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Abstract

It was studied in this research the nuclear radiation shielding behavior and structure properties of the four
glass samples which were composed of (80-x) B20s-10Na,O-10K;0-xBi,03 (x=0, 15, 30, 45 mol%) and were
prepared using the melt-quenching technique. The studied samples were symbolized as Bi0.0, Bi0.15, Bi0.30,
and Bi0.45 according to the Bi»O3 content values. The nuclear shielding properties have been calculated by
the Phy-X/PSD program in the photon energy from 0.015 to 15 MeV. The results indicated that the values of
mass attenuation coefficient (MAC) ranged from 4.2 to 88.5 cm?%g, linear attenuation coefficient (LAC)
values ranged from 8.99 to 429.99 cm?, half-value layer (HVL) values decreased from 0.077 to 0.002 cm,
tenth value layer (TVL) values decreased from 1.570 to 0.020 cm, mean free path (MFP) values decreased
from 0.682 to 0.009 cm, effective atomic number (Zet) values ranged from 12.9 to 77.5, effective electron
density (Nes) values ranged from 5.00 x 10?2 to 8.60x10% electrons/g, atomic and electron cross-sections
(ACS and ECS) values ranged from 1.09 x 10?2 to 7.98 x 102* cm?/g and from 8.47 x 10* to 1.03 x 10?2
cm?/g respectively. The effective neutron removal cross-section (Xr) values for prepared samples were also
calculated. The results indicated that the addition of bismuth oxide leads to an improvement in the nuclear
shielding properties of the prepared glass and showed that the sample Bi0.45 has the best nuclear shielding
properties than concrete and commercial glasses.
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due to prolonged exposure to radiation, in addition to the
toxic effects of lead on the environment [4].

1. Introduction

There is a growing use of ionizing radiation in various fields

such as medical physics, imaging and radiotherapy, nuclear
reactors, and space technology applications. [1]. Therefore,
it is very important to develop the best radiation protection
materials. It is possible to use any compound as protection
from nuclear radiation if the thickness of this material is
sufficient to absorb radiation to reach a safe state [2]. The
researchers were interested in developing protective
materials according to the type of radiation and the method
of application. Some materials have high atomic numbers
that make them suitable for protection from X-rays, gamma
rays, and neutrons such as concrete, lead, and their
counterparts [3]. These materials are widely used in the
protection of high-energy rays and have many advantages,
but they have some disadvantages such as opacity, humidity
levels lead to a change in the shielding properties of
concrete, cracks occur in concrete shields and water loss

Concern about lead toxicity has increased in the past few
years, as the effect of lead toxicity in children and adults has
been studied [5,6]. Environmentally friendly, non-toxic
"lead-free" shielding has become a challenging
requirement. Currently, in many radiation protection
applications lead oxide glasses have been restricted [7]. The
glass industry has developed rapidly in recent years due to
the low cost of raw materials used in its manufacture as well
as the simplicity of the way it is prepared [8]. It is also
transparent, and its properties are easy to modify by
changing its chemical composition [9], since its ability to
protect against gamma rays can be improved by adding
some oxides in certain proportions to be used as a gamma
ray shield [10].

The current study aims to manufacture a new type of lead-
free glass using melt-quenching technique and evaluate its
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effectiveness in protecting against gamma rays by
investigating the nuclear shielding parameters using the
Phy-x program [11].

2. Materials and Methods

2.1. Sample Preparation and Characterization
Techniques

A borate glass was synthesized and doped with some oxides
of elements and prepared by the melt-quenching technique.
After mixing and grinding materials, mixed quantities were
placed in porcelain crucibles and inserted into an electric
furnace for melting and held at 1000 °C for 0.5 hour. The
samples were poured on a molding mold, and then
immediately transferred to an annealing furnace held at 250
°C, for 1.5 hours, then the furnace was switched off to allow
the glass to cool gradually to room temperature. The glass
samples were kept in the dried furnace for one day to
prevent moisture entry into the samples.

The XRD spectrum was obtained by an XRD device to
explore the nature of the samples. The density of the
prepared samples was also calculated using Archimedes
method.

2.2. Melt Quenching Method

The melt quenching method is the oldest and one of the
most popular and established methods for preparing glass.
When the mixture of chemicals in this process is cooled
down rapidly, an amorphous material (which exhibits glass-
transition phenomenon are often designated as “glasses™) is
formed from the molten phase. The distinguishing feature
of the melt-quenching process is that the amorphous solid
is formed by the “continuous” hardening (i.e., increase in
viscosity) of the melt. The essential condition for “glass”
formation from the melt is that the cooling is sufficiently
fast to avoid crystal nucleation and growth. The essential
condition for glass formation, lies in the nucleation rate,
should be less than a certain value (10 cms?),
Crystallization of the melt occurs as a discontinuous
solidification at the liquid-solid interface where solid
growth takes place only, with the result that crystallites
grow in the body of the melt. The crystal growth will always
dominate over the formation of the amorphous phase [17].

2.3. Archimedes' Principle

The Archimedes’ principle, a physical law of buoyancy,
was discovered by the ancient Greek mathematician and
inventor Archimedes, stating that anybody completely or
partially submerged in a fluid (gas or liquid) at rest is acted
upon by an upward, or buoyant, force, the magnitude of
which is equal to the weight of the fluid displaced by the
body. The density of the prepared samples was measured
using the Archimedes' principle. The samples were
measured firstly at room temperature (25 °C) in the air and
then in the buoyant liquid (toluene) using the sensitive
balance with a sensitivity of (+0.0001g). The density of the

prepared samples was calculated using the following
equation:

p=A/(A-B)*po ()

where A is the weight of the sample in air, B is the weight
of sample in toluene and po is the density of toluene (0.87
g/lem?d).

2.4. Computational Work

A user-friendly online Photon Shielding and Dosimetry
(PSD) software available at https://phy-x.net/PSD is
utilized for the calculation of nuclear radiation shielding
parameters.

2.4.1. Linear Attenuation Coefficient (LAC)

The LAC is defined as the interaction probability of a
photon per unit distance of the medium it traverses. When a
collimated beam of monochromatic photons with an
intensity of lp impinges on a material of thickness x, a
portion of the beam photons interacts with the material and
this causes a decrease in the initial intensity (lo). The
transmitted intensity is labelled I, the total linear attenuation
is given by the following formula [12]:

—Lh
p=-ln- (2)
2.4.2. Mass Attenuation Coefficient (MAC)

The MAC is the linear attenuation coefficient per unit mass
of the materials. One of the most important factors of
material in absorbing and scattering radiation is MAC. The
total mass attenuation coefficients are given by the equation
below [12, 13]:

MAC=£=1ml (3)
P px I
x and p are the thickness and density of the materials,

respectively.
2.4.3. The Half Value Layer (HVL)

The HVL is the thickness of any given material, at which
50% of the incident energy has been attenuated. It is given
by [14]:

in2

HVL="2 )

2.4.4. Tenth Value Layer (TVL)

The TVL is the thickness of any given material, at which
10% of the incident energy has been attenuated. It is given
by [14]:

in10

TVL="2 (5)

2.4.5. Mean Free Path (MFP)

The mean free path represents the average distance that a
photon can travel between successive interactions [12]. In
other words, the mean free path (MFP) is the average
distance a nuclear radiation photon can travel in the
prepared glass before being interacted. It is given by [15]:
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1
n

MFP=

(6)

2.4.6. Effective Atomic Number (Zeff)

For a medium consisting of different elements, the effective
atomic number is calculated from the atomic numbers of the
constituent elements, weighted according to the different
partial photon interaction processes for composite material
[12,13]. It is given by:

2 ) fiAi(%)i

Zett = m (7

where (w/p) is the mass attenuation coefficient, p is the
linear attenuation coefficient, fi, A;, Zi are a molar fraction,
atomic mass, and atomic number, respectively.

2.4.7. Effective Electron Density (Neff)

It is expressed in number of electrons per unit mass. For a
chemical element, the electron density is given by Nes =
NAZ/A. This expression can be generalized to compound
[16]:

_ N, TRerf _ n Zerr
Nepp = Nagoa =Naty (8

where (A) is the average atomic mass of the compound.

Ness can be determined using MAC and ECS values with the
help of the following practical formula [18]:

MAC

Neff =m (9)

2.4.8. Atomic and Electron Cross-Sections (ACS and
ECS)

The ACS wouldn’t be an actual area of the atom, but would
be an effective area for an interaction between the photon
and the atom that is being considered. The total atomic
cross-section for compound materials can be obtained using
the following relationship [13,19]:

ACS = g, =t (10)
Ng
where unm is the atomic attenuation coefficient, N=X niAi is

the atomic mass of materials, and Na is Avogadro's number.

The total electronic cross section (ECS) of the materials can
be found by the following relationship [13]:

ECS =0, = zi (11)
eff

2.4.9. Effective Fast Neutron Removal Cross-Section
(FNRCS) (3 R)

It is the probability that a fast or fission energy neutron
undergoes a first collision, which removes it from the group
of penetrating, uncollided neutrons. the effective removal
cross-section for fast neutrons, Y r can be calculated for
mixtures, alloys, and compounds by the equation:

g = Ziwi(Zr); (12)

where w; is the weight percentage, and Y r is the effective
removal cross-section for fast neutrons of the constituting
elements. > r can be determined as a function of the atomic
weight A and the atomic number Z by the following
empirical formulas [20]:

Tr = 021 A7%56 cm?g? (13)
Tr=0.00662A13+0.33 A23- 0.211A cm?g™i(A > 12) (14)
Tr=0.190 Z°7 cm?gt (Z <8) (15)
r=0.125 70565 ¢cm?gl (Z > 8) (16)

3. Results and Discussion

3.1 The Densities and Structural Properties of the
Prepared Glass Samples

The density of the prepared glass samples was plotted in
Table (1). The samples' density has increased from 2.1
g/cm?® to 4.9 g/cm?® with increasing Bi,O3 content, because
of the high molecular weight of bismuth oxide (465.96
g/mol). The XRD pattern of the series is shown in Fig. (1).
It is clear that there are smooth peaks in the spectra of the
samples, which explains the amorphous of the prepared
samples.

Table 1. The densities of the glass samples

sample ‘ Densitay AMW ‘
(g/cm?®) (g/mol)
Bi 0.0 2.1 71.3
Bi 0.15 3.6 130.8
Bi 0.30 4.7 190.2
Bi 0.45 4.9 249.7
'

Intensity (a.u.)

Figure 1. The XRD pattern of the series
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3.2. The Nuclear Radiation Shielding Properties of the
Prepared Samples

All parameters of prepared samples were estimated by Phy-
X/PSD software program [11].

3.2.1. The Mass Attenuation Coefficient (MAC) of the
Samples

Figure 2. demonstrates the values of MAC of all prepared
glass samples for the energy range from 0.015 to 15 MeV.
The highest values of MAC were 4.2, 57.9, 78.0, and 88.5
cm?/g at the energy 0.015 MeV for Bi0.0, Bi0.15, Bi0.30,
and Bi0.45 respectively. The lowest value of MAC is Bi0.0,
and the sample Bi0.45 possesses the highest value of the
MAC among the other prepared samples because it has the
highest density than other.

The MAC decreases rapidly for all samples in the low
energy photon as shown in Fig. (2). In this region the
photoelectric effect is dominant, and its cross-section is
proportional to Z%E3®, then the MAC values increase
suddenly at 90.5 keV which is the value of absorption K-
edge for bismuth. After that, the MAC values decrease
slowly until they reach the minimum values, in this region
the Compton effect is dominant, which its cross-section is
proportional to Z/E. Finally, the MAC values increase again
due to pair production interaction and, in this region, the
pair production is dominant, which its cross section is
proportional to Z? and logarithm E of the energy of incident
photon.

100.000 ¢
10.000 ——Bi0.0
;&7 —=—Bi0.15
E 1000 ——Bi0.30
Q
2 )
g —m-Bi0.45
0100 -
0010 Loieieiiiii

Energy {MeV)

Figure 2. Mass attenuation coefficient values of the
prepared samples

3.2.2 The Linear Attenuation Coefficient (LAC) of the
Samples

The LAC values versus the photon energy of the prepared
samples are shown in Fig. (3). The highest values of LAC
are 8.99, 210.5, 370.4, and 429.9 cm* at the energy 0.015
MeV for Bi0.0, Bi0.15, Bi0.30, and Bi0.45, respectively.
Bi0.0 sample has the lowest value of LAC, and the Bi0.45
sample possesses the highest value of the LAC among the
other prepared samples because the LAC increases with
increasing the density, where there is the direct relationship
between LAC and density. The behavior of the LAC is
similar to the behavior of the MAC.

3.2.3. The Half Value Layer (HVL)

The values of the HVL versus the energy of the photon of
the prepared glass samples are shown in Fig. (4). The lowest
values of HVL were 0.077, 0.003, 0.002, and 0.002 cm at
energy 15 KeV for Bi0.0, Bi0.15, Bi0.30, and Bi0.45,
respectively. In this reign, the photoelectric effect is
dominant. It is clear that the values of HVL decrease with
increasing the density of samples (due to excess bismuth
content). The sample Bi0.45 has the lowest values of HVL,
so it has higher radiation absorption efficiency.

1000
——Bi0.0
00 -
—8-Bi0.15
E —&—Bi0.30
g '
bt —m—Bi0.45

QQ" & PP PPN

Energy (MeV)

Figure 3. Linear attenuation coefficient values of the
series samples

100

——Bi0.0

HVL (cm)

—=—Bi0.15
——Bi0.30

——Bi0.45

£§83488839333333~a~"vre~aq
o
o

Energy (MeV)

Figure 4. Half-value layer values of the glass samples

3.2.4 The Tenth Value Layer (TVL) of the Samples

From Fig. (5) the lowest values of TVL in the series samples
were 0.256, 0.011, 0.006, and 0.005 cm at energy 15 KeV
for Bi0.0, Bi0.15, Bi0.30, and Bi0.45 respectively. The
sample Bi0.45 has the lowest value of TVL because it has
the highest density, so it has higher radiation absorption
efficiency. The TVL values decrease with increased
densities of the samples. The behavior of the TVL is similar
to the behavior of the HVL which was explained before.

3.2.5 The Mean Free Path (MFP) of the Glass Samples

The MFP is inversely relation with LAC, so the MFP
decreases when the density of the samples increases, and it
increases when the photon energy increases as shown in
Fig. (6). The lowest values of MFP in the prepared glass
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samples were 0.111, 0.005, 0.003, and 0.002 cm at energy
15 KeV for Bi0.0, Bi0.15, Bi0.30, and Bi0.45 respectively.
The behavior of the MFP is similar to the behavior of the
TVL and HVL. The sample Bi0.45 has the lowest value of
MFP because it has the highest linear attenuation
coefficients LAC.

3.2.6 The Effective Atomic Number (Zeff)

The Zes is linked with MAC. The Zes versus the photon
energy of the prepared glass samples is shown in Fig. (7).
The highest values of Zss were 12.9, 73.4, 77.94, and 79.64
at the energy 16.38 KeV for Bi0.15, Bi0.30, and Bi0.45
respectively, due to the absorption L-edge of bismuth.
Sample Bi0.0 has the lowest value of Ze+, and the Bi0.45
sample possesses the highest value of the Zes among the
other prepared samples because it has the highest density
than other due to the highest bismuth element content.

The Ze decreases for all samples with increasing photon
energy. In this region the photoelectric effect is dominant,
which its cross section is proportional to Z%/E®®, then the
Zess value increases suddenly at 90.5 keV which is the value
of absorption k-edge for bismuth. After that, the Ze
decreases slowly until it reaches the minimum values, in
this region the Compton effect is dominant, and its cross-
section is proportional to Z/E. Finally, the Ze values
increase again due to pair production interaction, in this
region, the pair production is dominant, which its cross
section is proportional to Z? and logarithm E of the energy
of an incident photon.

100.000

10.000 -

1.000

TVL (em)

—+—Bi0.0

0100
—8-Bi0.15

0010 L —A—Bi0.30

——Bi0.45

LY L T S W S S P S S S S I S

Energy (MeV)

Figure 5. Tenth value layer values of the series samples

100
10
< 1
S —o—Bi0.0
o
L
= 01 ——Bi0.15
—a—Bi0.30
0.01 ——Bi0.45
0.001
0.01 01 1 10

Energy (MeV)

Figure 6. Mean free path values of the series samples

—e—Bi0.0

—O—Bi0.15
—a— Bi0.30

s . faias . A
0.1 0.1 1 10
Energy (MeV)

Figure 7. Effective atomic numbers of the prepared glass
samples

3.2.7 The Effective Electron Density (Neff)

The Nesr versus the photon energy of the series samples is
shown in Fig. (8). The highest values of Nest are 5.00 x 102
electrons/g at 0.015 MeV for Bi0.0 sample and 1.55 x 102,
1.14 x 10*, and 8.83 x 10% electrons/g at the energy 16.38
KeV for Bi0.15, Bi0.30, Bi0.45 respectively, which is the
value of absorption L-edge of bismuth. The Nes is
decreasing with increasing the bismuth content due to
increased ECS. The behavior of Neg is similar to the
behavior of Zes.

3.2.8 The Atomic Cross Section (ACS) of the Prepared
Glass Samples

Figure (9) demonstrates the values of ACS of all prepared
glass samples, for the energy range from 0.015 to 15 MeV.
The highest values of ACS were 1.09 x 1022, 2.73 x 102,
5.36 x 102!, 7.98 x 102! cm?/g at the energy 0.015 MeV for
Bi0.0, Bi0.15, Bi0.30, and Bi0.45, respectively. The Bi0.45
sample possesses the highest value of the ACS among the
other prepared samples because it has the highest density
due to its highest bismuth content, and the lowest value of
ACS is for Bi0.0. The ACS values decrease rapidly for all
samples with increasing photon energy. In this region the
photoelectric effect is dominant, and its cross-section is
proportional to Z5%E35, then the ACS values increase
suddenly at 90.5 keV which is the value of the absorption
K-edge for bismuth. After that, the ACS values decrease
slowly until they reach the minimum values, in this region
the Compton effect is dominant, which its cross-section is
proportional to Z/E. Lastly, the ACS increases again due to
pair production interaction, in this region, the pair
production is dominant, which its cross section is
proportional to Z2 and logarithm E of the energy of an
incident photon.
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Figure 8. Effective electron density of series samples

Figure 10. Electron cross-section of the series samples

=

E
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e —o—Bi0.0

é —&-BI0.15

< —2—BI030
—o—Bi0AS

Energy (MeV)

Bi0.30 Bi0.45

Bi0.15
Sample code

Bi0.0

Figure 9. Atomic cross-section of the series samples

3.2.9 The Electron Cross Section (ECS) of the Prepared
Samples

The ECS versus the photon energy of the prepared glass
samples is shown in Fig. (10). The highest values of ECS
are 8.47 x 10?4, 4.00 x 103, 7.15 x 102, and 1.03 x 10-%
cm?/g at the energy 0.015 MeV for Bi0.0, Bi0.15, Bi0.30,
and Bi0.45 respectively. The lowest value of ECS is for
Bi0.0 sample, and the sample Bi0.45 possesses the highest
value of the ECS among the other prepared glass samples
because the ECS is increasing with increasing the density
due to increased bismuth content. The behavior of the ECS
is similar to the behavior of the ACS.

3.2.10 The Fast Neutron Removal Cross Section
(FNRCS) of the samples

The fast neutron removal cross sections (FNRCS) values of
the samples are shown in Fig. (11). The values were 0.090,
0.097, 0.099, and 0.086 cm* for Bi0.0, Bi0.15, Bi0.30 and
Bi0.45 samples, respectively. The best value of FNRCS is
0.099 cm™! which is for the sample Bi0.45, and the lowest
value of FNRCS is 0.086 cm* for Bi0.0 sample, which has
the highest average molecular weight (AMW) and density
due to the high content of bismuth element.

Figure 11. Fast neutron removal cross-section of the series
samples

3.3 Comparing the Results with the Concrete and
Commercial Glasses

3.3.1 Comparison Between MAC for Bi0.45 Glass
Sample with Concrete and Commercial Glasses

It can be noticed in Fig. (12) that the presented sample
Bi0.45 has the highest MAC values than commercial
glasses (Pb40, Cr, Rs 253 G18, and Rs-360) and OC
concrete (ordinary concrete), except BaC concrete (barite
concrete) in the energy range 0.04-0.08 MeV.

—a—[fis-360)
—-Rs 253 G18
—4— 00
—s—Bal
—a—Cr
—#—PbA0

—+— D45

w‘f‘ba@e@u@&ﬁ P PP PO O®

Energy [MeV)]

Figure 12. Comparison between MAC for Bi0.45 sample
with concrete and commercial glasses

3.3.2 Comparison Between HVL for Bi0.45 Sample with
Concrete and Commercial Glasses

Figure (13) demonstrates that the HVL of Bi0.45 and Ph40
is convergent and lower than the values of the other
concrete and commercial glasses.
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100 -
—8— Rs5-360
E —t—Rs 253 G18
g e T
—%—Bag
o—Cr
» —o—PhAQ
0.001 +—r—r— T BiDAS
FEEIFS PP > 0 o0
Energy [Me¥)

Figure 13. Comparison between HVL for Bi0.45 sample
with concrete and commercial glasses

3.3.3 Comparison Between Zeff for Bi0.45 Sample with
Concrete and Commercial Glasses

The results represented in Fig. (14) indicate that the Zes for
the presented sample Bi0.45 gave the highest and best
results compared to the concrete (OC and BaC) and
commercial glasses (Pb40, Cr, Rs 253 G18, and Rs-360).

90 -
80 -
70 4
60

—o—Rs-360
—8—Rs 253 G18
—A—O0C
—¢—BaC
—+—Cr

—%— Pb40

—¥—Bi0.45

o CRPLR? DD D8
& & Qg" ¥ o? of P A &

Energy (MeV)

Figure 14. Comparison between Ze for Bi0.45 sample
with concrete and commercial glasses

4. Conclusions

Due to the increased use of nuclear radiation in various
fields, which has become important to improve radiation
protective materials. The studies have proven that the toxic
effects of many types of nuclear radiation protective glass
because it contains lead or lead oxide also there are some
shortcomings in common concrete. This research aims to
prepare environmentally friendly glass samples and
effective in protecting against gamma rays and fast
neutrons. These samples were doped with heavy metal
oxides (bismuth oxide) to be a radiation protective
alternative by using a melt quenching technique, and the
series samples was composed of (80-x)B,03 + 10Na,CO3 +
10K,COs + xBi»03 where x = 0, 15, 30, and 45. According
to the results the XRD pattern indicated that all samples
were amorphous, and the increasing bismuth oxide content
lead to increase in the densities of the samples, MAC, LAC,
Zesr, ACS, ECS values and decreasing HVL, TVL, MEP,
Ner Values. The results showed that the Bi0.45 sample has
the best prepared samples for protection nuclear radiation.
And from compared our prepared samples with the concrete
(OC and BaC) and commercial glasses (Pb40, Cr, Rs 253
G18, and Rs-360) the results showed that our prepared

samples have the best nuclear radiation protection
properties.
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