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Abstract: Herein, an efficient new glass series was prepared via the melt-quenching method, with the composition (62-
X)NH4H,PO, + 20B,05 + 5Zn0 + 10Bi,03 + 3Na,CO; + xNd,03, where x takes on the values of 0, 1, 2, and 3 mol%. The
glass structure was analyzed using FTIR spectroscopy, density (p), molar volume (Mv), and XRD techniques. The glass
samples were irradiated with collimated gamma rays at three energy lines of 662, 1173, and 1332 KeV emitted by **'Cs
and *°Co, respectively. Radiation shielding parameters such as N, (electron density), Z. (effective atomic number), HVL
(half-value layer), w/p (mass attenuation coefficients), TVL (Tenth value layer), and MFP (mean free path) were
theoretically calculated using the XCOM program and experimentally measured with a Nal(TI) scintillation detector. The
theoretical and experimental values of the mass attenuation coefficients exhibit a slight discrepancy (by < 15%). The
shielding features are associated with the composition of the investigated phosphate glass samples. Notably, an increase in
shielding properties was observed with the increasing Nd,O5 content in the structure of the phosphate glass samples.

Keywords: Phosphate glass, Shielding y-ray, Nal (TL) detector.

1 Introduction 4]. In light of this interest, researchers are focused on

developing a variety of shielding materials, including steel

Due to the hazardous gamma radiation (y-ray) emitted by
radioactive sources such as nuclear reactors, nuclear
weapons, and nuclear fuel, it is essential to handle and
shield these materials appropriately. Without proper
shielding, this powerful and penetrating radiation poses a
significant threat to plant and animal life, as well as human
health. Prolonged exposure to y-ray can lead to serious
health issues, including cancer, tissue damage, and
neurological impairments. The effects of such exposure are
often irreversible and may even be passed on to future
generations. Traditionally, radiation shielding materials
have included bricks, concrete, lead, and lead-based alloys.

However, these conventional materials have several
practical drawbacks, including significant weight, potential
hazards associated with lead, and high opacity.

Recently, researchers in the fields of radiation detection and
shielding have explored glass materials that incorporate
high Z (atomic weight) elements, like rare earth elements,
which offer a more environmentally friendly alternative [1-

rocks [5], alloys [6-9], slag [10], ferrites [11], polymers
[12], nanocomposites [13-15], and glasses [16-21]. Glass-
based shielding materials offer advantages such as
transparency, reduced weight, and ease of transport. Over
time, traditional shielding materials like lead, concrete, and
bricks may develop physical fissures or cracks, rendering
them less effective for radiation protection and detection
applications. In contrast, the amorphous and supercooled
liquid nature of glass has led to its investigation for various
applications in fields such as medicine, diagnostics,
astronomy, optics, and radiation shielding [22-23].

Moreover, glasses possess well-known properties,
including  lightweight  construction,  transparency,
recyclability, mechanical toughness, chemical inertness,
and the ability to be molded into various shapes and sizes
[24-26]. Reza Bagheri et al. [24-26] investigated the
radiation characteristics of heavy metal oxides, including
Bi,O; PbO and BaO. This study employed both
experimental measurements and WinXcom software for
analysis.
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2 Experiment
2.1 Materials and methods

Natural Nd was utilized in this study, which was extracted
as follows: Pure Nd and Nd were separated from a rare
earth element (REE) concentrate, prepared from Abu-
Zeinema gibbsite ore, using the cation exchange resin
Dowex 50W-X8 with a 150 mesh size. Two columns were
employed for this separation process: First column, the
resin was packed in its hydrogen form and used to create a
saturated REE bed. The second one, referred to as the
retention column, contained resin that was converted to its
Cu(ll) form, with a volume twice that of the first column.

REEs were eluted from the first column through the second

column using a 0.015 M EDTA solution (in its NH,* form)
at a pH=8.5 and a flow rate (1.0 mL/min), corresponding to
a 20 min interaction time. The resulting eluate fractions
were successfully collected for each distinct pure metal,
including Nd, based on variations in the stability constants
between EDTA and the individual separated REEs [30].

Other chemicals were high-purity reagents (purity > 99.9%)
and were sourced from Prolabo. Four glass samples doped
with Nd3* were synthesized using the melt quenching
technique, with the following composition: (62-
X)NH4H2PO4 +20B203 + 5Zn0 + 10Bi203 + 3Na2CO3 +
XNd203 [22]. These glass samples are coded as MO, M1,
M2, and M3, corresponding to the Nd203 content with x =
0, 1.0, 2.0, and 3.0 mol%, respectively, as presented in
Table 1. The chemical reagents were mixed thoroughly
using a pestle and mortar for over half an hour to prepare
20 %0.0001 g batches, using an electronic balance
(Shimadzu ELB300, Japan). The powdered material was
then transferred to a 40 mL porcelain crucible and placed at
room temperature in a muffle furnace. The furnace
temperature was gradually increased to 1200 °C.

Continuous stirring was performed to prevent the formation
of bubbles in the molten material. The melt was then
poured into a preheated stainless steel mold and annealed at
350 °C for one hour to minimize thermal stress. The
resulting glass samples were polished to achieve optimal
flatness with varying thicknesses and were shaped into
circular specimens.

2.2 Characterization

X-ray diffraction (XRD). Crystallinity of the glass
samples was performed using a Philips PW 3710/31
diffractometer (Philips, Eindhoven, Netherlands), to
confirm their amorphous nature. The measurements were
conducted at room temperature using CuKa radiation (A:
1.54 A) over a 20 range of 4-80°.

Fourier transform infrared spectroscopy (FTIR). The
spectra of the glass samples were collected over the
wavenumber range (4000400 cm™) using an FTIR
spectrophotometer Nicolet 10 (Thermo-Fisher Scientific
Inc., MA, USA).

Molar volume and density determination. Density
measurements were conducted to characterize the effect of
doping Nd20: on glass structure. The densities of the
samples were determined using the Archimedean method
(Eq. 1) [31], and the molar volumes were calculated (Eq. 2)
[32], as outlined below:

Pliquid x mg;,
psample - (1)

Mair - myiquid
VM = % @)
where miqig and myy, represent the sample's weight in

immersion toluene and air, respectively, and pjqiq denotes
the toluene's density. The density measurements (p) have an
accuracy of +0.001 g/cm3. The total molecular weight is
denoted as M.

2.3 y-ray shielding analysis

The narrow beam transmission technique (NBTT) utilizes a
well-calibrated 3" x 3" Nal(TI) scintillation detector,
functioning as a vy-ray spectrometer. The detector is
protected from induced X-rays using a lead cover (5 cm
thick), a lead brick chamber for environmental isolation,
and a 0.6 cm thick cylindrical Cu shield. The detector is
connected to a Nuclear Enterprises primary shaping
amplifier and a Tennelec high-voltage power supply with
an HV-digital display. It is linked to a Nuclease PCA-8000
8192 multichannel analyzer, which is computer-based and
equipped with a color graphical display and sophisticated
technical features. The lead collimator, mounted on the
detector cap, was filled with cylindrical pellet samples.

The radiation source was positioned above a hole that
aligned with the center of the sample, ensuring that the
collimated beam traversed the sample layer before reaching
the detector. Fig. 1 illustrates the NBTT used to analyze y-
ray characteristics. Measurements were conducted for half
an hour with this setup, focusing on the transmitted |
photon and a narrow beam of monoenergetic photons with
intensity lo, without the sample pellet.

CGlass saamp o
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Fig. 1: Geometry of narrow beam transmission technique.
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3Theoretical theory

The shielding characteristics of glass samples against -
radiation can be determined by calculating shielding
parameters such as the mass attenuation coefficient, mean
free path and half-value layer.

3.1 Linear attenuation coefficient ()

To calculate the shielding parameters, it is essential to
determine the p in cm™. It was calculated via the Beer-
Lambert law, as follows:

ITo
_ LD(T)
== @3)
where, “/” and “lo” denote the photon energy counts with
and without shielding material thickness, respectively,
while “x” represents the material thickness [34].

3.2 Mass attenuation coefficient (Um)

This coefficient is primarily influenced by the density of
the material used (p). Unlike the previous coefficient, it is
divided by the material's density, resulting in the mass
attenuation coefficient, denoted as ‘um’ (cm?/g) and can be
calculated as follows:

un=Ln (I o/I)/px “)

Where p represents the shielding material's density [34]. It
can be calculated theoretically using NIST XCOM software
or practically using any kind of y-ray detector [35], using
relation (5).

U= 2iWi i )

Where y; and w; are the proportion of the i" element and the
Um are used to determine the proportion in the mixed
sample.

3.3 Tenth value layer (TVL), half value layer
(HVL), and mean free path (MFP)

TVL shielding parameter denotes the thickness of the
shielding material needed to diminish gamma energy to a
tenth (10%) of its initial intensity, as indicated in Eq. (5).
Similarly, the HVL parameter, is defined as the thickness of
the shielding material necessary to reduce the intensity of
an incident y-beam to half of its original intensity (Eq. 6)
[36, 37].:

Both HVL and TVL parameters are dependent on radiation
energy and describe how well y-energies penetrate the
fabricated polymer nanocomposite. Thus, they are crucial
for quickly indicating the appropriate shielding properties
in distance units (mm/cm) [36, 37].

Finally, the MFP parameter represents the average distance

gamma-energies travel through shielding material before
being absorbed or scattered (cm). It is mathematically
calculated by inverting the p (Eg. 8) [36, 371:

TVL=In10/p ®)
HVL=In2/p (6)
MFP=1/p )

Furthermore, the MFP, TVL, and HVL parameters are
interconnected as expressed in Eq. (8) [36, 37]:

MFP=HVL/In2=TVL/In10 (8)

3.4 Effective atomic number (Z.) and electronic
density (Ne)

The Nel, defined as the number of electrons per mass unit,
can be calculated using Eq. (9), while the Zeff, equivalent
to the atomic number of elements, is another key property
crucial for understanding the radiation shielding
effectiveness of a compound or mixture [18]:

Zeii=0ayOtety =(Xini AiP)i)/ ini AlZi(Wp)i )
©)
NeI:Hm/Ge :(Zeff Na Z_ini )/M (10)

3.5 Win-XCom program

Using the Win-XCom computer program, the u., values for
the current glass system were calculated. This software

offers total attenuation cross-sections, total mass
attenuation  coefficients, and partial cross-sections
(including  photoelectric  absorption, coherent and

incoherent scattering, and pair formation) for various
elements across a photon energy range of 1 keV to 100
GeV [38].

4 Results and Discussion

4.1 Characterization of the glasses

The glass series' XRD pattern is presented in Fig. 2.
Notably, no distinct peaks are observable, indicating a lack
of crystalline structure. Instead, a prominent hump in the
diffraction pattern confirms that the glass samples are
amorphous, a typical characteristic of non-crystalline
materials where atomic disarray inhibits the formation of
sharp diffraction peaks.
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Fig. 2: X-ray diffraction pattern for glass series.
3.2 Density and molar volume measurements

Both density (p) and molar volume (VM) are essential
parameters for evaluating the physical properties of
materials. Table 1 displays the glass samples alongside their
respective molar volume and density values. The density of
glass increases as Nd,O; is added, correlating with its
concentration in the composition. This can be attributed to
the fact that doped Nd,O3 has a higher molecular weight
and density (336.48 g/mole) compared to phosphate oxide
(115.03 g/mole) and boron oxide (69.62 g/mole). In the VM
measurements, sample M, exhibited a decrease to 55.5
cm3/mol, while sample M3 showed an increase to 60.8478
cm3/mol. The produced glass's density and molar volume
exhibited an inverse relationship, likely due to structural
changes within the glass. The observed decrease in VM
values can be attributed to the compaction of the structure,
resulting from a reduction in bond length or interatomic
spacing among the atoms in the glass network [35].

4.3 FTIR characterization

FTIR analysis is a significant examination that offers a
detailed picture and insights into the structural composition
of a given system. FTIR posits an independent relationship
between the vibrations of structural units and their
interaction with the surrounding glass network [36]. Fig. 3

presents the FTIR spectra of various synthesized
neodymium-phosphate  glasses, along  with  the
corresponding vibrational assignments. Additionally, bands
in the 505-525 cm™ region are typically associated with O-
P-O bending vibrations. This region may also encompass
three vibrations of PO, polyhedra, bending vibrations, and
deformation modes of (P—O band) of PO, groups [36].

Other glass networks exhibited Zn—-O-Zn vibrations with
angular deformations within the range of 560-584 cm™.
The band observed between 629-677 cm™ corresponds to
the Bi—O vibrations in [BiO3] units and the symmetric
stretching vibrations of the P—O—P bonds. Additionally,
Zn—-0-Zn vibrations were detected in the range of 741-748
cm™ [36]. Conversely, these bands were associated with
the symmetric P-O—P vibrations. The region between 812
cm™ and 825 cm™ was divided into three distinct modes,
which included stretching B—O vibrations of BO, units, as
well as the stretching and asymmetric stretching modes of
P—O-P. The structural units corresponding to the band at
945 cm™ were found to disappear with the ZnO addition.
The vibrations of P-O groups, attributed to non-bridging
oxygens (NBO), were observed in the band ranging from
1009 to 1030 cm™ [37].
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Fig. 3: FTIR spectra of the prepared glass series.

Table 1. Chemical composition, density, and molar volume of manufactured glass samples.

Sample Composition (mol%) Density Molar volume
Code P,Os | BOs | Zn | Bi,Os | NaCO | Nd,O; | (g/cm?) (cm*/mol)
O 3
MO 62 20 5 10 3 0 3.1384 60.8478
M1 61 20 5 10 3 1 3.2619 59.0054
M2 60 20 5 10 3 2 3.4748 55.8203
M3 59 20 5 10 3 3 3.4940 55.5000

© 2024 NSP
Natural Sciences Publishing Cor.



J. Rad. Nucl. Appl.9, No. 3, 255-264 (2024) / http://www.naturalspublishing.com/Journals.asp

.. TN x50

5 Radiation
Measurements

Shielding  Parameters

5.1 The linear attenuation coefficient

The NBTM utilized y-energies of 0.662, 1.173, and 1.332
MeV, emitted from point sources of **’Cs and *“Co, to
evaluate the shielding properties of the produced glass. The
thickness (x) of the produced glass samples was precisely
determined using a micrometer with £0.01 mm. The
intensity of the emitted and transmitted y-rays (lo and 1)
was experimentally detected using a Nal detector [36].
Table 2 presents the measured p values.

Table 2. The linear attenuation coefficients (, in cm™) at the

selected energies.

W (cm™)
Sample code
0.662 MeV [1.173 MeV | 1.332 MeV
MO0 0.25 0.18 0.17
M1 0.27 0.19 0.18
M2 0.29 0.21 0.19
M3 0.31 0.23 0.21

The primary interaction in the energy lines examined at
0.662, 1.173, and 1.332 MeV is Compton scattering (CS),
as indicated by the observed linear increase. The CS cross-
section is directly proportional to the atomic number (cCS
o Z). When Nd,O; was substituted for P,Os, the p values
increased from 0.25 to 0.31 cm™ at 0.662 MeV and from
0.17 t0 0.21 cm™ at 1.332 MeV as the Nd,O; concentration
rose from 0% to 3 mol%. This increase in p values can be
attributed to the higher density and molecular weight of
Nd,O; (336.48 g/mol) compared to P,0Os (115.03 g/mol).
Additionally, as the gamma-photon energy increased,
values exhibited a linear decrease. This reduction is
consistent with the CS cross-section, which is inversely
related to gamma-photon energy (cCS « E™). In this study,
p values for the MO glass sample decreased from 0.25 to
0.17 cm™, while for sample M3, they dropped from 0.31 to
0.21 cm™, when gamma photon energy was varied between
0.662 and 1.332 MeV.

5.2 The Mass attenuation coefficient

Fig. 4 illustrates the relationship between energy and the
mass attenuation coefficient. As the energy changes from
0.662 MeV to 1.332 MeV, the p,, decreases, indicating
greater y-ray transmission and absorption, along with
reduced interaction between the glass samples and the y-
rays. The interactions between y-rays and the glass samples
are characterized by varying energy levels, exhibiting
different dominance patterns: pair production occurs at
energies above 1.022 MeV, the photoelectric effect is
significant at lower energy levels, and Compton scattering

is predominant in the intermediate range.
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Fig. 4: Variation of um with Nd203 content for glass series
at different energies.

Fig.5 shows how the mass attenuation coefficient correlates
with neodymium oxide content in the glass system. It
demonstrates that the mass attenuation coefficient increases
with higher Nd,O3; content across all energy levels. This
behavior mirrors that of the linear attenuation coefficient,
reflecting the greater density and atomic number of
neodymium oxide. For instance, the mass attenuation
coefficient rises from 0.079658 cmz2/g for sample MO to
0.089 cm?/g for sample M3 at 0.662 MeV. This suggests
that the glass composition containing 3 mol% neodymium
oxide—specifically (59NH;H,PO, + 20B,0; + 5Zn0O +
10Bi,03; + 3Na,CO; + 3Nd,03)—exhibits a higher mass
attenuation coefficient due to its increased neodymium
oxide concentration. A higher ratio of Nd,Oj; typically leads
to improved mass attenuation in phosphate glass systems.

The mass attenuation coefficients (p,) for different
composites, elements, and/or elemental mixtures (Z<100)
within the photon-energy range of 1 keV to 100 GeV were
theoretically calculated using the XCOM program. This
theoretical framework allowed for the validation of the
accuracy of the experimentally determined mass attenuation
coefficients. The calculation of mass attenuation is
performed using Eq. (5) [39]. Table 3 presents a
comparison of the theoretical and experimental p/p values.
The deviation (Dev%) between these two methods can be
calculated using the following formula:

Hm (th) -

"
Dev % = m (exp)

Hm (th)

x 100 (11)

The observed deviation was found to be less than 10%,
suggesting a minimal discrepancy between the predicted
and measured mass attenuation coefficients for the
synthesized phosphate glass doped with neodymium oxide
across different energy levels [40]. This variation can be
attributed to differences in the applied technique databases
and the extended nuclear cross-section libraries used [41].
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Glass sample M3 exhibited the highest mass attenuation
coefficient of 0.089 cm?/g. When compared to the value for
lead (0.1101 cm?/g), this represents 81% of the shielding
effectiveness of lead [42, 43]. These findings confirm that
neodymium oxide-doped phosphate glass is a highly
effective material for gamma radiation shielding.
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Fig.5: The estimated pwm values about photon energy in the
energy range 0.015-15 MeV.

5.3 The Half value layer, tenth value layer and
Mean Free Path

The choice of shielding material for application is
influenced by the Half Value Layer (HVL) shielding
parameter, which is defined as the thickness of the
shielding material that, according to equation 6, reduces the
initial intensity of gamma rays to its half value. The tenth
layer of value: This shielding parameter, which is the same
as HVL, may be calculated using equation 7 and represents
the thickness of the shielding material that reduces gamma
ray intensity to a tenth of its initial intensity. [44, 45].

The HVL, TVL, and MFP should be as low as feasible. The
values that were obtained are tabulated in Table 4. The
relationship between HVL, TVL, and mfp with energy
(MeV) is shown in Figures 6, 7, and 8, respectively. These
figures demonstrate how adding Nd203 significantly
reduces mfp, TVL, and HVL. This is because Nd,O; has a
high atomic number and density, which causes the densities
of the glass samples to rise. At 0.662 MeV, HVL decreased
for glass samples from the glass series from 2.77, 3.85, and
4.07 to 2.23, 3.01, and 3.3. MFP and TVL exhibit the same
characteristics as HVL. The M3 glass sample, which is
composed of (59%NH4H, PO, +20%B,0; +5%Zn0O
+10%Bi,05; +3%Na,CO5; +3%Nd,03), is the best [46].

Table 3: Mass attenuation coefficients, both theoretical and experimental, for the glass samples at various energies and the

associated deviation.

Energy 0.662 MeV 1.173 MeV 1.332 MeV

Sample HVL TVL MFP HVL TVL MFP HVL TVL MFP
MO 2.77 9.21 4 3.85 12.7 5.555 4.07 135 5.88
M1 2.56 8.52 3.703 3.648 121 5.263 4 13 5.8
M2 2.39 7.93 3.571 3.465 10.9 5 3.64 121 5.2
M3 2.23 7.42 3.448 3.15 10 4.545 3.3 10.9 4.74

Table 4: HVL, TVL, and MFP (in cm) values for prepared glass samples at various energies.

Energy (MeV) 0.662 1.173 1.332
Sample Hm (eX) Hm (th) Hm (eX) Hm Hm (eX) Hm (th)
(th)
MO 0.079 0.07 0.057 0.05 0.05 0.054
+0.006 +0.003 +0.002
M1 0.082 0.07 0.058 0.05 0.05 0.054
+0.005 +0.003 +0.004 |
M2 0.088 0.07 0.064 0.05 0.05 0.054
+0.01 +0.010 +0.007
M3 0.088 0.07 0.065 0.05 0.06 0.054
+0.011 +0.013 +0.010

N.B.: ex: The theoretical um and pth: the experimental pm.
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5.3 The Half value layer, tenth value layer and
Mean Free Path

The choice of shielding material for application is
influenced by the Half Value Layer (HVL) shielding
parameter, which is defined as the thickness of the
shielding material that, according to equation 6, reduces the
initial intensity of gamma rays to its half value. The tenth
layer of value: This shielding parameter, which is the same
as HVL, may be calculated using equation 7 and represents
the thickness of the shielding material that reduces gamma
ray intensity to a tenth of its initial intensity. [44, 45].

The HVL, TVL, and MFP should be as low as feasible. The
values that were obtained are tabulated in Table 4.

The relationship between HVL, TVL, and mfp with energy
(MeV) is shown in Figures 6, 7, and 8, respectively. These
figures demonstrate how adding Nd203 significantly
reduces mfp, TVL, and HVL. This is because Nd,Os has a
high atomic number and density, which causes the densities
of the glass samples to rise. At 0.662 MeV, HVL decreased
for glass samples from the glass series from 2.77, 3.85, and
4.07 to 2.23, 3.01, and 3.3. MFP and TVL exhibit the same
characteristics as HVL. The M3 glass sample, which is
composed of (59%NH4H, PO, +20%B,0; +5%Zn0O
+10%Bi,05 +3%Na,CO3 +3%Nd,05), is the best [46].

5.4 y-ray attenuation features within the energy
range (0.015 to 15 MeV)

Furthermore, to comprehensively understand how photon
energy affects the variance in p/p values for the current
samples, the p/p values of the produced glasses were
assessed using WinXcom software across an energy range
of 0.015 to 15 MeV. Fig. 5 displays the p/p analysis results
within the 0.015 to 15 MeV range, as a function of photon
energy, showing that p/p values in the glass sample
fluctuate with changes in incident photon energy and Nd
content. The p/p values increase with higher neodymium
concentration and decrease with increasing photon energy,
exhibiting a notable peak at 98 keV, attributable to the K X-
ray absorption edge for bismuth (Bi) metal. The variation in
w/p values with photon energy can be explained by partial
radiation interaction processes, including pair production
(PP), Compton scattering (CS), and photoelectric effect
(PE). The pair production (PP) action mechanism results in
a gradual increase in p/p values within the high-energy
range of 1.022 to 15.0 MeV. In the intermediate energy
range of 0.05 to 5.0 MeV, Compton scattering (CS)
predominates, leading to a slight decrease in u/p values.

The glass sample labeled M3, which contains 3% Nd,
exhibits the highest p/p values. This is attributed to
neodymium's higher atomic number compared to other
elements, which increases the u/p values in the glass
sample.

The HVL values for the produced glass samples were
calculated using the estimated p values and are illustrated in
Fig. 6 as a function of photon energy. As shown in Fig. 6,
HVL values increase with higher photon energy and
decrease with greater Nd,O; concentration. This behavior
aligns with the earlier explanation of um as a function of
energy. According to the definition, materials with lower
HVL values provide better shielding performance. The M3
glass sample used in the experiment exhibited the lowest
HVL values, ranging from 0.00403 c¢cm at 0.015 MeV to
6.0281 cm at 15 MeV.
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Fig. 6: HVL values for the prepared glasses as a function of
the photon energy.

Additionally, the variations in Zeff and Nel for the
produced glass samples across the photon energy range of
0.015-15 MeV are illustrated in Fig. 7a and 7b,
respectively. These figures reveal that the changes in Zeff
and Nel values for all samples follow a consistent trend.

Specifically, both Zeff and Nel significantly decrease as
photon energy increases up to 0.08 MeV, despite a peak at
98 keV related to the K-absorption edge for Bi, where the
photoelectric effect (PE) is predominant. Following this,
from 0.1 to 1.5 MeV, all samples exhibit a slight reduction
or fluctuation in Zeff and Nel values, reaching their lowest
points at 1.6 MeV due to the influence of the Compton
scattering (CS) process. In the 2-15 MeV range, both
values steadily increase, indicating that the presence of
neodymium enhances gamma-ray interactions, thereby
reducing the number of photons that can penetrate the glass.

Among all the samples, M3 exhibits the highest Zeff and
Nel values, ranging from 13.062 and 2.949 x 10% at 1.5
MeV to 59.11 and 13.345 x 102 at 20 keV, respectively.
Generally, materials with higher Zeff provide better
shielding against gamma rays, suggesting that M3 glass is a
promising candidate for gamma radiation protection.
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Fig. 7: Variation of (a) Zeff and (b) Nel for glass samples
according to photon-energy.

6 Conclusions

Phosphate glasses doped with varying concentrations of
Nd,Os, exhibiting densities between 3.13 g/cm3® and 3.49
g/lcm3, were produced with high density. The VM values
range from 60.84 cm3/mol to 50.5 cm3/mol, and the XRD
pattern confirms the amorphous nature of the glass samples.
The shielding properties improve with increasing Nd,Os
content. All glass samples exhibited high p, values, while
the MFP, TVL, and HVL values were low. Particularly, the
glass sample (M3) composed of (59% NH4H,PO, + 20%
B,0O; + 5% ZnO + 10% Bi203 + 3% Na,CO; + 3% Nd203)
exhibited the lowest TVL, HVL, and MFP values, along
with the highest p, value. The theoretical and experimental
mass attenuation coefficients differ by less than 15%. The
comparison of the best p,, value (0.089 cm#/g) with that of
lead (0.1101 cm?/g), shows that the former represents 81%
of the lead value. The findings indicate that neodymium-
doped phosphate glasses are effective gamma-ray shielding
materials for various applications.

In summary, we demonstrate why Microsoft Word is
useful, the font of the main text is 10 Times New Roman
with single line spacing of 6 pt after and 0 pt before.

The titles are in font 12, bold and they have a single line
spacing of 6pt before, and 12 pt after.
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