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ARTICLE INFO ABSTRACT

Keywords: By employing the melt-quenching technique, the ZnO-SrO-B,03-PbO (ZSBP) glasses have been successfully

Glass fabricated. The derivative of Absorption Spectra Fitting (DASF) method was used to study the energy band gap

Uv-vis (Ey) of the glasses which decreases from 3.57 eV to 3.39 eV. The structural properties have been studied using the
g?rr:an Raman spectroscopy. The glass transition temperature (Tg) decreases with increase in concentration of the lead
DSC oxide. The current study examines the radiation shielding properties at 30.80-444 keV. The addition of PbO to

the glasses resulted in a proportionate increase in the mass attenuation coefficient (MAC), suggesting a dimin-
ishing tendency in radiation transmission. At 30.80 keV, the MAC values are extremely high and range from
18.06 to 21.11 ecm?/ g. As density rises, the half value layer (HVL) decreases. In addition, the average HVL (HVL)
decreases. The glass thickness required to reduce the radiation intensity to 90 %, 50 %, 25 %, and 10 % of its
initial value is investigated at an energy of 35.80 keV. The T90 %, T50 %, T25 %, and T10 % values are 0.0020,
0.0132, 0.0264, and 0.0439 cm, respectively. The results suggest that a greater thickness of the radiation barrier
is necessary to attain the necessary degree of attenuation.

Gamma ray shielding

1. Introduction

Radiation protection glasses are very important for keeping people
safe from the harmful effects of radiation, which can be very bad for
both people and the environment. Radiation technologies, like X-rays
and radiation treatment, can save lives in medicine and other fields, like
food storage and energy production. However, being exposed to radia-
tion for a long time is very dangerous. To lower these risks, it is
important to make radiation protection materials that work [1-7].

As a result of being clear, flexible, and inexpensive, glasses are one of
the most common objects used to block radiation [8-12]. Borate glasses,
which are mostly made up of boron oxide, are becoming more and more
popular as radiation protection materials because they are resistant to
chemicals and heat, easy to make, and cheap. Borate glasses have ben-
efits like being safe for the environment, being clear, and being able to
be used for real-time tracking. More and more people are interested in
studying how well high-density metal oxide glasses, especially
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borate-based glasses [13-16], block radiation in recent years. By
changing the ingredients in borate glasses, you can make them better at
blocking different kinds of radiation, like X-rays and fast neutrons. To
make them work better with certain types of radiation and photon en-
ergies, however, the glass makeup can be changed by adding more metal
oxides like ZnO, SrO and PbO [17-21]. Not only do these changes make
the glasses’ structure and physicochemical qualities better, but they also
make them better at blocking radiation. As the addition of the higher
atomic number elements improves density. It results in increasing the
probability of interactions, thereby providing more effective protection
against harmful radiation exposure in various applications, including
nuclear power plants, medical facilities, and space exploration.

To make new glasses with specific qualities, it is also important to
study the optical, thermal, and structural aspects of different glass sys-
tems. Not only do these qualities affect how well radiation protection
works, but they also help the development of photonic devices and other
uses. Even though it is learnt a lot about how glasses work, there are still
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some things that need to be looked into further. So, the main goal of this
study is to look into the optical, physical, radiation-blocking, and
structural features of glasses made of borates, especially those that
contain ZnO, SrO, PbO, and B,03. The E; of the glasses decreases from
3.57 eV to 3.39 eV and T, decreases with increase in concentration of the
PbO. As density rises, the HVL and HVL decreases as a result of the PbO
addition to the glasses. By looking at these qualities in more depth, one
can learn more about radiation protection materials and come up with
better ways to protect people from the harmful effects of radiation
exposure.

2. Materials and methods
2.1. Glass preparation

By employing the melt-quenching technique, the ZSBP glasses have
been successfully fabricated. Using a high-precision electronic scale with
a resolution of 0.001 g, the precise quantities of oxides of analytical
reagent grade has been measured for the fabrication of the samples. The
amount of the oxides has been taken in accordance with the molar
composition criteria outlined in Table 1. ZSBP1, ZSBP2, ZSBP3, and
ZSBP4 are the names given to the glasses. It is necessary to utilise an
agate mortar in order to create the homogeneous powder. The resulting
powdery mixture has been placed inside of a muffle furnace after being
deposited onto an alumina crucible. For the purpose of ensuring that the
melt was consistent throughout, the temperature was raised to 950°C
and maintained for a period of 2 h while stirring at regular intervals.
After that, the liquid combination has been transferred to a graphite
mould and then placed in a separate furnace that was maintained at
300°C for the purpose of annealing. Following that, the material was
allowed to remain undisturbed for a period of 24 h. Thereafter, the
specimens have been collected for the purpose of conducting future
analytical examinations. The densities of the samples are measured
using the Archimedes’ principle.

2.2. Ultraviolet—visible (UV-vis) spectroscopy

The UV-Vis spectra have been recorded using the PerkinElmer
Lambda 19 UV-Vis-NIR spectrophotometer, which covers a wavelength
range of 180-800 nm. The Tauc plot approach, using UV-Vis absorption
data, was employed to determine the E; and assess further optical
properties.

2.3. Raman spectroscopy

The Raman spectra were obtained using the STR500Airix Confocal
Raman Spectrometer, which has exceptional resolution. The instrument
utilises a 532 nm laser.

2.4. Measurement of thermal properties

The STA 6000, a state-of-the-art thermal analysis device manufac-
tured by PerkinElmer, was utilised to analyse and determine the thermal
characteristics. The apparatus utilised dual-furnace technology to
perform simultaneous differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA), allowing for the examination of

Table 1

Composition and other parameters of the ZSBP glasses.
Glass code  Moles of oxides present p(g/em®  Eg(eV) T4 (°C)

ZnO SrO B,03 PbO

ZSBP1 0.10 0.10 0.45 0.35 4.292 3.57 416
ZSBP2 0.10 0.10 0.40 0.40 4.515 3.48 392
ZSBP3 0.10 0.10 0.35 0.45 4.731 3.46 374
ZSBP4 0.10 0.10 0.30 0.50 4.922 3.39 369
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thermal stability and decomposition.

2.5. Gamma ray shielding

The goal of this work is to understand radiation shielding properties
at low energies between 30.80 and 444 keV. The certain radiation
attenuation parameters have been assessed using the chemical compo-
sition of these glasses as input data in the Phy-X program [22]. Eq. (1)
presents a method of evaluating the linear attenuation coefficient (LAC)
using Lambert-Beer’s law equation as:

1= I‘Je—LAC, t

(€8]

The mass attenuation coefficient (MAC), another density-
independent data, is related to the LAC.

For any glass sample, the MAC via the mixture rule can be written as:

MAC = "wi(MAC), @)
The HVL, tenth value layer (TVL) and the mean free path (MFP) need
to be assessed in order to determine the sample thickness needed for the
radiation beam to be attenuated to a specific level. It is possible to alter
the HVL of some glasses by adjusting their density and chemical
makeup. The HVL can be expressed mathematically as [23-26]:
0.693

HVL=——-

LAC 3)

Using the following formula, the TVL for the current glasses can be
determined as:

23

TVL = ——
LAC

@

Researchers and investigators may develop space-efficient shields in
situations when radiation doses need to be reduced to significantly
lower levels by looking at the two characteristics mentioned above for
specific glasses.

A glass sample’s MFP is inversely equal to its LAC, specifically equal
to as:

1

MFP=——

TAC )

Also, the next equation may be applied to estimate the sample’s
effective atomic number (Zef) as:

Zyy= ZL'G)’ 6)

A (1
Z’ﬁ %z (p) j
3. Results and discussion
3.1. Optical properties

The DASF method is based on the expression given as [27-29]:

AQR)

ofl2])
{56
Where g is the wavelength at which the derivative plot exhibits a
discontinuity, m is a constant, and A()) is the absorption intensity at a
particular wavelength A.

In this study, the derivative of the natural logarithm of the rounded
ratio of A(A) to A with respect to the reciprocal of wavelength, denoted as

m

)

AR
d{li;%i;}”, is illustrated against 1/A, as shown in Fig. 1. In particular, a
A

plot discontinuity indicates a single location where the derivative
changes abruptly. At this crucial point, the material passes through an
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Fig. 1. The il el vs. 1/\ for measuring the discontinuity.
electronic transition, and the wavelength at which it does so is repre-
sented by 1 = L. The equation E, = 122282 ¢V is then used to get the Eg
8 8
from the appropriate wavelength, ), linked to this discontinuity. 145 cm”! —— ZSBP1

The discontinuities aligned with %:i are measured as 0.002877

nm~’, 0.002810 nm~', 0.002798 nm~! and 0.002736 nm ! for the
ZSBP1, ZSBP2, ZSBP3, and ZSBP4 samples, respectively, in Fig. 1. The Eg
values for the ZSBP1, ZSBP2, ZSBP3, and ZSBP4 samples are 3.57 eV,
3.48 eV, 3.46 eV, and 3.39 eV, respectively, according to the above
equation (Table 1). Based on these results, it seems that electrical
transitions inside the glass structure need less energy. The structural
changes caused by the weakening of metal-oxygen bonds, which in-
crease the quantity of non-bridging oxygens (NBOs), are responsible for
this decrease [30]. As a result, PbO’s presence makes it easier for the
glass matrix to generate NBOs, which in turn adds additional energy
levels to the band structure and reduces the energy needed to bridge the
band gap.

3.2. Structural properties

The Raman spectrum is depicted in Fig. 2. The nine peaks are
observed in the spectra about~145 cm_l, ~310 em™ !, ~590 em ™Y,
~640 cm™!, ~725 em™, ~925 em™!, ~1005 em™, ~1225 cm™! and
~1300 cm™! respectively.

The Raman spectra show the first peak about~145 cm ™}, which can
be attributed to the symmetric stretching vibration of Pb—O bonds
[31-33]. The presence of PbOy4 units is supported by the simultaneous
development of a wide spectral feature about ~310 cm ™. Nevertheless,
the possibility of minor contributions from soft modes associated with
borate in this frequency range cannot be entirely ruled out [31-35]. The
Raman peaks at about ~1225 cm ™! appears to exhibit a fast growth with
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Fig. 2. The Raman plot for the ZSBP glasses.

increasing lead concentrations. This phenomenon is indicative of the
stretching of B-O bonds in metaborate triangles (B@20), mostly resulting
in the formation of chain-like structures [36]. The evidence for this is
supported by the simultaneous rise in intensity of two bands about
~640 cm ™! and ~725 cm ™!, which are associated with the deformation
modes of metaborate chains [36-38]. The peak at around ~590 cm !
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indicates the disintegration of diborate groups and the creation of
"loose" B@4~ units, namely borate tetrahedra that link various structural
segments. The asymmetric stretching motion of anions in B-O-Pb,
B-O-Sr, and B-O-Zn bridges may account for the peak around ~930
cm'. The Raman signal about ~1005 cm ™! indicates the B-O stretching
vibration of BO4 in BOs. units [39]. The B-O~ stretching activity is
demonstrated by the metaborate triangles coupled to the tetrahedral
BOZ groups by m-electronic interactions, which are responsible for the
peak about ~1300 cm ™!, Hence, the glassy network’s BOZ units may be
indirectly probed by observing the spectral shape of the B-O™ stretching.
It is well knowledge that pentaborate glass networks often include
borate configurations that include tetrahedral BO; and triangular
metaborate units, where the three- and four-coordinated units undergo
isomerisation [40,41].

3.3. Thermal properties

TGA studies are plotted in Fig. 3. The glasses with least concentration
of lead oxide lose 3 % of its weight when the temperature of the samples
is increased up to 800°C. The glasses with higher concentration of lead
oxide are losing even less than 1 % of its weight with rise in temperature.
So one can conclude that increasing consideration of lead oxide in the
glasses contributes towards thermal stability of the glasses [42]. The
DSC plots are shown in Fig. 4. The Tg has been marked on the curves. The
T, decreases with PbO content (Table 1). The higher size of lead oxide
results in the opening of the network due to this network becomes less
stable and more disordered due to this of the Ty of the glasses decreases
[43,44].

3.4. Gamma ray shielding properties

The MAC for the selectedZSBP1, ZSBP2, ZSBP3 and ZSBP4 glasses
was determined using the Phy-X software at low energy range of
30.82-444 keV. This energy range is selected since these energies are
typical emissions from Ba-133 and Eu-152, both of which are known for
their important utilizations in different technological applications. The
MAC for the ZSBP-X glasses is represented in Fig. 5. The maximum MAC
values were found for ZSBP4 in the low energy range under study. The
MAC varied from 21.106 to 0.162 cm?/g at 30.82-444 keV. The pho-
toelectric effect (PE), which is the main mode of interaction with such
low levels of energy radiation, can account for the observed phenome-
non of elevated MAC for these glasses between 30.82 and 53.16 keV. The
cross-section of this mechanism rises dramatically with the atomic
number of the sample. These glasses have a higher PE cross-section due

100 - —
—
A
| 99
E
2
()
= 98
X
ZSBP2
—— ZSBP3
—— ZSBP4
96 T T T T T T T T T T
100 200 300 400 500 600 700 800
----- Temperature (°C) ---—-->

Fig. 3. The TGA plot for the ZSBP glasses.
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Fig. 5. The MAC ZSBP glasses at low energy region of 30.80-444 keV.

to the presence of Zn, Sr, and Pb, which results in high MAC values
between 30.82 and 53.16 keV. A sharp decline is observed in the MAC
with increasing energy, with a single exception at 121.8 keV. PE be-
comes less significant as energy increases, but Compton scattering (CS)
becomes more prevalent. The CS cross-section is weakly reliant on the
atomic number of the shielding medium. As a result, at high energies,
the MAC for each glass converges. Notably, at 121.8 keV, the MAC for
the four glasses increases, diverging from the usual pattern of MAC
decreasing with energy. The K-absorption edge of Pb is responsible for
the observed increase in MAC at 121.8 keV. Doping with lead oxide, on
the other hand, was found to result in an increase in the MAC. This
shows that there is a correlation between the MAC and their elemental
composition. The amount of BoO3 decreases from glass ZSBP1 to ZSBP4,
while PbO increases at the same time. The MAC shows this composi-
tional shift clearly, with ZSBP4 having the largest MAC and ZSBP1
having the least amount of MAC. This finding highlights the impact of
elemental replacement on the MAC of the glasses by indicating a strong
link between the inclusion of the denser component PbO and the in-
crease in MAC.

The LAC of the produced samples at 35.4 keV is displayed to better
understand how adding PbO affected the glasses’ ability to shield pho-
tons (Fig. 6). The produced glasses’ LAC values are strongly influenced
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@35.4 keV

ZSBP1

ZSBP2 ZSBP3 ZSBP4

Glass sample
Fig. 6. The LAC for the ZSBP glasses at 35.4 keV.

by the reinforcing compounds, as Fig. 6 illustrates. When PbO is
substituted for B;Os3, the LAC at 35.34 keV rises from 53.99 to 72.37
em ™. The density of the medium affects the LAC. Compared to glasses
containing 35, 40, and 45 mol% PbO, the glass containing 50 mol% PbO
has a greater LAC. The data for 35.4 keV gamma rays is presented,
although this conclusion is likewise consistent for the other energies
examined. Thus, a high PbO content has a high LAC and performs well
attenuation.

The HVL is displayed in Fig. 7. According to the data in Fig. 7, the
HVL for all prepared glasses is trending increasing as energy levels rise.
This HVL behavior can be explained by the inverse relationship between
the HVL and LAC values. A more thick glass is needed to reduce the
intensity of photons. For instance, for ZSBP1, the HVL is 0.009 cm at
30.82 keV, increases to 0.012 cm at 35 keV, to 0.017 cm at 39.50 keV,
and to 0.156 cm at 160.6 keV. Additionally, at 121.80 keV, a sharp drop
is observed in the HVL for all glasses; for ZSBP1, this energy corresponds
to an HVL of 0.080 cm, whereas for ZSBP4, it is 0.059 cm. These glasses
have high LAC values at 121.80 keV, which helps to explain the abrupt
reduction in the HVL at this energy level. Furthermore, the HVL of these
glasses varies with PbO content. Since adding PbO obviously lowers the

1.2
1.0 4
0.8 -
T
5064
-
>
L 044
—e— ZSBP1
0.2 - —o—ZSBP2
—e— ZSBP3
0.0 - —o— ZSBP4
0 100 200 300 400 500
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Fig. 7. The HVL for the ZSBP glasses at low energy range of 30.80-444 keV.
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HVL, the produced glass with the highest PbO content, ZSBP4, had the
lowest HVL of all the glasses.

For the energy ranges of 30.82-81 keV and 160.6-444 keV, the
average HVL (HVL) is computed in two different scenarios. As previ-
ously indicated, the HVL exhibits an opposing trend at energy of 121.8
keV. The HVL is plottedfor the two energy ranges in Figs. 8 and 9
respectively. An analysis of HVL. demonstrates the important trend in
the attenuation characteristics of the glasses and their capacity to pre-
vent radiation penetration at various energies. The HVL drops from the
ZSBP1 sample to the ZSBP4 sample in both energy regions. For example,
the HVL decreases from 0.028 to 0.021 cm in Fig. 8 and from 0.637 to
0.499 cm in Fig. 9. This suggests that ZSBP4 is the best shielding sample
between 30.82-81 keV and 160.6-444 keV, with ZSBP3, ZSBP2, and
ZSBP1 following in that order of effectiveness. Out all the glasses
described, ZSBP1 is the least effective shield since it has the biggest HVL
for both the energy ranges shown in Figs. 8 and 9. Furthermore, it was
obvious that the HVL values obtained for the energy range of
160.6-444 keV are greater than those obtained for the energy range of
30.82-81 keV.For example, the HVL for ZSBP1 in Fig. 8 is 0.028 cm,
while it is 0.637 cm for this glass for the energy range of 160.6-444 keV.
This suggests that, in comparison to radiation with extremely low energy
of 30.82-81 keV, photons with an energy of 160.6-444 keV penetrate
the prepared specimens a greater distance.

To find out how successfully these glasses attenuate photons, a va-
riety of parameters were derived that showed the drop in incoming
photon intensity as they pass through a specific thickness of glass. These
kinds of components establish the necessary thickness for a decrease in
intensity. In order to construct shielding materials and understand
photon penetration via different materials, these properties need to be
calculated. Fig. 10 shows the ZSBP1 thickness required to reduce the
level of radiation with energy of 35.8 keV-90 %, 50 %, 25 %, and 10 %
of its initial value. The following symbols are used to represent these
parameters: T90 %, T50 %, T25 %, and T10 %, in that order. Since X90
% indicates a very slight attenuation of the photons, the attenuation was
only 0.0020 cm. Consequently, a very thin layer of ZSBP1 is to be used if
only a small reduction in photon intensity with energy of 35.80 keV is
needed. The Tsg o, is 0.0132 cm, whereas the Tas o, and Ty o, are 0.0264
and 0.0439 cm respectively. Consequently, the results show that if there
are higher demands on radiation reduction, the sample must be thicker
at the same energy.

Additionally, the Z.g of the designed glasses is calculated at low
energy range (Fig. 11). Between 30.80 and 444 keV, the Z clearly falls
with increasing energy, but at 121.80 keV, it exhibits an increasing

0.030 <

Range of 30.82-81 keV/]|

0.025 <

0.020

0.015 <

HVL (cm)

0.010 <

0.005 <

0.000 =

ZSBP1

ZSBP2 ZSBP3 ZSBP4

Glass sample

Fig. 8. The HVL in the energy range of 30.82-81 keV.
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Fig. 9. The HVL in the energy range of 160.6-444 keV.
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Fig. 10. The thickness of the ZSBP1 sample required to attenuate photons at
35.80 keV to certain specified levels.

tendency.

As the atomic number of the shield components has a significant
impact on PE cross-section, the Zg is very high at 30.80 keV and varies
between 68.33 and 72.13. The K absorption edge of Pb can account for
the abrupt increase in the Z.g at 121.80 keV. Furthermore, the findings
showed that the Z is altered by the glasses’ chemical composition. It is
crucial to remember that as the BoO3 content falls, the PbO concentra-
tion raises from ZSBP1 to ZSBP4. The highest Z¢¢ results for ZSBP4can
therefore be explained by the glass exhibiting a higher Zg due to its
higher PbO content.

In Fig. 12, the TVL for ZSBP1 is displayed at various energies. The
findings showed that the TVL is only 30.80 keV (0.030 cm), which in-
dicates that a thin glass is required for attenuating very low energy
photons. The TVL rises to 0.043 cm as the energy grows to 35.40 keV and
to 0.353 cm as the energy increases to 81 keV. With the exception of
121.80 keV, the TVL generally rises as energy does. This implies that
ZSBP1 is more effective when it comes to photons with lower energy.
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Fig. 12. The TVL for ZSBP1 at some selected energies.

4. Conclusion

By employing the melt-quenching technique, the ZSBP glasses have
been successfully fabricated. The Eg decreases from 3.57 eV to 3.39 eV
with addition of PbO. The various stretching and bending vibrations
present in the ZSBP glasses have been studied using the Raman spec-
troscopy. The T, decreases with increase in PbO content. Moreover, this
study investigated the radiation shielding capabilities of the glasses at
low energies between 30.80 and 444.44 keV. The MAC increased pro-
portionately when PbO was added to the glasses, indicating a tendency
toward decreasing radiation transmission. The LAC at 35.4 keV for the
prepared glasses increased from 53.99 to 72.37 cm ™' when the PbO
content increases between 35 and 50 mol%. Additionally, the addition
of PbO to the glasses results in a decrease in the average HVL (HVL). At
energy of 35.80 keV, the thickness of glass needed to lower the radiation
intensity to 90 %, 50 %, 25 %, and 10 % of its initial value. T90 %, T50
%, T25 %, and T10 % are represented by the values 0.0020, 0.0132,
0.0264, and 0.0439 cm, in that order. The findings imply that in order to
achieve the required level of attenuation, a thicker radiation barrier is
required.
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