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The Sejg0-,(AgX), (y = 0, 5 and X = Cl, Br, and |) glass-ceramics were synthesised via melt-quenching, with
density measured using Archimedes' principle. Radiation-shielding properties were investigated using Phy-
X/PSD across a range of 15 keV to 15 MeV, assessing parameters such as LAC, MAC, MFP, Zetr, Nett, Cetr, Zeq.
EABF, EBF, and FNRCS. The Segs(AgBr)s sample exhibited the lowest HVL, indicating superior photon
attenuation compared to other compositions. The attenuation percentage (RPE%) was investigated
experimentally across 60 keV, 81 keV, and 100 keV measured using Scanditronix stereotactic field diode
(SFD) detectors. Additionally, their shielding performance was compared with commercially used
materials, including ordinary concrete and radiation-shielding glasses. Results demonstrate that

Segs(AgBr)s meets key shielding criteria, making it a promising alternative for low-energy radiation

iigzgti?j SZtQtEe/-\bF:LrJi?rzyog(s)ZS protection. Incorporating silver halides significantly influences shielding efficiency, with AgBr proving the
most effective. These findings highlight the potential of AgBr-doped selenium glass-ceramics as efficient

DOI: 10.1035/d5ra00865d radiation-shielding materials, offering a viable replacement for traditional options in specific shielding
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1. Introduction

As technology advances, individuals are increasingly exposed to
ionizing electromagnetic radiation from various sources,
including background radioactivity, milling, nuclear power
plants, mining that uses synthetic radioactive isotopes, nuclear
research, space exploration, and other sectors. It's crucial to
acknowledge that radiation exposure can result in a range of
health problems, from carcinomas to genetic disorders and
tissue damage. Moreover, ionizing radiation can modify the
physical and chemical characteristics of soil, rock, and water,
adversely affecting biodiversity and ecosystems. Therefore,
conducting thorough investigations and adopting adequate
protection and shielding measures are essential, as these
hazards present substantial risks to human health.* Protection
can be achieved through efficient shielding, which requires
comprehensive research into potential shielding materials,
considering their mechanical properties, radiation attenuation
characteristics, anticipated energy levels, costs, availability,
manufacturability, performance, and affordability.* A critical
attribute of shielding materials is their resistance to potential
damage caused by exposure to electromagnetic radiation,
ensuring they are non-toxic. In addition to having a high radi-
ation absorption cross-section, an effective shielding material
must also provide significant attenuation of incoming radiation
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over a minimal penetration depth. Depending on the specific
application requirements, different materials are employed for
this purpose. For instance, ordinary concrete is commonly used
to absorb X-rays in the exterior walls of X-ray rooms due to its
effectiveness in radiation attenuation. While concrete is ideal
for certain applications, alternative materials are also utilized.
Glasses enhanced with metallic additives can function as
radiation-shielding materials. Adding heavy metal additives
increases the density of the glass, thereby improving its
shielding properties. Techniques such as melt quenching can
be used to create these glass ceramics. Given their cost-
effectiveness and ease of production, glasses are often consid-
ered alternative materials for radiation shielding. Silver halide-
incorporated glassy materials have been explored for various
optical applications due to their excellent infrared transmission
properties.’”® However, their potential for radiation shielding is
less well-known but of growing interest due to the presence of
heavy elements like silver (Ag), which can contribute to radia-
tion attenuation.'*** Silver halide glass ceramics containing
silver (Ag) have a high atomic number, which is crucial for
effective radiation shielding. The high atomic number
enhances the photoelectric effect, leading to better absorption
of X-rays and gamma rays. This makes these materials poten-
tially useful in environments where radiation protection is
required."*** The effect of silver iodide (AgI) content addition on
the physicochemical characteristics such as molar volume,
excess volume, packing density, the average number of co-
ordination, cross-linking density, number of constraints,
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Fig. 1 (a) Synthesis process (b) polished pellet of Segs(AgBr)s sample.

mean bond energy and compactness of chalcohalide glassy the performance of a fiber-optic temperature control system at
(0.5A5,Se3-0.5GeTe)190_(AgI), system has been studied by the temperatures of 295-395 K. They observed that a reduction
Kebaili et al.® Salimgareev et al® investigated the effect of in the fiber length leads to a linear increase in transmission
geometrical parameters of fibers based on silver halide fibers on  values. The glassy series (GeTe, 3)100_x(Ag]), (x = 5, 10, 15, 20,
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Fig. 2 XRD patterns of the present samples (a) Se;00(AgX)o, (b) Segs(AgCl)s, (c) Segs(AgBr)s and (d) Segs(Agl)s.
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Fig. 3 Raman spectra of (a) AgCl, (b) AgBr and (c) Agl-incorporated Se samples at room temperature taken with 532 nm excitation laser.

25, 30 mol%) of chalcohalide glasses have been synthesized by
Ding et al.” to study their potential in acousto-optic properties
like refractive index, elastic modulus, density, acoustic velocity
and attenuation. The structural and optical properties of
europium-doped bismuth borate glasses by exposure to gamma
radiation have been studied, and these results have been
compared with virgin samples by Patwari et al..?

In the literature, different properties of halogen-containing
polymers and nanocomposites have been studied by different
research communities.”®™® However, there are various articles
published based on chalcohalide glasses to study the different
properties, but, no records were found for the study of radiation
shielding characteristics of silver halide-containing

Radiation Source

Fig. 4 Visual representation of simulation geometry.
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Table 1 Chemical compositions and abbreviated names, along with
their densities, of the various chalcohalide glassy compositions

Chemical compositions (mol.%)

Density
Se AgCl AgBr Agl (gem™?) Code name
100 0 0 0 4.18 Se100(AgX)o
95 5 0 0 4.48 Seos(AgCl)s
95 0 5 0 4.49 Seos(AgBI)s
95 0 0 5 421 Seos(Agl)s

Radiation Detection Area
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Fig. 5 Dependency of mass attenuation coefficient (MAC) on photon energy for Se and chalcohalide glass ceramics series.

chalcogenide glassy materials.”*** The presence of silver,

combined with halides like bromine or iodine, contributes to
the glass's ability to shield against ionizing radiation. The
radiation-shielding competence of silver halide glasses can be
further enhanced by modifying their composition. By varying
halide elements, the density and atomic structure of the glass
can be optimized to improve its attenuation properties while
maintaining desirable optical characteristics. Utilizing their
unique properties, silver halide chalcogenide glass-ceramics
can be beneficial in specialized applications, such as nuclear
medicine, radiation-shielding windows in nuclear facilities, and
aerospace environments where both transparency in specific
wavelengths and radiation protection are crucial.

Halogen elements combined with chalcogens represent an
interesting class of materials with combined optical and
radiation-shielding properties.”*** The addition of halide to
chalcogenides significantly improves their ability to attenuate
ionizing radiation, such as gamma rays and X-rays.>*>° Sele-
nium (Se) has a higher atomic number compared to other
elements commonly found in glasses, contributing to the

photoelectric absorption process, which is crucial for effective
radiation shielding. Silver, being a heavy metal with a high
atomic number, already provides substantial radiation shield-
ing. When combined with selenium, the material benefits from
a synergistic effect where both elements contribute to enhanced
radiation absorption.*® This combination increases the overall
effectiveness of the glassy material in protecting against radia-
tion. The density of the material plays a crucial role in its
radiation-shielding properties. Incorporating metal halide into
selenium typically increases the density, leading to a higher
probability of interaction between the glass atoms and
incoming radiation. This results in better attenuation of gamma
rays and X-rays. The radiation-shielding properties of silver
halides with selenium glasses can be optimized by adjusting the
proportions of selenium and silver halides. Fine-tuning the
glass composition makes it possible to achieve a balance
between maximizing radiation-shielding -effectiveness and
maintaining other desirable properties, such as optical trans-
parency and mechanical strength.
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Fig. 7 Variation of half value layer (HVL) and mean free path (MFP) with photon energy for Se and chalcohalide glass ceramics series.

From the above literature survey, it is clear that several
reports have been made on radiation shielding investigations
possessing various types of materials. However, very few reports
have been made on studying the radiation-shielding properties
of chalcohalide glass ceramics. Therefore, this research paper
aims to determine and optimize the radiation-shielding capa-
bility of silver halide-containing, selenium-based chalcogenide
glass-ceramics to see the effect of different silver halide mate-
rials on selenium.

2. Materials and methods

The melt-quenching method was selected for its ability to
produce homogeneous glass-ceramic samples with good
control over composition and minimal crystallinity. This
method is particularly effective for synthesizing chalcogenide
and chalcohalide glass systems, allowing rapid cooling from
high temperatures to retain the amorphous structure essential
for our study. Furthermore, it facilitates the incorporation of
silver halides uniformly within the selenium matrix, which is
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Fig. 8 Plots of the effective number of electrons (Neg), effective conductivity (Ceg), and effective atomic number (Z.¢) with photon energy for all

samples.
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crucial for assessing their influence on radiation-shielding
properties. To prepare the glassy samples under investigation,
appropriate amounts of AgCl, AgBr, Agl, and Se, composed as
(Se)os5(AgX)s, where X represents Cl, Br, or I, were sealed within
an evacuated quartz ampoule. This mixture was thoroughly
combined in a rocking furnace at 800 °C for almost 10 hours.
Subsequently, the melts were rapidly quenched in an ice-water
mixture.**** Fig. 1(a) Illustration of different steps involved in
the melt-quench synthesis route. Fig. 1(b) shows images of the
polished pellets from the freshly prepared samples. All four
samples exhibit a similar appearance, primarily due to the high
selenium content.

In our study, the density of each sample is a crucial param-
eter. We employed a straightforward and reliable method to
determine the density of the four samples accurately. Using
Archimedes' principle, the density of the synthesized samples
was calculated. The weights of the bulk material in air (W,) and
liquid (W) were used in the following equation. When using
water as the immersing liquid, the density of water (p,) is taken
as1gcm 3!

3. Results and discussions

Phase analysis of these samples was performed by powder X-ray

View Article Online
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a PANalytical diffractometer (Cu Ka1, A = 1.54051 A). The scan
range was 10-80° (26). The X-ray diffractograms of Seos(AgCl)s,
Seqs(AgBr)s and Seqs(Agl)s samples are presented in Fig. 2(a-d).
Few peaks of significant intensities were observed over the
broad hump. The peaks are not very sharp, which shows the
amorphous nature of the sample. XRD patterns indicate the
presence of crystallinity, overlaying the amorphous glassy
matrix. Trigonal selenium (t-Se) exhibits two strong and distinct
diffraction peaks at 26 = 29.70° and 26.54°, attributed to the
(100) and (101) lattice planes.*® The peaks at 29.74° and 23.64°
are correlated with the t-Se crystallographic planes present in all
samples.** For the pure Se sample, Bragg reflections corre-
sponding to the (100), (101), (110), (102), (111), (200), (201),
(112), (202), (210), (211), and (113) sets of lattice planes are
observed. They are well-matched with the JCPDS data (JCPDS
file No. 96-901-2502).>* For the Seqs5(AgCl)s sample, the peaks
were identified in the JCPDS profile. This profile confirms the
presence of AgCl; Bragg reflections corresponding to the (111),
(200), (220), (400) and (420) sets of lattice planes are observed
and are well-matched with the JCPDS data (JCPDS file No. 96-
901-1667). For the Se Seos(AgBr)s sample, Bragg reflections
corresponding to the (020) and (022) sets of lattice planes are
observed and are well-matched with the JCPDS data (JCPDS file
No. 96-901-1683), confirming the presence of AgBr cubic phases
in the as-synthesized glassy-ceramic alloy. For the Segs(AgI)s
sample, Bragg reflections corresponding to the (111), (022) and
(131) sets of lattice planes are observed and are well-matched
with the JCPDS data (JCPDS file No. 96-901-1694).%°

diffraction (XRD). Diffractograms were obtained using
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Fig. 9 Graphs between atomic cross-section (ACS), electronic cross-section (ECS), R, and equivalent atomic number (Z.q) against photon

energy for Se and chalcohalide glass-ceramics.
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Raman scattering spectra were acquired using a WITec
alpha300R Raman spectrometer. Fig. 3 displays the Raman
spectra obtained for the pure Se, AgCl, AgBr, Agl and Seos(-
AgCl)s, Seqs(AgBr)s and Seqs(Agl)s samples, all measured using
a 532 nm excitation laser. The Raman peaks observed at
141.2 cm™ ' and 459 cm ™ are attributed to the bending vibra-
tions of Se-Se units arranged in a trigonal selenium-like (t-Se)
conformation and the stretching vibrations of Se-Se bonds
within Seg rings, respectively.***” Additionally, the Raman band
at 234 cm ™" is associated with the Se, vibration mode of t-Se®®
caused by the vibration of the A; and E mode vibrations, as
previously reported in the literature.*

The Raman spectra of AgCl and AgBr present a high fluo-
rescence background characteristic of silver-based metallic
materials.* The Raman peaks observed at 77 cm ' and
231.5 cm ™" are attributed to the stretching mode of the Ag—Cl
units.* As the AgCl amount is introduced into the Se, the
fluorescence background is considerably reduced, and a char-
acteristic Raman peak of AgCl begins to appear, located at
approximately 79.6 cm ™', Another characteristic Raman peak of
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AgCl is at 234.3 cm ™!, which merges with the Raman band of
Selenium at 234 cm™'. Doping with silver bromide or silver
iodide does not significantly change the broad, poorly resolved
spectral envelope of glassy Se. The Raman peaks observed at
74 cm™ " and 106 cm ™ are attributed to the stretching mode of
the Ag-Br units. As the AgBr amount is introduced into the Se,
the fluorescence background considerably reduces, and one
characteristic Raman peak of AgBr begins to appear, located at
approximately 82.6 cm™'. Another characteristic Raman peak of
AgBr is at exactly at 106 cm ™. Peaks observed at 85 cm™" are
attributed to the stretching mode of the Ag-I units.** As the Agl
amount is introduced into the Se, the characteristic Raman
peak of AgBr begins to appear, located at approximately
82.6 cm . Another characteristic Raman peak of AgBr is at
exactly at 106 cm ™.

The radiation shielding parameters of this synthesized series
were simulated using a crucial open code software named Phy-
X/PSD developed by Sakar et al.*®* in the energy range from 15
keV to 15 MeV. We employed the Phy-X/PSD software because of
its reliability, accessibility, and wide acceptance in the
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Fig. 10 Variation of energy absorption build-up factor (EABF) with penetration depth at four different values of photon energy for Se and

chalcohalide glass-ceramics samples.
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radiation-shielding research community. It allows comprehen-
sive analysis over a broad energy spectrum (15 keV to 15 MeV). It
calculates multiple shielding parameters (such as MAC, LAC,
HVL, Z.g, and buildup factors) that are critical for a thorough
evaluation of radiation-shielding performance. This method
relies on deterministic models based on elemental composition
and density inputs. As these models are not derived from
experimental repetitions but from computational simulations,
statistical measures like mean + standard deviation are not
applicable. However, the experimental measurements (e.g:,
density and RPE%) were conducted in triplicate, and average
values are reported, with minimal variance observed.

Fig. 4 illustrates the visual representation of the simulation
geometry. Table 1 lists the chemical compositions and densities
of the synthesized samples. We used Archimedes' principle to
determine the density of each sample.** One can see from Table
1 that the density of selenium is minimum, and the composi-
tion Seqs(AgBr)s has maximum density. The mass attenuation
coefficient (MAC) varies with the photon energy, as shown in
Fig. 5. In the low-energy region, the value of MAC decreases very
rapidly with energy because photoelectric interaction plays
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Fig. 11
glass-ceramics samples.
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a leading role. However, in the mid- and higher-energy regions,
the variation of MAC is almost halted due to the domination of
Compton and pair production interactions, as depicted in
Fig. 5. The bar diagram shows that the maximum MAC value is
observed in the Seqs(AgBr)s composition, while the minimum is
noted in the Se sample within the low-energy region. These
results show that the silver halides incorporated sample at low
energies shows far better radiation shielding than the parent
sample.

We observed a similar variation in LAC values with photon
energy as seen with MAC, owing to the intrinsic interconnection
between LAC and MAC. The extreme value of LAC was observed
for the Seqs(AgBr)s composition compared to others in the low-
energy region, as represented in the bar diagram of Fig. 6.
Mahmoud et al.*® suggested that the photoelectric interaction is
dominated in the low-energy region because the cross-section of
photoelectric interaction is proportional to £ . However, in
the high-energy region, the observed dominant nature of the
pair-production effect is due to the cross-section of pair
production in the high-energy zone being proportional to the
logarithm of the energy (log E). The variation of HVL and MFP

5.0
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—@—Se, (AgCl),
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Variation of exposure build-up factor (EBF) with penetration depth at four different values of photon energy for Se and chalcohalide
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with energy is depicted in Fig. 7. Materials with low HVL and
MFP values are considered better for radiation shielding. Based
on the above-mentioned three interaction phenomena, the
variation of HVL and MFP in the different energy regions can be
understood.* Out of the current samples, Seqs(AgBr)s has
a minimum value of HVL and MFP; however, Seys(Agl)s has
a maximum value, as shown in Fig. 7. When comparing these
results with similar materials reported in the literature, we find
that these results are significantly superior to others, such as
ref. 1, 46 and 47. The effective atomic number (Z.¢) of photons
refers to a value representing the combined atomic number of
multiple elements, indicating how a composite material inter-
acts with photons. Unlike the atomic number of individual
elements, Zg is not a constant and varies depending on the
material's composition.*® Materials with a higher value of Z.
have greater capabilities to attenuate gamma radiation because
the probability of photoelectric absorption increases signifi-
cantly at high values of Z.¢.*° The dependencies of Z., Negr, and
C.gr With photon energy are shown in Fig. 8, whose variations are
very similar due to the mutual linear interconnection. The
values of Z.g, Neg, and Ceg are significantly affected by incor-
porating different silver halides in the parent Se glass sample. A
reduction in Zeg, Neg, and Cegr values was observed after adding
silver halides; however, a very slight variation was noted among
halide compositions. The extreme values of Zeg, Neg, and Cegr
were observed at an energy of approximately 60 keV.

View Article Online
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The variation of atomic cross-section (ACS), electronic cross-
section (ECS), R (the ratio of Compton's partial mass attenua-
tion coefficient to the total mass attenuation coefficient), and
Z.q. with photon energy are illustrated in Fig. 9 for all investi-
gated glass-ceramic compositions. ACS refers to the interaction
probability per unit volume of material per atom, while ECS
represents the interaction probability per unit volume of
material per electron.**** The maximum values of ACS and ECS
were found for Seos(AgBr)s composition at 15 keV radiation
energy. The variation of ACS and ECS with photon energy can be
understood in the photoelectric effect, Compton effect, and pair
production interaction phenomena in low, mid, and high
energy regions, respectively. Primarily, the value of R and Z,
has been rising sharply with increasing energy and has decayed
gradually in high-energy regions. The extreme value of R and
Zeq. is observed for Seos(AgCl)s and Se composition at 1.5 MeV
energy, respectively, as illustrated in Fig. 9. The involvement of
colliding photons in the material target is represented by the
build-up factor parameter of radiation-shielding materials.>
The geometrical progression (G-P) fitting parameters and value
of Z.q°** were utilized to find out the value of the energy
absorption build-up factor (EABF) and exposure build-up factor
(EBF). The Exposure Build-up Factor (EBF) quantifies the
increase in radiation exposure due to scattered radiation in
a shielding material. When photons (like gamma rays or X-rays)
pass through a material. Some interact via photoelectric effect,
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=
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P
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Fig. 12 Graphs between energy absorption build-up factor (EABF) versus photon energy at four different values of penetration depth for all

materials in the current study.
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Fig. 13 Graphs between exposure build-up factor (EBF) versus photon
cohalide glassy series.

Compton scattering, or pair production. Scattered photons may
still reach the point of measurement. EBF accounts for this
increase in dose due to those scattered photons.** The value of
EABF and EBF as a function of penetration depth is illustrated
in Fig. 10 and Fig. 11, respectively, at four different energy
values. Both EABF and EBF increase linearly with the increase in
the value of penetration depth in the low and mid-zone of
energy, while at high energy (i.e., 15 MeV), its variation is of an
exponential type for the investigated sample series.

The variation of EABF and EBF with photon energy is shown
in Fig. 12 and Fig. 13, respectively, for four different penetration
depths (0.5, 5, 20, and 40 mfp). At the low value of penetration
depth (i.e., 0.5 and 5 mfp), we have observed some peaks in the
lower energy zone that indicate the domination of the photo-
electric effect in this region. This occurs when the photon
energy matches the electron's binding energy in the K, L-I, and
L-II shells.”® In regions where particle build-up is restricted,
gamma-ray absorption primarily occurs in the low and high-
energy ranges. In contrast, Compton scattering is the predom-
inant mechanism observed in the mid-energy zone, though it
does not result in absolute photon loss.*> The value of EABF is
maximum for Seos(AgBr)s composition at the high value of
penetration depth (i.e., 20 and 40 mfp) and minimum for the
parent Se sample. However, the value of EBF is found to be
maximum for Seos(AgBr)s composition at the mid-value of
penetration depth (i.e., 5 and 20 mfp). The extreme value of the
removal cross-section that indicates the attenuation of fast

16478 | RSC Adv, 2025, 15, 16469-16483

energy at four different values of penetration depth for Se and chal-

neutrons (FNRCS) is observed for Seqs(AgCl)s composition, as
shown in the bar diagram of Fig. 14.°%%

Radiation Protection Efficacy (RPE) measures a material's
effectiveness in attenuating or shielding radiation.*®**® It quan-
tifies how well a material reduces the intensity of incident
radiation, directly indicating its performance as a radiation
shield. Fig. 15(a) compares the theoretical RPE% of the

0.08

0.076 0.075

0.07

0.06

0.05

0.04

0.03 4

0.02

0.01 1

Fast Neutron Removal Cross-Section (cm™)

0.00 -

Se,,(AgX), Se,(AgCl,  Se,(AgBr), Se, (Agl),
Fig. 14 Bar diagram of fast neutron removal cross-section for all the

samples.
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prepared samples at three photon energies: 6 MeV, 8 MeV, and
10 MeV. Fig. 15(b) compares the theoretical RPE% with the
experimental RPE% [Fig. 15(c)] for all the same samples at
photon energies of 0.06 MeV, 0.08 MeV, and 0.1 MeV, as
measured using tungsten source X-ray system in with a Stereo-
tactic field diode detector. Due to experimental limitations,
measurements were restricted to these three energies. While the
theoretical results suggest higher RPE values, the experimental
results are more effective and representative of real-world
performance. This discrepancy arises from the difference in
sample thickness: theoretical calculations assumed a thickness
of 1 cm, whereas the experimental measurements are con-
ducted using 2 mm-thick pellets. Fig. 16 compares the RPE% of
the prepared samples with those of commercially used mate-
rials and glasses at 0.3 MeV. These bar diagrams show that the
sample with silver bromide incorporation displays the
maximum RPE%, whereas the sample with silver iodide incor-
poration exhibits the minimum RPE% among all the compo-
sitions. Fig. 16 showed that the Se + AgX samples exhibited the
highest radiation protection efficacy among the other materials
used for radiation shielding purposes like OC (Ordinary

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The MAC values for the current glasses and other standard commonly used glasses in radiation shielding applications
MAC (MeV)
Samples 0.02 10
Se100(AgX)o 27.259 0.0342 Reference
Seqs(AgCl)s 45.353 0.0321 Present work
Seos(AgBI)5 46.488 0.0323
Seqs(Agl)s 44.664 0.0328
BPLM 5 11.57 0.023 61
66B,0;-5A1,0;-29Na,0 1.074 0.020
5Bi,03;-61B,0;-5A1,0;-29Na,0 5.059 0.022
10Bi,03-56B,0;-5A1,03;-29Na,0 9.043 0.023
0PbO-30Si0,-46.67B,03-23.33Na,0 1.386 0.023 62
5Pb0-25Si0,-46.67B,05-23.33Na,0 5.167 0.021
10PbO-20Si0-46.67B,03-23.33Na,0 8.952 0.024
49.46510,-26.38Na,0-23.08Ca0-1.07P,05 3.982 0.024 63
47.845i0,-26.67Na,0-23.33Ca0-2.16P,05 3.985 0.023
44.475i0,-27.26Na,0-23.85Ca0-4.42P,0; 4.057 0.024
40.96Si0,-27.87Na,0-24.39Ca0-6.78P,05 4.113 0.024
37.28Si0,-28.52Na,0-24.95Ca0-9.25P,05 4.061 0.024
30 Na,B,0,-70CdO 10.529 0.030 64
48.98510,-26.67Na,0-23.33Ca0-1.02P,05 3.983 0.023
43.66Si0,-28.12Na,0-24.60Ca0-3.62P,05 4.1 0.024
38.148i0,-29.62Na,0-25.91Ca0-6.33P,05 4.19 0.022
40.71Si0,-28.91Na,0-25.31Ca0-5.07P,05 4.131 0.022
755i0,-15Na,0-10Ca0 3.081 0.0212 65
74Si0,-15Na,0-10Ca0-ZrO, 4.118 0.0215
728i0,-15Na,0-10Ca0-3Zr0O, 6.128 0.0219
708i0,-15Na,0-10Ca0-5Zr0, 8.058 0.0224
685i0,-15Na,0-10Ca0-7Zr0, 9.912 0.0229
0.5GeS,-0.5Sb,S; (3.67 g cc?) 20.82 0.034 66
10CsCl-90(0.5GeS,-0.55b,S;) (3.56 g cc?) 20.546 0.034
20CsCl-80(0.5GeS,-0.55b,S;) (3.42 g cc™?) 20.826 0.034
30CsCl-70(0.5GeS,-0.55b,S;) (3.35gcc™®) 21.124 0.034
40CsCl-60(0.5GeS,-0.55b,S;) (3.23 gcc™?) 21.443 0.035
Ge,oSbeTe;,Bi, (6.182 g cc ) 0.34527 0.03819 67
Ge,SbeTe,oBiy (6.229 g cc ) 0.70018 0.03860
Ge,SbeTesgBig (6.299 g cc ) 0.74895 0.03900
Ge,SbeTessBig (6.384 g cc?) 0.79428 0.03939
Ge,oSbeTessBisg (6.497 g cc ) 0.84264 0.03972

Concrete), hematite-serpentine concrete (HSO), steel-scrap
concrete (SCO),* and some other commercially used glasses;
thus, the glass-ceramics studied demonstrated exceptional
properties for radiation protection applications. A comparison
between the prepared glass ceramics with different glass
systems is presented in Table 2. It indicated that the Se +
AgX had higher MAC values than most other glassy systems;
therefore, the glass under investigation had superior charac-
teristics for radiation protection applications.

4. Conclusions

In the presented investigation, we have determined the
radiation-shielding characteristic of the pseudo-binary glassy
chalco-halide series by implementing open-source code (Phy-X/
PSD) software. The decreasing sequence of the value of MAC
and LAC of the investigated series is like Seys(AgBr)s >
Se95(AgCl)s > Seqs(AgI)s > Seq10(AgX)o- The findings showed that
the HVL and MFP values of the glass samples diminished in the

16480 | RSC Adv, 2025, 15, 16469-16483

sequence: Seos(Agl)s > Se100(A2X)o > Seos(AZCl)s > Segs(AgCl)s.
The maximum value of FNRCS is observed for the Seys(AgCl)s
composition. The higher value of MAC and LAC and lower value
of HVL and MFP for the Seqs(AgBr)s sample indicate a better
composition to attenuate the X-rays and gamma radiation.
Therefore, the Seqs(AgBr)s glassy sample is an excellent choice
for gamma shielding applications across various sectors. The
experimental attenuation data for the 2 mm thick sample
further confirms the potential of these pseudo-binary glass
ceramics for radiation shielding applications. However, to
attenuate the fast neutrons, Seos(AgCl)s composition is better
among all studied glassy compositions. Furthermore, the
comparison proves that these chalcogenide materials exhibit
superior radiation-shielding capability than other commercial
materials and glasses.

Nevertheless, the study is subject to certain limitations. The
experimental dataset was constrained by the limited availability
of sample material, restricting the breadth of energy levels
tested. Furthermore, due to the unavailability of high-energy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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gamma-ray experimental setups, validation at energies beyond
1.5 MeV relied solely on computational predictions. These
factors highlight the need for broader experimental access and
material scalability in future investigations. Future work will
focus on scaling up sample production to enable more extensive
experimental validation, particularly in high-energy photon
environments. Additionally, we plan to explore compositional
tuning and the fabrication of multilayered or hybrid shielding
architectures to optimize performance across a broader energy
spectrum. Integration with flexible or transparent matrices may
also be explored to extend applicability in wearable and struc-
tural shielding systems.
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