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ABSTRACT

The effect of substitution Pb,O3 by CuO content was studied for 75%
Li;B407 + (25 — x)Pb,03 +xCuO glass system where x=0, 5, 10, 15, 20, and 25wt%. The
mechanical and radiation shielding properties were evaluated for the investigated glass
samples. The mechanical properties included Young’s, shear, bulk, longitudinal, Poisson
ratio, and micro-hardness were computed theoretically based on the packing factor (V;)
and dissociation energy (G;) of the metal oxides constituting the existing glass samples
using the Makishima-Mackenzie model. The obtained results depicted the insertion of CuO
enhances the different mechanical parameters up to 20mol% of the investigated LBPCu
glasses. Furthermore, the radiation shielding properties were studied for the investigated
LBPCu glass using the Monte Carlo N-particle transport code (MCNP-5) simulation. MCNP-5
was used to detect the simulated linear attenuation coefficient (LAC) and then mass
attenuation coefficient (MAC) and other factors based on various gamma-ray sources
with energies of 0.24, 0.66, 1.17, 1.33, and 1.40 MeV. The results showed that LAC’s highest
value decreased from 0.578 to 0.320cm™! for glasses LBPCuO and LBPCu25, respectively,
at low energy of 0.284 MeV. Moreover, the effective and equivalent atomic numbers (Zeg
and Zeq), buildup factor (EBF), and absorption buildup factor (EABF) were evaluated for the
investigated LBPCu glass using the BXCOM program. The results revealed that the shielding

properties of the investigated glasses improved by the insertion of CuO content.
© 2020 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Palabras clave:
Gamma-fotones

Moédulos mecéanicos
Propiedades protectoras
Simulacién del Monte Carlo

El efecto del aditivo CuO en las caracteristicas mecanicas y de proteccién
contra la radiacion del sistema de vidrio Li2B407 - Pb203

RESUMEN

Se estudi6 el efecto de la sustitucién de Pb,03 por el contenido de CuO para el 75% de
LiyB4O7 + (25 — x)Pb,03 + xCuO sistema de vidrio donde x=0, 5, 10, 15, 20 y 25% en peso. Se
evaluaron las propiedades mecénicas y de proteccién contra la radiacién para las muestras
de vidrio investigadas. Las propiedades mecénicas incluidas Young, cizallamiento, volumen,
longitudinal, relacién de Poisson y microdureza se calcularon teéricamente en funcién del
factor de empaquetamiento (V;) y la energia de disociacién (G;) de los éxidos metélicos que
constituyen las muestras de vidrio existentes utilizando el método Makishima-Mackenzie.
modelo. Los resultados obtenidos muestran que la insercién de CuO mejora los diferentes
pardmetros mecdnicos hasta en un 20% mol de los vidrios LBPCu investigados. Ademds,
se estudiaron las propiedades de proteccién contra la radiacién para el vidrio LBPCu inves-
tigado utilizando la simulacién del cédigo de transporte de particulas N de Monte Carlo
(MCNP-5). Se utiliz6 MCNP-5 para detectar el coeficiente de atenuacién lineal simulado
(LAC) y luego el coeficiente de atenuacién de masa (MAC) y otros factores basados en varias
fuentes de rayos gamma con energias de 0,24, 0,66, 1,17, 1,33 y 1,40 MeV. Los resultados
mostraron que el valor més alto de LAC disminuy6 de 0,578 a 0,320 cm~?! para los vasos
LBPCuO y LBPCu25, respectivamente, a baja energia de 0,284 MeV. Ademds, se evaluaron
los nimeros atémicos efectivos y equivalentes (Zefr y Zeq), €l factor de acumulacién (EBF) y
el factor de acumulacién de absorcién (EABF) para el vidrio LBPCu investigado utilizando el
programa BXCOM. Los resultados revelaron que las propiedades de proteccién de los vidrios

investigados mejoraron mediante la insercién de contenido de CuO.
© 2020 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Ionizing radiation is a form of radiation where the photons
have sufficient energy to detach electrons from atoms or
molecules. They consist of high energy photons such as X-rays
and gamma-rays. Ionizing radiation is common in the medical
industry, especially when taking medical exams such as X-ray
imaging, CAT scans, PET scans, etc. Besides, it is also used in
the fields of agriculture for insect control and in nuclear power
to create electricity. Even with the numerous potential bene-
fits that this type of radiation brings, long-term exposure to
these photons can cause serious harmful effects. Because of
their ability to rip electrons from atoms, high doses may lead to
effects such as nausea, skin burns, permanent tissue damage,
cancer, and death [1-3].

Three principles are followed to minimize the radiation
exposure of workers and patients: time, distance, and shield-
ing. The first two involve limiting the time exposed to radiation
and the distance to the source. Although these two principles
are essential, it is sometimes necessary to get up close to the
radiation source, which is why shielding is needed. Shielding
involves any material that is used to protect against radiation.
The material can be placed between the person and the source
or can be worn to absorb the incoming photons. These mate-
rials’ goal is to absorb the ionizing radiation’s intensity totally
or provide safe enough levels [4-6].

There are a few different varieties of materials that are used
for shielding. One of these is concrete [7]. Concretes are sturdy
materials that offer many desirable qualities, including their
ability to form different shapes and low cost. However, they

also have some drawbacks, such as their tendency to crack and
lack of mobility. Other materials such as alloys are currently
being investigated, as their shielding properties are enhanced
by mixing different metals [8]. Lead is often used as a shield
because of its high density, low cost, and excellent attenuation
ability. It can be utilized by itself, mixed into alloys, or doped
into another type of material-glasses [9].

Glasses can be modified to enhance their shielding
ability, have a low cost, and are transparent, a trait that the
other materials do not have. For example, glasses can offer
workers the ability to view patients inside a medical facil-
ity’s radiation room from the outside. They can also be used
to make doors in nuclear facilities, create security cameras,
and more [10-12]. The heavy metal oxides (HMO) were used
as a dopant to improve the glasses’ capability to absorb radi-
ation. The metal oxides with a high density have significantly
enhanced the effectiveness of glasses against high-energy
radiation. There are a few methods used to prepare glass
systems. One of the most used methods is called the melt-
quenching technique, where the oxides are rapidly heated and
are then quenched rapidly [13]. They are often annealed after
to remove any stress that might cause the glass to fracture.
Other methods are sometimes used, such as chemical vapor
deposition (CVD) and the sol-gel process.

The glass system’s radiation shielding properties with the
composition of 75LipB407-(25 — x)Pb304—xCuO, where x=0, 5,
10, 15, 20, and 25 mol%, was investigated. Borate is frequently
used as a glass former, an oxide that forms the glass system’s
backbone because of its hardness and thermal resistance
[14]. In the glass system, it can exist as either a tetrahedral
BO4 or a triangular BO3;. CuO acts as a glass modifier in the
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borate system, meaning that it does not interconnect with
the glass network’s backbone but alters it. Previous research
has demonstrated that replacing Li;B4O0; with CuO increases
the amount of BO3 units in the structure by converting the
BO4 groups. Lead oxide, both of its forms, can act as a glass
intermediate, meaning it can act as both a glass former and
a glass modifier [15]. Results have shown that about a quarter
of the lead oxide acts as a modifier while the rest becomes
a network former. The present work novelty lies in the
mechanical and gamma-ray shielding features for the eval-
uated glass network. Based on the Makishima-Mackenzie
model, the elastic moduli, Poisson ratio, and micro-hardness
were assessed. Besides, the simulation code MCNP-5 and
program BXCOM were utilized to evaluate the protection
parameter such as linear attenuation coefficient (LAC), trans-
mission factor (TF), and the buildup factors (EBF and EABF).

Materials and methods
Mechanical properties

In the present work, the elastic properties were inves-
tigated for a glass network with chemical composition
75LiyB407 + (25 — x)PbsO4 +XCuO where x=0, 5, 10, 15, 20,
25mol%. The glass samples were selected from Ref. [15]
and coded as LBPCuO-LBPCu25. The chemical concentration
in mol% and density were illustrated for the studied glass in
Table 1.

The mechanical moduli, such as Young’s, shear, bulk,
longitudinal, Poisson ratio, and micro-hardness, were com-
puted theoretically based on the packing factor (V;) and
dissociation energy (G;) of the metal oxides constituting the
existing LBPCuO-LBPCu25 glass samples [16,17]. The dissocia-
tion energy (G;) and the packing density of the studied glass
were calculated according to Egs. (1) and (2):

Gt (k] cm™>) = inci (1)

Vi (cm3mol 1) = ﬁinvi 2)
i

The X; refers to the molar fraction of the ith constituent com-
pound while p and M are the density and molecular weight of
the studied LBPCuO-LBPCu25 glass samples.

Based on the previously estimated values of the G; and
V¢, the elastic moduli (Young modulus (Y), bulk modulus (B),
shear modulus (S), longitudinal modulus (L), Poisson ratio (u),
and microhardness (H)) were computed through the following
equations.

Y =2ViG €
B=12VE 4
e ©)
L=B+ s ©)

pe= 1 )
_(1-2y)
T=6ir ®

Gamma-ray shielding features

Due to the high prices of the pure chemical compounds
and the unavailable of the radiation experimental shield-
ing measurements, Monte Carlo N-particle transport code
(MCNP-5) was used to simulate the shielding features of the
studied LBPCu0O-LBPCu25 glass samples. MCNP-5 code is a use-
ful tool supported by continuous-energy nuclear and atomic
data libraries. The primary cross-section data sources for
the MCNP-5 nuclear database are ENDF, ACTI, ENDL, ACTI,
and T-16 files [18]. Due to predict the average track length
of the gamma-photons during passing through the studied
LBPCu0-LBPCu25 glass samples, an MCNP input file should for-
mat. The created input file describes all the simulation tools,
such as (the surface card, cell card, material card, importance
card, and the source card) [19-21]. The detector assumed an
F4 tally to evaluate the emitted photons’ average track length
inside the studied glasses in the present study. Finally, the
prepadeometry was described in Fig. 1.

The shielding factors, such as the linear attenuation coef-
ficient (LAC) and mass attenuation coefficient (MAC) were
simulated based on the obtained values of the average track
length of the emitted gamma-photons. After that, the simu-
lated MAC and LAC were used to predict other crucial shielding
parameters such as the half-value layer (4¢5), mean free path
(MFP), and transmission factor (TF) [22-24]:

=in()
LAC(cm™) = Xln I 9)
_ LAC(cm™?)
i = gem ) uo
TF = L — expl-1ACH) (11)
= 10 = p
1
MFP = TAC{emT) 12

The I, I, X, p, wj, and (um); represent the incoming photon
intensity, transmitted photon intensity, glass thickness, glass
density, fractional weight, and the ith constituent element’s
mass attenuation coefficient.

Moreover, a technical program named BXCOM was applied
to calculate the effective atomic number (Z.¢), equivalent
atomic number (Zeq), and the buildup factors (exposure
buildup factor (EBF) and energy absorption buildup factor
(EABF) for the investigated glasses [25].

Results and discussion
Mechanical properties

Previous works showed that the PbyO3 compounds decom-
posed to PbO in the furnace under temperature between
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Table 1 - The chemical composition and density of the studied glass.

Chemical composition (mol%)

LBPCuO LBPCu5 LBPCul0 LBPCul5 LBPCu20 LBPCu25
CuO 0.000 05 15 20 25
Li;B407 75 75 75 75 75
Pb304 25 20 10 05 0.000
Density (gcm—3) 4.470 4.300 4.110 3.710 3.530 2.930

Glass samples

¥ Detector F4 tally

lead collimator
Gamma ray source

Fig. 1 - The simulation geometry of the present study.

530 and 550°C while the Li;B40; was discomposed to Li,O
and B,0s, respectively. The elastic quantities, such as elastic
moduli (Young, bulk, shear, and longitudinal), Poisson ratio,
and micro-hardness, were evaluated for the existing glass
samples. According to the Makishima-Mackenzie model, the
evaluation was based on the packing factor’s calculated values
(V;) and the dissociation energy (G:) of the metal oxides con-
stituting the studied glass samples. The dependence of V; and
Gt on the CuO content was illustrated in Fig. 2. The calculated
values of V; reach the maximum for the glass sample LBPCu0
without CuO content. After that, the calculated values of the
V; reduced dramatically with the substitution of PbO by CuO.
The reason for this reduction is the replacement of PbO with a
high packing factor (V;=11.7 cm? mol~1) by CuO with a lower
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Fig. 2 — Variation of the Packing factor and dissociation
energy of the studied LBPCu0-LBPCu25 glass samples.

packing factor (V;=7.5cm?mol~1). On the other hand, the G;
and V; have an obverse relationship, where the G; increased
linearly with an increase in the CuO content. The observed
trend is due to the replacement of the PbO with lower dissoci-
ation energy (G = 25.3kJ cm~3) by CuO with higher dissociation
energy (G;=59.5kJ cm~3) [26].

Additionally, Young's modulus (E) is calculated based on the
dissociation energy and packing density (V;) listed in Table 2
for the existing glass samples. Fig. 3 depicts the variation of
the elastic modulus as a function of the CuO concentration,
where Young’s modulus increased with increasing the CuO
up to 20mol%. After that, the calculated values of Young's
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v
v
140 - v v .
4 v
7 120 4
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n
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=} - ° [ ]
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Fig. 3 - Dependence of the elastic moduli on the CuO
contents (mol%).
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Table 2 — Mechanical properties of the studied glass samples.

Sample code V; (molcm—3 Gt (K cm™3) V¢ (molcm—2) E (GPa) B (GPa) S (GPa) w H (GPa) L (GPa)
LBPCu0 15.325 67.20 0.61 93.871 78.676 36.072 0.301 4.782 126.772
LBPCu5 15.115 68.91 0.63 98.547 84.557 37.735 0.306 4.886 134.871
LBPCul0 14.905 70.62 0.64 103.356 90.759 39.443 0.310 4.991 143.350
LBPCul5 14.695 72.33 0.63 102.774 87.618 39.392 0.305 5.134 140.141
LBPCu20 14.485 74.04 0.66 109.182 96.603 41.621 0.312 5.227 152.097
LBPCu25 14.275 75.75 0.60 101.931 82.296 39.399 0.294 5.422 134.828
55 T T T T T T
A 0.60 ]
541 ] ~@—LBPCu0 “
0.55 —@—LBPCus |
5.3 . ' ~@—LBPCul0 |
= ~@—LBPCul5 {
5 050 —Q—LBRCu20 |
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8 /‘
A 30
= 6] ] 0
/ 025
481 A ] 0.20
4‘7 T T T T T T 015 ,. —
0 5 10 15 20 25

CuO (mol %)

Fig. 4 - Variation of the micro-hardness of the studied
LBPCuO-LBPCu25 glass samples as a function of the CuO
content (mol%).

dropped suddenly at CuO content 25mol%. The reason for
dropping the elastic modulus (E) at a high concentration of
CuO (25mol% for the glass LBPCu25) is the decrease of the
V; of the studied glasses where EaV;. Fig. 3 also depicts the
bulk, shear, and longitudinal moduli variation versus the CuO
insertion ratio. The calculated quantities of bulk, shear, and
longitudinal moduli follow Young’s modulus in quite the same
order. The computed values of Young’s, bulk, shear, and longi-
tudinal moduli were changed in the range between 93.87-101,
78.67-82.29, 36.07-39.39, and 126.77-134.82 GPa, respectively,
for the studied LBPCu0O-LBPCu25 glass samples.

As mentioned earlier, the Poisson ratio was also calcu-
lated according to Eq. (7), where it is directly proportional to
linearly increase with an increase in the existing glass sam-
ples’ V;. Table 2 lists the Poisson ratio’s calculated values,
where it also follows Young’s modulus in quite the same order.
It is increased from 0.27 to 0.29, with an increase in the CuO
insertion ratio between 0 and 20 mol%. After that, the Poisson
ratio dropped to 0.294 for the CuO insertion ratio of 25mol%.
The detected drop is due to the sudden decrease in the V; and
V: of the studied LBPCu25 glass sample.

Hardness is a mechanical property used to check the mate-
rial’s ability to resist the incoming loading and is divided into
two types: micro-hardness and macro-hardness. The glass
samples usually small and with a thinner thickness. Thus, the
micro-hardness (H) is more important to study in the present
work. The data presented in Fig. 4 and listed in Table 2, the
studied glass samples’ micro-hardness, increases gradually

Fig. 5 - Variation of the linear attenuation coefficient LAC
(cm~1) versus the incident gamma photon energy at
different concentrations of CuO content.

from 4.782 to 5.422 Gpa when the CuO ratio varied in the range
between 0 and 25 mol%, respectively.

A comparison was performed between the elastic moduli
calculated for the present glass system and some previously
measured elastic moduli for borate glasses containing CuO
and PbO compounds to confirm the theoretical model’s results
for the studied LBPCuO-LBPCu25 glass samples presented in
Table 3.1tis clear that the calculated elastic moduli are compa-
rable to those measured for borate glass containing CuO and
lead reported by Refs. [27] and [28], respectively. It is higher
than the elastic moduli of the measured for the borate glasses
containing PbO [29,30].

Ionizing radiation shielding capacity

Monte Carlo N-particle transport code (MCNP-5) was used to
detect the investigated glasses’ simulated linear attenuation
coefficient (LAC). Fig. 5 illustrates that the incident gamma
photon energy, and the chemical composition is the two
main factors affecting the LAC. First, the dependence of the
LAC on the incident gamma photon energy. The investigated
LBPCu glasses’ results depict that the LAC decrease with
an increase in the incident gamma photon energy. At low
energy 0.284 MeV, the LAC has the highest values. The highest
LAC diminished from 0.578 to 0.320cm™! for glasses LBPCUO
and LBPCu25, respectively. Subsequently, the simulated LAC
values progressively decreased with the increase in the
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Table 3 - Comparison between experimental elastic moduli of previously prepared borate glasses and the calculated

model in the present work.

Sample code Composition (mol fraction) Density (gcm™3) E (GPa) B (GPa) S (GPa) n H (GPa) L (GPa)
LBPCuO 0.75LipB407, 0.25Pb, 05 4.470 93.871 78.676 36.072 0.301 4.782 126.772
LBPCu20 0.75Li;B407, 0.05Pb,03, 0.2Cu0 3.350 109.182 96.603 41.621 0.312 5.227 152.097
LBPCu25 0.75Li;B407, 0.25Cu0 2.930 101.931 82.296 39.399 0.294 5.422 134.828
BCCu0.05 [27] 0.6B,03, 0.35Ca0, 0.05Cu0 2.7442 96.87 76.84 37.55 0.2889 5.259 126.90
BCCu0.1 [27] 0.6B,03, 0.3 Ca0, 0.1Cu0O 2.897 112.60 84.75 44.03 0.278 6.5 143.46
BCCu0.15 [27] 0.6B,03, 0.25Ca0, 0.15Cu0 3.0963 131.23 91.67 52.02 0.2614 8.273 161.02
BCCu0.2 [27] 0.6B,03, 0.2 Ca0, 0.2Cu0 3.2991 144.96 100.47 57.54 0.2595 9.224 177.20
25 PbO [30] 0.2Na,0, 0.55B,03, 0.25PbO 3.675 60.7 42.2 24.1 0.260 - 74.3
LBPb20 [29] 0.2Li,0, 0.6B,03, 0.2PbO - 75 49 29 027 - 94
CL4 [28] 0.15Li,0, 0.2PbO, 0.65B,03 3.76 70.79 51.52 27.85 - - 88
0.14 T T T T was less than 2% for LBPCu glasses, where it was calculated
@7 ) - according to Eq. (13).
IO - — _
(]
Ng Diff (%) = [(MYH)m(cnp (MM)xcom] %100 (13)
50.10 . 4 /’Lm)mcnp
<
=
g Fig. 7 exhibits the studied glass’s TF variation with the
g 008 i thickness of the investigated glass at stationary gamma
§ photon energies (0.284, 0.662, 1.173, and 1.406 MeV). First, the
0.06 4 | reliance of the TF studied on the incoming gamma-photon
energy. The TF was observed to increase with increasing the
. ' r ; incident gamma-photon energy. At low energy 0.284 MeV, the
0.06 0.08 0.10 0.12 0.14

Simulated MAC (cm? g™')

Fig. 6 - The relation between the theoretical and simulated
MAC for the glass sample LBPCuO for an example.

incident energy of gamma photons. This is because the
Compton scattering cross-section is inversely proportional to
the incident gamma photon energy. At energy of 1.406 MeV,
the lowest LAC was observed and decreased from 0.232 to
0.149cm™1 for glasses LBPCu0 and LBPCu25, respectively.

The other factor is the chemical composition of the
LBPCu glasses. The replacement of Pb304 content by CuO on
the existing glass decreases the molecular weight of LBPCu
glasses. Therefore, Z.¢ decreases moderately by reducing the
molecular weight of the LBPCu glasses. The maximum value
of LAC was attached before the CuO content was added to
the selected glass, while the lowest values were obtained for
the LBPCu25 glass with 25mol% CuO. For the LBPCuO glass
sample (as an example), the LAC varied in a decreasing trend
from 0.578 to 0.232cm~1, while it is diminished from 0.32 to
0.149cm™?! for the LBPCu20 glass sample at gamma-photon
energy range between 0.284 and 1.406 MeV. The obtained
results illustrated that the LAC decrease with increasing the
CuO content to Pb30O4 glasses. The LAC reduction is due to
CS’s cross-section, which is proportional directly to Zegf (0com
a Zegt)-

The mass attenuation coefficient (MAC) was calculated the-
oretically using XCOM and correlated with MAC simulated
based on LAC data. The strong correlation between theoretical
and simulated MAC for selected LBPCuO glass is presented in
Fig. 6. The difference (%) between simulated and hypothetical

little values of TF were detected for the LBPCuO glass sample
and diminish from 56.08 to 5.50%, while the highest TF
decreased from 72.58 to 20.15% for the LBPCu25 glass sample.
Additionally, at gamma-photon energy 1.406MeV, the TF
ranged between 79.28-31.33 and 86.09-47.29% for LBPCu0 and
LBPCu25, respectively. As a result of the increasing incident
photon energy, the incoming photons photon’s penetration
power increases, and the wavelength of gamma-photon will
decrease (E=hc/1). Consequently, the number of interactions
inside the LBPCu glasses decreased, and the transmission of
photons increased.

Second, the thickness of the LBPCu-glass samples affected
the TF of the incident photons. For LBPCu25 glass, the TF
at low energy (0.284MeV) decreases from 72.58 to 20.15%,
increasing the glass thickness from 1 to 5cm, respectively.
With expanding the glass thickness, the incident photon takes
a long time to penetrate the glass thickness. Thus, photon
interactions will increase inside the glass, and the transmitted
photons will decrease.

Fig. 8 displays the variation of the MFP with the selected
energy range for the investigated LBPCu0-LBPCu25 glass sam-
ples. Also, in this figure we included the MFP for the previously
fabricated borax glass [31] and commercial shielding glass
RS-253-G18. The MFP of the studied LBPCu glasses is increased
with the increasing incident photon gamma energy. The maxi-
mum value of MFP was observed for the LBPCu25 glass sample,
while the minimum value was obtained for the LBPCuO glass.
LBPCu glasses’ MFP values are even lower than RS-253-G18 and
Borax 40% as an appropriate high-density shielding glass. This
illustrates that the average distance between two successive
interactions of the incident gamma photons in the investi-
gated LBPCu glasses is short. This is due to the low weight
fraction of Cu in the investigated glasses.



BOLETI{N DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)275-283

281

0.284 MeVI ' ' ' " Bl cm
90 I 2 cm
- Csem

Transmission factor (%)

& Q@ P o < o
100
1.173 MeVI Bl ! T T
B 2 cm

Transmission factor (%)

o
&

a0
O <
%

5
o
© 5

] ©
o ©
N N

S\
& W

0662 MeV] ' " 1 tm
90 B 2 cm B
5 Csem

Transmission factor (%)

1.406 MeVI

Transmission factor (%)

o C\\\Q Os\‘z C\Q'Q

Q
o
X4 R
WP WP \,9? \&Q

o
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Fig. 8 - Comparison between the MFP of the investigated
glass, commercial glass sample RS-253-G18, and some
similar previously fabricated glass samples.

Based on the Compton scattering mass attenuation coef-
ficient (MACcs) of the constituent elements in the glass
network, the Zeq values were calculated in the gamma-photon
energy range between 0.015 and 15MeV and presented in
Fig. 9. The values of the Z.q showed a dependence on the
photon energy, where the lowest Zeq was detected in the PE
energies range between 0.015 and 0.1 MeV. At gamma-energies

45 - T
—a— LBPCu0
40 | —@—LBPCus
LBPCul0
—&—LBPCul5
35 4 —o— LBPCu20
—o— LBPCu25

Energy (MeV)

Fig. 9 — Dependence of the equivalent atomic number as a
function of gamma-photon energies.

above 0.1MeV, where the CS interaction is prevalent, the Zeq
values increase progressively. Above 1MeV, the Zeq decreases
gradually due to the increase in PP interactions.

The buildup factors are usually used to describe the accu-
mulation of gamma-photons. The buildup factors are divided
into exposure buildup factor (EBF), which predicts the number
of gamma-photons accumulated in the air after passing the
material, and energy absorption buildup factor (EABF), which
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Fig. 10 - The dependence of the exposure buildup factor
(EBF) versus the incoming gamma photon energy and
penetration depth.
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Fig. 11 - The dependence of the energy absorption buildup
factor (EABF) versus the incoming gamma photon energy
and penetration depth.

indicates the number of photons heaped up inside the studied
glass thickness. The program BXCOM was used to calculate
EBF and EABF for gamma-photon energies between 0.015
and 15MeV. Figs. 10 and 11 depict the EBF and EABF values’
dependence on three parameters (incoming gamma-photon
energy, samples penetration depth in the unit of mfp, and the
glass composition). Firstly, the computed values of EBF and
EABF possess lower vales at low gamma-photon energies,
where the photo-electric interaction (PP) interaction removes
almost the incident gamma-photons. After that, the number
of heading up photons increases gradually with the increasing
Compton scattering interaction. Compton scattering interac-
tion removes only a small part of the incident photon energy

during the interaction. The scattered photon accumulated
inside the studied glass thickness with the rest of the incident
photon energy. For the gamma-photon energies higher than
2MeV, the pair production (PP) began to dominate. Thus, the
number of EBF and EABF values gradually decreased with
increasing the incident gamma photons. It is observed that at
high energies (higher than 8 MeV), glass samples LBPCu0 and
LBPCu5 have a rapid increase in the EBF and EABF values, and
this trend decreased gradually with decrease Pb,O3 contents
in the studied glass samples. It is also observed that the
highest values of the EBF and EABF achieved at high energies
(energy >8 MeV) for glass samples LBPCu0 and LBPCu5 which
contain 20 and 15mol% of Pb304, respectively. Secondly, the
computed values of EBF and EABF were observed to increase
systematically with an increase in the penetration depth (PD)
up to 20mfp. The gamma photons spent a more extended
period to penetrate the thicker thickness, leading to more
photons accumulation. It is observed that the lowest values
of the EBF and EABF achieved at little PD (PD =0.5 mfp) while
the highest values of EBF and EABF were obtained at high PD
(PD =40 mfp). Finally, the variation of EBF and EABF values ver-
sus the chemical composition is illustrated in Figs. 10 and 11.
The calculated values of the EBF and EABF increased with the
replacement of Pb3O4 with the CuO content, where the lowest
and highest buildup factors were obtained at 0 and 20 mol%
CuO. As the CuO content ratio increases, the computed values
of the EABF increased while the EBF values decreased. Thus,
the replacement of Pb304 by CuO leads to accumulating the
incoming photons in the studied glass.

Conclusion

The mechanical and radiation protection characteristics were
investigated for the LBPCu glass network. Firstly, the assump-
tions of Makishima-Mackenzie’s theory were used to calculate
the elastic moduli. Thus, the packing factor (V;) and disso-
ciation energy (G:) were calculated for the mentioned glass
system. The V; and G;’s estimated values were ranged between
15.32-14.27 cm®mol~! and 33.85-54.22kJcm~3, respectively,
with the increase of CuO insertion ratio between 0 and 25 wt%.
Young’s modulus was enhanced and increased between
93.87 and 101.93GPa, increasing the CuO insertion ratio
between 0 and 25wt%. The rest of the mechanical mod-
uli were observed to follow the trend of Young’s modulus.
The protection ability against gamma-ray was evaluated uti-
lizing the MCNP-5 code for photons with energy ranging
between 0.284 and 0.320cm~?! for the studied glass sam-
ple LBPCuO and LBPCu25. The simulated results showed that
the substitution of PbyO3 with CuO diminished the shielding
features of the LBPCu glass system. The RPE of the stud-
ied glasses follows the LAC trend (decreased with increasing
the incident gamma energy). The TF and Aps has opposite
directions with the LAC, where the TF increased with increas-
ing the incident gamma-photon energy. The buildup factors
were calculated using the BXCOM program. The computed
results showed enhancement of the EBF and EABF values
with increasing the insertion ratio of CuO in the glass net-
work.
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