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1. Introduction

Recently, borate glasses with different oxide modifiers have
received extensive interest from researchers. This type of glass

exhibits desirable properties such as low
cost, simple preparation, high transpar-
ency, chemical durability, and high thermal
stability. These features recommend borate
glass for solid-state lasers, radiation
dosimeters, telecommunication devices,
and radiation shielding materials.[1–4]

Although ionizing radiation has essential
applications in medical and industrial
fields, this radiation has an adverse effect
on human biological tissue. Great efforts
and financial investments have been made
to protect patients, employees, and the
public from radiation.

For several years, concrete and lead
shielding materials have been used for
medical facilities and nuclear plants.
Many disadvantages have been reported

with concrete such as bacterial corrosion, leaching, expansion
and aggregation, unrecyclable, and opaque to visible light.[5–7]

Metallic lead has been used most often as a radiation shielding
material mainly because it provides an effective shielding against
penetrative radiation. In addition, it has a high atomic number,
high density, low cost, and easy processability. However, metallic
lead (Pb) is known for its toxicity, leads to environmental pollu-
tion, and has an extremely low level of neutron absorption.[8–11]

Most of these drawbacks can be exceeded by glassy materials,
which are effective attenuators, recyclable, hard, brittle, and
transparent to visible light.[3,12] The bismuth borate glasses have
received attention from researchers due to its clear potential appli-
cations. In addition to the previously mentioned glass features, this
type of glass has low thermal expansion and shows high resistance
to thermal shock.[1,12,13] Previous studies showed that excellent fea-
tures were achieved by adding cadmium oxide (CdO) to the borate
glass system (improved mechanical strength and density and
maintained the amorphous structure of the glass network).[14–16]

Both bismuth oxide and CdO provide compatibility with the borate
glass system by increasing stabilization, improving chemical dura-
bility, and of course, increasing glass density.[17–20]

This study continues our previous research in determining the
gamma shielding properties of new glassy borate systems with a
constant amount of bismuth oxide and different CdO concentra-
tions.[21] The gamma-ray shielding parameters of these samples
were determined and compared with the standard radiation
shielding (concrete and lead glass). The essential radiation
shielding parameters such as mass attenuation coefficient
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New glass systems of bismuth borate with various concentrations of cadmium
oxide are prepared based on the melt-quenching method. The X-ray diffraction
(XRD) reveals a fully amorphous structure of the prepared glasses (S1–S4), and
the UV–vis results display good transparency (>50%) in the visible and near-UV
region. In addition, the radiation shielding properties (mass attenuation coeffi-
cient, half-value layer, tenth value layer, mean free path, effective atomic number,
and electron density) of the new glass system are determined at selected energies
experimentally and by using MCNP5 simulation code and XCOM computer
program. Based on the calculated relative difference, the obtained values from
MCNP5 and XCOM are in good agreement with the experimental data. The mean
free path of the current systems (particularly S4) shows optimistic results when
compared with the barite and chalcocite concretes.
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(μ/ρ), half-value layer (HVL), tenth value layer (TVL), mean free
path (MFP), effective atomic number (Zeff ), and electron density
(Ne) were estimated and calculated by using the Monte-Carlo N-
particle transport code MCNP5 and the XCOM computer pro-
gram. In addition, to verify the simulated and calculated results,
the obtained values were compared with experimental values by
establishing a compatible irradiation setup to determine the
shielding parameters.

2. Experimental Section

2.1. Glass Preparation

Four borate glass systems were prepared based on the conven-
tional quenching method according to the following formula

ð70� xÞ%B2O3 � 30%Bi2O3 � xCdO

ðx∶ 0, 5, 10, and 15 mol%Þ
(1)

As usual, the required quantities of the proposed chemicals
were taken as powders and mixed well mechanically, and then
melted in alumina crucibles at 1100 �C for 60–70min (depend
on CdO concentration). The melt was mixed during the melting
process and finally poured into preheated pouring plates (300 �C)
with rectangular molds. Prepared samples were kept 3 h to
remove internal stress then cooled down slowly (�10 �Cmin�1)
to the room temperature.

2.2. Density and Molar Volume Measurements

The densities of the prepared samples were determined based on
Archimedes principle (Equation (1)) by using toluene as the

immersion fluid (0.865 g cm�3). All densities were measured
at room temperature and the measurement was repeated 3 times
for each sample. Based on the obtained densities and molecular
weight of the proposed composition (M), the molar volume (Vm)
was calculated for all prepared samples (Equation (3)).

ρ ¼ 0.865Wair

ðWair �W liquidÞ
(2)

Vm ¼ M
ρ

(3)

Here, the Wair represents the sample’s weight in the air and
Wliquid denotes the sample’s weight in liquid.

2.3. UV–vis Spectroscopy and Bandgap

Shimadzu 3101 absorption spectrophotometer was utilized to
obtain the absorption and transmittance spectra for current glass
samples from 300 to 900 nm at room temperature. The bandgap
(Eg) was determined from the UV absorption edge by utilizing
Mott and Davis relation as illustrated below[22]

hvα ¼ Aðhv� EgÞn (4)

where α, A, and hv denote the absorption coefficient, constant,
and photon energy, respectively.

2.4. Irradiation Setup

In the current study, the glasses were irradiated with different
energy levels of gamma rays obtained from radiation sources
located in the Edwards Nuclear Accelerator Laboratory at Ohio

Figure 1. Schematic view for the setup of the irradiation process.
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University, USA. The experimental setup of the irradiation and
detection process is shown in Figure 1. Five different gamma-ray
sources 57Co (122 keV), 133Ba (356 keV), 137Cs (662 keV), 60Co
(1173 and 1332 keV), and 22Na (511 and 1275 keV) were used
to irradiate the prepared glasses. These 12 samples (3 for each
concentration) with a thickness range of 0.211–0.315 cm were
prepared for irradiation and placed after the second lead collima-
tor, as shown in Figure 1. A 3 00 � 3 00 NaI(Tl) scintillation detector
connected with a preamplifier and an amplifier was used as the
radiation detector to collect transmitted gamma ray from irradi-
ated samples and convert the analog signal to electron counts. A
gamma-ray spectrometer with a 16 K multichannel analyzer
(CANBERRA Industries) and an energy resolution of 7.5% at

661.6 keV for a gamma ray from Cs-137 were used to collect inci-
dent and transmitted intensities I0 and I, respectively. The dis-
tance between the radiation source and NaI detector was 65 cm
for all irradiation process (either with or without samples).

Three Pb collimator sets with whole different sizes were used
to avoid the detection of background radiation. Both radiation
source and detector were housed in a lead shield (C-shape).
Finally, the spectrometer was frequently calibrated for each trial
and any given energy.

All radiation shielding equations needed for evaluation and
measurement of shielding properties are shown in Table 1.

2.5. XCOM Program

The theoretical mass attenuation coefficients (μ/ρ) for the pre-
pared glasses were obtained from the known computer program
XCOM.[23] This program can estimate the mass attenuation coef-
ficient of an element, compound, and mixture at different energy

Table 1. Mathematical expressions for evaluating the radiation shielding
properties.

Parameter Formula Symbols

Linear attenuation
coefficient (μ)[38]

μ ¼ ln
�
I0
I

��
1
t

�
I0: intensity without sample

I: intensity with sample

t: the thickness of the sample

Total photon interaction
cross section (σt)

[39]
σt ¼ Mμm

NA
NA: Avogadro’s number

M: the molecular weight of glass

Mean free path (MFP)[40] MFP ¼ 1=μ μ: linear attenuation coefficient

Tenth value layer (TVL)[40] TVL ¼ ðln 10Þ=μ
Half value layer (HVL)[40] HVL ¼ 0.693

μ

Effective atomic
number (Zeff )

[41]

Zeff ¼
P

i
f iAiðμρÞiP

j
f j

Aj
Zj
ðμρÞj

fi is the fractional abundance
of the element i, Ai is the atomic

weight, and Zi is the atomic
number.

Effective electron
number (Ne)

[42]
Ne ¼

�
Zeff
M

�
NA

P
ini M: molecular weight

ni: number of formula units

Figure 2. Total simulation geometry using MCNP5.

Figure 3. The new prepared glasses (S1–S4).

Table 2. Chemical composition, density, and molar volume of the
prepared samples.

Sample
code

Chemical
composition [mol%]

Density
[g cm�3]

Molar volume
[cm3mol�1]

Bandgap
(Eg) [eV]

Bi2O3 CdO B2O3

S1 30 0 70 4.315 46.689 2.907

S2 30 5 65 4.711 40.641 3.106

S3 30 10 60 5.068 38.358 3.259

S4 30 15 55 5.375 36.714 3.442

Figure 4. XRD of the new prepared glass systems.
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levels (0.001 up to 105MeV). Based on the estimated μ/ρ and the
calculated densities, the linear attenuation coefficient can be

easily determined. The other radiation shielding parameters
were also determined by using the equations from Table 1
(except the first equation).

2.6. MCNP5 Simulation Code

The current experimental setup was simulated byMCNP5, which
is used for modeling the interaction of electromagnetic radiation
(X-ray), photon (gamma ray), and particles (electron and neu-
tron). Previous related studies have validated and reported the
high efficiency of MCNP5 to evaluate and estimate radiation
shielding parameters.[24–27]

In the current study, MCNP5 was used to estimate the newly
prepared glasses’ radiation shielding parameters. The simulation
was applied in a sphere of 100 cm radius filled with dry air
(ρ¼ 1.205� 10�3 g cm�3), as shown in Figure 2. The radiation
source was assumed as a point source with a monoenergetic
beam emission and positioned perpendicularly to the front sur-
face of the glass sample (in the x-axis direction). The irradiation
process was completely guided by Pb shielding collimators to
eliminate the possibility of background radiation detection.
The simulation was repeated based on the mol% of CdO and

Figure 5. The optical absorption of all prepared glasses (inset, corre-
sponding transmission spectra) in the wavelength range 300–800 nm.

Figure 6. Dependency of μ/ρ of the Bi2O3–x–B2O3 glasses on x-CdO contents at different energy levels (comparison is made between experimental,
MCNP5, and XCOM values).
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repeated 3 times for each sample (S1–S4). All required data cards
and commands such as energy (ERG), type of particle (PAR),
position (POS), and beam direction (DIR) were defined accord-
ingly. Several termination steps were applied to reduce errors
and variance, such as increasing the number of histories
(NPS> 108), simplifying the geometry, and utilizing the CUT-
OFF option to eliminate low radiation (<1 keV). Regarding
energy detection, mesh tally (type F4) was used to get the
sum of all contributions in the proposed detecting area.
All measurements (collimation thickness, distance from the
source to detectors, and sample size) were set based on the exper-
imental data.

3. Results and Discussion

Details about the prepared samples including sample code,
mol% of chemical composition, measured densities, and molar
volumes are shown in Table 2.

The density of the prepared samples increased gradually with
the variation of CdO content from 0 to 15mol%. The calculated
densities were in the range of 4.315–5.375 g cm�3 with a proba-
ble error of 0.005. The density is composition-dependent and the
observed increase in the value can be attributed to the high
molecular weight of CdO (128.41 gmol�1) compared with that
of B2O3 (32.01 gmol�1). Reverse relation was reported with
the molar volume; from Table 2, the values were reduced from
46.689 cm3mol�1 for S1 to 36.714 cm3mol�1 for S4.

The prepared glass was highly transparent, and gradually
changed into brown with the increase in Bi2O3, as shown in
Figure 3.

The structure of the current samples was examined with X-ray
diffraction (XRD). The amorphous state was confirmed by the
continuous diffraction pattern with no sharp peak and the broad
peak centered on 2θ¼ 25o (Figure 4). The peak broadening can
be attributed to its amorphous structure.

Figure 5 shows the optical absorption spectra for all prepared
glasses in the range of 300–900 nm. The inset figure shows the
calculated transmittance spectra obtained from the absorption
values. All glass systems exhibit good transparencies (>50%)
in the visible and near-UV region. This result is expected with
a borate glass system. In all samples, the fraction of B2O3 is more
than 50%, a fixed amount of Bi2O3 (30mol%) and the amount of
CdO does not exceed 15mol%.

From Figure 5 and by using Mott and Davis equation, we can
determine Eg. The Eg was computed from the intercept horizon-
tal axis of hν and (αhν)2. This intercept can be drawn as a tangent
line along the absorption edge (αhν)2 to reach the hv (x-axis), this
is called Eg. It can be noted from Table 2 that the bandgap results
increase gradually with the addition of the CdO to the glass sys-
tem that ascribed to the formation of bridging oxygen in the glass
structure.[28,29]

3.1. Mass Attenuation Coefficient

The simulated (by MCNP5) and estimated (by XCOM) values of
μ/ρ of the different glass systems are shown in Figure 6 for dif-
ferent photon energy. The experimental data of μ/ρ of the same
samples were compared with those obtained by MCNP5 and
XCOM at specific energy levels (0.122, 0.356, 0. 511, 0.662,
1.173, and 1.330MeV), as listed in Table 3. The values of μ/ρ
that have been obtained experimentally and by simulation are
the average of three repeating trials plus/minus the standard
deviation of these trials, respectively.

The dependency of μ/ρ of the new glass samples on the con-
centration of CdO at different energy levels, by using irradiation

Table 3. Mass attenuation coefficients at specific energies (experimental,
MCNP, and XCOM) (Exp., Experiment).

Energy [MeV] S1 S2 S3 S4

0.122 Exp. 1.144� 0.003 1.242� 0.005 1.598� 0.006 1.932� 0.003

MCNP5 1.139� 0.004 1.231� 0.003 1.581� 0.005 1.921� 0.005

XCOM 1.153 1.269 1.624 1.949

0.356 Exp. 0.149� 0.003 0.169� 0.005 0.219� 0.004 0.259� 0.006

MCNP5 0.157� 0.004 0.172� 0.002 0.221� 0.003 0.268� 0.003

XCOM 0.160 0.177 0.226 0.271

0.511 Exp. 0.094� 0.002 0.101� 0.003 0.142� 0.003 0.186� 0.003

MCNP5 0.097� 0.003 0.103� 0.004 0.146� 0.005 0.184� 0.004

XCOM 0.101 0.108 0.151 0.188

0.662 Exp. 0.083� 0.003 0.009� 0.003 0.119� 0.004 0.143� 0.004

MCNP5 0.086� 0.003 0.091� 0.004 0.121� 0.003 0.146� 0.003

XCOM 0.091 0.097 0.128 0.152

1.173 Exp. 0.056� 0.003 0.065� 0.003 0.078� 0.003 0.094� 0.003

MCNP5 0.057� 0.004 0.068� 0.004 0.080� 0.004 0.096� 0.005

XCOM 0.060 0.070 0.084 0.101

1.332 Exp. 0.044� 0.003 0.052� 0.003 0.067� 0.004 0.085� 0.004

MCNP5 0.045� 0.004 0.054� 0.004 0.071� 0.003 0.087� 0.008

XCOM 0.047 0.057 0.081 0.091

Table 4. Relative difference between the MCNP5/XCOM results and the experimental values.

Glass code Incident photon energy [MeV]

0.122 0.365 0.511 0.662 1.173 1.332

MCNP XCOM MCNP XCOM MCNP XCOM MCNP XCOM MCNP XCOM MCNP XCOM

S1 0.437 0.787 5.370 7.382 3.191 7.447 2.381 7.143 1.786 7.142 2.273 6.818

S2 0.886 2.174 1.775 4.734 1.980 6.930 1.111 7.778 4.615 7.692 3.846 7.694

S3 1.064 1.627 0.913 3.196 2.817 6.338 1.681 7.563 2.564 7.692 0 6.944

S4 0.570 0.880 3.474 4.633 1.075 1.075 2.098 6.294 2.128 7.447 2.353 7.059
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setup, simulation, and XCOM program, is displayed in Figure 6.
Good agreement was reported between the three estimation
methods at a photon energy of 0.122, 0.356, 0.511, 0.662,
1.173, and 1.332MeV (with insignificant variations). Also, the
mass attenuation coefficient was increased by increasing CdO
content (mol%) and decreased by increasing the energy level.
This behavior indicates that the higher interactions of a photon
with a glass system take place at high CdO and low photon
energy. Based on the values obtained from Table 3 and Figure 6,
as the energy changed from 0.122 to 0.511MeV, the μ/ρ
decreased quickly (photoelectric effect abundancy Z4.0–4.5/E3),
and no substantial variation at the energy range of 0.511 and
1.332MeV due to the high possibility of Compton scattering
(Z/E).[26,30]

The relative difference (RD) between the three estimation
methods (experimental, MCNP5, and XCOM) of the calculated
values was calculated according to the following equation[27]

RD ¼ Theoretical� Experimental
Experimental

� 100 (5)

Table 4 shows the RD values for MCNP and XCOM results for
all samples. The RD values show close agreement between mass
attenuation coefficients obtained by experiment, MCNP5, and
XCOM. This agreement between experiment and MCNP5 was
quite encouraging, the RD was in the range of 0–5.37%, and
for XCOM values were in the range of 0.787–7.778%. This
RD is acceptable and supports the usage of MCNP5 to estimate
glass shielding properties for other glass compositions.

Table 5 shows the HVL of the new glasses at different concen-
trations of CdO and specific energy levels. The glass with the
smallest HVL means the highest efficiency to attenuate the pho-
ton beam. The smaller HVL indicates that this composition is cost-
effective, high transparent, and requires simple fabrication.[30]

Figure 7a shows the dependency of HVL on the CdO concentra-
tion; gradual reduction in the HVL values is reported with increas-
ing CdO concentration.We can also say thatMCNP5 showed closer
agreement with the experimental data compared with XCOM val-
ues. Figure 7b shows the glasses’HVL of S4 (the smallest HVL) at
different energy levels using the three estimation methods (experi-
mental, MCNP5, and XCOM). The HVL increased gradually with
increasing energy of the incident photon (0.122–1.330MeV).
As discussed in the mass attenuation coefficients, the HVL values’
variation with increasing energy of an incident photon is attributed
to the variations of dominance photon interaction.[30–33]

The TVL of the prepared glasses was also calculated. The TVL
can be defined as the attenuator thickness that can reduce the
photon intensity to 10th of its initial intensity. Figure 8 shows
a simple comparison of the TVL (experimental values) of all
prepared glasses as a function of photon energies. The TVL
values have increased with increasing the incident photon
(0.112–1.332MeV) and decreased with increased CdO content,
which is attributed to increasing sample density.[32]

The average distance between two successive interactions
of a photon (or moving particle) inside a target material is known

Figure 7. a) The HVL of the prepared glasses with x-concentrations of CdO at different energy levels. b) The HVL of S4 (the smallest HVL) at different
energy levels using the three estimation methods (experimental, MCNP5, and XCOM).

Table 5. HVL of the new glasses at specific energies (experimental,
MCNP, and XCOM) (Exp., Experiment).

Energy [MeV] S1 S2 S3 S4

0.122 Exp. 0.172 0.150 0.109 0.166

MCNP5 0.173 0.152 0.110 0.151

XCOM 0.171 0.147 0.107 0.083

0.356 Exp. 1.323 1.105 0.797 0.706

MCNP5 1.256 1.086 0.790 0.675

XCOM 1.232 1.055 0.773 0.598

0.511 Exp. 2.240 1.89 1.23 0.991

MCNP5 2.032 1.867 1.196 0.941

XCOM 1.842 1.667 1.156 0.862

0.662 Exp. 2.375 2.122 1.505 1.117

MCNP5 2.292 2.052 1.443 1.119

XCOM 2.142 1.849 1.353 1.046

1.173 Exp. 3.651 3.012 2.328 1.781

MCNP5 3.459 2.746 2.183 1.719

XCOM 3.286 2.434 2.055 1.605

1.332 Exp. 3.805 3.199 2.361 2.001

MCNP5 3.741 3.131 2.279 1.933

XCOM 3.651 3.012 2.156 1.781
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as the MFP.[34] This concept indicates the photon direction,
energy, and other particle properties significant for shielding
consideration. The MFP of the current samples was calculated
by using the equation listed in Table 1 and Table 6. The values
were calculated by conducting the three estimation methods
(experimental, MCNP5, and XCOM) and compared with the
MFP of barite and chalcocite concretes. The lowest MFP is
reported in the S4 glass sample (the highest CdO content)
and it is 2 times lower than the values obtained with barite
and chalcocite concretes.

The Zeff of all samples was obtained using the XCOM program
for a high range of energy, starting from 0.01 up to 100MeV, as
shown in Figure 9. Generally, the values of Zeff decreased by

increasing photon energy and increased by increasing CdO con-
tent. The highest Zeff was reported at 0.02MeV (53.611) and the
lowest values at 0.15MeV (14.670). The abrupt features observed
at 0.08MeV, which is attributed to the K-edge of Bi.[35] The slight
increase reported after the 3MeV region attributed to the domi-
nance of pair production in the energy level.[36]

Based on Table 1, the Zeff and effective electron density (Neff )
of the prepared glasses are calculated via experiment, MCNP5,
and XCOM program and listed in Table 7 and 8, respectively.
Regarding the values listed in Table 7, the comparison was
performed based on the available six radiation sources used
for experiment calculations (0.122–1.332MeV). The Zeff at this
energy range was increased with increasing photon energy

Table 6. Mean free path of the new prepared samples.

Shielding material Density [g cm�3] 0.122 MeV 0.356MeV 0.511MeV

Exp. MCNP XCOM Exp. MCNP XCOM Exp. MCNP XCOM

S1 4.315 0.249 0.250 0.247 1.909 1.812 1.179 3.233 2.933 2.659

S2 4.711 0.217 2.199 0.212 1.594 1.567 1.522 2.722 2.695 2.406

S3 5.068 0.158 0.161 0.155 1.151 1.140 1.115 1.775 1.726 1.669

S4 5.375 0.121 0.122 0.120 0.903 0.873 0.863 1.258 1.271 1.244

Barite concrete 3.350 – 0.592 0.686 – 2.617 2.469 – 3.356 3.597

Chalcocite concrete 3.703 – 1.271 1.273 – 2.633 2.645 – 3.174 3.175

Shielding material Density [g cm�3] 0.662MeV 1.173MeV 1.332MeV

Exp. MCNP XCOM Exp. MCNP XCOM Exp. MCNP XCOM

S1 4.315 3.428 3.308 3.092 5.268 4.991 4.741 7.295 6.322 5.268

S2 4.711 3.061 2.961 2.668 4.346 3.963 3.513 5.614 4.990 4.346

S3 5.068 2.172 2.083 1.954 3.360 3.150 2.964 3.761 3.545 3.111

S4 5.375 1.659 1.602 1.509 2.570 2.437 2.316 2.888 2.689 2.570

Barite concretea) 3.350 3.371 3.355 3.382 – 5.381 5.350 5.521 5.782 5.711

Chalcocite concrete 3.703 – 3.445 3.559 – 4.667 4.739 – 5.777 5.025

a)The MFP values of barite concrete and chalcocite concrete were obtained from previous studies.[26,43,44]

Figure 9. Variation of Zeff of the prepared glasses with energy for the
various concentrations of CdO.

Figure 8. Comparison between TVL of different glass systems as a func-
tion of photon energies.
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(dominant of pair production) and increased with increasing
CdO content (S4 has the highest μ/ρ and density).

Regarding Ne of the new glass systems, the Ne relies on the
Zeff of the material. Therefore,Ne has increased by increasing the
CdO concentration (replacement of boron element (Z¼ 5) by
cadmium (Z¼ 48). TheNe values vary with photon energy, attrib-
uted to the cross-section dependence, as discussed before.

The new glasses’ performance in attenuation of gamma rays is
determined in terms of radiation protection efficiency (RPE).
This parameter was calculated from the values of I and I0
obtained from the experimental setup irradiation and based
on the following equation[37]

RPE ¼
�
1� I

I0

�
� 100 (6)

Figure 10 shows the calculation of RPEs for the new glasses
for the selected six energies in the current study. The results
show that the RPE values have decreased with the increasing

energy of the incident photon. High performance was achieved
at low energies (0.122, 0.356, and 0.511MeV) and decreased with
high energies (0.662, 1.173, and 1.332MeV). The current values
also show that the sample with a higher concentration of CdO
(S4) has the highest attenuation efficiency than the other
samples. This performance has wholly agreed with the results
obtained in the effective atomic number. This reflects that replac-
ing a lighter molecule (B2O3) with a heavier molecule (CdO)
leads to an increase in the glasses’ attenuation efficiencies.

4. Conclusion

Bismuth borate glass systems (30Bi2O3þ 70–xB2O3) with differ-
ent concentrations of CdO (x¼ 0–15mol%) were prepared by the
conventional melt-quenching technique. This study aims to
increase glass density (replacing lighter atoms with heavier
atoms) while maintaining borate glass transparency. Structural
characterization for the newly prepared glasses was conducted
by utilizing XRD and UV–vis spectroscopy. Synchronize increase
in the prepared glasses’ density was reported with the gradual
rise of CdO with a reduction of molar volume and energy
bandgap. The radiation properties were determined experimen-
tally at specific energies (0.112, 0.356, 0.511, 0.662, 1.173, and
1.332MeV) and compared with MCNP5 and XCOM simulated
values. The new glasses show optimistic radiation shielding
properties (high mass attenuation coefficients, accepted atomic
number, and shorter MFP and TVL values). Compared with bar-
ite and chalcocite concretes, the proposed composition is highly
recommended for radiation shielding applications.
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Table 7. Experimental, MCNP5, and XCOM values of Zeff of the new
glasses.

Shielding
material

0.122 MeV 0.356MeV 0.511MeV

Exp. MCNP XCOM Exp. MCNP XCOM Exp. MCNP XCOM

S1 15.099 16.224 17.111 16.643 17.009 17.778 18.569 19.005 19.021

S2 18.092 19.156 19.565 19.942 20.554 21.211 22.249 23.335 23.813

S3 20.263 21.554 22.011 22.335 23.112 24.010 24.919 25.555 26.014

S4 22.695 23.112 24.771 25.015 26.276 26.832 27.910 28.282 29.087

Shielding
material

0.662MeV 1.173MeV 1.332MeV

Exp. MCNP XCOM Exp. MCNP XCOM Exp. MCNP XCOM

S1 19.718 20.221 21.005 21.179 22.022 22.898 21.456 22.221 23.833

S2 23.626 24.777 25.112 25.377 26.266 27.066 25.709 26.410 28.332

S3 26.461 27.890 28.044 28.423 29.029 29.789 28.795 29.033 30.774

S4 29.637 30.111 31.088 31.833 31.935 32.994 32.250 33.012 33.876

Table 8. Experimental, MCNP5, and XCOM values of Ne of the new
glasses.

Shielding
material

0.122MeV 0.356MeV 0.511MeV

Exp. MCNP XCOM Exp. MCNP XCOM Exp. MCNP XCOM

S1 9.125 9.138 9.149 5.711 5.705 5.720 3.986 3.993 4.011

S2 9.255 9.267 9.288 5.426 5.433 5.452 4.111 4.108 4.116

S3 9.424 9.430 9.442 5.548 5.552 5.565 4.769 4.777 4.785

S4 9.118 9.927 9.934 5.582 5.487 5.499 4.878 4.883 4.892

Shielding
material

0.662 MeV 1.173MeV 1.332MeV

Exp. MCNP XCOM Exp. MCNP XCOM Exp. MCNP XCOM

S1 3.708 3.714 3.722 3.137 3.133 3.143 3.075 3.073 3.065

S2 3.788 3.794 3.803 3.151 3.149 3.158 3.069 3.065 3.075

S3 3.939 3.944 3.953 3.159 3.163 3.168 3.078 3.075 3.084

S4 3.169 3.174 4.181 3.168 3.171 3.177 3.093 3.089 3.097

Figure 10. Experimental radiation protection efficiency of the prepared
glasses at different photon energies.
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