%
WOj3 additives, the S7 sample with 0% NaPO3 and 40% WOs additives had the highest glass density. The close relationship between the
density of a substance and its gamma-ray absorption properties is the explanation for this. The linear attenuation coefficient (LAC, p) is
a parameter that is dependent on the density of a material and indicates the quantity of gamma rays that are absorbed per unit distance
(cm’l) [23-26]. This investigation involved the calculation of the linear attenuation coefficient (LAC) values for the studied glass
samples within the energy range of 0.015-15 MeV. As depicted in Fig. 3, it is observed that the LAC values exhibit a tendency to attain
their highest values within the low energy region. The prevalent process in this particular region is the photoelectric interaction, which
facilitates the efficient absorption of gamma rays with low energy levels through interactions with electrons residing in the atomic
orbitals of the absorbing substance. Compton Scattering predominates in the intermediate energy area, leading to a drop in LAC values
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Fig. 1. (A) 3-D view of gamma-ray transmission setup obtained from MCNPX Visual Editor (b) A general-view of gamma-ray attenuation process
through an attenuator sample.
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Table 1
Sample codes, composition, elemental weight fractions and densities of the glass samples.
Sample code o Na P Sb w (g/cm®) [20]
s1 0.287095 0.09019 0.121511 0.501204 0 4.394
S2 0.273909 0.078916 0.106322 0.501204 0.039649 4.613
S3 0.260722 0.067642 0.091133 0.501204 0.079298 4.729
S4 0.247536 0.056369 0.075944 0.501204 0.118946 4.87
S5 0.23435 0.045095 0.060756 0.501204 0.158595 4.99
S6 0.207978 0.022547 0.030378 0.501204 0.237893 5.17
S7 0.181606 0 0 0.501204 0.31719 5.4
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Fig. 2. Variation of glass densities for S1-S7 glass samples.
as energy increases. Photons that make primary contact with a medium would ionize orbital electrons, engage in secondary and
tertiary interactions. As shown in Fig. 3, LAC values were at their lowest in the high energy area, where pair production is the pre-
dominant interaction. Similar patterns were seen in seven distinct samples throughout the three energy zones specified. However,

among the samples, the S7 sample was found to have the greatest LAC values, with a maximum contribution of WO3 and a minimum
contribution of NaPOj3. This is due to the direct association between the LAC parameter and the material density, as well as the WO3

102 5

10" 5

10°

Linear Attenuation Coefficients

107 5
0.01 0.1 1 10

Energy (MeV)

Fig. 3. Variation of linear attenuation coefficient (i, cm~") values as a function of photon energy.
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effect, which has the higher atomic weight of the two translocated compounds in the glass structures. The half-value layer thickness
(HVL), which is given in centimeters, is another metric that describes the absorption of gamma rays and specifies the minimum
physical parameters that a material must meet. HVL is the thickness of a material which halves the number of gamma rays with a given
energy. This value is obtained at small dimensions due to the better absorption capability of the appropriate and useful absorber
materials. Observing the HVL value within minimum ranges is a significant indicator that the absorption mechanism is operating at its
highest efficiency. This may be accomplished for compared materials by identifying the material with the lowest HVL value for the
same energy value. In this work, the HVL values of S1-S7 glasses in the energy range of 0.015-15 MeV were determined. As shown in
Fig. 4, the HVL values of all glass samples have reached their lowest values in the low energy zone and have grown according to the
energy increase. This demonstrates that all seven glass samples were split by low-energy gamma rays at very thin thicknesses. This
phenomenon, on the other hand, is a behavior that can be described by the weak penetrating capabilities of low-energy gammas and
may be stated by the proportional rise in necessary thickness to halve the gamma-ray amount as the energy increases. The lowest HVL
values for all energy values were reported for the S7 sample, which had the greatest glass density among the seven examined samples.
This is interpretable by the correlation between HVL and LAC. As can be seen from Equation (1), as LAC increases, HVL decreases as a
function of In (2), providing an inverse proportion between the two variables. Therefore, the material with the highest LAC value for a
given energy value will also have the lowest HVL value among the samples evaluated.

HVL =In(2)/ p )

The gamma absorption parameter, which has a similar unit to HVL, is the mean free path (mfp) and is expressed in centimeters. This
value represents the average route needed for consecutive interactions of gamma rays entering the medium of absorption. Like HVL,
the low mfp value is indicative of the excellent gamma absorption capabilities of the material. This is because, with low mfp levels,
consecutive gamma ray interactions occur at shorter distances and are exposed to a more efficient absorption process. The mfp values
of the S1-S7 glass samples in the 0.015-15 MeV energy range are shown in Fig. 5. Although the mean free path (mfp) behaviors of the
three distinct gamma energy areas discussed in the previous sections exhibited variation, it was observed that the S7 sample
consistently displayed the lowest mfp values at each energy value. This observation suggests that the successive interactions of gamma
rays within the S7 sample will take place over shorter distances compared to other glass samples, leading to a more effective absorption
process in the S7 sample. Previous sections have indicated that the translocation of NaPO3/WOs results in significant alterations in the
densities of glass and, consequently, the properties of gamma ray absorption. The primary explanation for this is the largest quantity of
heavier WOj3 in the S7 sample, where the NaPO3/WOs translocation rate reaches a maximum of 40% mole. This rise in weight may be
explained by the high concentration of W, which has a higher atomic number, in the S7 sample, which is also the densest glass sample.
Maximal translocation optimizes the contribution of the element W (Zyy = 74) with a high atomic number to the gamma ray absorption
process, as well as the effective atomic number value for a certain absorption energy value [27]. Fig. 6 shows the effective atomic
numbers (Z.g) of the examined glass samples as a function of incident gamma ray energies (MeV). Due to the biggest contribution of
WOs3, the effective atomic number values of the S7 sample were the highest at every energy level. This is a significant signal that
demonstrates the crucial significance that the highest WO3 additive plays in the overall absorption process in three distinct energy
regions. Meanwhile, Fig. 7a-c(a-n) displays the dependency of the exposure build-up factor (EBF) and energy absorption build-up
factor (EABF) on the gamma ray energy (MeV) throughout a range of mean free path values such as 0, 5, 1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 15, 20, 25, 30, 35 and 40 mfp. As the bulk of incident gamma rays are absorbed by photoelectric mechanisms, the EBF and EABF
values are considerably low in the low gamma-ray energy range. Our results showed that when WO3 was added to the investigated
glass system, the EBF and EABF values reduced (i.e., from 0.5 to 40 mfp). In contrast to the high LAC and density values, the max-
imum-WOj3 reinforced S7 sample was found to have the lowest EBF and EABF values.
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Fig. 8. (A-g): Transmission Factors (TFs) of investigated glasses as a function of used radioisotope energy (MeV) at different glass thicknesses.

Table 2
The gamma-ray energies of nuclear-type radioisotopes.
Radioisotopes Gamma-ray energy (MeV)
%7Ga 0.0086, 0.0093, 0.1840
57Co 0.0144, 0.1221, 0.1365
R 0.0230, 0.1710, 0.2450
133Ba 0.0532, 0.0796, 0.0810, 0.2764, 0.3029, 0.3560, 0.3838
201 0.0710, 0.1350, 0.1670
99mTe 0.1405
Sler 0.3201
1311 0.2843, 0.3645, 0.6370, 0.7229
58Co 0.5110, 0.8108
137¢s 0.6617
8%Co 1.1732, 1.3325
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3.2. Transmission factors (TFs)

Fig. 8(a-g) depicts the energy dependent variance in TF values for each studied glass sample. Seven samples exhibit comparable
behavioral characteristics, as seen in the figure. While TF values are lowest for low-energy radioisotopes (see Table 2), there is a
considerable rise in TF values as energy increases. As indicated previously, a drop in the secondary photon flux value also results in a
decrease in the TF value. For radioisotopes with low energy, the secondary photon flux seems to be minimal. Nonetheless, as seen in
Fig. 8(a-g), the TF factor decreased as the glass thickness increased from 0.5 cm to 3 cm while maintaining the same energy value. This
implies that gamma rays with the same energy are absorbed more as material thickness increases [28-30]. In Fig. 9(a-d), seven
different glass samples with equal thicknesses were examined for their TF values and analyzed. The S7 sample showed the lowest TF
values for each energy value among the four various thicknesses analyzed through TF values. This superiority of absorption over other
samples, independent of thickness and energy, is an important finding regarding the maximum WOs contribution in the chemical
configuration of S7 and hence its density. As shown in Fig. 9(a-d), the TF factor values for the energy value of 1.33 MeV in seven glass
samples with a thickness of 0.5 cm are 3.67055, 3.65985, 3.65484, 3.6474, and 3.64106 for samples S1, S2, S3, S4, S5, S6, and S7,
respectively., 3.62866, and 3.61865 are also presented. This clearly demonstrates the WO3 impact even at the smallest glass thickness
and greatest energy value, establishing S7 as the most effective absorber material among the investigated samples.

3.3. Benchmarking phase

In the last part of the study, the HVL values of the S7 sample, which was reported to have superior gamma-ray absorption prop-
erties, were compared with those of various conventional and new generation glass-shielding materials such as OC [28], HSC [28], ILC
[28], S5 [29], Gd10 [30], Gd15 [31], PNCKMS5 [32], C25 [33], SCNZ7 [34], 5Nd [35], Sm2.0 [36]. In this phase of comparison,
concrete, and reinforced concrete absorbers [28] and glass shields [29-35] with various chemical configurations were tested in the
energy range of 0.015-15 MeV. As a function of energy, Fig. 10 illustrates the HVL values obtained for the compared materials. In the
area of low energy, the HVL values of all materials are minimal. However, it seems that the S7 sample had the lowest HVL values of all
the energy gap bands examined. This is a consequence of the sample S7’s intense material characteristics, which are a result of its
maximum WOs3 doping and its maximum quantitative absorption properties. According to this phase of comparison, the S7 sample is a
glass material that may be utilized in place of conventional and additive concrete types and can exhibit superior properties at thinner
material thicknesses. The absorption superiority of the S7 sample compared to other glasses is an additional factor to consider when
selecting and evaluating the most appropriate glass material. The scientific community is highly interested in investigating the ra-
diation shielding properties of glass shields, with a focus on the impact of glass structure and various material contributions [37-44].
Hence, it is imperative to provide a more detailed account of the ideal glass configuration and reinforcement techniques to achieve
optimal radiation shielding conditions. It is evident that relying solely on density as a criterion for determining the best glass option is
insufficient. When faced with a decision between the S7 and other glasses that have similar optical and structural characteristics, the
gamma-ray absorption capabilities of the S7 may serve as the predominant factor in determining the preferred option.

4. Conclusion

Because of significant advances in glass sciences, it is now feasible to improve the physical, mechanical, and optical qualities of the
glass materials produced. Parallel to these improvements, the density of glass samples may be greatly improved by introducing various
oxidized chemicals into the glass structure. The increase in density of the glasses employed in this study from 4.394 to 5.4 g/cm® may
lessen the harmful effects of radiation. In radiation shielding procedures, the growth in density in samples where the optical band gap
decreases and the refractive index of samples increases because of the addition of WQOj is notable. The primary scientific objective of
this work was to evaluate the possible impact of these preliminary findings for WO3 on gamma-ray absorption characteristics by
expanding the scope of characterization. Accordingly, several essential gamma-ray absorption parameters were determined as a
function of the modified WO3 additive in seven distinct antimony glass samples utilizing advanced Monte Carlo simulation techniques
and mathematical calculation techniques. The investigation yielded the following key findings.

e The S7 sample with a 40% WOs3 contribution has the highest glass density value

The LAC values tend to reach their maximum in the low energy region.

The S7 sample has the maximum LAC values, with a maximum contribution of WO3 and a minimum contribution of NaPOs.
The lowest HVL values for all energy values were reported for the S7 sample, which had the maximum glass density among the
seven examined samples.

The maximal translocation optimizes the contribution of the element W (Zy = 74) with a high atomic number to the gamma ray
absorption process, as well as the effective atomic number value for a certain absorption energy value

The mfp values of the S7 sample were found to be minimum at each energy value

The EBF and EABF values reduced (i.e., from 0.5 to 40 mfp) as a function of increasing WO3 contribution in the glass compositions.
The TF values were found to be lowest for all measured thicknesses in the glass samples assessed at low energies.

The TF values for the maximum-WOs reinforced glass sample, namely S7, were the lowest for the radioisotope energies tested.

According to the findings of this research, WO3 will likely make a significant contribution to the gamma ray absorption properties
of antimony glasses, which are employed for optical and structural modification. Therefore, it is recommended to the scientific
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community that WO3 is a material that can be treated monotonically and that it is an oxide species that can be employed successfully in
circumstances where gamma-ray absorption characteristics, optical properties, and structural qualities need to be enhanced. Only
gamma ray absorption parameters were explored in this research. However, the findings of this research may be extended to other
forms of radiation, such as neutrons and charged particles, to build a more comprehensive characterization framework. In addition, the
scientific community is encouraged to explore the mechanical characteristics of these and comparable materials in future research in
order to gain a full understanding of the application cases of these glasses in radiation safety operations.
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