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Abstract: This study examined the ability of two series of ternary phosphate and borate glass systems, with the compositions
Pb0.Zn0.B,0s;and PbO.Zn0.P,0, to reduce the intensity of neutron, gamma radiation, and charged particles. The study
methodically manipulated the amount of nanoscale PbO in each glass sample, leading to densities that ranged from 3.675 to 6.650
g.cm”-3 for borate glasses and 3.177 to 4.845 g.cm-3 for phosphate glasses. The Phy-X/PSD program was utilized to compute nine
parameters related to gamma ray shielding. The SRIM Monte Carlo algorithm was used to calculate the ranges of H+, He2+, Au+,
and C4+ ions at specific energies ranging from 0.01 to 20 MeV. The ESTAR NIST software was used to calculate the Total
Stopping Power (TSP) and range (R) values for electron interactions at specific electron energies ranging from 0.01 to 1000 MeV.
The Fast Neutron Removal Cross-Section (FNRCS) at 4.5 MeV and the macroscopic effective removal cross-section (MRCs) were
estimated using Phy-X/PSD and MRCsC software, respectively. The findings revealed that the shielding capabilities of these two
glass systems were predominantly affected by their chemical composition and densities. Significantly, the addition of 70% PbO in
borate glass systems and 50% PbO in phosphate glass systems greatly improved their capacity to protect against gamma radiation,
neutrons, electrons, and charged ions. This work offers significant insights into the potential of these two glass systems for
applications that demand efficient radiation shielding, such as in the fields of nuclear medicine, radiation treatment, and spacecraft
architecture. The results indicate that by adjusting the PbO concentration and glass composition, the effectiveness of their shielding
may be optimized for certain uses.

Keywords: Glass shielding; phosphate and borate glasses; lead oxide; FNRCS; Phy-X/PSD; SRIM; ESTAR.

employment in situations where transparency is crucial [4, 5].
The rising need for radiation protection in many applications,
especially in medical radiotherapy, has resulted in a
burgeoning interest in modified glass materials that provide
both efficient shielding and transparency. This is especially
pertinent for medical equipment and buildings such as X-ray
rooms, testing material laboratories, and specialty windows
and doors, where visibility is of utmost importance [6, 7]. The
desire for these altered glass materials is motivated by their
distinctive amalgamation of qualities, which encompass

1. Introduction

The growing utilization of glass in radiation shielding
applications, specifically in medical treatment, nuclear
engineering, agricultural, and industrial industries, has
emphasized the necessity to comprehend and assess the
shielding capabilities of these materials. This worry arises from
the inherent radiological dangers linked to the interaction
between radiation and glass [1].

When radiation comes into contact with something, its

strength decreases as it travels through the substance. Hence, it
is important to ascertain the attenuation characteristics of any
shielding material in order to choose the most efficient material
for a particular use. Historically, concrete and lead have been
preferred materials for radiation attenuation because of their
strong structure and efficient shielding properties [2, 3].
Nevertheless, the variability of water content in concrete and
the intrinsic lack of transparency in lead create errors when
calculating their shielding parameters, which restricts their
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exceptional optical traits, robust mechanical strength, and the
capacity to integrate heavy metal oxides such as PbO, Bi,Os,
MoQs, and WO3 with remarkable consistency. These metal
oxides and doped glasses are often used in a variety of optical
and shielding applications [8-12].

By including one or two of the following oxides - PbO,
Bi»O3, M00s3;, WOs, TeO,, and GeO; into the basic glass
materials, the stability of the glass matrix and its structural
qualities may be greatly improved. An example of this is the
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utilization of tellurite oxide and germanium oxide in a glass
system, which can enhance thermal stability, chemical
resistance, and mechanical resistivity. The inclusion of GeO
and other structural components enhances the transparency,
melting point, chemical resistance, mechanical robustness, and
operational temperature range of glass systems [13-17].

The glass systems doped with lead oxide (PbO) have
shown remarkable properties such as strong chemical
resistance, high density, high melting point, and good non-
linear optical susceptibility with high refractive indices and
infrared transmission protection [18-20]. Glass networks can
be either formed or modified by nanoscale PbO put into them,
depending on the quantity of PbO [20]. The optical field,
radiation shielding, and the temporary storage of radioactive
waste are all potential uses for PbO doped glasses [18, 21].
Investigating the impact of changing the concentration of lead
oxide (PbO) in glass systems on high-energy electromagnetic
radiation such as X-rays, gamma rays, neutrons, and charged
particles is crucial, taking into account all the important lead
oxide properties in technologically modifying radiation
protection materials. The evaluation of gamma radiation,
charge particle, and neutron shielding properties of glass
systems allows one to quantify the influence of PbO on these
systems. A number of properties have been observed in
systems of phosphate and borate glasses, including a low
optical dispersion, a high thermal expansion coefficient, a low
glass transition temperature, and a complex radiation
absorption coefficient [22-24]. It will be easier to use borate
and phosphate glass systems for radiation shielding if the
effects of adding varying percentages of micro scale PbO to
these glass systems are investigated. While it is true that some
experimental investigations have assessed the shielding
capacities of various glass systems, doing so involves risky and
time-consuming computational procedures due to the massive
amounts of data required. As a result, researchers were able to
accurately calculate the radiation shielding parameter of glass
samples using computer programs and codes, which saved time
and ensured their safety. The use of these computer codes and
algorithms was based on their proven track record of success in
measuring a variety of radiation shielding properties over a
broad spectrum of photon energies [27, 29, 30, 22, 31, 20].

The simulation and theoretical computation of radiation
interaction factors are now being carried out with the
assistance of several software applications and distinct codes.
Phy-X/PSD, Win-XCOM [25-27], MCNCP codes [22], Py-
MLBUF [28], and a number of other related applications are
included in this category. For the purpose of providing an
accurate estimation of the radiation shielding capabilities of the
glass systems, particular shielding parameters are required. The
linear attenuation coefficient (LAC), the mass attenuation
coefficient (MAC), the half value layer (HVL), the mean free
path (MFP), the effective atomic number (Zeff), and the
effective electron density (Neff) are all examples of these
characteristics.

As a result, the objective of this research is to investigate
the ways in which the incorporation of different concentrations
of nanoparticle PbO influences the characteristics of gamma
radiation shielding, neutron and charged particle attenuation in
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two series of ternary phosphate and borate glass systems
(Zn0.P20s5 and Zn0.B,03). Measurements of gamma radiation
shielding parameters, fast neutron removal cross-section
(FNRCS), proton (H*) and alpha (He**) ion interactions, Au*
and C4* ion interactions, range values, total stopping power of
electrons during interactions, and macroscopic effective
removal cross-section (MRCs) for fast neutrons at various
photon energy levels will be carried out with the assistance of
computer programs that are simple to use.

The selection of these two glass systems was made because
of the great matrix stability, robust mechanical strength, and
extraordinary transparency that each of them possesses.
Because of these characteristics, these glass systems are ideal
for a wide variety of structural designs that are often
encountered in nuclear engineering technologies and radiation
facilities [2, 3, 22].

2. Theoretical Background.

2.1.Gamma shielding parameters.

When gamma radiation passes through glass, it goes
through three main processes: photoelectric absorption,
Compton scattering, and pair formation [32]. The radiation
shielding qualities of any material, particularly glass, are
determined by the interactions that occur between the material
and electromagnetic radiation. These interactions depend on
factors such as the atomic number, density, and energy of the
shielding material [33]. To examine the impact of PbO
nanoparticle inclusion on the gamma radiation shielding
characteristics of the two glass systems, it is necessary to
assess many parameters related to gamma radiation shielding,
including LAC (linear attenuation coefficient), MAC (mass
attenuation coefficient), HVL (half-value layer), TVL (tenth-
value layer), MFP (mean free path), Zeff (effective atomic
number), Neff (effective electron density), Ceff (effective
atomic density), EBF (energy build-up factor), and others. The
characteristics mentioned have been previously documented in
many publications [34-40]. The G-P fitting approach was used
to analyze the buildup factor (B), which accounts for the
scattering impact of gamma radiation that is not accounted for
in the Beer-Lambert equation [33, 41, 42].

2.2.  Total stopping power (TSP) and CSDA range
of charged particles

Charged particles have interactions when passing through a
glass medium, resulting in energy loss and ultimately reducing
the particle's speed to zero. As the charged particles gradually
slow down, the ionization of the glass samples diminishes
towards zero in the vicinity of Bragg's peak. This event is
attributed to the depletion of the particle's kinetic energy. It is
feasible to quantify both the Total Stopping Power (TSP) and
the Continuous Slowing Down Approximation (CSDA) range
of charged particles within the glass medium. The CSDA range
[31] refers to the approximate average distance that a charged
particle travels before coming to a stop. The relativistic Bethe's
equation, denoted as equation 1 [43, 44], accurately reflects the
phenomenon. The total scattering power (TSP) of a glass
sample refers to the average energy loss per unit length that a
charged particle experiences when passing through the sample
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[37]. The Bethe-Bloch equation, as stated in Equation 1,
calculates the total specific energy (TSP) of a charged particle
by dividing the differential energy loss experienced by the
particle in the glass sample by the corresponding differential
particle path.

dE ame*z?Nz 2M,pV?
TSP = —— = —— |1
dx (4mep)*MeV I

)—In - - 52| ()

where V is the velocity of particle /electron ( 2E/M), the

variable "M." represents the mass of a particle or electron. "N"
represents the number of atoms per unit volume. "Z" represents
the number of particles or electrons in one atom. "I" represents
the mean excitation or ionization potential of the glass sample.
"f" represents the velocity of a particle or electron divided by
the velocity of light. The CSDA range of electrons or charged
particles may be determined by integrating the reciprocal of
Equation 1, with the integration boundaries set from the
starting energy to the stationary energy state of the particle [44,
45].
E dE vdx

szdxzfo dE/dxz gadv (2)

2.3. Total Macroscopic Cross-Section (XT)

The symbol XT represents the total probability of a neutron
of a certain energy interacting with the atoms in a glass sample.
This measurement is represented in units of cm™. Both the
energy of the neutrons and the alignment of nuclei in the glass
sample's atoms play a crucial role in establishing the shape of
these interactions. The main interactions between the neutron
and the glass sample are neutron capture, nuclear fission,
elastic scattering, and inelastic scattering [35, 37].
Consequently, enthalpy (XT) is the sum of the microscopic
cross-sections for scattering interactions (os) and absorption
(oa) in each nucleus atom [46, 47].

Ir = N(aa + 0'5) (3)
N represents the number of nuclei per unit volume

In order to determine the value of XT for any neutron
absorber, it is necessary to take into account the intensity of the
neutron that is diminished due to absorption and scattering.
This information is compared to the intensity of neutrons when
there is no absorber involved. The Beer-Lambert equation will
be utilized in order to determine the neutron attenuation caused
by the glass absorber [48].

Ix = IOe_ETx (4)

In this context, Ix and 10 denote the intensities of the
neutrons that are entering the sample from the source without
the glass sample and the neutrons that are traversing the sample
via a specified thickness in cm, respectively.

2.4.Fast Neutron Effective Removal Cross Section
(FNRCS)

By determining whether or not a neutron with fission
energy or a fast neutron is capable of experiencing a first
collision, the FNRCS is able to exclude it from the category of
penetrating neutrons that do not suffer collisions. The unit of
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measurement is cm™. Similarly, the neutron with energy
ranging from 2 to 12 MeV is the same. In order to assess it,
Equation 5 [47] was utilized.

Zp = Lipi(Di ©)

The symbol pi represents the partial density in grams per
cubic centimeter (g/cm3). The term (%R) in centimeters squared

per gram (cm?/g) denotes the mass removal cross-section of the
ith constituent for a simple element. p; is calculated by
multiplying the weight fraction W; of the ith sample by the
density ps of the sample, as given in Equation 6 [48, 38].

pi = psW; (6)

3. Materials and method

The borate glass system is represented by the chemical
formula 2xPb0.xZn0 (1 — 3x)B, 04, where x ranges from 0.1
to 0.26 mol %. On the other hand, the phosphate glass system
is represented by the formula xPbO. (50 — x)Zn0.50P,0;,
where x can take the values of 10, 20, 30, 40, or 50 mol%. This
study investigates the impact of varying nanoscale lead oxide
(PbO) concentrations on the gamma radiation shielding
properties of borate and phosphate glass systems. The
investigation was conducted using the Phy-X/PSD software,
and the results are presented in Table 1. The interactions
between protons (H*) and alpha particles (He?*), as well as
gold (Au) and carbon ions (C*), were computed using the
SRIM Monte Carlo algorithm at specified energies ranging
from 0.01 to 20 MeV. The ESTAR NIST software was used to
calculate the range and total stopping power values for electron
interactions at various electron energies ranging from 0.01 to
1000 MeV. Additionally, the Phy-X/PSD program was used to
compute the FNRCS at 4.5 MeV, and the MRCsC program
was used to compute the MRCs for a wide range of energies of
fast neutrons. These computer programs are adept at
calculating and assessing ion interactions and radiation
shielding characteristics within certain energy ranges [22, 27,
29, 30]. They are user-friendly and possess exceptional
computational capabilities.

4. Results and Discussion

Table 1 presents the sample codes, chemical compositions,
and densities of the two glass systems that have been assessed
by experiments. Figures 1 to 24 depict graphical visualizations
of the results accomplished for the radiation shielding
capabilities of all glass specimens. These results were acquired
at specific gamma energies ranging from 0.015 to 15 MeV.
The findings were acquired with the Py-X/PSD computer
program. The FNRCS, MRCS for fast neutrons, TSP, ion range
(H*, He?*, Au*, and C**), and electron range and interaction are
crucial aspects for characterizing the shielding and interaction
properties of any glass material. To establish radiation
protection measures for nuclear and radiotherapy plants, it is
essential to assess these attributes using user-friendly computer
codes and algorithms. The data on shielding parameters may be
found in Figures 25-33.
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S/N S, Code PbO ZnO B0z P:0Os Density chemical composition
(g.cm™)
1 BZnPbB20 20 10 70 o 3.675 O0.2PHO+0.1 ZnO+0. 7503
2 BZnPb40 40 10 50 o 5.088 0.4PbO+0.7 ZrnO+0.58,03
3 BZnPb50 50 25 25 o 5.917 O.5PbO+0.25 ZnO+0.258-0;3
4 BZnPbs0o 60 10 30 O 0.212 0.6PHO+0.7 ZrnO+0.38B-03
5 BZnPb70 70 5 25 O 6.650 Q. 7PHO+0.05 ZnQ+0.258B0;
6 PZnlPbO O 50 O 50 3.177 0.5 ZnO+0.5 P>Os
7 PZnPblO 10 40 O 50 3.493 O IPHO+0.4 ZrOQO+0.5 PoOs
8 PZnPb20 20 30 O 50 4.121 Q.2PHO+ 0.3 Zr(O+0.5 P25
o PZnPbB30 30 20 O 50 4.419 O.3PHO+0.27m0+ 0.5 PoOs
10 PZnPBE40 40 10 O 50 4.802 0.4 PLO+0. 1 ZnO+0.5 PO
11 PZnPbs50 50 O O 50 4.845 O.5PHO+0.5 PO
Table 2: Mass Attenuation Coefficient of investigated glass systems
Gamma
Energy(MeV) BZnPb20 | BZnPb40 | BZnPb50 | BZnPb60 | BZnPb70 PZnPb0 PZnPb10 | PZnPb20 | PZnPb30 | PZnPb40 | PZnPb50
0.02 19.53715 35.448 47.80763 | 51.35885 | 57.84622 | 16.43796 | 21.45725 | 26.47655 | 31.49584 | 36.51513 | 41.53443
0.08 0.635125 | 1.054443 | 1.345642 1.47376 1.656239 0.45053 0.605829 | 0.761128 | 0.916426 | 1.071725 | 1.227024
0.2 0.286997 | 0.450066 | 0.536655 | 0.613135 | 0.692986 | 0.139262 | 0.217427 | 0.295593 | 0.373758 | 0.451924 | 0.530089
0.5 0.099377 | 0.113538 | 0.120592 | 0.127699 | 0.134789 | 0.085698 | 0.092796 | 0.099895 | 0.106994 | 0.114092 | 0.121191
1 0.06368 0.065335 | 0.065868 0.06699 0.067915 | 0.061574 | 0.062598 | 0.063622 | 0.064645 | 0.065669 | 0.066693
15 0.050785 | 0.051098 | 0.051015 | 0.051411 | 0.051647 | 0.050124 0.05044 0.050756 | 0.051073 | 0.051389 | 0.051705
4 0.032591 | 0.034816 | 0.036382 | 0.037041 | 0.038002 | 0.032201 | 0.033012 | 0.033822 | 0.034632 | 0.035442 | 0.036252
6 0.028765 | 0.032368 | 0.035043 0.03597 0.03748 0.028391 0.02961 0.030828 | 0.032046 | 0.033265 | 0.034483
10 0.026389 | 0.031949 | 0.036194 | 0.037509 | 0.039801 | 0.026046 | 0.027849 | 0.029653 | 0.031457 | 0.033261 | 0.035064
15 0.026072 | 0.033343 | 0.038922 | 0.040614 | 0.043601 | 0.025647 | 0.027986 | 0.030326 | 0.032666 | 0.035005 | 0.037345

4.1. Mass attenuation coefficient (MAC)

To enhance clarity, the alterations in the MAC of borate
and phosphate glass systems were depicted individually in
Figures 1 to 3 and Figures 4 to 6, respectively, for gamma
energies ranging from 0.02 to 15 MeV. The data shown in
Table 2 was used to obtain these figures. Upon analyzing these
deviations, it was found that the two glass systems had a
comparable pattern in the areas of lower, intermediate, and
higher gamma energy. The curves shown in Figures 1 through
6 clearly demonstrate that both glass systems are not only
highly successful in blocking low-energy gamma radiation, but
they are also extremely effective in providing protection
against intermediate and high-energy gamma radiation. The
experiment's findings indicate that there is a decrease in
gamma interaction when the photon energy in these glass
systems is raised. It is worth mentioning that the higher MAC
values seen in borate and phosphate glassware systems were a
result of the strong gamma interaction associated with the
photoelectric effect. The primary interaction mechanism that
takes place at lower energy levels is this interaction effect. As
the photon's energy grows, the probability of the photoelectric
effect occurring diminishes. This is done to counterbalance the
occurrence of Compton scattering, which is observed at the
intermediate energy level. The exceptional shielding properties
of BZnPby, and PZnPbs, glasses are evident from their greatest
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MAC values of 76.23 cm2/g and 55.07 cm2/g, respectively, at
0.015 MeV, which surpass those of other samples at the same
energy level. The assumption is correlated with the higher
values of density, molar mass, and effective atomic weight
seen in the assortment of glass specimens. BZnPb70 and
PZnPb50.

4.2. High value layer

The fluctuations in HVL with gamma energy were
illustrated in Figures 7 and 8, respectively, for both of the glass
systems. When the variance was examined in further detail, it
was discovered that lower gamma radiation energies revealed
the values of HVL that were quite near to one another for all of
the glass samples. When the photon energy was raised, it was
noticed that the value of HVL rose. This was due to the fact
that the chance of radiation contacts in the glass sample
decreased when the photon energy was increased. The values
of HVL that were measured at lower energies were shown to
be lower in Figures 7 and 8. According to the interpretation,
there is a greater chance of radiation contact in glass samples
when there is a shorter distance between subsequent gamma
radiation interactions [39, 50]. This substantiates the fact that
the incorporation of PbO into these glass systems resulted in an
improvement in the gamma attenuation and shielding
capabilities of these glass samples when subjected to lower
gamma energy. glass samples for testing.
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4.3. Mean free path

The disparities between the MFP values and the photon
energies in each and every borate and phosphate glass system
were graphically shown in Figures 9 and 10. A comparison
may be made between the dependency of photon energy on
MFP values and the dependence of photon energies on HVL
based on these figures. MFP values are inversely related to
LAC values for each of the glass samples. This holds true for
all of the samples collected. As a result, the material with the
highest MFP values was found to be BZnPby and PZnPbO
over the whole spectrum of photon energies, while the material
with the lowest MFP values was found to be BZnPbz and
PZnPbsg. In comparison to BZnPbzy, and PZnPbs, this
indicates that photon energy with a wide range of energies is
able to travel through BZnPhby and PZnPbO with far less
difficulty. These results are consistent with the findings that
were acquired from LAC and MAC investigations.

— = BZnPb20
2 —e— BZnPb40
— & BZnPb50
o % BZnPbG0

—e BZnPb70
-2 8] 2 4 é é 1'0 1'2 1'4 1'5

Energy (MeV)

Figure 9: Variation of MFP for BZnPb (20-70) with Ey
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Energy (MeV)
Figure 10: variation of MFP for PZnPb (0-50) with Ey

4.4, Effective electron density (Nefr)

The number of electrons per unit mass of a sample is
denoted by the symbol Neff. The glass sample's chemical
compositions are the determining factor in this regard. Figure
11 and Figure 12 are graphical representations of the
fluctuations of Neff with respect to gamma energies.
According to the plots, the curves suddenly surged and then
dropped dramatically about 0.015 — 1 MeV as a result of
photoelectric absorption and Compton scattering [18]. One of
the most important interaction processes that occur at lower
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energies is photoelectric absorption. In spite of the fact that the
photon energy was continuously increasing from 1 to 15 MeV,
a marginal rise in the value of Neff was determined to have
occurred. Additionally, it was found that the penetration of
gamma rays did not hold any substantial weight. It was
determined that this was due to the fact that the densities of the
glass samples were very near to one another, as well as the fact
that comparable materials predominated in the chemical
composition of borate and phosphate glass systems [51, 52].
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—e— BZnPb40
—a&— BZnPb50
—¥  BZnPb&0
6 i —+ BZnPb70

23
N,, x 107 (electron/g)

Energy (MeV)

Figure 11: Variation ofNeff for BZnPb (20-70) with Ey
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Figure 12: Variation of Neff for PZnPb (0-50) with Ey

4.5. Effective atomic number (Zes)

The inclusion of nanoscale PbO has led to a significant
decrease in the variation of Zeff with gamma energy, as seen in
Figures 13 and 14. These curves exhibit a sharp decline in the
initial energy range of 0.08MeV to 0.5MeV due to the
occurrence of photoelectric absorption. Nevertheless, there was
a little rise in their numbers when the photon energy escalated
from 0.5MeV to 15MeV due to the occurrence of Compton
scattering and pair creation.

Therefore, it may be inferred that Zeff relies heavily on the
dominant interaction process in each energy zone for the
reasons indicated above. Based on the study conducted by
several studies [20, 53], it has been shown that glass materials
with a higher Zeff value had a greater ability to shield against
radiation. Figures 13 and 14 demonstrate significant gamma
radiation interaction processes for the material at specific
photon energy levels [52]. Furthermore, Figures 13 and 14
illustrated that the Zeff of the BZnPbyy and PZnPbO samples
exhibited the lowest Zeff value compared to the other samples
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under investigation. This scenario happened due to the low
density and low effective atomic weight of the BZnPby, and
PZnPbO glass materials.
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Figure 13: Variation of Zest for BZnPb (20-70) with E,
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Figure 14: Variation of Zet for PZnPb(0-50) with E,

4.6. Effective conductivity

The effective conductivity, often known as Ceff, is a
quantity that is associated to the amount of energetic electrons
or free electrons present in a material sample. As can be seen
in Figures 15 and 16, the influence of nanoscale PbO on the
Ceff values of the glass systems that were tested at various
energies reveals a behavior that is comparable to that of Neff
and Zeff. The creation of very compact glass systems is
achieved by the incorporation of nanoscale lead oxide into the
structure of glass as an intermediate product. PbO has a strong
polarity of lead ions, which enables it to store and lower the
energy of excited electrons, hence enhancing radiation
shielding. This is a convincing indicator that PbO has this
property. This is due to the presence of lead, which is a glass
modifier that resides in the glass matrix and helps to strengthen
the links that make up the glass structure while also preventing
electron excitation [18]. In the event that photons bombard a
glass material, causing a change in the amount of free
electrons, the conductivity of the glass material will adapt in
order to accommodate the energy of the photons. Photoelectric
absorption is the impact that is most prominent when the
energy level is low sufficient. However, as the energy of the
photon is raised, a greater number of photons are emitted,
which results in an increase in the number of electrons that are
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excited. In light of the fact that Ceff is a function of the number
of collisions that occur between electrons and high-energy
photons, the Ceff is proportional to the Neff.
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1 —w— BZnPb&0
—+— BZnPb70

Energy (MeV)

Figure 15: Variation of Cest for BZnPb (20-70) with Ey
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Figure 16: Variation of Ceff for PZnPb(0-50) with E,

4.7. Exposure buildup factor

The implications of nanoscale PbO insertion on the EBF of
the glass systems that were examined are seen in Figures 17
and 18. According to the graphical representations, the EBF
values of the two glassware systems were obtained at a variety
of photon energy and at a variety of penetration depths (mfps).
The computed EBF value grew as the amount of PbO in the
compound increased. The compounds with the lowest EBF
values were BZnPby, and PZnPhg, while the compounds with
the highest EBF values were obtained. Using samples of
BZnPb7;y and PZnPbsy, material. Consequently, this
demonstrates that the EBF values that were obtained rise as the
proportion of PbO concentration increases. The rise in the
atomic number of these glass samples is not unrelated to this
phenomenon under consideration. It is essential to take note of
the fact that the variations shown in EBF are comparable to the
differences seen in EABF (refer to Figures 19 and,
respectively). Therefore, it is possible to quickly link the
factors that were responsible for differences in EBF and EABF.

When the penetration depth was changed from 1 to 40 mfp,
the values of the estimated EBF gradually increased. As a
result of the fact that certain gamma radiation accumulates at
different depths inside the glass materials, the majority of
gamma rays require a longer amount of time to travel through
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denser layers. In light of this, it may be deduced that the lowest
values of EBF are achieved at the lowest penetration depths
ever (1 mfp).
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4.8.PbO percentage variation and Density variation

The high density of lead (Pb) atoms resulted in a rise in the
percentage concentration of lead oxide (PbO) in both glass
systems. This, in turn, increased the density of the glass
samples and subsequently enhanced their shielding
capabilities. These findings are consistent with previous
investigations documented in the literature [18, 55, 22, 44, 27,
41]. Examination The data shown in Figures 23 and 24
demonstrate that an increase in the concentration of PbO in
each of the glass systems leads to a corresponding rise in the
density of the glass samples. These findings indicate that
increasing the percentage of PbO from 20 to 70 in the
bromated glass system and from 0 to 50 in the phosphate
system resulted in enhanced cross-linking within the main
matrix chain. This was achieved by sharing oxygen and boron
atoms in the case of the bromated glass system and oxygen and
phosphor atoms in the case of the phosphate system through a
covalent bonded configuration [54, 55, 56]. This implies that a
larger quantity of PbO may occupy the empty areas within the
glass structure, resulting in higher densities and, thus,
enhanced radiation shielding properties of these glass
composites.

4.9. Fast Neutron Effective Removal Cross-Section

The influence that the addition of nanoscale lead oxide had
on the rapid neutron removal coefficient of borate and
phosphate glass samples was illustrated in Figure 25. Generally
speaking, the fast neutron removal coefficient of the two glass
systems was rather high, particularly in borate glass samples,
which offered the highest level of 0.16 cm™ from BZnpPha.

Sohag J. Sci. 2025, 10(1), 181-192 188


https://sjsci.journals.ekb.eg/

Research Article

On the other hand, the phosphate glass samples exhibited lower
values, with maximum values of 0.13 cm™* from PZnPBao. This
demonstrates that BZnpPha4o possesses superior and noteworthy
neutron shielding properties, and it is recommended that it be
implemented as a main neutron shielding layer with other
fission neutron moderators, as suggested by Sakar et al. [27].
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4.10. Mean excitation energies of electrons
dependence of on the density of the glass samples

Data shown in Figure 26 demonstrated a proportionate
relationship between the density of the glass material and its
mean excitation energy. When the electron energy remains
constant, this demonstrates that there is a strong dependence
between the average ionization energy of the electron and the
density of the target material. The BZnPbz, sample exhibited
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the greatest values of I and p, which were measured to be 375.1
eV and 6.65 g/cm3, respectively. On the other hand, the
PZnPbso sample exhibited the highest values of 275.6 eV and
4.85 g/cm3, respectively. The findings are consistent with
experiments and theoretical investigations that have been
conducted in the past and are available in a variety of
literatures [37, 57].
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Figure 26: The dependence of mean excitation energies of electrons
on the density of the investigated samples

4.11. Charged ions range at different energies
through the investigated glass samples

In the charged ion range, the doping of borate and phosphate
glass systems with lead oxide (PbO) demonstrated a significant
influence. H* had the greatest range of all the charged ions that
were taken into consideration, whereas Au* displayed the least
amount of range. The reason for this was that the ions under
investigation had different atomic weights. When compared to
heavy ions, less heavy ions are more mobile when the photon
energy is the same to both types of ions. A visual summary of
the findings may be found in Figure 31, which shows that the
ranges of charged particles increase with decreasing density of
glass samples at increasing energy levels. Figures 27-30 also
show this relationship. Figures 27 and 30 are quite similar to
one another, which suggests that the features of the responses
of gold ions, carbon ions, proton and helium ions, and gold
ions are comparable throughout a broad energy range.
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Figure 31: The calculated ions range at various energies through the
BZnPb20 investigated samples.
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4.12.Total stopping power (TSP) and CSDA range of charged
electrons

Energy of the electron is a factor that determines the TSP of the
electron. The ionization potential of the glass samples is the single
factor that determines the electron stopping power when the energy
level is 0 eV. Figure 32 illustrates this phenomenon. Because of the
high density of the sample in question, BZnPbzo produced the largest
total surface area (TSP) when the energy of the electron was raised.
This is because it contains the greatest quantity of nanoscale lead
oxide.

Based on the data shown in Figure 33, the CSDA range of electrons in
all of the samples demonstrated an exponential connection to the
kinetic energy of the particles. Because of the decrease in density, the
CSDA ranges of electrons rose exponentially. This occurred when the
electron energy was larger than 15 MeV. Throughout the whole
energy range, the PZnPB2o compound was found to have the highest
CSDA range. Earlier comments made by other researchers in [18] that
a low-density sample offered a greater CSDA electron range are
further supported by this evidence.
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Figure 32: The calculated total stopping power of electrons through
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5. Conclusions

It was hypothetically explored how incorporating PbO into
Pb0.Zn0.B,05 and Pb0O.ZnO0.P,0s glass systems affected
certain ionizing radiation shielding properties. To find out how
inserting PbO affected the two glass systems shielding
capacities, we looked at the interaction parameters of this
ionizing radiation. The interaction properties of two series of
ternary phosphate and borate glass systems, Pb0.Zn0O.B,04
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and Pb0.Zn0.P,0s, with charged ions such as proton (H*),
alpha (He**), Au*, and C*, were theoretically calculated by
varying the concentration of PbO in each glass. The densities
of the bromated glasses ranged from 3.675 to 6.650g.cm?,
while those of the phosphate glasses were 3.177 to 4.845g.cm-
8. This study's findings indicate that, in general, radiation and
charged ion shielding capability (interactions) is maximized at
lower gamma energies when PbO is added incrementally to
phosphate systems (from 0% to 50%) and to borate glass
systems (20% to 70%). That is to say, in both the phosphate
glass system (PZnPbsp) and the borate glass system (BZnPbo),
the maximal shielding capability was demonstrated.
Consequently, systems of phosphate and borate glass adjusted
with a larger proportion of PbO are beneficial for shielding
purposes.
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