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Abstract:

This study presents an in-depth evaluation of gamma radiation shielding performance in a series of BLTC glass
systems modified with varying levels of BaF.. Key radiation interaction parameters—including the linear
attenuation coefficient, mass attenuation coefficient, half-value layer, mean free path, effective atomic number,
effective electron density, and buildup factors—were systematically analyzed over a broad range of photon
energies. The experimental results reveal that the attenuation properties follow an exponential decay, in
agreement with the Beer—Lambert law, while exhibiting notable enhancements near the K-absorption edges of
tellurium and barium. Comparative analyses indicate that a higher BaF: concentration, particularly in the BLTC-
40 composition, significantly improves photon absorption capabilities, outperforming both conventional
shielding glasses and concrete materials. These findings emphasize the importance of compositional optimization
for developing advanced materials with superior radiation protection performance.
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. Introduction

The continuous quest for effective radiation shielding materials has driven considerable research into
glass systems doped with heavy metal oxides. Gamma rays, with their high energy and penetrating power,
necessitate materials that can attenuate photon energy efficiently while maintaining desirable physical properties.
In this context, the BLTC glass series—with its variable incorporation of BaF.—offers a promising pathway for
tailoring shielding performance.

This work focuses on a comprehensive assessment of BLTC glasses by investigating key parameters
such as the linear attenuation coefficient (i), mass attenuation coefficient (u/p), half-value layer (HVL), and mean
free path (A). The study further examines the effective atomic number (Zer) and effective electron density (Ne)
to understand how changes in chemical composition influence photon interactions at various energies.
Additionally, buildup factors are evaluated to capture the complexity of secondary photon production under broad
beam conditions. By correlating these parameters with the material composition, particularly the increasing
presence of heavy elements like barium, the research aims to identify the optimal configuration for gamma
radiation shielding applications [1-3].

Il.  Experimental

Before synthesizing the glass samples, an extensive review of compositional systems was conducted to
identify materials with optimal radiation shielding potential. The selected glass series, formulated as xBaF- — (89-
X)Li2B4O7 — 10TeO2 — 1CuO (where x = 0, 10, 20, 30, and 40 mol%), was designed to integrate high-density and
radiation-attenuating components. The raw precursors—lithium tetraborate (Li2B4O>), tellurium dioxide (TeO-),
barium fluoride (BaF:), and copper oxide (CuO)—were procured from Sigma-Aldrich (purity >99%). Lithium
borate was chosen for its neutron moderation properties, while TeO: and BaF. were prioritized for their high
atomic number constituents to enhance photon absorption. CuO served as a stabilizer and modifier. The glasses
were synthesized via a conventional melt-quenching technique. Precise stoichiometric quantities of each reagent
were measured using a digital balance and homogenized by dry grinding in an agate mortar. The mixtures were
melted in platinum crucibles at 1050°C for 1 hour in an electric furnace to ensure bubble-free homogeneity. The
molten batches were rapidly quenched between preheated (100°C) stainless steel plates to form transparent
glasses, followed by annealing at 100°C for 2 hours to minimize internal stress. The final compositions (labeled
BFLBCuO-BFLBCu40) are detailed in Table 1.
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To systematically evaluate radiation shielding performance, the Phy-X/PSD computational tool was
employed across a broad energy spectrum (0.015-15 MeV). This software is widely recognized for its accuracy
in modeling photon interactions with shielding materials. Key parameters—including the mass attenuation
coefficient (MAC), linear attenuation coefficient (LAC), half-value layer (HVL), mean free path (MFP), and
effective atomic number (Z.ff)}—were calculated to quantify shielding efficiency. These metrics provide critical
insights into the glasses’ ability to attenuate gamma rays, with lower HVL and MFP values indicating superior
shielding capacity. The progressive substitution of Li.B4O7 with BaF: aimed to enhance density and high-Z Ba
content, directly correlating with improved photon absorption.

Glass code BaF, Li,B40O; TeO, CuO
BLTC-0 0 89 10 1
BLTC-10 10 79 10 1
BLTC-20 20 69 10 1
BLTC-30 30 59 10 1
BLTC-40 40 49 10 1
Table 1 Glass composition in mole % with glass code
I11.  Results And Discussions
LAC and MAC

The primary parameters evaluated were the linear attenuation coefficient (i) and the mass attenuation
coefficient (W/p), which measure the material's capacity to attenuate photon energy. The attenuation trends,
presented in Fig.1, demonstrate an overall decrease in both p and p/p values, following an exponential decay in
line with the Beer-Lambert law:

I=loe™ (1)

where g and I represent the initial and reduced photon intensities, respectively, p is the linear attenuation

coefficient, and t denotes the material thickness.
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Figure 1. Variation of LAC and MAC with photon energy.

The values of p and p/p continue to decrease consistently until a notable increase is observed around ~30
keV and ~40 keV. These increases can be linked to the photoelectric absorption (PA) effect, which is particularly
pronounced near the K-absorption edges of Tellurium (approximately 31.8 keV) and Barium (around 37.4 keV).
The rise in attenuation coefficients at these energies arises from the heightened probability of photon interactions
with K-electrons in Tellurium and Barium atoms. This pattern aligns with theoretical predictions, which suggest
that elements with higher atomic numbers exhibit significant photoelectric effects near their absorption edges.
Beyond 40 keV, the attenuation coefficients decline, indicating a shift where Compton scattering (CS) becomes
more prevalent than PA. This reduction is consistent with the inverse relationship between the PA cross-section
and photon energy, typically characterized by an exponent between 3 and 5.[4-9]

Half-Value Layer (HVL) and Mean Free Path (MFP)
The half-value layer (HVL), denoted as dis, is a critical parameter in assessing the shielding efficacy of
materials against photon radiation. It represents the thickness required to reduce the intensity of an incident photon
beam by 50%. Mathematically, di, is inversely related to the linear attenuation coefficient (AC), as shown in

Equation (2):
n2 n2
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where p is the linear attenuation coefficient, p is the material density, and p/p is the mass attenuation
coefficient. As photon energy increases, dis rises due to the reduced interaction cross-section of higher-energy
photons with matter. This relationship is evident in the results for BLTC glasses.

[ —~—BLTC0 |
204 —+— BLTC-10 g
900 +— BLTC-20 B
1631 + BLTC-30 . ._./
e 15— BLTC40 PRRTE Susg s ;;n.r"
4894 ~
JF oo
ems: I 000 Y B y /. .
E 104 ] 7
8156 5 "x
9787 < 3
1142 /
5
1305 i/;”'
r
0} -o—o-osomeme wosesimenn i
T T T -
0.01 0.1 1 10

Photon Energy (MeV)

Figure 2. Variation of HVL and MFP with photon energy.

As we can see from Fig. 2, HVL values are increased from BLTC-0 to BLTC-10 as we introduced BaF
into the glass matrix, and from BLTC-10 to BLTC-40 it decreases at every energy level. This may be due to the
increase in BO3 units as we introduced Barium into the glass matrix. The rise in BO3 units facilitates the photons
to pass through the material more easily, and a further increment of the BaF, content significantly influences
photon absorption due to its high atomic number, which enhances interaction probabilities. These trends illustrate
a clear dependency of di, on glass composition. Among the samples, BLTC-40 exhibited the lowest di,
establishing it as the most effective gamma radiation shield.

The mean free path (L) is another crucial parameter that describes the average distance photons travel
between successive interactions in a material. A shorter A indicates greater photon interaction and better shielding
performance. The relationship between A and p is given as:
=1/u (3)

For the BLTC glasses, A ranges from ~70 um to 18.5 cm as photon energy increases. The trend reflects
the increased interaction of higher-energy photons with the increment in the BaF; content in the glasses.
Comparative analyses reveal the superior shielding performance of BLTC-40. For instance, between the photon
energies of ~0.5 MeV, and ~5 MeV, BLTC-0 exhibited higher A values than the remaining glasses in the series,
this may be due to the absence of heavy metal ion (Ba) as Crompton scattering is the dominant mechanism of
radiation protection in this energy range. Compared to radiation shielding glasses like RS 253, RS 253 G18, RS
253 G19, and RS 360 [5]. Similarly, in comparisons with high photon-absorbing glasses (e.g., PBZH3, PBCN-
M4, S8, ZBP4, and BSNW4), the A values of BLTC -40 were consistently lower across a wide energy spectrum
(15 keV-15 MeV). Further comparisons with shielding concrete such as ordinary concrete, hematite-serpentine,
ilmenite-limonite, basalt-magnetite, steel-scrap, and steel-magnetite also demonstrated the superiority of BLTC -
40, as its A values remained lower throughout the energy range. Notably, the increased addition of BaF, improved
the photon absorption properties of glasses, reducing di» and A These trends underscore the importance of
optimizing glass composition to enhance shielding performance, particularly for high-energy photon applications
[10-12].

Zett and Ner

The effective atomic number (Ze) and effective electron density (Netr) are essential parameters for
understanding the interaction of gamma radiation with composite materials such as BLTC glass systems. These
parameters shown in Fig.3 provide critical insights into radiation shielding efficiency, photon absorption, and
dosimetric applications. Zes is a measure of the overall atomic number of a composite material, accounting for
contributions from its constituent elements. It is calculated using mass attenuation coefficients (/p) and weight
fractions of the elements present in the material. The Z¢ values for BLTC glasses exhibit variations across
different photon energies, following the general trend observed in other glass compositions used for radiation
shielding. The decline in Zes values is prominent within the 0.4-2 MeV range due to the dominance of Compton
scattering (CS), which is less dependent on the chemical composition. Beyond this range, Zes increases as the
photoelectric (PE) and pair production (PP) interactions become more significant at lower and higher energies,
respectively. If we observe throughout the glass series BLTC-0 has the highest Ze at all energy levels, which
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may be due to a higher refractive index, which suggests greater electronic polarizability, which can enhance the
probability of photon interactions within the material. Higher Zeff values correspond to improved photon
attenuation capabilities. In BLTC glasses, variations in Zes depend on the specific elemental composition, apart
from BLTC-0, with higher atomic weight elements increasing Zes, and thereby improving the gamma shielding
performance [13-16].
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Figure 3. Variation of Zett and Nest with photon energy.

Nett represents the number of electrons per unit mass available for photon interactions. It is directly
related to Zess and inversely proportional to average molecular weight. The relationship between Net and photon
energy shows a decline within the 0.4-2 MeV energy range due to the reduced influence of chemical composition
in CS interactions. At lower and higher photon energies, Nes increases, reflecting the enhanced contribution of
PE and PP interactions, respectively. The Nes values in BLTC glasses exhibit fluctuations across different
compositions, with materials containing higher atomic number elements demonstrating greater electron densities.
This results in more efficient photon absorption and improved radiation shielding properties [17-18].

Buildup factors

In radiation shielding applications, the accurate estimation of photon transmission characteristics is
essential, particularly in broad beam conditions where secondary photon buildup becomes significant. The
exposure buildup factor (EBF) and the energy-absorption buildup factor (EABF) are crucial parameters in
evaluating the shielding efficiency of any glass system. Under broad beam transmission conditions, incident
photons undergo multiple interactions within the glass, leading to the production of secondary photons. This
results in an increase in the photon transmission coefficient, thereby influencing the overall shielding
performance. The buildup factors for BLTC glasses, considering various thicknesses up to 40 mean free paths
(mfp) shown in Fig. 4. The results indicate that both EBF and EABF exhibit dependencies on photon energy,
penetration depth, and glass composition.
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Figure 1, Variation of EBF and EABF at different MFPs with photon energy.
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At lower photon energies, particularly around 30 keV, and 60keV, a high buildup factor is observed,
which can be attributed to the strong photoelectric absorption by elements such as Ba and Te. This absorption
leads to subsequent de-excitation processes, contributing to increased photon interactions within thicker glass
samples. As photon energy increases, Compton scattering becomes the dominant interaction mechanism, leading
to further increases in EBF and EABF values. This effect is particularly pronounced at intermediate photon
energies, around 0.8 MeV, where the probability of Compton scattering is at its peak. For BLTC glasses with
varying compositions, the presence of heavy element such as Ba plays a significant role in influencing the buildup
factors. The increase in EBF and EABF with BaF, content suggests enhanced photon interaction probabilities,
thereby contributing to greater photon retention within the shielding material. Additionally, at higher photon
energies, secondary photon production through processes such as electron-positron annihilation further amplifies
the buildup effect, especially at greater depths. Comparative analysis of EBF across different photon energy levels
reveals that at lower energies (0.015-0.15 MeV), the values remain relatively low, with EBF approaching unity
for specific glass compositions and depths. This behavior suggests that narrow beam transmission conditions are
sufficient at these energy levels. However, as photon energy increases beyond 1.5 MeV, the buildup factor
becomes more dependent on the effective atomic number (Zefr) of the glass, with Compton scattering playing a
dominant role [19-20].

Overall, the analysis of EBF and EABF for BLTC glass systems highlights the importance of glass
composition and thickness in determining shielding effectiveness. The findings underscore the necessity of
accounting for photon buildup effects in practical radiation shielding applications, ensuring accurate dosimetric
assessments and optimized material design.

IV.  Conclusions

The systematic investigation of the BLTC glass systems has revealed significant insights into their
gamma radiation shielding capabilities. The analysis confirmed that the attenuation of photon energy in these
materials adheres to the exponential decay described by the Beer—Lambert law, with marked deviations near the
K-absorption edges of tellurium and barium due to enhanced photoelectric absorption. Findings from the half-
value layer and mean free path assessments indicate that an increased BaF2 content, especially in the BLTC-40
composition, leads to superior photon attenuation performance. The study also demonstrates that both the
effective atomic number and electron density are strongly influenced by the material’s composition, thereby
affecting the interaction probabilities for incoming photons. Moreover, the buildup factor evaluations underscore
the importance of considering secondary photon effects, particularly at intermediate energies where Compton
scattering predominates. Overall, the optimized BLTC glass compositions, notably those enriched with BaFa,
emerge as highly effective candidates for gamma radiation shielding. Future work should extend these findings
by exploring further compositional variations and practical considerations to advance the development of robust,
multifunctional shielding materials for high-energy photon applications.
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