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ABSTRACT

The demand for efficient, transparent, and environmentally friendly radiation
shielding materials has intensified with the increasing use of ionizing radiation in
medical, industrial, and nuclear applications. In this study, the gamma-ray
shielding and photon interaction characteristics of Bi2Os-modified Tm**-doped
borotellurite glasses were systematically evaluated using the Phy-X/PSD
computational platform. Five glass compositions with varying Bi-Os content (0—
0.20 mol %) were analyzed over a broad photon energy range of 0.015-15 MeV
to investigate the influence of bismuth oxide incorporation on shielding
performance. Key photon interaction parameters, including effective atomic
number (Zer), effective electron density (Neg), and effective conductivity (Ces),
were calculated at energies corresponding to commonly used gamma-ray sources
(Am-241, Cs-137, and Co-60). The density of the glass samples was found to
increase gradually from 5.106 to 7.203 g/cm? with the Bi»O; addition (0-0.2 mol
%). The results reveal a pronounced enhancement in radiation attenuation
capability with increasing Bi-Os concentration, primarily due to the high atomic
number and density of bismuth oxide. Z.s exhibited a consistent increase across
all photon energies, indicating improved photon interaction probability. Negr
showed strong energy dependence, decreasing at low photon energy where
photoelectric absorption dominates, while increasing at intermediate and high
energies due to enhanced Compton scattering. Similarly, Cef attained maximum
values at low photon energy and decreased gradually with increasing energy,
reflecting transitions between dominant photon interaction mechanisms. Among
the investigated compositions, the glass containing 0.20 mol % Bi2Os
demonstrated the best overall shielding performance across the entire energy
range. These findings confirm that Bi.Os-modified borotellurite glasses are
promising transparent, lead-free candidates for advanced gamma-ray shielding
applications in medical imaging facilities, nuclear laboratories, and radiation
protection systems.
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INTRODUCTION

NIGERIAN JOURNAL OF PHYSICS

The fundamental purpose of radiation shielding is to
limit, control, or modify the radiation exposure rate at a
specific point. Shielding is based on attenuation, the
gradual reduction in the intensity of energy as it passes
through a medium. Without adequate shielding,
individuals could be exposed to radiation levels

exceeding regulated limits, potentially leading to
negative health effects. While complete avoidance of
radiation exposure is often impossible, effective
shielding is a critical consideration in any environment
where radiation sources are present (Hussain et al.,
2022). The principle of As Low As Reasonably
Achievable (ALARA) guides radiation protection efforts,
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emphasizing the importance of minimizing exposure
while acknowledging the beneficial uses of radiation
(Frane & Bitterman, 2025).

The performance as a radiation shielding material is
determined mainly by its density, atomic number and
chemical composition of the material. In general, denser
material is better (more attenuating) since there are more
atoms per unit volume to interact with the radiation (Yin
et al., 2022). Materials with high atomic numbers
enhance the attenuation of gamma rays and X-rays by the
enhanced likelihood of photoelectric absorption and pair
production (Alomari, 2024).

Effective radiation shielding relies on utilizing materials
that can effectively reduce the strength of ionizing
radiation. Over the years, many materials have been used,
all with their own advantages and disadvantages. Most
recently, material science has progressed into creating
new shielding materials with custom designs and
properties.

Lead was the primary material used for radiation
shielding for many years due to its high density (11.34
g/cm?) and high atomic number (Z is 82) (Wang et al.,
2020). Lead is widely used in medical imaging rooms,
nuclear facilities, and other industrial applications as
sheets, bricks, Personal Protective Equipment (PPE), and
a variety of other products. However, handling and
disposing of the equipment might be challenging due to
lead's toxicity and weight (Bawazeer et al., 2023; Naja &
Volesky, 2017; Raj & Das, 2023).

Another traditional construction material which is widely
used for radiation shielding is concrete. This is
particularly applicable in large scale structures such as
nuclear power plants or medical radiotherapy rooms
(Hussain et al., 2022). Due to it being cost efficient and
having the ability to provide protection from gamma rays
and neutrons, it is used in versatile settings. Incorporation
of high density aggregates such as barite or magnetite
also allow for improvement of concrete’s structural
effectiveness. Using boron compounds can enhance
concrete’s effectiveness to absorb neutrons. Concrete is
dense, which makes it crack prone over long periods of
time (Barbhuiya ef al., 2025; Munakata et al., 2009).
Among emerging radiation shielding materials, glasses
and composites are receiving increasing interest in
recent years. Hence, glasses have an advantage of
transparency which is important for visual observation
required by medical imaging and nuclear hot cells
(AbuAlRoos et al., 2019).

Borotellurite glasses have high average refractive index
typically greater than 1.8. This large refractive index will
be useful in many light devices and may increase the
probability of their interaction with radiation. Moreover,
these glasses possess a broad transmission window
ranging from visible to mid-infrared part of the
electromagnetic spectrum (Kaur et al., 2016). This
transparency is an important benefit for radiation
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shielding applications in which one must be able to
visually inspect the shielded region, such as medical and
nuclear environments. These may be enhanced by
incorporating heavy metal oxides, such as PbO or Bi2Os,
in the glassy phase (Kaur ef al., 2016). Light weight and
flexible shielding materials can be created by adding the
high-z nanoparticles into glass composites, which can
find application in medical fields to substitute lead
(Marzuki et al., 2025).

The incorporation of Bi,O3, which has a high density (8.9
g/cm?) and atomic number (Z is 83), generally leads to an
increase in the density of the glass matrix (Kaur ef al.,
2016). This increase in density is a crucial factor for
enhancing the radiation shielding effectiveness of the
glass, particularly against gamma rays and X-rays, as it
increases the probability of interaction between the
radiation and the material (Azuraida et al., 2022). The
refractive index of the glass also tends to increase with
the addition of Bi»Os, which can be beneficial for optical
applications (Ibrahim et al., 2024).

Several studies have investigated radiation shielding
properties of heavy metal oxide glasses using both
experimental and computational approaches. Sayyed et
al., (2020) used a combination of theoretical and
simulation code methodologies, to study the radiation
shielding efficacy of (40 + x)PbO — 5Te0, — 15Ba0 —
(20 — x)Na,0 — 20B,05 glasses, where x represented
PbO concentrations of 0, 5, 10, 15, and 20 mol %. The
authors reported that the Mass Attenuation Coefficients
(MACs) of the synthesized glasses were directly
proportional to the lead oxide (PbO) concentration,
indicating enhanced shielding with higher PbO content.
Conversely, the MACs were observed to diminish with
increasing incident photon energy. Alothman et al.,
(2021) analyzed the impact of molybdenum trioxide
(MoO3) on the radiation shielding capabilities of
55B,0; — 30Pb;0, — (15 — x)Al,0; — xMo00,
glasses, where MoOs content (x) was incrementally
varied from 0 to 5 mol %. The investigation demonstrated
that the glass composition with the highest MoOs3
concentration yielded the most effective attenuation for
both photons and fast neutrons. However, PbO's inherent
toxicity presents an environmental drawback.
Additionally, lead's opaque nature restricts its use in
modern facilities that require transparent shielding.
Despite these advances, limited attention has been given
to the energy-dependent behavior of advanced photon
interaction parameters, including effective atomic
number (Z.), effective electron density (Neg), and
effective conductivity (Cerr), particularly in Bi2Os-
modified rare-earth-doped borotellurite glass systems.
Moreover, the combined influence of Bi20s
concentration and Tm*" doping on photon interaction
mechanisms over a broad energy spectrum remains
insufficiently explored. In this work, a comprehensive
computational evaluation of gamma-ray shielding and
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photon interaction parameters of Bi2Os-modified Tm?*-
doped borotellurite glasses is presented using the Phy-
X/PSD simulation platform. Unlike previous studies, this
research  systematically investigates the energy-
dependent variation of Z.ss, Nesr, and Cesr across a wide
photon energy range (0.015—15 MeV) for multiple Bi-Os
concentrations. The study provides new insights into the
dominant photon interaction mechanisms governing
attenuation behavior in heavy metal oxide glasses and
highlights the potential of Bi:Os-doped borotellurite
glasses as environmentally friendly, transparent, lead-
free radiation shielding materials for medical and nuclear
applications.

MATERIALS AND METHODS

Theoretical Background

The interaction of gamma photons with matter depends
strongly on the atomic composition, density, and
electronic structure of the shielding material. To evaluate
the radiation shielding capability of the investigated glass
samples, several photon interaction parameters were
calculated, including the Effective Atomic Number (Z.),
Effective Electron Density (Neg), and Effective
Conductivity (Cefr). These parameters provide important
insight into the mechanisms governing photon
attenuation within the glass matrix.

Effective Atomic Number (Z.z)

The effective atomic number represents the equivalent
atomic number of a composite material that characterizes
its interaction with photons. For multi-element materials
such as glasses, Zer is used to describe the overall
contribution of different constituent elements in photon—
matter interactions. It is particularly useful for
understanding gamma-ray attenuation since different
interaction processes (photoelectric absorption, Compton
scattering, and pair production) depend on the atomic
number of the absorbing medium. The effective atomic
number of a material can be calculated from the ratio of
the total atomic cross section (c,) to the total electronic
cross section (o.) using the following relation as

mentioned by Sakar et al., (2020):
Sa
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where o, (cm?/g) is the total atomic cross section; g,
(cm?/g) is the total electronic cross section; N, is the
Avogadro number; F; A;and Z; are the mole fraction,
atomic weight, and atomic number of the ith involved
element, respectively.

The effective atomic number is an important parameter
because materials with higher Z.r generally exhibit
stronger photon attenuation, particularly at low photon
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energies where the photoelectric absorption process
dominates.

Effective Electron Density (N.gy)

The effective electron density describes the number of
electrons available per unit mass of a material that can
participate in photon interactions. It is particularly
relevant in the Compton scattering region, where photon
interactions depend mainly on electron density rather
than atomic number. The effective electron density can
be expressed by the following relation as mentioned by

Sakar et al., (2020):
N

- Zopr Nimy =2 @)
where o, (cm?%g) is the total atomic cross section; g,
(cm?/g) is the total electronic cross section; N, is the
Avogadro number; F; A;and Z; are the mole fraction,
atomic weight, and atomic number of the ith involved
element, respectively.

Higher electron density indicates a larger number of
available electrons for photon interactions, which
contributes to enhanced radiation attenuation properties.

Negr =

Effective Conductivity (Ce)

Effective conductivity is another parameter related to the
interaction of photons with electrons in the material. It
represents the ability of the material to respond to
electromagnetic interactions caused by incident
radiation. The effective conductivity (Cefs; in S/m) can be
calculated according to the next expression mentioned by
Kamislioglu, (2021):

2
Cor = (“L257) 107 )
Mme

where ¢(C) and m, (Kg) are the charge and mass of the
electron respectively, t(s) is the average life time
(relaxation time) of the electron at the Fermi surface and
is defined by the following formula (Devillers, 1984 and
Sakar et al., 2020):

h h

T= KpT  2mKgT (6)

where h (j.s) and K (J/K) are the Planck and Boltzman
Constant, T (K) is the temperature of the environment.

Glass Composition

In this study, the radiation shielding characteristics of
Bi20s-modified thulium-doped borotellurite glasses were
investigated through computational analysis. The glass
system considered has the general composition:
B203(0.59—y) - Teoz(o.3) - Bi203(y) -

LiF (g 1): Tmy 03¢0 1) Where y=0, 0.05, 0.1, 0.15, and 0.2
mol %. The variation in the Bi2Os concentration was
introduced to examine its influence on the photon
attenuation capability of the glass matrix. Five different
glass samples were considered and labeled S1-S5
depending on the amount of Bi.Os incorporated. The
densities of the investigated glass samples range from
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5.106 g/em® to 7.203 g/cm?, increasing with the
concentration of Bi2Os due to the high atomic mass of
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bismuth oxide. The detailed chemical compositions and
densities of the studied glasses are presented in Table 1.

Table 1: The Sample Code, Chemical Formula, Concentration of Materials, and Densities of the Glass Samples

Glass Composition

Concentration of the Materials (mol %) .
Glass Code B,0s TeO2 Bi>O3 LiF Tm:03 Density (g/em’)
S1 0.59 0.30 0.00 0.10 0.01 5.106
S2 0.54 0.30 0.05 0.10 0.01 5.910
S3 0.49 0.30 0.10 0.10 0.01 6.301
S4 0.44 0.30 0.15 0.10 0.01 6.820
S5 0.39 0.30 0.20 0.10 0.01 7.203

(Laxmikanth et al., 2025)

Computational Method

The radiation shielding parameters of the investigated
glasses were evaluated using the online simulation
platform Phy-X/PSD, which was developed for
calculating photon interaction and radiation shielding
parameters of composite materials. This software enables
the determination of various attenuation and interaction
parameters based on the chemical composition and
density of the material. Initially, the chemical
compositions of the glass samples in mol % and their
corresponding densities (g/cm?®) were entered into the
simulation interface of the Phy-X/PSD platform. The
calculations were performed over a wide photon energy

energy option, which allows for a comprehensive
analysis of energy-dependent photon interactions. To
simulate realistic radiation environments, photon
energies corresponding to commonly used gamma-ray
sources were selected, including: Americium-241 (0.060
MeV), Cesium-137 (0.662 MeV), and Cobalt-60 (1.173
and 1.333 MeV). These radionuclides are widely utilized
in medical imaging, nuclear medicine, industrial
radiography, and radiation shielding research (Rogo et
al., 2025). Upon completion of the calculations, the
resulting data were exported in Microsoft Excel format
for further analysis and interpretation using Origin
software.

range of 0.015-15 MeV using the “Standard Grid”

START

!

Launch Phy-X/PSD

Enter Sample Data:
= Composition (mol%s)
= Density (g/cm?=)
= Elemental mol fraction

|

Set Energy Range:
0.015 — 15 MeV

.

Select Radioactive Sources:
Co-60, Am-241, Cs-137

}

Run Calculations for Radiation Shielding

View Parameters:
MAC, LAC, HVL, TVL, MFP

|

Export/Save Output
(Excel, PDF, etc.)

}

END

Figure 1: Methodology flowchart of using Phy-X/PSD
software (Maijawa et al., 2025)
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RESULTS AND DISCUSSION
Effective Atomic Number (Zesr)
The effective atomic number (Zer) is an important
parameter used to describe the photon interaction
capability of composite materials such as glass. The
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calculated Z.r values for the investigated borotellurite
glass samples at photon energies corresponding to
commonly used radioactive sources are presented in
Table 2.

Table 2: Calculated Effective Atomic Number of the Glass Sample using Phy-X

Glass Code Gamma Radiation Sources (MeV)
Am-241 (0.06) Cs-137 (0.662) Co-60 (1.173) Co-60 (1.333)
S1 44.99237 11.23351 10.83062 10.80730
S2 51.01006 14.47978 13.29439 13.20441
S3 55.45693 17.60090 15.71828 15.56723
S4 58.87702 20.60399 18.10324 17.89649
S5 61.58915 23.49560 20.45022 20.19292
60 4 v
—a—S1
504 @ —e—3S2
- S3
—v—S4
40 4 S5
k7
N 30 4
20 1 '—\
V—VY
S o¢—0
10 - —n
) v L) v L) v L} v L] v L} v L) v L) v
00 02 04 06 08 10 12 14

ENERGY (MeV)
Figure 2: The Zesr of the glass samples

From Figure 2, it was observed that, the Z.s increases
systematically with increasing Bi-Os concentration in the
glass matrix. At low photon energy (0.060 MeV),
corresponding to the gamma emission from Americium-
241, the Zsr values increase significantly from 44.99 for
sample S1 to 61.59 for sample S5. This strong increase
can be attributed to the dominance of the photoelectric
absorption process, which exhibits a strong dependence
on the atomic number of the absorbing material. Since the
photoelectric cross section is approximately proportional
to Z*3, the incorporation of the high atomic number
element bismuth (Z is 83) greatly enhances photon
absorption at low energies (Abdelghany et al., 2022). At
intermediate photon energy (0.662 MeV), corresponding
to the emission energy of Cesium-137, the Zc values
decrease compared to those at lower energy but still
exhibit an increasing trend with Bi-Os concentration. The
values increase from 11.23 (S1) to 23.49 (S5), indicating
improved photon interaction probability as the Bi.Os
content increases. In this energy region, the Compton

scattering mechanism becomes the dominant interaction
process, which depends mainly on the electron density of
the material rather than strongly on the atomic number.
At higher photon energies of 1.173 MeV and 1.333 MeV,
corresponding to the gamma emissions of Cobalt-60, the
Zeir values show a slight decrease relative to the
intermediate energy region but continue to increase with
Bi:0s incorporation. In this high-energy region, pair
production becomes a significant interaction mechanism,
particularly above the threshold energy of 1.022 MeV.
Although pair production also depends on the atomic
number of the absorber, its dependence is weaker
compared with the photoelectric effect (Bawazeer et al.,
2023). Overall, the results demonstrate that increasing the
concentration of Bi2Os significantly enhances the
effective atomic number of the glass system across all
investigated photon energies. Among the studied
compositions, sample S5 containing 0.20 mol % Bi20s
consistently exhibited the highest Zs values, confirming
its superior radiation attenuation capability. At a similar
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photon energy of 1.173 MeV, the S5 glass sample had a
Zgr of 20.45, which is higher than the 18.51 reported by
(Rusni et al., 2024). These findings are consistent with
previous studies on heavy metal oxide glasses, where the
incorporation of high-Z elements such as bismuth oxide
has been shown to improve gamma-ray shielding
performance.
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The Effective Electron Density (Nefr)

The effective electron density (Neg) provides important
insight into the number of electrons available for photon
interactions in the material. The calculated N values for
the investigated glass samples at selected photon energies
are presented in Table 3 and illustrated in Figure 3.

Table 3: Calculated Effective Electron Density of the Glass Sample using Phy-X

Glass Code Gamma Radiation Sources (MeV)
Am-241 (0.06) Cs-137 (0.662) Co-60 (1.173) Co-60 (1.333)
S1 1.17x10% 2.91x10% 2.80x10% 2.80x10%3
S2 1.10x10% 3.10x10% 2.85x10%3 2.83x103
S3 1.02x10% 3.22x10% 2.87x10% 2.85x10%3
S4 9.40x10%3 3.29%10% 2.89x103 2.85%103
S5 8.72x10% 3.32x10% 2.89x10%3 2.85x1023
24
1.2x10%1
[ ]
1.0x10% —a—S1
ﬁi K ——S2
5 8.0x10” S3
£ —vy—S4
2 23 85
26.0x10% 1
5
z
4.0x10% 4 \
i%_;‘_;;
2.0x10% ;

00 02 04 06 08 10 12 1.4

ENERGY (MeV)
Figure 3: The Nesr of the glass samples

As shown in Figure 3, the effective electron density of
the glass samples is strongly dependent on the energy of
the gamma photons. At 0.060 MeV, the N effective
electron density exhibits an unexpected trend. As the Bi,
O3 concentration increases from S1 to S5, the effective
electron density decreases significantly. For instance, the
value for sample S1 (1.17x10% electrons/g) is
considerably ~ higher  than  for  sample S5
(8.72x10% electrons/g). This finding is counter-intuitive,
as one would generally expect a high-Z material like
bismuth (Z is 83) to enhance shielding properties at low
energies where the photoelectric effect is dominant. This
result suggests that the specific energy of the 0.060 MeV
source may interact with a complex superposition of
photoelectric absorption edges of the constituent
elements (boron, tellurium, and bismuth) in a way that is
not a simple linear function of concentration. At higher

energy sources such as Cs-137 (0.662 MeV) and Co-60
(1.173 MeV, 1.333 MeV), the trend is reversed and more
predictable. As the concentration of Bi»Os increases, the
effective electron density also increases. For the Cs-137
source, the value rises from 2.91x102 electrons/g for S1
to 3.32x10% electrons/g for S5. A similar, though less
pronounced, increase is observed for the Co-60 sources.
This behavior is consistent with the higher density and
greater electron population of the BiOs-rich samples,
which directly influences the dominant gamma-ray
attenuation mechanisms in these energy ranges.

The Effective Conductivity (Cesr)

The calculated effective conductivity (Ces) values for the
glass samples are presented in Table 4 and illustrated in
Figure 4. The results indicate that Cesr strongly depends
on both photon energy and Bi-Os concentration.
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Table 4: Calculated Effective Conductivity (S/m) of the Glass Sample using Phy-X

Glass Code Gamma Radiation Sources (MeV)
Am-241 (0.06) Cs-137 (0.662) Co-60 (1.173) Co-60 (1.333)
S1 4.29x10° 1.07x10° 1.03x10° 1.03x10°
S2 4.66x10° 1.32x10° 1.22x10° 1.21x10°
S3 4.61x10° 1.46x10° 1.31x10° 1.29x10°
S4 4.62x10° 1.62x10° 1.42x10° 1.40x10°
S5 4.53x10° 1.73x10° 1.50x10° 1.48x10°

As illustrated in Figure 4, a sharp decrease in
conductivity is observed as the energy increases from
0.06 MeV to 0.662 MeV. This is followed by a slight,
gradual decrease in conductivity at higher energies,
specifically between 1.173 MeV and 1.333 MeV. At
lower energy (0.060 MeV), the glasses recorded the
highest effective conductivity, with values ranging from
429 x 10° S/m (S1) to 4.66 x 10° S/m (S2). This
enhanced conductivity at low energies is due to the
dominance of the photoelectric effect, which strongly
depends on both the atomic number and the density of the
absorber. As photon energy increased to the intermediate
and high-energy regions (0.662—1.333 MeV), Cesr values
dropped significantly. For instance, at 1.333 MeV, Cesr

5x10° -

4x10° -

9

3x10° 4

C. (S/m)

2x10° 4

1x10°-

decreased to 1.03 x 10° S/m for (S1) and 1.48 x 10° S/m
for (S5). A similar trend is observed across all other
samples, with the most significant drop occurring in the
low- to mid-energy range.*This reduction is associated
with the shift in the dominant interaction mechanism
from the photoelectric effect to Compton scattering and,
at higher energies, pair production, which exhibit weaker
dependence on Z. Although sample S2 exhibits slightly
higher effective conductivity at the lowest photon energy
(0.060 MeV), sample S5 demonstrates superior and more
consistent shielding performance across the entire
investigated energy range, making it the most effective
overall composition.

—a— 51
—e—S2
S3
—vy—S4
S5

00 02 04 06 08 1.0 12 14
ENERGY (MeV)
Figure 4: The Cet of the glass samples

Figure 4 indicate a clear positive correlation between Bi,
O3 concentration and effective conductivity (Cesr) at all
investigated energies. Glass sample S5, containing the
highest Bi,O3 content (0.2 mol %), consistently displayed
the greatest shielding efficiency, with Cefr values of 4.53
% 10° S/m (0.060 MeV) and 1.48 x 10° S/m (1.333 MeV).
This improvement can be attributed to the high atomic
number (Z is 83) and density of Bi»O3, which enhance the
probability of photon interactions, especially through the
photoelectric effect. The incremental increase in Cesr
across S1-S5 also confirms that Bi,Oj3 acts as an efficient

radiation shielding modifier within the borotellurite
network. Notably, the improvement in shielding
performance was more pronounced at low and
intermediate photon energies, where heavy-metal oxides
such as Bi,O; are most effective. At higher energies
(above 1 MeV), although the effect of Bi,O3 remains
evident, the relative increase in Ce is less significant due
to the dominance of interaction mechanisms that are less
sensitive to Z.
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CONCLUSION

In this work, the gamma-ray shielding characteristics of
Bi20s-modified thulium-doped borotellurite glasses were
evaluated using the computational platform Phy-X/PSD
over a wide photon energy range. The results
demonstrated that the incorporation of Bi:Os
significantly improves the shielding performance of the
glass system due to the high atomic number and density
of bismuth oxide. The effective atomic number (Zcir)
showed a clear increase with increasing BiOs
concentration across all photon energies, indicating
enhanced photon interaction probability. The effective
electron density (Ner) exhibited energy-dependent
behavior, with a decrease at low photon energy followed
by an increasing trend at higher energies as the Bi:Os
content increased.  Additionally, the effective
conductivity (Cefr) values were found to be highest at low
photon energies due to the dominance of the
photoelectric absorption mechanism, while a gradual
decrease was observed at higher energies where Compton
scattering and pair production dominate. Among the
studied samples, the glass containing 0.2 mol % Bi.Os
(S5) demonstrated the best overall radiation shielding
capability. These results confirm that Bi2Os incorporation
effectively enhances the radiation attenuation properties
of borotellurite glasses, making them promising lead-free
shielding materials for applications in medical imaging
facilities, nuclear laboratories, and other radiation
protection environments. Future work may include
experimental  validation and neutron shielding
assessment to further confirm the practical applicability
of these glasses.
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