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In various medical, industrial, and nuclear facilities, it is very necessary to have enough
shielding against the radiation released by regularly employed isotopes. In this work, we
concentrate on nuclear security as well as the radiation shielding against gamma atten-
uation capabilities of the borate glasses, including Te and Cu. These glasses have the
chemical form of (100-x)[30B,03—70Te0,]-xCu0O, where x = 0, 0.005, 0.01, 0.015, 0.02 wt%.
The systems were represented by five distinct samples, labelled as BTCu-20, BTCu-15,
BTCu-10, BTCu-5, and BTCu-0, where the number refers to the percentage of CuO in the
mixture and the remainder is made up of TeO, and B,03;. Through the use of FLUKA
simulations, the basic characteristics associated with gamma shieldings, such as attenu-
ation and transmission factors, were examined for the particular energy range of 238
—1408 MeV emitted from ***Ba, '¥Cs, ¢°Co, *?Eu, and ?*?Th. The effect of the systematic
replacement of CuO by B,0; and TeO, on the shielding qualities was explored in depth for
gamma radiation. In addition, comparison research was carried out between the currently
available borate glasses and the traditional shielding materials. According to the findings of
the current investigation, the Gyy; was found to be its lowest at 238 keV with values of 0.87,
0.92, 0.98, 1.04, and 1.10 (cm) for BTCu-0, BTCu-5, BTCu-10, BTCu-15, and BTCu-20 glasses,
respectively. This points to the possibility that the BTCu-0 sample might be used in radi-
ation shielding applications, which would result in increased nuclear safety.

* Corresponding author. Physics Department, College of Science, Jouf University, P.O. Box: 2014, Sakaka, Saudi Arabia.

** Corresponding author. INPOLDE Research Center, Department of Chemistry, Physics and Environment, Faculty of Sciences and
Environment, Dunarea de Jos University of Galati, Romania.

*+% Corresponding author. Department of Physics, Faculty of Science, University of Tabuk, Tabuk, Saudi Arabia.

##k% Corresponding author. Physics Department, Faculty of Science, Al-Azhar University, Assiut, 71452, Egypt.

E-mail addresses: Mauosif@ju.edu.sa (M.A.M. Uosif), shams_issa@yahoo.com (S.A.M. Issa), antoaneta.ene@ugal.ro (A. Ene), h.m.

zakaly@gmail.com (H.M.H. Zakaly).

1 The work of the author AE and APC was covered by “Dunarea de Jos” University of Galati, Romania.
https://doi.org/10.1016/j.jmrt.2023.06.107
2238-7854/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http:/
creativecommons.org/licenses/by/4.0/).


mailto:Mauosif@ju.edu.sa
mailto:shams_issa@yahoo.com
mailto:antoaneta.ene@ugal.ro
mailto:h.m.zakaly@gmail.com
mailto:h.m.zakaly@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.06.107&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.06.107
https://doi.org/10.1016/j.jmrt.2023.06.107
https://doi.org/10.1016/j.jmrt.2023.06.107
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:2088—-2096

2089

© 2023 The Authors.

Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

As the state of current technology continues to improve, an
increasing number of applications are beginning to make use
of radiation to broaden and simplify how the sector func-
tions. Radiation is necessary for X-ray imaging and cancer
treatment in the medical area. Radiation is also used in other
industries, such as agriculture, to improve the quality of food
production. The usefulness of radiation is only going to in-
crease as more and more uses are discovered for it. On the
other hand, in order to reap these advantages, one must al-
ways exercise extreme caution while working with radiation
[1-3]. Ionizing radiation, which has enough energy to inflict
long-term damage to living tissue, is one example of radia-
tion that, if not properly dealt with, may be exceedingly
damaging. Placing a substance between the source of the
radiation and the human body is one of the most popular and
effective ways to shield humans from the harmful effects of
radiation. Radiation shields are the name given to these types
of materials, and over the last few decades, a significant
amount of research has been carried out to make radiation
shields as effective as possible for the purposes for which
they were designed [4—12]. Depending on the kind of radia-
tion that has to be shielded, the energy level of the radiation,
the object that needs to be protected, and any other external
considerations that need to be taken into consideration, ra-
diation shields may take on a wide variety of shapes and
sizes [13,14].

There are several varieties of glass, each distinct according
to the characteristics of the glass forming. B,03 is one of the
most widely used glass formers because borate glasses have a
diverse range of uses, including radiation shielding and opti-
cal glasses. B,05 is one of the most widely used glass formers
[15,16]. B,O3 glasses are highly sought after due to the fact that
they have a low melting point, a high level of transparency, a
cheap cost, a high level of thermal stability, an easy produc-
tion process, and a high level of solubility. In addition, incor-
porating various glass modifiers and intermediates cause the
coordination number of boron to rise from three to four. This
results in an increase in the connectedness and stiffness of
the glass system, which produces structurally more robust
glass. As various oxides are incorporated into the glass, not
only may the composition of the glass itself change, but so can
some of its other qualities.

In order to be used successfully and efficiently in the
application of interest, the vast majority of radiation tech-
nologies call on a diverse set of material qualities. Histori-
cally, silica glasses were considered a viable option due to
their availability, ease of manufacturing, resistance to
corrosion, thermal and mechanical stability, and optical
clarity [17]. As the technology for radiation shielding con-
tinues to advance, new aspects of the material, including

optical transparency, increased stiffness, and high density,
have been the focal areas of focus for researchers [18]. TeO, is
a fantastic option that is superior to P,0s, SiO,, and other
glass-forming oxides in this respect [19—-22]. Because of its
remarkable properties, tellurite glasses are increasingly used
in optical technologies [23]. To increase the effectiveness of
other glass-forming and modifying oxides in terms of their
optical, physical, shielding, and mechanical characteristics,
TeO, is often combined with other oxides. When used in
glass compositions specifically incorporating TeO,, B,O3 has
outstanding glass-forming ability, optical transparency,
thermal stability, hardness, and rare earth solubility.
Compared to the other oxides, it has the highest hardness
[24]. The copper present in glasses may be found in the form
of free copper atoms, Cu®* ions, or cu® ions [25]. Since CuO
plays a modifiable function in glass systems, it is able to
enhance the physical, optical, and other qualities of glasses,
which may then be taken into account in a variety of
different technological applications [26,27].

Glasses containing heavy metal oxides have been devel-
oped recently as an alternative shield material with good
features brought about by their transparency, lightweight,
portability, good radiation absorbing ability, and ease of
fabrication in various techniques. This was done to overcome
the disadvantages of opaque and conventional materials [28].
Since this, a study on a novel system based on borotellurite
glass that has been doped with copper oxide has been initi-
ated since no researchers have yet conducted an inquiry into
the radiation-shielding qualities of this material. This inves-
tigation has used a mixture of copper oxide and tellurium
oxide to assess the usefulness of the aforementioned ele-
ments in the aforementioned applications. This research
aimed to examine the radiation shielding capacity of TeO,.
—B,05—CuO glasses at different energies to better understand
the radiation shielding ability of many additions of CuO.

2. Materials and methods
For the purpose of this study, five glass specimens from a

series were chosen because they exhibited the weight-
percentage formula TeO,—B,03—CuO. (Table 1). Umar [27]

Table 1 — Elemental compositions and density of all
glasses.

Sample Code Weight fraction (wt%) p (g/cm?)
TeO, B,053 CuO

BTCu-0 0.700 0.300 0.000 4.370

BTCu-5 0.697 0.299 0.005 4.100

BTCu-10 0.693 0.297 0.010 3.710

BTCu-15 0.690 0.296 0.015 3.640

BTCu-20 0.686 0.294 0.020 3.500



http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jmrt.2023.06.107
https://doi.org/10.1016/j.jmrt.2023.06.107

2090

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:2088-2096

X Delete ¢

- @volume

k= Export

@ Region
A A < Transform

L\y orbit O,

5hd

vI e

{HLock
S Freezew

© @Movie  Visibility» (3 wireframe v | (& Refresh

@

Geometry

42 <untitied> ¥| @ material {2)Expand
& Layer~ B8 Layout~ < rotien § Cleanup §) Transparency~

|-/Synchronize 28 Lattice  #ibJoir

-

v

PFEEQWRJ

Type Name
SPH Bl &>
SPH B2
RCC BCR
RCC BCL
RCC BR

RCC BL ] i

RPP Bb
RCC BD
SPH BS
REGION R1
REGION Rva
REGION RBR
REGION RBL
REGION RBB

E TR Tt S T TR NSRS i 00 N J00 0~ T

12 4 £ 0 (=) b 2 0 2 5 S el 7l

REGION

AL

A Properties
name RB
comment Sample
material

zone0l  +Bb
+zone

Fig. 1 — Utilizing FLUKA Monte carlo simulation to calculate attenuation parameters.

has recently synthesized the specified glasses, and they have
documented the structural and optical characteristics of these
samples. Employing the FLUKA modelling [29-33], we inten-
ded to investigate these glasses' radiation shielding properties
during this study (Fig. 1). The linear attenuation coefficient,
often known as the Gpac, is the fundamental radiation
shielding parameter. This coefficient is determined for every
material by the Lambert-Beer law, which is as follows:

I =I,e Cracx

We can obtain the mass attenuation coefficient (Gyac) for
any given medium by using the Gpac, which is then stated
using the mixing rule:

. (%)
: P/

The relative difference (A, %) between Gyac results ob-
tained using the FLUKA code and those obtained via XCOM
has been calculated using the following formula:

It is possible to provide both the half-value layer (Gyy1) and
the mean free path (Gup) [34]:

_Ln(2)
GHVL - GLAC
1
GMFP =
LAC
3. Results and discussion

Within the framework of the narrow beam geometry tech-
nique, the measuring procedure makes use of gamma rays

originating from %*2Th (238 and 911 keV), *>?Eu (444, 778, 1086,
and 1408 keV), *3Ba (356 keV), **"Cs (662 keV), °Co (1173 and
1333), and. After calculating the linear attenuation coefficient
(GLac) by first measuring the intensities of the gamma rays
that were incident (I,) and transmitted (I), the final value was
used to calculate the mass attenuation coefficient (Gyac). To
get the values of the Gpac, one must first calculate the slope of
the linear graph that plots Ln(I/I;) against the sample thick-
ness. Fig. 2 depicts the relationship between Ln(l/I,) and the
sample thickness for all glasses measured at 662 keV. The
patterns are nearly identical for all photon energies. As can be
seen in Fig. 2, the average slope of the graph increases when

Glass Thickness (cm)
0.4 0.6 0.8 1.0 1.2 1.4

-0.10

662 keV
-0.15
-0.20
>
= -0.25
c
|
-0.30
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& BTCus5
.0.35 F A BTCu-10
g BTCu-15
BTCu-20
Linear fit
-0.40 L

Fig. 2 — Ln(l/I) against glass thickness for all glasses at
662 keV.
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more TeO, and B,0; are added to the mixture. The slope of the
graph becomes more from 0.632 to 0.797 cm ' at 238 keV, from
0.422 to 0.533 cm ™' at 356 keV, from 0.339 to 0.428 cm " at
444 keV, from 0.227 to 0.287 cm ™! at 662 keV, from 0.193 to
0.244 at 778 keV, from 0.165 to 0.208 cm ™~ * at 911, from 0.138 to
0.175 cm™" at 1086 keV, from 0.128 t0 0.162 cm™ " at 1173 keV,
from 0.113 to 0.142 cm™ ! at 1332 keV, and from 0.107 to
0.135 cm ! at 1408 keV for BTCu-20, BTCu-15, BTCu-10, BTCu-
5, and BTCu-0 samples, respectively. In this specific set of
glasses, the glass with the highest TeO, content (BTCu-0) had
the biggest gradient, which may be interpreted as having the
highest GLAC values compared to the other glasses in the set.
Consider that the Z of Te is 52, which is a value much more
than the number for Cu (20). If a significant atomic number of
Te is introduced to the structure of the glass, the interaction
between gamma-ray photons and the atoms of Te will become
more powerful. A larger quantity of photon energy must be
absorbed before an electron can be released from a Te atom.
This is because the higher the atomic number, the more
complex the atom is. It's possible that the electron was ejected
due to either the photoelectric effect or the Compton scat-
tering, but it was not both. The quantity of gamma rays that
are able to pass through the glass is less whenever there is a
larger degree of interaction between the gamma rays and the
target atom (Te). This directly contributed to the increase in
the Gpac that occurred [35]. The increase in the value of the
Grac was also aided by the fact that the glass modifier was
increased. This was still another factor. Incorporating a high
modifier into the glass system (TeO, with a density of
6.04 g m~3) is thought to be one way to reduce the porosity of
the glass while simultaneously producing high glass. This
theory is based on the fact that high modifiers tend to have
larger surface areas than low modifiers. Glass will have a
stronger attenuation than other materials since it has a lower
porosity than other materials, which means there is a greater
likelihood that gamma rays will interact with the atoms in
glass [36].

Fig. 3 depicts the relationship between Ln(l/I,) and the
sample thickness for BTCu-0 glass measured at 238, 356, 444,
662, 778, 911, 1086, 1173, 1332, and 1408 keV. The patterns are

Glass thickness (cm)

0.4 0.6 0.8 1.0 1.2
0.0 T T T T T

E (keV) - ®
-H-238 ~
-@-356 u \0
-A-444
-0.6 | -wy-662
-O-778 u

—d-9m \

- 1086 L
-@-1173
0.8 F —K-1332
-®- 1408

Ln(i,)

Fig. 3 — Ln(l/I) against glass thickness for BTCu-0 glass
sample at studied photon energy.

nearly identical for BTCu-20, BTCu-15, BTCu-10, BTCu-5, and
BTCu-0 glasses. As can be seen in Fig. 3, the average slope of
the graph decreases when the photon energy increases from
238 to 1408 keV (Table 2). This indicates that when the energy
is increased, the Gpac values for particular glasses will fall.
According to the findings, the Gpac values reached their
maximum at 238 keV and their minimum at 1408 keV.

Grac values for samples of BTCu-20, BTCu-15, BTCu-10,
BTCu-5, and BTCu-0 are shown in Fig. 4 at energies of 238,
356, 444, 662, 778, 911, 1086, 1173, 1332, and 1408 keV respec-
tively. If you look at the graph in Fig. 4, you'll observe that the
Grac values grow higher when the concentration of TeO, gets
increasing. This is a fact that may be seen for oneself. The
BTCu-0 glass system has the highest Gpac values of any other
glass system. As was to be expected, the maximum Gpac was
brought about by the presence of TeO, in the glass system at
its highest possible concentration. The higher the Gyac values,
the more effective a given material is in reducing the number
of photons exposed. At the energies that were explored, it was
discovered that increasing the quantity of TeO, in the glass
samples led to an increase in the Gpac. This was the result of
what was discovered in the energies that were researched.
The reason for this is that the presence of TeO, enhances both
the effective atomic numbers of the elements and the density
of the elements. As compared to other glasses, BTCu-0 glass,
which had a TeO, content of 70 wt percent, had the maximum
density, and hence, it had the highest Gpac value. Research
demonstrated that the BTCu-0 glass has the highest possible
amount of photon interaction at the provided energy level.
This interaction could take occur as a consequence of the
photoelectric effect (PE), the Compton scattering (CS), or the
production of pairs (PP). Irradiation of glass material by
gamma-ray photons may generally be broken down into four
distinct categories, depending on the specific circumstances:
Photons interact with the glass through CS and pass through
the glass. Atoms interact with photons through CS multiple
times before being absorbed by PE [37]. (a) Photons pass
through the glass without causing any interaction. (b) Photons
are absorbed directly into the atoms that make up the struc-
ture of the glass through PE. (c) Photons interact with the glass
through CS and pass through the glass. (d) Atoms interact with
photons through CS for multiple. Fig. 5 presents the relative
differences between the mass attenuation coefficient (GMAC)
obtained using FLUKA simulation and that obtained by XCOM
[38]. This figure shows that the A values are between 6 and
-6%.

In addition, the effectiveness of gamma shielding may be
discussed in terms of the half-value layer (Ggvy) and the mean
free path (Gurp). A material with a lower value of both the Gy,
and Gurp might be used to generate a better shielding mate-
rial. This could be the case. The average distance travelled by a
photon between two successive contacts is referred to as the
Gumrp- The Gy, refers to the thickness of the material that is
necessary to absorb fifty percent of the incoming radiation,
and the Gypp is the average distance that the photon must
travel. The values of the Gy and Gypp are shown in a scatter
plot in each of Figs. 6 and 7, respectively. These plots are
provided in the figures. There is a perceptible shift in both the
Guvi and Gyrp values of glasses after TeO, has been added.
This change may be seen. Both the Guy. and Gyrp values
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Table 2 — The average slope of studied glasses at selected photon energy in keV.

Sample code 238 356 444 662 778 911 1086 1173 1332 1408
BTCu-0 0.797 0.533 0.428 0.287 0.244 0.208 0.175 0.162 0.142 0.135
BTCu-5 0.756 0.506 0.406 0.272 0.231 0.198 0.166 0.153 0.135 0.128
BTCu-10 0.706 0.472 0.379 0.254 0.216 0.184 0.155 0.143 0.126 0.119
BTCu-15 0.665 0.445 0.357 0.239 0.203 0.174 0.146 0.135 0.119 0.112
BTCu-20 0.632 0.422 0.339 0.227 0.193 0.165 0.138 0.128 0.113 0.107
0.8 H m238keV W 356 keV 444 keV 662 keV
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Fig. 4 — Linear attenuation coefficient (G.ac) against photon
energy for glass samples.
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Fig. 5 — The relative difference (A, %) between Gyac results
the obtained using FLUKA code and that obtained via
XCOM.

dropped as the mole percentage of TeO, reached its maximum
amount. This was the case for both values. The growing trend
of Guyr. and Gygp values for glasses may be attributed to the
increase in the density of glasses. This is because the density
of glasses increases as their volume increases. The values of
each parameter are seen to be dropping in this manner. Ac-
cording to the current research findings, the GHVL and GMFP

Fig. 6 — Half value layer (Gyv.) against glass composition at

studied photon energy.

BTCu-15 BTCu-20
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1.

0.5
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m911 keV
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[ T

Fig. 7 — Mean free path (Gurp) against glass composition at
studied photon energy.

values of BTCu-0 glass come in at the bottom of the pack
compared to those of other glasses. The Gyyy values for the
BTCu-0 sample are as follows: 0.87, 1.30, 1.62, 2.42, 2.84, 3.33,
3.97, 4.28, 4.86, and 5.14 cm, respectively, when measured at
238, 356, 444, 662, 778, 911, 1086, 1173, 1332, and 1408 keV,
respectively. The Gygp values for the BTCu-0 sample are as
follows: 1.25, 1.88, 2.34, 3.49, 4.10, 4.80, 5.72, 6.18, 7.02, and
7.42 cm when the sample is irradiated with 238, 356, 444, 662,
778, 911, 1086, 1173, 1332, and 1408 keV, respectively. This
reveals that BTCu-O glass is better than other forms of
shielding glass in terms of its capability to minimize the
number of photons generated by gamma rays and its overall
efficacy. In view of the fact that the BTCu-0 has the lowest
Gyt value of the glasses that were tested, it is compared with
a number of commonly used gamma shielding glasses, con-
cretes, and polymers, as shown in Fig. 8(a—c) at 356, 662, 1173,
and 1333 keV. The Guyi, value of the BTCu-0 glass has been
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shown to have a lower value than the Gyy; values of the
various kinds of glass materials, concretes, and polymers that
are shown in this figure. It indicates that this particular glass
sample has a higher capacity for absorption than S1 [39], S2
[40], PCNKB7.5 [41], Pb20 [42], PbG [43], S5 [44], (OC, HSG, ILC,
BMC, IC) concretes [45], and PbCl2(20%) [46], 20% BaZrO3 [47],
NPW20 [48], and Nb(15%) [49]. It has been shown that the glass
that was generated as a result of the ongoing study is more
effective than other glasses, concretes, and polymers when
subjected to a certain photon energy. When these data are
considered, it is feasible to conclude that BTCu-0 might be an
alternative worth considering for use as a radiation shielding
material.
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Fig. 9 — Radiation protection efficiency (Gger) against glass
thickness for all glasses at 238 keV.
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Fig. 10 — Radiation protection efficiency (Greg) for BTCu-0 glass
sample at studied photon energy.

The gamma radiation protection efficiency, also known as
Grpr, is another key indicator that shows how effectively the
glass absorbs photons. The GRPE values for the BTCu-20,
BTCu-15, BTCu-10, BTCu-5, and BTCu-0 samples are shown
in Fig. 9 for the following energies: 238, 356, 444, 662, 778, 911,
1086, 1173, 1332, and 1408 keV. As can be observed in this
figure, the Ggpg values for glasses go up as the glass layer
thickness and concentration go up, but they go down when
the photon energy goes up (Fig. 10).

Based on our study of TeO,—B,05—CuO glass systems, we
found that these materials demonstrate promising properties
for radiation shielding, with variations in their efficiency
depending on the concentration of CuO. These findings have
significant practical implications. For example, glass systems
could be used to construct safe storage for radioactive waste,
where it is vital to shield the surrounding environment from
emitted radiation. Similarly, they could be integrated into ra-
diation therapy facilities, where protecting patients and


https://doi.org/10.1016/j.jmrt.2023.06.107
https://doi.org/10.1016/j.jmrt.2023.06.107

2094

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:2088-2096

healthcare professionals from exposure to unnecessary radi-
ation is essential. Furthermore, these glass systems could be
used in space exploration. Spacecraft are exposed to high
levels of cosmic radiation, and using these glass systems in
spacecraft construction could provide the necessary protec-
tion for the onboard electronics and astronauts. We also
recommend further research into the possibility of doping
these glass systems with other elements or nanoparticles, as it
might enhance their shielding efficiency. Our research opens
new avenues for developing efficient, cost-effective, and
environmentally friendly radiation shielding materials. How-
ever, more studies are needed to optimize their properties for
specific applications.

4, Conclusion

In the present experiment, a glass modifier known as TeO,
was used in order to increase the density of the glass system.
This resulted in a denser system. It was found that the glasses
with the highest concentration of TeO, generated the highest
Grac while concurrently having the lowest Gyyr when
compared to other kinds of glass. This was determined when
several varieties of glass were compared to one another. Using
gamma rays coming from various sources, the GLAC was
calculated for each kind of glass at various photon energies.
Because of the interaction between gamma-ray photons and
the atoms of Te as well as the density of the glass modifier, the
Grac values rose as the concentration of TeO, in the glass
grew. This was ascribed to the fact that the glass modifier had
a higher density. In addition, when the amount of energy
increased, the Gpac values for a particular kind of glass fell.
This sample of glass provided a result that is even better than
conventional concretes and some radiation-shielding poly-
mers. This is because it is more resistant to radiation. This
leads one to believe that this glass is superior to others in
terms of its capacity to mitigate the harmful effects of gamma
rays and the degree of protection it provides.
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