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ABSTRACT

We explore a new glassy material for radiation shielding applications. Novel transparent and non-toxic Bi2O3–B2O3 glasses including
different concentrations of CdO were prepared by the conventional melt quenching method. The prepared samples were characterized and
analyzed by using various analytical tools (XRD, FTIR, Raman, DSC, and UV-Vis-NIR). Ab initio molecular dynamics simulations were
carried out to create structural models of the materials, and these were compared to our measurements. To the best of our knowledge, this
is the first study to compare the vibrations obtained experimentally with the vibrational density of states obtained from an ab initio com-
puter model for these materials. The radiation shielding properties were measured for the photon energy range (10−3–105 MeV): both mass
attenuation coefficient (μ/p) and effective atomic number (Zeff ) showed a gradual increase with an increase in the CdO content. The mean-
free-path, tenth value layer, half-value layer, and electron density for all prepared glasses were estimated. Promising results were achieved
with the new glasses for radiation shielding purposes such as nuclear reactor and medical applications. The structural, electronic, and vibra-
tional properties of the computer models revealed a topologically disordered, but chemically ordered network, and our vibrational computa-
tions provide direct insight into several Raman peaks observed for the materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143116

I. INTRODUCTION

Medical imaging facilities employ ionizing radiation for diagnosis.
This radiation has energy sufficient to penetrate and release electrons
through its complex interaction with materials.1 In human tissue, low
risk is predicted if the released ions recombine; in this case, the proba-
bility of healing is high. There is particular concern regarding the long-
time effects that may appear after years of absorbing low doses (such
as leukemia, with a 10 year incubation period).2 Thus, radiation shield-
ing is required to protect operators, medical staff, and patients. There
are three types of shielding: (1) structural shielding (barriers), (2)
equipment-mounted shielding (source shielding), and (3) personal
protective devices (goggles, gloves, and gonadal shielding).3

The efficacy of the shielding depends upon the intensity of the
incident radiation and the physicochemical composition of the
absorber material. For many years, concrete and heavy elements,
such as lead (Pb), have been the standard choices, but these materi-
als have many drawbacks in terms of stability, safety, and
cost-effectiveness.4,5

Several studies have been conducted to improve shielding
material properties by developing new alloys, ceramics, marbles,
steel, polymers, and slag and lead-based glasses.6–13 Due to their
ease of fabrication, non-toxic nature, and cost effectiveness, lead-
free glasses have been preferred in the literature to provide
gamma-ray shielding.14–16 Many glass formers such as borate,
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tellurite, silicate, and germanium have been investigated for shield-
ing proposes.16–19

The promising results obtained from borate glass materials
during the last four decades motivate researchers to prepare and
investigate related compositions and structures. These compositions
find many industrial and medical applications. With their low density
and highly hygroscopic character, borate glasses have advantageous
features such as high mechanical strength, low melting point, high
transparency, and low phonon energy.20–22 Studies have demonstrated
that small amounts of alkali and alkaline added as modifiers, and
lanthanides (as dopants) improve borate properties.23–25

Modified borate glasses are a promising alternative due to
their transparency, wide glass forming region, and cost effectiveness
for recycling and construction.17–19 Previous studies showed the
efficiency of cadmium oxide (CdO) as a glass modifier.26–28 At the
same time, bismuth tri-oxide (Bi2O3) appears to be a promising
modifier in borate-based glass and has broad applications for laser
host fibers and for photonic switches. Due to the high molecular
weight (465.96 g mol−1), density (8.9 g cm3), and optical transpar-
ency of bismuth trioxide, bismuth-borate glasses attract researchers
to investigate their shielding properties.29–31 Therefore, a boron-
glass network modified with small amounts of cadmium oxide and
bismuth tri-oxide can acquire high density and, as we show, it
turns out to be a good ionizing radiation absorber.

In the current study, structural, physical, and radiation shielding
properties such as mass attenuation coefficients (μ/ρ), Half-Value
Layer (HVL), Tenth-Value Layer (TVL), Mean Free Path (MFP),
and the effective atomic number (Zeff) of bismuth borate glasses
modified with different amounts of cadmium oxides were investi-
gated as a function of B2O3 content. In addition, this study shows a
comparison between ab initio molecular dynamics (AIMD) simula-
tion and experimental results in exploring some structural and
optical properties.

II. METHODS

A. Sample preparation

The current samples were prepared in the Department of
Physics and Astronomy at Ohio University. Based on the melt
quenching method, a series of bismuth-borate glasses were prepared
by using the following raw materials: boron oxide (B2O3), bismuth
oxide (Bi2O3), and cadmium oxide (CdO). Care is required to avoid
inhalation when adding CdO, as fumes and dust are intensely irritat-
ing to respiratory tissue. All chemicals were obtained from Alfa Aesar
with high purity (99.5% and above). The compositions were well
mixed by using a mechanical mixer for more than 60minutes. An
electrical furnace was used to melt the material at 1100 °C for 60 to
70min. For each prepared sample, the crucible was shaken once after
the first 60 min. The molten glass was poured into stainless steel
located inside another furnace at 300 °C (below its glass transition
temperature) for 3 h to relieve thermal stress, for structural stabilizing,
and to reduce the number of voids and defects. Finally, the prepared
glasses were polished and cut to 3mm thickness. Nomenclature,
compositions, and labels for the purpose of this paper are reported in
Table I. The prepared glass was highly transparent, and it gradually
changed into brown with the increase of Bi2O3, as shown in Fig. 1.

B. Computational details

Ab initio molecular dynamics (AIMD) simulation using
projected-augmented wave (PAW) potentials32,33 was employed as
implemented in the Vienna ab initio simulation package (VASP)34

to make the current models. The generalized gradient approxima-
tion (GGA) of Perdew–Burke–Ernzerhof (PBE)35 was used to
approximate the Density Functional Theory (DFT) exchange corre-
lation functional. Plane waves up to 400 eV were used as the basis
set. A single k-point (Γ) to sample the Brillouin zone was used
with the periodic boundary conditions throughout.

Four different models of the general form (B2O3)0.7 − x

(Bi2O3)0.3(CdO)x with x = 0, 0.05, 0.10, and 0.15 were generated to
represent the new prepared glasses G1, G2, G3, and G4, respec-
tively. For each model, a supercell of 100 atoms was created at the
experimental density reported in Sec. II C. Atoms were placed ran-
domly in the supercell with a minimum separation of 2 Å. The
models were created based on the quench-from-melt method.36 For
each model, the initial random configuration was heated from
room temperature to 3000 K at a rate of 0.2 K/fs and then equili-
brated at 3000 K for 4.5 ps. The model at 3000 K was cooled in
successive steps to 1000 K and 300 K at the same cooling rate of
0.2 K/fs followed by equilibration for 4.5 ps and 6 ps, respectively.
For all molecular dynamics simulation, a time step of 1.5 fs was
used and the temperature was controlled by a Nosé–Hoover ther-
mostat.37 The model at 300 K was then fully relaxed by using the
conjugate gradient method implemented in VASP.

The lattice dynamics of the glasses was studied by computing
the vibrational density of states (VDOS), the species projected
VDOS, and the localization of the vibration eigenstates. For each
relaxed model, the dynamical matrix elements were computed in
the harmonic approximation by perturbing each atom along the

FIG. 1. The newly prepared glasses (G1–G4).

TABLE I. Chemical composition of the prepared glasses.

Glass label

Composition (mol%)

CdO Bi2O3 B2O3

G1 0 30 70
G2 5 30 65
G3 10 30 60
G4 15 30 55
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±x, ±y, and ±z directions by 0.015 Å. The diagonalization of the
dynamical matrix yields the phonon eigenvalues and the corre-
sponding eigenvectors. The normalized VDOS and the partial
VDOS are expressed as38

Z(E) ¼
X

i

δ(E � �hωn), (1)

Zα(E) ¼ 1
3N

XNα

i[α

X

n

jeni j2δ(E � �hωn), (2)

where ωn are the normalized eigenvalues and the sum over i is over
all the atoms belonging to the particular species α. eni represents
the displacement vector of atom i with components enμi, where
¼ x, y, and z. The delta functions in Eqs. (1) and (2) were
approximated by a gaussian of width 15 cm−1. The localization of
the vibrational eigenstates was studied by computing the inverse
participation ratio (IPR) from the normalized displacement vectors.
The IPR is defined as

IPR ¼
PN

i¼1 jeni j4PN
i¼1 jeni j2

� �2 : (3)

The magnitude of IPR ranges from 0 to 1. Localization modes have
a higher IPR.

C. Density measurements and related parameters

The densities (ρ) of the current glasses in addition to a series
of significantly related parameters were determined based on the
equations and mathematical expressions listed in supplementary
material (A).

The glass durability of the new compositions was calculated
from the dissolution rate (DR) expression listed in Appendix A.39

The DR value was measured at two different temperatures (25 oC
and 80 oC). The glasses were prepared in cube shapes with dimen-
sions of (5 × 5 × 2) mm3. The samples were shaken in a jar filled
with distilled water (100 cm3) for a period of two weeks.

D. Characterization techniques employed

An array of experimental probes was deployed to determine
microstructure and other properties of the glasses. Among these were
x-ray Diffraction (XRD), differential scanning calorimetry (DSC),
Fourier transform infrared (FTIR), and Raman and Ultraviolet-
Visible-Near Infrared Spectroscopy (UV-Vis-NIR).

An x-ray diffractometer (XRD) model Rigaku MiniFlex II was
used to study the amorphous nature of the prepared samples. The
scanning range was 2θ = 10°–80° with a consecutive step of
0.01°− 2θ. The x-ray was produced by using a generator power of
40 kV and 30mA, and the spectra were recorded using CuKα as a
target (λ = 1.5406 Å´) with a scanning rate of 2o per minute. To get
an insightful study about the structural groups of the prepared
glass, FTIR spectra were recorded by using a Nicolet 380 FTIR
Spectrometer. The samples were ground and mixed with KBr

(1:100) to create small pellets with 1–1.5 mm thickness. All spectra
were recorded at room temperature in the wavenumber range of
400–2500 cm−1. The Raman characterization was explored by using
R-3000 (PhotoniTech PvT). The room temperature absorption and
reflection spectra of the glasses were recorded by using a
UV-Vis-NIR Agilent 8453 absorption spectrophotometer in the
wavelength region of 200 nm to 900 nm. The glass-forming ability
(GFA) of the prepared glasses was checked by using the common
glass stability (GS) parameters. These parameters rely on thermal
properties obtained from differential scanning calorimetry
(SETARAM SETYS 16 TG- DSC), which are as follows: the onset
glass transition temperature (Tg), onset crystallization temperature
(Ton), peak crystallization (Tc), crystallization temperature (Tc), and
melting temperature (Tm).

E. Radiation shielding and attenuation properties

The radiation shielding properties of the prepared samples,
such as the mean free path (MFP), tenth value layer (TVL), effec-
tive atomic number (Zeff ), and effective electron number (Ne) were
calculated based on the mass attenuation coefficient (μ) obtained
from the online computer program [supplementary material (B)].
This well-known computer program (developed by Breger and
Hubbell)40 is known as XCOM and was developed at the National
Institute of Standards and Technology (NIST/USA). This software
offers the possibility for calculating the cross section and attenua-
tion coefficient for elements, compounds, and mixtures at different
photon energies (from 1 keV to 100 GeV) and different
photon-material interactions. The possibility of interaction was esti-
mated based on the cross sections for photoelectric absorption,
Compton and coherent scattering, and pair production.

III. RESULTS

A. Computer models

1. Topology

In order to describe the atomic structure of the prepared
glasses, four models of Bi2O3–B2O3 with different concentrations of
CdO are presented in Fig. 2. The models are dubbed M1, M2, M3,
and M4 for the prepared glasses. The majority of B atoms form the
BO3 structure with very few tetrahedral structures (BO4). The dis-
torted boroxol rings (B3O6) are present in our glass models M1,
M3, and M4. The modifiers in the glass are mostly bonded with the
non-bridging O atoms of the BO3. The Bi atoms are more or less
uniformly scattered in the glass without any physical bond less
than 3 Å. The Cd atoms are mostly bonded with the O atoms. The
coordination of Cd with O decreases with the increase in the CdO
concentration because the number of O atoms is more or less the
same in all models.

The structure of the glass models was characterized by the
pair correlation functions g(r), shown in Fig 3.

Two well-defined peaks are observed in g(r) for all models.
The partial pair correlation functions were also calculated to deter-
mine the origin of the peaks. We find that the first peak is due to
the B–O bonding, and the intensity of the peak decreases with
increasing CdO content. Thus, the coordination of the B with O
decreases with increasing CdO content. The second peak around
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�2.39 Å is possibly due to the superposition from different bond
pairs other than B–O pairs. The peaks for the B–B, Bi–O, Cd–O,
and O–O pairs lie at 2.50, 2.32, 2.26, and 2.40 Å, respectively.

2. Electronic structure

The electronic structure of each model was studied by analyz-
ing the electronic density of states (EDOS). Here, we simply
examine the distribution of Kohn–Sham eigenvalues. Models M1,
M3, and M4 had a defect-free bandgap, whereas model M2 had a
defect state pinned close to the Fermi level. The bandgap for the
glass samples was estimated experimentally by Tauc’s plot obtained
from the UV-Vis-NIR absorption spectra [supplementary material
(C)]. The bandgap from the glass models and the experiment are
shown in Fig. 4(a). In both theoretical models and experimental
calculations, the bandgap monotonically decreases with the
increase of CdO with pleasingly similar slopes. As expected, DFT
underestimated the gap (by �0:49 eV) compared with the experi-
mental data. Figure 4(b) shows the EDOS obtained from model
M2, where the small peak near the Fermi level represents the defect
state. To understand this defect electronic state, the partial charge

density was calculated by integrating the electronic densities for the
energy range where the defect lies. The inset in Fig. 4(b) shows the
structure and the partial charge density. The defect states (yellow
blobs) are due to the under-coordinated Bi atoms.

B. Properties of the samples

1. Density measurements and related parameters

Several physical parameters such as molar fraction, ion con-
centrations (N), inter-ionic distance (ri), polaron radius (rp), and
other significant physical parameters are calculated and listed in
Table II.

The density of the prepared glass system increased with
increasing the cadmium oxide content from 4.315 ± 0.005 to
5.375 ± 0.016 g cm-3 for samples G1 to G4 (Table II). This increase
is expected and attributed to the higher molecular weight of CdO
compared with that of B2O3. Moreover, CdO is heavier (128.4 amu)
than B2O3 (69.62 amu).

A decrease in the molar volume was reported with an increase
in the CdO content (Table II). The reduction in molar volume with
an increase in density gives a good indication of the compactness
of the prepared glasses. It may be assumed that the increase in the
CdO concentration at the expense of B2O3 caused the opened glass
network structure.41 Generally, there is an indirect relation between
density and molar volume, and many studies reported the same
behavior.19,21,24

The density depends on the multi-composition of the glass
network. Eventually, higher structure compactness will produce
higher density of the glass. The increment in density indicates that
the number of oxygen packing density (OPD) in the glass network
increases and decreases in non-bridging oxygen. On the contrary,
the value of the oxygen molar volume decreases with an enhance-
ment of CdO. The oxygen molar volume decreases opposite to the
oxygen packing density with the increasing CdO content in glasses,
indicating tight packing of the glass network by increasing the
bridging oxygen bond. The same trend was reported with molar
refractivity (RM), which increased gradually with the increasing
CdO (21.479–27.033). The Poisson ratios of the current glasses
were >0.3 and increased with the CdO concentration. The direct
relation between cadmium oxide concentration, refractive index,
dielectric constant, and polarizability was attributed to an increase
in ionic concentration, which proved the compactness of the pre-
pared glasses.42–44 The same relation was reported with the optical

FIG. 2. Optimized atomistic structures
for (B2O3)0.7− x(Bi2O3)0.3(CdO)x models.
Atom colors: Green (B), red (O),
magenta (Bi), and blue (Cd).

FIG. 3. Pair correlation function g(r ) obtained from models M1, M2, M3, and M4.
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basicity. An enhancement in the reflection loss (R) values was
reported in all glass samples with increasing the CdO content. This
trend indicates that the reflection back of energy reduced by
increasing the chromium content.

2. Glass durability

Concerning the durability of the prepared glass, we report that
the dissolution rates (DR) increased with time (up to 2 weeks) and
decreased with an increase in the CdO content (Table III). The
increase in DR with increasing immersion time was attributed to

the possibility of ion exchange and glass network hydration.45

Conversely, the dissolution decreased with increasing CdO content.
Based on the calculated physical properties (Table II), the incre-
ment of cadmium oxide led to increasing glass density and BO4

units as well. This result proved the ability of CdO to improve the
water resistance of bismuth borate glass.

3. Structural and thermal properties of the glasses

The XRD patterns of the new glasses (G1–G4) are shown in
Fig. 5. The XRD plots for each sample show an evident broad peak
with a maximum height at 27° (2ϴ). The absence of sharp peaks in
all patterns is indicative of the amorphous nature of these samples.

Next, we studied DSC for G1 in Fig. 6 with labels pertaining
to each thermal transition from 100 oC to 1100 oC. The inset figure
presents the DSC plots for G2, G3, and G4. The glass transition
temperature (Tg) in the G1 sample (without cadmium) is reported
to be 370 °C, whereas bismuth borate glass with 5 mol% CdO has a
Tg of 360 °C. Therefore, by adding CdO into binary bismuth borate
glass to form ternary 30Bi2O3+ 70− xB2O3– xCdO glass (x = 5, 10,
and 15 mol%), the glass transition temperature first decreases, and
then with a further increase in the CdO concentrations to 10 mol%
and 15mol%, its value increases gradually (Table IV).

The DSC values (Tg, Ton, TC, and Tm) have been estimated from
the exact middle point on the endothermic or exothermic regions in
the thermos graph. The TC peaks broadened and decreased in inten-
sity with the increment of the CdO content, which indicates that
glass stability against devitrification enhances by adding CdO. The

FIG. 4. (a) (Left) The electronic
bandgap calculated from the optimized
models and from the experiment. (b)
(Right) The EDOS calculated from
model M2. The inset shows the partial
charge density (yellow blobs) on model
M2. The atom color is the same as
Fig. 2. The charge density is mostly
localized in the under-coordinated Bi
atoms.

TABLE II. Density and related parameters of Bi–Bo glass with different concentra-
tions of CdO. Each symbol is defined in the supplementary material (A).

Parameter Unit G1 G2 G3 G4

Ρ g cm-3 4.315 4.711 5.068 5.375
Vm cm3 mol−1 46.689 40.641 38.358 36.714
Vo cm3 mol−1 14.563 14.014 13.699 13.598
Vt … 0.512 0.537 0.553 0.562
OPD g atom l−1 68.667 71.357 72.996 73.541
σ … 0.229 0.241 0.249 0.253
<dB–B> × 103 Nm 0.403 0.321 0.265 0.226
N × 1022 Ions cm−3 … 0.741 1.570 2.461
rp × 10−15 Å … 1.177 0.555 0.354
ri × 10−15 Å … 4.498 2.123 1.354
Eg (direct) eV 3.442 3.259 3.106 2.907
Eg (indirect) eV 3.841 3.580 3.381 3.259
Urbach energy
ΔE

eV 0.213 0.236 0.269 0.293

N 2.287 2.331 2.3691 2.426
Χ 0.925 0.876 0.835 0.781
R 0.585 0.596 0.606 0.619
RM 21.479 22.879 24.625 27.033
αM × 10−24 (cm)3 8.519 9.073 9.770 10.107
Ε 5.229 5.432 5.613 5.869
P 4.229 4.432 4.613 4.869
Λ 0.991 1.013 1.015 1.027

TABLE III. Dissolution rates of glass samples as a function of time and
composition.

Sample label
DR (2 days) DR (7 days) DR (14 days)

g cm−2 d−1

G1 7.523 × 10−7 5.701 × 10−6 1.291 × 10−5

G2 7.202 × 10−7 4.317 × 10−6 8.837 × 10−6

G3 3.022 × 10−7 1.363 × 10−6 2.415 × 10−6

G4 1.415 × 10−7 5.328 × 10−7 7.449 × 10−7
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higher values obtained from the temperature difference
(ΔT = TC− Tg) for all samples reflect the higher thermal stability of
the prepared glasses.46 Also, the low values of the reduced glass tran-
sition temperature (Trg = Tg/Tm) confirm the good tendency for glass
formation against crystallization for the prepared glasses.47

C. Joint experimental/modeling analysis of vibrations

The vibrational modes in the glasses were probed by FTIR
spectra (Fig. 7) and Raman spectra (Fig. 8). The interpretation of
vibrations was enabled using the vibrational density of states
obtained from the optimized computer models (Figs. 9 and 10).

The FTIR spectra in Fig. 7 have been normalized by using the MIN
MAX method.48 There are distinct vibrations at 600–650 cm−1, and
these vibrations shift to a higher wave number with an increase in
the CdO concentration. In addition, an obvious band was detected
at 650–700 cm−1 in all glass samples. Previous studies attributed
this vibration to the bismuth ions,48,49 but usually this band is
attributed to the known bending and stretching vibrations of NBO
with BO3 units. At 820–900 cm−1, we reported an increase in the
stretching vibration intensity with the addition of CdO. This band
was also shown in Refs. 26 and 50, which attributed this vibration
to the creation of non-bridging oxygen of BO4 units. At higher
energies (1000–1400 cm−1), the shifting of peaks and shoulders
toward a high wavenumber was clear. Previous studies assumed
that this shifting was attributed to the asymmetric stretching vibra-
tions of the created BO4.

51–55 Furthermore, the addition of CdO
showed a prominent peak and band at 1200 cm−1 and 1450 cm−1,
respectively. These peaks and bands shifted to a high wavenumber
and enhanced with an increase in the CdO concentration. This
result is consistent with previous related studies 26,56 which attrib-
uted this vibration to the stretching of B–O (linkage between
oxygen and different groups) and also between boroxol rings and
trigonal units of BO3.

FIG. 5. XRD spectra of the prepared samples. The plots for the different glass
samples are displaced in the y axis for the purpose of clarity.

FIG. 6. DSC thermographs of x-CdO–Bi–Bo glasses at a heating rate of
10 oC.min-1. (Tg: glass transition; Ton: onset crystallization temperature; Tc: crys-
tallization temperature; Tm: melting temperature).

TABLE IV. Thermal analysis using differential scanning calorimetry for the prepared
glasses.

Sample
label Tg (°C) Ton (°C) Tc (°C) Tm (°C) ΔT (°C) Trg (°C)

G1 370 491 582 850 212 0.435
G2 360 485 690 905 330 0.396
G3 365 508 693 910 328 0.401
G4 372 525 696 912 324 0.408

FIG. 7. FTIR spectra of bismuth borate glasses at different concentrations of
CdO. The IR plots are displaced for clarity.
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Figure 8 shows the Raman bands of the new glasses. A
de-convoluted Raman spectrum of six to nine peaks fitting was
created to facilitate interpretation by using the “peak analyzer”
module of Origin Pro 9 software. Generally, broad bands and peaks
are observed in the range of analysis (0–2000 cm−1), with one
intense peak located at the low wavenumber region. Previous
studies49,50 attributed the peaks located at 55, 280, 377, and
412 cm−1 to the translational motion of B2O3 with Bi. Another
broad peak is observed at 630 cm−1 and this peak is attributed by
previous studies50,51 to the vibration of the boron–oxygen bond in
BO3 and the stretching of B–O–B in the metaborate ring as well. In
addition, a small peak and broadband are reported at 914 and
1400 cm−1, respectively.

Previous related studies attributed the above to the vibrations
of B and O in trigonal BO3 and tetrahedral BO4.

48–50 Also, small
peaks are observed at 120 cm−1 and 1270 cm−1 in the Cd-glasses
(G2, G3, and G4), and the same peaks are reported by Chryssikos
and Kamitsos.56 The peak near 120 cm−1 is attributed to the direct
vibration of CdO, and the peak near 1270 cm−1 is ascribed to the
enhancement of B and O vibrations by the existing Cd atoms.57

Both Bi and Cd are expected to vibrate at low frequency, and there
is an increase in the CdO effect on the high frequency vibrations of
the lighter elements (B and O) by the formation of di-borate,
ortho-borate, and pyro-borate groups. Consequently, the compact-
ness of the glasses increases systematically with the increase in
CdO. In this study, we try to correctly determine the molecular
vibrations by comparing them with the vibrational modes obtained
from the dynamical matrices associated with each computer model.

Figure 9 exhibits the vibrational density of states (VDOS)
obtained from the optimized computer models. The three observed
peaks are circled as R1, R2, and R3. The intensity of the first peak in
R1 (∼63 cm−1) increases with an increase in CdO and slightly shifts

FIG. 8. De-convoluted Raman spectra
of the prepared glasses.

FIG. 9. Total VDOS obtained from the glass models. The smearing width of
15 cm−1 was used for all models to approximate the delta function. The circled
regions (R1, R2, and R3) are a guide for the eye to show the peaks at different
frequency regimes.
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toward a lower frequency. Another peak is observed in R2 (∼650–
700 cm−1) which shifts toward a higher frequency compared with
M1 (the sample without CdO content). At high frequency (R3), the
two peaks are at frequencies ∼1175 and ∼1275 cm−1. To better
understand the vibrations in these regions, the VDOS was projected
onto atomic species as defined in Eq. (2).

Figure 10 shows the partial VDOS obtained from the glass
models. To identify the nature of the vibration modes, we chose
representative modes that were close to the peaks in the Raman
spectra. In addition, animations showing these modes can be found
in supplementary material (D). The spectra in Fig. 10 illustrate that
the vibrations of heavy atoms (Bi and Cd) dominate the vibrations
in the low frequency region (i.e., 60 cm−1 and 120 cm−1). These
peaks are very consistent with the peaks observed in the Raman
spectra (Fig. 8). The peak observed near 63 cm−1 is mostly due to
the bending motion of the Bi and Cd atoms. The bending vibration
was dominant between Bi–O and Cd–O, with few stretching modes
between Bi and O [Animations 1–3 in supplementary material
(D)]. Thus, the growing peaks at ∼120 cm−1 shown in Raman
spectra are attributed to CdO vibrations, and this result is in agree-
ment with the results of Chryssikos and Kamitsos.56 The well-
defined peak that occurs near 660 cm−1 mainly emanates from the
vibration of the boron and oxygen atoms, as shown in Fig. 10.
These frequencies are also observed in the Raman spectra shown in
Fig. 8. Animations 4 and 5 (supplementary material) show a strong

mixing of vibration modes close to this frequency. Both the
bending and the stretching modes of the BO3 rings are present,
with the former dominating in the network (waggling motion), and
the vibration from BO4 is also recognized. There is no obvious
vibration of Bi atoms at this energy level as mentioned in previous
studies.48, 49 In parallel, a weak bending vibration between Cd-B
was reported at this level (Animation 5 in the supplementary
material). Regarding the peak near the far end of the spectrum at
around 1278 cm−1, it is mostly due to the stretching bonds of the
BO3 rings [Animations 6 and 7 in supplementary material (D)]. As
we have reported before, it is often an oversimplification to describe
vibrations in glasses as simple molecular modes—especially in
intermediate frequency ranges, they instead tend to be mixed
modes of different types.

The disorder in the glass network causes some of the
vibrational modes to be localized. To understand the localization of
the vibrational modes, the vibrational IPR from model M4 (the
highest CdO content) was calculated using Eq. (3), as shown in
Fig. 11 (top plot). The IPR was further projected into atomic
species, as shown in Fig. 11 (four bottom). It can be seen that
the low frequency modes corresponding to the heavy atoms
(Bi and Cd) are extended. The intermediate modes and the
higher frequency modes are mostly localized in the B atoms. The
higher frequency modes corresponding to the O atoms are
extended.

FIG. 10. Partial VDOS for varying
CdO concentrations.
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D. Optical absorption measurements

1. Metallization

The metallization of the current samples was estimated based
on the formula listed in supplementary material (A). The incre-
ment of CdO reduces the metallization values, which agreed with
the narrowing of the bandgap.57 The estimated values of all pre-
pared samples were >1 and this confirms the non-metallization
nature of the prepared samples.

2. Urbach energy

The Urbach energy of the current glasses was calculated by
measuring the reciprocal of the straight-line slope of the curve in
Fig. 12. This curve represents the relation between the natural loga-
rithm of the absorption coefficient (ln α) and the incident photon
energy (hν). The calculated values of ΔE are listed in Table II,
which clearly show a direct relation between ΔE and CdO concen-
tration. The minimum value of ΔE was reported with G1 (0 mol%

of CdO), and by an increment of CdO, the ΔE increased up to
0.38 eV (the highest concentration of CdO). This behavior hints
that the degree of disorder and defect inside the glass network
increased with an increase in the CdO content. This defect led to
the formation of localized states close to the conductive band level,
which led to an increase in the band tail width.58 The bandgap
values of the prepared glasses decreased with an increase in the
CdO content, and this may be attributed to a reduction in the
average stabilization energy and a decrease in the electronegativity
of the system, as listed in Table II.59

E. Radiation shielding and attenuation properties

The radiation shielding and attenuation properties of the new
glasses were determined in a wide photon energy range
(10−3–105MeV) by using the computer-based program XCOM.
The obtained results were also compared with commercial glass
shielding58 and barite concrete.50 Fig. 13(a) illustrates the relation
between the mass attenuation coefficient and the photon energy.

FIG. 11. Localization of vibrational modes. Top: IPR calculated using Eq. (3).
Bottom: Spectral weight of IPR projected onto the atomic species represented
by labels in each plot. FIG. 12. Urbach Energy for XCdO–30Bi2O3–(70− x)B2O3.

FIG. 13. Variation of the mass attenua-
tion coefficient with the photon energy:
(a) for the new prepared glasses (G1–
G4) and (b) comparison with some
shielding materials at 0.6 MeV.
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An increase in the photon energies caused a drastic reduction in
the mass attenuation coefficient. A constant attenuation coefficient
was observed with the continuous increase of photon energy (high
megavoltage range >10MeV). This behavior was attributed to the
different possibilities of interaction between photon energy and
absorber material at different energies. The attenuation coefficient
of the new glass is in direct relation with the CdO content and is
very strong at a low energy (∼4.2 × 103 cm−1 g−1) due to the high
photoelectric absorption possibility at this energy level. The possi-
bility of photoelectric absorption is approximately proportional to
(Z/E),3 where Z is the atomic number of the absorber and E is the
photon energy. This possibility increases when the energy of the
incident photon is equal or just higher than the electron binding
energy.60

The attenuation decreases drastically as the photon energy
increases. The sharp peaks observed at (0.004 and 0.02MeV) are
due to the L- and K-absorption edges of Cd, and at 0.09MeV, they
are due to the K-absorption edge of bismuth.58 By increasing the
possibility of Compton scattering (>150 keV), the reduction
becomes slow. At intermediate energy, the probability of photoelec-
tric absorption is reduced and that of Compton scattering is
increased.60 The interaction probability at this energy is indepen-
dent of the atomic number of the material and strongly depends on
the electron density.59 At a high energy level, the pair production is
dominant and the attenuation coefficient increases slightly and
then attains a constant response (102 MeV). The achieved results
showed that the increment of cadmium oxide to the Bi–B glasses
(G2–G4) resulted in a strong mass attenuation coefficient which
was higher than commercial barite concrete and RS 360.

A previous study discussed the effects of CdO and Bi2O3 on
glass attenuation and showed the effects of the oxides separately on
the shielding properties of glasses.61 In this study, we investigated
the effect of gathering these oxides (CdO and Bi2O3) in the same
glass (borate glass). An enhancement in the mass attenuation coef-
ficients was observed with the increment of CdO, and conse-
quently, an improvement in the other shielding properties of the
prepared glasses (HVL, TVL, Zeff, MFP,…) was expected.
Figure 13(b) shows a comparison between the highest mass attenu-
ation coefficients achieved in this study (G4) and some standard

shielding materials such as polyboron, ordinary concrete, pure
polyethylene, borated polyethylene, and water at 0.6 MeV.62

In the current study, we report the variation of shielding prop-
erties with the physical and structural properties of the prepared
glasses. First, the gradual increase of glass density with the reduc-
tion of the bandgap improves the shielding properties. In addition,
the compactness of the prepared glasses (reduction of molar
volume and increase of molar refraction, OPD, and polarizability)
enhances the shielding properties of the new glasses

Figure 14(a) illustrates the relation between the photon energy
and the calculated MFP of the new prepared glasses. For low ener-
gies, the MFP increases with an increase of the incident photon
energy up to ∼12MeV (maximum value), starts decreasing up to
8 × 102MeV, and finally becomes constant up to 105 MeV. This
behavior may be attributed to the different possibilities of photon
interaction with the incident material. The new glasses, especially
including CdO content, exhibited a very promising MFP (small
values) and their effectiveness improved with increasing CdO con-
centration. The lowest MFP achieved by G4 (the highest CdO con-
centration) was also compared with barite concrete and RS 360, as
shown in Fig. 14(b). It is clear that the MFP value of G4 is the least
compared to the available commercial shielding. The best shielding
material is the one that has a smaller MFP (low thickness) with a
high incident energy (1/e). Thus, the number of radiation interac-
tions of the photon beam with the target material increases and
spontaneously more attenuation is expected.

The tenth value layer (TVL) of the prepared glasses was also
determined, as shown in Fig. 15. A close behavior was reported with
all prepared glasses. The TVL increased with a high transfer rating at
a low energy level and continued to increase (with a slow rating) up
to ∼10MeV, then decreased and became constant at a high energy
(>10MeV). This behavior was attributed to the variation of interac-
tions of photons at different energies (photoelectric, Compton scat-
tering, and pair production). A promising TVL was achieved by the
new glasses (G1–G4) compared with that obtained by barite concrete
and RS 360 glass. Concerning the prepared glasses, G4 has the least
TVL and hence has the best glass thickness. The glass that can
attenuate radiation with a low thickness is cost-effective and is highly
recommended for radiation shielding purposes.

FIG. 14. (a) Variation of the mean free
path with the photon energy for our
prepared G1–G4 glass samples and
(b) comparison of the new prepared
sample G4 with barite concrete63 and
RS 360.64
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Figure 16 shows the effective atomic number (Zeff ) of the new
glasses in the energy range of 0.01MeV to 100MeV. For all samples,
a high Zeff was observed at the low energy region and it decreased
with an increasing photon energy. Zeff increased with an increasing
CdO content, and this shows that G4 can absorb high-energy
photons. A higher Zeff was observed at low energy (0.02MeV) where
the photoelectric effect is predominant. A discontinuity in the reduc-
tion was observed at the energy level of 0.08MeV, which was attrib-
uted to the K-edge of Bi.65 The incident photon energy related to K-
and L-absorption edges seems to be K (90.53 keV) and 16.39, 15.71,

and 13.42 keV for L1, L2, and L3, respectively. Regarding the K
absorption edges of the Cd element, the photon absorption occurred
at the level of 26.71 keV. The dominant interaction at this energy
level is the photo electric absorption.50 Finally, the Zeff values of all
prepared glasses (G1–G4) become almost constant at a high energy
(independent of photon energy). It is worth mentioning here that
the high value of Zeff nominates the prepared material to be a
competent shielding material.64–66

The half-value layer (HVL) values of the prepared glasses were
demonstrated over different energy ranges (0.015MeV–10MeV), as
shown in Fig. 17. In the lower energy level (up to 20 keV), the
reported HVLs are nearly constant and quite small. The HVL
values range from 6.18 × 10−5 cm for G1 up to 4.25 × 10−5 cm for
G4 (decreases by an increasing CdO concentration). It is clear that
the HVL starts to increase with increasing photon energy (the
highest HVL was recorded at ∼0.05MeV). At the energy level
∼100 keV, the HVLs decrease because of photoelectric absorption
dominance.18, 65 As discussed before, the variation in the HVL
values with an increasing energy of the incident photon is attrib-
uted to the variation of photon interaction with the glass network.
Finally, the HVLs become roughly constant (≥5MeV).

Table V shows the values of the effective electron number
(electron density, Ne) calculated by using the equation listed in the
supplementary material (B). It is reported that Ne increases by an
increasing in the CdO content. This increase may be attributed to
the replacement of the lower atomic number element in the current
composition (boron-5) by a high atomic number element
(cadmium-48). Furthermore, we reported a variation in the Ne
values with an increasing photon energy, and this could be attrib-
uted to the changes in the effective atomic number (cross-section
dependence) as discussed before.

FIG. 15. Variation of the tenth value layer (TVL) with the photon energy for new
glass samples G1–G4.

FIG. 16. Effective atomic numbers of the prepared glasses at different energy
levels (0.01 MeV–10 MeV).

FIG. 17. HVL for G1–G4 glasses in the energy range 0.01 MeV to 10 MeV.
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IV. CONCLUSION

Bismuth borate glasses with different concentrations of cadmium
oxide were successfully prepared with the quenching method. The
effect of CdO was reported on the structural, physical, and radiation
shielding properties. Ab initio molecular dynamics simulations were
conducted to explain the vibrational density of states of the current
composition. The vibration mode of each element in the current
composition was determined and compared with the experimental
measurements (FTIR and Raman). Furthermore, different radiation
properties were estimated at different photon energies (0.01MeV to
15MeV). A direct relationship was reported between the CdO and
both the mass attenuation coefficient and effective atomic number.
The variations in the shielding parameters with fluctuations in the
incident photon energy are mostly due to the different cross-section
interactions that occur inside the glass network. The calculated
MFP, TVL, and HVL showed promising results compared with
some standard shielding materials (Concrete and RS 630). The pre-
pared glasses are speculated to be good shielding materials for
gamma rays at different medical and industrial facilities. These
results will encourage researchers to investigate the shielding prop-
erties of particulate radiation (alpha, proton, and neutron) for this
new glass composition.

SUPPLEMENTARY MATERIAL

The current study includes four supplementary material
sections (A, B, C, and D). (A) includes the mathematical

expressions used for evaluating the physical, optical, and attenua-
tion properties of the prepared glass samples; (B) includes the
mathematical expressions for evaluating radiation shielding proper-
ties; (C) shows how we calculated the energy bandgap of the pre-
pared glasses; and (D) includes animation movies regarding the
elemental vibration of the prepared glasses.
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