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ABSTRACT: This study investigates the properties of a ternary B2O3-TeO2-BaO glass system, prepared through the melt-quenched tech-
nique. The chemical formula used is

(
50− x

2

)
B2O3 +

(
50− x

2

)
TeO2 + xBaO, with x varying from 15 to 35mol.%. The research

explores how the gamma and neutron radiation shielding capabilities were analyzed. It finds that higher BaO content enhances gamma-
ray shielding but does not significantly affect neutron shielding. The glass sample BTB35 emerged as the optimized candidate among
the developed samples for gamma radiation shielding applications. Also, the obtained results for the MFP was compared to commercial
shielding glasses, and other measurements on glasses show the superiority of BTB35 as commercial transparent radiation shielding glass.

1. INTRODUCTION

Nuclear energy is important for global economic growth and
energy sustainability. Alongside renewable energy, it of-

fers a significant opportunity for reducing carbon emissions due
to its low-carbon nature [1–3]. However, The production of nu-
clear energy generates nuclear radiation, which can harm living
beings by causing skin burns, reducing white blood cell counts,
and increasing cancer risk [4–7]. Proper shieldingmaterials, of-
ten made of lead, can effectively reduce radiation exposure and
risks; however, the search for safer alternative materials is on-
going due to the hazards associatedwith lead in nature [8]. Con-
crete is a widespread material used for radiation shielding in
nuclear power plants because of its low permeability, fire resis-
tance, and ability to bemolded [9, 10]. Radiation shielding con-
crete (RSC) specifically is a heavyweight concrete used in fa-
cilities for creating protection domes and storing spent nuclear
fuel [11–13]. Research has focused on enhancing its shield-
ing effectiveness through compositional changes while main-
taining modest thickness [14, 15]. Concrete, despite being an
effective radiation barrier, has drawbacks, including losing wa-
ter content due to long-term exposure leading to internal ten-
sile stress and fractures, as well as being heavy, expensive, and
opaque. This has led scientists to investigate alternative ma-
terials [16]. Glass materials, compared to concrete and lead,
have numerous advantages such as transparency, economic ef-
ficiency, lightweight properties, ease of production, and non-
toxicity. They serve as promising alternatives for radiation
shielding as a result of their favorable chemical, physical, and
structural properties, particularly their effectiveness in attenuat-
ing electron and gamma-ray radiation [17]. Boric acid (B2O3)
is recognized as an excellent glass former that can be combined
with other materials like tellurite (TeO2) to create boro-tellurite
glasses [18, 19]. These glasses possess distinctive optical and
shielding properties, making them ideal for photonic applica-
tions. They can also be doped with rare-earth elements to en-
* Corresponding author: Samar M. Ibrahim (sma33@fayoum.edu.eg).

hance their luminescence [20, 21]. The incorporation of tel-
lurium enhances their shielding capabilities against gamma and
X-rays, benefiting various radiation-sensitive environments,
such as medical imaging and nuclear facilities [22]. Studies
have demonstrated that adding barium oxide (BaO) to boro-
tellurite glass systems greatly enhances their structural, phys-
ical, and radiation-shielding properties. BaO increases both re-
fractive index and density, improves flexibility, and increases
the effectiveness of radiation shielding through changing the
glass network. These characteristics make these glasses espe-
cially appropriate for applications involving high-performance
optical devices [23]. However, prior formulations often strug-
gled with efficiency against specific radiation types and faced
issues related to density, optical clarity, cost, and environmen-
tal impact [24, 25].
This research aims to explore the outcome of BaO on the ra-

diation shielding capabilities of a novel barium boro-tellurite
that presents a glass composition designed to address these
challenges. Five glass samples were fabricated with the compo-
sition

(
50− x

2

)
B2O3 +

(
50− x

2

)
TeO2 + xBaO varying BaO

content (x = 15, 20, 25, 30, and 35mol.%). These samples un-
derwent X-ray diffraction (XRD) analysis, and their radiation
shielding specifications were assessed theoretically.

2. MATERIAL AND METHODS
This section outlines the methods for glass preparation and the
formulas used to assess its radiation shielding characteristics.

2.1. The Fabrication of Glass Samples
Five glass test pieces were fabricated via the classic melt-
quenching approach as shown in Figure 1, labeled BTB15,
BTB20, BTB25, BTB30, and BTB35, with varying compo-
sitions (where x = 15, 20, 25, 30, and 35mol.%). The
batch was made with premium raw materials and analytical
reagents including H3BO2 (61.83 g/mol), TeO2 (159.58 g/mol),
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FIGURE 1. Glass manufacture by melt-qunching technique procedure.

TABLE 1. The mass content of each raw material in 15 gram glass samples based on Matlab code.

Glass Sample BTB15 BTB20 BTB25 BTB30 BTB35
BaO(OH)2.8H2O mass (g) 3.11 4.06 4.96 5.83 6.66

TeO2 mass (g) 4.28 3.94 3.62 3.31 3.00
H3BO2 mass (g) 7.61 7.00 6.42 5.85 5.34

and BaO(OH)2.8H2O. Every chemical, with purities exceed-
ing 99.9%, was obtained from DOP Company. MATLAB soft-
ware [26] was used to determine the glass batch composition,
which is shown in Table 1. Weighting, grinding, and prop-
erly combining 15 grams of these raw materials took about 15
minutes, using a pestle and mortar for blending in a porce-
lain crucible. After the materials were preheated to approx-
imately 650◦C, they were heated in (Magma Thermal high-
temperature electric furnace), where the temperature was am-
plified at 5◦C/min. Melting at 900◦C is for 60 minutes until the
melt became homogeneous, clear, and free of bubbles. Once the
melt was uniform, the molten glass was quickly cooled by pour-
ing it into a rectangle copper mold sized (1×0.5×0.3 cm) and
subsequently quenching it with a plate. As a result, the glass
samples became optically translucent. After three hours of an-
nealing at 450◦C in a muffle furnace, the glass samples were
permitted to reach ambient temperature for around 24 hours in
order to release internal stresses.

2.2. XRD Investigation
X-ray diffraction was employed to evaluate the produced sam-
ples’ glassy qualities. The tests employed Ni-filtered Kα-Cu
radiation λ = 1.541A

o
and were conducted across a 2θ range of

(5–60 degrees), with a scanning rate 8 degrees/minute.

2.3. Radiation Shielding Characteristics: Theoretical Back-
ground
The effectiveness of materials’ shielding is assessed using sim-
ulation method, enabling material composition adjustments be-
fore manufacture. Shielding parameters including effective fast
neutrons removal cross-section, mass attenuation coefficient,
and linear attenuation coefficient are estimated by using PHY-
x/PSD [27] and NGCAL [28] codes.
Density is an important physical parameter that must be cal-

culated to investigate radiation shielding characteristics. The
following equation was applied to compute the theoretical den-
sity of the produced glass specimens [29].

ρ =
100∑3
i=1

wi

ρi

(1)

where ρi denotes the density, and wi denotes the weight per-
centage of the ith oxide of the glass composition.
The radiation shielding characteristics of the fabricated glass

were investigated and theoretically assessed using Phy-X/PSD
software over a continuous energy of photon spectrum of 0.01–
15MeV. The following Lambert-Beer’s formula allows for the
calculation of the linear attenuation coefficient [30, 31].

µ = ln
(

I

I0

)
/d (2)

where I denotes the intensity of transmitted photons, and I0
denotes the intensity of incoming photon, whilst d is the glass’
thickness. The mass attenuation coefficient for any combi-
nation of materials may be computed using the formula be-
low [32]:

µm =
∑
i

wi

(
µ

ρ

)
i

=
∑
i

wi (µm)i (3)

The weight fraction denoted by wi and mass attenuation de-
noted by (µm)i of the ith ingredient. Radiation Protection Ef-
ficiency (RPE) measures how effectively a material or shield
minimizes radiation exposure. It is usually expressed as a per-
centage, calculated by [33]:

RPE =
Io − I

Io
∗ 100 = 100 ∗ (1− exp (µd)) (4)

This parameter gives a clear indication of the material’s abil-
ity to protect against radiation. A higher RPE indicates more
effective radiation shielding.
A key parameter for shielding is the mean free path (MFP)

which serves as the equivalent of the linear attenuation coef-
ficient. It describes how gamma rays interact with the glass
system and reflects the shielding efficiency of a material [34].

MFP =
1
µ

(5)

A key concept to define photon interactions with matter is ef-
fective atomic number (Zeff). However, for composite materi-
als the way that a material interacts with photons is unable to
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be accurately represented by a single atomic number. Instead, it
may be determined using Equation (6) provided below [35, 36].
Zeff is reliant on the chemical structure and photon energy of the
interacting glasses. A single value is unable to accurately rep-
resent the atomic number in each of the several energy zones.
So-called “effective atomic number” (Zeff) fluctuates with pho-
ton energy and is used to describe compounds or composite ma-
terials. It shows the corresponding atomic number of atoms in
a chemical combination or mixture that interact similarly with
photons [37]. The effective atomic number (Zeff) is an indica-
tor utilized to evaluate the productivity of a shielding substance
that contains many elements. A glass system with a greater Zeff
value thus appears t more efficient at attenuating the incoming
photons than the one with a smaller Zeff value. A larger value
of Zeff indicates that the material has more capacity to block the
incidence radiation [38].

Zeff =

∑
i fiAi(

µ
ρ )i∑

i
fiAi

Zi
(µρ )i

(6)

where (µ/ρ)i, Ai, Zi, and fi represent the mass attenuation
coefficient, atomic weight, the atomic number, and the number
of atoms of the ith ingredient oxide relative to the total number
of atoms in the composition, respectively.
Fast neutrons, with energies over 1MeV, pose significant ra-

diation risks due to their high kinetic energy and indirect ioniza-
tion. Shielding fast neutrons is difficult since they are neutral
and do not lose energy through direct ionization like charged
particles or gamma rays. The likelihood that a fast neutron
will slow down to thermal energy and be eliminated from the
fast neutron flux is indicated by a material’s effective removal
cross-section (

∑
R). This measurement helps estimate a ma-

terial’s ability to moderate neutrons and assists in designing
shielding configurations [39]. An approximate method exists
for computing fast neutron attenuation using

∑
R, though not

all interactions lead to removal, affecting its reliability [40, 41].
The effective removal cross-section is slightly changing, be-
tween 4 and 12MeV, making it useful in various experimen-
tal scenarios [42]. For compounds and homogeneous mixtures,
a particular equation below may be utilized to deduce macro-
scopic effective removal cross-sections, also known as linear
neutron attenuation coefficients (ΣR) [43]:∑

R =
∑
i

ρi

(∑
R

ρ

)
i

=
∑
i

ωiρ

(∑
R

ρ

)
i

(7)

In this context, ρ and (
∑

R
ρ )

i
denote the weight fraction and

density, while ωi is the weight percentage and ith the mass re-
moval cross-section of each component, correspondingly. The
following expression can be applied to evaluate the mass neu-

tron attenuation coefficient (
∑

R
ρ ) for a given element [40]:(∑

R

ρ

)
= 0.125Z−0.565forZ > 8 (8)

(∑
R

ρ

)
= 0.19Z−0.743forZ ≤ 8 (9)

It is important to point out that lighter elements have a greater
impact on the overall removal cross-section than heavier com-
ponents. Therefore, as the weight fraction of light elements
rises, their contribution to the effective removal cross-section
also rises, and the opposite is true for heavier elements. The
NGCAL algorithm [28] was implemented to assess the ef-
fective removal cross-section at 0.025MeV for thermal neu-
trons and at 4MeV for fast neutrons. In addition, the Phy-
X/PSD algorithm [27] was utilized to evaluate the effective re-
moval cross-section for fast neutrons ranging from 1.0MeV to
4.0MeV. For fast neutrons with very high energies (E), we ap-
plied Equations (7) to (9) in our calculations.

3. RESULTS AND DISCUSSION
The following section will present the results and their corre-
sponding interpretations.

3.1. X-Ray Diffraction Spectra
Figure 2 depicts patterns of (XRD) X-ray diffraction of Bar-
ium boro-tellurite glass with different contents of barium oxide.
This figure affirms the amorphous (glassy) type of the glass, as
revealed by the lack of sharp peaks that would indicate a crys-
talline structure. The absence of crystalline peaks suggests that
all of the barium oxide has been fully incorporated into the glass
matrix. Each glass sample displays two humps. The wide ha-
los are visible between 25◦ and 30◦. Additionally, all samples
exhibit a very faint second halo in the range of 41◦ to 48◦, in-
dicating that the glass is only marginally phase-separated. Sub-
tle features like slight undulations or moderate broadening may
indicate residual stress or the onset of microcrystallinity, but
these interpretations should be made cautiously and supported
by further research.

3.2. Gamma-Ray Radiation Shielding Characteristics
The density variation (ρ) with raising of BaO content is illus-
trated in Figure 3. As the concentration of BaO increases, the
levels of B2O3 and TeO2 oxides decrease, resulting in a density
rise from 4 4.299 to 4.620 g/cm3. Replacing B2O3 (Density:
2.46 g/cm3, MW: 69.62 g/mol) with BaO (Density: 5.72 g/cm3,
MW: 153.33 g/mol) increased the glasses’ density [44].
The fundamental shielding characteristics were obtained by

Phy-X/PSD algorithm, which covers the photon energy spec-
trum from 0.015 to 15MeV. These characteristics are the ef-
fective atomic number (Zeff), linear attenuation coefficient
(LAC), mean free path (MFP), and mass attenuation coefficient
(µm). The linear attenuation coefficient (LAC) values for the(
50− x

2
)
B2O3+

(
50− x

2
)
TeO2+xBaO glass system, where

x = 15, 20, 25, 30, and 35mol.%, are plotted against the in-
coming photon energy in Figure 4(a). The changes of linear
attenuation coefficient values of all glass compositions follow
a similar pattern increasing the incoming photon energy, and
the linear attenuation values show an exponential decrease. It
is clear that all samples’ linear attenuation values are clearly at
their maximum at low energy 0.015MeV. Figure 4(b) illustrates
the deviation of the linear attenuation coefficient µ over en-
ergy band from 0.015 to 0.08MeV, where the photoelectric ef-
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FIGURE 2. The fabricated glass samples’ XRD patterns. FIGURE 3. The glass density as a function of BaO concentration (%).

(a) (b)

FIGURE 4. Relation between the linear attenuation coefficient for the synthesized glass (a) over the energy of photon band (15KeV–15MeV) (b)
over the photon energy band (15KeV–100KeV).

fect is predominant, and µ decreases linearly with raising pho-
ton energy. Linear attenuation µ exhibits sharp peaks in en-
ergies 0.032 and 0.04MeV. The presence of these two peaks
are probably linked to the K-edge absorption energies of Te
(0.0318MeV) and Ba (0.0374MeV), respectively. Figure 4(b)
clearly shows that the K-absorption edge peak of Te appears
obviously in the BTB15 sample, while the k-absorption edge
peak of Ba appears obviously as the content of BaO rises.
For every glass sample investigated, the mass attenuation co-

efficient exhibits a consistent pattern as shown in Figure 5, and
as the energy increases, the mass attenuation coefficient (MAC)
values show an exponential decrease. This suggests that when
being exposed to low energy radiation, the BTBX-glass com-
posites function as effective shields. However, the photons’
ability to attenuate grows weaker as energy rises.

Figure 6 depicts the impact of changing the BaO content
(%) on the mean free path (MFP) at various energy lines. As
demonstrated, theMFP increaseswith increasing energy but de-
creases with increasing BaO content. It can be shown that the
BTB35 glass sample has the minimum values of MFP. Glass
substances’ capability to withstand radiation from gamma ions
may also be explained through the MFP. A glass barrier that
has the best protective capabilities is one with a smaller MFP
value. In this context, it is evident that sample BTB35 has su-
perior shielding properties.
The computed Zeff values vs. energy of photon for(

50−x
2
)
B2O3 +

(
50−x

2
)
TeO2+xBaO glass system have

been graphed in Figure 7. According to the findings, all glass
samples show peak magnitudes at low energy (approximately
0.04MeV). The comparable patterns in the µ and Zeff spectra
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FIGURE 5. Mass attenuation coefficient for TeO2-B2O3-BaO glass. FIGURE 6. Variation of the mean free path (MFP) with BaO content over
various energies.

FIGURE 7. The relationship between the photon’s energy and effective
atomic number (Zeff) for each sample.

suggest that the relative value of Zeff could serve as a valuable
indicator of the glasses’ ability to shield against photons. The
Zeff values of the fabricated glass samples seem to rise when
B2O3, and TeO2 are replaced with BaO, while they decline as
the photon energy increases. This demonstrated that materials
with higher Zeff values have a greater weight proportion of
high Barium atomic number. The higher weight percentage of
BaO and the ensuing high density appear to be the reason of
BTB35’s high effective atomic number.
Finally, Figure 8 represents how the BaO concentration

affects the radiation protection effectiveness (RPE). In Fig-
ure 8(a), it is shown that the RPE of our glass samples sharply
declines with increasing incident radiation energy, suggesting
that they are best suited to defend against low-energy radiation.
Overall, RPE curves flatten and decline slowly as the incoming

TABLE 2. Comparison of mean free path of the prepared glass samples
vs. commercial and conventional concrete and glass at 662 keV.

Material classification MFP (cm) Reference
BTB35 2.839 This work

Ordinary concrete 5.5957 [26]
Hematite-serpentine concrete(Schott) 5.2219 [45]

Ilmenite-Limonite Concrete 4.6038 [46]
Basalt-Magnetite Concrete 4.2971 [47]

Ilmenite Concrete 3.8248 [47]
Steel-Scrap Concrete 3.3467 [48]

Steel-Magnetite Concrete 2.6481 [45]
RS 253 glass (Schott) 5.263 [49]

RS 253 G18 glass (Schott) 5.263 [49]
RS 323 G19 Glass (Schott) 3.571 [49]
RS 360 Glass (Schott) 3.125 [49]

radiation energy passes approximately 4MeV, suggesting that
shielding gets less sensitive to additional energy increases. In
Figure 8(b), it is shown that radiation protection efficiency in-
creases with increasing the content of BaO. Again, it is obvious
that sample BTB35 has the highest value of RPE out of all the
fabricated glass samples, which contains 35mol.% BaO and is
the most efficient gamma ray absorber.
Table 2 and Figure 9 present the mean free path (MFP) mag-

nitudes at 0.662MeV to evaluate the radiation efficiency of
BTB35 in relation to other conventional shielding materials.
When BTB35, the best attenuator among the glass samples
under study was compared to regular concrete, RS 323 G19
Glass (Schott), hematite-serpentine concrete (Schott), ilmenite-
limonite concrete, basalt-magnetite concrete, ilmenite concrete,
steel-magnetite concrete, RS 253 glass (Schott), steel-scrap
concrete, RS 253G18 glass (Schott), and RS 360 glass (Schott),
and the MFP was found to be the lowest. This suggests that
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(a) (b)

FIGURE 8. Variation of the Radiation Protection Efficiency (RPE) with Ba content (a) at energy range (0.01–15MeV) and (b) at various energy lines.

FIGURE 9. MFP comparison of the investigated glass vs. other types
of shielding materials.

compared to other materials used in nuclear engineering, the
glass under consideration, with the highest concentration of
BaO, is a better choice for radiation shielding. Steel-Magnetite
Concrete is still superior to our sample, nevertheless.
Also, the gamma radiation shielding effectiveness of the

BTB35 sample has been contrasted with various previous glass
shields based on their MFPs, which are graphed in Figure 10
and shown in Table 3. The comparison involved photons source
energy is 662 keV. The figure indicates that BTB35 outper-
forms several other glass shieldingmaterials, includingBTBCr-
4, BTZ5, MASLN4, ZBP4, TPZBF-9, TCBC5, BPNC6, and
BTBa3. Notably, the MFP of BTB35 is significantly less than
that of all the other selected glass samples, except for the un-
safe lead-based glasses (BPNC6 and TPZBF-9). Additionally,
its MFP is nearly identical to that of the BTBa3 glass.

FIGURE 10. MFP comparison of the investigated glass vs. other types
of shielding materials.

To ensure safety in nuclear and medical applications, it is
crucial to understand how fast neutrons are attenuated. This
study investigates fast neutron attenuation by determining the
effective thermal/fast neutron removal cross-section. Figure 11
summarizes the thermal neutron (0.0254 eV) and fast neutron
(4.0MeV) removal cross-sections calculated using the NGCAL
code [28], as well as the effective fast neutron (1.0MeV <
E < 4.0MeV) removal cross-sections determined using the
phys-X/PSD code [27] for various BaO contents. The observed
drop in neutron attenuation that occurs when the amount of BaO
in boro-tellurite glass increases is probably caused by the dis-
placement of other elements that are better at attenuating neu-
trons, such as boron. Neutron interaction possibilities for the
relevant energy range may also not be improved by small vari-
ations in the density and composition of the glass. In contrast to
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FIGURE 11. Variation of the removal cross-section of thermal neutrons,
fast neutrons, and fast neutrons with the BaO content.

specific shielding substances, barium and oxygen are not very
effective neutron attenuator. A prior report [24] has revealed a
comparable outcome.

4. CONCLUSION
Five glass samples with varying BaO content (x = 15, 20,
25, 30, and 35mol.%) were synthesized using the classic
melt-quench approach. This research analyzed the radiation-
shielding capabilities of the glasses. The findings are summa-
rized as follows. The X-ray diffraction data exhibited a typ-
ical amorphous diffraction pattern with broad, diffuse haloes,
confirming the glassy nature of the synthesized materials. The
results indicate that increasing BaO content increases the den-
sity which enhances the effectiveness of gamma-ray radia-
tion shielding. However, increasing the BaO content did not
improve the removal cross-section for fast neutrons, indicat-
ing a limitation in neutron shielding efficiency. Notably, the
glass sample BTB35 demonstrated superior performance in γ-
radiation shielding applications. It was confirmed by compar-
ing BTB35 results with other commercial materials. The great-
est concentration BTB35 had the lowest mean free path, and
higher mass attenuation coefficient. This glass sample yields
results that are even superior to those of commercial radiation
shielding glasses and regular concrete. It suggests that this glass
has superior shielding properties and is more effective in atten-
uating the 662 keV gamma ray.
The practical use of BTB35 glass, while offering excellent

gamma radiation shielding enhanced by BaO and transparency
feature for areas like radio-pharmacy and hot labs, necessitates
a balanced assessment of its drawbacks. The high cost due to
expensive rawmaterials and the ongoing study of long-term en-
vironmental consequences must be weighed against its shield-
ing benefits and transparency. A comprehensive evaluation of
durability, cost-effectiveness, and environmental impact is es-
sential to determine its appropriate applications.

TABLE 3. Prepared glasses’ mean free path and other previous glass
publications at 662 keV.

Type of material MFP (cm) Reference
BTB35 2.839 This work
BTBCr-4 3.758 [50]
BTZ5 4.05 [26]

MASLN4 4.905 [51]
ZBP4 3.479 [52]

TPZBF-9 2.012 [25]
BLZB5 3.3467 [53]
TCBC5 3.765 [54]
BPNC6 1.747 [44]
BTBa3 2.893 [49]
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