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ABSTRACT

Introduction: The development of effective, eco-friendly radiation shielding materials is critical for medical
and nuclear applications. This research investigates the effect of bismuth oxide (Bi:Os) content on the
gamma-ray attenuation properties of PbO-ALOs—B:0s-Si0>-Bi.0s glasses.

Material and Methods: Six distinct glass compositions, characterized by varying mole fractions of Bi2Os,
were meticulously selected for this study. The mass attenuation coefficients (MAC) and linear attenuation
coefficients (LAC) were computed utilizing the Geant4 Monte Carlo simulation toolkit and subsequently
validated against the Phy-X/PSD computational software. The half-value layer (HVL), tenth-value layer
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Keywords: (TVL), and effective atomic number (Z+) were derived across a gamma-ray energy spectrum ranging from
Shielding 0.015 to 10 MeV.

Geant4 Results: Excellent agreement was observed between Geant4 and Phy-X results (relative error < 2%). The
Glass LAC increased with Bi-Os content, particularly at low energies (< 0.3 MeV), where sample S-6 (highest
Gamma-ray Bi20s) exhibited the highest attenuation. HVL and TVL increased with photon energy but decreased with

Radiation Protection higher BiOs concentration, confirming enhanced shielding efficiency. S-6 displayed the lowest TVL,

indicating superior performance. Zg varied significantly with composition and energy, reaching a minimum
near 2 MeV for all samples. All glasses showed shielding capabilities comparable to or better than
conventional glass shields.

Conclusion: Increasing Bi.Os content substantially improves gamma-ray shielding in lead-bismuth
borosilicate glasses, especially at low energies. These glasses are promising candidates for radiation
protection applications.

P> Please cite this article as:

Alipoor MR, Eshghi M. Comparative Analysis of Gamma-Ray Shielding in in Glass Systems with Pb/Bi Heavy Elements. Iran J Med Phys
2025; 22 (5): 305-320. 10.22038/ijmp.2025.88399.2556.

Introduction

Radioactive substances possess the potential to
exert considerable influences on both human health
and ecological systems. Prolonged exposure to
elevated levels of radioactive radiation may culminate
in radiation contamination, manifesting symptoms
such as nausea, emesis, lethargy, and
immunocompromised states [1, 2]. The interplay
between ionizing radiation and cellular structures
may precipitate damage to cellular and genetic
components, with a pronounced effect on
deoxyribonucleic acid. Such cellular impairment may
lead to either cellular apoptosis or deleterious
alterations within the cell, including mutations,
thereby heightening the propensity for malignancies
such as thyroid carcinoma, leukemia, and various solid
tumors. Furthermore, the incidence of congenital
disorders and genetic anomalies escalates with
increased doses of ionizing radiation, as radiation
possesses the ability to alter genetic material, thereby
impacting successive generations [3]. The usage of
radiation shielding materials represents a paramount
strategy for mitigating ionizing radiation exposure.
Specific compounds or structural designs, identified as

radiation shields, are capable of absorbing or
attenuating ionizing radiation, including gamma rays,
X-rays, or high-energy particles [4, 5]. The principal
objective of such shielding materials is always to
establish a secure environment for personnel engaged
in radiological activities within nuclear facilities. To
achieve  this  objective, various  protective
materials ,including polymers, concrete, glass, alloys,
and stones, are employed [6, 9]. The efficacy of the
shielding material is contingent upon various factors,
including its composition, thickness, atomic number,
and density; thus, the choice of an appropriate
shielding material necessitates consideration of
multiple criteria. The radiation absorption or
attenuation capabilities exhibited by diverse materials
may exhibit significant variability [10, 11]. Glass has
emerged as a contemporary technological
advancement owing to its application in engineering
designs and innovations over recent decades. Given
the direct correlation involving the chemical
composition of glasses and their overall attributes, the
performance of a specific glass can either be
constrained or enhanced based on its compositional
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makeup. Consequently, distinct glass systems are
optimized for functionalities relative to others [12,
13]. Protective glass is integral in a multitude of
settings, serving to safeguard against potentially
deleterious radiation, intense illumination, or
hazardous substances. The design and materials
employed in these protective glasses must be
meticulously engineered to deliver requisite
protection while maintaining visibility and comfort
[14-18]. Considering the distinctive characteristics of
silicate glasses, researchers are persistently exploring
methodologies to augment the properties of silicate
glass and to identify novel compounds or techniques
to enhance its flexibility, transparency, and
environmental compatibility [19-22]. As a reinforcing
agent, bismuth is acknowledged as one of nature's
most benign elements. Additionally, Bi20s is inclined
to engage in network formation and contribute to the
modification of glass systems through appropriate
arrangement  within  the borate-based glass
framework [23, 24]. The incorporation of higher
valence oxide Bi203 can induce various structural
modifications within the glass system. Primarily, Bi3*
ions facilitate structural alterations; however, upon
the introduction of Bi3* ions exceeding 45 mol%, they
are able to serve effectively as a network supplier [24,
25]. B304, diborate B30s, and tri-borate B307 coexist
alongside other complex groups. In the context of the
silicate glasses currently under investigation, the glass
network is modified with bismuth oxide Biz03 due to
its extensive applicability across diverse domains [26].
In previous studies, numerous investigations have
been performed on glasses incorporating heavy metal
oxides (HMO) such as Pb304, Bi203, W03, and Y203,
revealing an enhancement in their desirable
properties for absorbing and attenuating radiation.
Contemporary scientific discourse has embraced the
paradigm of modifying the attributes of materials at
both atomic and molecular dimensions to engender
superior protective characteristics which are effective,
stable, and flexible [27, 28]. Owing to its amorphous
architecture and its aptitude for doping with various
elements, glass is regarded as a promising substrate
for the advancement of radiation shielding
technologies. Empirical evidence has demonstrated
that the incorporation of heavy elements can augment
the absorption capacity of ionizing radiation,
attributable to the influence of high atomic numbers,
as seen with elements such as bismuth. The density,
mechanical robustness, and optical clarity of glass
may be altered by the introduction of appropriate
reinforcements, yielding significant advantages
through the tailored development of radiation
shielding applications that meet specific requirement
[29, 30]. This research endeavors to elucidate the
effects of Bi20s supplementation in a glass matrix
comprised of Pb0-Al203-B203-Si0z on its efficacy in
radiation blockage and to analyze how varying
concentrations of Biz0s influence its radiation
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shielding capabilities. The development of specialized
radiation shielding materials with enhanced
performance and additional advantageous attributes
underscores the significance of this inquiry, as the
outcomes could pave the way in which for the
innovation of glass-based products pertinent to
radiology, industrial applications, and the
management of nuclear waste. The theoretical
assessment of the radiation shielding properties of
diverse glass formulations has been substantiated as a
means of expediting the identification of novel
materials and ameliorating their performance through
computational methodologies such as Geant4, thereby
obviating the necessity for time-consuming
experimental resources.

Materials and Methods

In the present investigation centered on the radiation
attenuation characteristics of PbO-Al;03-B203-SiO,-
Bi,03 glass composites, the glasses formulated by Waly
et al. [31] were meticulously chosen for analysis: To
more evaluate the radiation shielding efficacy of the
selected glass compositions, the Geant4 simulation
toolkit was employed to compute various shielding
parameters across the energy spectral range of 0.015 to
10 MeV. This energy range was selected because of its
association with well-established radioactive sources
that find extensive applications in medical imaging,
radiopharmaceuticals, industrial radiography, and
nuclear research, among other disciplines. Geant4
represents a pivotal software resource for professionals
engaged in radiation physics, as its primary purpose is to
furnish precise data regarding the interactions of
photons with designated materials. Concerning the
advancement of innovative radiation shielding
substances, a comprehensive assessment of the
fundamental parameters that characterize the attenuation
of gamma radiation is of paramount importance. All
these values serve a distinct purpose in elucidating how
various materials engage with various photon types and
offer valuable insights into their efficacy in diminishing
photon intensity.

Geant4 toolkit

Investigations in particle and beam physics
encompass  intricate  processes,  rendering it
advantageous to conduct simulation modeling before the
commencement of experimental procedures. In the
context of radiation shielding examinations, this
significantly streamlines the propagation of radiation
events through shielding materials, supplies essential
information to the user, and informs the development of
novel materials. In the present study, we utilized the
Geant4 framework to simulate the transport of photons
with a particular focus on the energy range of 0.015 to
10 MeV. The primary aim of the simulation was to
determine the linear attenuation coefficients of the two
composite materials, from which further shielding
parameters such as half-value layer and tenth-value
layer may be extrapolated. The simulation was carried
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out using a singular cubic box with dimensions
measuring 5 cm, made of a homogeneous material. The
photon interaction cross sections were calculated
utilizing the GAEMStandardPhysics physics list within
the Geant4d toolkit, specifically to evaluate the
attenuation behavior of gamma and X-ray photons as
they pass through the material under study. In these
simulations, Geant4 stochastically models the full
cascade of particle interactions, including key quantities
such as secondary particles energy, the count of
transmitted photons, and the amount of photons
removed from the beam due to attenuation processes
(e.g., photoelectric absorption, Compton scattering, and
pair production). To maintain simulation fidelity and
computational efficiency, a transportation cut-off
threshold of 0.1 mm was uniformly applied to all
secondary particles. This cut-off defines the minimum
step length a secondary particle must travel before itis
explicitly tracked; particles with ranges below this
threshold deposit their energy locally, which helps
preserve accuracy without excessive computational
overhead. Each simulation run was configured to emit
107 primary photons from a monoenergetic point source.
This large amount of incident particles was chosen
deliberately to ensure that the statistical uncertainty in
all measured quantities—such as transmission fractions
and attenuation coefficient remained at or below 1.5%.
By simulating a high-statistics ensemble of events,
random fluctuations were significantly reduced, thereby
enhancing the robustness and reliability of the results
and strengthening the overall scientific validity of the
conclusions drawn from the data [32, 33]. The
configuration of the Geant4 simulation employed in this
study is illustrated in Figure 1.

Phy-X/PSD Program

The Phy-X/PSD software is a widely used
computational tool designed to evaluate an extensive set
of radiation shielding parameters over a broad photon
energy range. To perform these calculations, the user
must input two essential material properties: the
chemical composition expressed as weight fractions and
the physical density (in g/cm3). The program operates
effectively across photon energies spanning from 0.015
MeV to 10 MeV, which covers the most relevant energy
range encountered in diagnostic radiology, nuclear

medicine, industrial and radiation

protection scenarios.

radiography,

Figure 1. Schematic of configuration of shielding in Geant4 tool

The reliability and accuracy of Phy-X/PSD has been
well established in the literature [34], and it is
commonly employed by researchers as a benchmarking
tool to validate both experimental measurements and
Monte Carlo simulation outcomes. When results from
independent simulations (e.g., using Geant4 or MCNP)
show close agreement—typically with small deviations
(<2-3%)—with those generated by Phy-X/PSD, this
consistency serves as strong evidence of the validity and
credibility of the simulated data [35, 36].

Studied Radiation Shielding Parameters

The determination of the Linear attenuation
coefficient (LAC) is the initial phase in assessing the
material's effectiveness for shielding. The LAC can be
ascertained through the application of Beer-Lambert’s
law [37]:
LAC 1l ! 1

=—n(p €y

where p is a density of material. The theoretical MAC
values for the designated samples were computed
utilizing the Phy-x software. Furthermore, the relative
deviation (RD%) between the Geant4 toolkit and
theoretical MAC values at the examined photon energies
is delineated in Table 2. The RD% is determined in
accordance with the provided expression [37].

Table 1. Chemical composition and Weight fraction of elements for S1-S6 glass evaluated

Density Mole fraction of compounds Wi: Weight Fraction of Elements
g(l)%s: o’ % mol . . Wi% : .
PbO Al, 04 B,0; Sio, Bi,0; Pb o Al Bi B Si
S1 3.6125 0.1 - 0.2 0.65 0.05 0.2101  0.3489 --- 0.2120 0.0439 0.1852
S2 4.3765 0.25 0.10 0.65 - 0.4656  0.3595 0.1263 --- 0.0485  ---
S3 5.513 0.40 0.10 0.10 0.40 0.6352  0.2207 0.0414 --- 0.0166 0.0861
S4 6.22 0.50 0.10 - 0.40 - 0.7104  0.1755 0.0370 --- 0.0770
S5 7.801 0.30 0.20 0.50 0.1980  0.1223 0.6658 0.0138  ---
S6 8.4955 0.35 0.10 0.55 0.2130  0.1034 0.6753 0.0083
307 Iran J Med Phys., Vol. 22, No. 5, September 2025
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Table 2. Mass attenuation coefficients of S1-S6 glass evaluated

Photon s1 2 s3 S4 S5 s6

(E,\r}lir\%' Phy-X  Geantd RD%  Phy-X Geantd RD%  Phy-X  Geantd RD%  Phy-X Geantd RD%  Phy-X  Geantd4 RD%  Phy-X  Geantd  RD%
0.015 506 49.985 123 53060 52917 027 72510 72259 035  80.680 80471 026 9953 99415 012 1023 10222 007
0.02 3827  37.69 154 40730 40564 041 55590 55311 050 61990 61728 042 768l 76495 041 7897 78645 041
0.04 6415 6331 132 6829 6813 023 9266 923 032 10320 10298 021 1283 12804 020 1319 13158  0.24
0.05 3629 3574 155 3860 3841 050 5211 5181 058 5798 5769 050 7199  7.166 046 7396 73622 046
0.06 2297 2256 181 2439 2421 076 3273 3244 089 3635 3606 08l 4504 4460 078 4625 45806  0.77
0.08 1149 1127 191 1215 1192 192 1604 1571 240 1773 1738 204 2181 21592 101 2237 21988 174
0.1 2477 2443 140 2665 2663 009 3584 3578 017 3990 3986 010 494 49221 036 5074 5055 036
0.15 0945 0931 146 1009 1005 038 1330 1324 048 1471 1466 037 1804 17950 045 1851 18425 046
0.2 0501 0494 132 0530 0528 039 0680 0677 044 0746 0743 036 09025 08989 040 09244 09208 040
05 0119 0119 047 0121 0121 022 0134 0134 016 0140 0140 017 0154 01539 007 01559 01558  0.04
0.6 0100  0.100 041 0100 0101 033 0109 0109 021 0412 0112 023 01206 01208 048 01218 0122 0.6
08 0079 0079 048 0078 0079 06l 0082 008 056 0083 0084 057 00873 00877 050 00878 00883 050
117 0060  0.060 040 0060 0060 044 006 0061 048 0061 0061 049 0062 00623 048 00621 00624 048
133 0.056  0.056 037 005 0055 042 005 0056 046 005 005 047 00565 00568 045 00566 00568  0.46
15 0052 0052 035 0051 0052 038 0052 0052 042 0052 0052 044 00525 00528 043 00526 00528 043
2 0045 0045 012 0045 0045 009 0045 0045 007 0046 0046 007 00462 00461 041 00463 00462 011
3 0039 0039 051 0039 0038 041 0040 0040 040 0041 0040 039 00417 00416 038 00419 00418 038
4 0036 0036 036 003 0036 019 0038 0038 0.1 0039 0039 003 00407 00408 010 00411 00411 0.0
5 0034 0034 041 003 0034 016 0037 0038 031 0039 0039 043 00409 00412 063 00414 00416 064
6 0034  0.034 013 0034 0034 046 0037 0038 067 0039 0039 079 00417 00421 105 00422 00426 106
8 0033 0033 075 0034 0034 084 0038 0039 104 0040 0041 119 00438 00444 144 00444 00451 148
10 0034 0034 078 003 0034 08 0040 0040 103 0042 0042 116 00461 00468 141 00469 00476 143
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MACPhy—x - MACGeant4 (3)
MACPhy—x

HVL represents a vital parameter in the formulation
of effective radiation-shielding material. It is
quantitatively defined as the thickness of the absorber
required reducing the incident radiation on the material
to 50% of its initial intensity and is calculated through
the equation provided. Additionally, the thickness at
which the intensity of gamma-ray photons transmitted
through the material diminishes to one-tenth of its initial
value is referred to as the Tenth value layer, which is
articulated by the equation (4) [37].
HVL In2 In10 @

- LAC’ - LAC

The role of the chemical composition of a shielding
material is consistently articulated through the effective
atomic number (Zess), and its variability with energy can
be employed to investigate the relative changes in
photon absorption phenomena across different shielding
materials. The effective electron density (Ne),
quantified in electrons per gram, which delineates the
number of electrons per unit mass of the material, is
derived from the calculated Zes in accordance with the
stipulated equation [37].

_ Xifi Ay (MAC);
Forr = A macy,
Zlfl Zi ( )l N7 (5)
A“e
Nerr =5 5

In this equation, fi and A; denote the mean atomic
mass of the sample, while Na signifies Avogadro’s
number. A pivotal parameter considered in the design of
a radiation shielding medium is the buildup factor (BF).
BFs are classified into two categories: the energy
absorption buildup factor (EABF) and the exposure
buildup factor (EBF). BFs were determined through the
implementation of the Geometrical Progression (G-P)
fitting methodology across energy ranges extending
from 0.015 to 10 MeV [37].

RD% =

B (E, X) =1+((b-1)/(K-1)) (K*1)
B (E, X) =1+(b-1) X for K=1

for K#1

nh(%—Z)—tanh(—Z)
1-tanh(-2)

ta
K(E,X)=CX*+d for x< 40mfp
where K(E, X) denotes the photon dose multiplication
factor, which is derived using: where X represents the
mean free path that spans from 1 to 40 mfp (1 < x <40).

In the present investigation, a thorough examination of
the high-concentration heavy metal oxide incorporated
into the PbO-Al,03-B,03-Si0O»-Bi,O3 (Where HMO = PbO,
Bi»0s) system was conducted with respect to their overall
gamma-ray attenuation capabilities. The physical
characteristics of the PbO-Al,O3-B;03-Si0O.-Bi,03; glass
compositions exhibited density values of 3.6125, 4.3765,
5,513, 6.22, 7.801, and 8.4955 g/cm?, corresponding to
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varied concentrations of PbO (10%, 25%, 40%, 50%, 30%,
and 35% mol), Al,Os; (0%, 10%, 10%, 0%, 20%, and 0%
mol), B20s (20%, 65%, 10%, 0%, 20%, and 0% mol), SiO-
(65%, 0%, 40%, 40%, 0%, and 10% mol), and Bi,Os (5%,
0%, 0%, 0%, 50%, and 55% mol) within the glass matrix.
A total of six distinct glass samples, designated as S1
through S6, were categorized based on the type of HMO
present within their structural framework. Understanding
the chemical and physical properties of diverse materials is
crucial for multiple reasons; primarily, it facilitates the
identification and categorization of materials. Furthermore,
it empowers predictions regarding the behavior of materials
and their interactions with other substances across a variety
of contexts. Currently, the physical parameters, including
density and molar volume of the glasses, are delineated in
Table 1. The correlation between average molecular weight
is illustrated in Figure 2.

350 4

300+

250

200+

150

100

Average molecular weight (g/mol)

50

s1 s2 S3 4 $5 $6
Sample code

Figure 2. Average molecular weight (g/mol) for S1 to S6 selected glass
systems

Figure 2 elucidates the relationship between the molar
volume of the heavy metal oxide incorporated into the
selected glass samples. It is noteworthy that the molar
volume exhibits an increase concomitant with the
augmentation of Bi»Os; content; this phenomenon aligns
with previous findings, which indicated that such increases
resulted in the densification of the glass(6§ompounds,
potentially attributed to novel arrangements within their
fundamental structural units. Additionally, the increase in
molar volume suggests that the inclusion of Bi,Os leads to
an expansion of the glass network. It is distinctly
observable that the densities of the HMO-reinforced glass
range from 3.61 g/cm? to 7.8 g/cmd. Therefore, it can be
asserted that the contribution of Bi>O3z has augmented the
material density to a greater extent than that of PbO,
particularly concerning their HMO configurations, as
vividly depicted in Figure 2.

To conduct a comprehensive assessment of the
radiation shielding properties of the glasses, it is essential
to compute the fundamental parameters that characterize
the attenuation of gamma radiation. The initial step
involves the verification of the computed values to ensure
their precision. This validation procedure entailed a
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comparative analysis employing the Geant4 toolkit
alongside theoretical results produced via the Phy-X
software. The results delineated in Table 2 demonstrate that
the relative difference generally diminishes with increasing
photon energy. As indicated in Table 2, the calculated
values for MAC surpassed the theoretical results obtained
from Phy-X/PSD. This divergence can be attributed to the
electromagnetic models implemented within Geant4,
which proficiently transport photons with high accuracy
and vyield results of exceptional sensitivity. The relative
difference between the computed and theoretical MAC
values ranges from 0.228% to 2%. These RD% values
signify that Geant4 and Phy-X/PSD exhibit a
commendable degree of concordance.

The mass attenuation coefficient (MAC) serves as an
essential metric elucidating the capacity of a material to
absorb gamma photons. For materials exhibiting superior
protective capabilities against gamma photons, it is
imperative that the MAC assumes a higher value. The
results obtained for the heavy metal oxide glass under
investigation are presented in Figure 2. The figure
illustrates that the MAC is influenced by both the photon
energy and the chemical composition of the glass analyzed.
Furthermore, this figure indicates that the MAC values are
closely aligned, attributable to the analogous chemical
makeup and structural characteristics of the evaluated
glass. The samples S5 and S6 exhibited marginally
elevated mass attenuation coefficient values compared to
the other samples under examination, likely due to the
increased concentration of bismuth oxide in sample S6,
whereas samples S2 to S5 lack bismuth oxide. Bismuth
oxide (molecular weight = 465.959 g/mol) represents the
heaviest molecular component within the glass matrix, and
elements with higher atomic numbers typically enhance
mass attenuation coefficient values. Figure 3 illustrates the
variation in the MAC in relation to both partial and total
photon interactions. This figure reveals that different
photon interactions predominate across varying energy
ranges. The photoelectric interaction is the most significant
within the extremely low energy spectrum. The phenomena
associated with the photoelectric effect (PE), Compton
scattering (CS), and pair production (PP) can be delineated
through the interactions of photons with the chosen
samples. It is apparent that there exists a triad of photon
energy ranges: the initial energy band (E < 1500 keV), the
intermediate energy band (1500 keV < E <5000 keV), and
the final energy band (5000 keV < E). Within the first
energy segment, the results for the MAC of the selected
glasses demonstrate a steep decline with the rise in photon
energy, characterized by significant peaks attributable to
the photoelectric effect occurring around the L3, L2, L1,
and K-edges absorption of the bismuth element (at
0.01341, 0.01571, 0.0163875, and 0.9052 MeV,
respectively), as well as the L3, L2, L1, and K-edges
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absorption of the lead element (at 0.01586, 0.0152,
0.013035, and 0.880045 MeV, respectively). The MAC
values diminish to below 5 (cm?/g) as the photon energy
ascends to 100 keV. As the photon energy escalates from
100 keV to 1 MeV, the rate of decline in MAC becomes
markedly sluggish. This phenomenon arises from the fact
that the interaction cross section exhibits an inverse
relationship with energy within the Compton scattering
domain. Additionally, it is inferred that pair production
within the nuclear field initiates when photon energy
surpasses 1.02 MeV, with the probability of occurrence
augmenting as energy increases, ultimately reaching a
plateau at elevated energy levels.

The LAC of the glasses serves as a pivotal parameter
within the realm of gamma-ray shielding, as it is subject to
various influences, including the radiation energy, the
chemical composition of the material, and its density. Glass
samples exhibiting elevated LAC values are advantageous
for practical applications, as an increased LAC denotes
enhanced properties for radiation shielding. The LAC for
the glasses can be enhanced through the incorporation of
heavy metal oxides (e.g., BizOz and PbO utilized in this
investigation). Figure 4 illustrates the LAC for the selected
glass samples at specific energy levels, with the data
indicating that the LAC exhibits significant variations
across all glasses. At lower energy levels, sample S6
demonstrates higher LAC values relative to samples S1
through S5. As the energy escalates, the LAC for all
chosen samples generally exhibits a decrease. This
phenomenon can be attributed to the interaction between
gamma photons and the atomic structure of these glasses.
Within the low-energy range of 0.015 to 0.2 MeV, all glass
samples reveal a comparatively steep decline in the LAC as
energy increases, suggesting a more pronounced reduction
in shielding efficacy at elevated energy levels.

In the energy interval of 0.2 to 3 MeV, the reduction in
LAC values appears to exhibit a deceleration, indicating a
more gradual decline in shielding effectiveness. For
energies exceeding 3 MeV, the rate of decrease in the LAC
further stabilizes, implying that the shielding efficacy of the
glasses becomes increasingly consistent at high-energy
levels. It was also observed that the LAC is contingent
upon the density of the glasses. Sample S6 exhibits the
highest LAC, while the lowest LAC was recorded for
sample S1, with the observed disparity attributed to the
differing concentrations of Bi»Os in the glass compositions.
Sample S6, which contains a greater proportion of BiOs3
compared to sample S1, consistently exhibits higher LAC
values across all selected energy levels.

To assess the efficacy of radiation shielding provided,
Figure 5 presents a comparative analysis of the LAC values
at 0.662 MeV for these materials in relation to previously
reported lead-glasses [38].
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Figure 3. Mass attenuation coefficient for S1 to S6 selected glass systems
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Figure 4. Linear attenuation coefficient for S1 to S6 selected glass systems
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Figure 5. Comparison of linear attenuation coefficient for selected glass
samples

The LAC values for the selected glasses at 0.662 MeV
are recorded as 0.3302, 0.4014, 0.5401, 0.6255, 0.8364,
and 0.9186 cm™ for glasses S1 through S6, respectively.
These values surpass those reported for Pb-glasses with 5,
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15, 25, 35, and 45 mole percent concentrations, which are
0.3368, 0.3728, 0.4109, 0.4503, and 0.4914 cm?,
respectively. Conversely, glasses S3 demonstrate radiation
shielding capabilities that are commensurate with those of
the lead-glasses exhibiting 45% mole concentrations. This
observation suggests that the newly developed glasses
possess commendable radiation shielding properties,
thereby establishing them as viable candidates for
applications in the domain of radiation protection.

An exceptional enhancement in the attenuation efficacy
of the proposed S6 glass was observed with the integration
of the extracted Pb and Bi elements. This phenomenon is
clearly manifested in the behavior of half-value layers , as
illustrated in Figure 6. From a shielding standpoint,
ascertaining the requisite thickness of the shield to mitigate
radiation intensity to a permissible threshold is of
paramount importance. Materials must exhibit a low HVL
value to effectively function as a shielding agent. In Figure
6, various energy levels have been scrutinized to analyze
the effect of BiOz concentration on HVL. The data
presented in Figure 6 indicate that the correlation between
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HVL and Bi,Os concentration is of an inverse nature. HVL
diminishes with the incremental addition of Bi,O3 to the
glass matrix.

69 g1

——S2
- -S3
1—v—s4
] i i

2]

FS
1

Half value layer (cm)
1 1

—
1

0.1 1 10
Photon Energy (MeV)

Figure 6. The half-value layer for the S1 to S6 selected glass samples

This trend implies that an increase in BixOs
concentration augments the photon shielding effectiveness
of the S6 glass. Quantitative data can elucidate this
observation. For this analysis, the Bi,Os-free glass (S2) and
the glasses containing 50 and 55 mol% (S5 and S6) were
selected. HVL is observed to decrease from 5.69 cm for S1
to 1.93 cm for S6 at 6 MeV, from 1.6 to 0.52 cm at 0.5
MeV, and from 0.2 to 0.044 cm at an energy level of 0.15
MeV. Furthermore, Figure 6 clearly demonstrates that
HVL is a characteristic dependent on energy levels. At 5
MeV, the highest HVL values for all samples are evident.
Consequently, it may be recommended that thicker
material be employed to obstruct high-energy radiation.

The HVL values illustrated in Figure 7 demonstrate an
upward trajectory across all specimens as gamma energy
escalates. This increase in HVL is ascribed to the inverse
correlation between HVL and LAC values. Furthermore, to
evaluate the efficacy of the selected glass materials, the
HVL values were compared with those obtained from
antecedent studies involving tungsten and lead glasses [39,
40].
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Figure 7. Comparison of half-value layer for the selected glass samples
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As shown in Figure 7, the values are relatively similar
in a significant part of the energy spectrum, especially at
the energy level of 0.511 MeV, which indicates that the
investigated samples showed lower thickness compared to
the previously established criteria. Importantly, the
investigated glass samples showed consistency with
samples containing effective absorbing such as lead and
tungsten. With increasing energy level, the difference in
thickness between the current samples and the samples of
previous studies decreased, indicating an increase in the
performance of the samples at higher energies. As a result,
the acceptable effect of the selected samples was evident
not only at lower energy but also at higher energy
thresholds.

Figure 8 illustrates the plot of the TVL. Prior to the
analysis of this figure, it is imperative to acknowledge that
a reduced TVL is recommended for an enhanced protective
medium to minimize the requisite thickness aimed at
decreasing radiation levels to permissible limits. Given the
multitude of interactions occurring between the incident
photon and the absorber, there exists a propensity for
augmented  attenuation and enhanced  shielding
characteristics. As energy levels increase, there is a
concomitant rise in the TVL. The minimum TVL recorded
for selected glass samples at an energy level of 8 MeV are
19.11 cm and 6.1 cm for samples S1 through S6,
respectively. For sample S5, the maximum TVL is
measured at 7.1 cm. The addition of Bi,Os resulted in a
decrease in TVL, with S6 showing the lowest TVL and
superior performance over the others. This phenomenon
can be attributed to the density of the medium, as the
increment of 5% mol of Bi,Os elevates its density from 7.8
to 8.49 g/cmsd, thereby enhancing the medium's capability
to shield against photons through increased interaction with
a greater number of photons. Due to its maximum density
compared to the other glass samples, S6 (density=7.8
g/cm®) exhibited the most effective photon attenuation
properties. This observation indicated that photon-matter
interactions were enhanced for samples with higher Bi>O3
concentrations (i.e., higher densities) across the entire
energy spectrum. The results presented in Figure 8 showed
that as the photon energy increased, the effectiveness of the
glasses in attenuating photons decreased, thus facilitating
the passage of photons through glass samples S1 to S6
more easily.

For all specimens categorized from S1 to S6, within the
delineated photon energy spectrum ranging from 0.015 to
10 MeV, the fluctuations in the effective atomic number,
are meticulously illustrated in Figure 9. In this framework
(as depicted in Figure 9), it is imperative to acknowledge
that the Zes values demonstrate a correlation with both the
photon energy levels, which exhibit a congruent trend
throughout the spectrum, and the chemical composition of
the analyzed glass materials. Materials characterized by a
higher effective atomic number are typically associated
with an augmented number of atomic constituents, which
consequently increases the probability of interactions

312



Bi-Pb Glass Gamma Shielding

fpp

Mohammadreza Alipoor and Mahdi Eshghi

between incident photons and the atomic matrix, thereby
resulting in enhanced photon attenuation. Among the entire
range of S1 to S6 samples under scrutiny, it is discerned
that glass sample S6 reveals the maximum Ze values,
attributable to its comparatively elevated concentration of
elements with high atomic numbers, such as Bismuth (Bi).

It is noteworthy that the Zes values for all scrutinized
samples are relatively greater at lower photon energy
levels, particularly within the interval of 0.015 to 0.2 MeV,
and subsequently exhibit a rapid decline up to the energy
threshold of 1 MeV, followed by a sharp increment
observed at 100 KeV, which can be ascribed to the K-edge
absorption phenomena of elements such as lead and
Bismuth, since the photoelectric absorption phenomenon,
which is proportional to Z raised to the power of 4.5,
governs this specific energy domain.

Progressing further, across the photon energy spectrum
from 0.2 to 1.5 MeV, for all samples designated as S1 to
S6, the effective atomic number, Zes, attains a nadir due to
the prevailing influence of the CS mechanism, which is

—
~
1

directly proportional to Z, within this intermediate energy
range. With subsequent increases in the photon energy
spectrum, from 1.5 to 10 MeV, there is a systematic
augmentation of Ze values across all glass samples, which
can be attributed to the predominance of Pair Production
(PP) phenomena, which is proportional to Z squared,
occurring within the nuclear domain. To exemplify, the
derived effective atomic number values at specific photon
energy levels of 2 and 15 MeV further corroborate this
observation. Given that sample S6 exhibits the highest Zes
values among all analyzed glass specimens, it is
conjectured to be the most advantageous selection for
effective photon attenuation.

Tenth value layer (cm)
s
1

Photon Energy (MeV)

Figure 8. The tenth-value layer for the S1 to S6 selected glass samples
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Figure 9. The effective atomic number for the S1 to S6 selected glass samples
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Figure 10 provides an exhaustive illustration of the
variations in the effective electron number across the
photon energy spectrum ranging from 0.015 to 10 MeV for
all samples labeled S1 through S6. In this analysis, the
trend observed in Ne values at each specified photon
energy level exhibits a close correlation with the Ze
parameters across all samples and can be elucidated in a
manner akin to the Ze analysis, considering the effects of
the respective interaction of photoelectric absorption,
Compton scattering, and pair production at lower,
intermediate, and higher energy levels, respectively.
However, it is crucial to emphasize that, in contrast to the
behavior demonstrated by Zes, the variances in Nesr values
among all samples do not exhibit substantial fluctuations
with an increase in photon energy, spanning from 15 keV
to 10 MeV. Both the effective atomic number, Z, and the
effective electron number, Nesr, are critical parameters in
assessing a material's potential effectiveness in providing
shielding against photon radiation. Generally, an elevated
Nert Value signifies an augmentation in the interactions
between photons and electrons, as well as an escalation in
the likelihood of energy transfer occurring within the
material.

The equivalent atomic number serves as a fundamental
concept employed in investigations regarding X-ray and
gamma-ray attenuation to elucidate the interaction of
photons with a material as if it were composed of a singular
element. A material possessing the highest Zeq will
attenuate low-energy photons to the utmost degree. Figure
11 illustrates the Z¢q as a function of photon energy for six
distinct HMO glass specimens. The Ze of all six HMO
glass specimens diminishes as the photon energy increases.
This phenomenon occurs because higher-energy photons
are inherently more likely to traverse the material without
engaging in interaction. Sample S6 exhibited a superior Zeq
value among all six specimens across the entire range of
photon energies. This finding indicates that S6 functions as
a more effective material for radiation attenuation
concerning low-energy photons. The Ze, values for sample
S1 are comparatively lower, suggesting that these six
materials exhibit similar characteristics in photon
attenuation. It was further observed that the equivalent
atomic number of HMO glasses is dependent upon their
chemical composition.

Figure 12 illustrates the radiation absorption efficiency
of selected glasses labeled S1-S6 along with selected
reference glasses, across photon energies ranging from
approximately 0.01 to 0.1 MeV. All materials exhibit an
overall decline in shielding performance as photon energy
increases, a trend fully consistent with the well-established
shift from photoelectric effect-dominated interactions at
lower energies to Compton scattering—dominated
interactions at higher energies within this range. Among
the tested compositions, those incorporating high atomic
number (Z) elements—particularly tungsten-containing
glasses such as W10T50 and WTP3 along with S6—
demonstrate  the highest absorption efficiencies,
maintaining values remarkably close to 100% throughout
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much of the energy spectrum. In contrast, sample S1
displays the poorest shielding capability, while S6
manifests a pronounced dip followed by a sharp recovery
in absorption efficiency between approximately 0.07 and
0.08 MeV; this behavior is attributed to K-edge absorption
effects associated with the presence of lead and bismuth in
the glass matrix, whereas the K-edge of tungsten itself
occurs at around 69.5 keV (0.0695 MeV). These irregular,
non-monotonic features in the attenuation curves vividly
underscore the critical role that atomic shell structure and
elemental composition play in determining photon
interaction probabilities. From the standpoint of radiation
protection physics, the data highlights a crucial principle:
even minute deviations from 100% absorption can have a
disproportionately large impact on shielding effectiveness,
as a seemingly small reduction in attenuation percentage
corresponds to a significantly higher fraction of transmitted
radiation dose. The findings further reveal that bismuth—
lead glasses especially sample S6 exhibit attenuation
performance that is either superior or comparable to that of
conventional tellurite-based formulations, particularly
within the diagnostic medical energy range (approximately
0.015 to 0.1 MeV), where the photoelectric effect
dominates and the high-Z constituents (such as Bi and Pb)
exert their maximum influence on photon absorption.
Consequently, the optimal selection of shielding materials
must consider not only their average attenuation capacity
but also the detailed spectral profile of the radiation source
to be mitigated. While high-Z composite materials
generally provide more stable and reliable protection across
a broad energy interval, those exhibiting sharp K-edge
features may offer strategic advantages—or pose
unexpected vulnerabilitiess—depending on whether the
operational photon energies align with or fall near these
absorption thresholds. This nuanced understanding strongly
supports the development and deployment of customized,
compositionally engineered shielding solutions designed to
minimize performance gaps near critical absorption edges
and to ensure robust, energy-resilient protection against
diverse photon fields encountered in medical, industrial,
and research settings.

It is imperative to emphasize that materials utilized for
radiation attenuation are not distinguished by a slender
morphology, and the emanated gamma-ray emissions are
broad and fail to adhere to the Lambert-Beer law. In this
framework, a corrective parameter known as the buildup
factor (BF) is incorporated into the intensity equation. The
energy spectrum spanning from 0.015 to 10 MeV up to 40
mfp penetration depths for the chosen glass specimens has
been scrupulously computed. The Geometrical Progression
method has been developed for the determination of
buildup factors. Typically, reduced values of the
Equivalent Buildup Factor and Equivalent Absorption
Buildup Factor for a specific material correlate with a
diminished probability of gamma-ray penetration through
it. At penetration depths of 1, 5, 10, 15, 20, 25, 30, 35, and
40 mfp, the calculated EBF and EABF values demonstrate
variations across the gamma-ray energy spectrum of 0.015
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to 10 MeV for all samples S1 through S6, as depicted in the
collections presented in Figure 13 and Figure 14,
respectively. Within the photon energy spectrum ranging
from 0.015 to 10 MeV, the calculated equivalent atomic
numbers (Zeq) and G-P fitting parameters for the estimation
of EBF and EABF have been utilized [41]. It is noteworthy
that analogous patterns in the alteration of EBF and EABF
values are discerned across the entire spectrum of photon
energies for the designated glass samples. In the energy
interval extending from 0.5 to 10 MeV, both EBFs and
EABFs demonstrate minimal values with inconsequential
fluctuations, notwithstanding sporadic abrupt increases
observed at photon energies between 0.015 to 0.15 MeV,
which can be attributed to the respective L1 and K-edges
absorption of Lead (Pb) and Bismuth (Bi) elements, at
specific mean free path (mfp) penetration depths of 1, 5,
10, 15, 20, 25, 30, 35, and 40. Predominantly, the PE effect
is the primary interaction mechanism in this lower energy
domain (up to 150 keV).

Subsequently, as the energy escalates from 0.02 to 5
MeV (and even extends to 2 MeV at increased penetration

Exposure buildup factor

1
Photon Energy (MeV) !

1 [
Photon Energy (MeV)

1
Photon Energy (MeV) o

depths), both EBFs and EABFs portray a gradual
augmentation, respectively, attributable to the dominance
of the CS phenomenon (characterized by multiple photon
scatterings with minimal energy reduction followed by
subsequent PE absorption) within this intermediate energy
domain for all samples designated as S1 to S6. As a result,
with the prolongation of the photon's lifetime, the
likelihood of its escape through the sample is significantly
enhanced. Typically, the CS process is predominant within
the energy spectrum of 250 keV to 3 MeV. Furthermore,
predicated upon the chemical composition of the glasses
(samples S1 to S6), from 6 or 3 to 10 MeV energies, both
EBFs and EABFs are observed to be elevated due to the
influence of the Pair Production process at these elevated
gamma-ray energy levels. It is well-documented that a
photon possessing an energy threshold of at least 1.022
MeV can generate an electron-positron pair. Moreover, for
all analyzed samples, EBFs and EABFs are noted to be
enhanced in correlation with the sample's mfp values,
commencing from 5 mfp.

1
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Figure 13. Variation of exposure buildup factor with photon energy at different mean free paths for the S1 - S6 selected glass samples
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Figure 14 . Variation of energy absorption buildup factor with photon energy at different mean free paths for all S1-S6 selected glass samples

At elevated energies (and correspondingly, at increased
penetration depths), secondary photons resulting from the
annihilation of positrons and electrons (culminating in the
generation of two gamma-rays each possessing an energy
of 0511 MeV) are scattered with greater frequency,
thereby leading to a substantial accumulation of photons.
The resultant two gamma-ray photons are capable of either
escaping or interacting with the sample through the
mechanisms of CS or the PE effect. An escalation in
atomic number is associated with an increase in the atomic
cross-section pertinent to the specific PE effect, CS, and PP
mechanisms. Due to the augmented ratio of Zeg t0 Zet,
among the samples coded from S1 to S6, the glass sample
identified as S6 displays diminished EBFs and EABFs,
thereby signifying its enhanced efficacy as a gamma-ray
shielding material. Figure 15 delineates the values of the
fast neutron removal cross-section for six distinct glass
compositions, in comparison with commonly employed
materials such as water, boron carbide, paraffin and
concrete, thereby facilitating a thorough comparative
examination of their respective shielding efficiencies. The
results reveal that the glass specimen labeled as S2
demonstrates the highest neutron removal cross-section,
quantified at approximately 0.1229 cm™, which is slightly
superior to that of paraffin, recorded at 0.121 cm™, thereby
illustrating a significant performance advantage. In stark
contrast, conventional shielding materials, including water,
paraffin, and concrete, display relatively inferior neutron
removal cross-section values, with concrete exhibiting the
lowest effectiveness, measured at approximately 0.085
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cm™, thereby highlighting its limitations in neutron
attenuation [42].

This data implies that the glass material S2 has the
potential to serve as a considerably more effective neutron
shielding alternative to traditional materials, thereby
offering enhanced protective measures in environments
characterized by high fast neutron fluxes, which are
prevalent in various nuclear and radiological contexts.

Concrete
Boron carbide
water
Paraffin

S6

T T v T v T T
0085 0,090 0.095 0100 0105 0110 015 0,120
Fast neutron removal cross section (cm ')

Figure 15. The effective neutron removal cross-section for all S1-S6
selected glass systems

Discussion

The investigation into PbO-Al:0s-B20s-Si0:-Bi20s
glasses revealed a direct correlation between heavy
metal oxide content, structural properties, and gamma-
ray shielding performance. The density of the glasses
increased significantly with HMO concentration,
ranging from 3.61 to 8.50 g/em? with Bi.O?
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demonstrating a more pronounced effect on
densification and molar volume expansion than PbO.
Radiation shielding parameters were rigorously
validated, showing excellent agreement between Geant4
simulations and Phy-X/PSD theoretical calculations,
with relative differences below 2%. Critically, the mass
attenuation coefficient and linear attenuation coefficient
were enhanced by higher Bi-Os content, with sample S6
(55 mol% Bi20s3) consistently exhibiting the highest
values. Its LAC at 0.662 MeV (0.9186 cm™) surpassed
that of conventional lead-based glasses. This superior
attenuation is reflected in lower half-value layer and
tenth-value layer thicknesses for Bi-Os-rich glasses; for
instance, the HVL of S6 was reduced to 1.93 cm at 6
MeV, compared to 5.69 cm for the Bi.Os-free sample
S1. The effective atomic number and equivalent atomic
number analyses confirmed that S6, with the highest
values, is the most effective composition for photon
attenuation, particularly at lower energies where the
photoelectric effect dominates, as evidenced by K-edge
absorption features. Furthermore, the glass compositions
demonstrated favorable buildup factors and, notably,
sample S2 exhibited a high fast neutron removal cross-
section (0.1229 cm™), exceeding that of paraffin. In
conclusion, the systematic incorporation of Bi-Os, more
so than PbO, optimally enhances photon and neutron
attenuation, positioning these HMO glasses, particularly
the Bi2Os-rich S6 composition, as highly effective
candidates for advanced radiation shielding applications.

Conclusion

This study evaluated the gamma- and neutron-
shielding performance of PbO-ALOs—B:0s-SiO:
glasses with increasing Bi:Os content (samples S1-S6).
The outcomes demonstrate that sample S6—containing
the greatest Bi.Os concentration—exhibits superior
gamma-ray attenuation, particularly in the diagnostic
medical energy range (15-100 keV). At 30 keV, for
instance, S6 achieves near-complete absorption (>99%),
whereas  S1—the  lowest-Bi.Os  sample—shows
significantly reduced shielding efficiency. This
enhancement is attributed to the high atomic numbers of
Bi (Z = 83) and Pb (Z = 82), which maximize
photoelectric absorption at low energy levels. A distinct
dip in S6’s absorption curve near 90.52 keV corresponds
to the K-edge of bismuth, confirming the strong
influence of elemental structure on photon interactions.
Quantitatively, S6 displays the lowest HVL and TVL
across the 0.015-0.1 MeV range, outperforming not
only S1-S5 but also several conventional tellurite-based
shielding glasses. S6 is unequivocally the most effective
gamma shield among the selected compositions. For
neutron shielding, S2 shows the highest fast neutron
removal cross-section (0.1229 cm™), slightly exceeding
paraffin (0.121 cm™) and significantly surpassing
concrete (0.085 cm™), suggesting its potential in mixed-
field environments. Given S6 exceptional performance
in the diagnostic energy range is highly suitable for
radiation protection in medical settings such as X-ray
room windows, and syringe shields in nuclear

Iran J Med Phys., Vol. 22, No. 5, September 2025

medicine—where lightweight, non-toxic, and high-
efficiency materials are urgently needed. Future work
should focus on optimizing Bi-Os—PbO ratios to smooth
K-edge discontinuities and exploring composite
laminates that integrate S6 for gamma shielding with
hydrogen-rich layers (e.g., S2-inspired matrices) for
neutron attenuation, enabling tailored solutions for
radiotherapy center, PET/CT facilities, and portable
radiography units.
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