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INTRODUCTION

Abstract

The current study shows a new attempt to develop gamma-ray shielding glasses. The
proposed glass is a borate-base composition modified with sodium and cadmium
oxides and different concentrations of bismuth oxide. Based on the melt-quenching
technique, we prepared four glass compositions of 20NaO-15CdO- (65—x)B,0;-
xBi,05, where x = 0, 10, 20, and 30 mol%. The amorphous nature of the prepared
samples was confirmed by XRD. To get more details about the structure, FTIR and
UV-Vis-NIR were performed to characterize the prepared glasses. Moreover, we
used ab initio molecular dynamics simulations to create the possible structures of the
new compositions, and compared with the experimental measurements. A series of
shielding parameters was investigated based on the gamma-ray emission in the range
of 0.01-10 MeV. The results revealed an improvement of the shielding parameters
with increasing of Bi,O5 content. The sample with the highest Bi,O; (S4) has the
highest Z . and least HVL, while S1 (with no Bi,O5 content) has the lowest Z; at
all energy levels. The gamma-ray transmission factor of the prepared glasses was
compared with some commercial concretes. Finally, the new glasses especially with

highest Bi,0; are recommended to use in gamma radiation shielding facilities.
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ions recombine and probability of healing is extremely high.
The greatest concern is not the immediate effect of radiation,

Research on materials for radiation protection has burgeoned
in the last decades. This increase is related to the widespread
of using this type of ionizing radiation worldwide. Thus, for
example, in 2019, there are more than 448 nuclear power
plants in the world.' The ionizing radiation has enough energy
to penetrate and release electrons from specific composition.2
In the human tissue, low risk can be predicted if the released
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but the long-term effects that may take years to develop (such
as leukemia, with its 10-year incubation period).3 The radia-
tion protection is a concept that shows the possibility of pre-
vent deterministic effects and minimize stochastic effects of
exposure to ionizing radiation.* For a long time, concretes
and lead were the standard choice for radiation shielding,
but both show undesirable properties. For instance, concrete

Int J Appl Glass Sci. 2020;00:1-15.

wileyonlinelibrary.com/journal/ijag 1


www.wileyonlinelibrary.com/journal/ijag
mailto:﻿
https://orcid.org/0000-0002-6109-9548
mailto:yasser.s.alajerami@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fijag.15859&domain=pdf&date_stamp=2020-11-13

INTERNATIONAL JOURNAL OF

ALAJERAMI ET AL.

2 | Applied Glass

SCIENCE
is prone to cracks, loss of density, and is nontranspa1rent.5’6
Lead is toxic, has a low melting point and is nontransparent
as well.” In the last recent years, heavy metal oxides showed
promising shielding parameters.g’12 Borate glass is an excel-
lent glass former that shows exceptional structural, thermal,
and mechanical stability.w"15

The inclusion of bismuth oxide into the borate glass net-
work not only improves radiation shielding properties by
raising glass density, but also makes the created glass more
compact.'® It was proved that cadmium oxide has two differ-
ential states (Cd2+), and can act as modifier (CdOg4) and as
former (CdO4).17 The sodium oxide (NaO) has low atomic
number compared to bismuth and cadmium oxide, but it is
still has the ability to increase glass density compared to the
boron atomic number. Furthermore, NaO can expand the
glass network and facilitate ion exchange18 and consequently
creates a very strong and heat resistant glass network.'?

In our previous work, we determined the gamma and neu-
tron shielding parameters for bismuth borate glass with dif-
ferent concentrations of CdO.%° The aim of the present study
is to determine the major gamma-ray parameters such as
mass attenuation coefficients (y,), half-value layer (HVL),
tenth-value layer (TVL), effective atomic number (Z), elec-
tron density (Ne), and energy exposure/absorption buildup
factors (EBF and EABF) in a wide energy range for sodium
bismuth borate glasses with different concentrations of cad-
mium oxides.

2 | MATERIALS AND METHODS

2.1 | Glass preparation

New glass samples prepared by using the conventional
melting-quenching technique. The melting temperatures
varied depend on the Bi,O5; concentration from 850°C to
950°C, and fixed annealing temperature of 400°C for all
prepared samples. The current raw materials (NaO, CdO,
Bi,0; and B,03) are obtained from Alfa Aesar with high
purity (99.5% and above). The Table 1 illustrates the per-
centage of chemical compositions with respective code for
each sample.

TABLE 1 Chemical composition of the prepared glasses
Composition (mol%)
Glass code Bi,0; CdO Na,O B,0;
S1 0 15 20 65
S2 10 15 20 55
S3 20 15 20 45

S4 30 15 20 35

2.2 | Computer models

Four models of the bismuth borate glasses were prepared by
the melt-quenching technique.ﬂ’23 with different percent-
ages of the constituent compounds: sodium oxide (Na,O),
bismuth oxide (Bi,O5), cadmium oxide (CdO), and boron
oxide (B,03). These ab initio molecular dynamics simula-
tions used projector-augmented wave potentials incorporated
with the Vienna ab-initio simulation package (VASP).?* The
density functional theory exchange correlation functional
was approximated with the generalized gradient approxima-
tion (GGA) of the Perdew-Burke-Ernzerhof.> A plane wave
cut-off of 400 eV was used and the Brillouin zone was sam-
pled using a single k-point (Gamma, k = 0). Periodic bound-
ary conditions were employed.

The models had a general form (Na,0), ,(Bi,03) (CdO) 13
(B,03)g67-, With x =0, 0.16, 0.25, 0.33 representing models
S1, S2, S3, and S4, respectively. A starting random model
with 120 atoms at experimental density (reported in Table 2)
was made for each composition with no two atoms closer
than 2 A. The initial configurations were heated from 300 to
3000 K at a rate of 0.2 K/fs and then equilibrated at 3000 K
for 4.5 ps. This melt was then cooled to 1000 K (at a rate of
0.2 K/fs) and equilibrated at 1000 K for 5 ps. It was further
cooled to 300 K at the same rate and was equilibrated for
5 ps. In order to get to a good energy minimum, the models
were then relaxed using conjugate gradient relaxation until
the forces on each atom was less than 0.01 ev/A. A time step
of 2.0 fs was used for all molecular dynamics steps, and the
temperature during the simulation was controlled by using
the Nose-Hoover thermostat.*®

In order to understand the local bonding environment and
the lattice dynamics of the models generated, we calculate
the vibrational properties that include vibrational density of
states (VDOS), VDOS projected onto atomic species, and
vibrational inverse participation ratio (VIPR). To determine
the vibrations, we relax the final models to zero pressure and
observe that there is no significant change in the network to-
pology or volume. The Hessian matrix is then computed by
displacing each atom by 0.015 A in six directions (£Xx, +y,
+z). Diagonalization of the dynamical matrix yields the ei-
genvalues and eigenvectors for the phonons. The VDOS is
defined as:

3N
1
g(w)=37\,;.5(w—wi) (1)

where, o; represent Eigen frequencies of the normal modes.
Similarly, the VDOS projected onto species is defined as:

N,
1 & ,
8ul@)= 75 ; Z (le")?5(w—w,) 2)
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TABLE 2 Density and related parameters of Na-Cd-B glass with different concentration of Bi,O;

Sample code B (0} Na Cd Bi
S1 0.1627 0.4185 0.1796 0.2392 -
S2 0.1010 0.3057 0.0719 0.1327 0.3886
S3 0.0621 0.2316 0.0569 0.1060 0.5434
S4 0.0386 0.1879 0.0470 0.0861 0.6403

with e being the eigenvectors of the normal modes and N,
the number of atoms of the a — species. The species projected
VDOS must satisfy the relation:

Y gu(@)=g(®) 3)

The localization of the vibrations is studied using the
VIPR (v) defined as:

DI (UAN

==l @
(XN (lud 22

v(w,)

where uj1 is the displacement of the i™ atom at the normal
mode frequency w,. The values of VIPR ranges from 0 to
1 with lower values indicating evenly distributed vibrations
among the atoms while higher values suggest localization
and only few atoms contributing to the vibration at that
frequency.

2.3 | Characterization techniques

A series of measurements was conducted to characterize
and investigate the structure (XRD), vibrational status
(FTIR and Raman) and optical properties (UV-Vis-NIR)
of the prepared samples. These techniques conducted in
the Lab Department of Physics and Astronomy of Ohio
University-USA. The amorphous nature of the prepared
samples was checked by using an X-ray diffractometer
(XRD) model Rigaku MiniFlex II. The Raman characteri-
zation was explored by using R-3000 (PhotoniTech PvT).
Optical (UV-visible) absorption and reflection measure-
ments were performed by using UV-Vis-NIR spectrometer
(Agilent 8453).

2.4 | Physical and structural
parameters

The densities of the current samples were determined using
Archimedes principle. The prepared samples weighed in air

SCIENCE
p (g/ Vy (em®  OMV OPD
em®) £ 0.002  mol) (cm*mol)  (gatom/) A
4.244 18.122 7.879 126.919 0.298
4.987 23.367 10.160 98.429 0.345
5732 27.246 11.846 84.415 0.391
6.624 29.561 12.852 77.806 0.437

then and in toluene using high sensitive microbalance then
use the following equation:

pP= —aﬂb Q)

where W, is the weighed of sample in air, W, is the weight in

toluene, and py, is the density of toluene (p = 0.867 g.cm_3).
Based on the measured density, the molar volume (V)

of each sample was calculated using the following equation:

Vag = —% ©)

where My, is the total molecular weight of each sample (depend
on the component percentage and mole fraction of constituent
oxides).

The oxygen molar volume (OMV) of each sample was es-
timated based on the calculated molar volume by using the
given equation:

OMV=VM<Z1 ) 7
X;n;

where, x; is the molar fraction of each compound in the com-
position, and #; is the number of oxygen atoms in each oxide
constitute the sample.

The oxygen packing density (OPD) is the fraction of the
space filled by oxygen atom in the created sample. In this
study, OPD of the prepared samples was calculated by using
the following equati0n27:

OPD = 1000N <L> 8)
MW

where, N, My, are the number of oxygen atoms per formula unit,
and the molecular weight of each prepared sample, respectively.

The ability of the oxygen for electron contribution in the
created matrix is known as optical basicity (A). The A of the
prepared samples was determined by using Duffy and Ingram

equationzg:

A=A1X1+/\2X2+"’+/\ixi (9)
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where, x; is the equivalent fraction of oxygen atoms in each con-
stituent oxide to the overall glass stoichiometry of each sample,
and A, is the basicity factor if each oxide.

2.5 | Optical properties
Band gap values were determined by utilizing the UV ab-
sorption edge spectrum and the Mott and Davis formula®:

hva=A (hv—Eg)" (10)

From the band gap, several optical features such as refrac-
tive index, reflection loss, molar refractivity, molar polariz-
ability, and dielectric constant can be calculated according to
the following relations:

The refractive index (n)30:

(n2—1)=1 E, (11)
2 +2) 20

Reflection loss (R)31:

_(=D (12)
n*+2)
Molar refractivity (RM)3 L.
Ry =V,X % (13)
Molar polarizability (aM)31:
ay = ( 3 )Ry (14)
47Ny
Dielectric constant (8)311
e=n* 15)

Where N, represents the Avogadro number.

2.6 | Gamma-ray shielding parameters

The fraction of beam that will be scattered or absorbed by
a specific thickness of the new glass is known as the mass
attenuation coefficients (um). This concept is the funda-
mental parameter for significant shielding calculations
(Equations 16-19) and is strongly influenced by the intensity
of incident beam and the composition of absorber material as

well.*” In this study, we used the friendly XCOM database at
various energies between (107 to 10° Me V)™ to estimate U
of the prepared glasses.

Half-value layer34
HVL= 0.693 (16)
u
Mean free path35
MFP=1/u 17)

Effective atomic number>®

RNES

),

N
Zg=——F7"
A7),

(&

(18)

< Ix

Electron density37

ZE
Ne= (ﬁ) NAZni (19)

Where, 4 is the linear attenuation coefficient (u = um.p), f;, A;,
and Zj are the mole fraction, atomic weight, and atomic number
of each element, respectively.

The buildup factors for exposure (EBF) and absorbance

(EABF) of the fabricated new glasses are calculated using the
methods of interpolation from the equivalent atomic number
Zeq- Calculations are divided into three steps™4;
1. Calculation of the equivalent atomic number Zeq; it is a
single parameter used to describe the glasses properties
in terms of equivalent elements. Z,, can be determined
from the ratio of the Compton partial mass attenuation
coefficient relative to the total mass attenuation coeffi-
cient at specific photon energy, namely:

Z, (logR2 - logR) +Z,(logR—1logR,)

= (20)
d logR, —logR,

where R is the ratio (4/p)compion/ W/P)ror for the selected
glasses at a specific energy.

2. Calculation of the G-P fitting parameters: The values
of Z,, of the selected glasses were then used to inter-
polate G-P fitting parameters (a, b, ¢, d, and Xk) in
the energy range 0.015-15 MeV, using the following
interpolation expression:
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C, (logR, —logR) + C,(logR—logR))
C= 1( 81K 8 ) PAUS A8 | @1
logR, —logR,

Where C; and C, are the values of G-P fitting function
coefficients, at a specific energy.

3. Calculation of the EBF and EABF: the G-P fitting pa-
rameters were used to compute the EBF and EABF
using the following formula

tanh (i —2> —tanh (=2)

k

1 —tanh(—-2)

(22)

K(E x)=cx*+d , forx <40mfp

where, E, x, are the photon energy and the penetration
depth (mfp), respectively.

3 | RESULTS AND DISCUSSIONS
3.1 | Properties of the samples
3.1.1 | Density measurements and

related parameters

Based on the calculated densities, several physical parameters
such as molar volume (V)), oxygen molar volume (OMV),
optical packing density (OPD) and basicity (a) were calcu-
lated for the prepared glasses. As shown in Table 2, the den-
sity of the new glasses increased with increasing in bismuth
oxide from 4.244 + 0.007 to 6.624 + 0.011 g.cm_B. This in-
crease can be attributed to the higher molecular mass of Bi,O5
(465.96 g.mol™") compared with B,O5 (69.62 g.mol™).

Both the molar volume and oxygen molar volume val-
ues gradually increased with the increment of Bi,O5 content
(from 18.122 to 29.561 cmz.mol_l). It can be inferred that
an expansion in the glass network was occurred with the

v s 3
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- » 94 :
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addition of bismuth oxide, which may be due to increase
nonbridging oxygen bonds and larger ionic radius of Bi**
(1.03 A) compared to B 0.27 A). This result is consistent
with previous related studies.*"*? This explanation was rein-
forced when the values of oxygen packing density reduced
(126.919 to 77.806 g.atom.1™") with increasing of Bi,05 con-
tent. Regarding the optical basicity, an inversely proportion
was reported with increasing of bismuth oxide bond strength.
These results are consistent with that obtained by Dimitrov

and Komatsu.**

3.2 | Computer models

3.2.1 | Topology

The final structure of the atoms in the four models with
varying concentrations of Bi,O; have been shown in the
Figure 1 (S1 left most, S4 right most). In order to quantify
the change in the coordination environment of the atomic
species, we calculate the coordination statistics for each
model and has been plotted in Figure 2. An atom is said to
be coordinated with another atom if the distance between
them is less than the sum of their covalent radii plus a toler-
ance of 0.1 A.

The coordination statistics show a monotonic increase
in the Bi-O and Bi-Na coordination with increase in Bi,0;
concentrations. Since the Bi,O; concentration is increased
at the expense of the B,0; concentration, the O-B concen-
tration monotonically decreases with the increase in Bi,O;
concentration.

This finding is justified by the pair distribution function
shown in Figure 3. The first peak arising from the B-O bonds
monotonically decreases (suggesting fewer B-O bonds) and
is shifted slightly to lower distances with the increase in the
Bi,0; concentration. The inset shows the effect coming from
the increasing number of Bi-O bonds as we move higher in
Bi,0; concentration. This increase causes a steady rise in the
peak at 2.25 10\, which is obvious in S4. Apart from the Bi-O,

. /
) “‘\ \ o, R
“ . » i | M
)U. \ ) (
> @ oy s °
s & nf /‘) : ‘» '..0.1 ‘2 .- <
4 - ” b « b—«’\‘ P\/‘ \
" ON ¢ L % L &', ’4‘
y |/ & ,%
} - 7 "~

S3 | S4

Energy minimized atomic structures of (Na,0), ,(Bi,O3) (CdO), 13(B,03)g 67—, With x = 0, 0.16, 0.25, 0.33 representing models

S1, 82, S3, and S4 (from left to right). Colors: Bi = Green, Na = Purple, Cd = Gray, B = Cyan, O = Blue
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FIGURE 2 Average coordination and chemical order for the models

FIGURE 3 Pair distribution function for the models

this peak also has contributions arising from Cd-O and Na-O
bonds, which are almost constant for all models. The peak
near 2.4 A arises due to B-B contributions, and is decreasing
with increasing of Bi,O; content. Occurrence of B-B correla-
tion at 2.4 A is widely observed in pure B,0j;.

3.2.2 | Electronic and vibrational
features of the models

We calculated the electronic density of states (EDOS) for
each model using the Kohn-Sham eigenvalues obtained from
the VASP calculation. Peaks in the DoS at any energy sug-
gest the presence of electronic states at that energy. We show
the Fermi level by vertical drop lines, the states below which
are the valence states and those above are conduction states.
Since there is a clear gap separating the states below and
above the Fermi level in Figure 4, our models are clearly not

conducting with a clear (state-free) band gap. In models with
nonzero Bi,O; concentration, the band gap decreases with
the increase in the Bi,O5 concentration. This agrees with the
experimental finding explained in Table 3. The discrepancy
in the band gaps is attributed to the well-known band gap
underestimation in DFT calculations.*>¢

Figure 5 shows the total and partial VDOS obtained from
the models. Gaussian smearing of width 20 em™! was used to
as an approximation for the delta function.

3.2.3 | Structural properties of the glasses

Figure 6 shows the XRD of the prepared glasses. The scan-
ning range was 260 = 10° to 80° with a consecutive step of
0.01°-20. The X-ray was produced by using generator power
of 30 kV and 30 mA, and the spectra were recorded using
CuKa as a target (1 = 1.5406 A) with scanning rate of 2°/
minute. The absence of the sharp peak revealed the amor-
phous nature of the prepared samples. It is clear that the in-
crement of Bi,O5 enhances the broadness of peaks at 30° and
50° with no major effect on the amorphous nature of the host.

3.24 | Vibrational properties

Figure 7 shows the de-convoluted Raman spectra for the pre-
pared glasses. The spectra recorded at wavenumber range
of 0-2000 cm™" at room temperature by using a green laser
(4 = 514 nm), spectral resolution of 1 cm~ ! and exposure time
of 15 seconds. The peaks observed in the low wavenumber
region are most intense compared with that obtained at high
wavenumber region. In addition, we noticed enhances in the
peaks with increasing Bi content from S1 to S4. Previous stud-
ies assigned the peaks at 43, 125, 305, and 398 cm™' to the
transitional motion of boron and oxygen, and to the vibration
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TABLE 3 Direct, indirect, refractive Gl d
ass codes
index, and Urbach energy of the prepared
glasses Optical measurements S1 S2 S3 S4
Direct energy gap (eV) = 0.001 3.831 3.314 3.217 3.091
Indirect energy gap (eV) + 0.001 4.013 3.604 3.511 3.487
Urbach energy (eV) + 0.001 0.294 0.370 0.417 0.454
Refractive index 2.211 2.317 2.388 2.402
Reflection loss 14.224 15.764 16.784 16.983
Molar refractivity 10.231 13.854 16.634 18.147
Molar electronic polarizability (cm?) 4.059 5.498 6.601 7.201
Electronic polarizability 0.224 0.235 0.242 0.243
Optical dielectric constant 3.888 4.368 4.702 4.769

of heavy metals such as Bi** in our study.'"'**” Based on,*®

the peaks located at 305, 398, and 547 cm™! referred to the vi-
brations of Bi-O-Bi in the octahedral units of BiOg. Regarding
peaks obtained above 600 cm™!, the related studies assigned to:

a. Vibrations between B and O in BO4 unit and stretching
of B-O-B in meta-borate rings and trigonal units [BO3]
at 640-750 cm™'*7

b. Stretching of B-O in the trigonal BO3 inferred by the
peaks obtained between 815 and 950 Cm—148—52;

c. Stretching of B-O in the tetrahedral units [BO4] and vi-
bration of Na-O inferred by the peaks between 1369 and
1520 cm™! 48:33.54

In this study, we compared the previous obtained molec-
ular vibrations with the vibrational modes obtained from the
dynamical matrices associated with each computer model. We
note of course that the comparison is necessarily qualitative

only, since we do not compute the Raman spectrum, but only
the vibrational density of states.

In this part, we try to compare the measurements obtained
by FTIR with that obtained by ab initio calculations. The
spectra obtained by partial VDOS illustrated that the vibra-
tions of heavy atoms (Bi and Cd) are dominant in the low
frequency region (up to 150 cm™"). This result is consistent
with that obtained in Raman spectra (Figure 7). However,
Na vibration peak was observed very close to Cd, Bi peaks
(~150 cm™), and this may be attributed to the high coordi-
nation of Bi and Cd with Na. In addition, the observed vi-
bration at 63 cm™' is mostly due to the bending vibration
between Bi-O and Cd-O atoms. Regarding the vibration
between Na-Bi and Na-Cd, Figure 5 revealed vibration and
motion between Na and heavy atoms. As shown in Raman
spectra, a small peak was observed at ~125 cm™" and this
peak is attributed to CdO vibrations, which agree with Ref.
[53]. The vibration of boron and oxygen atoms is observed at
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FIGURE 6 XRD spectra of the prepared samples. The plots
for the different glass samples are displaced in the y-axis for clarify
purposes

low, intermediate, and high frequency, which also detected in
the Raman spectra shown in Figure 7. Moreover, bending and
the stretching modes of BO5 and BO, rings are clear with the
former dominating in the network (waggling motion). There
is no obvious vibration of Bi atoms at this energy level as
mentioned in previous studies.**~°

3.3 | Optical absorption measurements

Figure 8 shows some of optical measurements calculated
for the new glasses. Figure 8A displays the optical absorp-
tion spectra in the range of 300-800 nm, and the inset figure
shows the transmittance spectra obtained from the absorp-
tion values. Despite the reduction in the glass transparency
by increasing of bismuth oxide (75%-71%), the new glasses
exhibit good transparency in the visible and near ultraviolet
region. Figure 8B shows Tauc's plot obtained from the UV-
Vis-NIR absorption spectra and Mott and Davis relation to
calculate band gap energy. Tauc's plot represents the rela-
tion between the photon energy (hv) and (ahv)". From the
linear intercept between the (hv) and (ahv)" axis, we can de-
termined the band gap (E,). It is obvious that increasing of
Bi,05 in the glass network led to a reduced band gap (3.831
to 3.091 eV). This trend gives an indication that new local-
ized states and defects were created between the valence and
conductive bands. The Bi*" ions entering in the interstitial
sites and nonbridging oxygen bonds being created in the
glass structure.”*** In Figure 8C, the glass transmission was
linked with calculated band gap. It is clear that a high trans-
mittance was stated with the low bismuth samples (S3 and
S4). The Urbach-Tail method was used to characterize the
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FIGURE 7 De-convoluted Raman spectra of the prepared glasses: (A) the deconvoluted Raman spectra of sample 1; (B) the deconvoluted
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degree of the absorption edge (AE) in the amorphous lattice
of the new glasses.57'59 The values estimated from the recip-
rocal of the straight-line slope obtained from the relation of
natural logarithm of absorption coefficient (In @) and incident
photon energy (hv) as shown in Figure 8D. The increment of
Bi,05 led to gradual increase in AE values from 0.294 eV
(S1) to 0.454 eV (S2).

Table 3 shows some significant optical parameters for
the new glasses. The direct relation noticed between bis-
muth oxide concentration and each of reflection loss, molar
refractivity, refractive index, and electronic polarizability is
attributed to increase ionic concentration and nonbridging
oxygen in the glass network.%-%2 Figure 9 shows the increase
in refractive index as a result of increasing electronic polariz-
ability and this attributed to increase nonbridging oxygen to
bridging oxygen ratio.

3.4 | Radiation shielding and
attenuation properties

Figure 10 represents the mass attenuation coefficient (u,,) val-
ues of the new fabricated S1-S4 glasses, obtained by Phys-X
software® between 15 keV and 15 MeV. In this figure, there
is an increasing order of p,, from S1 to S4. S4 glass owns
the highest u,, value, whereas that of S1 glass is the lowest,
which is consistent at all energies. This behavior in y,,, can be
ascribed to varying amounts of Bi,O5, which is increasing in
order of S1, S2, S3, and S4. Besides, the presence of Bi,O;
indicates the reason for the increase in p,,, and thereby, makes
the S1-S4 glasses effective for photons shielding because
Bi,05 has a higher effective atomic cross section than B,05.

The highest p,,, values for the S1-S4 glasses is found at
15keV and equal to 10.687,48.631,67.316, and 78.437 cm2/g
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for S1, S2, S3, and S4, respectively. In addition, from u,,
curves we can see several discontinues in the values of the
attenuation (present as A, B, and C in Figure 10). These dis-
continues are related to the L-absorption edge of Cd (this is
for A in Figure 10), K-absorption edge of Cd (this is for B
in Figure 10), and K-absorption edge of Bi (this is for C in
Figure 10). At 0.03 MeV, the yu,, values for the S1-S4 samples
are 8.559, 16.947, 21.077 and 23.536 cmzlg, respectively.
This emphasizes that the addition of Bi,O; significantly en-
hances the p,,, values and thus improves the attenuating abil-
ity of the S1-S4 glasses against gamma rays.

Figure 11 illustrates the variation of the effective atomic
number (Z) and the HVL as a function of Bi,O; content for
the S1-S4 glasses, where the black star represents the HVL
and the blue circle represents the Z. In this figure, the ef-
fective atomic number (Z;) increases with increasing the
amount of Bi,03, and by contrast, the HVL decreases with

the addition of Bi,O;. S4 has the highest Z ¢ and least HVL,
while S1 has the lowest Z. at all the energies considered
in this work. The Z. values for the fabricated samples at
15 keV are 28.94, 65.46, 72.62 and 75.68. The values of Z
at 0.15 MeV are 13.75, 45.72, 58.33 and 65.07.

It is evident that S1 has relatively smaller Z. that the
other samples and this is expected since it does not contain
Bi,05. On other words, the high Z; value of S4 is related
directly to the high amount of Bi,Oj; in this glass, and it is
known that Bi has high atomic number.

The high Z value of S4 may be associated with its high
percentage fraction of Bi,O5; which has the highest Z_; among
all other oxides in the glass system. We can conclude from Z
results that the attenuating ability of the fabricated samples
enhances with more adding of Bi,O;. On the other hand, it
is also evident from Figure 11 that the HVL decreases with
increasing the density of the sample (ie, due to the increasing
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FIGURE 11 Z and HVL relation for S1-S4 glasses in the energy range 0.01-10 MeV

in the concentration of Bi,03). Also, we can see a large drop in
the HVL values between S1 and S2. This is because there is no
Bi,0;5 on the S1 glass (contains mainly of B,0O3) and with the
addition of 10 mol% of Bi,05 in S2, the LAC of S2 increases
rapidly due to the domination of the photoelectric effect at this
low energy which has a high dependent on the atomic number,
and since the Bi has a relatively high atomic number (Z = 83),
this causes the quick increase in the LAC for the S2, and this

leads to decrease the HVL for S2 quickly, which explains the
high difference in the HVL between S1 and S2. At 0.03 MeV,
the HVL for S1 is 0.0191 cm, while the HVL for S2, S3, and
S4 are 0.0082, 0.0057, and 0.0044 cm. These results imply
that S1 needs longer HVL than the other glasses and the ratio
at this energy is 11.45, 2.14, and 1.35. At 0.03 MeV, the S1
also requires longer HVL than S2-S4 samples; the ratio is
4.29, 1.84, and 1.29. While, at higher energies (eg, 0.5 MeV),
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the ratio is 2.47, 1.58, and 1.23. When we compared the HVL
of S1 and S4, we found that increasing the density by a factor
of 1.56 making an average ratio between these two samples of
a factor of 4.83 over the selected energy region.

Figure 12 shows the variations of the mean free path
(MFP) at several energies (ie, 0.1, 0.5, 1, 3, 5, and 15) MeV
for the new prepared glasses. In this figure, MFP is decreasing
in the order of S1, S2, S3, and S4. Similar to HVL, S1 (S4)
has the highest (lowest) MFP values. This is most likely due
the fact MFP inversely depends on the density and S4 has the
highest density and therefore has the least MFP. At 0.1 MeV,
the MFP values are 0.361, 0.085, 0.053, and 0.039 cm for
S1-S4. Clearly, at this energy the influence of Bi,O5 (or the
density) on the MFP is very notable (the ratio between the
MFP of S1 and S4 is 13.33). This is because at this energy,
Uy, is very high for S2-S4 due to the K-absorption edge of
the bismuth, while S1 does not contain bismuth and this re-
duces the y,, for S1 and increases the MFP. For this reason,
we found the MFP of S1 is much higher than that of S2-S4.
As the energy increases, the difference in MFP between S1
and the other samples decreases, however, S1 still has higher
MFP than S2-S4. At 0.5 MeV, the MFP values for the tested
samples are 2.715, 1.741, 1.351, and 1.098 cm (the ratio be-
tween the MFP of S1 and S4 is 2.47). At 3 MeV, the ratio
between the MFP of S1 and S4 decreases to 1.77, while at
15 MeV, the ratio is 3.2. At this high energy, the photons have

high penetrating ability and since S1 does not contain Bi,O5
and contains relatively low atomic number elements, so we
found the MFP of S1 is very high (about 10 cm). While, the
Bi,05 in S2-S4 increases the interaction between the photons
and the bismuth atoms and this reduces the MFP for these
samples and we noticed that S4 with higher amount of Bi,04
has the least MFP (3.30 cm at 15 MeV). This is in line with
the results reported by Al-Hadeethi et al.%

Figure 13 shows the three-dimension figure for the re-
lation between TVL against the photon energies and the
concentration of Bi,O3. The smaller TVL is, the better the
material considered is, in shielding applications. There is an
observable increasing in TVL with the energy. Also, there is
adecreasing order in TVL from sample S1 to sample S4. This
emphasizes that S4 with high content of Bi,O; showed the
best glass sample useful in shielding because it has the low-
est TVL. In addition, as we found in HVL, S1 has relatively
high TVL in comparison with S2-S4. The TVL at 0.03 MeV
(as an example) for S1 is 0.063 cm, while 0.027, 0.019, and
0.015 cm thickness is needed for S2, S3, and S4 to shield
the photons by 10% (ie, the TVL). As we found in the MFP,
at 15 MeV the photons have high penetrating ability and for
this reason we found the MFP of S1 is very high when com-
paring to S2-S4 samples. For S1, the MFP at this energy is
23.185 cm, while it is 7.669 cm for S4 (the ratio is about 3)
and this agrees with the HVL results.
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MFP (cm)

0 10 20 30 0
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10 20 0 0 10 20 30
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FIGURE 12 Variations of the mean free path at 0.1, 0.5, 1, 3, 5, and 15 MeV for the new prepared glasses
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Figure 14 shows the variation of equivalent atomic num-
ber (Z,) of the new glasses at different energy levels (0.01-
10 MeV). The values of Z,, started to increase with increase
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FIGURE 13 Variations of the TVL for S1-S4 in the energy range
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photon energy and reached its maximum value at 1 MeV.
Above 1 MeV, gradually reduction in the Z,, values was ob-
served. These values become almost constant in the high-en-
ergy region (5-10 MeV). This variation is due to the atomic
number (Z) dependency of cross-section for different photon
interaction probabilities (photoelectric: 7+, Compton: Z and
Pair production: Z%).% This trend is consistent for all glasses
and increasing with increasing Bi concentration.

Figure 15A shows the calculated transmission factor for
the prepared glasses at incident photon of 0.6 MeV. It is ob-
served that S4 (highest Bi content) has the best shielding
properties (since its transmission factor drops rapidly than
that other prepared glasses with the increase in thickness).
In Figure 15B, the gamma-ray transmission factor of S4
was compared with two of the standard shielding materials
(ordinary concrete and polyboron).(’5 For these types, the
transmission factor drops according to the following order:
ordinary concrete > polyboron > S4. Therefore, the new pre-
pared glass (especially S4), revealed the best shielding for
gamma sources.

4 | CONCLUSION

A new glass series of B-Na-Cd-Bi have been prepared
using melt-quenching technique at a melting temperature of
850°C-950°C and fixed annealing of 400°C. The prepared
glasses are found to have a brown color by the increment of
Bi,05. The structural (XRD and Raman) and physical prop-
erties (molar volume, oxygen molar volume, oxygen pack-
ing density, and basicity) have been investigated. Moreover,
ab initio molecular dynamics simulations have conducted to
explain the vibrational density of states of the glasses and
compared with the experimental measure as well. Although
the optical band gap decreased with increasing of Bi,O5 con-
tent. The new glasses exhibited promising transparency in the
visible and near ultraviolet region. Concerning the radiation
shielding properties, the glasses showed thinnest HVL/TVL
and smallest MFP especially with S4 (the highest Bi content).
Promising gamma-ray transmission factor of S4 was reported
compared with ordinary concrete and polyboron. Finally, it
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can be concluded that Bi,O; improved the shielding features
for the NaO-CdO-B,0; glass system.
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