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Abstract A new set of glass samples consisting of 30Na,O-5PbO-5PbF>-10Ba0-(60-x)B203-
X Pr203, with 0 < x < 0.5, was synthesised using the melt quench technique. The radiation
attenuation characteristics of the produced glasses were analyzed using Phy-X/PSD software.
The values of p increased from 0.015 MeV, where the MAC values are 37.008 cm?/g and
37.522 cm?/g for BaO at 10 mol% with Pr,Os at 0% and 0.5%, respectively. The HVL value
for BaO-Pr-0.0 glass was measured at 3.702 cm when subjected to 1.5 MeV, and BaOPr-0.5
glass demonstrated HVL values of 4.069 cm at the same photon energy level. The MFP values
measured reflect HVL characteristics, indicating that BPr-5.0 glass provides superior values
across different photon energies when assessed against the other prepared glasses. Among the
tested materials, prepared glasses reveal enhanced shielding effectiveness when juxtaposed
with commonly utilized glass and concrete samples. The findings of this study highlight the
feasibility of these glass types as practical solutions for shielding against gamma radiation.
Keywords: Lead-borate glasses, Gamma ray shielding, Mass attenuation coefficient, Half
value layer. Mean free path.

1. Inroduction

High-energy ionizing radiations such as X-rays and gamma rays are widely employed in fields
like medicine, industry, and agriculture. Despite their usefulness, these radiations pose serious
risks to living beings, the surrounding environment, and sensitive electronic equipment, mainly
due to their highly penetrating neutral nature. Therefore, reducing the intensity of such
radiation through appropriate shielding remains the most reliable approach for minimizing their
harmful effects [1, 2].

The Fukushima nuclear accident in Japan has renewed global attention toward the use of
radiation and the importance of protective materials in radiological engineering, science, and
technology. Several types of radiation—including gamma rays, X-rays, alpha particles, beta
particles, and neutrons—are commonly produced and utilized in nuclear medicine,
radiotherapy, and nuclear reactor systems. Gamma rays and X-rays, being massless, can
propagate over long distances in air. Similarly, neutrons are capable of traveling significant
distances due to their neutral charge. Due to this property, gamma rays, X-rays, and neutrons
are among the most deeply penetrating forms of radiation, which makes effective shielding
particularly difficult [3]. In practice, lead is commonly used to attenuate X-rays and gamma
rays, whereas neutron radiation typically requires much thicker shielding, such as concrete
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barriers with thicknesses on the order of one meter [4, 5]. Protection against radiation is
essential for people working in environments where radiation exposure is possible. As a result,
many researchers have examined different shielding techniques and materials to improve
radiation safety. Al-Buriahi et al. have shown that certain polymers can offer effective shielding
performance and may be useful for radiation protection applications [6].

Radiation shielding characteristics of a certain medium depend on its composition and density.
Moreover, the thickness of the medium is another element that affects its shielding capabilities
[7-10]. The cost-effectiveness of glass, combined with the numerous preparation methods, the
ability to create glass samples in different thicknesses and shapes, and importantly, the superior
radiation shielding factors, make glass an attractive option for shielding purposes [11-15].
Glass that includes heavy metal (HM) oxides like PbO provides outstanding protection against
gamma rays. Its high density and the elevated effective atomic number of each component in
the glass composition result in low relaxation times and half-layer values [16].

Lead glass is commonly used for the purpose of radiation shielding. Different types of lead
glass have been applied in medical institutions for screens, windows, doors, and walls. Lead
glass is typically found in radiation facilities, hot cells, laboratories, and radioactive storage
sites. Additionally, it is used in fuel development and for various applications related to nuclear
reactors. This is attributed to the properties of lead glasses, which offer both transparency and
effective attenuation of high-energy photons [17].

The effectiveness of radiation shielding materials is influenced by various physical parameters
such as the half value layer (HVL), effective atomic number (Z.fr), mass attenuation coefficient
(Wp), transmission factor, mean free path (MFP). The main focus of this investigation is to
provide insight into the optical features and y-ray shielding factors of NPPBP glasses. The
radiation attenuation characteristics of the produced glasses were analyzed using Phy-X/PSD
software. The expected results of this investigation will feature enhanced compositions of the
target glass system, meticulously crafted to provide optimal radiation-shielding capabilities.
The expectation is that the findings of this study will contribute to the advancement of materials
designed for a range of applications in the field, with the goal of protecting those who are in
close contact with radiation-emitting sources. The importance of the current research lies in its
focus on broadening the area of radiation-attenuating materials. By highlighting the
fundamental properties and potential provided by the Na>O-PbO-PbF;-BaO-B20;-Pr203
(NPPBP) glass system,

2. Materials and methods

2.1 Glasses preparation

The selected glass samples were fabricated utilizing the well-known melt quenching method.
In total, five glass samples with a nominal composition of 30Na>O-5PbO-5PbF>-10BaO-(60-
x)B203-x Pr203 (x=0, 0.1, 0.3, 0.5 mol%) were created from the chemical powders Na>O, PbO,
PbF,, B203, Pr203, and BaO. Furthermore, glasses were also produced using other metal oxides
like CaO and SrO. Once the essential chemicals were measured, a 10 g sample of each glass
powder was mixed thoroughly. It was then subjected to melting for 40 minutes at 1000°C in a
high-temperature electric furnace with a high-purity porcelain crucible. To reduce internal

898



VOL-58, ISSUE -1, 2026 (Advanced Engineering Science)

stresses, the glass samples were heated in another furnace for 1 hours at 400 °C during the
annealing process.

2.2 Theoretical analysis conducted using Phys-X software.

The radiation shielding factors for the synthesized NPPBP samples were evaluated using Phy-
X software [18] at the identical energies applied in the experimental study. Phy-X is a practical
tool for evaluating the radiation shielding factors for any chosen glass system. It can be applied
to effectively showcase the radiation shielding performance of materials against both low and
high energy photons. Evaluating these attenuation factors enhances our insight into the
radiation shielding performance of these glasses.

The Lambert-Beer law serves as a primary equation to illustrate the reduction in intensity of a
radiation beam as it moves through a particular substance. This equation can be mathematically
represented as [19, 20]:

I =Ie ™ (1)

In the equation presented above, Iy and I represent the unabated and attenuated intensities of
the photon, respectively, while p signifies the linear attenuation coefficient (LAC). The
equation mentioned above can be rewritten as :

— 1,
MAC =—-In (}) 2)

In the case of certain mediums, the MAC is a significant parameter as it enables us to estimate
the LAC for that medium. Essentially, we can link the MAC and LAC for a medium using
equation 3 [21] :

LAC = MAC X density 3)

The half value layer (HVL) indicates the thickness of an absorber that lowers the intensity of
incoming radiation by 50%. Namely [22, 23]:

HVL = (4)

n2
LAC

3. Results and Discussion

Radiation Shielding Properties of the NPPBP Glasses

The Phy-X software was used to determine the radiation shielding factors for the NPPBP
samples that incorporated different metal oxides. The Phy-X software [18, 24] effectively
calculates radiation shielding factors for various glass systems. It is particularly beneficial for
evaluating the shielding properties of materials against both low and high-energy photons. One
of the primary benefits of Phy-X is its user-friendly interface, which enables easy input of the
glass composition and density on the main page [25]. This straightforwardness, coupled with
the program's accuracy, makes it an indispensable resource for researchers and professionals
in the field. Users can provide the glass composition in either mol% or wt%, and the density
should be indicated in g/cm?. Additionally, the user must select the energy range for testing the
samples. In this analysis, energies were specified within the range of 0.015 MeV to 15 MeV.
The examination of the radiation shielding features of the NPPBP glass samples involved
scrutinising important shielding parameters across the photon energy range of 0.015-15 MeV.
This analysis was conducted using the Windows-based Phy-X software to determine the
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radiation shielding parameters applicable to the NPPBP glass compositions. A key metric in
radiation physics, the mass attenuation coefficient (MAC) measures the extent to which a
substance can attenuate (absorb or scatter) a photon beam (such as X-rays or gamma rays) per
unit mass [26-28]. It provides an understanding of how effectively a material can attenuate the
strength of radiation that passes through it.

The mass attenuation coefficient (MAC), which is quantified in cm?/g, signifies the probability
of photon interaction with a given material. Figure 3 depicts the association between MAC
values and energy. It is clear that when the y photon attains 1 MeV, the MAC values drop
rapidly. This reduction is due to photoelectric absorption. This effect is particularly important
at lower photon energy levels. It is widely recognised that the absorption cross-section
associated with the photoelectric effect changes with the atomic number of the material,
represented as Z*2, and the energy of the primary photon, denoted as E=. Therefore, the MAC
values for the glasses being studied and the materials being compared are highest in the low
energy range.

The analysis demonstrated that the highest MAC values for all NPPBP samples were found at
0.015 MeV, with a subsequent sharp decrease as photon energy increased. In the first region,
within the initial gamma energy range of 0.015-0.02 MeV, the MAC values decline as the
concentration of Pr2O3 increases, primarily due to the dominant photoelectric effect. At 0.015
MeV, the MAC values are 37.008 cm?/g and 37.522 cm?/g for BaO at 10 mol% with Pr,O3 at
0% and 0.5%, respectively. For CaO at 10 mol%, the values are 28.628 cm?/g and 29.363 cm?/g
for Pr203 at 0% and 0.5%, respectively. Lastly, for SrO at 10 mol%, the MAC values are 27.206
cm?/g and 27.891 cm?/g for ProOs at 0% and 0.5%, respectively.

In addition, the gradual reduction of MAC observed with the increase in photon energy in the
0.1-1 MeV range can be explained by the Compton Scattering (CS) process, which is
characterised by its cross-sectional dependence on the ratio of atomic number to photon energy
(Z/E). In Figure 1 and figure 2, the correlation between MAC values and energy is depicted. It
is apparent that as the y photon approaches 1 MeV, there is a swift decline in MAC values.
This decline is due to photoelectric absorption.

(8] w0) OYWN

Fig. 1. Mass attenuation coefficients (i/p) of the investigated glasses as a function of the photon
energy-Ba,O Incorporated glasses.
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Fig. 2. Mass attenuation coefficients (i/p) of the investigated glasses as a function of the photon
energy-CaO incorporated glasses.

Across the energy range of (0.15-0.4 MeV), the values sharply decline to about 0.127 (cm?/g),
then gradually reduce to approximately 0.089 (cm?/g) in the (0.4-0.6 MeV) range, and finally
show an insignificant decrease in the (0.662—1.5 MeV) range of BaO incorporated glasses. In
the energy range of (0.15-0.4 MeV), the values significantly drop to about 0.125 (cm?/g), then
slowly decrease to nearly 0.089 (cm?/g) in the (0.4-0.6 MeV) range, and finally show a minor
decline in the (0.662—1.5 MeV) range of CaO incorporated glasses. Similarly, in the energy
range of (0.15-0.4 MeV), the values sharply fall to approximately 0.122 (cm?/g), then gradually
diminish to around 0.088 (cm?/g) in the (0.4-0.6 MeV) range, and ultimately reveal an
insignificant drop in the (0.662—1.5 MeV) range of SrO incorporated glasses.

Half value layer (HVL) and mean free path (MFP).

Fig. 3 depict the variation in HVL and MFP in the Pr2Os-doped Sodium-Lead boro lead fluride
glass system as a function of the energy of the incident photons

The HVL of NPPBP glasses containing BaO, SrO, and CaO is illustrated in Fig. 3 as a function
of energy. A significant metric for any shielding material is the HVL, which is the thickness
required to reduce the photon-beam intensity by half as it passes through the material.
Therefore, selecting lower values is advisable for identifying the most effective y-ray shielding
composition.

For BaO-Pr-0.0 glass, the HVL value was found to be 3.702 cm at 1.5 MeV. Meanwhile,
BaOPr-0.5 glass has shown HVL values of 4.069 cm at the same photon energy. In addition,
CaO-Pr-0.5 glass reached HVL values of 4.265 cm at ~1.5 MeV, and SrO-Pr-0.5 glass also
achieved HVL values of 3.898 cm at ~1.5 MeV. The lowest HVL value of BaO-Pr-0.0 glass
highlights its superior shielding capabilities compared to all other glasses produced.

The MFP values obtained exhibit HVL characteristics, indicating that BPr-5.0 glass
demonstrates superior values across various photon energies when compared to the other
prepared glasses.

Our prepared glass (BPr-5.0) exhibits the highest MFP values across all photon energy levels.
This characteristic renders our glass system more effective than that of our competitors in terms
of y-ray shielding. Furthermore, our sodium-leadborate glass system doped with presodium
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outperforms standard concrete, barite concrete, and commercial glass (RS 360) in terms of -
ray protection. In the interval of 0.1-5 MeV, HVL values experience a rapid increase due to
secondary scatterings and the rising photon energy. Conversely, HVL values from 6 to 15 MeV
are relatively stable and are not influenced by the concentration of the glasses.

For the NPPBPO glass with BaO-10%, the HVL values at 15 MeV are 5.807 cm, while for the
NPPBPO.5 glass, they are 6.336 cm. Similarly, the HVL values at 15 MeV for the NPPBP0.5
glass with CaO-10% are 7.828 cm, and for the NPPBP0.5 glass with SrO-10%, they are 6.679
cm. Increasing the substitution of ProO; has resulted in a reduction of the glass thickness
necessary to attenuate gamma photons.
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Fig. 3. Changes in the number of half-value layers versus incident photon energy

Effective atomic numbers (Zesr)

Just as the atomic number identifies elements, the effective atomic number (Zefr) serves as a
crucial parameter for characterising composite materials. Similar to the mass attenuation
coefficient (MAC), Zesris influenced by various microscopic photon interaction processes, such
as the photoelectric effect (PE), Compton scattering (CS), and pair production (PP). As a result,
it is utilised to assess the shielding properties of composite materials. The effective atomic
number (Zerr) of all the glasses analyzed is shown in Figure 4, revealing consistent patterns.
In this study, the Zs values for all the prepared glass compositions were determined
experimentally at various photon energies. Similar to the MAC, the Ze values exhibit a
significant decline in the low-energy region (0.15-0.5 MeV) because the PE process
predominates in this energy range, where the interaction cross section inversely correlates with
photon energy.
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In the intermediate energy range, the dominance of the CS process corresponds to the lowest
Z.sr values observed in our glasses. These values diminish as the g-photon energy increases,
reaching a minimum of approximately 11.82 (e-/atom) at 1.5 MeV.

It has been noted that a low concentration of Pr,Os; leads to an increase in Z.sr values
(particularly at lower photon energies), thereby enhancing the glass's shielding effectiveness.
Among all the glasses produced, BaO-NPPBPr-0.0 exhibited the highest Zs values, while
NPPBPr-0.5, which included SrO, recorded the lowest values across the entire selected energy
range due to the presence of Pr2Os. Specifically, at an energy of 0.015 MeV, the Z.sr for BaO-
NPPBPO glass is 56.25, and at 0.02 MeV, it is 61.23. In contrast, for BaO-NPPBPO0.5, the Zes
values at 0.015 and 0.02 MeV are 56.32 and 61.20, respectively.
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Fig. 4. The variation in effective atomic number (Zefr) for the Pr2O3 0%, Pr20O3 0.1%, Pr2O3
0.3%, and Pr203 0.5% NaxO+B203+PbO+PbF2+Pr20; glass systems, which are combined with
BaO, Ca0, and SrO, is examined as a function of incident photon energy (MeV).

The last parameter we evaluate concerning radiation shielding is the linear attenuation
coefficient (LAC). It is essential to note that high LAC values for certain media indicate a
strong ability to impede incoming photons. Consequently, this is vital for the advancement of
effective shielding glass materials. The reduction in LAC values is associated with an increase
in Pr203 concentration. At approximately 0.015 MeV, the LAC for all the manufactured glasses
achieved its peak values, which ranged from 139.119 cm! to 128.401 cm™! for BaO-NPPBPr0
and BaO-NPPBPr0.5, respectively.

Conclusion

Using a conventional melt-quenching method, sodium lead borate glasses were synthesised
with various concentrations of praseodymium oxide (Pr2O3). The density (p) of these glasses
decreases as the amount of Pr2O3 increases.

The results indicate that the highest MAC values were observed at an energy level of
approximately 0.015 MeV for all the glasses that were prepared. In addition, the gamma photon
shielding parameters, including HVL, MFP, Z.y, and Neff of the prepared glasses, were
calculated from measurements. The findings highlight that the BaO-NPPBPr-0.0 glass exhibits

903



VOL-58, ISSUE -1, 2026 (Advanced Engineering Science)

the lowest HVL and MFP values while having the highest Z¢sr values. It is important to note
that the shielding effectiveness of BaO-NPPBPr glasses against gamma photons remains
unchanged with the addition of Pr2O;. The effect of Pr2O3 content on the gamma photon
shielding properties of the prepared glasses is particularly pronounced at lower photon energy.
The results indicate that BaO-NPPBPr-0.0 glass exhibits the highest Zsr value, while CaO-
NPPBPr-0.5 shows the lowest due to a significant decrease in Pr2O3 content. Consequently, the
assessment of shielding parameters suggests that BaO-NPPBPr-0.0 glass is more effective for
gamma radiation shielding than other conventional materials, such as concrete and the glasses
discussed in this article.
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